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is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and Trademark Office is to
process and/or examine your submission related to a patent application or patent. If you do not furnish the requested
information, the U.S. Patent and Trademark Office may not be able to process and/or examine your submission, which may
result in termination of proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act
(5 U.5.C. 552) and the Privacy Act (5 U.5.C. 552a). Records from this system of records may be disclosed to the
Department of Justice to determine whether the Freedom of Information Act requires disclosure of these record s.

A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a
court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of settlement
negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance from the
Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for
the information in order to perform a contract. Recipients of information shall be required to comply with the
requirements of the Privacy Act of 1874, as amended, pursuant to 5 U.S.C. 552a(m).

A record related to an International Application filed under the Patent Cooperation Treaty in this system of records
may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property Organization, pursuant
to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.5.C. 181) and for review pursuant to the Atomic Energy Act (42 U.5.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or
his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility to
recommend improvements in records management practices and programs, under authority of 44 U.S.C. 2904 and
2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of records for this
purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make
determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.5.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed in
an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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EXHIBIT L1ST!

U.S. Patent 10,421,876, “Coatings,” to Stephen Richard Coulson, et
al. (“the *876 patent™)

Declaration of Dr. Karen Gleason
Curriculum vitae for Dr. Karen Gleason

International Publication WO 2007/083122, “Novel Products,” to
Stephen Coulson (“Coulson-1227)

International Publication No. WO 99/64662, “Surface Coatings,” to
Jas Pal Singh Badyal, et al. (“Badyal™)

U.S. Patent 2,716,638, “Divinyltetramethyldisiloxane and Polymers
Therefrom,” to Merrill Cohen and John R. Ladd (“Cohen™)

U.S. Patent 3,816,564, “Insulation Coating Compositions,” to
Harvey Ray Holliday and Gary Lee Schurter (“Holliday™)

U.S. Patent Application Publication US 2007/0020451, “Moisture
Barrier Coatings,” to Raghunath Padiyath and Moses M. David
(“Padiyath™)

I Citation convention: Where an exhibit contains original page numbering that

uniquely identifies each page in the exhibit, this petition uses those page numbers to

refer to the pages in the exhibit. Where an exhibit contains original page numbering

that does not clearly and uniquely identify each page in the exhibit (such as in the

"876 patent’s file history, Ex. 1028), or does not contain page numbering at all,

unique page numbering added in the lower right corner of the exhibit will be used.
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I. Introduction

Petitioner Favored Tech Corporation (“Favored” or “Petitioner”) requests IPR
and cancelation of claims 1-15 of U.S. Patent 10,421,876 (876 patent) (Ex. 1001).

Patent owner P21 first applied for the 876 patent in 2015. The *876 patent
claims electronics having a protective coating applied by co-polymerizing prior-art
fluorinated monomers with prior-art crosslinking reagents under known plasma con-
ditions. But P21 and others had already long-since described (and repeatedly patented)
using the same monomers and the same plasma-coating approach to protect various
articles, including electronics, against water and other contaminants. P21 had also
described combining those same fluorinated monomers with a crosslinking reagent
to obtain protective coatings with enhanced durability. By 2007, every aspect of the
’876 claims was well known: protecting electronics with polymer coatings, combin-
ing a fluorinated monomer with a crosslinker to make such coatings, and using
plasma polymerization to apply them.

P21’s effort to obtain still more claims on fluorinated plasma-polymer coatings
through the *876 patent eventually turned on identifying a hodgepodge of specific
crosslinkers that the examiner failed to uncover in the prior art during prosecution.
As a result, the claims recite various crosslinkers having two double bonds and a
mix of different bridging groups from several different structural categories. All of

those claimed crosslinkers, however, fell within a prior-art genus that had been
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described for use with the claimed monomers more than 15 years earlier. Further-
more, the claimed crosslinkers—Iike the prior-art genus to which they all be-
longed—were well known and long used in the polymer art. For example, the claims
cover divinyl tetramethyl disiloxane (DVTMDS), which had been used since the
1950s as a crosslinker in water-repellent polymer coatings for electrical devices.

In short, the 876 claims represent the combination of familiar elements ac-
cording to known methods with predictable results. They present a textbook case of
obviousness and should be canceled on the grounds presented here. Favored asks
that the Board institute [PR and hold the challenged claims unpatentable under 35
U.S.C. §103.

II. Mandatory notices

In compliance with 37 C.F.R. § 42.8(b), Petitioner submits the following man-
datory notices.

A.  Real party in interest

The real-parties-in-interest are Favored Tech Corporation; Shenzhen Favored
Nanotechnology Co., Ltd.; and Jiangsu Favored Nanotechnology Co., Ltd.

B. Related matters

Petitioner and counsel for Petitioner are not aware of any judicial or adminis-
trative matter that would affect, or be affected by, a decision in this proceeding.

C. Counsel and service information

Pursuant to 37 CF.R. §§42.8(b) and 42.10(a), Petitioner appoints the
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following lead and back-up counsel:

Andrew T. Dufresne Han-Wei Chen

Reg. No. 66,636 Reg. No. 75,350

PERKINS COIE LLP PERKINS COIE LLP

33 East Main Street, Suite 201 3150 Porter Drive

Madison, WI 53703 Palo Alto, CA 94304

tel: 608.663.7460 tel: 650.838.4300

fax: 608.663.7499 fax: 650.838.4350
dufresne-ptab@perkinscoie.com chen-ptab@perkinscoie.com

Nathan K. Kelley Mengke Xing

Reg. No. 45,295 Reg. No. 76,534

PERKINS COIE LLP PERKINS COIE LLP

700 13th Street N.W., Suite 800 11452 El Camino Real, Suite 300
Washington, DC 20005 San Diego, CA 92130

tel: 202.654.6200 tel: 858.720.5700

fax: 202.654.6211 fax: 858.720 5799

kelley nathan-ptab@perkinscoie.com | xing-ptab@perkinscoie.com

Counsel can be reached using the contact information provided above, and
Petitioner consents to electronic service at the indicated e-mail addresses. Petitioner
has executed and is filing a corresponding power of attorney.

III. Requirements for inter partes review

This petition complies with all requirements, including 37 C.F.R. §§42.104,
42.105, and 42.15, and should be accorded a filing date under 37 C.F.R. §42.106.

Petitioner authorizes the Director to charge any required fees to Deposit Account

_3-
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50-0665, charge number 127908.0001.

A.  Grounds for standing

Petitioner certifies under §42.104(a) that the 876 patent is available for IPR
and that Favored is not barred or estopped from requesting IPR on the grounds iden-
tified. Favored meets all requirements under 35 U.S.C. §§315(a)(1), 315(b), and
315(e)(1), and 37 C.F.R. §§42.73(d)(1), 42.101, and 42.102.

B. Identification of challenge
Under 37 CF.R. §§42.104(b) and 42.22, Petitioner requests [PR and cancela-

tion of claims 1-15 on the following grounds under § 103:

Ground 1 | 1-3,9, 11-15 Obvious over Coulson-122, Badyal, and Cohen

Ground 2 | 1-8, 10-15 Obvious over Coulson-122, Badyal, and Holliday

Ground 3 | 1-4, 10, 12-15 | Obvious over Coulson-122, Badyal, and Padiyath

Ground 4 | 1-3, 5-8, 11-15 | Obvious over Coulson-122, Badyal, and Francesch

Ground 5 | 1-3, 5-8, 12-15 | Obvious over Coulson-122, Badyal, and Tropsch

Each ground includes Coulson-122 (Ex. 1004) and Badyal (Ex. 1005). Coul-
son-122 and Badyal described protective plasma-polymer coatings prepared using
the same fluorinated monomers claimed in the 876 patent, and Badyal described

combining those monomers with the same family of crosslinkers as the 876 patent.

The third reference differs in each ground: Cohen (Ex. 1006), Holliday (Ex. 1007),
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Padiyath (Ex. 1008), Francesch (Ex. 1009), and Tropsch (Ex. 1011). Those refer-
ences described specific, prior-art crosslinkers that fell within Badyal’s prior-art ge-
nus and had bridging groups matching the various structures specified in each subset
of the 876 claims.

Coulson-122 was considered during prosecution, but the remaining references
(Badyal, Cohen, Holliday, Padiyath, Francesch, and Tropsch) were not before the
examiner. Petitioner further relies on the declaration of Dr. Karen Gleason (Ex. 1002)
and other references in the exhibit list. Section VII details how the claims are un-
patentable and identifies where each limitation appeared in the prior art.

IV. The ’876 patent and protective coatings for electronic devices

The 876 patent claims electronics with a protective coating applied under
plasma conditions using two components: (1) an acrylate-based monomer, and (2) a
crosslinking reagent having two double bonds and a bridging group with one of sev-
eral structural formulas.

Those features were well known by the patent’s asserted priority date in June
2015. Portable electronics were everywhere, and the recognized risk of damage from
spills and environmental exposure provided ample motivation to apply protective,
water-repellent coatings. Plasma polymerization was by then widely used to apply
such coatings to various substrates, including electronics. Moreover, the types of

monomers and crosslinkers in the 876 claims were known, and the prior art had
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already suggested using them together. The *876 patent simply claimed the use of
known compounds according to their known functions to produce an expected result.
Those claims were obvious over the prior art.

A.  The earliest priority date is June 9, 2015

The *876 patent claims priority to European Patent Application No. 15386017,
filed on June 9, 2015. For purposes of this proceeding, Petitioner assumes but does
not concede that priority date. The AIA versions of 35 U.S.C. §§102 and 103 apply.

B.  The state of the art by June 2015

1. Ubiquitous portable electronics were being coated to
protect against environmental contaminants

By June 2015, portable electronics like mobile phones and laptop computers
were commonplace. It was well known that such devices could be damaged by en-
vironmental contaminants, including corrosive gases like water vapor or oxygen and
liquids from rain, spills, etc. £.g., Ex. 1004 1:9-34; Ex. 1012 1:9-2:12; Ex. 1013 {9 1-
2;Ex. 1008 2. Accordingly, skilled artisans had described various polymer coatings
to protect electronic devices against such damage. Ex. 1004 Abstract; Ex. 1008 9 5,
21-24; Ex. 1012 2:8-3:14, 7:3-21; Ex. 1013 942-6, 44-46; Ex. 1014 4:14-6:11; Ex.
1015 9911, 30-34. Such coatings were designed to serve known functions like re-
pelling water (Ex. 1012 11:4-11; Ex. 1013 q93-4, 41-46; Ex. 1014 11:17-12:25; Ex.
1015 9 11), creating a barrier against passage of water or other molecules between

the device and the environment (Ex. 1008 §24; Ex. 1012 7:3-10; Ex. 1013 99 39-40;
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Ex. 1014 16:7-9), and providing electrical insulation (Ex. 1012 7:3-10; Ex. 1014
5:13). See Ex. 1002 q956-58, 128.

2. Plasma polymerization was routine and had been used to
apply protective coatings to electronics

One common method for applying prior-art coatings was plasma polymeriza-
tion. Ex. 1004 2:33-4:3; Ex. 1012 7:22-8:7; Ex. 1014 6:10-11; Ex. 1008 11; 1013
1945-46; Ex. 1015 929.

Plasma polymerization referred to forming polymeric materials under plasma
conditions. Ex. 1002 §32; Ex. 1004 2:33-3:12; Ex. 1012 3:5-14. Typically, plasma
polymerization involved vaporizing one or more organic compounds and passing the
resulting gas through an enclosed plasma chamber, where an electrical field was
applied to induce a plasma state. Ex. 1002 q933-38; Ex. 1004 3:20-4:3, 7:6-17; Ex.
1012 11:17-13:20; Ex. 1014 21:20-25. The term plasma described gas in an 1onized
state, which POSAs sometimes referred to as a “glow discharge™ because plasmas
often give off visible light. Ex. 1002 9932, 34; Ex. 1004 7:14-17; Ex. 1017 3:26-33.
When a substrate 1s present, reactive species in the plasma impinge on the substrate
where they form a plasma-polymer film on its surface. Ex. 1002 §36; Ex. 1005 2:14-
24; Ex. 1012 13:5-20; Ex. 1014 21:20-22:2; Ex. 1018 8:17-48.

Plasma polymerization was widely used by 2015. Ex. 1002 9932, 64, 134.
The °876 patent acknowledges that conditions for applying plasma-polymer coatings

could be determined “using routine methods.” Ex. 1001 14:59-67. Plasma



10

15

Petition for /nter Partes Review of U.S. Patent 10,421,876

polymerization had by then been “quite widely used for the deposition of polymeric
coatings onto a range of surfaces,” and equipment for applying plasma coatings was
“conventional” and “known in the art.” Ex. 1005 2:10-12, 11:26-27; see also Ex.
1004 6:25-7:12; Ex. 1005 10:8-12, 11:26-27; Ex. 1012 8:22-10:12; Ex. 1016 1:40-
50; Ex. 1017 3:26-40; Ex. 1027 1:20-41; Ex. 1002 927, 54, 64.

3. Fluorinated acrylate and methacrylate monomers had long
been used for coating many substrates, including electronics

Polymers created via plasma polymerization (or other conventional activation
techniques) generally comprise repeating monomers linked together to form larger
chains or networks. Ex. 1002 9932, 40-41. Monomers for polymer production typi-
cally included at least one reactive group, such as a double bond, capable of facili-
tating intermolecular bond formation. Ex. 1002 q939-41.

Acrylate-based molecules were among the most well-known and widely used
monomers for polymer production. Ex. 1002 /39, 42-44. Most acrylates used for

polymerization were acrylate esters, as illustrated below:

Ex. 1002 943. Acrylate esters characteristically contained a vinyl group (blue) di-
rectly linked to the carbonyl carbon (starred) of an ester group (green). /d. Methac-

rylates, a common type of modified acrylate, contained a methylated vinyl group:



10

15

Petition for /nter Partes Review of U.S. Patent 10,421,876

R
\ﬁ/“\O/

CH,
ld.

Acrylate-based monomers were known as bifunctional and versatile: the vinyl
group’s double bond facilitated polymerization, and the ester group could introduce
various functional substituents at the variable R position. Ex. 1002 9943-44. By
2015, acrylate and methacrylate monomers with fluoroalkyl groups had long been
used for their beneficial properties in plasma-polymer coatings, including water re-

pellency and electrical insulation. Ex. 1002 9943-44, 47. Two such monomers were

1H,1H,2H,2H-perfluorodecyl acrylate (PFACS8) and 1H,1H,2H,2H-perfluorodecyl

methacrylate (PFMACS):
O O
& CEyF CFy),F
(CEFa), P2
= N = o N e
H H H CH;
PFACS PFMACS

Ex. 1002 945; Ex. 1004 12:7-22, 14:7-23; Ex. 1005 8:15-9:27, Ex. 1014 16:16-27,
Ex. 1019 at 2032; Ex. 1016 7:49-67; Ex. 2021 428; Ex. 1022 6:1-7:31, 16:19-17:3.
Those and other structurally similar fluorinated monomers had been used for protec-

tive coatings on various substrates, including electronics. Ex. 1002 9945, 48; e.g.,
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Ex. 1004 12:7-14:23; Ex. 1014 16:11-27; Ex. 1029 at 6197-98.

4. Crosslinkers were commonplace in polymer production

In addition to monomers like PFAC8 and PFMACS, POSAs regularly incor-
porated crosslinkers into prior-art polymer coatings. In general, crosslinkers have at
least two reactive sites, usually two double bonds. Ex. 1002 §51. Numerous cross-
linking reagents containing two double bonds had been used with acrylate-based
monomers to produce crosslinked coatings. Ex. 1002 §950-53, 117; e.g., Ex. 1006
1:15-30, 3:50-65; Ex. 1007 3:20-60; Ex. 1008 9911, 52-54; Ex. 1009 at 607; Ex.
1011 3:1-4:39; Ex. 1025 9911, 20. Crosslinkers were often grouped into families
characterized by their structural configurations around the reactive double bonds.

Familiar categories included diacrylate, divinyl ether, diallyl, and divinyl crosslink-

Crs.

configuration CH,=CH-(C=0)-0-Z-O~(C=0)-CH=CH,

example

configuration

example CH
HE C’}‘f'\ O"’/\\v//\\\/"o o 2

1,4-butanediol divinyl ether (BDVE)

-10 -
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configuration CH>=CH-CH;-Z-CH,-CH=CH;
example NN A
G
S ¢ b j’ \O m\\
Kz ey

diallyl 1,4-cyclohexanedicarboxylate (DCHD)

configuration CH,=CH-X-Z-X-CH=CH;
**X is not O, O-(C=0), or CH;
example (1)1-13 OH,
CHy=CH—Si- 08—~ CH=CH
CHs Ll}H3

divinyl tetramethyl disiloxane (DVTMDS)

Ex. 1002 q51.

Crosslinking was known to impart “good chemical and mechanical stability
characteristics.” Ex. 1023 at 8724. For example, the prior art taught that water-re-
pellent coatings could be improved by co-polymerizing fluorinated acrylate-based
monomers with a crosslinking reagent. Ex. 1005 4:1-9. The resulting crosslinked
coating that demonstrated improved durability while retaining protective properties
obtained with the monomer alone. Ex. 1005 4:1-9, 4:17-5:5; Ex. 1002 99 49-50.

POSAs also knew that crosslinking led to improved barrier properties against
passage of liquids or gases and resulted in greater solvent and chemical resistance.
Ex. 1002 950; Ex. 1006 3:50-65; Ex. 1008 992, 11, 25, 52; Ex. 1025 9920-21, 34,

36; Ex. 1009 at 610. When used with monomers like PFACS, crosslinkers were also

-11 -
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known to reduce the tendency of hydrophobic fluorinated groups to migrate away
from the coating surface when exposed to water (known as hysteresis), thus improv-
ing water repellency under wet conditions. Ex. 1002 §50; Ex. 1026 at 6552.

C. Overview of prior-art references

The prior art taught the use of plasma polymerization to provide protective
coatings for electronics, the beneficial use of crosslinking reagents in protective pol-
ymeric coatings, and specific examples of such reagents.

1. Coulson-122 described protective plasma-polymer coatings
for electronics made using PFAC8 and PFMACS

Coulson-122 (Ex. 1004) described electronics with liquid-repellent polymer
coatings. Ex. 1004 Abstract. The coatings were applied by plasma polymerizing
fluorinated monomers including PFAC8 or PFMACS. Ex. 1004 3:14-25, 11:1-12:22;
Ex. 1002 9966-68, 114. Coulson-122 taught that such monomers produced “highly
liquid-repellent nano-coatings,” such that treated devices like mobile phones could
be “fully immersed in water ... without any lasting harm.” Ex. 1004 3:14-18, 4:29-
5:10.

2. Badyal described plasma-polymer coatings combining
PFACS8 or PFMACS with a generic crosslinker

Badyal (Ex. 1005) described liquid-repellent plasma-polymer coatings that
could be applied to “any solid substrate™ using the same PFAC8 and PFMACS mon-
omers in Coulson-122. Ex. 1005 7:17-9:19, 9:28-30, 11:19-24; Ex. 1002 9969, 115.

To improve the durability of such coatings, Badyal taught combining the

-12 -
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monomer with a crosslinker, preferably of the following generic formula:

=
Ex. 1005 4:1-5:5. The Ri-R¢ positions could include hydrogen or alkyl groups, and
bridging group Z could include substituents “known in the polymer art,” including
alkyl groups interposed with oxygen atoms. Ex. 1005 5:1-5, 5:18-23. Badyal thus
described suitable crosslinkers in expansive terms but provided few examples of
specific bridging groups. Ex. 1005 6:15-20; Ex. 1002 q969-70, 116.

Plasma polymerizing monomers like PFAC8 with a crosslinker produced
crosslinked, well-adhered coatings with excellent water-repellency and durability.

Ex. 1005 4:4-29,10:32-11:17.

3. Cohen, Holliday, Padiyath, Francesch, and Tropsch
described crosslinkers with the claimed bridging groups

While Badyal taught the value of crosslinkers and described them in broad
terms, other references described specific crosslinking reagents. Cohen, Holliday,
Padiyath, Francesch, and Tropsch described specific crosslinkers having the same
generic structure described by Badyal, each with two double bonds separated by a

bridging group:

-13 -
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Cohen DVTMDS ﬁ,:.:aa. (l)-Hs o
O Hy=CH~8{— -8~ CH=(CH,
(Ex. 1006 1:25-30) bm by
Holliday DCHD M\”"\Mf
(Ex. 1007 3:34-35, R
3:52-53) Cead =
BDVE N
Padiyath CDMDA > »»»»»»»» o
(Ex. 1008 954) SN SN o
_________ N/
Francesch BDVE o 0. .CHax
P N M
(Ex. 1009 H.C7 O 7
at 606-07)
Tropsch HDVE PN J\f\ﬁxgx\&,ﬁ,wg
(Ex. 1011 4:34-39) e o

D.  Overview of the ’876 patent

The *876 patent claims electronic devices with a plasma-polymer coating pre-
pared using an acrylate or methacrylate monomer and a crosslinker. Ex. 1001 2:10-
21, 18:26-19:57 (claim 1). Every feature of the 876 claims was known, and they
recite the predictable use of known compounds for known purposes. The claims are
therefore unpatentable over the prior art.

1. Specification and claims

In the *876 patent, coated devices include “a wide variety of substrates™ like
smartphones, microphones, or circuit boards. Ex. 1001 14:30-58. Conditions for ap-
plying the plasma polymers are flexible and “can be determined using routine meth-

ods.” Ex. 1001 14:59-67. Most of the specification focuses on the structures of the

-14 -
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monomer and crosslinker in the claimed coatings. Ex. 1001 4:36-13:8; Ex. 1002 §59.
Claim 1, the sole independent claim, recites a monomer with the following

generic structure:

Ex. 1001 18:30-53. The monomer is an acrylate, with a vinyl group, an ester group
and an optionally halogen-substituted alkyl tail. Ex. 1002 §60; Ex. 1001 18:49-53.
PFACS8 and PFMACS both satisfy the generic formula recited in claim 1, and both
are described as particularly preferred embodiments. Ex. 1001 10:22-11:56, 21:7-
22:21 (claims 12-15); Ex. 1002 9960, 122. The *876 patent admits that such mono-
mers were known and used to make hydrophobic plasma-polymer coatings. Ex. 1001
1:16-46 (citing Ex. 1022).

For the crosslinker, claim 1 recites the following generic structure:

- 15 -
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Ex. 1001 18:54-19:8.! That structure includes two double bonds flanking a generic
bridging group (“linker moiety L”). Ex. 1001 4:51-67; Ex. 1002 §61. The *876 pa-
tent explains that the “basic requirement” for a crosslinker is two or more unsatu-
rated bonds. Ex. 1001 4:36-40; Ex. 1002 §61. In contrast, the bridging group “is not
especially limited” and need only bridge the two double bonds. Ex. 1001 4:40-42.
Claim 1 covers four alternative generic structures for the bridging group. The

claims group the first two as “formula A™:

Ex. 1001 19:9-19. The next two represent “formula B™:

A‘?l:; ‘1 iS5
i&{”}v—‘lﬂ—-(i—\t—‘ig 1&{ ’ ‘}é:\
&

Yis Yis

Ex. 1002 462; see Ex. 1001 19:20-57. Those four generic structures encompass a
wide variety of diacrylate, divinyl ether, diallyl, and divinyl crosslinkers. Ex. 1002

1963, 51; see Ex. 1001 5:1-9:20. Dependent claims 4-10 add further structural

! Alternatively, claim 1 recites crosslinkers having two triple bonds. Ex. 1001

19:1-4. Those compounds are not relevant to the asserted grounds.

-16 -
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limitations within one or more of the claimed bridging-group configurations. Ex.
1001 19:65-20:64. Several specific examples appear in Table 1 and dependent claim
11. Ex. 1001 8:19-9:20, 20:65-21:6 (claim 11).

Other dependent claims recite that the coating provides liquid repellency or a
physical barrier (claims 2-3), or recite specific monomer species, including PFACS
and PFMACS (claims 12-15). Ex. 1001 19:58-64, 21:7-22:21.

2. Prosecution history

The initial claims during prosecution recited a coating made using any acry-

late-based monomer of formula 1(a)

i{a)
Ry o B, 8y Y i
i i : o]
it ¢ i3
. r&\%{‘i\\ p /‘\_\\ - ! \; g E‘G BaRy
g{evf e t} § E E %
By Ry L Ry &\\X
Foy
and any crosslinker of structure (1) or (i)
¥y N
£ 5
s '1»‘
_\\ ,‘.e:.f
N 4
ol
Y ,
{I) v Yy (ﬂ) £ — RO LE

Ex. 1028 at 177-84 (preliminary amendment). Numerous dependent claims specified
options for the bridging group. Ex. 1028 at 180-82.
The examiner’s first action indicated allowable subject matter in dependent

claims 7 and 12-15 because the examiner had not identified art showing the bridging

-17 -
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groups in those claims. Ex. 1028 at 251. The remaining 14 claims were rejected for
obviousness over U.S. 2010/0203347 (Coulson-347, Ex. 1021) and Coulson-122
(Ex. 1004). Ex. 1028 at 243, 247-51.

The applicant responded by amending claim 1 to incorporate the various
bridging groups from original claims 5, 7, 12, and 14 as “Formula A” or “Formula
B.” Ex. 1028 at 295, 391-93. Less than two months later, the examiner allowed the
claims. Ex. 1028 at 400. According to the examiner, the claims were allowed because
Coulson-347 and Coulson-122 did not teach those specific crosslinking reagents. Ex.
1028 at 406-07.

The examiner did not consider Badyal’s teachings about the benefits of cross-
linking or the specific prior-art crosslinkers described by Cohen, Holliday, Padiyath,
Francesch, and Tropsch. Those references were not before the examiner.

E. Level of ordinary skill in the art
A person of ordinary skill in the art (“POSA™) in June 2015 would have had

at least a bachelor’s degree in a field such as chemistry, physics, or chemical engi-
neering, as well as at least two years of experience with plasma-polymerization tech-
niques. Ex. 1002 9422-29.

V. Claim construction

The Board construes claims “using the same claim construction standard that

would be used in a civil action.” 37 C.F.R. §42.100(b). Accordingly, “a claim

-18 -
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receives the meaning it would have to persons in the field of the invention, when
read and understood in light of the entire specification and prosecution history.”

Fenner Invs., Ltd. v. Cellco P’ship, 778 F.3d 1320, 1323 (Fed. Cir. 2015).

A.  “Halogen” includes at least fluorine, chlorine, and bromine

As understood by a POSA in light of the intrinsic record, the term “halogen”
in claim 1 includes at least fluorine, chlorine, and bromine.

The *876 patent refers to a halogen as an optional substituent at selected sites
in some monomers. Ex. 1001 Abstract, 2:35-43,9:45,9:64,10:36-37, 10:55. Several
preferred monomers include fluorine at those same sites. Ex. 1001 11:16-17, 11:30-
56. Furthermore, the specification expressly states that “[t]he halogen may be chlo-
rine or bromine, but is preferably fluorine.” Ex. 1001 10:57-58. The specification
therefore demonstrates that “halogen™ includes at least fluorine, chlorine, and bro-
mine. That is also consistent with the ordinary understanding in the art. Ex. 1002
19109-111. POSAs understood “halogen™ as a generic term for the elements within
Group 17 of the periodic table, which was known to include fluorine, chlorine, and
bromine, among others. /d.

Accordingly, a POSA would have understood “halogen” as used in the claims
to include at least fluorine, chlorine, and bromine.

VI. The cited references are prior art

Each of the cited patents and printed publications was patented or published
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before June 9, 2015.

A. Coulson-122

Coulson-122 (Ex. 1004) was published as International Publication WO
2007/083122 on 7-26-2007 and is therefore prior art under § 102(a)(1). Coulson-122
was before the examiner during prosecution of the 876 patent.

B. Badyal

Badyal (Ex. 1005) published as International Publication WO 99/64662 on
12-16-1999 and is prior art under § 102(a)(1). Badyal was not before the examiner.

C. Cohen
Cohen (Ex. 1006) issued as U.S. Patent 2,716,638 on 8-30-1955 and qualifies

as prior art under § 102(a)(1). Cohen was not before the examiner.

D. Holliday
Holliday (Ex. 1007) issued as U.S. Patent 3,816,564 on 6-11-1974 and quali-

fies as prior art under § 102(a)(1). Holliday was not before the examiner.

E. Padiyath

Padiyath (Ex. 1008) published on 1-25-2007, as U.S. Patent Application Pub-
lication US 2007/0020451 and 1s prior art under § 102(a)(1). Padiyath was not before
the examiner.

F. Francesch

Francesch (Ex. 1009) is a scientific article entitled “Fabrication of Bioactive

Surfaces by Plasma Polymerization Techniques Using a Novel Acrylate-Derived
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Monomer,” published in the journal Plasma Processes and Polymers. Francesch
bears a year-2005 copyright notice as a publication of Wiley-VCH Verlag GmbH &
Co., as well an abbreviated citation bearing the year 2005 (“Plasma Process. Polym.
2005, 2, 605-6117). Ex. 1009 at 605. A POSA would have recognized Wiley as an
established publisher of scientific and technical articles and would have been famil-
1ar with Plasma Processes and Polymers as a well-known scientific journal in the
polymer field. Ex. 1002 §77. The copyright and citation dates thus demonstrate that
Francesch became publicly available as a printed publication during the year 2005.
See Hulu, LLC v. Sound View Innovations, LLC,IPR2018-01039, Paper 29 at 19-20
(PTAB Dec. 20, 2019) (precedential). In addition, the accompanying declaration
provided by an author of the article demonstrates that Francesch was made publicly
available in September 2005. Ex. 1010. Accordingly, Francesch is a prior-art printed
publication under § 102(a)(1). Francesch was not before the examiner during prose-
cution.

G. Tropsch

Tropsch (Ex. 1011) issued as U.S. Patent 5,804,669 on 9-8-1998 and is prior
art under § 102(a)(1). Tropsch was not before the examiner.

VII. Detailed discussion of the grounds for unpatentability

Every claim in the *876 patent would have been obvious over the prior art.

The claims cover protective coatings applied to an electronic device by plasma
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polymerizing PFAC8 or PFMACS with a crosslinker having two double bonds and
one of several different bridging groups. Applying protective plasma-polymer coat-
ings to electronics was well known, and the prior art described using the claimed
monomers and using crosslinkers with those monomers.

The *876 patent was nevertheless allowed to issue by claiming a jumble of
crosslinkers because the examiner concluded that crosslinkers with several claimed
bridging-group structures were absent from the prior art. That conclusion was wrong.
As detailed below, the prior art taught every aspect the claims—including the col-
lection of bridging groups in claim 1 and those recited separately in various depend-
ent claims. Crosslinking reagents with each of those bridging groups were known
and would have been obvious for use in prior-art coatings. The asserted grounds
have not previously been considered by the Office, and they demonstrate that the
’876 patent never should have 1ssued.

A.  All Grounds: Coulson-122 and Badyal described coatings applied

using the same polymerization techniques, the same monomeric
compounds, and the same group of crosslinkers as the ’876 patent

Coulson-122 and Badyal both were published well before June 2015, and
those references together described nearly every aspect of the 876 claims.

Coulson-122 emphasized the “well-known™ and “acute” need to protect elec-
tronic devices from liquids. £.g., Ex. 1004 1:3-34. It then described coating elec-

tronics with protective, liquid-repellent polymer coatings formed by plasma
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deposition using the same acrylate and methacrylate monomers as the 876 patent,
including monomers identical to those specified in claims 12-15. £.g., Ex. 1004
3:20-4:3, 12:7-23; Ex. 1001 21:7-22:21. For example, claims 1-15 all cover one or
both of the following acrylate and methacrylate fluorinated monomer structures:

O O
H H

G/\/ (CFp)F — ON (CE2)nF

H H H CH;
where n 1s 2-10, such as eight (PFAC8/PFMACS). Ex. 1001 21:7-22:21 (dependent
claims 12-15), 11:27-56; Ex. 1002 §60. Coulson-122 had long before described us-
ing the same monomers, as shown below:

O

H CF
H>":<U?\ o™,

R

Ex. 1004 12:13-22. In particular, R” was described as hydrogen or methyl, and x was
1-9, such as seven (i.e., PFAC8/PFMACS).2 Ex. 1004 12:13-22; Ex. 1002 9967, 114,

120. Badyal taught coatings applied to “any solid substrate,” and described using the

2 Specifying x as seven in Coulson-122 and 7 as eight in the *876 patent iden-
tifies the same compounds (PFAC8 and PFMACS) because Coulson-122 depicted
the terminal CF3 group separately from the repeating CF» chain, while the *876 pa-

tent presented the terminal carbon as part of the chain. Ex. 1002 44, 114.

-23 .



10

15

Petition for /nter Partes Review of U.S. Patent 10,421,876

same monomers as Coulson-122 to apply liquid-repellent coatings by plasma
polymerization. Ex. 1005 4:11-23, 7:20-9:34, 10:32-11:27; Ex. 1002 9969, 115, 118,
121.

Badyal further taught combining those monomers with a crosslinker to form
crosslinked plasma-polymer coatings with improved durability. Ex. 1005 4:1-5:23.
And Badyal described crosslinking reagents of the same basic structure as those

claimed in the 876 patent:

R1

R® s 5
¥....< N R Badyal
R/ - z/ ~ R

Yy Y4
YZ‘%_‘ ‘_/87 s ’876 patent
L
Y3 Ye

Ex. 1005 5:1-5 (Badyal Formula (I)); Ex. 1001 4:51-67, 18:60-67 (’876 patent for-
mula (1), claim 1). The generic crosslinker structures reproduced above are identical.
Ex. 1002 9116. Each has two double bonds, six substituent positions (R!-R and Y-
Ys), and a generic “bridging” or “linking” group (Z and L, respectively). Badyal
taught that R!-R® are hydrogen, halo, or optionally substituted alkyl or aryl, and pref-
erably all hydrogen. Ex. 1005 5:3-5, 6:5-7. In the *876 patent, Y1-Ys are likewise

hydrogen or optionally substituted alkyl or aryl, with every preferred crosslinker

-4 -



10

15

20

Petition for /nter Partes Review of U.S. Patent 10,421,876

defining Y1-Ys as hydrogen. Ex. 1001 4:64-67, Table 1.

Those references differed from the *876 claims in only one part of one com-
ponent of the claimed coatings—specifically, the bridging group of the crosslinking
reagent. Badyal described some exemplary bridging groups, especially those con-
taining oxygen atoms, but more broadly taught that “suitable bridging groups ... are
those known in the polymer art.” Ex. 1005 5:18-6:20. A POSA would have taken
that advice and plugged in bridging groups from well-known crosslinkers to arrive
at the *876 claims. In particular, each claim of the 876 patent recites crosslinkers
that had long been known and used in the polymer art. Selecting known crosslinkers
from Badyal’s known crosslinker genus for use in a known plasma-coating proce-
dure amounted to no more than altering “a structure already known 1n the prior art
... by the mere substitution of one element for another known 1n the field.” KSR, 550
U.S. at 416. Accordingly, the claims of the 876 patent would have been obvious
over the prior art.

B. Ground 1: Claims 1-3, 9, and 11-15 were obvious over Coulson-
122, Badyal, and Cohen

Coulson-122 and Badyal together expressly disclosed every limitation of the
’876 claims except for the specific bridging-group structures. Cohen taught one
claimed crosslinker that had been known and used for decades to create crosslinked
co-polymer coatings used for electrical insulation. Coulson-122, Badyal, and Cohen

together would have rendered claims 1-3, 9, and 11-15 of the *876 patent obvious.
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1. Claim 1
a. Claim limitations

[Preamble] “An electronic or electrical device or electronic or electrical
component thereof comprising”

To the extent this preamble is limiting, Coulson-122 described electronic de-
vices and components with protective coatings applied via plasma polymerization.
Ex. 1004 Abstract, 3:20-4:3, 4:17-5:26. Cohen similarly described polymer compo-
sitions used for insulating electrical devices, Ex. 1006 5:8-25, and Badyal taught that
plasma deposition could be used to coat “any solid substrate,” which a POSA would
have known to include electronic devices, Ex. 1005 9:28-30, 2:10-20, 11:19-24; Ex.
1002 9 118.

[Za] “a protective cross-linked polymeric coating on a surface of said

device or component; wherein the protective cross-linked polymeric

coating is obtained by exposing said device or component to a plasma

comprising a monomer compound and a crosslinking reagent for a

period of time sufficient to allow formation of the protective cross-
linked polymeric coating on a surface thereof,”

The 876 patent explains that a coating can be protective by repelling water or
by forming a barrier to provide electrical insulation. Ex. 1001 1:8-13; Ex. 1002 q119.
Both Coulson-122 and Badyal described water-repellent coatings applied by plasma
polymerization using a hydrophobic monomer, and Badyal expressly described co-
polymerizing the monomer with a crosslinking reagent to create crosslinked poly-
mers as claimed.

Coulson-122 described electronic devices having a polymeric, liquid-
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repellent coating “formed by exposing said device to pulsed plasma.” Ex. 1004 3:14-
22. The substrates were exposed to a plasma comprising a monomer compound until
a protective, water-repellent coating formed on the substrate surface. Ex. 1004
12:24-13:17,7:14-30, 9:25-28, 10:11-16, 14:7-23.

Badyal also described producing water-repellent coatings on a substrate sur-
face. Ex. 1005 1:3-5, 9:28-32, 11:19-24. The coatings were formed by exposing the
substrate to a plasma comprising multiple organic compounds, including a monomer
and at least one crosslinking reagent comprising two double bonds, “so as to form a
layer of cross-linked polymer” on the substrate’s surface. Ex. 1005 4:4-9; see also
id. 4:17-27. Suitable monomers included the same water-repellent perhalogenated
monomers described by Coulson-122. Ex. 1005 6:24-7:15, 8:15-9:19, 11:15-17; Ex.
1002 969, 115, 121. Badyal described exposing the substrate to the plasma for a
sufficient time to form a protective, water-repellent coating on the substrate surface.
Ex. 1005 10:27-11:9; 12:5-9, 4:17-27. Badyal taught that its crosslinked coatings
provided improved durability. Ex. 1005 4:1-9, 4:17-29.

[1b] “wherein the monomer compound is a compound of formula I(a):

P eaiaiiig
Y T

|
T _

I{a)
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wherein each of Ry, Rz, R4 and Rs to Ry is independently selected from
hydrogen or an optionally substituted C-Cs branched or straight chain
alkyl group; each X is independently hydrogen or halogen; a is from 0-
10; b is from 3 to 7; and cis 0 or 1;”

Coulson-122 and Badyal both disclosed using monomer compounds matching
the acrylate-based structure in claim 1. Coulson-122 described using acrylate-based

monomers having the following structure:

O
H CF

Ex. 1004 12:14-22; Ex. 1002 4967, 114, 120. Preferred substituents at the R” posi-
tion were hydrogen or methyl, and the number of CF» groups (x) was preferably 7.
Ex. 1004 12:13-21. A POSA would have recognized the resulting preferred mono-
mers as PFAC8 and PFMACS ? Ex. 1002 9120.

Badyal described the same fluorinated, acrylate-based monomers—PFACS8

and PFMAC8—as Coulson-122. Badyal provided the following preferred monomer

3 In Example 1, Coulson-122 identified PFACS by its unique Chemical Ab-
stracts Service (CAS) number 27905-45-9 and as “1H, 1H, 2H, 2H-heptadecaf
luorodecylacylate,” which a POSA would have understood as a misspelling of a
common synonym for PFACS: 1H,1H,2H,2H-heptadecafluorodecyl acrylate. Ex.

1004 14:7-10; Ex. 1002 q67.
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formula:
CHp=CRUC {0 O {OH,) RY

Ex. 1005 9:10-16. A POSA would have understood that formula as corresponding

to the following chemical structure:

G
H}*"—“gko”’(%)”“ R13
H R15

Ex. 1002 §121. Badyal taught that R'> was hydrogen or an “alkyl, such as methyl.”
Ex. 1005 9:16. The number of CH; groups could be from 1-10, preferably two.* Ex.
1005 9:15-16, 7:20-28, 8:26-28. And R" was preferably a perfluoroalkyl chain of
the formula CsFas11, such as CgFy7. Ex. 1005 8:15-18, 9:15-16. From that description,
a POSA would have recognized PFAC8 and PFMACS as preferred monomer species.
Ex. 1002 §121.

PFAC8 and PFMACS both satisfied the claimed monomer formula: (1) Ry,

R2, and Rs-Rg of claim 1 can be hydrogen; (2) R4 of claim 1 includes hydrogen (like

* Badyal’s monomer formula enumerated the CH, group using n, but the sup-
porting text referred to m, and a POSA would have understood the formula should
read (CH2)x to align with the supporting discussion. Ex. 1005 9:15-16, 7:20-28,

8:26-28; Ex. 1002 §121.
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PFACS) or C; alkyl (i.e., methyl, like PFMACS); (3) each X in claim 1 can be halo-
gen, which includes fluorine; (4) claim 1 includes defining @ and ¢ as zero; and
(5) claim 1 includes defining » as 7. Ex. 1002 9122. Furthermore, PFACS8 and
PFMACS necessarily fell within the scope of claim 1 because claims 13 and 15 de-
pend from claim 1 and specifically recite PFAC8 and PFMACS, respectively, as
covered monomers. Ex. 1001 21:20-22:21; Alcon Research, Ltd. v. Apotex Inc., 687
F.3d 1362, 1367 (Fed. Cir. 2012).

[Zc] “and wherein the crosslinking reagent comprises two or more

unsaturated bonds attached by means of one or more linker moieties

and has a boiling point of less than 500° C. at standard pressure, the
crosslinking reagent having one of the following structures:

(i)

{0}

where Y1, Y2, Y3, Y4, Y5, Y6, Y7 and Ys are each independently selected
from hydrogen, optionally substituted cyclic, branched or straight chain
Ci-Cs alkyl or aryl; and L is a linker moiety;”

Badyal described a crosslinking reagent that matched structure (i) in 876
claim 1. Badyal’s crosslinking reagent comprised two double bonds attached

through a linker moiety identified as “bridging group Z”:
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R"’\—m / RS
R Z R6
Ex. 1005 4:31-5:5. POSAs knew that a double bond is one type of unsaturated bond.
Ex. 1002 9124. Badyal disclosed that R!-R in the prior-art crosslinking reagents
could be hydrogen or alkyl, among others, and were preferably hydrogen. Ex. 1005
5:3-5, 6:5-8. Within the disclosed generic crosslinking structure above, Badyal
taught that “suitable bridging groups Z” included “those known in the polymer art.”
Ex. 1005 5:18-19.
Cohen described one specific crosslinking reagent that matched the same ge-
neric structure in both Badyal and claim 1 and was “known in the polymer art” since

at least 1955: divinyl tetramethyl disiloxane (DVTMDS). The structure of

DVTMDS is shown below:
?Ha (?Hs
GHQ::GHWEIiSOFSiMCHmCHa
CHa (.JLH:§

Ex. 1006 1:25-30. DVTMDS contained two double bonds, hydrogen at each of
Badyal’s R!-R® positions (positions Y1 in claim 1), and a tetramethyl disiloxane
bridging group. Ex. 1002 §125. As a POSA would have known, the boiling point of
DVTMDS at standard pressure is approximately 137°C (well below 500°C). Ex.

1006 3:44-45. Cohen taught that DVTMDS could be “copolymerized with other
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copolymerizable materials,” especially molecules such as acrylates and methacry-
lates that contain a double bond. Ex. 1006 1:31-34, 2:14-30, 4:18-31. In addition,
Cohen taught that DVTMDS copolymers could be made into films and that copoly-
merizing DVTMDS with a methacrylate produced a crosslinked polymer product.
Ex. 1006 2:60-63, 3:52-65.

[1d] [Formula A] “wherein for compound (i) L is of formula A having
one of the following structures:

O Y0 O
H"‘{/O\vfe\}'zl 1‘:{ ~o i }f

and Yo is selected from optionally substituted cyclic, branched or
straight chain C;-Cs alkylene and a siloxane group; or

[ Formula B] wherein for compound (i) L is of formula B having the
following formula:

where each Yy is independently selected from, a bond, —O—,
—0—C(0)—, —C(0)—O0—, — Y 11—O0—C(0)—, —C(0)—O0—Y 11—,
—OY 11—, and —Y110—, where Y11 is an optionally substituted cyclic,
branched or straight chain C-Cs alkylene; and

[Formula B1] wherein Y10 has the following formula:

Yys Yis
| |
Si—O0—3=8i
Yis Yis

-3 -



Petition for /nter Partes Review of U.S. Patent 10,421,876

and each Y s is independently selected from optionally substituted
branched or straight chain C-Cs alkyl; or

[Formula B2] wherein Y10 has the following formula:

Yig Y17
Yo Yig
5 and Y6 to Yo are each independently selected from H and optionally

substituted branched or straight chain C-Cs alkyl or alkenyl.”

Claim 1 concludes by reciting several alternative structures, any one of which
can make up the crosslinking reagent’s bridging group. Claim 1 divides the covered
structures into Formulas A and B, and the claim further presents two alternative sub-

10 structures for Yo of Formula B—denoted above as Formulas B1 and B2.
Cohen disclosed DVTMDS, which fell within the scope of Formula B1. For

comparison, Formulas B and B1 are compared with DVTMDS below:

Yis Yis
71{%’9‘”\*{:%}‘; %%1—0—%1
Yis Yis
CHy CHz
cHngHmﬁsli;«omsEiwchGHs
éHs (Jl‘H;a

15  As shown, the bridging group in DVTMDS satisfied Formula B1 because it con-

tained: (1) a bond at each Yo position of Formula B; (2) the disiloxane structure of
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Formula B1 at the Yo position of Formula B; and (3) Ci-Cs alkyl, specifically me-
thyl, at each Ys position of Formula B1. Ex. 1002 §127. Furthermore, DVTMDS
necessarily fell within the scope of claim 1 because claim 11, which depends from
claim 1, specifically recites DVTMDS as a covered crosslinker. Ex. 1001 21:2-3;

Alcon, 687 F.3d at 1367.

b. Motivation to combine Coulson-122, Badyal, and
Cohen’s crosslinking reagent

As documented by Coulson-122 and numerous other references, there was by
2015 a clear market incentive to protect sensitive electronic devices from damage
due to environmental exposure—driven especially by the ongoing proliferation of
portable electronics. Ex. 1004 1:9-34; Ex. 1002 9958, 128. That design incentive
would have motivated a POSA to improve upon preexisting technology, like Coul-
son-122, to seek new and more robust protective coatings for electronic devices. Ex.
1002 q9128-131; KSR, 550 U.S. at 417-18.

Coulson-122 identified plasma polymerization as a clean, dry, and efficient
technique for coating various surfaces, Ex. 1001 2:33-3:12, and described PFACS
and PFMACS as specific fluorinated, acrylate-based monomers that safely provided
effective liquid-repellent coatings on electronic devices through plasma polymeriza-
tion, Ex. 1001 3:14-18, 4:29-5:13, 12:7-22. Badyal would have motivated the POSA
to improve the Coulson-122 coatings by adding a crosslinking reagent during plasma

polymerization because Badyal taught—and a POSA would have known—that
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crosslinked polymer coatings typically exhibited improved durability, barrier prop-
erties, smoothness, and solvent resistance. Ex. 1005 1:31-2:1,4:1-29; Ex. 1006 3:51-
65; Ex. 1002 q9129-131. A POSA would have viewed protective coatings with en-
hanced durability as highly desirable, particularly for devices like mobile phones
that typically receive daily use under various conditions for years on end. Ex. 1002
9 129. Furthermore, Badyal described successfully producing crosslinked coatings
containing the same monomers used in Coulson-122, so a POSA would naturally
have looked to Badyal for guidance on which crosslinking reagents to add into Coul-
son-122’s plasma-polymer coatings.” Ex. 1002 §131.

Badyal taught that suitable crosslinkers should comprise two double bonds

and conform to the following basic structure:

R Ra

/ RS
r':z/\~ &\\Z/\/:—w\ R

R8

> Badyal’s preferred embodiments drawn to coated fabrics rather than elec-
tronics “do not negate the motivation to combine the references.” /n re Hyon, 679
F.3d 1363, 1366 (Fed. Cir. 2012). Badyal’s teachings were not limited to preferred
fabric embodiments—the crosslinked coatings could be applied to “any solid sub-

strate.” Ex. 1005 9:28-34, 11:19-24; Ex. 1002 §131.
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Ex. 1005 4:31-5:5. Regarding the bridging group Z, Badyal broadly taught that suit-
able structures “are those known in the polymer art.” Ex. 1005 5:18-19. Badyal fur-
ther taught that the linker group could be interposed with oxygen atoms and need
not include haloalkyl substitutions, particularly when using a monomer—Ilike the
perfluorinated acrylate derivatives of Coulson-122—that contains a halogenated
group. Ex. 1005 6:24-7:2. Based on Coulson-122 and Badyal, a POSA would have
been motivated to coat electronic devices via plasma polymerization using the prior-
art Coulson-122 monomers combined with a crosslinker that was known in the pol-
ymer art, consistent with Badyal’s established crosslinker formula, and preferably
associated with protective properties for electronics. Ex. 1002 §132. A POSA also
would have preferred crosslinking reagents like DVTMDS with a normal boiling
point close to or less than those of PFACS8 and PFMACS (approximately 267°C and
300°C, respectively) to facilitate supplying a plasma chamber with monomer and
crosslinker vapors. Ex. 1002 947, 126, 133.

With the knowledge and incentives from Coulson-122 and Badyal described
above, a POSA would have identified and been motivated to use DVTMDS as a
suitable crosslinker in view of Cohen. As indicated by Cohen’s issue date in 1955,
DVTMDS was familiar and had been widely used in the polymer art by June 2015.
Ex.1006 2:10-14, 3:51-65; Ex. 1002 99125, 132-133. DVTMDS matched Badyal’s

generic structural formula for suitable crosslinking reagents. Ex. 1002 49125, 132.
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DVTMDS also had known properties that would have commended its use to
a POSA as a crosslinker with the teachings of Coulson-122 and Badyal. A POSA
would have known that DVTMDS was widely compatible for co-polymerization
with other compounds, including acrylate derivatives. Ex. 1006 2:14-27, 3:51-65,
4:18-56; Ex. 1002 9973, 125, 132. A POSA also would have known that DVTMDS
was compatible with various polymerization methods, including plasma polymeri-
zation Ex. 1002 9132; see e.g., Ex. 1006 1:31-34; Ex. 1017 Abstract, 4:1-30; Ex.
1033 at [0040-43]. In addition, a POSA would have known that DVTMDS had been
used in polymers applied to electronics, Ex. 1002 §132; see Ex. 1006 5:1-25, and
that coatings containing DVTMDS or other organosilicon compounds were associ-
ated with water-repellent, barrier, and electrically insulating properties, Ex. 1002
132; see also Ex. 1006 5:1-12 (insulating); Ex. 1018 1:6-11 (insulating); Ex. 1033
91937,40-45, (insulating) Ex. 1017 3:27-41, 6:31-36 (moisture-resistant, barrier); Ex.
1014 4:5-5:13 (insulating, water-repellent). In addition, a POSA would have recog-
nized that the relatively low boiling point of DVTMDS (137°C) would have been
compatible for combined use with vaporized PFAC8 or PFMACS8 in plasma
polymerization. Ex. 1002 99 54-55, 126, 133.

Accordingly, the combined teachings of Coulson-122, Badyal, and Cohen
would have motivated a POSA to prepare an electronic device bearing a protective

plasma-polymer coating as recited in claim 1.
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C. Reasonable expectation of success

A POSA reasonably would have expected to succeed in combining Coulson-
122, Badyal, and Cohen as in claim 1 because the claimed combination represented
no more than known elements with each performing its known and expected func-
tion.

Plasma polymerization was routine and well within the skill of a POSA by
June 2015. Ex. 1002 9932, 64, 134; Ex. 1001 14:59-67; Ex. 1005 2:10-13, 10:8-12.
A POSA would have expected a known compound like DVTMDS that fit Badyal’s
generic crosslinker structure to yield protective coatings when co-polymerized under
plasma with Coulson-122’s PFAC8 and PFMACS8 monomers because Badyal taught
that crosslinkers sharing the same basic structure would be suitable for that purpose.
Ex. 1002 9135; Ex. 1005 4:17-5:19. In addition, Cohen taught that DVTMDS was
broadly compatible for co-polymerization with various compounds including modi-
fied acrylates using various polymerization techniques. Ex. 1006 1:31-34, 2:14-27.
A POSA thus would have expected DVTMDS to serve as an effective crosslinker in
the Coulson-122/Badyal combination because PFAC8 and PFMACS are also acry-
late-based monomers and because a POSA would have known that DVTMDS had
been used for plasma polymerization and at any rate a polymerization reaction suc-
cessfully carried out using one activation method (like free-radical polymerization)

generally can be carried out using another (like plasma polymerization). Ex. 1002
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9953, 135. Badyal reinforced that understanding by teaching that suitable crosslink-
ing structures included those known “in the polymer art,” without subdividing by
activation technique. Ex. 1005 4:18-19 (emphasis added); Ex. 1002 9 53.

Given the known properties associated with DVTMDS as described above, a
POSA would have expected coatings to exhibit protective water-repellent and bar-
rier properties. Ex. 1002 99132, 135. And a POSA would have expected the com-
bined coating to be successful as applied to electronic devices because Coulson-122
and Cohen described electronics applications for the relevant polymer substituents
and Badyal taught that the crosslinked combination could be applied to any solid
surface. Ex. 1002 q135.

In view of the foregoing, claim 1 would have been obvious over Coulson-122,
Badyal, and Cohen.

2. Claims 2, 3

These claims are discussed in light of all grounds in Subsection G, below.
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3. Claim 9

“The device or component according to claim 1, wherein when for
compound (i) L is of formula B and Yo has the following formula:

5 each Y5 is methyl, and each Yo is a bond.”

As explained above, DVTMDS has the methylated Formula B1 bridging-
group structure recited in claim 9. Ex. 1002 99127, 137. Accordingly, claim 9 would
have been obvious over the combination of Coulson-122, Badyal, and Cohen for the

same reasons as claim 1.

10 4, Claim 11

“The device or component according to claim 1, wherein the
crosslinking reagent is selected from divinyl adipate (DVA), 1,4-
butanediol divinyl ether (BDVE), 1,4-cyclohexanedimethanol divinyl
ether (CDDE), 1,7-octadiene (170D), 1,2,4-trivinvicyclohexane (TVCH),

15 1,3-divinyltetramethyldisiloxane (DVTMDS), diallyl 1,4-
cyclohexanedicarboxylate (DCHD), 1,6-divinylperfluorohexane
(DVPFH), 1H,1H,6H,6H-perfluorohexanediol diacrylate (PFHDA) and
glyoxal bis (diallyl acetal) (GBDA).”

As explained above, DVTMDS is the crosslinker in the asserted combination
20  of Coulson-122, Badyal, and Cohen. Accordingly, claim 11 would have been obvi-

ous for the same reasons as claim 1.
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5. Claims 12, 13

“12. The device or component according to claim 1, wherein the
compound of formula I(a) has the following formula:

Q

CEy,F
— ()/\/ E\ Lot

H I

H

where n is from 2 to 10.”

“13. The device or component according to claim 12, wherein the
compound of formula I(a) is selected from 1H,1H,2H,2H-perfluorohexyl
acrylate (PFAC4), 1H,1H,2H,2H-perfluorooctyl acrylate (PFAC6),
1H,1H,2H,2H-perfluorodecyl acrylate (PFACS8) and 1H, 1H,2H,2H-
perfluorododecyl acrylate (PFAC10).”

As explained above for claim 1, both Coulson-122 and Badyal described

PFACS as a preferred monomer. Claims 12 and 13 therefore would have been obvi-

ous for the same reasons as claim 1.

6. Claims 14, 15

“14. The device or component according to claim 1, wherein the
compound of formula I(a) has the following formula:

O
5 CFa), F
!:C 12}:: 3
— O/’\/
H

CH;

where n is from 2 to 10.”
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“15. The device or component according to claim 14, wherein the
compound of formula I(a) is selected from 1H,1H,2H,2H-pefluorohexyl
methacrylate (PFMAC4), 1H,1H,2H,2H-perfluorooctyl methacrylate
(PFMACS6) and 1H,1H,2H,2H-perfluorodecyl methacrylate
(PFMACS).”

As explained above for claim 1, both Coulson-122 and Badyal described
PFMACS as a preferred monomer. Claims 14 and 15 therefore would have been
obvious for the same reasons as claim 1.

C. Ground 2: Claims 1-8 and 10-15 were obvious over Coulson-122,

Badyal, and Holliday
1. Claim 1
a. Claim limitations

As explained above in Sections VILLA and VII.B.1, Coulson-122 and Badyal
described every limitation of claim 1 except the specific bridging groups identified
for the crosslinking reagent, and those references would have motivated a POSA to
use structurally compatible crosslinkers that had favorable properties and were
known in the polymer art.

Holliday taught polymer compositions “for use in providing electrical insula-
tion.” Ex. 1007 1:11-12; Ex. 1002 9974, 143. Holliday described applying a mixture
of a polyolefin, polyvinyl chloride, and at least one crosslinking compound to an
electrical device or component and then initiating polymerization, which “cured” the
composition “to form a crosslinked insulation layer.” Ex. 1007 2:39-70; Ex. 1002

9 143. Holliday identified several crosslinking reagents for use in those coatings,
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including two that matched Badyal’s specified structural criteria: diallyl-1,4-cyclo-
hexanedicarboxylate (DCHD) and 1,4-divinyl-oxybutane (also known as 1,4-bu-

tanediol divinyl ether (BDVE)):

1 R?
R / R » RS
— \.:.,\/ Badyal
v 4 R®
3 P R
X Y
wf*“ “{\q DCHD
D G
5 (}S{"“C:::a“'! \\::Mf'}\,
" C%Omfmfow%g BDVE
2

Ex. 1002 q144; Ex. 1005 5:1-5; Ex. 1007 3:34-35, 3:52-53.
As shown, DCHD and BDVE both contained two double bonds. DCHD sat-
isfied Formula B2 of claim 1, where Y1 are hydrogen, Yo is —Y 11—O—C(O)—,

10 Y 1s Cyalkylene, Yio1s

and Yie-19 are hydrogen. Ex. 1002 §148. BDVE satisfied Formula A, where Y are

hydrogen, the linker group is
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Ei:e\\/;ﬂkwfusz

and Yo 1s straight-chain C; alkylene. Ex. 1002 §149. The calculated boiling points
of DCHD and BDVE are approximately 331°C and 201°C, respectively. Ex. 1002
99145-147. Furthermore, DCHD and BDVE necessarily fell within the scope of
claim 1 because claim 11, which depends from claim 1, specifically recites both as
covered crosslinkers. Ex. 1001 20:67, 21:3-4.

b. Motivation to combine and reasonable expectation of
success

A POSA would have been motivated to use Holliday’s DCHD and BDVE
crosslinkers in the Coulson-122/Badyal combination because those compounds were
known in the polymer art, aligned with Badyal’s suitable crosslinking reagents, and
had useful properties for applying protective coatings to electronics. DCHD and
BDVE were known crosslinkers in the polymer art at least since Holliday’s issue
date in 1974. Ex. 1007; Ex. 1002 §150. Both fit well within Badyal’s class of pre-
ferred crosslinking structures, including linker moieties comprising “alkyl groups ...
interposed with oxygen atoms.” Ex. 1005 5:18-21; Ex. 1002 9150. Furthermore,
both had boiling points near to or less than the boiling points of PFACS8 and
PFMACS, which a POSA would have known would provide good compatibility for
supplying those reagents together to a plasma chamber. Ex. 1002 49145-147, 152.

Holliday directed POSAs to include acrylate or methacrylate compounds in the
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disclosed polymerizable mixture, Ex. 1007 3:55-60, which would have suggested to
a POSA that DCHD and BDVE would be compatible for polymerizing with the pre-
ferred acrylate/methacrylate monomers (PFAC8/PFMACS) of Coulson-122 and
Badyal. Ex. 1002 §151. Holliday taught that its crosslinkers could be cured using
multiple polymerization techniques. Ex. 1007 2:50-52, 2:68-70 (peroxide and irra-
diation curing). And Holliday taught that polymer coatings produced with the dis-
closed crosslinkers provided excellent durability, chemical resistance, and electrical
insulation. Ex. 1007 5:34-54. Accordingly, a POSA reading Holliday would have
been motivated to use DCHD and BDVE as crosslinking reagents in combination
with Coulson-122/Badyal to produce protective polymer coatings as in claim 1. Ex.
1002 qq151-152.

In addition, a POSA reasonably would have expected to succeed with those
prior-art combinations. As noted above in Sections IV.B.2 and VII.B.1.c, POSAs
considered plasma polymerization routine by June 2015. In addition, a POSA would
have expected compounds like DCHD and BDVE that fit Badyal’s generic cross-
linker structure to successfully co-polymerize with the Coulson-122 monomers be-
cause Badyal taught that such crosslinkers would work. Ex. 1002 §153; Ex. 1005
4:17-5:19. In addition, Holliday taught that its crosslinkers were compatible with
acrylates and methacrylates and with various polymerization activators. Ex. 1007

2:50-70, 3:55-60. A POSA thus would have expected DCHD and BDVE to serve as

- 45 -



10

15

Petition for /nter Partes Review of U.S. Patent 10,421,876

effective crosslinkers in the Coulson-122/Badyal combination because those refer-
ences used acrylate-based PFAC8 and PFMACS monomers and because a POSA
would have known that a polymerization reaction successfully carried out using one
activation method (like irradiation) generally can be carried out using another (like
plasma polymerization). Ex. 1002 4953, 153. Furthermore, a POSA would have
been aware the BDVE had already been used as a crosslinker for plasma polymeri-
zation. Ex. 1002 §153; Ex. 1009 at 606-07. And a POSA would have expected the
combined coating to be successful as applied to electronic devices because Coulson-
122 and Holliday described electronics applications for the relevant polymer substit-
uents and Badyal taught that the crosslinked combination could be applied to any
solid surface. Ex. 1002 §153.

Accordingly, claim 1 would have been obvious over Coulson-122, Badyal,
and Holliday.

2. Claims 2, 3

See Subsection G below.
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3. Claim 4

“The device or component according to claim 1, wherein when for
compound (i) L is of the formula B, L. has one of the following

structures:
% 0 5
Q
Yo Q /
Y /‘1’30
. O 0
G O

O D
‘771{\0 )J\Y ‘.;.)J\O /}rﬁj
2 Q
E)k,\,\)g
]

As described, the combination of Coulson-122, Badyal, and Holliday includes
devices coated using DCHD as the crosslinking reagent. As described, DCHD
matches formula B2 of claim 1, and the third of the four linker structures shown in

claim 4 matches the linker moiety of DCHD (bracketed in red below):

{ @ ' \
\ W Z N 5 {
\&m {
/ \ S -
Ve o) N
L3 e N T s
’ ic N mo‘} \\\ N(,.-" {.\,{?‘

&

Ex. 1002 9155. Accordingly, claim 4 would have been obvious over the combination
of Coulson-122, Badyal, and Holliday’s disclosure of DCHD as a known, suitable

crosslinking reagent for the same reasons as claim 1.
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4. Claims 5, 6

“S. The device or component according to claim 1, wherein when for
compound (i) L is of formula A, Y10 has the following formula:

wherein each Y12 and Y3 is independently selected from H, halo,
optionally substituted cyclic, branched or straight chain alkyl, or
—OY 14, where Y14 is selected from optionally substituted branched or
straight chain C;-Cs alkyl or alkenyl, and n is an integer from 1 to 10.”

“6. The device or component according to claim 5, wherein each Y12 is H
and each Yz is H.”

As described, the combination of Coulson-122, Badyal, and Holliday includes
devices coated using BDVE as the crosslinking reagent. The linker moiety of BDVE
(bracketed in blue below) matches Formula A and includes a two-carbon chain
(bracketed in red below) corresponding to Yo in claim 1, where Y12 and Y13 are both
hydrogen and » 1s 2:

f“\f\foxfCHg

k

mc:“’ {3

Ex. 1002 99156-157. Accordingly, claims 5 and 6 would have been obvious over
the combination of Coulson-122, Badyal, and Holliday’s disclosure of BDVE as a

known, suitable crosslinking reagent for the same reasons as claim 1.
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5. Claim 7

“The device or component according to claim 5, wherein each Y12 is
fluoro and each Yis is fluoro.”

As noted for claims 5 and 6, BDVE contains a CH2-CH3 chain corresponding
to Yo of Formula A. Badyal taught that alkyl chains in bridging group Z could be
perfluoroalkyl chains and that highly fluorinated coatings exhibit “super-hydropho-
bicity.” Ex. 1005 5:18-23, 10:32-11:1. Consistent with Badyal’s teachings, it was
well known that perfluorinated alkyl groups were strongly hydrophobic when incor-
porated into polymer coatings, Ex. 1005 1:19-23, and a POSA would have wanted
to maximize hydrophobicity in protective coatings intended for electronic devices.
Ex. 1002 9958, 158. A POSA therefore would have been motivated to substitute
fluorine at every Y12 and Y13 hydrogen position in BDVE for enhanced hydrophobi-
city while maintaining the flanking alkylene spacers to preserve reagent stability and
a POSA would have reasonably expected to succeed because methods for preparing
fluorinated divinyl ethers were known and because Badyal taught that the bridging
group could include fluorine substitutions. Ex. 1002 9158, 46; Ex. 1005 at 5:18-
6:13.

Accordingly, claim 7 would have been obvious over the combination of Coul-

son-122, Badyal, and Holliday.
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6. Claim 8
“The device or component claim 5, wherein n is from 4 to 6.”

As noted for claims 5 and 6, BDVE contains a CH2-CH3 chain corresponding
to Y10 of Formula A. A POSA would have known that the longer an alkyl chain is,
the more hydrophobic and flexible the resulting molecule will be. Ex. 1002 159.
Accordingly, a POSA seeking to make a protective, resilient, water-repellent coating
for an electronic device in view of Coulson-122, Badyal, and Holliday would have
been motivated to lengthen the two-carbon alkyl chain of the disclosed BDVE cross-
linker (bracketed red below) to produce more hydrophobic coatings, such as by dou-

bling its length. /d.

o o w e
{ N N N
N H N N .
H N N N
H N N N § l
H N N N
f"\ i y 0 i C
3 H f
y
H N N N
ii*’* { N i i
&~ \ N N i
H N i
H N 3 i
[ o~ ~? ot

A

Doing so would have resulted in a crosslinker with four CH, groups, just as recited
in claim 8. A POSA reasonably would have expected to succeed in making and using
the resulting crosslinker (HDVE) because the change required only straightforward
chemical modification, which would have been well within the skill of a POSA and
because HDVE was a known crosslinker that had been used with acrylate-based
monomers. /d.

Accordingly, claim 8 would have been obvious over the combination of Coul-

son-122, Badyal, and Holliday.
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7. Claim 10

“The device or component according to claim 1, wherein when for
compound (i) L is of formula B and Yo has the following formula:

Yis Y7

Yis is H or vinylene, and Y16, Y17 and Y19 are each H.”

As explained for claim 1, the combination of Coulson-122, Badyal, and Hol-
liday includes devices coated using DCHD as the crosslinking reagent, and the linker
moiety of DCHD has the same formula recited in claim 10, where Y 16-Y19 are each
hydrogen. Ex. 1002 9148, 160. Accordingly, claim 10 would have been obvious
for the same reasons as claim 1.

8. Claim 11

The asserted combination of Coulson-122, Badyal, and Holliday included
DCHD and BDVE as crosslinking reagents. Accordingly, claim 11 would have been
obvious for the same reasons as claim 1.

9. Claims 12, 13

As explained above in Sections VII.B.1 and VII.B.5, both Coulson-122 and
Badyal described PFACS as a preferred monomer. Claims 12 and 13 therefore would

have been obvious for the same reasons as claim 1.
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10. Claims 14, 15

As explained above in Sections VII.B.1 and VII.B.6, both Coulson-122 and
Badyal described PFMACS as a preferred monomer. Claims 14 and 15 therefore
would have been obvious for the same reasons as claim 1.

D. Ground 3: Claims 1-4, 10, and 12-15 were obvious over Coulson-
122, Badyal, and Padiyath

1. Claim 1
a. Claim limitations

As explained above in Sections VILLA and VII.B.1, Coulson-122 and Badyal
described every limitation of claim 1 except the specific linker moieties identified
for the crosslinking reagent, and those references would have motivated a POSA to
use structurally compatible crosslinkers that had favorable properties and were
known in the polymer art.

Padiyath disclosed such a prior-art crosslinker. That reference described “bar-
rier films for protection of moisture or oxygen sensitive articles.” Ex. 1008 §0001.
The barrier coatings reduced or prevented “transfer of moisture and oxygen, or other
contaminants, to an underlying substrate,” Ex. 1008 40024, particularly electronics
such as LCD or OLED display devices, Ex. 1008 490023-24, 0027, 0063-64. Padi-
yath’s barrier coatings comprised one or more polymers, which could be homopol-
ymers or copolymers and could be applied using plasma polymerization. Ex. 1008

190005-07, 0011, 0025, Fig. 3. Padiyath taught that the polymers were preferably
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crosslinked. Ex. 1008 990002, 0025, 0052.

Particularly preferred compounds for preparing the disclosed polymer layers
included acrylates and methacrylates used alone or in combination with other acry-
lates or methacrylates. Ex. 1008 40052. As one especially preferred compound,
Padiyath described “cyclohexane dimethanol diacrylate esters (e.g., CD-406, com-
mercially available from Sartomer Co.).” Id. §0054. A POSA would have under-
stood Padiyath as identifying the following reagent, more commonly known as cy-

clohexane-1,4-dimethanol diacrylate (CDMDA):

Ex. 1002 9976, 166; Ex. 1030 99 144-46 (1dentifying Sartomer CD406 as CDMDA);
Ex. 1031 927 (same); Ex. 1032 (Sartomer data sheet for CD406). The boiling point
of CDMDA at standard pressure 1s approximately 333°C. Ex. 1002 §168. A POSA
would have recognized that CDMDA was a crosslinking reagent because it was a
multifunctional diacrylate containing two double bonds, each capable of bonding
with other molecules. Ex. 1002 §167; Ex. 1008 9952, 54.

CDMDA satisfied crosslinker Formula B2 of claim 1, where Yi-Ys are hy-

drogen, Yo 1s —C(O)—O—Y 11—, Y1 is C; alkylene, Yio 1s
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and Y16-Y19 are hydrogen. Ex. 1002 99166, 169.

b. Motivation to combine and reasonable expectation of
success

A POSA would have been motivated to use Padiyath’s CDMDA crosslinker
in the Coulson-122/Badyal combination because CDMDA was known in the poly-
mer art, had a structure consistent with Badyal’s suitable crosslinking reagents, and
had been used in protective barrier coatings for electronics. Ex. 1002 99164, 170-72.
CDMDA fit within Badyal’s class of preferred crosslinking reagents, including those
with linker moieties comprising “alkyl groups ... interposed with oxygen atoms.”
Ex. 1005 5:1-21; Ex. 1002 q171. Padiyath taught that CDMDA 1is volatile, and
CDMDA s boiling point fell near those of PFAC8 and PFMACS, which would have
suggested good compatibility for plasma polymerization. Ex. 1008 454; Ex. 1002
19168, 172, 174. Furthermore, Padiyath taught that its barrier coatings could be
formed using plasma polymerization and that CDMDA could be copolymerized with
other acrylates or methacrylates, which would have further encouraged a POSA to
select CDMDA as a crosslinker with Coulson-122 and Badyal. Ex. 1008 11, 52;
Ex. 1002 9167, 172. A POSA also would have been motivated to select CDMDA

because Padiyath had demonstrated its utility for preparing protective, moisture-
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resistant barrier coatings on electronic devices. Ex. 1002 §§164-165, 171-72.

In addition, a POSA reasonably would have expected to succeed using the
combination of Coulson-122, Badyal, and Padiyath. As noted in Sections [V.B.2 and
VIL.B.1.c above, POSAs considered plasma polymerization routine by June 2015. In
addition, a POSA would have expected CDMDA to co-polymerize successfully with
PFACS8 and PFMACS because Badyal taught that compounds matching its generic
crosslinker structure would work. Ex. 1002 §173; Ex. 1005 4:17-5:19. Moreover,
Padiyath taught its preferred compounds like CDMDA could be used in combination
with other acrylates or methacrylates, Ex. 1008 990011, 0052, which would have
indicated to a POSA that CDMDA could successfully be combined PFACS and
PFMACS. Ex. 1002 9167, 173. Padiyath described protective barrier properties for
CDMDA-derived polymer coatings, so a POSA would have expected coatings pro-
duced by the combination of Coulson-122, Badyal, and Padiyath to exhibit protec-
tive water-repellent and barrier properties. Ex. 1002 4173. And a POSA would have
expected the combined coating to be successful as applied to electronic devices be-
cause Coulson-122 and Padiyath described polymer-coated electronic devices and
Badyal taught that the crosslinked combination could be applied to any solid surface.
Ex. 1002 9165, 171, 173.

Accordingly, claim 1 would have been obvious over Coulson-122, Badyal,

and Padiyath.
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2. Claims 2, 3

See subsection G, below.

3. Claim 4

CDMDA fits Formula B2 of claim 1, as described above. Furthermore, the
linker moiety of CDMDA (bracketed in red below) also matches the fourth of the

four generic linker structures specified in claim 4:

e O
%‘\()AY{\OJ‘?;

Ex. 1002 9176. Accordingly, claim 4 would have been obvious over the combination

of Coulson-122, Badyal, and Padiyath for the same reasons as claim 1.

4. Claim 10

The linker moiety of CDMDA includes the same cyclic substructure recited
in claim 10, where Yi6-Y 10 are each hydrogen. Ex. 1002 §177. Accordingly, claim
10 would have been obvious for the same reasons as claim 1.

5. Claims 12, 13

As explained above in Sections VII.B.1 and VII.B.5, both Coulson-122 and

Badyal described PFACS as a preferred monomer. Claims 12 and 13 therefore would

- 56 -



Petition for /nter Partes Review of U.S. Patent 10,421,876

have been obvious for the same reasons as claim 1.

6. Claims 14, 15
As explained above in Sections VII.B.1 and VII.B.6, both Coulson-122 and

Badyal described PFMACS as a preferred monomer. Claims 14 and 15 therefore
5  would have been obvious for the same reasons as claim 1.

E. Ground 4: Claims 1-3, 5-8, and 11-15 were obvious over Coulson-
122, Badyal, and Francesch

1. Claim 1
a. Claim limitations
10 As explained above in Sections VILLA and VII.B.1, Coulson-122 and Badyal

described every limitation of claim 1 except the specific linker moieties identified
for the crosslinking reagent, and those references would have motivated a POSA to
use structurally compatible crosslinkers that had favorable properties and were
known in the polymer art.

15 Francesch described polymer coatings containing a labile pentafluorophenyl
surface group that could subsequently be used to attach a biotin ligand for versatile
surface functionalization. Ex. 1009 at 606. The disclosed copolymer coatings were
produced by plasma polymerization using a fluorinated methacrylate (pentafluoro-

phenyl methacrylate) with BDVE as a crosslinker. Ex. 1009 at 606-07.

O 2 OHz BDVE
20 HC™ O

-57 -



10

Petition for /nter Partes Review of U.S. Patent 10,421,876

Ex. 1002 §181. As noted in Section VII.C.1 above, BDVE fit within Badyal’s struc-
turally defined group of suitable crosslinkers and has a normal boiling point less than
500°C. Ex. 1005 4:31-5:5; Ex. 1002 99 144-147, 149.

The copolymer coatings were applied to silicon-wafer substrates. Ex. 1009 at
607. Francesch taught performing plasma deposition for 2-8 hours and disclosed that
the BDVE-crosslinked copolymer was deposited at a rate of 8 nm per hour, so a
POSA would have understood that Francesch taught applying such polymer coatings
at thicknesses of 16-64 nm. Ex. 1009 607-08; Ex. 1002 9184. The resulting coatings
showed flat, homogenous, pinhole-free surfaces. Ex. 1009 at 609-610; Ex. 1002
9 184. Francesch taught BDVE was included as a crosslinker “to improve the solvent
resistance of the resulting deposited thin films.” Ex. 1009 at 610.

As explained in Section VII.C.1 above, BDVE was a crosslinking reagent un-
der Formula A of claim 1.° In addition, BDVE necessarily fell within the scope of

claim 1 because claim 11, which depends from claim 1, specifically recites BDVE

® The other crosslinker Francesch described, 1,7-octadiene (Ex. 1009 at 607),
was also identified as a most-preferred choice in the 876 patent, Ex. 1001 8:6. A
POSA secking a crosslinker for use in coatings like those described by Coulson-122

and Badyal would have selected BDVE over 1,7-octadiene because of the oxygen

atoms in the bridging group of BDVE. Ex. 1002 §182; Ex. 1005 5:18-6:20.
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as a covered crosslinker. Ex. 1001 20:67, 21:3-4.

b. Motivation to combine and reasonable expectation of
success

A POSA would have been motivated to use BDVE as a crosslinker in view of
Coulson-122/Badyal and Francesch because BDVE was a known crosslinker for
plasma deposition applications in the polymer art, aligned with Badyal’s suitable
crosslinking reagents, had a boiling point compatible for plasma polymerization with
PFACS8 or PFMACS, and had useful properties for applying protective coatings to
electronics. Ex. 1002 99145-147, 151-152, 180, 182, 184-186. As Francesch ex-
pressly taught, BDVE was a crosslinker used in plasma polymerization well before
the *876 patent’s priority date. Ex. 1009 at 606-07; Ex. 1002 99183-184. BDVE fit
well within Badyal’s class of preferred crosslinking structures, including linker moi-
eties comprising “alkyl groups ... interposed with oxygen atoms.” Ex. 1005 5:18-
21; Ex. 1002 99182-183. In addition, Francesch showed that a “methacrylate was
successfully used as a monomer for plasma polymerization ... copolymerized with”
BDVE, Ex. 1009 at 610, which further would have motivated a POSA to use BDVE
as a crosslinking reagent in the Coulson-122/Badyal combination because those ref-
erences described using similar fluorinated acrylate and methacrylate monomers, Ex.
1002 9 183.

Francesch also taught that the coatings made with BDVE showed solvent re-

sistance and a uniform structure without pinholes, Ex. 1009 at 609-10, both
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properties that would have been valued by a POSA seeking to produce protective
barrier coatings. Ex. 1002 §184. The coatings could be applied at a thickness of at
least 64 nm, which a POSA would have recognized as a coating thickness well suited
to protective barrier applications. /d.; see Ex. 1001 3:5-8. Accordingly, a POSA
would have been motivated to use BDVE as a crosslinking reagent, as described by
Francesch, in combination with Coulson-122/Badyal to produce protective polymer
coatings as in claim 1.

In addition, a POSA reasonably would have expected to succeed with the as-
serted combination based on teachings from Coulson-122, Badyal, and Francesch.
As noted in Sections IV.B.2 and VII.B.1.c, POSAs considered plasma polymeriza-
tion routine by June 2015. In addition, a POSA would have expected BDVE, which
fit Badyal’s generic structural criteria for suitable crosslinkers, to successfully co-
polymerize with the fluorinated monomers like PFAC8 and PFMACS taught by
Coulson-122 and Badyal because Badyal taught that such crosslinkers would work.
Ex. 1002 99153, 183; Ex. 1005 4:17-5:19. In addition, Francesch taught that BDVE
was compatible for plasma coating applications with another fluorinated methacry-
late (pentafluorophenyl methacrylate). Ex. 1009 606-07. A POSA thus would have
expected BDVE to serve as an effective crosslinker in the Coulson-122/Badyal com-
bination because those references used acrylate-based PFAC8 and PFMACS mono-

mers similar to the monomer successfully used by Francesch. Ex. 1002 9183, 185.
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Given the known properties associated with BDVE and the BDVE-based coatings
disclosed by Francesch, a POSA would have expected coatings based on BDVE co-
polymerized with PFAC8 or PFMACS based on the combination of Coulson-122,
Badyal, and Francesch to exhibit protective water-repellent and barrier properties.
Ex. 1002 §185. And a POSA would have expected the combined coating to be suc-
cessful as applied to electronic devices because Coulson-122 described electronics
applications for the relevant polymer substituents, Francesch taught applying
BDVE-based coatings to solid silicon substrates, and Badyal taught that the cross-
linked combination could be applied to any solid surface. Ex. 1002 §186.
Accordingly, claim 1 would have been obvious over Coulson-122, Badyal,

and Francesch.

2. Claims 2, 3

See Subsection G below.

3. Claims 5, 6

The asserted combination of Coulson-122, Badyal, and Francesch includes
devices coated using BDVE as the crosslinking reagent. As described in Section
VII.C.4 above, the linker moiety of BDVE meets every limitation of claims 5 and 6.
Accordingly, claims 5 and 6 would have been obvious over the combination of Coul-
son-122, Badyal, and Francesch for the same reasons as claim 1.

4. Claim 7

BDVE contains a CH2-CH: chain corresponding to Y10 of Formula A. Badyal
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taught that alkyl chains in bridging group Z could be perfluoroalkyl chains and that
highly fluorinated coatings exhibit “super-hydrophobicity.” Ex. 1005 5:18-23,
10:32-11:1. Consistent with Badyal’s teachings, it was well known that perfluori-
nated alkyl groups were strongly hydrophobic when incorporated into polymer coat-
ings, Ex. 1005 1:19-23, and a POSA would have wanted to maximize hydrophobi-
city in protective coatings intended for electronic devices. Ex. 1002 §158. A POSA
therefore would have been motivated to substitute fluorine at every Yi2 and Y3 hy-
drogen position in BDVE for enhanced hydrophobicity while maintaining the flank-
ing alkylene spacers to preserve reagent stability, and a POSA would have reasona-
bly expected to succeed because methods for preparing fluorinated divinyl ethers
were known and because Badyal taught that the bridging group could include fluo-
rine substitutions. Ex. 1002 9158, 189, 46; Ex. 1005 at 5:18-6:13.

Accordingly, claim 7 would have been obvious over Coulson-122, Badyal,
and Francesch combined using the ordinary skill and creativity of a POSA.

5. Claim 8

BDVE contains a CH>-CH> chain corresponding to Yio of Formula A. A
POSA would have known that the longer an alkyl chain is, the more hydrophobic
the resulting molecule will be. Ex. 1002 §159. Accordingly, a POSA seeking to
make a protective, water-repellent coating for an electronic device in view of Coul-

son-122, Badyal, and Francesch would have been motivated to lengthen the two-
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carbon alkyl chain of the disclosed BDVE crosslinker to produce more hydrophobic
coatings, such as by doubling or tripling its length. Ex. 1002 159, 190. Doing so
would have resulted in a crosslinker with 4-6 CH; groups, just as recited in claim 8.
A POSA reasonably would have expected to succeed in making that straightforward
chemical modification, which would have been well within the skill of a POSA. /d.

Accordingly, claim 8 would have been obvious over the combination of Coul-
son-122, Badyal, and Francesch.

6. Claim 11

The asserted combination of Coulson-122, Badyal, and Francesch included
BDVE as the crosslinking reagent. Accordingly, claim 11 would have been obvious

for the same reasons as claim 1.

7. Claims 12, 13

As explained above in Sections VII.B.1 and VII.B.5, both Coulson-122 and
Badyal described PFACS as a preferred monomer. Claims 12 and 13 therefore would

have been obvious for the same reasons as claim 1.

8. Claims 14, 15

As explained above in Sections VII.B.1 and VII.B.6, both Coulson-122 and
Badyal described PFMACS as a preferred monomer. Claims 14 and 15 therefore

would have been obvious for the same reasons as claim 1.
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F. Ground 5: Claims 1-3, 5-8, and 12-15 were obvious over Coulson-
122, Badyal, and Tropsch

1. Claim 1
a. Claim limitations

As explained above in Sections VILLA and VII.B.1, Coulson-122 and Badyal
described every limitation of claim 1 except the specific linker moieties identified
for the crosslinking reagent, and those references would have motivated a POSA to
use structurally compatible crosslinkers that had favorable properties and were
known in the polymer art.

Tropsch described a two-step process for preparing polymers containing per-
oxycarboxyl groups. Ex. 1011. Tropsch’s methods required first preparing or obtain-
ing a polymer, and then reacting that polymer with hydrogen peroxide. Ex. 1011
1:49-2:2. The input polymer contained at least an unsaturated dicarboxylic anhy-
dride monomer. Ex. 1011 1:51-53, 2:13-39. The input polymer could further contain
a comonomer, such as an acrylate or methacrylate, as well as a crosslinker. Ex. 1011
1:65-2:2, 3:1-8, 3:47-54. Preferred crosslinkers included 1,6-hexanediol divinyl

ether (HDVE):

P N N HDVE
S |

i“*: I

Ex. 1011 4:34-39; Ex. 1002 9195. HDVE fit within Badyal’s structurally defined

group of suitable crosslinkers—it had two double bonds where R!-R® were hydrogen
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and contained an alkyl bridging group interposed with oxygen atoms. Ex. 1005 4:41-
5:21; Ex. 1002 q9194-195, 197.
HDVE was a crosslinker within the scope of claim 1. It satisfied Formula A,

where Y15 are hydrogen, the linker group 1s

1’1{0\/‘5 mx/’o;‘fi\

and Y o 1s straight-chain C4 (HDVE) alkylene. Ex. 1002 §195-196. The boiling point
of HDVE at standard pressure is approximately 233°C. Ex. 1002 195

b. Motivation to combine and reasonable expectation of
success

A POSA would have been motivated to use Tropsch’s HDVE crosslinker in
the Coulson-122/Badyal combination because HDVE was known in the polymer art,
aligned with Badyal’s suitable crosslinking reagents, and would have been expected
to have beneficial properties for applying protective coatings to electronics. HDVE
was a known crosslinker in the polymer art, as demonstrated by Tropsch’s 1998
disclosure. Ex. 1002 §197. HDVE fit well within Badyal’s class of preferred cross-
linking structures, including linker moieties comprising “alkyl groups ... interposed
with oxygen atoms.” Ex. 1005 5:18-21; Ex. 1002 /195, 197. Tropsch disclosed that
HDVE could be used to crosslink polymers containing acrylate and methacrylate
monomers, Ex. 1011 3:1-10, which would have suggested to a POSA that HDVE

would be compatible for polymerizing with the acrylate/methacrylate monomers
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(PFAC8/PFMACS) of Coulson-122 and Badyal. Ex. 1002 9197. In addition, a
POSA would have been motivated to use HDVE as a crosslinker for protective bar-
rier coatings on electronics because a POSA would have believed that the relatively
long alkyl chains in the HDVE linker group would promote hydrophobicity in pol-
ymers containing that compound. /d.

Tropsch taught that its input polymers containing HDVE could be prepared
using multiple polymerization methods, including suspension or precipitation
polymerization. Ex. 1011 5:26-30. A POSA reading Tropsch would have expected
that HDVE could also be polymerized using plasma activation because one activa-
tion technique can usually be substituted for another when using compatible reagents.
Ex. 1002 9953, 198. In addition, the boiling point of HDVE would have indicated
compatibility with PFAC8 and PFMACS for plasma applications. Ex. 1002 §197.
Accordingly, a POSA reading Tropsch would have been motivated to use HDVE as
a crosslinking reagent in combination with Coulson-122/Badyal to produce protec-
tive polymer coatings as in claim 1. Ex. 1002 44197-199.

In addition, a POSA reasonably would have expected to succeed with that
prior-art combination. As noted in Sections [V.B.2 and VIL.B.1.c, POSAs considered
plasma polymerization routine by June 2015. In addition, a POSA “would have ex-
pected compounds like HDVE that fit Badyal’s generic crosslinker structure to suc-

cessfully co-polymerize with the PFAC8/PFMACS8 monomers of Coulson-122 and
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Badyal because Badyal taught that such crosslinkers would work.” Ex. 1002 §199;
Ex. 1005 4:17-5:19. Furthermore, Tropsch taught that its crosslinkers were compat-
ible with acrylates and methacrylates and with various polymerization activators. Ex.
1011 3:55-60. HDVE was also structurally similar to BDVE, which was known to
be used successfully in plasma polymerization as a crosslinker with another fluori-
nated acrylate monomer, Ex. 1009 at 606-07, so a POSA would have expected sim-
ilar performance from HDVE. Ex. 1002 §198. A POSA thus would have expected
HDVE to serve as an effective crosslinker in the Coulson-122/Badyal combination
because those references used acrylate-based PFAC8 and PFMACS monomers and
because a POSA would have known that a polymerization reaction successfully car-
ried out using one activation method (like irradiation) generally can be carried out
using another (like plasma polymerization). Ex. 1002 99198-199.

Accordingly, claim 1 would have been obvious over Coulson-122, Badyal,
and Tropsch.

2. Claims 2, 3

See Subsection G below.

3. Claims 5, 6, 8

The asserted combination of Coulson-122, Badyal, and Tropsch includes pol-
ymer coatings containing HDVE as the crosslinking reagent. The linker moiety of

HDVE (bracketed blue below) met every limitation of claims 5, 6, and 8.
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Specifically, Yio (bracketed red below) 1s (CHz)s in HDVE.
3 Ot HDVE

\

Ex. 1002 q201. For claims 5 and 6, Y10 in HDVE is a 4-carbon chain (thus n is 4,
between 1 and 10) and where each Y12 and Y13 1s hydrogen. Ex. 1002 4202. For
claim 8, the 4-carbon chain for Yo means that n=4. Ex. 1002 99202-203. Accord-
ingly, claims 5, 6, and 8 would have been obvious over the combination of Coulson-

122, Badyal, and Tropsch for the same reasons as claim 1.

4. Claim 7

HDVE contained a CH>-CH» chain corresponding to Yio of Formula A.
Badyal taught that alkyl chains in bridging group Z could be perfluoroalkyl chains
and that highly fluorinated coatings exhibit “super-hydrophobicity.” Ex. 1005 5:18-
23,10:32-11:1. Consistent with Badyal’s teachings, it was well known that perfluor-
inated alkyl groups were strongly hydrophobic when incorporated into polymer coat-
ings, Ex. 1005 1:19-23, and a POSA would have wanted to maximize hydrophobi-
city in protective coatings intended for electronic devices. Ex. 1002 9158, 204. A
POSA therefore would have been motivated to substitute fluorine at every Y12 and
Y13 hydrogen position in HDVE for enhanced hydrophobicity while maintaining the
flanking alkylene spacers to preserve reagent stability, and a POSA would have rea-

sonably expected to succeed because methods for preparing fluorinated divinyl
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ethers were known and because Badyal taught that the bridging group could include
fluorine substitutions. Ex. 1002 9204, 46; Ex. 1005 at 5:18-6:13.

Accordingly, claim 7 would have been obvious over Coulson-122, Badyal,
and Tropsch combined using the ordinary skill and creativity of a POSA.

5 5. Claims 12, 13

As explained above in Sections VII.B.1 and VII.B.5, both Coulson-122 and
Badyal described PFACS as a preferred monomer. Claims 12 and 13 therefore would

have been obvious for the same reasons as claim 1.

6. Claims 14, 15

10 As explained above in Sections VII.B.1 and VII.B.6, both Coulson-122 and
Badyal described PFMACS as a preferred monomer. Claims 14 and 15 therefore
would have been obvious for the same reasons as claim 1.

G. All Grounds: Claims 2 and 3 would have been obvious over the
cited prior-art combinations

15 1. Claim 2

“The device or component according to claim 1, wherein the protective
cross-linked polymeric coating is a physical barrier to mass and electron
transport.”

As explained for each ground above, it would have been obvious to prepare
20 the coated device of claim 1 in view of Coulson-122, Badyal, and each of the asserted
references describing a compatible prior-art crosslinker. Claim 2 specifies barrier

properties of the coating in claim 1. That would have been an expected and routine
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result of each of those obvious combinations or inherent in those asserted combina-
tions. Under either analysis, claim 2 would have been obvious over the references
cited in each ground.

A POSA would have understood that a barrier to mass transport includes re-
stricting passage of molecules, like water or oxygen, and that a barrier to electron
transport restricts passage of electrons—in other words, an electrical insulator. Ex.
1002 9207, see also Ex. 1001 3:1-6, 3:41. A POSA would have viewed those as
desirable properties when preparing a protective coating for electronics. Ex. 1002
9207. A POSA also would have known that polymer coatings made using PFACS8
and PFMAC8 monomers had insulating and molecular barrier properties. Ex. 1002
9208. Furthermore, a POSA would have expected crosslinking to improve barrier
properties of such coatings by reducing crystallinity and the associated likelihood of
channels for molecules or electrical conductance through the coatings, and prior-art
crosslinkers in the asserted grounds had been used in coatings to prevent the passage
of molecules and/or provide electrical insulation. /d.

A POSA therefore would have sought and expected coatings based on the
asserted combinations to exhibit the claimed barrier properties. Ex. 1002 99208-211.
The *876 patent admits that producing those properties using the prior-art monomers
and crosslinkers of claim 1 would have been within the skill of a POSA. Ex. 1001

14:22-28. Similarly, the 876 patent indicates that a coating thickness of at least 50
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nm typically suffices to provide a barrier coating, Ex. 1001 3:5-7, and a POSA would
have known that greater coating thickness facilitates barrier properties and would
have known how to increase coating thickness simply by increasing plasma
polymerization time. Ex. 1002 §210; Ex. 1014 9:15-17, 28:23-25; Ex. 1009 at 608.
The barrier properties recited in claim 2 thus would have been expected and easy for
a POSA to achieve using the monomer/crosslinker combinations and plasma
polymerization techniques of the asserted prior-art combinations. Ex. 1002 99208-
210.

Alternatively, the barrier properties in claim 2 would have been inherent in
the prior-art combinations asserted in each ground against claim 1. Inherency applies
in an obviousness analysis “where the limitation at issue 1s ‘the natural result of the
combination of prior art elements.”” Persion Pharm. LLC v. Alvogen Malta Opera-
tions Ltd., 945 F.3d 1184, 1191 (Fed. Cir. 2019) (quoting PAR Pharm., Inc. v. TWI
Pharm., Inc., 773 F.3d 1186, 1194-95 (Fed. Cir. 2014)). A polymer’s properties de-
pend on its components. Ex. 1002 §211. It has long been established that coatings
based on highly fluorinated organic compounds like the perfluorinated monomers
described by Coulson-122 and Badyal are electrically insulating and restrict the pas-
sage of molecules. Ex. 1002 §208. Similarly, crosslinkers in the asserted grounds
were also known to produce coatings with those properties. Ex. 1002 99132, 151,

153,165, 171-172, 184, 197, 209. Combining two compounds having the claimed
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barrier properties to form a copolymer coating would naturally and necessarily yield
a copolymer exhibiting the same barrier properties. Ex. 1002 §211. Because the
properties recited in claim 2 are the inherent result of combining components in the
asserted grounds, claim 2 would have been obvious over the same combinations.

2. Claim 3

“The device or component according to claim 1, wherein the protective
cross-linked polymeric coating forms a liquid repellent surface defined
by a static water contact angle (WCA) of at least 90°.”

As explained for each Ground above, it would have been obvious to prepare
the coated device of claim 1 in view of each of the cited combinations of prior-art
references. Claim 3 specifies a surface WCA of at least 90° for the same coated
device of claim 1. That recited property would have been an expected and routine
result of those obvious combinations or would have been inherent in those combi-
nations. Either way, claim 3 would have been obvious over the prior art cited in each
Ground.

By June 2015, WCA was a well-known measure of surface hydrophobicity,
and POSAs understood that water-repellent surfaces exhibit WCA greater than 90°.
Ex. 1002 9212; Ex. 1001 4:27-29. As described in Sections IV.B.3, VIL.A, and
VIIL.B.1, the fluorinated PFAC8/PFMACS8 monomers that would have been used un-
der every asserted Ground were known to be hydrophobic and form water-repellent

coatings. Ex. 1002 9966-69, 213-214. Furthermore, a POSA would have known or
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expected that each prior-art crosslinker raised in the cited Grounds would have hy-
drophobic properties based on prior-art teachings regarding those compounds as well
as well-established structure/function relationships for organic compounds known
in the art. Ex. 1002 §213; Ex. 1005 4:21-23; Ex. 1014 16:7-14.

For each Ground, a POSA therefore would have expected coatings prepared
by combining a hydrophobic monomer with a hydrophobic crosslinker to exhibit
water repellency and, as a result, a WCA greater than 90°. Ex. 1002 §213. The 876
patent does not describe any specific requirements needed for a coating to achieve
the claimed WCA. Rather, the patent admits that producing the claimed WCA using
the prior-art monomers and crosslinkers of claim 1 would have been within the
knowledge and skill of a POSA. Ex. 1001 14:22-28. The WCA recited in claim 3
thus would have been an obvious and expected property for a POSA to achieve with
co-polymer coatings prepared according to the combined teachings of the asserted
prior art. Ex. 1002 99213-214 (cite Ex. 1029); see Southwire Co. v. Cerro Wire LLC,
870 F.3d 1306, 1312 (Fed. Cir. 2017) (claims reciting “mere quantification of the
results of a known process™ held obvious); Ritchie v. Vast Res., Inc., 563 F.3d 1334,
1337 (Fed. Cir. 2009) (known properties of known components did not suffice to
render combination nonobvious).

Alternatively, the WCA recited in claim 3 would have been an inherent result

of the combination of claim 1. The molecular composition of a polymer determines
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hydrophobicity. Ex. 1002 §214. It had long been established that highly fluorinated
organic compounds like the perfluorinated monomers described by Coulson-122 and
Badyal are exceedingly hydrophobic and yield hydrophobic coatings when applied
as a surface coating. Ex. 1002 4966-69, 213-214. Similarly, organosilicons like
DVTMDS and hydrocarbon-based compounds like DCHD, BDVE, CDMDA, and
HDVE were known to exhibit hydrophobic properties. Ex. 1002 49132, 165, 171,
184,197, 213. As a POSA would have known, combining a hydrophobic crosslinker
with the highly hydrophobic PFAC8 or PFMACS monomer to form a copolymer
coating would naturally and necessarily yield hydrophobicity, manifesting with a
WCA of at least 90°, in the resulting products. Ex. 1002 §214. Because the property
recited in claim 3 is the natural, inherent result of combining hydrophobic compo-
nents in the polymer composition recited in claim 1, claim 3 would have been obvi-
ous over the same asserted combination of prior art. Santarus, Inc. v. Par Pharm.,
Inc., 694 F.3d 1344, 1354 (Fed. Cir. 2012) (“merely testing and claiming an inherent
property” cannot render an otherwise obvious formulation patentable).

VIII. Statement regarding § 325(d)

The Board should not deny institution under § 325(d). The same or substan-
tially the same art or arguments were not previously presented, and the examiner
erred in allowing the challenged claims during prosecution.

Regarding the prior art, the examiner cited Coulson-122, but the other
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references in the grounds asserted here (Badyal, Cohen, Holliday, Padiyath, Fran-
cesch, and Tropsch) were not before the examiner during prosecution, much less
used in a rejection. Cohen, Holliday, Padiyath, Francesch, and Tropsch are asserted
here to supply teachings and to support arguments that were wholly absent during
prosecution—namely, that the prior art expressly described the structures and prop-
erties of various claimed crosslinkers that would have made it obvious to use them
for crosslinking the Coulson-122 and Badyal coatings. Oticon Med. AB v. Cochlear
Ltd., TIPR2019-00975, Paper 15 at 15-16 (PTAB Oct. 16, 2019) (precedential in per-
tinent part). The examiner failed to identify a single prior-art crosslinker that satis-
fied Formulas A or B from claim 1 and did not consider any combination including
such a compound. Ex. 1028 at 247-252, 406-07. Similarly, Badyal’s cited teachings,
including those about the durability benefits of crosslinking, were absent from pros-
ecution. Ex. 1005 4:1-29. The prior art asserted here is thus materially different and
not cumulative with that considered during prosecution.

Furthermore, there was error during prosecution. The issued claims received
limited substantive evaluation: even as to the little prior art that was considered, the
examiner effectively issued a first-action allowance regarding the subject matter of
the 1ssued claims. Ex. 1028 at 251. Furthermore, the examiner made no apparent
effort to identify references describing the claimed crosslinker structures. Ex. 1028

at 251, 406-07. As demonstrated in this petition, the prior art contained numerous
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references describing those very crosslinkers and their use in polymer-coating appli-
cations, and the examiner “was simply not aware” of those teachings. Oticon,
IPR2019-00975, Paper 15 at 19-20. That was substantial error.

In view of the substantially different art and arguments presented here, and
the errors during prosecution of the 876 patent, § 325(d) does not apply.

IX. Conclusion

Petitioner respectfully requests institution and cancelation of the challenged
claims.
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© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Fluorinated polymers present a number of interesting and
peculiar properties provided mainly by the unique features of
fluorine atom. Fluorine atom is a better atom substituting hydrogen
than other heteroatoms and allows for the replacement of C—H
bond with C—F bond with only minor changes in conformational
mobility and steric hindrance of the resulting molecule due to its
non-bulkiness. Fluoropolymers have many unique properties
including high thermal, chemical, aging, and weather resistance;
low dielectric constant, refractive index, surface energy, and flam-
mability; excellent inertness to solvents, hydrocarbons, acids,
alkalies, and moisture adsorption as well as interesting oil and
water repellency {i-3i. Hence, these niche polymers have been
involved in many applications in spite of their high price, such as
chemical resistant coatings, noncorrosive materials, antifouling
coatings, and interlayer dielectrics.

However, their utility is very limited because of the in-
compatibility of fluorocarbons with conventional hydrocarbon

* Corresponding author. Tel.: +86 21 54925310; fax: +86 21 64166128.
** Corresponding author. Tel.: +86 21 54925309; fax: +86 21 664166128.
E-mail addresses: i3 Draall o (Y. Li), xw H
(X. Huang).
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polymers. In order to further utilize many unique advantages
conferred by fluorinated group, synthesis of copolymers, in which
more fluorinated groups are incorporated, is essential. Recently,
fluorinated poly(meth)acrylates have been the focus of numerous
studies because they suit this purpose typically. On one hand, good
reactivity of fluorinated (meth)acrylates with other monomers or
polymer segments makes the products more economical; on the
other hand, the low crystallinity and good solubility of these co-
polymers can improve their processability.

Copolymerization of fluorinated monomers with common hy-
drocarbon monomers usually results in copolymers that exhibit
properties intermediate between those of parent homopolymers or
enhance the range of attainable properties. For the wide specialty
range and properties of transparency and resistance to deteriora-
tion by environmental effects, poly(meth)acrylates such as poly(-
methyl methacrylate) (PMMA) are used in a wide variety of
applications {&--1}, Poly(meth)acrylate copolymers containing
fluorinated groups possess more unique and interesting charac-
teristics, such as remarkably low surface energies, low friction co-
efficients, and strong incompatibility with conventional solvents

Fluorinated poly(meth)acrylates are usually derived from
monomer mixtures containing fluorinated {meth)acrylates, com-
mon hydrocarbon monomers containing one vinyl linkage or a
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further group to induce cross-linking reactions, and occasionally
ionic monomers with water solubilizing anions. With the rapid
development of controlled radical polymerization, a large number
of well-defined copolymers such as block copolymers based on
fluorinated (meth)acrylates have emerged. Several reviews have
summarized the synthesis of fluorinated copolymers i1 &}, but
the synthesis and properties of fluorinated poly(meth)acrylates
have not been described systematically.

Extensive researches have furnished various acrylic-based ma-
terials and architectures to show their special characteristics. In
order to summarize the achievements on the synthesis and prop-
erties of well-defined fluorinated copolymers, we found the time
opportune to make this review on the basis of recent corresponding
reports which were mostly published since 2000. In this feature
article, we first describe two types of fluorinated (meth)acrylates,
and then the synthesis of fluorinated poly(meth)acrylates; finally,
we discuss the properties of these copolymers in detail.

2. Different fluorinated (meth)acrylate monomers

Fluorinated poly(meth)acrylates are usually obtained from
copolymerization of fluorinated (meth)acrylates with common
hydrocarbon monomers. Fluorinated (meth)acrylates can be
divided into following two types: fluorinated alkyl (meth)acrylates
and fluorinated aryl (meth)acrylates.

2.1. Fluorinated alkyl (meth)acrylates

Among fluorinated (meth)acrylates, (meth)acrylates substituted
with fluorinated alkyl groups represented as CF3(CF;)n(CHy), or
(CF3)2CF(CF2)m-1(CH2)n moiety (¥ig. 1) are now commercially
available {151, Monomers with trifluoromethyl at a-position of vi-
nyl represented as methyl 2-trifluoromethylacrylate (CH,=C(CF5)
COOCH3) are also available. Most of their homopolymers are
sparsely soluble in organic solvents and, in particular, polymers
with a fluorinated carbon (CF3(CF;)y,) number of eight or more are
generally insoluble in organic solvents, except for highly fluori-
nated compounds.

Researches on anionic polymerization reactivity of (meth)acry-
lates possessing fluoroalkyl groups in ester moieties have demon-
strated that fluorine substituents have an extremely large effect on
the reactivity of vinyl. For example, anionic polymerization of
hexafluoroisopropyl methacrylate (CH;=C(CH3)COOCH(CF3)3)
initiated by triethylaluminum produced the polymer in high yields,
although methyl methacrylate had a low polymerization reactivity
under similar polymerization conditions because the initiation
reactivity of organo-aluminums was lowered than that of organo-
lithiums and organo-magnesiums | i<

Adding a spacer between acrylic group and fluorinated group
could improve the properties of acrylic monomers and their poly-
mers. To develop new liquid crystal materials, Hartman et al. syn-
thesized a series of fluorinated acrylic monomers with a biphenyl
core and hydrocarbon spacer (CH3)y, of various length (m =0, 6,11)
{201 It was illustrated that the monomer containing intermediate

/R R=HorCHy
\: Re = (CHoINCF 5
s ) )
] {CHCF 2} { CF (CF 3},
R (CHLXCHIMEF Py X =0, 8

{CHNH{OH 3 {CF 2}, CFy
{CH ) N{OH Y CH ) CF 23, 0F 5

Fig. 1. Commercially available fluorinated alkyl (meth)acrylates.

length of spacer (—CHz)s could favor the organization of rigid
perfluoroalkylated biphenyl side groups in bulk in comparison with
the corresponding fluorinated monomer (m = 0), for the self-
organization of fluorinated chains could be reinforced by the
lower compatibility between perfluorinated and hydrocarbon
groups.

2.2. Fluorinated aryl (meth)acrylates

As an acrylic species, fluorinated aryl (meth)acrylates have been
investigated for their special characters {21}, These monomers
often contain an activated ester group w1th one or more fluorine
substituents in aromatic ring, represented as pentafluorophenyl
acrylate and methacrylate {33, Pentafluorophenyl group can be
substituted by aliphatic primary and secondary amines easily, so it
may bring an unforeseen richness to the use of these compounds.
Fluorinated aryl (meth)acrylates (*iz. &) could be prepared by
acylation of corresponding phenols w1th acryloyl chloride {331, A
hindered pyridine (2,6-lutidine) was used as proton acceptor in
place of pyridine itself in order to prevent in situ polymerization of
monomers. However, the obtained polymeric material after poly-
merizing them in bulk was insoluble and consequently no size
exclusion chromatography or any other detailed characterization
could be presented.

Eberhardt et al. realized the successful polymerization of
pentafluorophenyl-acrylate and methacrylate yielding soluble
polymeric active esters | Canak et al. developed a novel fluori-
nated monomer of 3,5-bis(perfluorobenzyloxy)benzyl acrylate,
which bore more than one fluorinated phenyl ring that contributed
a more stiff structure to the polymer { 244, The fluorinated monomer
and its homopolymer or copolymers could dissolve in most com-
mon solvents easily, in contrast to most fluorinated polymers.

A recent advance in the incorporation of fluorine into polymers
with high performance involved a step-growth cycloaddition
polymerization of trifluorovinyl aryl ether monomers to provide a
kind of fluoropolymer containing perfluoro-cyclobutyl (PFCB)
linkage. PFCB aryl ether-based polymer not only provides the
conventional properties of fluoropolymer, but possesses many
other advantages including optical transparency and improved
processability. However, copolymerization of trifluorovinyl ether
monomers with common vinyl monomers is very difficult due to
different mechanism ([27 + 27| step-growth cyclopolymerization)
and relatively high polymerization temperature (>150 °C). Tong
et al. used commercially available 4-methylphenol as starting ma-
terial to synthesize a novel methacrylate monomer with the
incorporation of PFCB linkage as a side group {231, Li et al. improved
this method and developed a new class of PFCB- containing
methacrylate monomers (Fig. 3) whose synthesis included
crossing-dimerization, demethylation, and esterification using
commercially available p-substituted phenol, tetraﬂuoroethylene
and methacryloyl chloride as starting materials | ;

2,84utidine
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Fig. 2. Synthesis of fluorinated aryl acrylates. Reprinted with permission from
Ref. {24}
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Fig. 3. Synthesis of PFCB-containing methacrylates. Reprinted with permission from Ref. { ]

Compared with traditional trifluorovinyl ether monomers, this
kind of monomers can be polymerized via conventional free radical
polymerization as well as living radical polymerization such as
atom transfer radical polymerization (ATRP) and therefore, it en-
ables direct chain copolymerization of this type of PFCB-containing
monomers with usual vinyl monomers to afford tailor-made
polymers or copolymers with well-defined architecture and func-
tion, which has certamly widened the application of PFCB-based
fluoropolymers {2}

3. Synthesis of fluorinated poly(meth)acrylates

Fluorinated poly(meth)acrylates involve random copolymers,
block copolymers, and graft/star copolymers. They can be synthe-
sized via many approaches, for example, copolymerization of
several monomers or obtaining from as-prepared copolymers. It is
worth summarizing the preparation of these copolymers.

3.1. Synthesis of random copolymers

The reported fluorinated poly(meth)acrylates are mainly
divided into random copolymers and block copolymers. Random
copolymerization is the most general method to perform effective
systematic changes in polymer properties, and many studies have
been reported on the random copolymerization of fluorinated
(meth)acrylates with other monomers mainly for those containing
fluorinated groups suitable for a variety of applications. In this
section, synthesis of fluorinated poly(meth)acrylates-based
random copolymers will be described, and in later sections, use-
ful examples will be presented on the synthesis of fluorinated
poly(meth)acrylates-based block copolymers.

3.1.1. Synthesis via radical polymerization
In general, fluorinated poly(meth)acrylates are prepared by
conventional free radical polymerization. The early exploration on
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Fig. 4. Synthesis of P(BSPPFCBPMA-co-MMA) random copolymer. Reprinted with
permission from Ref. {27,

this copolymerization technique using AIBN as initiator was ach-
ieved by DeSimone et al. in 1992 {2Xi, They synthesized random
copolymers of 1,1- dlhydroperﬂuorooctyl acrylate with methyl
methacrylate (MMA), styrene, butyl acrylate (BA), and ethylene
severally in supercritical COy. It could resolve the impediment to
the synthesis of variants of commercially available amorphous
fluoropolymers for their general insolubility in most solvents.

And then, this method was applied in synthesis of fluorinated
copolymers with good solubility in conventional solvents
{ \. For example, Li et al. i27{ synthesized a novel PFCB-
contammg random copolymer, which was obtained by the copo-
lymerization of BSPPFCBPMA and MMA initiated by AIBN in 2-
butanone (¥ig <), Subsequent investigation showed that mole ra-
tios of PBSPPFCBPMA moiety in P(BSPPFCBPMA-co-MMA) co-
polymers rose with the increasing of the fraction of BSPPFCBPMA
monomer in the feeding ratio. Moreover, the compositions of
PBSPPFCBPMA in copolymers were all higher than the fractions in
the feeding ratios, indicating the higher copolymerization reac-
tivity of BSPPFCBPMA compared to that of MMA in the current
copolymerization system. This is the first example of direct copo-
lymerlzatlon of PFCB units with usual vinyl monomers. He et al.
{301 reported a fluorinated polyacrylate copolymer obtained by
radical polymerization using the monomers of dodecafluoroheptyl
methacrylate (DFHM), BA, and MMA. The solution of P(BA-co-
MMA-co-DFHM) had a low molar mass, narrow molecular weight
distribution, and low glass transition temperatures as proposed
beforehand.

Peroxide and persulfide such as tert-butyl 2,2-
dimethylperoxypropanoate (TBPPi) and potassium persulfate are
also used in random copolymerlzatlon of ﬂuormated (meth)acry-
lates with other acrylates { 33--3%1, As showed in Fig. 5A, fluorinated
copolymers based on 2,2,2 -trifluoroethyl  a-fluoroacrylate
(FATRIFE) and tert-butyl a-trifluoromethylacrylate (MAF-TBE) were
synthesized by radical process initiated by TBPPi to provide
P(FATRIFE-co-MAF-TBE) random copolymers {3&i, Moreover, fluo-
rinated terpolymers were prepared by copolymerizing fluorinated
monomers, BA, and MMA ( 5B), which were initiated by po-
tassium persulfate in water | The good solubility of persulfide in
water enabled them adequately suit for emulsion polymerization.

3.1.2. Synthesis via controlled/“living” radical polymerization
Because the active polymer chains can react with one another
either by radical combination or by disproportionation in radical
polymerization, the productions often have broad molecular
weight distributions. Sometimes, the highly different reactivities of
disparate vinyl monomers (e.g. acrylates and a-alkenes) made co-
polymers containing various monomer units in moderate amounts
generally difficult to be formed. In order to get narrow-dispersed
random copolymers with accurate control over molecular weight
and moderate amounts of various monomer units, controlled/
“living” radical polymerization (CLRP) such as reversible addition-
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Fig. 5. Random copolymerization initiated by peroxide and persulfide initiators. Reprinted with permission from Refs. {3

fragmentation chain transfer (RAFT) polymerization EHE
transfer radical polymerization (ATRP) nitroxide-
mediated radical polymerization (NMP) {43 4 and iodine trans-
fer polymerization (ITP) {$7} can be used in random copolymeri-
zation of acrylates with other monomers.

Such methods could be similarly applied in synthesis of fluori-
nated poly(meth)acrylate-based copolymers with low poly-
dispersity. For example, perfluoroalkyl ethyl methacrylate could be
copolymerized with MMA under ATRP conditions {4&}, The final
products of polymerization showed molecular weights close to the
expected values and their polydispersity indices (PDIs) were below
1.20. Boyer and Ameduri {49} successfully synthesized poly(VDF-
co-TFMA) copolymers (where VDF and TFMA stand for vinylidene
fluoride and «a-trifluoromethacrylic acid, respectively) by ITP and
PDIs of copolymers were analyzed by size exclusion chromatogram
(SEC) as shown in 3, It showed that ITP could lead to a low PDI
compared with radical polymerization in the absence of chain
transfer agent (CTA). Therefore, the use of CLRP as opposed to
conventional radical polymerization resulted in polymers with
narrow molecular weight distributions and controlled molecular
weights.

However, in the random copolymerization of acrylate and «a-
olefins, structurally well-controlled copolymers with low PDIs were
obtained only when low degree of polymerization and low a-al-
kenes insertion ratios (molar fraction of a-alkene below 0.26) were
both attained. This was due to the accumulation of dormant species
terminated by «-alkene monomers, the reactivity of which in
regenerating the polymer-end radicals was much less than those
terminated by acrylate monomer {3{}. One of the most effective
methods is to add strong Lewis acids to increase molar fraction of a-
alkene (0.27—0.50) and PDI control {47}, Besides, the development
of polymerization technique could also solve these problems.

Very recently, Mishima et al. reported the random copolymeri-
zation of 1-octene and (meth)acrylates {1}, such as methyl acrylate
(MA), trifluoroethyl acrylate (TFEA), MMA, and trifluoroethyl
methacrylate (TFEMA), under organotellurium-mediated living
radical polymerization conditions (g 7). Polymerization under
photoirradiation gave copolymers with narrow molecular weight
distributions (PDI = 1.22—1.45) and the molar fraction of 1-octene
reached ~0.5 in the copolymerization.

3.1.3. Synthesis via polymers bearing activated groups

Another approach for synthesizing random copolymers was to
utilize functional polymers bearing activated groups. One of the
best choices was active ester polymers which could react with
nucleophilic reagents easily. Poly(pentafluorophenyl (meth)acry-
late) was a kind of good active ester polymer for the high reactivity

Cabiond 2 uEMihe Uy & il

SOTIIITP s

8 1 18 an
Fatantion Tios {(on)
Fig. 6. SEC chromatograms of poly(TFMA-co-VDF) random copolymers obtained by ITP

with different feeding ratios (Ry = [CTA]p)/([VDF]o-+[TFMA]y). Reprinted with
permission from Ref. {<4%1.

of pentafluorophenyl esters as shown in £is .. These polymers
reacted satisfactorily with aliphatic prlmary and secondary amines
to provide fluorinated random copolymers, which could react with
other nucleophilic reagents sequentially to give new copolymers.
Another choice was to graft the fluorinated groups on the co-
polymers with functional groups. Casazza et al. { 321 synthesized an
acrylic terpolymer with pendent perfluoroether segments via
grafting fluorinated groups into a poly(butyl methacrylate-co-
hydroxyehtyl acrylate-co-ethyl acrylate) random copolymer
through hexamethylene diisocyanate functionality. Malshe et al.
35341 studied the coating properties of fluorinated acrylic

COLR? CeHm
COyMe R2 GQzMe COzR.‘ CsH 13
TeMe additive b e TeMe
4 heat or i ) '

a: R'=CHy R®=H, b R =CH,CF,, R?=H
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Fig. 7. Random copolymerization of (meth)acrylates and 1-octene. Reprinted with
permission from Ref. {311
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R=H,CH3

Fig. 8. Synthesis of fluorinated random copolymers from active ester polymers.
Reprinted with permission from Ref. {331

copolymers based on MMA, BA, and 2-hydroxyethyl methacrylate
(HEMA). They partially esterified hydroxyl functionality of HEMA
with tetrafluoro propanoic acid and cured the polymer with
butylated melamine formaldehyde resin. Such methods were
suited for the synthesis of copolymers containing complicated
fluorinated groups or difficult to be provided directly by living
polymerization.

3.2. Synthesis of block copolymers

Compared with random copolymers, block copolymers can
exhibit dramatically different properties in that fluorinated groups
are concentrated to a block. They are interesting mainly because
they can “microphase separate” to form periodic nanoscale as-
semblies, which are difficult to be formed in random copolymers
for fluorinated groups are randomly distributed and isolated from
each other in the polymeric chain.

Block copolymers are typically synthesized by the methodology
based on CLRP. Recent progress of CLRP allows the synthesis of
fluorinated poly(meth)acrylate-based block copolymers with well-
defined architectures and compositions, precisely controlled chain
lengths, and narrow molecular weight distributions. They can be
synthesized directly from commercially available polymers or
through sequential addition of two or several monomers. Further-
more, introduction of fluorinated components into as-prepared
block copolymers bearing activated groups is also an alternative
approach for the synthesis of well-defined block copolymers.

3.2.1. Synthesis from commercially available polymers

It is widely accepted that blending of commercially available
polymers is the most convenient and economical route to create
novel structural or functional materials with more advanced
properties than those synthesized from virgin monomers. In gen-
eral, commercially available polymers can be easily processed from
dilute solutions such as water and methoxyethanol so that they can
form block copolymers with fluorinated (meth)acrylates conve-
niently via living/controlled polymerization.

He et al. {33} reported the synthesis of pentablock copolymer
consisting of poly(ethylene oxide)-b-poly(propylene oxide)-b-

HO-PEQ-PRPO~-PEQ-QH + KH -
ovemnight

o+ 20 H,O EHS ¥
+ 2N Sso=
@ < 50°C, th
}—--o
o)

i
CHy
{EFy)
i3
CHF,

THF, 50°C
overmnight

THF, 50°C

6201

R

**3\‘3«{\ P Ry
@ 118

NS
ROOC  8-GBuCyMy

4471

HY 0

P
“,
¢
/
A,
i
B4
/
3
o~
&
&
&

o

{
OG- OgFor

o= butyl, 2-ethwthexyt

Fig. 10. Synthesis route of PEO-b-PBA-b-PFA and PEO-b-PEHA-b-PFA. Reprinted with
permission from Ref. {38,

poly(ethylene oxide) triblock copolymer (PEO-b-PPO-b-PEQ) and
poly(2,2,3,3,4,4,5,5-octafluoropentyl  methacrylate)  segment
(fig. ). Commercially available Pluronics, PEO-b-PPO-b- PEO tri-
block copolymer was a group of nonionic macromolecular surfac-
tant with different PPO/PEO ratios that can self-assemble into
micelles in aqueous media. Using bifunctional potassium alcoholate
of KTO™-PEO-b-PPO-b-PEO-O "K' as macroinitiator, POFPMA-b-
PEO-b-PPO-b-PEOQ-b-POFPMA pentablock copolymer could be
synthesized via oxyanion-initiated polymerization.

However, not all the commercially available polymer can be
used in synthesis of block copolymers directly as macroinitiator,
especially in the synthetic procedure through two or more suc-
cessive polymerization steps. Generally, this problem can be solved
by terminal functionalization of commercially available polymer to
form macro-RAFT agent or ATRP macroinitiator.

Skrabania et al. {3} synthesized linear amphiphilic triblock
copolymers by RAFT approach in two successive steps using a PEO
macro-CTA, which was prepared by the esterification of 2-
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Fig. 9. Synthesis of fluorine-containing pentablock copolymer via oxyanion-initiated polymerization. Reprinted with permission from Ref. { %35
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(butylsulfanylthiocarbonylsulfanyl)-2-methyl propionic acid with
PEO monomethyl ether (MPEO, M,~5000 g/mol) as shown in
&, Amphiphilic diblock copolymers of PEO-b-PBA and PEO-b-
PEHA were synthesized by RAFT polymerization of hydrophobic
monomers of BA and 2-ethylhexyl acrylate (EHA) with PEO macro-
RAFT agent to be efficient macro-RAFT agent for the successful
construction of the third fluorophilic block. Finally, PEO-b-PBA-b-
PFA and PEO-b-PEHA-b-PFA triblock copolymers were obtained by
dialyzing against ethanol to remove unreacted fluorinated mono-
mer. Li et al. {37 used similar PEG5000-CTA to synthesize amphi-
philic triblock azide copolymers containing PEG and
poly(2,2,3,4,4,4-hexafluorobutyl acrylate) (PHFA) blocks. Firstly, 4-
azidophenyl methacrylate (APM) was copolymerized with MA at
room temperature using PEG5000-CTA as a macro-CTA with BPO/
DMA as redox initiator, forming PEG5000-b-P(MA-co-APM) block
copolymer. And then, PEG5000-b-P(MA-co- APM)-b-PHFA triblock
copolymer was provided by polymerization of HFA under the same
condition using PEG5000-b-P(MA-co-APM) as macro-CTA. Yi et al.
{581 reported the synthesis of poly(2,2,2-trifluoroethyl acrylate)-b-
PEO amphiphilic diblock copolymer via RAFT polymerization using
dithiobenzoyl-terminated PEQ as a CTA. This PEO macroCTA capped
with dithiobenzoate groups could be easily prepared without
specific purification because of high capping efficiency of maleic
anhydride (MAh) group on PEO and high addition reaction effi-
ciency of MAh group with dithiobenzoic acid.

PEO with end functionality could also be used as ATRP macro-
initiator i #3], Tong et al. {23} synthesized PFCB aryl ether-
based amphiphilic diblock copolymers by ATRP with PEO-based
macroinitiators, which were prepared by reacting MPEO with 2-
bromopropionyl  chloride. ATRP of  4-(4'-p-tolyloxyper-
fluorocyclobutoxy)- benzyl methacrylate was initiated by PEO
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Fig. 11. Synthesis of PAA-b-PTPFCBPMA amphiphilic diblock copolymer by successive ATRP. Reprinted with permission from Ref.
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macroinitiators with different molecular weights to obtain well-
defined amphiphilic diblock copolymers and the number of PFCB
linkage can be tuned by the feeding ratio and the conversion of
fluorine-containing methacrylate monomer.

In brief, it is a general convenient approach for the synthesis of
block copolymers by CLRP starting from commercially available
polymers to reduce the number of chain extension steps.

3.2.2. Synthesis via sequential polymerization

The outstanding contribution of CLRP techniques in the past
decade allowed for development of advanced block copolymers
having predictable molecular weights and narrow molecular
weight distributions via sequential polymerization. These tech-
niques also permitted advanced fluorinated materials to be syn-
thesized. Many block copolymers consisting of ﬂuormated blocks
had been synthesized by CLRP methods, such as ATRP {&1-68
NMP { i, or RAFT | ! polymerization. In most cases, fluo-
rinated (meth)acrylate monomers were used as the second
monomer in a sequential polymerization so that fluorinated
monomers could be radically polymerized in a controlled manner.
Acrylate copolymers consisting of both a fluorocarbon and a hy-
drocarbon segment were synthesized earlier by Guan and DeSi-
mone in 1994 { #7314,

Among CLRP methods, ATRP was a general convenient approach
to synthesize fluorinated block copolymers. Recently, Li et al. {G5]
demonstrated that methacrylate monomers with PFCB-containing
ester group underwent ATRP to afford diblock copolymers con-
taining hydrophilic poly(acrylic acid) (PAA) segment (¥ig i1). The
amphiphilic block copolymers were synthesized via successive
ATRP using Br-end-functionalized poly(tert-butyl acrylate) (PtBA)
as macroinitiator followed by the acidolysis of PtBA block into PAA
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Fig. 12. Synthesis of PS-b-PFDA diblock copolymer by NMP. Reprinted with permission from Ref. {31,

segment. Sun et al. {31} synthesized a fluorinated macroinitiator of
poly(2,2,3,4,4,4-hexafluorobutyl methacrylate) via ATRP and a se-
ries of fluorinated block copolymers with different fluorine con-
tents were prepared by the second step ATRP initiated by the
macroinitiator.

One advantage of NMP over ATRP is the absence of organome-
tallic complexes as catalysts, which are sensitive to solvent effects.
In NMP, large substituents normally have a positive effect on the
performance of nitroxide although only to a certain extent for thelr
polarity as well as steric factors, Lacroix-Desmazes et al. {3 re-
ported sequential polymerization of styrene and 11 2 2-
tetrahydroperfluorodecyl acrylate (FDA) by NMP using N-tert-
butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)-N- oxyl (DEPN)
as nitroxide. Polymerizations were run in cyclohexanone at 123 °C
using AIBN as initiator to increase polymerization rates.
Polystyrene-DEPN (PS-DEPN) macroinitiators (4000—10,000 g/
mol) with narrow molecular weight distributions (M,,/Mp < 1.14)
were obtained by utilizing AIBN/DEPN initiation system and block
copolymers with various lengths were synthesized from FDA using
these PS-DEPN macroinitiators (¥ig. 13). Low polydispersities
(PDI<1.15) were found in all cases for the relatively large polymers
(43,000—50,000 g/mol) by SEC analysis.

RAFT polymerization can also take place over a wide range of
temperatures (ambient to 140 °C) and in most conventional sol-
vents even in alcohols and water. Especially, RAFT agents are
tolerated with most monomers. For instance, Yi et al. { 7} reported
a reactive amphiphilic diblock copolymer which was incorporated
with epoxy groups (¥ig. 13). This block copolymer was synthesized
by sequential RAFT polymerizations with 2-
phenylpropyldithiobenzoate as a starting CTA. Yao et al. {71} syn-
thesized a series of fluorine-containing amphiphilic diblock co-
polymers  comprising  hydrophobic  poly(p-(2-(p-tolyloxy)
perfluorocyclobutoxy)phenyl methacrylate) and hydrophilic
poly(2-(diethylamino)ethyl methacrylate) segments via successive
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Fig. 13. Synthesis of PTFEA-b-PGMA diblock copolymer by successive RAFT polymer-
ization. Reprinted with permission from Ref. {731,

RAFT polymerizations. Grignard et al. | 7:{ also prepared a diblock
copolymer of (PFDA-co-AA)-b-PAN using sequential RAFT method.
This block copolymer was made of poly(heptadecafluorodecyl
acrylate-co-acrylic acid) (PFDA-co-AA) random copolymer as the
first block and polyacrylonitrile (PAN) as the second one.

Furthermore, anionic polymerization could be applied in poly-
merization of fluorinated methacrylates. Several diblock co-
polymers of MMA and methacrylates substituted with
CHFz(CFz):),CHz, CF3(CF2)6CH2, and CF3(CF2)5(CH2)2 groups were
synthesized by anionic block copolymerization with the initiation
system of tert-BuLi and 2,6-di-tert-butyl-4-methylphenoxy diiso-
propylaluminum {74}, Living anionic polymerization system had
provided an excellent procedure for the synthesis of a variety of
well-defined block copolymers composed of PS, polyisoprene,
poly(1,3- butadiene), PMMA, and PtBMA with fluorinated poly-
methacrylates severally {75771, Recently, a new diblock copol-
ymer, poly[3-(triisopropyloxysilyl)propyl methacrylate]|-b-poly[2-
(perfluorooctyl)ethyl methacrylate] (PIPSMA-b-PFOEMA) { 7&, that
bore a fluorinated PFOEMA block and a sol—gel forming PIPSMA
block was synthesized by sequential anionic polymerization. Films
made of polymer-coated silica particles were shown to be more
resistant to NaOH etching than ordinary films.

Sometimes, site transformation strategy could be adopted when
it was difficult to synthesize block copolymers via sequential
polymerization using one method. Usually, the first block was
polymerized by one polymerization method, and then another
polymerization method was used to prepare next block. For
example, ring-opening polymerization (ROP) could be used in
polymerization of e-caprolactone {7} but not suit for the poly-
merization of fluorinated methacrylates so that block copolymers
consisting of poly(1H,1H,2H,2H-perfluorooctyl methacrylate) and
poly(e-caprolactone) {£{}} were provided by the combination of ROP
and ATRP (Fg. 14),

3.2.3. Synthesis via functionalization of as-prepared block
copolymer

By combining polymers with complicated fluorinated groups,
block copolymers are difficult to be prepared by the direct poly-
merization of the respective acryl monomers for their large struc-
ture and low solubility. As mentioned before, one approach of
synthesis of such copolymers is to utilize functional polymers
bearing activated groups. Wang et al. {8} have prepared block
copolymers with semifluorinated side chains by introducing hy-
droxyls into polyisoprene block of polystyrene-b-polyisoprene
diblock copolymer followed by esterification with semifluorinated
carboxylic acids.

First, polymer analogous reactions have been used to prepare
polymers with functional side chains. Thus, the next step in the pro-
gression of polymer chemistry is combining the known functionali-
zation of polymers via the reaction of polymeric activated groups with
fluorinated components as *“click” reactions, thereby generating
possibilities to realize highly functionalized polymer architectures.

Krishnan et al. {82} synthesized surface-active block copolymer
of poly(ethoxylated fluoroalkyl acrylate)-block-polystyrene by
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Fig. 14. Synthesis of fluorine-containing PFOMA-b-PCL diblock copolymer by sequential ROP and ATRP. Reprinted with permission from Ref. {4
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Fig. 15. Synthesis of poly(ethoxylated fluoroalkyl acrylate)-block-polystyrene. Reprin-
ted with permission from Ref. {33 1.

grafting fluorinated molecules with hydrophobic and hydrophilic
segments to a block copolymer precursor (ig. 13). PtBA block was
quantitatively hydrolyzed to poly(acrylic acid) using concentrated
HCl and the following esterification at room temperature using DCC
and DMAP resulted in a high degree of attachment {at least 95%) of
fluorinated PEG (R groups) to poly(acrylic acid) backbone.

Such a route makes it possible to synthesize fluorinated block
copolymers that are difficult to be produced directly by CLRP. The
advantage of this route is that a precursor block copolymer with a
well-defined structure can be reliably synthesized and, via the re-
action of polymeric activated groups with fluorinated components,
a new fluorinated block copolymer can be obtained. Accordingly,
functionalization of polymers via introduction of fluorinated com-
ponents into as-prepared block copolymers provides an alternative
route for the synthesis of well-defined fluorinated poly(meth)
acrylate-based block copolymers.

3.3. Synthesis of graft and star fluorinated copolymers

In contrast to numerous studies on the surface structures of
fluorinated poly(meth)acrylate-based block copolymers, little has
been reported on fluorinated poly(meth)acrylate-based graft and
star copolymers, although the influence of branched architecture
on surface and bulk structures may be of particular interest. The
synthesis of graft and star fluorinated poly(meth)acrylate-based
copolymer will be discussed in this section.

In the design of graft and star copolymers having predictable
molecular weights and narrow molecular weight distributions,
consecutive CLRP methods are often employed. Generally, a well-
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defined structure with several initiation groups or more is reli-
ably prepared as macroinitiator, by which other monomers can be
polymerized in the next step. For instance, 4-arm star-branched
block copolymers comprised of poly(oligo{ethylene glycol) meth-
acrylate) and poly(FgH2 MA) {33{ were provided by sequential
ATRP as shown in Fig. 18,

Recently, Durmaz et al. {84} developed a novel approach to
synthesize a graft copolymer carrying perfectly alternating, well-
defined poly(perfluorooctylethyl acrylate-co- methyl methacry-
late) [P(FEA-co-MMA)] and PS side chain grafts (#ig, i¥). This graft
copolymer was prepared by Suzuki polycondensatlon of the
respective aryl diboronic acid diester and aryl dihalide macro-
monomers. Such a synthetic.method seemed more effective than
the method via grafting of other polymers onto a poly(p-phenyl-
ene) backbone for the disappearance of PS precursor trace analyzed
by SEC, indicating its quantitative reaction.

In this section, we have discussed the synthesis of random co-
polymers, block copolymers, graft and star fluorinated copolymers.
Recent progress of living/controlled polymerizations via different
mechanisms allows for the synthesis of various fluorinated
poly(meth)acrylate-based copolymers. Moreover, new fluorinated
star-branched and dendritic hyperbranched poly(meth)acrylate-
based polymers are presented. Possible synthesis of a variety of
these copolymers will lead to a myriad of novel fluorinated
poly(meth)acrylate-based copolymers with very interesting prop-
erties and many potential applications.

4. Properties of fluorinated poly(meth)acrylate-based
copolymers

For their unique combination of remarkable properties of fluo-
rine atom and strong C—F bond (131 kcal/mol) in comparison with
C—H bond (99 kcal/mol), fluorinated poly(meth)acrylate-based
copolymers exhibit many outstanding properties. In particular,
the incorporation of fluorinated segments into amphiphilic block
copolymers can result in interesting self-assembly characteristics
due to the combination of hydrophobicity and lipophobicity in
fluorinated polymers {£3.8&1, These properties make fluorinated
poly(meth)acrylate-based copolymers good candidates for hydro-
phobic optical, electrical, and coating materials.

4.1. Low surface energy
It is well-known that incorporation of fluorine atoms to a

polymer renders its surface energy substantially lower. Such leads
to low wettability with conventional liquids and thus low adhesion

. '

Fig. 16. Synthesis of 4-arm star-branched block copolymer by successive ATRP. Reprinted with permission from Ref. {&3i.
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Fig. 17. Synthesis of graft copolymer by Suzuki polycondensation. Reprinted with permission from Ref. {1,

properties. Many properties of a material are dependent on the
surface structure and on the chemical composition of outermost
surface layer as wetting and coating characteristics are examples of
such properties. For low surface energy, fluorinated poly(meth)
acrylate-based copolymers own oil and water repellent surface,
and they are expected to find applications in various specialty
coatings of substrates such as textiles, papers, leather, wood, etc.

Low surface energy of fluorinated poly(meth)acrylate-based co-
polymers can be showed by the increasing of contact angle (). It
quantifies the wettability of a solid surface by a liquid. The surface
component, orientation packing, and end groups will affect the
surface behavior of polymer films. A functional group that has lower
surface energy than its polymeric backbone will segregate to the
surface in order to reduce the overall surface energy of the system.
When the surface is uniformly covered with fluorinated array, a very
low energy surface can be achieved. The contact angle of these
polymers will be higher than that of their fluorine free analogs.

To seek a good high-solids coatings, Alyamac et al. syn-
thesized a series of low, medium, and high molecular weight
random copolymers containing MMA, BA, HEMA, and 2,2,2-
trifluoroethyl methacrylate (TFEMA) by solution polymerization
under monomer-starved conditions. An enrichment of fluorinated
units at the acrylic surface was directly verified by measuring dy-
namic contact angles. Contact angle measurements indicated that
the surface of fluorinated poly(meth)acrylate-based copolymers
had more hydrophobic character as compared to fluorine-free ac-
rylates, and contact angle elevated when the amount of fluorine
was increased in the copolymer composition. The surface energies
of P(MMA-r-BA-r-HEMA-r-TFEMA) were consistently lower than
their PIMMA-r-BA-r-HEMA) fluorine free analogs. The lowest sur-
face energies (around 27 mJ/m?) were reported for the series
containing high concentration of TFEMA (about 10 vol.%), which
might be explained on the basis of the difference in the electro-
negativity between fluorine and hydrogen, the higher carbon-
—fluorine bond strength, and the smaller bond polarization of C—F
bond. Compared to copolymers of non-fluorinated and fluorinated
polymers, the core—shell latex with the fluorinated moieties in the
shell exhibits a very low surface tension for their enrichment on the
surface during film-formation while the non-fluorinated chains in

the core coalesce and remain in the bulk. Chen et al. {37} reported a
two-step emulsion polymerization to prepare core—shell latex with
low surface tension (14 mJ/m?) with 12.83 wt% fluorine content.

Fluorinated poly(meth)acrylate-based block copolymers are
also excellent because such a lower surface energy block can be
efficiently partitioned to the surface to form a surface phase-
separated domain. Kassis et al. {83} have synthesized poly(-
styrene-block-1,1-dihydroperfluorooctyl acrylate) by an iniferter
process and examined surface aggregation states by angular-
dependent X-ray photoelectron spectroscopy to demonstrate that
fluorinated segments were enriched in the surface region of
approximately 8 nm from the outermost surface.

In order to investigate the surface activity affected by the dis-
tribution of fluorinated segments, Hikita et al. {&7] synthesized
well-defined poly(styrene-block- 2-perfluorooctyl ethyl acrylate)
[P(St-b-PFA)] copolymers with various chemical compositions by
sequential ATRP. For a comparison, P(St-r-PFA) random copolymers
were also synthesized by conventional radical polymerization. All
of them were characterized by contact angle measurements. The
difference between the advancing (64) and receding (fg) angles was
referred to contact angle hysteresis, an important diagnostic tool of
surface studies. ¥ig. 1% showed the relationship between dynamic
contact angle and PPFA content in P(St-b-PFA) and P(St-ran-PFA)
films for (a) water and (b) dodecane. The #4 for water mono-
tonically increased with increasing PFA content, and the values for
block copolymers were larger than those for the random ones at a
given PFA content. The 6y for P(St-b-PFA) films abruptly increased at
around 18.7 mol%. This indicated that the surface wettability for
P(St-b-PFA) films became more stable and excellent once PFA
content went beyond 18.7 mol%. In the case of P(St-b-PFA) with PFA
content higher than 18.7 mol%, both #4 and 8g for water were 120°
and even larger with almost no hysteresis. In addition, extremely
excellent oil-repellent surface properties such as advancing and
receding contact angles for dodecane of 76° and 75° were also
observed. However, these intriguing liquid-repellent properties
were not observed in P(St-r-PFA) films. Thus, it could be concluded
that internal structure beneath the surface as well as the surface
itself should be deeply considered to design excellent and stable
liquid-repellent materials.
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Fig. 18. Relation of dynamic contact angle to PFA content: (a) water and (b) dodecane.
Reprinted with permission from Ref. {74

Recently, Xiong et al. {¥&i developed a super-amphiphobic
diblock copolymer, PIPSMA b PFOEMA (P1). As mentioned before,
this copolymer was synthesized by sequential anionic polymeri-
zation. At sufficiently high P1-to-silica mass feed ratios, P1 was
chemically grafted onto Si surfaces by sol—gel reactions of PIPSMA
block to yield a monolayer. These films were super-amphiphobic,
and both water and oil droplets (cooking oil, diodomethane, and
hexadecane) possessed large contact angles. The contact angles
could be readily changed by using Si particles that were coated
using different P1-to-Si mass ratios mp/m;. Fip. 1% showed photo-
graphs of water droplets that were dispensed onto films of an un-
coated Si particle and films of Si particles that were prepared using
my/m;s values of 0.015, 0.045, and 0.08, respectively. These mp/ms
values corresponded to Q values [Q = my/(ms + my) | 0f 1.2, 4.2, and
5.8%, respectively. Evidently, the water contact angles increased as
Q increased.

The surface tensions {vys) of acrylic films would decrease with
the increasing concentration of fluorine. Eroglu | demonstrated
this tendency by varying the amount of fluorinated monomer

inclusion of copolymers. Copolymer networks of HEMA and 2-(N-
ethyl perfluorooctane sulfonamido) ethyl acrylate (FOSEA) were
prepared by radical polymerization. Ethylene glycol dimethacrylate
was used as crosslinker and AIBN was used as initiator, HEMA/
FOSEA ratio of copolymer networks changed from 50/1 to 10/1
(mol/mol). The contact angles of water, ethylene glycol, glycerin,
diiodomethane, paraffin, and formamide were measured on
copolymer surfaces and results were used to evaluate the surface
free energy. As showed in ¥Fig. 24, surface tensions of networks
decreased drastically with the rlsing of FOSEA content.

Because fluorinated polymers own water repellent property,
incorporation of fluorinated alkyl acrylate monomer units into non-
fluorinated acrylic chain can modify the wetting behavior. For
instance, PMMA had a tendency to absorb water; however, when
fluorinated monomer was incorporated into MMA, the absorptlon
was greatly decreased. As mentioned above, Canak et al. {2
developed a new  fluorinated monomer  of 3 5-
bis(perfluorobenzyloxy)benzyl acrylate (FM). Copolymers of FM
with MMA were prepared via radical polymerization at 80 °C in
toluene with AIBN as initiator, A typical water absorption tendency
of P(FM-co- MMA)-10/90 copolymer was shown in ¥ig. 21, Even for
a 9 mol% of FM content in copolymer, the water absorptlon was
found to decrease one-third compared with that of pure PMMA.
The decreasing water absorption could have resulted from the
hydrophobic surface and bulkiness of copolymer containing fluo-
rinated aromatic rings.

4.2. Thermal stability

The presence of fluorinated moiety in the polymer offers good
thermal stability mainly due to strong C—F bond. It will greatly
increase the heat resistance performance of polymer materials by
adding fluorinated components. The improvement of thermal sta-
bility in random copolymers is obvious for the fluorinated groups
are randomly distributed and isolated from each other in the
polymer chain. However, this change is not so evident in block
copolymers | containing fluorinated blocks and fluorine-free
blocks because fluorinated groups are concentrated in one block
and have little impact on other blocks.

Thermal stability of copolymers can be evaluated by thermog-
ravimetry (TG), to verify if fluorinated repeated units could improve
stability. PMMA is a transparent thermoplastic, often used as a
lightweight or shatter-resistant alternative to glass. The modified
PMMA by copolymerization of fluorinated monomers with MMA
achieved high thermal resistance, which could be quantitatively
shown by TG. To observe this improvement, Liang et al. { 38} syn-
thesized three core—shell fluorinated polymethacrylate-based
copolymer latices with different fluorinated side chain structure
by semicontinuous seed emulsion polymerization, using MMA and
BA as acrylate monomers and trifluoroethyl methacrylate (TFEM),
hexafluorobutyl methacrylate (HFBM), and dodecafluoroheptyl
methacrylate (DFHM) as fluorine-containing acrylate monomers.
TG analysis revealed that the introduction of fluorine atoms into

Fig. 19. Photographs of water droplets sitting on films prepared from Si (a) and Si bearing 1.2% (b), 4.8% (c), and 5.8% (d) of P1. Reprinted with permission from Ref. { 7%,
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Lietal. {7} also demonstrated the raising in thermal stability of :;;‘,&
PMMA by copolymerlzatlon of MMA with fluorinated monomers. ) B8
Investigation on thermal stability of copolymers by TG (¥ 23A) 5:
showed that incorporation of BSPPFCBPMA units into PMMA £ 5.4 'S
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dation process around about 305 °C—392 °C similar to
PBSPPFCBPMA homopolymer (5e in Fig. 23), which corresponding
respectively to end-initiated degradation and random scission { {1},

Cracowski et al. { 3¥{ demonstrated that a-fluoroacrylates had an
effective influence in increasing thermal stability of fluorinated
polymers. Copolymers based on 2,2,2-trifluoroethyl methacrylate
(MATRIFE) and 2,2,2-trichlororoethyl a-fluoroacrylate (FATRICE)
were synthesized by radical process and their thermal properties
were examined by TG, which showed that 5% weight loss of
copolymer degradation occurred from 220 °Cto 295 °C as the molar
ratio of FATRICE increased from 0.09 to 0.92 in copolymers. And
then, Raihane et al. {1} found the presence of highly electrophilic
vinylidene cyanide (VCN) homodyads could improve the thermal
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Fig. 21. Water absorption of pure PMMA and P(FM-co-MMA)-10/90. Reprinted with
permission from Ref. {245
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Fig. 22. TG (A) and DTG (B) curves of P(BSPPFCBPMA-co-MMA) with different com-
positions and PMMA (M,, = 35,000, M,,/M, = 1.64). Reprinted with permission from
Ref. 1371

stability of fluorinated polymers. TG analysis of poly(VCN-co-
MATRIFE) copolymer showed good thermal stability, and its main
pyrolytic degradation took place only above 368 °C as the pyrolytic
decomposition of MATRIFE homopolymer started at 246 °C {

Sanfelice et al. {2% recently exploited the properties of ﬂuorl—
nated methacrylates to improve the thermal stability of azopol-
ymers, which was suitable for optical applications owing to the
trans-cis photoisomerization process i3}, As expected, copolymers
of 2,2,2-trifluorethyl methacrylate (TFEMA) or 2,2,33,44,5,5-
octafluoropentyl methacrylate (OFPMA) and 4'-[N-ethyl-N-(2-
methacryloxyethyl)]-  amine-4-nitro-azobenzene  (DR13MA)
exhibited much higher thermal stability than conventional azo-
polymers. As showed in Fig. 23, the stability of azobenzene ho-
mopolymer (HPDRIBMA) was poor with a two-step weight loss,
with decomposition starting at Ty = 50 °C and 10% weight loss at
180 °C. The fluorinated homopolymer and P(TFEMA-co-DR13MA)
copolymers had higher thermal stability, with Ty around 220 °C and
10% weight loss at 270—280 °C. Further investigation showed that
P(OFPMA-co-DR13MA) copolymer was slightly more stable than
P(TFEMA-co-DR13MA) copolymer.

4.3. Chemical and weather resistance

When metallic materials are put into corrosive environments,
they tend to have chemical reactions with air and/or water, leading
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Fig. 23. TG curves of P(TFEMA-co-DR13MA) copolymers along
HPDR13MA homopolymers. Reprinted with permission from Ref.

to a gradual destruction. Therefore, new processes for corrosion
protection are constantly in progress to stop this destruction. At
present, the protection by organic coatings and more exactly by
systems of paintings is attracting the interest of scientists.

Because C—F bond is the most stable one among all possible
carbon-element bonds, introduction of fluorine atoms into polymer
structures improves their chemical stability, in addition to give
weather resistance as a consequence of photochemical stability,
solvent resistance, and oxidation resistance brought by fluorinated
groups. In the long term, fluorinated poly(meth)acrylate-based
copolymers are adequate to satisfactorily improve the durability
and performance of acrylic polymers, with good adhesion and film
forming properties.

Malshe et al. {33] studied the coating properties of fluorinated
acrylic copolymers based on MMA, BA, HEMA, and tetra-
fluoropropanoic acid. Incorporation of fluorine was found to extend
the protective ability of coatings against atmospheric corrosion
compared with their non-fluorinated analogs. It was worthwhile to
note that low levels of fluorine used in the copolymer did not
change the coating properties of film drastically, but acrylic films
with higher solvent and oxidation resistance were obtained. Chen
et al. i demonstrated that chemical resistance of fluorinated
acrylate latex (¥iz. 5B) increased with the rising of the number of
fluorine atom in the fluorinated monomer. The contact angles of
polymer films were examined after immersed into a solution of 5%
H,S0,4 at room temperature for 24 h and the results indicated that
the reducing degree of contact angles decreased with the
increasing of the number of fluorine atom in the fluorinated
monomer, implying the increased chemical resistance of polymer
film. Xiong et al. {78} showed that films composed of P1-coated
silica particles (Pl represented PIPSMA-b-PFOEMA) had substan-
tial resistance to etching by aqueous NaOH solution. They found no
physical changes for Pl-coated silica films after they were
immersed in 1.0 M NaOH aqueous solution between 3 h and 5 h and
the water contact angles on these films did not change after these
films were dried, confirming the film intactness.

Chianotore et al. {$4: first reported the systematic investigation
on the photochemical stability and photo degradation pathways of
main-chain and side-chain fluorinated poly(meth)acrylate-based
copolymers. The photochemical stability and photo-degradation
pathways of copolymers of 1H,1H,2H,2H-perfuorodecyl methacry-
late (XFDMA) with 2-ethylhexyl methacrylate were investigated
under artificial solar light irradiation for 2000 h, showing good

stability with only minor molecular changes. And then, they stud-
ied the photochemical stability of a series of copolymers of XFDMA
with acrylic or methacrylic unfluorinated esters {3433} under
artificial solar light irradiation. In XFDMA/MA, the degradation
mainly occurred on the tertiary position of acrylic units, followed
by extensive chain scissions. In the copolymers with BA, butyl
methacrylate, and lauryl methacrylate, XFDMA units were not
affected by oxidative degradation reaction.

Such excellent properties enabled fluorinated poly(meth)
acrylate-based copolymers to be applied in the long-term preser-
vation of materials, apparatus or antiques. For instance, P(BA-co-
MMA-co-DFHM) copolymers could be applied to protect stone from
corrosion {33}, The protective treatment on stone samples was
performed by capillary absorption from a filter paper pad saturated
with copolymer solution, and their preliminary protecting effi-
ciency was evaluated by testing water resistance, freeze/thaw sta-
bility, and UV resistance of treated stone samples, showing the
films exhibited a good protective performance. PEG5000-b-P(MA-
co-APM)-b- PHFA block copolymers could be covalently attached to
the surface of cotton fabric by the reaction of azide groups with
cotton fabric based on nitrene chemistry via UV irradiation {3
Due to the introduction of fluorinated polymer chains, cotton fabric
was transformed from hydrophilicity to super-hydrophobicity with
a water contact angle of 155°, After fluorinated polymer chains
were covalently attached on the surface of cotton fabric, the super-
hydrophobic cotton fabric displayed high resistance to acid, basic,
and organic solvents. Grignard et al. utilized (PFDA-co-AA)-b-
PAN diblock copolymer film onto Al substrate and demonstrated
that the so-formed super-hydrophobic coating showed good
adhesion to Al surfaces, resulting in excellent corrosion resistance.

4.4. Low refractive index and high transmittance

Refractive index (np) is the ratio of the speed of light invacuum and
the phase speed of light in a material. If a material intends to find
applications in optical and electro-optical devices, it has to own
appropriate refractive 1ndex to match the requirement of devices. As
optical materials | +i, polymethacrylate materials have the
disadvantage of high refractive index to limit their application, such as
PMMA (np = 1.490). Highly fluorinated polymers are known to have
extremely low refractive indices. For example, polytetrafluorethylene
has a refractive index of 1.35 and poly(1H,1H-heptafluorobutyl
methacrylate) has a lower refractive index of 1.3860 {%71. It is well-
known that refractive index of a polymer can be tuned by copoly-
merization of two appropriate monomers; therefore, the preparation
of new fluorinated poly(meth)acrylate-based copolymers can reduce
the refractive index of primary materials according to the composition
of copolymer. Besides, the high transmittance of fluorinated
poly(meth)acrylate-based copolymers enlarges their use.

In pursuit of photo-curable adhesive for optical communication,
Jang et al. {373} synthesized dual-curable acrylic oligomers (AOs)
having alkoxy silane group, fluorine atoms, and vinyl as a pendent
group. They obtained an optimum adhesive formulation, based on
AOQ, epoxy acrylate, isobonyl methacrylate, and photo initiator. As
the content of AO was increased in the optical adhesive formula-
tion, refractive index decreased but transmittance increased due to
the increasing in fluorine content. The optical transmittance at the
range of 1.30—1.55 mm was higher than 90%.

Cracowski et al. {3%] reported that the modification of the
composition of P(FATRIFE-co-MAF-TBE) copolymers (Fig. 3A)
allowed a precise control over refractive index measured at 633,
1320, and 1550 nm. As shown in ¥Fig. 24, refractive index of
P(FATRIFE-co-MAF-TBE) copolymer was found to decrease with
increasing weight content of fluorine atoms and refractive indices
of the resulting films were in the range of 1.387—-1.394 at 1550 nm.
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Fig. 24. Refractive index (20 °C) vs. weight content of fluorine in poly(FATRIFE-co-
MAF-TBE) copolymers, measured at three different wavelengths: 633, 1320, and
1550 nm. Reprinted with permission from Ref. {3

Zhou et al. {8} demonstrated that refractive index of fluorinated
acrylate was generally much lower than that of corresponding non-
fluorinated acrylate using poly(hexafluoroisopropyl methacrylate-
co-MMA) as sample. They found that refractive indices of copol-
ymer, measured at 532, 633, and 839 nm, were lower than that of
PMMA and showed a linear relationship with monomer composi-
tion in the copolymers.

4.5. Self-organization

In film formation, fluorinated poly(meth)acrylate-based
random copolymers often exhibit improved physical and chemi-
cal properties such as self-organization. Because of the differences
in hydrophobic properties and surface tension, fluorinated groups
might preferentially migrate to the surface during film formation
{9491, In contrast, fluorine-free acrylic core assembled in the bulk
and provided the materials with good adhesion towards substrate,
Wang et al. {4713 investigated a series of fluorine-containing
polyacrylate latex with core—shell structure by X-ray photoelec-
tron spectroscopy and demonstrated that fluorine content in the
air-film interface was almost twice higher than the average in the
bulk, and decreased rapidly in the film—glass interface, which was
in good agreement with the water contact angle measurements.
Water contact angle (116°) of emulsifier-free core—shell fluorine-
containing polyacrylate film was higher than that of emulsifier-
free core—shell fluorine-free polyacrylate film (71°), which was
attributed to the hydrophobic fluorinated groups preferentially
located at the surface of film.

Similarly, in almost all fluorinated poly(meth)acrylate-based co-
polymers, their film surfaces are observed to consist predominately
of fluorinated segments that cover all surface areas. For example, the
film of a triblock terpolymer composed of PHEMA, PtBMA, and
poly(2-(perfluorobutyl)ethyl methacrylate) (F4H2-MA) segments
showed a high F atom percent (43%) in surface analyzed by angle-
dependent X-ray photoelectron spectroscopy | {i1}, N-ethyl-penta-
decafluoroocanamide capped polybutylene isophtalates (PBI) with
fluorine content from O to 5 mol% also show an obvious drop of
fluorine concentration from the film surface down to the inner bulk,
and enriched perfluoroalkyl segments covered the rough disordered
crystalline topography of PBI, which resulted in a dramatic decrease
of surface tension from 33.2 to 16.0 mJ/m? | i0:21 This was exactly the
same value as for the homopolymer of F4H2 MA, indicating that the
top surface was predominantly covered with terminal P(F4H2-MA)
sequence in the block copolymer.

In selective solvents, the incorporation of fluorinated segments
into amphiphilic block copolymers can result in interesting self-

assembly characterlstlcs to form nanoparticles with various mor-
phologies {3311, The replacement of hydrocarbon block with
fluorinated block in amphiphilic copolymers can imbue favorable
properties to nanomaterials such as thermal stability, chemical
resistance, low surface energy, low refractive index, and high
insulating ability {14

POFPMA-PEO- PPO PEO POFPMA pentablock copolymer (¥ig. &)
could self-assemble in aqueous solution to form various micellar
morphologies including spherical micelles, large compound mi-
celles, and vesicles when the length of fluorinated blocks varied {331,
Surface tension and cloud point measurements showed that the
pentablock copolymers had lower surface tension and clouding
point compared with the original PEO-PPO-PEO triblock copolymer
and they decreased with the increasing of fluorinated blocks and the
aqueous solution concentrations. PEO-b-PBA-b-PFA and PEO-b-
PEHA-b-PFA triblock copolymers (¥ig 1) could self-assemble in
water into spherical micellar aggregates {341, Imaging by cryogenic
transmission electron microscopy revealed that micellar cores of
aggregates could undergo local phase separation to form a unique
ultra-structure, appearing that extended non-spherical domains.
This novel internal structure of a micellar core was attributed to the
mutual incompatibility of fluorocarbon and hydrocarbon side chains
in combination with the tendency of used fluorocarbon acrylate
monomer to undergo side-chain crystallization. PAA-b-PTPFCBPMA
amphiphilic diblock copolymers (¥iz.11) could aggregate in aqueous

N
A

N

solution to form micelles with PAA-corona and PTPFCBPMA-core,
and the micellar size of copolymer was found to be related with
the length of hydrophobic PTPFCBPMA segment {4,

1

Recently, Qin et al. i demonstrated the interesting hierar-
chical assembly of a fluorine-containing block polymer of PtBA-b-
P(2-[(perfluorononenyl)oxy]ethyl methacrylate) into nanospheres
through water induced aggregation. The sizes of nanospheres could
be tuned by water addition rates through a gradually growing
process. And the 1n51de onion-like structures consisting of several
polygon stripes (¥, 2%) illustrated that super-strong segregation of
fluorinated segments and preferential lamellar packing of

Fig. 25. SEM images of microspheres of PtBA-b-P(2-[(perfluorononenyl)oxy]ethyl
methacrylate) copolymer. Reprinted with permission from Ref. &3,
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crystallized fluorocarbon side chains might play significant roles in
determining the morphology. Peng et al. i studied the effects of
co-solvent, acetone or DMF, on the assembly properties of PAA-b-
P(BA-co-TFEA) copolymers and found that large, diffuse aggregates
were obtained in pure DMF, while in acetone cylindrical structures
were formed. On addition of water to the solutions, both systems
formed cylindrical micelles.

With the special self-assembly property, fluorinated poly(meth)
acrylate-based block copolymers are likely to be useful in apphca—
tions such as magnetlc resonance imaging (MRI) agents { i{;7{ and
liquid crystal § <1, Fluoroalkyl groups with liquid crystalline
mesogenic properties can assemble into lamellar layers of a smectic
mesophase, and in addition to this level of organization, individual
side chains are structured within each smectic lamella. Fluorinated
liquid crystals showed to have highly hydrophobic and stable sur-
faces |

Furthermore fluorinated poly(meth)acrylate-based copolymers
have many other excellent properties, such as high fracture
toughness and elasticity { 7{;11{}], low dielectric constant { 111}, and
low crystallinity {3¢1, With such excellent properties, fluorinated
poly(meth)acrylate-based copolymers are capable of continuously
attracting the interest of scientists and more materials based on
these copolymers will emerge ceaselessly.

7

5. Conclusion

Good reactivity of acrylic monomers during polymerization
makes fluorinated poly(meth)acrylate-based copolymers more
economical and low crystallinity improves their processability. The
incorporation of fluorine provides many unique and highly desir-
able properties to polymers so that fluorinated poly(meth)acrylate-
based copolymers can be applied in many fields such as hydro-
phobic optical, electrical, and coating materials. Over the last
decade, researches and applications pertaining to fluorinated
poly(meth)acrylate-based copolymers have grown significantly.
Researchers have shown that fluorinated poly(meth)acrylate-based
copolymers can be using in corrosion protection with a satisfactory
result. It has also been demonstrated that fluorinated poly(meth)
acrylate-based block copolymers with liquid crystalline side
chains have the potential to be high-performance liquid crystalline
materials.

The application of various fluorinated (meth)acrylate monomers : :
have produced a large number of novel materials including : ; R N LR senboom K,
random, block, graft, and star copolymers, with unsurpassed and .
unique properties. The challenge of synthesizing these novel ma-
terials has still existed for new monomer, and new polymer
structures need to be designed to be suitable for the requirement of
new materials. The synthesis and properties of fluorinated
poly(meth)acrylate-based copolymers reviewed herein serve as a
platform for further research on potential applications of these
materials. Understanding the production process and application of
fluorinated poly(meth)acrylate-based copolymers will produce
more novel structures.
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Sartomer Company
Material Safety Data Sheet

Product: CD406 Reviged Date: 06-09-2005
MSDS ID: S-000440 Replaces Date: 01-17-2005

01. GENERAL INFORMATION
Sartomer Company, Inc.
Oaklands Corporate Center
502 Thomas Jones Way

Exton, Pennsylvania 19341

Emergency phone numbers:
800/424-9300 (CHEMTREC)
610/692-8401 (Sartomer Co., Inc.)
Product information:

610/363-4100

GENERIC NAME
Cyclohexane Dimethanol Diacrylate

DOT PROPER SHIPPING NAME UN/NA NUMBER
N/AP N/AP

DOT HAZARD CLASS

Not regulated

02. SUMMARY OF HAZARDS

WARNING
PHYSICAL HAZARDS: Unstable (reactive) upon depletion of inhibitor
ACUTE HEALTH EFFECTS: Suspect eye irritation hazard
(SHORT-TERM) Suspect skin irritation/sensitization hazard
Suspect respiratory tract irritation hazard
Suspect skin absorption hazard
Suspect slight ingestion hazard
CHRONIC HEALTH EFFECTS: No chronic health effects data are available for
(LONG-TERM) this material.

03. COMPONENTS
COMPONENT NAME CAS NUMBER % COMPOSITION (BY WT.)

Cyclohexane Dimethanol Diacrylate Esters 67905-41-3 AP 100

04. PHYSICAL AND CHEMICAL DATA

BOILING POINT PH
N/DA AP 6.8 to 7.2
MELTING POINT DRY POINT
82C/180F N/D2a
SPECIFIC GRAVITY (H20=1 at 39.2F) VOLATILE CHARACTERISTICS
N/AP Negligible
VISCOSITY UNITS, TEMP. (Brookfield) SOLUBILITY IN WATER
N/AP Negligible
VAPOR PRESSURE STABILITY

Date Printed: 06-09-2005 Page: 1 of 7




Sartomer Company
Material Safety Data Sheet

Product: CD406 Reviged Date: 06-09-2005
MSDS ID: S-000440 Replaces Date: 01-17-2005
N/DA Stable
VAPOR SP GR (AIR=1 at 60 - 90F) HAZARDOUS POLYMERIZATION
N/DA May occur

APPEARANCE AND ODOR
Waxy white solid at room temperature

CONDITIONS AND MATERIALS TO AVOID
High temperatures, localized heat sources (ie, drum or band heaters),
oxidizing conditions, direct sunlight, ultraviolet radiation, inert gas
blanketing;

Strong oxidizers, strong reducers, free radical initiators, inert gases,
oxygen scavengers

HAZARDOUS DECOMPOSITION PRODUCTS
Acrid smoke-fumes/carbon monoxide/carbon dioxide and perhaps other toxic
vapors may be released during a fire involving this product.

05. OCCUPATIONAL EXPOSURE LIMITS

SUBSTANCE SOURCE DATE TYPE VALUE TIME

A PEL or TLV has not been established

06. FIRE AND EXPLOSION
FLASH POINT METHOD= (Estimated) AUTOIGNITION TEMP. METHOD=
GT 93C/200F N/DA

FLAMMABLE LIMITS (% VOLUME IN AIR)
LOWER: N/DA UPPER: N/DA

FIRE AND EXPLOSION HAZARDS

High temperatures, inhibitor depletion, accidental impurities, or exposure to
radiation or oxidizers may cause spontaneous polymerizing reaction generating
heat/pressure. Closed containers may rupture or explode during runaway
polymerization.

EXTINGUISHING MEDIA
Dry chemical

co2

Water spray

Foam

Water fog

SPECIAL FIREFIGHTING PROCEDURES

Do not enter fire area without proper protection. See Section 4 -
decomposgition products possible. Fight fire from safe distance/protected
location. Heat/impurities may increase temperature/build pressure/rupture
closed containers, spreading fire, increasing risk of burns/injuries. Water
may be ineffective in firefighting due to low solubility. Use water
spray/fog for cooling. Pressure relief system may plug with solids,
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increasing risk of overpressure. Notify authorities if liquid enters
sewer/public waters.

07. HEALTH HAZARDS
ROUTES OF EXPOSURE

INHALATION
No significant signs or symptoms indicative of any adverse health effects are
expected to occur at standard conditions. However, aerosols or vapors which

may be generated during processing may cause respiratory tract irritation.
Symptoms of irritation may include sore throat, coughing, mucous production,
and shortness of breath.

EYE CONTACT -- PRIMARY ROUTE

Although no appropriate human or animal health effects data are known to
exist, this material is expected to cause eye irritation.

Symptoms may include pain or burning sensation, redness, tearing, excessive
blinking and swelling.

SKIN ABSORPTION -- PRIMARY ROUTE
Although no appropriate human or animal health effects data are known to
exist, this material is expected to be a health hazard by skin absorption.

SKIN IRRITATION -- PRIMARY ROUTE

Although no appropriate human or animal health effects data are known to
exist, this material is expected to be a skin irritant.

Symptoms of irritation may include localized redness or rash and swelling of
the affected area. Symptoms may be delayed.

Although no appropriate human or animal health effects data is known to
exist, this material may cause an allergic skin reaction (sensitization) in
susceptible individuals upon repeated exposure.

INGESTION
Although no appropriate human or animal health effects data are known to
exist, this material is expected to be a slight ingestion hazard.

MEDICAL CONDITIONS AGGRAVATED BY EXPOSURE
No additional medical information found.

08. PROTECTIVE EQUIPMENT / CONTROL MEASURES
RESPIRATORY PROTECTION

If this material is handled at elevated temperature or under mist forming
conditions, NIOSH/MSHA approved respiratory protection equipment should be
used.

EYE PROTECTION

Eye protection such as chemical splash goggles and/or face shield must be
worn when possibility exists for eye contact due to splashing or spraying

liquid, airborne particles, or vapor. Contact lenses should not be worn.
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SKIN PROTECTION

When skin contact is possible, protective clothing including gloves, apron,
sleeves, boots, head and face protection should be worn. This equipment must
be cleaned thoroughly after each use.

ENGINEERING CONTROLS
If handling results in aerosol or vapor generation, local exhaust ventilation
is recommended.

OTHER HYGIENIC PRACTICES
Emergency eye wash fountains and safety showers should be available in the
immediate vicinity of any potential exposure.

OTHER WORK PRACTICES

Use good personal hygiene practices. Wash hands before eating, drinking,

smoking, or using toilet facilities. Promptly remove soiled clothing/wash
thoroughly before reuse. Shower after work using plenty of socap and water.

09. EMERGENCY AND FIRST AID

INHALATION

If overcome by exposure, remove victim to fresh air immediately. Give oxygen
or artificial respiration as needed. Obtain emergency medical attention.
Prompt action is essential.

EYE CONTACT
In case of eye contact, immediately rinse with clean water for 20-30
minutes. Retract eyelids often. Obtain emergency medical attention.

SKIN CONTACT

Immediately remove contaminated clothing. Wash skin thoroughly with mild
soap/water. Flush w/lukewarm water for 15 minutes. If sticky, use waterless
cleaner first. Seek medical attention if i1l effect or irritation develops.

INGESTION

If large quantity swallowed, give lukewarm water (pint) if victim completely
conscious/alert. Do not induce vomiting/risk of damage to lungs exceeds
poisoning risk. Obtain emergency medical attention.

EMERGENCY MEDICAL TREATMENT PROCEDURES
Treat symptomatically.

10. SPILL AND DISPOSAL

PRECAUTIONS IF MATERIAL IS SPILLED OR RELEASED

Spilled or released material may polymerize and release heat/gases.
Extinguish all ignition sources and ventilate area. Wear protective
equipment during clean-up. Dike and recover large spill. Soak up small
spill with inert solids (such as vermiculite, clay) and sweep/shovel into
vented disposal container. Wash spill area with a strong detergent and water
solution; rinse with water but minimize water use during clean-up. For
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spills on water, contain, minimize dispersion and collect. Dispose/report
per regulatory requirements.

WASTE DISPOSAL METHODS

Non-contaminated, properly inhibited product is not a RCRA hazardous waste.
However, contaminated product/soil/water may be RCRA/OSHA hazardous waste due
to potential for internal heat generation (see 40 CFR 261 and 29 CFR 1910).
It is the responsibility of the generator to determine at the time of
disposal whether the product meets the criteria of a hazardous waste. Comply
with all applicable federal, state and local regulations. Use registered
transporters. Disposal options include landfilling solids at permitted
gsites; fuel blending or incinerating liquids. Assure emissions comply with
applicable regulations. Dilute aqueous waste may biodegrade; avoid
overloading/poisoning plant biomass. Assure effluent complies with
applicable regulations.

11. ADDITIONAL PRECAUTIONS

HANDLING AND STORAGE PROCEDURES

This material is supplied as a solid. To facilitate product transfer from
original container, container may be heated to 90C/194F for not more than 24
hours. Do NOT use localized heat sources such as band heaters to heat/melt
product. Do NOT use steam. Hot boxes or hot rooms are recommended for
heating/melting material. The hot box or hot room should be set at a maximum
temperature of 90C/194F. Do not overheat--this may compromise product quality
and/or result in an uncontrolled hazardous polymerization. Check product
before use/processing to ensure it is thoroughly and completely melted.

Gently mixing may be required. Product must be completely melted and in a
homogeneous state prior to use. Product should be consumed in its entirety
after heating/melting--avoid multiple "re-heats" which may affect product
quality or result in product degradation. Product is packaged with
inhibitor(s). Unless inhibited, product can polymerize, raising temperature
and pressure possibly rupturing container. Check inhibitor content
periodically, adding to bulk material if needed. 1In addition, the product's
inhibitor(s) require the presence of dissolved oxygen. Maintain, at a
minimum, the original headspace in the product container and do not blanket or
mix with oxygen-free gas as it renders inhibitor ineffective. Store product
indoors at temperatures greater than 10C/50F and below 38C/100F. Avoid
prolonged (longer than shelf-1life) storage temperatures above 38C/100F. Store
in tightly closed containers in a properly vented storage area away from:
heat, sparks, open flame, strong oxidizers, radiation, and other initiators.
Prevent contamination by foreign materials. Prevent moisture contact. Use
only non-sparking tools and limit storage time. Shelf-1life is 6 months from
receipt of product.

DECONTAMINATION PROCEDURES
Follow standard plant procedures or supervisor's instructions for
decontamination operations.

12. LABEL INFORMATION
USE STATEMENT
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FOR INDUSTRIAL USE ONLY

SIGNAL WORD

WARNING

PHYSICAL HAZARDS

UNSTABLE (REACTIVE) UPON LOSS OF INHIBITOR
HEALTH HAZARDS

MAY CAUSE EYE AND SKIN IRRITATION

MAY CAUSE ALLERGIC SKIN REACTION

PRECAUTIONARY MEASURES

HAZARDOUS POLYMERIZATION MAY OCCUR UPON DEPLETION OF INHIBITOR.
DO NOT HANDLE NEAR HEAT, SPARKS, OR OPEN FLAME.

AVOID CONTACT WITH EYES, SKIN AND CLOTHING.

AVOID BREATHING VAPORS/AEROSOLS.

USE ONLY WITH ADEQUATE VENTILATION/PERSONAL PROTECTION.

WASH THOROUGHLY AFTER HANDLING.

KEEP CONTAINER CLOSED WHEN NOT IN USE.

BEFORE USING PRODUCT, READ MATERIAL SAFETY DATA SHEET (MSDS) .

13. SUPPLEMENT

NPCA HMIS RATING

Health 2
Flammability 1
Reactivity 2
Personal Protection** D

**Regpiratory protection may be necessary depending on conditions of use.

REGULATORY INFORMATION

TSCA STATUS

TSCA status: All components of this product are listed, or excluded from
listing, on the United States Environmental Protection Agency Toxic Substances
Control Act (TSCA) inventory.

CALIFORNIA PROPOSITION 65

California Proposition 65 Information: This product contains, or may contain,
trace quantities of a substance(s) known to the state of California to cause
cancer and/or reproductive toxicity.

INTERNATIONAL STATUS

Australia (AICS): not included on inventory
Canada (DSL) : included on NDSL

China (CECS) : not included on inventory
Europe (EINECS) : included on inventory
Japan (ENCS) : not included on inventory
Korea (ECL) : not included on inventory
Philippines (PICCS) : not included on inventory
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This material contains an inhibitor (HQ, MEHQ, etc.) at <1%. The type and
amount meet product specifications. Contact a company representative for
exact concentrations and details on inhibitor level maintenance.

*Note - qualifiers and codes used in this MSDS

EQ = Equal; AP = Approximately; LT = Less Than; GT = Greater Than;
TR = Trace; UK = Unknown; N/AP = Not Applicable; N/P = No Applicable
Information Found; N/DA = No Data Available

14. DISCLAIMERS

Some of the information presented and conclusions drawn herein are from
gsources other than direct test data on the product itself. The information in
this MSDS was obtained from sources which we believe are reliable. However,
the information is provided without any warranty, express or implied,
regarding its correctness. The conditions or methods of handling, storage, use
and disposal of the product are beyond our control and may be beyond our
knowledge. For this and other reasons, we do not assume responsibility and
expressly disclaim liability for loss, damage or expense arising out of or in
any way connected with the handling, storage, use or disposal of the product.
This MSDS was prepared and is to be used only for this product. If the
product is used as a component in another product, this MSDS information may
not be applicable. This MSDS has been prepared in accordance with the
requirements of the OSHA Hazard Communication Standard (29 CFR 1910.1200).
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I. INTRODUCTION

1. My name is Dr. Karen K. Gleason.

2. I have been engaged by Petitioner Favored Tech Corporation to inves-
tigate and opine on certain issues relating to U.S. Patent 10,421,876 (Ex. 1001),
which I will refer to here as the *876 patent, in connection with Favored Tech’s pe-
tition for inter partes review of the 876 patent.

3. In this declaration, I will first discuss the technical background relat-
ing to the *876 patent, and then I will provide my analyses and opinions relating to
claims 1-15 of the *876 patent.

4, This declaration 1s based on the information currently available to me.
To the extent that additional information becomes available, I reserve the right to
continue my investigation and study, which may include reviewing documents and
information that may be produced, as well as testimony from depositions that may
be taken.

II. QUALIFICATIONS AND EXPERIENCE
A.  Education and Professional Experience

5. Ex. 1003 1s a copy of my curriculum vitae (CV), which provides list-
ings of my educational background, professional experience, and scientific publi-
cations that are relevant to the subject matter of this proceeding. I possess the
knowledge, skills, experience, training, and education to form an expert opinion

and provide expert testimony in this matter.
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6. I have 33 years of experience in the field of chemical engineering,
with the last 24 years having a specific focus on polymer chemistry and production
of polymer coatings.

Education

7. I received bachelor of science (S.B.) and master of science (S.M.) de-
grees in Chemical Engineering from the Massachusetts Institute of Technology
(M.LT.) in 1982. I also received All-American honors in swimming while a stu-
dent at MLI.T. I received a Ph.D. in Chemical Engineering from the University of
California, Berkeley, in 1987. My doctoral thesis identified the molecular structure
of defects in thin films used in the fabrication of solar cells. These thin films were
produced by Chemical Vapor Deposition (CVD).

Professional Career

8. I have been employed as a professor of chemical engineering at M.I.T.
since 1987. | was an assistant professor from 1987-1993 and an associate professor
from 1993-2000, and I have been a full professor from 2000 to the present. I held
the Herman P. Meissner Career Development Professorship in Chemical Engineer-
ing from 1987-1990 and the Esther and Harold E. Edgerton Career Development
Professorship from 1991-1995. From 2006 to January 2020, I was the Alexander
and I. Michael Kasser Professor of Chemical Engineering. Since January 2020, |

have assumed the title of Alexander and 1. Michael Kasser Professor of Chemical
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Engineering, Emerita.

9. I have served in additional roles at M.I.T. during my time as a profes-
sor. | was the Executive Officer (vice chair) of the Department of Chemical Engi-
neering from 2001-2004, the Associate Director of the Institute for Soldier Nano-
technology from 2005-2008, the Associate Dean of Engineering for Research from
2008-2011, and the Associate Provost for Space Planning and Industrial Relation-
ships from 2014-2018.

10. I am a member of the National Academy of Engineering and a fellow
of the American Institute of Chemical Engineering.

I1. I am also the co-founder and Chief Scientific Advisor for GVD Cor-
poration, which was founded in 2001. GVD manufactures CVD polymer release
coatings used in the molding of rubber tires for vehicles and for seal and gasket
applications.

12.  The focus of my work in the most recent 24 years of my professional
career has been on elucidating the mechanisms of CVD polymer growth and in-
venting new methods of CVD polymerization. For this research, my laboratory has
built more than a dozen custom CVD reactors. My group has published on both
continuous wave and pulsed plasma polymerization, also known as plasma en-
hanced CVD (PECVD). The applications explored ranged from low dielectric con-

stant layers for microelectric circuits to biopassive coatings for implantable medi-
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cal devices. By adding an initiator species to the reactive gas inlet, the power re-
quired for plasma polymerization is greatly reduced, a method we named iPECVD.
Recently, we demonstrated that thin iPECVD layers can serve as membranes for
separating individual gases from a mixture of gases. By understanding the mecha-
nisms of plasma polymerization, two new polymer CVD methods were developed:
mitiated CVD (1CVD) and oxidative CVD (oCVD). Neither method requires a
plasma and thus allows complete fidelity in chemical structure between the inlet
monomer and the resulting polymer thin film. Using iCVD and oCVD, over 100
different monomers have been polymerized. In 2018, oCVD achieved the record
for the highest electrical conductivity (>6000 S/cm) of the polymer polyethylene
dioxythiophene (PEDOT), a material of great interest for fabricating flexible elec-
tronic devices.

Scientific Publications

13. I have authored more than 300 scientific publications in the fields of
chemical engineering and polymer chemistry. [ am the sole editor of the book CVD
Polymers Fabrication of Organic Surfaces and Devices, first published by Wiley
in 2015. I am a named inventor of more than 35 1ssued U.S. patents. I have also
spoken about my work at numerous scientific conferences and symposia. My ac-
companying CV includes listings of my publications, professional speaking en-

gagements, and patents. Ex. 1003.



Declaration of Dr. Karen Gleason
IPR2020-01198

B. Compensation

14. 1 am being compensated for the services I am providing under my en-
gagement with Favored Tech Corporation, including the preparation of this decla-
ration. That compensation is not contingent upon my performance, the outcome of
this inter partes review or any other proceeding, or any issues involved in or relat-
ed to this inter partes review or any other proceeding.

C. Documents and other materials relied upon

15. In forming my opinions, I have relied on information and evidence
identified in this declaration, including the *876 patent, its prosecution history, and
other references listed as exhibits in Favored Tech’s inter partes review petition.

III. STATEMENT OF LEGAL PRINCIPLES
A. Legal standards for obviousness

16. I understand that where a prior art reference does not disclose all of
the elements of a given patent claim, that patent claim is invalid if the differences
between the claimed subject matter and the prior art reference are such that the
claimed subject matter as a whole would have been obvious at the time the inven-
tion was made to a person having ordinary skill in the relevant art. Obviousness
can be based on a single prior art reference or a combination of references that ei-
ther expressly or inherently disclose all elements of the claimed invention.

17. 1 further understand that, in determining whether a patent claim was

obvious, one can consider whether there would have been any teaching, suggestion



Declaration of Dr. Karen Gleason
IPR2020-01198

or motivation (“the TSM test”) to combine the teachings of two or more prior art
references that, together, contain all of the elements of the patent claim. In other
words, one can consider whether the combined prior art, taken as a whole, would
have rendered the claimed invention obvious to one of ordinary skill in the art at
the time of the invention. I further understand that to determine whether an inven-
tion would have been obvious at the time it was made, the Board will look to four
factors: (1) the scope and content of the prior art; (2) the differences between the
prior art and the claimed invention; (3) the level of skill in the pertinent art; and (4)
any secondary considerations of non-obviousness.

18. I understand that secondary considerations that may indicate non-
obviousness can include: (1) whether there was a long-felt need for the claimed in-
vention; (2) whether the claimed invention has achieved commercial success; (3)
whether there was copying of the claimed invention by others; (4) whether there
were failed attempts by others to make the claimed invention; (5) whether there
was praise of the claimed invention in the field; and (6) whether there was skepti-
cism in the field whether the claimed invention could be achieved. For secondary
considerations to be accorded substantial weight, I understand that there must be a
nexus between the secondary considerations and the claimed invention. For exam-
ple, if a secondary consideration results from something other than what is claimed

and novel, then there is no nexus. In addition, I understand that another potential
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factor of that can suggest that a claimed invention was obviousness 1s the inde-
pendent simultaneous invention by others.

19.  To determine whether there was motivation to modify or combine pri-
or art references to obtain the claimed invention, I am informed that such motiva-
tion may come from the nature of the problem to be solved, which would lead in-
ventors to look to certain references for possible solutions to that problem. In other
words, the test may be said to be whether a person of ordinary skill in the art would
have reasonably expected to use the solution that 1s claimed in the patent, if the
person were seeking to solve the problem addressed by the patent and that person
had the prior art before them at the time. Motivation to modify references may be
found 1n the references themselves, as well as in the general knowledge of persons
skilled in the art.

20. I also understand that the TSM test is not necessarily required, and a
claim can be determined obvious if the claimed combination would have resulted
from common sense, would have been obvious to try (such as being one of a rela-
tively small number of possible approaches to the problem that would have been
reasonably expected to succeed), or would have been the predictable result of using
prior art elements according to their known functions. I also understand that obvi-
ousness can take into account the inferences and creative steps that a person of or-

dinary skill in the art would employ.
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B. Claim construction

21. I understand from counsel that a claim term in an unexpired patent
must be given its ordinary meaning as understood by a person of ordinary skill in
the art in the same field as the patent when considered in context of the patent’s
claims, specification, and prosecution history. I also understand that when inter-
preting a term’s meaning, one should consider what the inventor actually invented
and intended to be covered by the claim in which the term appears. When deter-
mining a claim term’s meaning, one should also consider the patent’s specification
and the prosecution history. In some cases, the inventor may use terms in a manner
other than in their ordinary meaning by clearly, deliberately, and precisely stating
that special definition in the patent specification or in the file history. I further un-
derstand that, under the legal principle of claim differentiation, two different
claims in the same patent (and in particular, an independent claim and one of its
dependent claims) should not be interpreted in a way that would render them 1den-
tical in scope, if that result can be avoided

IV. LEVEL OF ORDINARY SKILL IN THE ART

22. T understand from counsel that the claims and specification of a patent
must be read and construed through the eyes of a person of ordinary skill in the art
(POSA) at the time of the patent’s priority date. To determine the appropriate qual-

ifications of a POSA, I understand that the following factors may be considered:
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(a) the types of problems encountered by those working in the field and prior art
solutions to such problems; (b) the sophistication of the technology in question;
and (c) the typical level of training for active workers in the field.

23. I understand from counsel that I should assume for purposes of my
analysis that the priority date for the 876 patent was June 9, 2015.

24.  The *876 patent describes protective coatings applied to a variety of
electronic devices and electronic components. Ex. 1001 at 1:5-13, 14:30-58. The
patent indicates that the coatings can repel liquids such as water or can provide an
electrically insulating barrier layer. Ex. 1001 at 1:8-13, 2:56-3:11.

25. The coatings are applied using plasma polymerization with a plasma
containing two main components: a monomer and a crosslinker. Ex. 1001 at Ab-
stract, 2:10-20, 2:49-55, 4:36-13:8. For the monomer, the 876 patent identifies
perfluoroalkyl acrylates or perfluoroalkyl methacrylates as preferred substances.
Ex. 1001 at 11:27-56, 21:7-22:21. By 2015, those monomers had been used to cre-
ate hydrophobic coatings through plasma polymerization for many years, as the
"876 patent acknowledges. Ex. 1001 at 1:17-19 (citing Ex. 1022, published in
1998).

26.  According to the specification, combining the monomer with a cross-
linker produces crosslinked co-polymer coatings that retain the monomer structure

for good hydrophobicity while providing stability due to the crosslinked structure
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of the coatings. Ex. 1001 at 2:49-60, 14:18-29. At the time of the 876 patent’s pri-
ority date in June 2015, POSAs were familiar with the use of crosslinking reagents
in polymer coatings, including coatings applied through plasma polymerization
and including many of the same preferred crosslinkers in the 876 patent. Ex. 1005
4:1-9, 4:26-29, Ex. 1006 at 3:51-62, Ex. 1009 at 610, Ex. 1023 at 8724, Ex. 1026 at
6553; Ex. 1001 at 8:3-11 (most preferred crosslinkers).

27. As the *876 patent indicates, plasma polymerization was well known
to POSAs by June 2015, and POSAs could perform plasma deposition using exist-
ing equipment and routine methods and would have known how to adjust plasma
composition and reaction conditions to achieve desired properties in the polymer
coating. Ex. 1001 at 13:61-67, 14:18-28, 14:59-67, 15:6-8. None of the coating
techniques described in the *876 patent would have required advanced technical
knowledge or expertise to implement.

28. A worker in the relevant field with an ordinary level of skill at the
’876 patent’s priority date would have required familiarity with technical princi-
ples relating to polymer chemistry and plasma generation and would have needed
at least some experience operating and adjusting the operating conditions for a
plasma polymerization chamber. In my experience, such workers in the field with
an ordinary level of skill at the time typically had at least a bachelor’s degree in a

relevant discipline and some experience with plasma polymerization.

-10 -
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29. Based on the considerations discussed above, it i1s my opinion that a
POSA at the time of the priority date for the 876 patent would have had at least a
bachelor’s degree in a field such as chemistry, physics, or chemical engineering, as
well as at least two years of experience with plasma-polymerization techniques.

V. SUMMARY OF OPINIONS

30. For the reasons explained below, it is my opinion that the claims of
the 876 patent would have been obvious to a POSA by June 2015. Plasma
polymerization was well known by that time, as was its use for applying protective
coatings to electronics. The monomers recited in the claims were known by that
priority date, as the specification of the 876 patent acknowledges, the claimed
crosslinking reagents were also known in the polymer field, and the prior art had
already specifically suggested combining those known monomers with the same
broad class of known crosslinkers to devise protective coatings with improved du-
rability. There was nothing innovative about implementing that suggestion and
combining known compounds by a known method to apply protective coatings to
electronic devices that had long been targets of such treatments. I therefore con-
clude that the claims would have been obvious to a POSA over the prior art dis-

cussed here.

VI. TECHNICAL BACKGROUND

31. Tunderstand that I should assume the 876 patent has a priority date of

-11 -



Declaration of Dr. Karen Gleason
IPR2020-01198

June 9, 2015. The discussion in this section summarizes the relevant technology
and the state of the art by June 2015.

A.  Plasma polymerization

32. In general, a polymer is a collection of repeating structural units and is
produced from small-molecule reactants, referred to as monomers, which are
linked together to form extended chains or networks. By 2015, plasma polymeriza-
tion was a common technique for generating polymers that had been widely used
to deposit thin-film coatings on various substrates for many years. Ex. 1004 at
2:33-3:18; Ex. 1005 at 2:10-20; Ex. 1034 at 1-2. Plasma polymerization involves
forming polymeric materials under plasma, which is a gas in an at least partially
1onized state that contains charged molecules or atoms and free electrons. Ex. 1034
at 19.

33. In general, plasma polymerization involves vaporizing at least one
monomer compound that supplies the input material to be polymerized. Ex. 1004
at 2:33-3:18. A wide variety of organic compounds have been utilized as mono-
mers used for plasma polymerization. Ex. 1034 at 2-3.

34. The plasma state can be induced in a gas containing monomer vapor
through various means, but applying an electromagnetic field was the simplest and
most commonly used approach. Ex. 1004 at 3:2-5; Ex. 1005 at 2:14-20; Ex. 1019

at 2032; Ex. 1014 at 21:20-22:2; Ex. 1034 at 19. The optical excited species in the

-12 -
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plasma often gives off visible light emanating from at least a portion of the result-
ing plasma—often referred to in the field as a “‘glow discharge.” Ex. 1004 at 7:14-
17; Ex. 1005 at 10:17-18; Ex. 1019 at 2032; Ex. 1034 at 19-20. One example of a
glow discharge occurs upon illuminating a common neon sign, which applies an
electromagnetic field to a gas-filled chamber within such signs to create their fa-
miliar luminous appearance.

35.  When applying an electromagnetic field to a gas to generate plasma,
the electrical power was commonly applied in one of two ways: continuously
(known as “continuous wave” plasma generation) or in rapid on/off cycles (known
as “pulsed” plasma generation). Ex. 1019 at 2032-33 (Table 2). Pulsed plasma had
recognized advantages for many coating applications because it permits application
of sufficient electrical power to generate and maintain plasma but subjects the gas-
phase monomer to that power for only part of the total polymerization time, thus
resulting in less applied power and better preserving functional groups (such as
hydrophobic perfluorocarbon pendant chains) from the original monomer structure
against fragmentation or other structure rearrangement in the resulting plasma pol-
ymer coating. Ex. 1019 at 2035-36; Ex. 1023 at 8724. Better preservation of the
monomer’s functional groups generally leads to better preserved functional proper-
ties in the resulting plasma polymer coatings.

36. When a plasma generated from a gas-phase monomer comes in con-

-13 -
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tact with a substrate, the species in the plasma impinge on the substrate surface and
react to form a polymer film that is deposited as a coating on the substrate. The
plasma polymerization process creates complex branched and crosslinked molecu-
lar chains due to partial fragmentation of the original monomer molecule. That re-
sulting structural complexity distinguishes plasma polymerization from molecular
polymerization techniques in which monomer molecules combine through chemi-
cal reactions to form relatively uniform chains or networks of repeating monomer
units.

37. During plasma polymerization, it was very common to supply the gas-
phase monomer for plasma polymerization in a mixture with an additional carrier
gas, often an inert gas like helium or argon. Ex. 1004 at 7:19-23; Ex. 1021 4 63; Ex.
1022 5:20-22.

38. Plasma polymerization is traditionally carried out in enclosed cham-
bers to contain the gaseous reagents and the associated plasma during operation.
Plasma chambers vary widely in size and configuration. Most were designed to be
evacuated and maintained at low pressure during operation. At low pressures, the
plasma can be made uniform over large substrate areas.

B. Monomer reagents for plasma polymerization

39. Monomers for plasma polymerization often contained unsaturated re-

active groups, such as a vinyl group or an acrylic group, useful for forming bonds

-14 -
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with other molecules. Ex. 1004 at 3:20-4:3; Ex. 1005 at 7:4-32; Ex. 1014 at 16:7-
19; Ex. 1022 3:14-25, 7:21-27; Ex. 1034 at 81. The monomer for a given applica-
tion was typically selected based on desired polymer properties. For example, it
was well known that perfluorinated carbon chains confer strong hydrophobicity, so
plasma polymerization processes intended to form water-repellent polymers com-
monly used monomer compounds containing a perfluorinated pendant functional
chain. Ex. 1004 at 12:5-22; Ex. 1005 at 9:1-16, 8:4-10; Ex. 1019 at 2032; Ex. 1022
5:3-6, 16:19-19:2.

40.  Subjecting a monomer vapor to a plasma produces a mixture of reac-
tive species that can result in polymer film formation on a surface. The plasma
polymer film tends to have a more complex chemical structure than the repeating
monomeric units resulting from conventional polymer synthesis. Ex. 1005 at 2:14-
24; Ex. 1023 at 8724. However, some plasma conditions, such as pulsed excitation,
favor the identical reaction pathways present in conventional polymerization. Ex.
1019 at 2032.

41. Plasma conditions are desired which allow a fraction of the monomers
to remain intact, while the remaining fraction of the monomers decompose to form
other species, including free radicals. Free radical species can combine with intact
monomers to promote the conventional free radical polymerization pathway, pro-

vided the monomers contain a carbon-carbon double bond. The free radical forms a

- 15 -



Declaration of Dr. Karen Gleason
IPR2020-01198

bond to the monomer through one of the carbons of the double bond. The product
1s a single species where 1) the double bond is replaced by a single bond and 2) the
other carbon of the former double bond becomes a free radical site, where this car-
bon participates in three covalent chemical bonds and retains one unpaired electron.
The free radical product can react with another monomer to increase the chain
length of the polymer and produce another free radical, a process known as free-
radical propagation. The propagation can repeat tens or hundreds of times before
another type of reaction terminates the chain growth. By 2015, monomers used for
plasma polymerization frequently contained at least one double bond to take ad-
vantage of that propagation mechanism. Free radical polymerization i1s desirable
because the resulting polymers retain the chemical functional groups present in the
monomer. Ex. 1023 at 8724. The functional groups incorporated in the polymers
determine the film properties.

42.  The plasma polymerization of acrylate monomers having different
functional groups has been systematically explored and the highest average deposi-
tion rates were reported for acrylate monomers with fluorine-containing functional
groups. Ex. 1035 at 26-32 and Tables 1, 2.

43.  Fluorinated acrylate and methacrylate were very well-known mono-
mers for polymer production and commonly used in plasma polymerization by

2015. Ex. 1029; Ex. 1004 12:7-22; Ex. 1005 9:10-16; Ex. 1014 11:14-12:3; Ex.

-16 -
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1035 at 26-33. Most acrylate monomers were esters with a vinyl group (containing

a carbon-carbon double bond) linked to an ester group:

The blue shading above indicates the vinyl group, and the green shading indicates
the ester group. The vinyl group is connected by a bond to the carbonyl carbon (in-
dicated above by a star) of the ester group, and the ester group can include a varie-
ty of functional groups, indicated by an R. The structure above shows a generic
acrylate monomer. In a methacrylate, the carbon-carbon double bond has an added

methyl (CH3) substituent, as shown below.

44.  Fluorinated acrylates and methacrylates have been commonly used as
monomers for polymer production because their reactivity allows for convenient
and cost-effective polymer synthesis and because the presence of fluorinated

groups provide many desirable properties. Ex. 1005 at 1:16-23; Ex. 1019 at 2032;

-17 -
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Ex. 1022 at 9:13-20; Ex. 1029 at Abstract. The acrylate and methacrylate bonding
configurations of these monomers allow for rapid polymerization. Ex. 1035 at 26-
33. The designation “alpha carbon™ is given to the carbon atom in the double bond
directly attached to the ester group. The electron density on the alpha carbon is
pulled away by electronegative ester group. The reactivity of the double bond 1n-
creases as the alpha carbon becomes eclectron poor. Electronegative functional
groups, R, on the ester, can further deplete the electron density on the alpha carbon
and thus enhance the reactivity of the carbon-carbon double bond. An example of
an electronegative functional group is a perfluorocarbon carbon chain, such as Cs.
The chemical structure of a Cs pendent group which contains eight perfluorinated
carbon atoms 1s shown below:
-(CF2)s-F or equivalently -(CF,)7-CFs.

The Cs perfluorinated chain was known to be advantageous for use in liquid-
repellent coatings. Ex. 1004 at 12; Ex. 1026 at 6548-6654. Fluoropolymers like
those made using fluorinated acrylates and methacrylates have many desirable
properties. Ex. 1029 at 6197. For example, the low surface energy of fluoropoly-
mers makes them difficult to wet with water and other liquids. Ex. 1029 at 6204,
Fluorinated polymers, including those incorporating a fluoroalkyl chain, are known
to be water repellant. Ex. 1029 at 6206. Fluorinated acrylates and methacrylates

were known to have low surface energy, good thermal stability, and good chemical

-18 -
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resistance. Ex. 1029 at Abstract. Also, C-F bonds are strong (131 kcal/mol) relative
to C-H bonds (99 kcal/mol), making fluoropolymers more thermal stable than hy-
drocarbon polymers. Ex. 1029 at 6204, 6209. Fluoropolymers were also known to
form electrically insulating layers with low dielectric constants. Ex. 1026 at 6548.
45.  Two fluorinated monomers that were routinely used for producing
plasma-polymer coatings by 2015 were 1H,1H,2H 2H-perfluorodecyl acrylate
(PFACS) (CAS No. 27905-45-9; also known as 1H,1H,2H,2H heptade-
cafluorodecyl acrylate) and 1H,1H,2H,2H-perfluorodecyl methacrylate (PFMACS)
(CAS No. 1996-88-9). Those monomers had been used to apply protective coatings
to various surfaces, including electronics. Ex. 1004 at 12:7-22, 14:7-23; Ex. 1005
at 8:15-9:27, Ex. 1014 at 16:16-27; Ex. 1019 at 2032; Ex. 1016 7:49-67; Ex. 2021
at §28; Ex. 1022 at 6:1-7:31, 16:19-17:3. The structures of PFAC8 and PFMACS

are shown below.

. (CFyF
o N

PFACS PFMACS
Both monomers contain the same Cs perfluorocarbon pendant functional group. In
PFACS8 and PFMACS, the perfluorinated Cs group is attached to the carbonyl car-

bon of the ester group by a methylene bridge (-CH2-CHz-). The resulting pendant
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group 1s formally designated as 1H,1H,2H,2H-perfluorodecyl as shown below:
-CH2-CHz-(CF2)s-F

46. As I noted above, PFAC8 and PFMACS8 both contain methylene
bridge separating the fluorinated group from the oxygen atoms within those mole-
cules. In the cases of PFAC8 and PFMACS, the methylene bridge is a C2 alkylene
(CH2-CH>). Fluorinated compounds containing such alkylene spacers of approxi-
mately C1-C10 in length were prevalent in the field by 2015. Ex. 1005 at 8:26-28;
Ex. 1004 at 11:26-28; Ex. 1012 at 2:13-3:14; Ex. 1014 at 16:16-17:4; Ex. 1038 at
Abstract. Such alkylene spacers were used to avoid positioning fluorocarbon
chains and oxygen-bearing groups adjacent to one another because, as a POSA
would have known, fluorocarbon chains and oxygen-bearing groups tend to be re-
active, and as a result placing such groups adjacent to one another tends to com-
promise the stability of the reagent. Ex. 1038 at Abstract, [0005-06].

47.  The normal boiling point (boiling point at standard atmospheric pres-
sure of 1 atm) for PFACS is approximately 267°C, and for PFMACS is approxi-
mately 300°C (verified on chemspider.com using the CAS numbers noted above)
(Ex. 1039 at 11-14). A POSA would have known or been able to determine those
standard boiling points by consulting common reference materials or using basic
experimental methods such as measuring the temperature of a boiling sample of

the reagent at standard pressure.
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48. Their properties motivate the use of fluoropolymers as protective
coatings in a variety of applications. Fluoropolymer coatings are widely utilized in
the manufacture of liquid-repellent textiles. Ex. 1022 at 26-27. For the protection
of clothing and footwear, fluoropolymer coatings the preferred monomers include
both the fluoroacrylate PFACS and the fluoromethacrylate PFMACS. Ex. 1021 at
[0028]. Fluorinated polymers are known as moisture-resistant coatings for elec-
tronic components assembled on a circuit board. Ex. 1013 at [0045]. Fluorine-
containing plasma polymers are also valued for the protection of electrical compo-
nents and devices, including for biomedical applications such as hearing aids. Ex.
1015 at [0030], claim 6. Plasma-polymerization from fluorine-containing acrylate
and methacrylate monomers 1s also preferred for protecting electronic components
from corrosion and exposure to liquids. Ex. 1004 at 12:7-14:23; Ex. 1014 at 11:20-
12:25; Ex. 1012 at 10:13-11:16. Such protection is of particular value for the print-
ed circuit board and SIM-cards of mobile electronic devices, including
smartphones. Ex. 1014 at 1:2-12, 4:22-5:9, 10:14-12:25.

C. Crosslinking and crosslinking reagents

49.  Crosslinking refers to connecting linear polymer chains by chemical
bonds to form a network. Ex. 1008 at [0011]. Crosslinking is a long-standing and
widely-adopted means to optimize polymer properties for a specific application.

For example, crosslinking provides improved mechanical, electrical, and chemical
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properties in polymer coatings used in the protection of electrical conductors and
connectors. Ex. 1007 at 2:42-46; Ex. 1008 at [0002]. In plasma polymerization, it
was well known that the amount of crosslinking could be controlled by co-
polymerizing the monomer with varying amounts of a crosslinking reagent. Ex.
1024 at 10:2-7.

50. Plasma methods using crosslinkers have been reported for the synthe-
sis of crosslinked polymer networks in the form of a thin film coating. Ex. 1005 at
4:4-9; Ex. 1008 at [0011], [0052-54]; Ex. 1009 at 607; Ex. 1023 at 8726. Cross-
linking reduces the solubility of polymers in water and other liquids, thus enhances
the stability of crosslinked polymer films. Ex. 1008 at [0011]; Ex. 1025 at [0034].
Many linear polymers form semi-crystalline films in which the grain boundaries
between crystallites are pathways for the diffusion of small molecules such as wa-
ter. Crosslinking tends to make polymer films amorphous. Ex. 1008 at [0039]; Ex.
1026 at 6551. Amorphous films lack grain boundary defects, thus improving the
ability of amorphous films to act a protective barrier against moisture, oxygen, and
other types of vapors and liquids. The lack of defects also makes amorphous cross-
linked coatings resistant against aging and more reproducible to manufacture be-
cause when random defects appear, manufacturing yield decreases. Crosslinking
can dramatically reduce the surface roughness of fluoropolymer films vapor-

deposited from the PFAC8 monomer. Ex. 1026 at 6550-51. The degree of cross-
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linking also controls the mechanical properties and wetting behavior of polymer
films vapor deposited from PFACS. Ex. 1026 at 6552-53. For example, crosslink-
ing of PFACS8-based coatings was known to improve surface wetting properties by
reducing contact angle hysteresis. Ex. 1026 at 6552-53. Films comprised of linear
fluoroacrylate homopolymers thus were known to display excellent water repellen-
cy but could lack other characteristics desired for protective applications, such as
durability and barrier performance. In contrast, crosslinked fluoroacrylate plasma
polymers were known to simultaneously provide durability with water repellency.
Ex. 1005 4:1-9, 4:17-5:5.

51. The formation of a crosslinked network is usually achieved using
crosslinking molecules or groups. Ex. 1008 at [0011]. Cross-linked plasma poly-
mer coatings form by using at least one organic monomer which containing two
double bonds. Ex. 1005 at 4:4-5:5. The general formula for chemical structure of a
cross-linking monomer as described in the prior art contains independent selection
of the bridging group between the two carbon-carbon double bonds and the six
substituent groups attached to the double bonded carbon groups. Ex. 1005 at 4:31-
5:5. Examples included a multitude of diallyic, divinyl, divinyl either, and poly-
acrylate compounds. Ex. 1007 at 3:22-4:2. T have illustrated those classes of cross-
linkers below, showing the generic configuration of the two double bonds charac-

terizing each class as well as a specific example showing an exemplary bridging
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configuration CH,=CH-(C=0)-0-Z-0-(C=0)-CH=CHz,
eX ampl e :::::::::\\\
e
& \\ & AN
& N e f
‘\\ \\\\\\\\\\ \Q \\\\\\\ {

clohexane-1,4-dimethanol diacrylate (CDMDA)

configuration

CH>=CH-0-Z-O-CH=CH»

example

R N O \\:§'C H 2

H2 O.’r;.’»"\, O,-
1,4-butanediol divinyl ether (BDVE)

configuration

example
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diallyl 1,4-cyclohexanedicarboxylate (DCHD)

configuration CH,=CH-X-Z-X-CH=CH,
**Xis not O, O-(C=0), or CH;
example CHs  CHa

v 4 .
G Ihmﬂ.“ﬁmﬁx«wﬂmzs_zwc Qg
iy O

divinyl tetramethyl disiloxane (DVTMDS)

52.  Many examples from those various classes of crosslinkers had been

used in combination with acrylate monomers to produce crosslinked polymer coat-
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ings. Ex. 1006 at 1:15-30, 3:50-65; Ex. 1007 at 3:20-60, Ex. 1008 at 99 11, 52-54,
Ex. 1009 at 607; Ex. 1011 at 3:1-4:39; Ex. 1025 at ] 11, 20; Ex. 1029 at 6197-98
53.  Plasma polymerization is characterized by its use of plasma ignition to
initiate its polymerization reactions. Once activated, plasma polymerization was
known to proceed at least in part according to reaction pathways similar to those
that occur following conventional activation techniques (like free-radical, solution-
phase, or heat-based polymerization). Ex. 1034 at 81. POSAs therefore understood
and expected that the same types of crosslinking reagents used for conventional
polymerization would also work in plasma polymerization reactions. For example,
Badyal taught that crosslinkers for its plasma-based techniques could be any
known in the entire “polymer art,” without limiting consideration to reagents spe-
cific for plasma or any other type of polymerization. Ex. 1005 at 4:18-19. As an-
other example, the use of ethylene glycol dimethacrylate (EGDMA) in plasma
polymerization was motivated by the use of EGDMA as a crosslinking agent in
conventional solution polymer synthesis. Ex. 1023 at 8725; Ex. 1029 at 6206; see
also Ex. 1005 at 6:25-20 (Formula A) (describing the analogous non-methylated
diacrylate ethylene glycol diacrylate (EGDA) as an exemplary crosslinking reagent
for plasma polymerization). Thus, as with conventional polymerization, crosslink-
ing agents used for plasma polymerization often were also molecules containing

two or more carbon-carbon double bonds, generally depicted as
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Ex. 1005 4:1-5:5. That known generic crosslinker structure encompassed diacrylate,
divinyl ether, diallyl, and divinyl crosslinkers.

54.  For plasma co-polymerization, both the monomer and the crosslinker
must enter the vacuum reaction chamber as vapors. Ex. 1012 at 9:17-10:12. At la-
boratory conditions, both reactants are typically liquids. By applying heat to the
vessels containing each pure liquid, two inlet vapor flows are produced. Liquids
with a high boiling point will require more heating to reach a given vapor pressure
than low boiling point liquids. Before entering the chamber, each type of vapor
goes through a conventional delivery system that was well known in the prior art
and made up of control valves and tubing. Ex. 1001 at 13:61-67; Ex. 1009 at 606
(Scheme 2); Ex. 1004 at 7:6-12, 9:4-9; Ex. 1012 at 11:17-12:11; Ex. 1014 at 25:14-
22; Ex. 1025 at [0053-55], [0060-70].

55.  For both reactants to flow into the chamber, the pressure developed in
each delivery system must exceed the pressure in the chamber. Thus, both the
monomer and the crosslinker must be heated sufficiently to achieve a vapor pres-
sure greater than that of the pressure in the growth chamber. Reactants with higher

normal boiling points are less volatile and require more heating to achieve a vapor

-6 -



Declaration of Dr. Karen Gleason
IPR2020-01198

pressure sufficient to introduce into a vacuum chamber, so POSAs knew that reac-
tants with lower boiling points were generally easier to vaporize and deliver to a
plasma chamber. In general, molecules of higher molecular weight tend to have
higher normal boiling points.

D. Applications for plasma polymerization

56. Plasma polymerization had been quite widely employed for coating a
range of surfaces by 2015. Ex. 1005 at 2:10-12, 10:8-12, 11:26-27; Ex. 1004 at
6:25-7:12; Ex. 1012 at 8:22-10:12; Ex. 1016 at 1:40-50; Ex. 1017 at 3:26-40; Ex.
1027 at 1:20-41. Plasma polymerization has been used to apply thin-film coatings
utilized in the fabrication of semiconductor devices such as integrated circuits. Ex.
1017 at Abstract; Ex. 1024 at Abstract. Lipid-repellent and protein-repellant plas-
ma coatings, including crosslinked plasma coatings, have a wide range of applica-
tions including cosmetics packaging, modification of laboratory vessels, and bi-
opassivation of implantable medical devices, such as stents, catheter, and pace-
makers. Ex. 1025 [0002], [0006], [0015], [0036], [0038]; Ex. 1009 at Abstract.
Plasma polymer coatings were also preferred for the protection of electronic and
electrical components and devices from damage by the environment. Plasma pol-
ymers were utilized in applications that require a barrier against attack from mois-
ture and oxygen, thus avoiding detrimental effects such as corrosion. Ex. 1008. At

[0011], [0021-24]; Ex. 1013 [0046], Ex. 1014 at Abstract, 16:7-27, 32:14-33:3. For
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example, water resistant plasma polymer coatings were used for preventing corro-
sion in electronic medical devices such as hearing aids. Ex. 1015 [0002], [0011],
[0029-35]

57.  POSAs in 2015 also knew that functionalizing solid surfaces with
plasma fluoropolymers provided excellent repellency against liquids. Ex. 1019 at
2038. Plasma fluoropolymer coatings which resist wetting by water and oils were
pursued for preserving solid surfaces including metals, ceramics, glass, paper, and
plastics and for the surface modification of cloth. Ex. 1005 at 1:8-12. Plasma-
modified fabrics can be waterproof and soil-resistant, making them desirable in the
production of clothing such as outerwear, sports jerseys, and military uniforms. Ex.
1005 at 1:14-19. Plasma fluoropolymers with durable water repellency and soil-
resistance are also desirable other outdoor products and components manufactured
from fabrics and leather, such as footwear, umbrellas, tents, sleeping bags, and
awnings. Ex. 1021 at [0001-12]. The plasma coating method is capable of coating
the substrate surface without infilling the spaces the between surface features. Thus,
the coated substrates can still retain openings for the passage of air. Crosslinking of
the plasma fluoropolymers was known to be desired for durability of the coating
against wear. Ex. 1005 at 4:25-29.

58.  Liquid-resistant plasma coatings based on fluorinated monomers like

PFACS, PFMACS, and other structurally similar compounds were by 2015 well
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known and commonly used to protect against irreversible damage that can result
from the exposure of electrical circuits to liquids, such as water. Ex. 1004 at 1:1-34,
12:7-14:23; Ex. 1014 at 16:11-27; Ex. 1029 at 6197-98. Rain has the potential to
damage electronics which are located outdoors, such as lighting, antennas, and
communication equipment. Accidental spillage and plumbing leaks can threaten
indoor electronics, such as computers and instrumentation. Portable electronics are
used both indoor and out and their small size makes them prone to accidental im-
mersion. Mobile devices such as laptops, mobile phones, radios, cameras, and
hearing aids have many different electronic components including printed circuit
boards (PCBs), batteries, microphones, SIM-cards, wires, connectors, lenses,
touchscreens, and external buttons that can be protected using plasma fluoropoly-
mer coatings. Ex. 1004 at 4:17-5:6, 6:19-23; Ex. 1014 at 1:9-12, 10:14-12:25.

VII. SUMMARY OF THE ’876 PATENT

59. The *876 patent (Ex. 1001) is titled “Coatings.” The patent discusses
crosslinked plasma polymer coatings applied to electronic devices. According to
the 876 patent, the coatings can be water repellent or can form a barrier to protect
the underlying electronics from damage. Ex. 1001 at 1:5-13. Most of the infor-
mation provided in the patent pertains to the compounds used as monomers and
crosslinkers to prepare the coatings.

60. The patent describes monomers having a double bond. Ex. 1009 at
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9:23-35. For producing “particularly preferred” types of coatings, the monomer has

the following generic structure (identified as Formula I(a)):
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Ex. 1001 at 10:22-40 and claim 1. As a POSA would have recognized from the

]
3
3
3
3

structure provided in the patent, that preferred monomer is an acrylate, with a vinyl
group, and ester group, and an optionally halogenated functional group. A POSA
also would have recognized that PFAC8 and PFMACS were known monomers,
used for plasma deposition of protective coatings onto substrates including elec-
tronics, that fell within Formula I(a). Ex. 1004 at 12:5-22; Ex. 1005 at 7:17-9:19;
Ex. 1014 at 16:11-25; see also Ex. 1001 at 1:15-20, 11:27-56, claims 12-15 (recog-
nizing that the monomers used in the *876 patent were previously known for use in
plasma polymers and describing PFAC8 and PFMACS as preferred).

61. For a crosslinking reagent used in the coatings, the patent states that a
basic requirement the presence of two or more unsaturated bonds. Ex. 1001 at
4:36-40. The following generic crosslinker structure for a crosslinker with two
double bonds joined by a bridging group (“linker moiety L) is pointed out as a

preferable form for the crosslinker:
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Ex. 1001 at 4:51-67, claim 1. The patent states that the identity of the bridging
group 1s “not especially limited,” which would have indicated to a POSA that a va-
riety of crosslinkers having different bridging-group structures between the double
bonds could be used. Ex. 1001 at 4:40-45. As a POSA would have known, the
same crosslinker structure had previously been described as suitable for use with

acrylate monomers including PFAC8 and PFMACS:

’ R3 4
R \\\ "" j) \f\{ ..f-""; Rﬁ
y & m\ Z f-"{ : ™~

Ex. 1005 at 4:1-5:5.

62. The ’876 patent describes a large genus of crosslinkers with numerous
options for the bridging group. Ex. 1001 at 5:1-8:18. Claim 1 specifies four differ-
ent generic structures that can be used for the bridging group, divided into Formula

A and Formula B. Claim 1 refers to the first two generic structures as Formula A:
' ' O Yo 0L &
ﬁH{/Q ()\}1'1 71{ RN }Aﬁ)
\ ‘1.7 r’f 3
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Ex. 1001 at 19:9-19. Formula B has the following generic structure:

%‘2{# %‘“Y:f g

Ex. 1001 at 19:20-33. Under Formula B, claim 1 further specifies two alternative

structures for substituent Yo in Formula B

Ex. 1001 at 19:33-57. I have prepared figures showing what those Yo structures
would look like when incorporated into Formula B, yielding the two alternative

Formula B structures under claim 1 that [ will refer to as Formula B1

Yis Yis

o |
i{%’;;w]:;m{}m?:m:
2 Yis Yis
and Formula B2
‘f;& Y {7
ILL{,’}‘ \ &Q?)_e

Y}g Y!B‘

See Ex. 1001 at 19:20-57.
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63. A POSA would have recognized that crosslinkers with one of the two
Formula A or two Formula B bridging group structures from claim 1 could include
many different diacrylate, divinyl ether, diallyl, or divinyl crosslinkers. For exam-
ple, Table 1 in the specification includes several examples such as DVTMDS
(divinyl), BDVE (divinyl ether), DCHD (diallyl). Ex. 1001 at 8:20-67 (Table 1). In
addition, the specification also highlights acrylate crosslinker structures as prefera-
ble. Ex. 1001 at 6:4-29 (structures (viii) and (x)), claim 4.

64. The specification describes using a monomer and crosslinker to apply
plasma polymer coatings to an electronic device with standard equipment and con-
ditions for plasma coating applications that would have been familiar to a POSA in
June 2015. Ex. 1001 at 13:9-14:30, 14:59-67; e.g., Ex. 1004 at 6:29-10:34, Ex.
1005 at 10:8-11:13, Ex. 1009 at 606-07; Ex. 1014 at 20:1-26:3.

VIII. THE PRIOR ART

65. I understand from counsel that the following documents are prior art
relative to the *876 patent, except for Exhibit 1028, which I understand is a copy of
the 876 patent’s prosecution records before the patent office, and Exhibit 1039,
which is a collection of chemical information obtained from chemspider.com.

A.  Exhibit 1004 — “Coulson-122”

66. Coulson-122 (Ex. 1004) is International Patent Application Publica-

tion No. WO 2007/083122. The first page of the document states a publication date
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of July 26, 2007. Coulson-122 described electronic or electrical devices with lig-
uid-repellent polymer coatings to protect the devices from liquid damage. Ex. 1004
at Abstract, 1:3-2:17. To achieve liquid-repellent coating, Coulson-122 taught ex-
posing the devices to pulsed plasma containing unsaturated monomers including

those of the following formula:

o
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Ex. 1004 at 3:14-4:3, 11:1-12:22. The R7 position could be a hydrogen or a C1-6
alkyl group such as a methyl group, and x is an integer from 1 to 9. Ex. 1004 at
12:19-22.

67. A POSA would have understood Coulson-122°s monomers of the
above formula to be fluorinated acrylate or methacrylate monomers. In particular,
Coulson-122 identified 1H, 1H, 2H, 2H-heptadecafluorodecylacrylate (also known
as 1H, 1H, 2H, 2H-perfluorodecyl acrylate (PFACS)), having the following struc-

ture:
O
{CF ¥
HLBW #

Ex. 1004 at 12:21-22, 14:7-10, Claim 28. In some instances, Coulson-122 referred

to that compound as “1H, 1H, 2H, 2H-heptadecafluorodecylacylate.” Ex. 1004 at
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12:21-22, 14:7-10. But a POSA would have understood that to be a typographical
error, and that the correct form 1s 1H, 1H, 2H, 2H-heptadecafluorodecylacrylate,
especially because Coulson-122 also uses the correct CAS Number for PFACS
(27905-45-9). Ex. 1004 at 14:7-10; Ex. 1039 at 11. Alternatively, if the hydrogen
at the R7 position is substituted for a methyl group, as also taught by Coulson-122
(Ex. 1004 at 12:10-21), the monomer would become 1H, 1H, 2H, 2H-

perfluorodecyl methacrylate (PFMACS) with the following structure:

i
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68. Coulson-122 also taught that plasma polymerization of such mono-
mers produced “highly liquid-repellent nano-coatings,” such that treated devices
like mobile phones could be “fully immersed in water ... without any lasting harm.”
Ex. 1004 at 3:14-18, 4:29-5:10.

B.  Exhibit 1005 — “Badyal”

69. Badyal (Ex. 1005) is International Patent Application Publication No.
WO 99/64662. The first page states a publication date of December 16, 1999.
Badyal concerned “the production of oil- and water-repellent surfaces™ and taught
that “[p]lasma deposition techniques have been quite widely used for the deposi-
tion of polymeric coatings onto a range of surfaces.” Ex. 1005 at 1:3-5, 2:10-12.

Badyal’s polymeric coatings having oil- or water-repellent properties were pro-
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duced by exposing “any solid substrate” to a plasma containing the same mono-
mers as disclosed in Coulson-122, including PFAC8 and PFMACS. Ex. 1005 4:4-
15,7:17-9:19, 9:28-30, 11:19-24. In particular, Badyal states that substrates can in-
clude fabrics and ““solid materials such as biomedical devices.” Ex. 1005 at 11:22-
24,

70.  Furthermore, to improve the durability of such coatings, Badyal
taught combining the monomer with a crosslinker, preferably of the following ge-

neric formula:

. R
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4
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Ex. 1005 at 4:1-5:5. The R1-R6 positions could be hydrogen or alkyl groups, and
bridging group Z could include substituents “known in the polymer art,” including
“alkyl groups . . . interposed with oxygen atoms.” Ex. 1005 at 5:1-5, 5:18-23.
Badyal provided two particular examples of specific bridging groups that fit the
described general formula. Ex. 1005 6:15-20.

71.  According to Badyal, the described plasma polymerization using
monomers like PFAC8 and a crosslinker produced cross-linked, well-adhered coat-
ings with excellent liquid-repellency and durability. Ex. 1005 at 4:4-29, 10:32-

11:17.
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C.  Exhibit 1006 — “Cohen”
72.  Cohen (Ex. 1007) 1s U.S. Patent No. 2,716,638 and says, “Patented

Aug. 30, 1955, which I understand means the patent issued on that date. Cohen is
titled “Divinyltetramethyldisiloxane and polymers therefrom™ and described pro-
cesses of polymerizing divinyltetramethyldisiloxane (DVTMDS) to form insulat-
ing materials for electrical devices. Ex. 1007 at 1:15-20, 5:1-12. As shown 1n Co-

hen, DVTMDS has the following chemical structure:
?}i.s CHy
c;sxxm(mmgi;om%swﬁﬂmcm
dan du
Ex. 1006 at 1:30.
73. Cohen also taught that DVTMDS can be copolymerized with other
compounds, particularly esters of acrylic and methacrylic acids such as methyl

acrylate, ethyl acrylate, and methyl methacrylate. Ex. 1006 at 2:25-27.

D.  Exhibit 1007 — “Holliday”
74. Holliday (Ex. 1007) 1s U.S. Patent No. 3,816,564 and says, “Patented

June 11, 1974, which I understand means that the patent issued on that date. Hol-
liday is entitled “Insulation coating compositions” and described polymer composi-
tions “for use in providing electrical insulation.” Ex. 1007 at 1:11-12. Holliday’s
composition comprised “a mixture of a polyolefin, polyvinyl chloride and a reac-

tive allylic or vinylic monomer which can be crosslinked.” Ex. 1007 at 2:39-46.
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Holliday taught applying the mixture to an electrical device or component and then
initiating polymerization, which “cured” the composition “to form a crosslinked
insulation layer” having excellent insulation properties. Ex. 1007 at 2:47-70. Hol-
liday identified several crosslinking reagents for use in those coatings, including
diallyl-1,4-cyclohexanedicarboxylate (DCHD) and 1,4-divinyl-oxybutane (also
known as 1,4-butanediol divinyl ether (BDVE)), Ex. 1007 at 3:34-35, 3:52-53,

which a POSA would have understood to correspond to the following chemical

structures:
N f’m\ ,{,{‘
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E.  Exhibit 1008 — “Padiyath”

75. Padiyath (Ex. 1008) 1s U.S. Patent Application Publication No.
2007/0020451. The first page states a publication date of January 25, 2007. Padi-
yath concerned barrier assemblies having multilayer coatings and described “barri-
er films for protection of moisture or oxygen sensitive articles.” Ex. 1008 at Ab-
stract, [0001]. The barrier coatings reduced or prevented “transfer of moisture and
oxygen, or other contaminants, to an underlying substrate,” particularly electronic
devices such as LCD or OLED display devices. Ex. 1008 at [0023-24], [0027],

[0063-64]. Padiyath’s barrier coatings comprised one or more polymers, which
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could be homopolymers or copolymers and could be derived from plasma
polymerization. Ex. 1008 at [0005-07], [0011]. Padiyath taught that the polymers
were preferably cross-linked, which was known to enhance barrier performance.
Ex. 1008 at [0002], [0025], [0052].

76.  Particularly preferred polymers were formed by crosslinking acrylate
monomers, methacrylate monomers, or their multifunctional derivatives. Ex. 1008
at [0052]. Suitable monofunctional (meth)acrylates included fluorinated
(meth)acrylates in a molecular weight range between 400 and 3,000. Ex. 1008 at
[0052]. As one especially preferred compound for the disclosed polymers, Padi-
yath described “cyclohexane dimethanol diacrylate esters (e.g., CD-406, commer-
cially available from Sartomer Co., Tg = about 110 °C).” Ex. 1008 at [0054]. As
evidenced in the Material Safety Data Sheet by Sartomer Company for product
CD406 (Ex. 1032) and disclosures in other patent office publications available by
2015 (Ex. 1030 at [0144], and Ex. 1031 at [0027], [0060], [0090]), a POSA would
have understood Padiyath’s reference to CD-406 as identifying the following rea-

gent, more commonly known as cyclohexane-1,4-dimethanol diacrylate (CDMDA):

TSI,
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F. Exhibit 1009 — “Francesch”

77.  Francesch (Ex. 1009) is a scientific journal article that was published
in the journal Plasma Processes and Polymers. Ex. 1009. Plasma Processes and
Polymers 1s a prominent journal published by Wiley-VCH Verlag GmbH & Co. in
the polymer field that would have been well-known to a POSA by 2015. The copy-
right notice printed on the first page of the Francesch reference indicates that the
article was published 1n the year 2005, consistent with the citation printed on each
page of the article. A POSA reading Francesch would thus have understood from
those notations that the article had been published and made available to the public
in 2005. Additionally, a declaration signed by Dr. Salvador Borros Gémez, whom I
know to be a co-author of the Francesch article, further demonstrates that the arti-
cle was made publicly available when it was published online in September 2005.
Ex. 1010.

78.  Francesch concerned the development of biomaterials and described
methods of plasma polymerizing a new acrylate-type monomer, pentafluorophenyl
methacrylate (PFM), for subsequent biotin binding to achieve versatile surface
functionalization. Ex. 1009 at 605-06. For polymerization of PFM, Francesch de-
scribed copolymerizing PFM with crosslinkers, including 1,4-butanediol divinyl
ether (BDVE). Ex. 1009 at 606-07. As would have been known to a POSA, BDVE

has the following chemical structure:
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79.  In particular, Francesch taught performing plasma deposition for 2-8
hours and depositing the BDVE-crosslinked copolymer at a rate of 8 nm per hour,
which a POSA would have understood to translate into polymer coatings at thick-
nesses of 16-64 nm. Ex. 1009 at 607-08. The resulting coatings showed flat, ho-
mogenous, pinhole-free surfaces. Ex. 1009 at 609-10. Francesch taught that the
BDVE crosslinker was included “to improve the solvent resistance of the resulting
deposited thin films.” Ex. 1009 at 610.

G.  Exhibit 1011 — “Tropsch”
80. Tropsch (Ex. 1011) is U.S. Patent No. 5,804,669. The first page states

the date of the patent as September 8, 1998, which I understand to be when the pa-
tent was 1ssued. Tropsch described a two-phase process for preparing polymers
comprising peroxycarboxyl groups. Ex. 1011 at Abstract, 1:4-7, 1:49-2:2. Trop-
sch’s methods required first preparing or obtaining a polymer, and then reacting
that polymer with hydrogen peroxide. Ex. 1011 at 1:49-2:2. The mput polymer
contained at least an unsaturated dicarboxylic anhydride monomer. Ex. 1011 at
2:3-7, 2:13-39. The input polymer further contains a comonomer, such as an acry-
late or methacrylate. Ex. 1011 at 2:3-7, 3:1-8. Tropsch also disclosed the use of
crosslinkers in preparing the polymer. Ex. 1011 at 3:48-51. Specifically, Tropsch

taught that the “preferably employed™ crosslinkers are ‘“divinylbenzene, divi-
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nylethyleneurea, alkadienes or divinyl alkyl ethers. The latter are preferably select-
ed from a,m-alkadienes, preferably 1,9-decadiene, or 1,4-butanediol divinyl ether,
1,6-hexanediol divinyl ether or 1,8-octanediol divinyl ether.” Ex. 1011 at 4:34-39.
A POSA wound have understood that 1,6-hexanediol divinyl ether (HDVE) has the
chemical structure of

& 3o
e N -, . TN S
N ,.»f"'. N N \’\:.1""
M %

and 1,8-octanediol divinyl ether has the chemical structure of
“‘ﬁp\\ R Ve N N

H. Other References

81. Exhibit 1012 is International Patent Application Publication No. WO
2012/158953 to Legein, et al. The first page states a publication date of November
22,2012,

82. Exhibit 1013 1s U.S. Patent Application Publication No.
2013/0176700 to Stevens, et al. The first page states a publication date of July 11,
2013.

83.  Exhibit 1014 is International Patent Application Publication No. WO
2014/026967 to Legein, et al. The first page states a publication date of February

20, 2014,

84. Exhibit 1015 1s U.S. Patent Application Publication No.
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2005/0141738 to Karamuk. The first page states a publication date of June 30,
2005.

85.  Exhibit 1016 is U.S. Patent No. 6,551,950 to Badyal, et al. The first
page states the date of the patent as April 22, 2003, which I understand to be when
the patent was issued.

86. Exhibit 1017 1s U.S. Patent No. 4,562,091 to Sachdev, et al. The first
page states the date of the patent as December 31, 1985, which I understand to be
when the patent was issued.

87. Exhibit 1018 i1s U.S. Patent No. 7,439,315 to Kunimi, et al. The first
page states the date of the patent as October 21, 2008, which I understand to be
when the patent was issued.

88.  Exhibit 1019 is a publication by S.R. Coulson, the first named inven-
tor of the *876 patent, and colleagues in the journal Chemistry of Materials, which
1s a well-recognized publication of the American Chemical Society (ACS). By
June 2015, POSAs knew the ACS as a well-established publisher of scientific and
technical literature in the field, and Chemistry of Materials was one such promi-
nent journal publication that would have been well known to a POSA. The copy-
right notice and the journal citation printed on each page of Exhibit 1019 indicate
that the article was published in 2000, consistent with the additional notation print-

ed near the bottom of the article’s first page indicating that it was “Published on
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Web 06/28/2000.” By 2000, ACS and other academic journals in the field were
commonly publishing their articles in online and print form, and based on that
common and by then widespread practice, a POSA reading Exhibit 1019 would
have understood from those notations and believed that the article had been pub-
lished and made available to the public in 2000, and specifically made publicly
available on the internet by June 28, 2000.

89. I understand that Exhibit 1020 is a declaration provided by the British
Library regarding the date that a print copy of the Coulson article published in
Chemistry of Materials (Exhibit 1019) was received and made available for public
use by that institution.

90. Exhibit 1021 1s U.S. Patent Application Publication No.
2010/0203347 to Coulson. The first page states a publication date of August 12,
2010.

91. Exhibit 1022 is International Patent Application Publication No. WO
98/58117 to Badyal, et al. The document lists a publication date of December 23,
1998, on its first page. Exhibit 1022 is referenced in the 876 patent as prior art
that previously described “[t]he perfluoroalkyl chain monomers . . . used for gener-
ating hydrophobic surfaces from pulsed plasma deposition processes.” Ex. 1001 at
1:17-19.

92.  Exhibit 1023 is a publication by C. Tarducci and colleagues in the
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journal Macromolecules, which was a recognized journal in the field published by
the ACS that would have been well known to a POSA in June 2015. The copyright
notice and the journal citation printed on each page of Exhibit 1023 indicate that
the article was published in 2002, consistent with the additional notation printed
near the bottom of the first page indicating that it was ‘“Published on Web
10/12/2002.” A POSA reading Exhibit 1023 would have understood from those
notations and believed that the article had been published and made available to the
public in 2002, and specifically made publicly available on the internet by October
12,2002.

93. Exhibit 1024 is U.S. Patent No. 6,214,423 to Lee, et al. The first page
states the date of the patent as April 10, 2001, which I understand to be when the
patent was issued.

94.  Exhibit 1025 is International Patent Application Publication No. WO
2012/168440 to Taesler. The document lists a publication date of December 13,
2012.

95.  Exhibit 1026 is a publication authored by me and my colleague, Jose
Luis Yagiie, in the journal of Macromolecules. Near the bottom of the first page,
the article states that it was published on August 13, 2013. That date is consistent
with my own recollection. Based on my personal knowledge as an author of the ar-

ticle, I know that Exhibit 1026 was published in 2013.
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96. Exhibit 1027 is U.S. Patent No. 6,207,238 to Affinito. The first page
states the date of the patent as March 27, 2001, which I understand to be when the
patent was issued.

97. I understand that Exhibit 1028 is a copy of the prosecution history of
the *876 patent.

98. Ex. 1029 1s a publication by W. Yao, et al., in the journal Polymer,
which was a recognized journal in the field published by Elsevier that would have
been well known to a POSA by June 2015. Elsevier was known to POSAs as a
well-established publisher of scientific journals. The copyright notice and the jour-
nal citation printed on each page of Exhibit 1029 indicate that the article was pub-
lished in 2014. In addition, the “Article Info” section on the first page near the ab-
stract states that the article was made available online as of September 30, 2014. A
POSA reading Exhibit 1029 would have understood from those notations and be-
lieved that the article had been published and made available to the public in 2014,
and specifically made publicly available on the internet by September 30, 2014.

99. Exhibit 1030 1s U.S. Patent Application Publication No.
2013/0136936 to Morozumi, et al. The document lists a publication date of May 30,
2013.

100. Exhibit 1031 1s U.S. Patent Application Publication No.

2011/0148979 to Breton, et al. The document lists a publication date of June 23,
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2011.

101. Exhibit 1032 1s Sartomer Company Material Safety Data Sheet for
Product CD406, revised on June 9, 2005. The document identifies the CD406
product as cyclohexane dimethanol diacrylate, CAS Number 67905-41-3. Ex. 1032
at 1. The CAS Chemical Registry is a global standard for uniquely identifying
chemical substances and has been used since the 1960s. A POSA in 2015 would
have been very familiar with CAS registry numbers and would have known that
CAS Number 67905-41-3 identified cyclohexane dimethanol diacrylate, also
known as cyclohexane 1,4-dimethanol diacrylate (CDMDA). Ex. 1039 at 7. Mate-
rial Safety Data Sheets would have been familiar to POSAs as product information
that companies provide to their customers when offering and when supplying
chemical reagents. A POSA reading Exhibit 1032 would have understood from the
revision notations and believed that Exhibit 1032 was published and made availa-
ble to the public in 2005.

102. Exhibit 1033 1s U.S. Patent Application Publication No.
2005/0034667 to Tsuji, et al. The document lists a publication date of February 17,
2005.

103. Exhibit 1034 1s an excerpted copy of a book by H. Yasuda entitled
Plasma Polymerization. Exhibit 1034 would have been familiar to a POSA, and [

have used that book as a reference for years, going back well before 2015. The
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copyright notations on Exhibit 1034 indicate that it was published in 1985 by Aca-
demic Press. Academic Press was known to POSAs as a well-established publisher
in the field. A POSA reading Exhibit 1034 would have understood from those cop-
yright notations and believed that Exhibit 1034 was published and made available
to the public in 1985.

104. Ex. 1035 is a publication by S. Kurosawa, et al., in the journal 7hin
Solid Films, which was a recognized journal in the field published by Elsevier that
would have been known to a POSA. The copyright notice near the bottom of the
first page lists a 2003 copyright date, and the journal citation printed on each page
indicate that the article was published as part of the 2004 volume of Thin Solid
Films. A POSA reading Exhibit 1035 would have understood from those notations
and believed that the article had been published and made available to the public
by 2004.

105. Ex. 1036 is a publication by S. Kurosawa, et al., in the journal 7hin
Solid Films, which was a recognized journal in the field published by Elsevier that
would have been known to a POSA. The copyright notice near the bottom of the
first page lists a 2002 copyright date, and the journal citation printed on each page
indicate that the article was published as part of the 2002 volume of 7Thin Solid
Films. A POSA reading Exhibit 1036 would have understood from those notations

and believed that the article had been published and made available to the public
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by 2002.

106. Ex. 1037 is a publication by K.G. Joback and R.C. Reid in the journal
Chemical Engineering Communications, which was a recognized journal in the
field published by Taylor & Francis that would have been well known to a POSA
by June 2015. Taylor & Francis was known to POSAs as a well-established pub-
lisher of scientific journals. The copyright notice and the journal citation printed on
page 233 of Exhibit 1037 indicate that the article was published in 1987. In addi-
tion, the cover page to the article near states that the article was published online as
of May 21, 2007. A POSA reading Exhibit 1037 would have understood from
those notations and believed that the article had been published and made available
to the public before 2015, and specifically made publicly available in print in 1987
and on the internet in 2007.

107. Ex. 1038 1s U.S. Patent Application Publication US 2006/0122301 to
Nair and Nalewajek. The document lists a publication date of June 8, 2006. Ex.
1039 1s a collection chemical information obtained from chemspider.com, which is
an online resource maintained by the Royal Society of Chemistry that I and others
in the field consider reliable and use regularly to look up properties of chemical re-

agents, such as molecular structure, boiling point, molecular weight, density, etc.

IX. CLAIM CONSTRUCTION

108. In conducting my analyses of the claims of the 876 patent, I have ap-
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plied the understandings I set out below regarding the meanings of terms used in
the claims. I reserve the right to update or modify my analyses if necessary to ac-
count for different meanings assigned to any of the claims.

A.  “Halogen”

109. In my opinion, a POSA would have understood the term “halogen™ in
claim 1 of the *876 patent to include at least at least fluorine, chlorine, and bromine.
That meaning is consistent with how that term was used by those in the field in
2015 and 1s consistent with how that term 1s used in the 876 patent’s specification.

110. Halogens are a group of non-metallic elements that appear in Group
17 (Group Vlla) of the periodic table. Each halogen is electronegative and typical-
ly participates in only a single chemical bond. The halogen elements in the first
four periods of the periodic table were in common use in chemical synthesis well
before 2015. These are fluorine, chlorine, bromine, and 1odine. Ex. 1005 at 5.

111. In the 876 patent, the term “halogen™ 1s used in a manner consistent
with that ordinary understanding. The specification says that a halogen may be
chlorine or bromine but is preferably fluorine. Ex. 1001 at 10:57-59, 7:11-14.

112. For these reasons, I conclude that “halogen” in the 876 patent’s
claims includes at least fluorine, chlorine, and bromine.

B. Other claim terms

113. For purposes of this petition and comparison to the prior art, [ under-
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stand that all other terms in Claims 1-15 of the 876 patent should be construed ac-
cording to their ordinary meaning to a POSA in the context of the 876 patent.

X. ANALYSIS OF THE CLAIMS OF THE 876 PATENT

A.  All Grounds: Coulson-122 and Badyal described preparing
plasma-polymer films by copolymerizing monomers including
PFACS8 or PFMACS with a crosslinker

114. Coulson-122 taught that plasma polymer coatings provide protection
for a diverse array of electronic or electrical devices against damage by liquids
such as water and oil. Ex. 1004 at 1-6. Coulson-122 also taught that both PFACS8
and PFMACS8 were preferred monomers for forming liquid-repellent coatings by

plasma polymerization, displaying the chemical structure as

o)
H CF
HF{?\QW( 2 CF,

where x 1s an integer and preferably 7. Ex. 1004 at 11-12. When x=7 in the struc-
ture above, the pendant perhaloalkyl functional group is known as the C8 per-
fluorocarbon moiety because it includes eight fluorinated carbon atoms (seven CF»
repeats plus the terminal CF3). Coulson-122 further specified that R” can be hydro-
gen or methyl. Ex. 1004 at 12. When x=7 and R’ is hydrogen, the monomer is the
acrylate PFAC8. When x=7 and R’ is methyl, the monomer is the methacrylate
PFMACS. Those structures are the same as setting n=8 in the monomers shown at

column 11, lines 30-47 of the 876 patent; the only difference is that the molecules
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were drawn in the *876 patent with the terminal carbon group folded into the re-
peating chain.

115. Badyal described the using the same monomers as Coulson-122 to
prepare liquid-repelling halogen-containing plasma polymer coatings. Ex. 1005 at
7-9. Badyal taught that cross-linked plasma polymers on surfaces can form by the
plasma copolymerization of a mixture of a cross-linking monomer with a further
monomer. Ex. 1005 at 12 -14. For this further monomer, Badyal described the use
of haloalkyl substituents and the preference for have one double bond, with acry-
late monomers as a specific embodiment. Ex. 1005 at 12-14. For oil and water re-
pellant properties, Badyal teaches that the presence of perhaloalkyl chains is pre-
ferred, along with cross-linking to provide good durability. Ex. 1005 at 4. A pre-

ferred monomer formula provided by Badyal is

CHL = ORMC IO O {CH, LR
where the integer 2 was the preferred value of n, and the C8 perfluoroalkyl chain,
CsF1s, was preferred for R, Ex. 1005 at 6-9, 14. Using hydrogen and methyl from
listed as possibilities for R'> gives PFACS, and PFMACS, respectively.

116. Badyal also stated the desire to improve the durability of these coat-
ings. Ex. 1005 at 3-4. Badyal taught that increased durability can be accomplished
by including at least one compound possessing two double bonds can form a cross-

linked plasma polymer on a surface. Ex. 1005 at 4:1-5:23. Badyal taught the cross-
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linking compound according to the generic structure below, with two double bonds
has a bridging or linking group between its two double bonds and does not place

any limitation on the chemical structure of the bridging unit (identified as Z):

Ex. 1005 at 5:1-23. That structure is identical to the generic crosslinker with two

double bonds described in the *876 patent and shown in claim 1:

b Yy
Yz ¥s
<
hE: Ys

Ex. 1001 at 4:51-60, 18:60-67.

117. The o1l and water repellency of fluoropolymers, including fluorinated
acrylate and methacrylate polymers and use of pendent C8 perfluoro functional
groups, as well as copolymerization with cross-linkers containing two double
bonds were all well known in the polymer art. Ex. 1004 at 13:30-14:23; Ex. 1005
at 3-5; Ex. 1019 at 2031-32, 2037-38; Ex. 1029 at 6197 and 6204-6206; Ex. 1026
at 6548-6553.

[Preamble] “An electronic or electrical device or electronic or electrical
component thereof comprising”

118. Coulson-122 described coating electronics (Ex. 1004 at 1:3-7), and
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Badyal stated that its crosslinked coatings could be used for coating any solid sub-
strate, including those of materials such as fabric, metal, glass, ceramics, paper, or
polymers. Ex. 1005 at 9:28-34. By the priority date of 876 patent, it had been
widely established that that the dielectric properties of plasma polymer coatings
enabled them to form as electrical insulating and protective coatings on electronic
and electrical devices. Ex. 1004 at 1:3-4:3, Ex. 1012 at 1:9-4:4, Ex. 1013 at [0038],
Ex. 1014 at 1:3-5:5. A POSA therefore would have recognized electronics as im-
portant solid substrates among those that could be coated with Badyal’s versatile
crosslinked coatings. As a further indication, Badyal taught as a specific example
that the plasma polymer coatings could be applied to biomedical devices. Ex. 1005
at 11:19-24. A POSA would have known that a variety of biomedical devices, in-
cluding wearable sensors for physiological monitoring and hearing aids, contain a
variety of electronic components, Ex. 1015 at [0006], and thus can also be called
electrical or electronic devices.
[Element 1a] “a protective cross-linked polymeric coating on a surface
of said device or component; wherein the protective cross-linked
polymeric coating is obtained by exposing said device or component to a
plasma comprising a monomer compound and a crosslinking reagent

for a period of time sufficient to allow formation of the protective cross-
linked polymeric coating on a surface thereof,”

119. A POSA would have known that coatings used on electronics can pro-
tect the underlying electronics in a number of ways, including repelling water or

other liquids, providing electrical insulation, and/or by providing a barrier to the
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passage of liquids or gases. Ex. 1004 at 1:1-34, 4:9-15; Ex. 1008 at [0023-24]; Ex.
1014:4:5-5:13; Ex. 1017 at 3:27-41, 6:31-36; Ex. 1018 at 1:5-11. The description
of protective coatings in the 876 patent is consistent with that understanding. Ex.

1001 at 1:8-13.

[Element 1b] “wherein the monomer compound is a compound of for-
mula I(a):

I(x)

P

5\ St R N
LU L

Ry b

wherein each of R1, R2, R4 and RS to R10 is independently selected
from hydrogen or an optionally substituted C1-C6 branched or straight

chain alkyl group; each X is independently hydrogen or halogen; a is
from 0-10; b is from 3 to 7; and cis 0 or 1,7

120. As noted above, Coulson-122 described preferred monomers with a

structure

o
H CF
H>~:<R“?\ON( x CF,

where and x preferably was 7 repeating CF, groups and R’ was preferably hydro-

gen or methyl, Ex. 1003 at 12:13-21, which a POSA would have recognized as de-

scribing PFACS8 and PFMACS, respectively.

121. Badyal also described monomers including PFAC8 and PFMACS.
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Badyal showed a preferred monomer formula of CH,=CR!C(O)O(CH»).R". Ex.
1005 at 9:10-16 (Formula V). I have provided below the corresponding structure
that any POSA would have understood from that formula:

)
H {CHy)— R™
ot

Badyal described R'® as including hydrogen or methyl, which a POSA would have
recognized as yielding an acrylate or methacrylate, respectively. Ex. 1005 at 9:16.
I note that the formula provided by Badyal and shown above designated the num-
ber of CH» groups using the variable » (Ex. 1005 at 9:13), but the text used the var-
1able m when describing the number of CH: groups (Ex. 1005 at 7:27-28, 8:26-28,
9:15). Based on those disclosures, a POSA would in my opinion have understood
that Badyal’s Formula V was intended to include m rather n as the variable desig-
nating the number of CH, groups. To a POSA, Badyal therefore described the
number of CH; groups as being from 1-10, preferably 2. Ex. 1005 at 9:15-16, 7:20-
28, 8:26-28. As to R", Badyal described perfluorinated alkyl chains of the formula
CsFasi1 as preferred, especially where s is 10 or 8 (i.e., CsF17). Ex. 1005 at 9:15-16,
8:15-18. In view of those collective disclosures, a POSA would have recognized
Badyal’s preferred monomers included PFAC8 (with n/m as 2, R" as CsF17, and
R as hydrogen) and PFMACS (with n/m as 2, R'? as CsFy7, and R as methyl).

122. Formula I(a) in claim 1 of the 876 patent encompasses the specific
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structures of PFAC8 and PFMACS. The structures PFAC8 and PFMACS corre-
spond to selecting the substituents Ri, Rz, Rs, Rs, R7, and Rg in Formula I(a) as hy-
drogen; choosing a=0, b=7, and c=0; and selecting X as the halogen element fluo-
rine. Selecting R4 as hydrogen or the methyl alkyl group, results in the precise
chemical formulas for PFAC8 and PFMACS, respectively.

B. Ground 1: Coulson-122, Badyal, and Cohen

123. In my opinion, as explained in more detail below, claims 1-3, 9, and
11-15 of the *876 patent would have been obvious over Coulson-122 and Badyal
combined with Cohen.

1. Claim 1

[Element Ic] “and wherein the crosslinking reagent comprises two or
more unsaturated bonds attached by means of one or more linker
moieties and has a boiling point of less than 500° C. at standard
pressure, the crosslinking reagent having one of the following structures:

(K

()

where Y1, Y2, Y3, Y4, Y5, Y6, Y7 and Ys are each independently selected
from hydrogen, optionally substituted cyclic, branched or straight chain
Ci-Cs alkyl or aryl; and L is a linker moiety;”

124. Badyal taught that crosslinked polymers form when at least one of the
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monomeric reagents contains two double bonds. Ex. 1005 at 4:1-29. As a matter of
basic chemistry, a POSA would have known that double bonds (and triple bonds)
are types of unsaturated bonds, as compared to saturated organic compounds that
have only single bonds between carbon atoms and therefore tend to be less reactive.
As I’ve noted Badyal described the same generic crosslinking reagent structure as
formula (i) shown in claim 1 of the ’876 patent, containing two carbon-carbon
double bonds and a bridging structure which links between the two double bonds.
Ex. 1005 at 5:1-5. In Badyal the bridging structure was denoted by the letter Z,
and 1t 1s denoted instead by the letter L. in claim 1 of the 876 patent. This change
in nomenclature does not represent any change in chemical formulas encompassed
between the two crosslinker structures.

125. Badyal taught that such crosslinkers containing any bridging group
known in the polymer art would be suitable for use in making the described cross-
linked polymers. Ex. 1005 at 5:18-23. A POSA therefore would have considered
known crosslinkers that fit Badyal’s generic structure. By 2015, one well-known
example in the polymer art of a crosslinking reagent with two double bonds sepa-
rated by a bridging group was divinyl tetramethyl disiloxane (DVTMDS). Ex.
1006 at 1:15-34. Selecting hydrogen for each of the R!-R® positions in Badyal’s
generic crosslinker formula and utilizing tetramethyl disiloxane to bridge between

the double bonds results in the chemical structure of DVTMDS;
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g
G}Iamﬁﬁmi‘:?iié—()*—ﬁiiw(}ﬁm(}}h
(UH:; CHa

DVTMDS was known as a versatile crosslinker that can be copolymerized with
many different monomers including members of the acrylate and methacrylate
families. Ex. 1006 at 2:14-30, 4:18-65.

126. The boiling point of a reagent at standard pressure (also known as the
normal boiling point) is a fixed physical property of that reagent. The normal boil-
ing point of DVTMDS i1s approximately 137°C. Ex. 1006 at 3:44-45. Additionally,
a POSA would have known that DVTMDS has sufficient volatility and reactivity
for use in plasma polymerization. Ex. 1036 at 4-6.

[Element 1d] | Formula A] “wherein for compound (i) L is of formula A
having one of the following structures:

' 0 Y 0
) Q \\f/ \/
J‘,.rfi/ \‘Yﬁf \}'IL 771{

and Yo is selected from optionally substituted cyclic, branched or
straight chain C;-Cs alkylene and a siloxane group; or

[ Formula B] wherein for compound (i) L is of formula B having the

following formula:
Yo Y9
-57‘{ vy }5‘)
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where each Yy is independently selected from, a bond, —O—,
—0—C(0)—, —C(0)—O0—, — Y 11—O0—C(0)—, —C(0)—O0—Y 11—,
—OY 11—, and —Y110—, where Y11 is an optionally substituted cyclic,
branched or straight chain C-Cs alkylene; and

[Formula B1] wherein Y10 has the following formula:

Yis Yis
|, 3
Si—O0—=81

Yis Yis

and each Y s is independently selected from optionally substituted
branched or straight chain C;-Cs alkyl; or

[Formula B2] wherein Yo has the following formula:

and Y6 to Y9 are each independently selected from H and optionally
substituted branched or straight chain C;-Cs alkyl or alkenyl.”

127. Formula B1 of ’876 claim 1 encompasses the specific chemical struc-

ture of DVTMDS, where Yo is a single bond between carbon and silicon atoms and

Y10 1s a disiloxane structure having its four Y s substituents each selected as a me-

thyl alkyl group. The specific use of DVTMDS is also described as a preferred ex-

ample of a crosslinker in the *876 patent. Ex. 1001 at 8:7-8.

A POSA would have used Cohen’s DVTMDS crosslinker in the coatings
described by Coulson-122 and Badyal

128. As a POSA would have known in 2015, the expanding market of mo-
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bile electronic devices and the well-known sensitivity of those devices to damage
from exposure to environmental contaminants created incentives to protect those
devices, and one common approach was to apply protective polymer coatings. Ex.
1004 at 1:1-34, 4:29-5:34. Such protective polymer coatings were often applied
through plasma polymerization and provided liquid-repellency, electrical insula-
tion, and/or barrier properties. Ex. 1004 at 4:29-5:6, 14:7-23; Ex. 1008 at Abstract,
[0011], [0021]; Ex. 1012 at 2:6-20, 7:3-21; Ex. 1013 at [0003-04], [0046]; Ex.
1015 at [0001-02], [0011], [0029]. In my opinion, the recognized and growing
market for such coatings in 2015 would have motivated POSAs to look for ways to
improve on existing protective coatings, such as those described by Coulson-122.
129. Coulson-122 taught the value of liquid-repellent coatings for electron-
ic protection and described forming such coatings from the plasma polymerization
of fluorinated monomers including PFAC8 or PFMACS. Ex. 1004 at 1:1-34, 12:7-
22. A POSA also would have known that Badyal taught that the durability of plas-
ma polymer coatings produced from PFAC8 or PFMACS could be increased by
copolymerization with a crosslinking agent possessing two double bonds. Ex. 1005
at 4:1-29. A POSA would have recognized that durability 1s important for protec-
tive coatings applied to electronics like mobile phones or medical devices, which
are used continuously for years while often being exposed to challenging condi-

tions like liquid exposure.
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130. Badyal’s copolymerization method could produce crosslinked plasma
polymer coatings on any solid substrate, including biomedical devices, which
POSAs would have known to frequently contain electronics. Ex. 1005 at 9:28-30,
11:19-24. Furthermore, a POSA would have known that crosslinking of polymer
coatings typically resulted in improved barrier properties, smoothness, and solvent
resistance. Ex, 1006 at 3:50-65 (showing improved solvent resistance after cross-
linking); Ex. 1026 at 6551-53 (showing that crosslinking improved smoothness,
reduced hysteresis, and reduced crystallinity which reduces channels through the
polymer layer thus providing a more effective barrier).

131. Thus, to improve the durability of protective coatings for electronic
devices—which are solid substrates, and some of which are used as biomedical de-
vices—a POSA would have been motivated to apply the method for crosslinked
plasma polymer coatings described in Badyal with application taught by Coulson-
122, particularly since both patents taught a preference for plasma polymerization
of the same fluorine-containing monomers, PFAC8 or PFMACS. A POSA reading
those disclosures and noting those similarities would not have been discouraged
from applying Badyal’s crosslinking technique in the Coulson-122 coatings by
Badyal’s use of fabrics as an exemplary substrate because of the similarities be-
tween Badyal and Coulson-122 and because Badyal described the applications for

its techniques much more broadly. Ex. 1005 at 9:28-34, 11:22-24. Badyal specifi-
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cally emphasized that such crosslinked coatings were not limited to fabrics and
could be used to protect “any solid substrate,” and a POSA would have known that
electronics and electronic components are solid substrates. In addition, Badyal
pointed out biomedical devices as one specific example of a solid substrate, and a
POSA would have known that many biomedical devices, such as hearing aids and
pacemakers, are electronic devices.

132. Badyal taught the selection of the cross-linking agent from those
structures known in the polymer art. Ex. 1005 at 5:1-5, 5:18-23. An example of a
known crosslinker in the polymer art with the required structure and desirable
known properties was DVTMDS, which a POSA would have known had been
widely used in polymer production for years before 2015. Ex. 1006 at 1:20-35; Ex.
1018 at 3:60-4:25; Ex. 1017 at 3:41-4:10. Cohen had described DVTMDS as a
crosslinker useful for producing electrically insulating, solvent-resistant polymers
used as dielectric layers 1n electronic devices. Ex. 1006 at 5:1-25; Ex. 1018 at 1:6-
11; Ex. 1033 at [0037], [0045]. DVTMDS was known to be compatible with vari-
ous polymerization techniques, including plasma polymerization. Ex. 1006 at 1:32-
62; Ex. 1017 at Abstract, 3:40-4:24; Ex. 1027 at 1:5-11, 8:30-35; Ex. 1033 at
[0037-45]; Ex. 1036 at 3-6. Coatings containing DVTMDS had been associated
with water repellency, barrier, and insulating properties. Ex. 1006 at 5:1-12; Ex.

1017 at 3:27-41, 6:31-36; Ex. 1033 at [0037]. Cohen also taught that DVTMDS
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may be copolymerized with a great number of copolymerizable compounds con-
taining a double bond, including fluorine-containing monomers as well as acrylate
and methacrylate monomers. Ex. 1006 at 2:14-30, 4:18-57. Those are all properties
that a POSA would have been looking for in a crosslinker in view of Coulson-122
and Badyal.

133. Thus, a POSA’s knowledge of DVTMDS, its structure, reactivity, and
properties would have provided motivation to use DVTMDS as the crosslinker for
the acrylate and methacrylate monomers of Badyal and Coulson-122 to obtain du-
rable electrically insulating plasma polymer coatings. Additionally, a POSA would
have known that the low normal boiling point of approximately 137°C for the
DVTMDS enables the easy introduction of vapors of this crosslinking reagent into
the vacuum chamber used for plasma deposition, including in combination with a
monomer like PFAC8 or PFMACS.

134. Plasma polymerization was a commonplace and straightforward pro-
cedure that would have been familiar and simple for a POSA to carry out in 2015.
Ex. 1017 at 3:27-40; Ex. 1021 at 99 58-60; Ex. 1012 at 8:1-10:12; Ex. 1025 at
99 38-48; Ex. 1001 at 14:59-67; Ex. 1005 at 2:10-13, 10:8-12.

135. The POSA would have expected DVTMDS to work as a crosslinker
for plasma polymerization with PFAC8 or PFMACS because Badyal taught that

known crosslinkers fitting the same general structure with two double bonds and a
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known bridging group would work for preparing the disclosed durable coatings. Ex.
1005 at 4:17-5:23. Given the known and favorable properties and applications of
polymers containing DVTMDS that I described above, a POSA would have ex-
pected to be able to achieve those same properties when incorporating DVTMDS
into coatings with similar properties based on monomers like PFACS and
PFMACS as described by Coulson-122 and Badyal. In addition, a POSA would
have known DVTMDS was compatible for co-polymerization with acrylate mon-
omers (Ex. 1006 at 1:31-34, 2:14-29) and had been used in plasma polymerization
(Ex. 1017 at 3:42-4:11; Ex. 1033 at [0040-43], Ex. 1027 at 7:64-8:34). Finally, the
POSA would have expected plasma coatings prepared using PFAC8 or PFMACS
and DVTMDS to be successful as applied to electronics because Coulson-122 and
Cohen described electronics applications for those reagents, and Badyal taught that
such a crosslinked combination could be applied to any solid surface, including
that of a biomedical device.

2. Claims 2, 3

136. Claims 2 and 3 identify physical properties of the polymer coatings in
claim 1. I discuss claims 2 and 3 in Section G below.

3. Claims 9 and 11-15

137. Regarding claim 9, the DVTMDS crosslinker taught by Cohen has the

Formula B1 bridging group specified in claim 9, which is:
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s ¥Yig
| i

Si—0—=_i

i E

Yis Yis

where each Yis is methyl (CHs). Ex. 1001 at 20:39-50. DVTMDS matches that
same bridging-group structure

CH;s (.EH:;
C Hﬁ:::CEWE;inWSIiWCE:C Hj
CH; CHa

with each Y9 in Formula B being a bond connecting silicon atoms of the bridging
group to the double-bonded carbon atoms.

138. In claim 11, DVTMDS is stated as one of the specified crosslinking
reagents. Ex. 1001 at 21:2-3.

139. Claims 12 and 13 specify a subset of monomers under the generic
Formula I(a) in claim 1, and the PFAC8 monomer taught by Coulson-122 and
Badyal is included in both of those claims. Claim 13 states PFACS8 specifically.

Claim 12 calls for a monomer with the structure

O

H
- (.(»H; 2\3 # F
>==R<JL\u/f\\f/

H H

where n 1s from 2 to 10. Ex. 1001 at 21:7-19. PFACS8 matches that structure exact-

ly with an 8-carbon perfluorinated tail. In other words, PFACS is included in the
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structure above when n = 8.

140. Claims 14 and 15 specify a subset of monomers under the generic
Formula I(a) in claim 1, and the PFMACS8 monomer taught by Coulson-122 and
Badyal is included in both of those claims. Claim 15 states PFMACS specifically.
Claim 14 calls for a monomer with the structure

0
L : o /\\/ (CFa).F
1 O,
where n 1s from 2 to 10. Ex. 1001 at 22:4-15. PFMACS matches that structure ex-
actly with an 8-carbon perfluorinated tail. In other words, PFMACS is included in
the structure above when n = 8.

C. Ground 2: Coulson-122, Badyal, and Holliday

141. In my opinion, as explained in more detail below, claims 1-8 and 10-
15 of the 876 patent would have been obvious over Coulson-122 and Badyal
combined with Holliday.

142.  As I’ve explained above, a POSA would have been aware of Coulson-
122 and Badyal and would have been seeking known crosslinkers that fit Badyal’s
generic crosslinker structure with two double bonds and a bridging group and pref-
erably were suitable for use in plasma polymerization and had been associated with

properties beneficial for preparing protective coatings for electronics. In my opin-
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ion, Holliday described known crosslinking reagents that a POSA would have con-
sidered suitable for preparing crosslinked coatings in view of Coulson-122 and
Badyal.

143. Holliday described crosslinked polymers useful for providing electri-
cal insulation that could be applied to protect electrical conductors and connectors
with electrical and chemical resistance properties. Ex. 1007 at 1:10-26, 2:17-46.
Holliday refers to “curable” polymer compositions made using reagents “which
can be crosslinked.” Ex. 1007 at 1:10-20, 2:17-21, 2:39-46. A POSA would have
known that curing is used in the field as a synonym for crosslinking, and Hol-
liday’s references to improved electrical, chemical, and mechanical properties of
“cured” polymers refers to properties achieved after crosslinking with a crosslink-
ing reagent. Ex. 1007 at 2:39-46, 2:50-52, 2:68-70, 4:72-5:57. Below 1 discuss
crosslinkers described by Holliday that a POSA would have recognized as suitable
and consistent with the desired crosslinker structure and properties for use in the

Coulson-122/Badyal combination.
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1. Claim 1

[Element Ic] “and wherein the crosslinking reagent comprises two or
more unsaturated bonds attached by means of one or more linker
moieties and has a boiling point of less than 500° C. at standard
pressure, the crosslinking reagent having one of the following structures:

(i)

{ii}

N R e

where Y1, Y2, Y3, Y4, Y5, Y6, Y7 and Ys are each independently selected
from hydrogen, optionally substituted cyclic, branched or straight chain
Ci-Cs alkyl or aryl; and L is a linker moiety;”

144. Holliday described several crosslinking reagents, including two that a

POSA would have recognized as familiar and consistent with Badyal’s generic

crosslinker structure: diallyl-1,4-cyclohexanedicarboxylate (DCHD) and 1,4-

divinyl-oxybutane (which to a POSA is also known as 1,4-butanediol divinyl ether

(BDVE)). Ex. 1007 at 3:34-35, 3:52-53; Ex. 1005 at 5:1-5. The structures of those

reagents would have been known to a POSA and are shown below:

O, o / ;’)
=
d o o
; Faunnd* BEEEERS 3 M\\
(\S’ijj \:::QX
DCHD
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BDVE
Both DCHD and BDVE match the structural formula (1) in claim 1 where Y thru
Ys are all hydrogen. Both DCHD and BDVE contain two carbon-carbon double
bonds bridged with a linker moiety.

145. The normal boiling point of a reagent is measured at standard pressure
and 1s a fixed physical property of that reagent. The normal boiling point of DCHD
1s approximately 331°C (verified using chemspider.com, CAS No. 20306-22-3)
(Ex. 1039 at 3). The normal boiling point of BDVE is approximately 201°C (veri-
tied using chemspider.com, CAS No. 3891-33-6) (Ex. 1039 at 5). A POSA in 2015
using standard references would have known or been able to look up the normal
boiling points of DCHD and BDVE. A POSA also would have known how to de-
termine the normal boiling points of DCHD and BDVE using well known labora-
tory techniques, such as measuring the temperature of a boiling sample of each re-
agent at standard pressure.

146. A POSA also would have been able to accurately estimate the boiling
point of an organic compound like DCHD and BDVE. For example, I calculated
the normal boiling points of DCHD and BDVE using a longstanding and widely
cited calculation method described by Joback and Reid in 1987. Ex. 1037. In short,

knowledge of an organic compound’s structure allows accurate estimation of the
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compound’s boiling point based on the component groups that make up its struc-
ture: the normal boiling point (in Kelvin) is estimated to equal 198.2 plus the sum
of the values assigned to each constituent group in the molecule, as identified in
Table 3. Ex. 1037 at 234-38, example calculation at 239. The result in Kelvin can

be converted to °C by subtracting 273.15.

DCHD
Group Contribution | No. | Total
=CH» 18.18 2 36.36
=CH- 24 .96 2 49.92
-CH»- 22.88 2 45.76
COO 81.1 2 162.2
CHrng |[21.78 2 43.56
CHyring |27.15 4 108.6
Total 446.4
Boiling Point (K) 644.6
Boiling Point (°C) 371.45
BDVE
Group Contribution | No. | Total
=CH» 18.18 2 36.36
=CH- 24 .96 2 49.92
-CH»- 22.88 4 91.52
O nonring | 22 .42 2 44.84
Total 222.64
Boiling Point (K) 420.84
Boiling Point (°C) 147.69

147. Using the Joback and Reid method, a POSA would have calculated
the normal boiling points of DCHD and BDVE to be approximately 371°C and

148°C, respectively, and both well below 500°C. The normal boiling points of
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DCHD and BDVE indicate sufficient volatility to allow vapors of these crosslink-
ing agents to enter a vacuum reaction chamber used for plasma polymerization be-
cause they were near or below the normal boiling points of other reagents that were
known to be volatilizable and suitable for use in plasma polymerization. Ex. 1004
at 12:8-22 (PFACS8 and PFMACS); Ex. 1008 at [0054], [0011] (CDMDA).

[Element 1d] | Formula A] “wherein for compound (i) L is of formula A
having one of the following structures:

O Y ip O
. 0 Q

and Yo is selected from optionally substituted cyclic, branched or
straight chain C;-Cs alkylene and a siloxane group; or

[ Formula B] wherein for compound (i) L is of formula B having the

following formula:
—‘Ii’q Xﬁrq
. b ] / b
\%1{ ~Yio }’;e

where each Yy is independently selected from, a bond, —O—,
—0—C(0)—, —C¢(0)—O0—, —Y 11—O0—C(0)—, —C(0)—O0—Y 11—,
—OY 11—, and —Y110—, where Y11 is an optionally substituted cyclic,
branched or straight chain C-Cs alkylene; and

[Formula B1] wherein Y10 has the following formula:

Yis Yis
| |
Sl_O_Tl
Yis Yis
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and each Y s is independently selected from optionally substituted
branched or straight chain C-Cs alkyl; or

[Formula B2] wherein Y10 has the following formula:

g Y7

Yig Yig

and Y6 to Yo are each independently selected from H and optionally
substituted branched or straight chain C-Cs alkyl or alkenyl.”

148. The bridging group of DCHD follows Formula B and B2 of claim 1.
Ex. 1001 at 19:20-34, 19:44-57. For Y10, DCHD contains the same 6-carbon ring
as in Formula B2, and the ring substituents Yis to Y19 are all selected to be hydro-
gen. For Yo, DCHD contains —C(O)—O—Y 11— and —Y11—O—C(O)— to the
sides of Yi0. For both Yo selections, the Y11 substituent is the C1 alkylene group,
methylene (—CH>—). This makes the Yo the selections —C(O)—O—CH,— and —
CH>—O—C(O)—, respectively.

149. The bridging group of BDVE follows Formula A of claim 1 with the

IH{O\/’Y m\’/o?}

where Yo is a C2 alkylene chain (—CHy-)s.

structure
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A POSA would have used Holliday’s DCHD and BDVE crosslinkers in
the coatings described by Coulson-122 and Badyal

150. As Holliday shows, DCHD and BDVE both were crosslinkers that
were known to those in the field well before 2015. Both have the same generic
structure as the preferred crosslinker structure from Badyal: two double bonds sep-
arated by a bridging group, with hydrogen in the R1-R6 positions, and with alkyl
groups interposed with oxygen atoms in the bridging group Z. Ex. 1005 at 5:1-5,
5:18-20.

151. In my opinion, a POSA would have been motivated to use the DCHD
and BDVE crosslinkers described by Holliday in protective polymer films with
PFACS8 or PFMACS based on the Coulson-122/Badyal combination. Based on
Badyal’s disclosures, a POSA would have viewed the structures of DCHD and
BDVE consistent with those described as suitable for creating protecting plasma
polymer coatings with monomers like PFAC8 and PFMACS. Ex. 1005 at 5:1-5,
5:18-20. A POSA would have been aware that Holliday taught that both DCHD
and BDVE as useful crosslinkers for protecting electrical components because the
crosslinked polymers formed using DCHD or BDVE have improved mechanical,
chemical, and electrical resistance properties. Ex. 1007 at 1:10-26. Holliday also
taught that acrylate and methacrylate monomers could be added to the polymeriza-
ble mixture which contained the crosslinking agent. Ex. 1007 at 3:54-4:2. This

would have suggested to the POSA that the DCHD and BDVE crosslinkers are re-
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active with the family of acrylate and methacrylate monomers, which includes
PFACS8 and PFMACS. Since both Holliday and Coulson taught methods for pro-
ducing films for electronic protection applications, a POSA would be motivated to
combine one of the crosslinkers specified by Holliday, such as DCHD or BDVE,
with one of the fluorine-containing monomers specified by Coulson-122 so as to
achieve durable crosslinked protective coatings on the surfaces of electronic devic-
es and components.

152. In addition, a POSA would be aware that vapors of the monomers
PFAC8 and PFMACS could be introduced into the vacuum chamber. Since the
normal boiling points of PFAC8 and PFMACS, approximately 267°C and 300°C,
respectively, are near or higher than the normal boiling points of DCHD and
BDVE, a POSA would conclude that DCHD and BDVE vapors likely could be ef-
fectively introduced in the plasma reactor with PFAC8 or PFMACS vapors. Based
on the known structures, properties, and established uses of DCHD and BDVE, a
POSA would have been motivated to use DCHD and BDVE as crosslinkers in
combination with PFACS8 or PFMACS.

153. In my opinion, a POSA would have reasonably expected to succeed
using Holliday’s DCHD and BDVE crosslinkers to prepare plasma polymer films
like those described by Coulson-122 and Badyal for a number of reasons. As [’ve

noted, plasma polymerization was well-known and routine in the polymer field by
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2015, and Badyal taught that crosslinkers of a generic structure that included
DCHD and BDVE would be suitable for plasma co-polymerization with PFACS
and PFMACS. Likewise, a POSA would have known that PFAC8 and PFMACS
are acrylate-based monomers, and Holliday taught that DCHD and BDVE could be
used to make polymer coatings in conjunction with acrylates or methacrylates. Ex.
1007 at 3:55-60. A POSA would have known that BDVE could be used in plasma
polymerization. Ex. 1009 at 606-07. In addition, Holliday taught that its coating
reagents could be used flexibly with multiple polymerization techniques, including
free-radical polymerization which is a mechanism POSAs would have known oc-
curs during plasma deposition. Ex. 1007 at 2:47-70, 3:27-31. A POSA therefore
would have expected both BDVE and DCHD to also be suitable crosslinkers for
plasma polymerization. Finally, Holliday taught that DCHD and BDVE had been
used successfully as crosslinkers in coatings for electronics that provided electrical
insulation and chemical resistance (Ex. 1007 at 1:10-26, 2:39-46), so a POSA
would have expected to attain at least those similar beneficial properties when us-
ing BDVE or DCHD in combination with PFAC8 or PFMACS in view of Coulson-
122, Badyal, and Holliday.

2. Claims 2, 3

154. Claims 2 and 3 identify physical properties of the polymer coatings in

claim 1. I discuss claims 2 and 3 in Section G below.
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3. Claim 4

“The device or component according to claim 1, wherein when for
compound (i) L is of the formula B, L has one of the following

structures:
O )
Q ! !
St FOH
Yo
) \( o N
G O
0

O

e

Q O

ik‘%‘\o’/\‘ y _G'A\o
2

155. As I noted when discussing claim 1, the DCHD crosslinker in Hol-
liday satisfies bridging group Formula B from 876 claim 1. Claim 4 further speci-
fies the bridging group structure has one of four structures, as shown above. Below

I’ve shown the structure of DCHD with the bridging group bracketed in red.

& Sy
{ 3, v .-i{‘} 1
i %Y j') AN 3‘2‘23 H
H %})m..,.,.,.g St
i & ,

H ¢ k ¢
3 g T3 O
¥

The bridging group of DCHD, emphasized above, is consistent with the third of

four bridging group structures shown in claim 4
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with Y0 in DCHD taking the form of a para-substituted 6-carbon cyclohexane ring,
consistent with Formula B2 of claim 1.

4, Claims 5 and 6

“S. The device or component according to claim 1, wherein when for
compound (i) L is of formula A, Y10 has the following formula:

wherein each Y12 and Y3 is independently selected from H, halo,
optionally substituted cyclic, branched or straight chain alkyl, or
—OY 14, where Y14 is selected from optionally substituted branched or
straight chain C;-Cs alkyl or alkenyl, and n is an integer from 1 to 10.”

“6. The device or component according to claim 5, wherein each Y2 is H
and each Y3 is H”

156. As I noted above with reference to claim 1, the BDVE crosslinker in
Holliday fits Formula A of claim 1. Claims 5 and 6 specify that Yo in Formula A
has the structural formula above with n being an integer between 1 and 10, and
claim 6 further specifies that each Y12 and Y13 is hydrogen. Ex. 1001 at 20:17-35.
Below 1 have shown the structure of BDVE with the bridging group bracketed in

blue and the Y10 moiety bracketed in red.

Ay
\

ox

157. For purposes of claims 5 and 6, the use of BDVE as the crosslinker
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fits the specified structure because it contains a C2 alkylene (~CHz—)2 group in the
Y10 position and therefore matches the claimed structure with Yi2 and Y13 as hy-
drogen and n = 2.

5. Claim 7

“The device or component according to claim 5, wherein each Y12 is
fluoro and each Yis is fluoro.”

158. A POSA would have known that perfluorinated alkyl chains confer
strong hydrophobicity. Ex. 1005 5:18-23, 10:32-11:1; Ex. 1019 at 2031. In addi-
tion, Badyal taught that the bridging group in a suitable crosslinker could be per-
fluorinated. Ex. 1005 at 5:18-23. And a POSA would have known that water-
repellency was desirable when making protective coatings for electronics. Ex.
1004 at 4:9-15. In my opinion, a POSA considering BDVE for use with Coulson-
122, and Badyal therefore would have been motivated to substitute fluorine at eve-
ry Y12 and Y3 position in BDVE to improve hydrophobicity in the resulting pro-
tective coatings. A POSA would have retained BDVE’s alkylene (CH2) groups
separating the Y12 and Y3 groups from the oxygen of the ether groups to maintain
a spacer between the oxygen and fluorocarbon moieties to promote stability of the
resulting fluorine-substituted crosslinking reagent. Ex. 1038 at [0005-06]. In addi-
tion, a POSA 1n 2015 would have reasonably expected to succeed in obtaining and
using the fluorine-substituted version of BDVE because methods to prepare fluo-

rine-substituted divinyl ethers were known (Ex. 1038), and because Badyal taught
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that the crosslinker’s bridging group could include perfluoroalkyl groups, Ex. 1005
at 5:18-6:13.

6. Claim 8
“The device or component claim 5, wherein n is from 4 to 6.”

159. A POSA also would have known as a basic matter of chemistry that
longer alkyl chains, which contain a series of saturated hydrophobic —CH,— groups,
tend to confer greater hydrophobicity and steric flexibility with greater length (and
therefore a greater number of hydrophobic —CHz— groups). And a POSA would
have known that water-repellency was desirable when making protective coatings
for electronics. Ex. 1004 at 4:9-15. In my opinion, a POSA considering BDVE for
use with Coulson-122 and Badyal therefore would have been motivated to extend
the (CH2)2 Y10 group in BDVE, for example by doubling its length, to improve the
hydrophobicity of the resulting protective coatings. That would have yielded a
crosslinker with four -CH,— groups as recited in claim 8, and a POSA would have
recognized the resulting crosslinker as 1,6-hexanediol divinyl ether (HDVE). A
POSA reasonably would have expected to succeed in obtaining and using such a
modified version of BDVE because HDVE was already a known reagent in the
polymer field and had been used previously as a crosslinker in combination with
acrylate-based monomers. Ex. 1011 at 3:46-54, 3:1-14. In addition, a POSA in

2015 would have reasonably expected to succeed in making a variant of BDVE
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with an extended alkylene chain because such modifications to the alkyl structure
would have required only simple and straightforward techniques of organic synthe-
sis that would have been known and conventional to a POSA.

7. Claim 10

“The device or component according to claim 1, wherein when for
compound (i) L is of formula B and Yo has the following formula:

Yis Y=

Ysis H or vinylene, and Y16, Y17 and Y9 are each H.”

160. As I have described above, DCHD has a bridging group containing
the same formula specified in claim 10, including a para-substituted 6-carbon cy-
clohexane ring like the one shown above and that includes hydrogen atoms at each
of the positions labeled Yis-Y19 above.

8. Claims 11-15

161. In claim 11, both DCHD and BDVE are stated as specified crosslink-
ing reagents. Ex. 1001 at 20:67, 21:3-4.

162. As I’ve already described, Coulson-122 and Badyal taught PFAC8
and PFMACS8 as monomers that would be used in the proposed combination of
Holliday, Coulson-122, and Badyal, and those monomers meet the requirements

set forth in claims 12-15.
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D.  Ground 3: Coulson-122, Badyal, and Padiyath

163. In my opinion, as explained in more detail below, claims 1-4, 10, and
12-15 of the *876 patent would have been obvious over Coulson-122 and Badyal
combined with Padiyath.

164. As previously explained, a POSA would have been aware of Coulson-
122 and Badyal and would have been seeking known crosslinkers that fit Badyal’s
generic crosslinker structure with two double bonds and a bridging group and
properties beneficial for preparing protective coatings for electronics. In my opin-
ion, Padiyath described a known crosslinking reagent that would have met those
criteria and that a POSA would have considered suitable for preparing crosslinked
coatings in view of Coulson-122 and Badyal.

165. Padiyath described polymers useful for preparing barrier coatings to
protect moisture or oxygen sensitive electronic devices such as organic light-
emitting diodes (OLEDs), which are often used in screens for devices like televi-
sions and mobile phones. Ex. 1008 at [0001], [0023-24], [0027], [0063-64]. Padi-
yath’s barrier coatings could contain one or more polymer layers that could be pre-
pared using plasma polymerization. Ex. 1008 at [0005-07], [0011], [0025], Fig. 3.
The polymer layers were prepared using organic reagents, especially acrylates and
methacrylates. Ex. 1008 at [0052], [0054]. Padiyath described the polymer layers

as being preferably crosslinked, usually using crosslinking molecules. Ex. 1008 at
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[0011], [0025], [0052]. Below I discuss Padiyath’s description of a crosslinking re-

agent with two double bonds that a POSA would have recognized as suitable and

consistent with the crosslinker structure and properties desired for use in the Coul-

son-122/Badyal combination.

1. Claim 1

[Element Ic] “and wherein the crosslinking reagent comprises two or
more unsaturated bonds attached by means of one or more linker
moieties and has a boiling point of less than 500° C. at standard
pressure, the crosslinking reagent having one of the following structures:

(1)

{i)

where Y1, Y2, Y3, Y4, Ys, Y6, Y7 and Ys are each independently selected
from hydrogen, optionally substituted cyclic, branched or straight chain
Ci-Cs alkyl or aryl; and L is a linker moiety;”

166. Padiyath teaches crosslinking agents possessing two double bonds

which are diacrylate and dimethacrylate monomers. Ex. 1008 at [0052]. A pre-

ferred crosslinker taught by Padiyath was commercially available from the Sarto-

mer Co. under the name CD-406, which a POSA would have known was a formu-

lation using 100% of a component with the CAS number 67905-41-3, cyclohexane

1,4-dimethanol diacrylate (CDMDA) (also known as cyclohexane dimethanol di-
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acrylate or cyclohexane dimethanol diacrylate esters). Ex. 1008 [0054]; Ex. 1030
at [0144]; Ex. 1031 at [0027]; Ex. 1032 at 1. A POSA would have known that the

structure of CDMDA 1s as shown below:

s
\,\
F2A 0\ TN
A \ VVVVVVVVVVVV 4 \ VVVVVVVVVVV 0
D &
AAAAAAAAAAA ¥ [s) [ 4
N

Ex. 1030 at [0144] (and showing the structural formula of CDMDA 1in the provid-
ed below paragraph [0146]). Formula (i) of Claim 1 shown above matches
CDMDA when the six substituents on the two double bonds, Y1 to Y, are selected
as hydrogen and, as will be discussed below, the appropriate bridging group bridg-
es between the two double bonds.

167. The two unsaturated bonds of CDMDA are both part of acrylate bond-
ing configurations, and a POSA would have expected those bonds to readily react
with other acrylate and methacrylate monomers, such as PFAC8 and PFMACS,
because acrylate and methacrylate groups were known to be highly reactive in pol-
ymer applications. Padiyath, for example, indicated that it was particularly pre-
ferred to polymerize multifunctional acrylates (i.e., those like CDMDA having two
or more reactive acrylate groups capable of forming bonds with other molecules)
alone or in combination with other multifunctional acrylates or methacrylates or

monofunctional acrylates or methacrylates (i.e., those with only one reactive acry-
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late group, like PFACS8 and PFMACS). Ex. 1008 at [0052].

168. Padiyath taught that CDMDA is a volatilizable monomer. Ex. 1008 at
[0054]. The boiling point of a reagent is a fixed physical property of the reagent. A
POSA would have known that the normal boiling point of CDMDA is approxi-
mately 333°C (verified on chemspider.com using CAS No. 67905-41-3) (Ex. 1039
at 7). A POSA would have known that boiling point of CDMDA, or would have
been able to look it up using standard chemistry reference materials and determine
it experimentally using basic laboratory techniques like measuring the temperature
of a boiling sample of CDMDA at standard pressure. A POSA also would have
been able to accurately estimate the normal boiling point of CDMDA using the

Joback method (Ex. 1037) as I’ve shown below:

CDMDA
Group Contribution | No. | Total
=CH» 18.18 2 36.36
=CH- 24 .96 2 49.92
-CH»- 22.88 2 45.76
COO 81.1 2 162.2
CHrng |[21.78 2 43.56
CHyring |27.15 4 108.6
Total 446.4
Boiling Point (K) 644.6
Boiling Point (°C) 371.45

A POSA thus would have estimated the normal boiling point of CDMDA to be ap-
proximately 371°C—<close to the actual normal boiling point and similarly well be-

low 500°C and near the normal boiling points of PFAC8 and PFMACS.
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[Element 1d] |Formula A] “wherein for compound (i) L is of formula A
having one of the following structures:

Hfii,fQ\ ,D\\;Ea%‘%i:O\“/ﬁmk“/U??f
Yip

and Yo is selected from optionally substituted cyclic, branched or
straight chain C;-Cs alkylene and a siloxane group; or

[ Formula B] wherein for compound (i) L is of formula B having the
following formula:

where each Yoy is independently selected from, a bond, —O—,
—0—C(0)—, —C(0)—O0—, — Y 11—O0—C(0)—, —C(0)—O0—Y 11—,
—OY 11—, and —Y110—, where Y11 is an optionally substituted cyclic,
branched or straight chain C-Cs alkylene; and

[Formula B1] wherein Y10 has the following formula:

Yis Ys
| !

Si—O—Ti
Yis Yis

and each Y s is independently selected from optionally substituted
branched or straight chain C;-Cs alkyl; or

[Formula B2] wherein Y10 has the following formula:
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and Y6 to Y9 are each independently selected from H and optionally
substituted branched or straight chain C-Cs alkyl or alkenyl.”

169. The bridging group of CDMDA follows Formula B and B2 of claim 1.
For Yo, the substituents Yis to Y19 shown in Formula B2 are all hydrogen. For Yo,
the two independent selections for the left and right sides of Y10 are —C(O) —O—
Yii— and —Y11—0O—C(O)—, respectively. For both Yo selections, the Y1 sub-
stituent 1s the C1 alkylene group, methylene —CH»-. Thus, the left and right selec-
tions for Yy are —C(O)—O—CH,—and —CH;—O—C(O)— , respectively.

A POSA would have used Padiyath’s CDMDA crosslinker in the
coatings described by Coulson-122 and Badyal

170. Based on the teachings of Badyal, a POSA would have been aware
that crosslinking improves the durability of plasma polymers utilized as protective
barriers against liquids and grown using PFAC8 and PFMACS. Ex. 1005 at 4:1-27,
8:15-18, 9:10-26. A POSA would also have known from the teachings of Coulson-
122 that the plasma polymerization of PFAC8 and PFMACS is useful for protect-
ing electronic devices and components. Ex. 1004 at 1:3-23, 12:7-22, 13:30-14:23.

171. A POSA motivated to select a specific crosslinking agent which fol-
lowed the formula prescribed by Badyal would have considered Padiyath and its
disclosure of CDMDA as a known crosslinking reagent for use in preparing protec-
tive polymer coatings. A POSA would have been aware that Padiyath taught cross-

linked, multilayer polymer barriers for protecting electronic devices against water
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and oxygen [0001], [0011], [0023-24], [0027], [0063-64]. And as I explained
above, one reagent that Padiyath described using to make such polymers was
CDMDA (Ex. 1008 at [0054]), which a POSA would have recognized as a multi-

functional acrylate with two double bonds

that was consistent with the generic structure for suitable crosslinkers set forth by
Badyal, including having an alkyl bridging group interposed with oxygen atoms
(Ex. 1005 at 5:1-23).

172. Because CDMDA was a multifunctional diacrylate and was volatile
(Ex. 1008 at [0054]) and could therefore be easily vaporized, a POSA would have
recognized CDMDA as a desirable crosslinker for plasma polymerization. Padi-
yath reinforced that understanding because it taught that the protective barrier stack
could be made entirely of polymer layers (Ex. 1008 at [0018], [0025], Fig. 3), that
those polymers could be made using CDMDA (Ex. 1008 at [0054]), and that those
polymers could be formed by plasma polymerization. Ex. 1008 at [0011], [0054],
[0061]. Based on Padiyath’s disclosures indicating the volatility of CDMDA, its
suitability in preparing barrier coatings, and its suitability for plasma polymeriza-

tion, along with the fact that CDMDA fit with Badyal’s stated structural require-
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ments for a suitable crosslinker, a POSA reading Padiyath would have been moti-
vated to use CDMDA as a crosslinker when preparing protective coatings for elec-
tronics in view of Coulson-122 and Badyal.

173. A POSA also would reasonably have expected that the diacrylate
structure of CDMDA would successfully copolymerize with other compounds in
the family of acrylate and methacrylate monomers, which includes PFACS8 and
PFMACS to create protective coatings. For one thing, Badyal taught that crosslink-
ers like CDMDA that have its generic crosslinker formula with two double bonds
and a bridging group would be suitable for copolymerization with fluorinated
monomers including PFAC8 and PFMAC8—vparticularly where the crosslinker
(like CDMDA) does not include a fluorinated group. Ex. 1005 at 5:1-23, 6:24-7:2,
9:10-26, 8:15-19. For another, Padiyath taught that the barrier polymer layers
could include monofunctional (meth)acrylates used in combination with multifunc-
tional (meth)acrylates. Ex. 1008 at [0052]. According to Padiyath, suitable mono-
functional (meth)acrylates included fluorinated (meth)acrylates in a molecular
weight range between 400 and 3,000 (Ex. 1008 at [0052]), and a POSA already
aware of Coulson-122 and Badyal would have known that PFAC8 (MW = 518.17)
and PFMAC8 (MW = 532.19) fit within that range, so a POSA would have ex-
pected to succeed copolymerizing monofunctional fluorinated (meth)acrylates like

PFACS8 and PFMACS with a disclosed, especially preferred multifunctional acry-
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late like CDMDA (Ex. 1008 at [0052], [0054]). In addition, since both Padiyath
and Coulson taught methods for producing films for electronic protection applica-
tions, a POSA would have reasonably expected to succeed to combine the cross-
linker specified by Padiyath, CDMDA, with one of the fluorine-containing mono-
mers specified by Coulson-122 to achieve durable crosslinked protective coatings
on the surface of electronic devices and components.

174. A POSA also would have been aware that the normal boiling points
of PFACS8 and PFMACS are near the normal boiling point of CDMDA and there-
fore would have expected vapors of the monomers PFAC8 and PFMACS could be
readily introduced into the vacuum chamber of a plasma reactor together with
CDMDA crosslinking vapors.

2. Claims 2, 3

175. Claims 2 and 3 identify physical properties of the polymer coatings in

claim 1. I discuss claims 2 and 3 in Section G below.
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3. Claim 4

“The device or component according to claim 1, wherein when for
compound (i) L is of the formula B, L has one of the following

structures:
0 0
Q : !
St FOH
Yio
) \( o N
G O
0 0

ﬁl{\u)]\\' :.:_)J\U/>;
0 O
ii%‘\o,/‘\ v f\o)‘?‘f
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176. As noted above, the structure of CDMDA fits Formula B of claim 1. It
further matches the fourth of the four bridging group structures specified in claim 4.
I have provided the structure of CDMDA below, with the bridging group bracketed

in red
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That bridging group of CDMDA matches the following claimed bridging group
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where for Y10 CDMDA has a 6-carbon cyclohexane ring consistent with Formula
B2 of claim 1.

4. Claim 10

“The device or component according to claim 1, wherein when for
compound (i) L is of formula B and Yo has the following formula:

Tis X7

Y1 Yig

Yis is H or vinylene, and Y16, Y17 and Y19 are each H.”

177. The bridging group of CDMDA has a 6-carbon ring identical to the
one shown in claim 10, and the corresponding Yis-Y19 positions in the ring of
CDMDA are all occupied by hydrogen, just as specified in claim 10.

5. Claims 12-15
178. As I’ve already described, Coulson-122 and Badyal taught PFAC8

and PFMACS8 as monomers that would be used in the proposed combination of
Padiyath, Coulson-122, and Badyal, and those monomers meet the requirements
set forth in claims 12-15.

E. Ground 4: Coulson-122, Badyal, and Francesch

179. In my opinion, as explained in more detail below, claims 1-3, 5-8, and
11-15 of the *876 patent would have been obvious over Coulson-122 and Badyal

combined with Francesch.
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180. As previously explained, a POSA would have been aware of Coulson-
122 and Badyal and would have been seeking known crosslinkers that fit Badyal’s
generic crosslinker structure with two double bonds and a bridging group and
properties beneficial for preparing protective coatings for electronics. In my opin-
1on, Francesch described applying plasma polymer coatings to silicon surfaces us-
ing a fluorinated methacrylate monomer and a known crosslinking reagent—
BDVE—that a POSA would have considered suitable for preparing crosslinked
coatings in view of Coulson-122 and Badyal.

1. Claim 1

181. Francesch taught the plasma copolymerization of a fluorine-
containing methacrylate monomer (pentafluorophenyl methacrylate (PFM)) with
two different crosslinkers, one of which was BDVE

HCPNO S On U

in order to deposit crosslinked polymer coatings with improved solvent resistance
onto silicon substrates. Ex. 1009 at 606-07, 610. The BDVE crosslinker taught by
Francesch was also described by Holliday and fit the all the structural requirements
given in claim 1 for the Formula A crosslinker, as I previously explained above.

A POSA would have used Francesch’s BDVE crosslinker in the coatings
described by Coulson-122 and Badyal

182. In my view, several factors would have motivated a POSA to use
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BDVE as a crosslinker in combination with PFAC8 or PFMACS to prepare protec-
tive coatings on electronics in view of Coulson-122, Badyal, and Francesch. As I
explained earlier when discussing Holliday, BDVE fit the structural requirements
of Badyal’s generic description of suitable crosslinking reagents known in the pol-
ymer field for copolymerizing with monomers like PFAC8 and PFMACS, includ-
ing two double bonds separated by an alkyl bridging group containing interposed
oxygen atoms in the preferred embodiments. Ex. 1005 at 5:1-5, 5:18-6:20. Because
BDVE contained interposed oxygen atoms in its alkyl bridging group, a POSA
considering Francesch in view of Badyal would have preferred BDVE over the
other crosslinker described by Francesch (1,7-octadiene). A POSA would have
known that 1,7-octadiene lacks the interposed oxygen atoms in its alkyl bridging
group as called out by Badyal.

183. Because Francesch described using BDVE as a crosslinker to create
plasma polymer coatings by co-polymerizing with a fluorinated methacrylate
(PFM), a POSA would have understood that BDVE was suitable for copolymeriz-
ing with such monomers belonging to the family of acrylate and methacrylate by
plasma polymerization. Ex. 1009 at 606-10. That would have reinforced the
POSA’s understanding that BDVE would be compatible or plasma polymerizing
with other fluorinated (meth)acrylates—including PFAC8 and PFMAC8—based

on its qualifying as a “suitable” crosslinker structure under the criteria set forth by
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Badyal. Ex. 1005 at 5:1-23.

184. Francesch taught that co-polymerizing BDVE with PFM under pulsed
plasma yielded a copolymer film with improved solvent resistance and a continu-
ous, pinhole-free surface covering the silicon wafer substrate. Ex. 1009 at 609-610,
Fig. 3(b). A POSA would have wanted to achieve solvent resistance and a pinhole-
free film surface when preparing a protective coating to provide a continuous bar-
rier because solvent resistance provides added protection and improves polymer
durability, and pinholes provide gaps in the polymer through which electrical cur-
rent or corrosive substances like water vapor can pass. Francesch described plasma
conditions that resulted in depositing the PFM/BDVE copolymer at a rate of § nm
per hour. Ex. 1009 at 608. Francesch also described performing plasma deposition
for 2-8 hours (Ex. 1009 at 607), so a POSA would have understood that deposition
time multiplied by the disclosed deposition rate meant that Francesch described
depositing films containing BDVE at a thickness of approximately 16-64 nm. A
POSA would have recognized that coating thicknesses in that range were suitable
for providing a protective coating on electronics. Ex. 1014 at 28:23-25; Ex. 1008 at
[0053]. As a result, a POSA would also be aware that BDVE could be delivered as
a vapor phase reagent into a vacuum chamber used for plasma polymerization. Ex.
1009 at 606-07, 610.

185. A POSA also would have reasonably expected to succeed in using the
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proposed combination of BDVE and PFAC8 or PFMACS to prepare protective
plasma polymer coatings based on Coulson-122, Badyal, and Francesch. As I have
explained, plasma polymerization was routine by 2015. Both Badyal and Fran-
cesch taught that plasma copolymerization from a mixture containing a crosslink-
ing monomer having two double bonds and a fluorine-containing monomer from
the family of acrylate and methacrylate monomers, increased the durability of the
resulting protective layer, so a POSA would have expected the combination of
BDVE and PFACS8 or PFMACS (both fluorinated, acrylate-based monomers simi-
lar to PFM) to work together for plasma polymerization. Ex. 1005 at 7:4-9:26; Ex.
1009 at 606-07, 610. A POSA would have known that BDVE has a normal boiling
point near and less than PFAC8 and PFMACS, so the POSA would have expected
that BDVE vapors could be readily supplied to a plasma chamber with vapors of
PFACS8 or PFMACS. A POSA also would have expected the resulting polymer
coatings to exhibit protective properties. That would have included water repel-
lence based on the properties associated with PFAC8- and PFMACS8-based coat-
ings reported by Coulson-122 and Badyal as well as the hydrocarbon-based bridg-
ing group of BDVE. That also would have included barrier properties because
Francesch described achieving smooth, continuous, pinhole-free upon crosslinking
with BDVE. Ex. 1009 at 609-10, Fig. 3(b).

186. Finally, Francesch taught successfully applying plasma-polymer coat-
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ings crosslinked with BDVE to silicon wafers (Ex. 1009 at 607), which a POSA
would have recognized as a similar solid surface to many electronic components
and devices. A POSA would have reasonably expected to succeed in coating elec-
tronic devices with a plasma polymer based on BDVE and PFAC8 and PFMACS
due to the success with the solid surfaces of silicon substrates in Francesch com-
bined with the extensive disclosures about protecting electronics using monomers
like PFAC8 and PFMACS in Coulson-122 (Ex. 1004 at 1:3-7) and the teachings in
Badyal about the substrate versatility of crosslinked PFAC8 or PFMACS coatings
(Ex. 1005 at 9:28-34, 11:22-24).

2. Claims 2, 3

187. Claims 2 and 3 identify physical properties of the polymer coatings in
claim 1. I discuss claims 2 and 3 in Section G below.

3. Claims 5 and 6

188. As I explained above under Ground 2, the BDVE crosslinker de-
scribed by Francesch meets the structural limitations of claims 5 and 6.

4. Claim 7

“The device or component according to claim 5, wherein each Y12 is
fluoro and each Y3 is fluoro.”

189. As I explained above under Ground 2, it 1s my opinion that it would
have been obvious to modify BDVE to obtain a fluorinated bridging group struc-

ture as specified in claim 7 in view of Badyal’s disclosures of the increased hydro-
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phobicity that can be achieved using perfluoroalkyl groups.

5. Claim 8
“The device or component claim 5, wherein n is from 4 to 6.”

190. As I explained above under Ground 2, a POSA would have considered
it obvious to modify BDVE to obtain the longer, more flexible and hydrophobic
hydrocarbon chain in the bridging group to improve the properties of the resulting
protective coatings.

6. Claims 11-15

191. In claim 11, BDVE is stated as a specified crosslinking reagent. Ex.
1001 at 20:67,21:3-4.

192. As I’ve already described, Coulson-122 and Badyal taught PFAC8
and PFMACS8 as monomers that would be used in the proposed combination of
Francesch, Coulson-122, and Badyal, and those monomers meet the requirements
set forth in claims 12-15

F.  Ground 5: Coulson-122, Badyal, and Tropsch

193. In my opinion, as explained in more detail below, claims 1-3, 5-8, and
12-15 of the *876 patent would have been obvious over Coulson-122 and Badyal
combined with Tropsch.

194. As previously explained, Coulson-122 and Badyal would have
prompted a POSA to seek known crosslinkers that fit Badyal’s generic crosslinker

structure with two double bonds and a bridging group and properties beneficial for
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preparing protective coatings for electronics. Tropsch described a known crosslink-
ing reagent that a POSA would have used for preparing crosslinked coatings in
view of Coulson-122 and Badyal: 1,6-hexanediol divinyl ether (HDVE). Ex. 1011
at 4.34-38.

1. Claim 1

[Element Ic] “and wherein the crosslinking reagent comprises two or
more unsaturated bonds attached by means of one or more linker
moieties and has a boiling point of less than 500° C. at standard
pressure, the crosslinking reagent having one of the following structures:

(D)
RS Yy

(i}

Y ;e | e Yy

where Y1, Y2, Y3, Y4, Ys, Y6, Y7 and Ys are each independently selected
from hydrogen, optionally substituted cyclic, branched or straight chain
Ci-Cs alkyl or aryl; and L is a linker moiety;”

195. Tropsch described using HDVE as a preferred crosslinking reagent for
producing polymers. Ex. 1011 at 3:48-54, 4:34-38. As a POSA would have known,

the structure of HDVE 1s as shown below:

O Gy
o - e o, T M e
N ,\,w«"'*ﬂ\m" S Ny \\’\x’
i“‘:g.\&! N L

X

HDVE fit the structure (1) shown above in ’876 claim 1, with two unsaturated
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bonds having hydrogen at each of the Y1-Y6 positions and a bridging group be-
tween the two double bonds. A POSA would have known that the normal boiling
point of HDVE is approximately 233°C (verified on chemspider.com using CAS
No. 19763-13-4) (Ex. 1039 at 9). A POSA would have known that boiling point of
HDVE, or would have been able to look it up using standard chemistry reference
materials or determine it experimentally using basic laboratory techniques like
measuring the temperature of a boiling sample of HDVE at standard pressure. A
POSA also would have been able to accurately estimate the normal boiling point of

HDVE using the Joback method (Ex. 1037) as I’ve shown below:

HDVE
Group Contribution | No. | Total
=CH» 18.18 2 36.36
=CH- 24 .96 2 49.92
-CH»- 22.88 6 137.28
O nonring | 22.42 2 44 .84
Total 268.4
Boiling Point (K) 466.6
Boiling Point (°C) 193.45

A POSA thus would have estimated the normal boiling point of HDVE to be ap-
proximately 193°C. That estimated value would have been well below 500°C,

close to the actual normal boiling point, and lower than but near the normal boiling

points of PFAC8 and PFMACS.
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[Element 1d] |Formula A] “wherein for compound (i) L is of formula A
having one of the following structures:

J,,4""‘$\-'/C)~\ /C‘\/EILLL E{Ovm\’/u;\f
Yip

and Yo is selected from optionally substituted cyclic, branched or
straight chain C;-Cs alkylene and a siloxane group; or

[ Formula B] wherein for compound (i) L is of formula B having the
following formula:

where each Yoy is independently selected from, a bond, —O—,
—0—C(0)—, —C(0)—O0—, — Y 11—O0—C(0)—, —C(0)—O0—Y 11—,
—OY 11—, and —Y110—, where Y11 is an optionally substituted cyclic,
branched or straight chain C-Cs alkylene; and

[Formula B1] wherein Y10 has the following formula:

Yis Ys
| !
Si—O—Ti
Yis Yis

and each Y s is independently selected from optionally substituted
branched or straight chain C;-Cs alkyl; or

[Formula B2] wherein Y10 has the following formula:
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and Y6 to Y9 are each independently selected from H and optionally
substituted branched or straight chain C-Cs alkyl or alkenyl.”

196. HDVE fit the structure shown on the right side of Formula A in claim
1. For HDVE, Yo is a linear alkenyl chain having four carbon atoms (C4).

A POSA would have used Tropsch’s HDVE crosslinker in the coatings
described by Coulson-122 and Badyal

197. Tropsch described preparing polymers containing peroxycarboxyl
groups. Ex. 1011 at 1:1-7. A disclosed preferred crosslinker in Tropsch was HDVE.
Ex. 1011 at 3:48-54, 4:34-38. A POSA would have been motivated to use HDVE
as a crosslinker in crosslinked Coulson-122/Badyal coatings for several reasons.
HDVE was a crosslinker known in the polymer art, and HDVE’s structure fell
within Badyal’s group of suitable crosslinkers, having two double bonds, R1-R6
being hydrogen, and a bridging group interposed with oxygen atoms separating the
double bonds. Ex. 1005 at 5:1-23. In addition, based on the teachings of Tropsch,
crosslinking building blocks can form a multitude of copolymers with one family
of comonomers being the family acrylate and methacrylate monomers (Ex. 1011 at
3:1-8), which would have motivated at POSA to use HDVE as a crosslinker for the
fluorine-containing monomers of Coulson-122 and Badyal include PFACS and
PFMACS because those too are an acrylate and a methacrylate, respectively. A
POSA also would have believed that the relatively long hydrophobic hydrocarbon

chain of the HDVE bridging group would be suitable for preparing hydrophobic
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polymer coatings, as would be preferred for protective coatings for use on electron-
ics. A POSA would be aware that the normal boiling points of HDVE 1s approxi-
mately 233°C. That value would have suggested to a POSA that HDVE would
have sufficient volatility for use as a reactant vapor for plasma co-polymerization
with PFAC8 or PFMACS, which have similar normal boiling points. Altogether,
those various factors known to a POSA would have motivated combining Coulson-
122, Badyal, and Tropsch to prepare electronics with a protective plasma polymer
coating made using PFAC8 or PFMACS8 and HDVE as a crosslinker.

198. In my opinion, a POSA also would have reasonably expected to suc-
ceed with the proposed combination using HDVE as a crosslinker. Plasma
polymerization was routine by 2015. Tropsch taught using various initiation tech-
niques for polymer production using the disclosed crosslinkers, such as suspension
polymerization and free-radical initiation using hydrogen peroxide. Ex. 1011 at
5:7-30. A POSA would have expected HDVE could be similarly polymerized with
plasma methods given that activation methods could typically be substituted for
one another when using reagents that can be polymerized, and especially given the
similar polymerization processes that occur in free-radical and plasma polymeriza-
tion. A POSA further would have recognized that HDVE is structurally similar to
BDVE (the alkenyl chain in HDVE’s bridging group is two carbons longer than

BDVE), which was known to be suitable for crosslinking a fluorinated acrylate by
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plasma polymerization (Ex. 1009 at 606-07), so a POSA would have expected sim-
ilar results with HDVE.

199. A POSA also would have expected compounds like HDVE that fit
Badyal’s generic crosslinker structure to successfully co-polymerize with the
PFAC8/PFMACS8 monomers of Coulson-122 and Badyal because Badyal taught
that such crosslinkers would work. Ex. 1005 at 4:17-5:19. In addition, Tropsch
taught that its crosslinkers, which included HDVE as preferred, could be polymer-
1zed with acrylates (Ex. 1011 at 3:1-10, 4:34-38), which would have supported a
reasonable expectation that HDVE could successfully crosslink other acrylate and
methacrylate monomers like PFAC8 and PFMACS.

2. Claims 2, 3

200. Claims 2 and 3 identify physical properties of the polymer coatings in
claim 1. I discuss claims 2 and 3 in Section G below.

3. Claims 5, 6, and 8

201. The bridging group of HDVE met every additional limitation speci-
fied for the bridging group in claims 5, 6, and 8. I have provided the structure of
HDVE below, with the bridging group bracketed in blue and the Y10 group brack-
eted in red:
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202. Claim 5 specifies that Yo takes the form of a carbon chain with be-
tween 1 and 10 carbon atoms in the chain, and the Y2 and Y13 groups bound to
each carbon in the chain can be a number of substituents, including hydrogen. Ex.
1001 at 20:18-33. In HDVE, the Y0 carbon chain (red bracket) has four carbon at-
oms, which is an integer between 1 and 10 as claimed. In addition, each carbon in
the Yo carbon chain is -CH,— meaning that all of the Yi2and Y3 groups are hy-
drogen. Claim 6 limits each Yi2and Y13 groups to being hydrogen, which is again
satisfied by the structure of HDVE.

203. Claim 8 specifies that the Y10 carbon chain must have a backbone of
between 4 and 6 carbon atoms (n =4, 5, or 6). In HDVE, the Y0 carbon chain is (—
CHz—): (i.e., n =4), so HDVE satisfies claim 8 as well.

4. Claim 7

“The device or component according to claim 5, wherein each Y12 is
fluoro and each Y; is fluoro.”

204. A POSA would have known that perfluorinated alkyl chains confer
strong hydrophobicity. Ex. 1005 5:18-23, 10:32-11:1; Ex. 1019 at 2031. In addi-
tion, Badyal taught that the bridging group in a suitable crosslinker could be per-
fluorinated. Ex. 1005 at 5:18-23. And a POSA would have known that water-
repellency was desirable when making protective coatings for electronics. Ex.
1004 at 4:9-15. In my opinion, a POSA considering Tropsch, Coulson-122, and

Badyal therefore would have been motivated to substitute fluorine at every Yi2 and
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Y13 position in HDVE to improve hydrophobicity in the resulting protective coat-
ings. A POSA would have retained HDVE’s alkylene (CH2) groups separating the
Y12 and Y13 groups from the oxygen of the ether groups to maintain a spacer be-
tween the oxygen and fluorocarbon moieties to promote stability of the resulting
fluorine-substituted crosslinking reagent. Ex. 1038 at [0005-06]. In addition, a
POSA in 2015 would have reasonably expected to succeed in obtaining and using
the fluorine-substituted version of HDVE because methods to prepare fluorine-
substituted divinyl ethers were known, Ex. 1038, and because Badyal taught that
the crosslinker’s bridging group could include perfluoroalkyl groups, Ex. 1005 at
5:18-6:13.
5. Claims 12-15

205. As I’ve already described, Coulson-122 and Badyal taught PFACS8
and PFMACS8 as monomers that would be used in the proposed combination of
Tropsch, Coulson-122, and Badyal, and those monomers meet the requirements set
forth in claims 12-15.

G. All Grounds: Claims 2 and 3

206. In my opinion, as explained in more detail below, claims 2 and 3 of
the *876 patent would have been obvious over Coulson-122 and Badyal combined

with any of Cohen, Holliday, Padiyath, Francesch, and Tropsch.
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1. Claim 2

“The device or component according to claim 1, wherein the protective
cross-linked polymeric coating is a physical barrier to mass and electron
transport.”

207. Claim 2 specifies that the coating is a physical barrier to mass and
electron transport. To a POSA, a barrier to electron transport is something that im-
pedes electrical conductance, often referred to as an electrical insulator (Ex. 1012
at 1:9-18), and that is consistent with the 876 patent’s description of the coatings
as able to provide electrical insulation. Ex. 1001 at 3:41, 4:7, 4:14-15. Providing
electrically insulating coatings on electrical components and devices has long been
known and desired to protect such components from short circuits and other elec-
trical damage. Ex. 1007 at 1:10-52, 2:17-35; Ex. 1012 at 7:8-10; Ex. 1018 at 1:6-28;
Ex. 1033 at [0001-04], [0015-16]. Similarly, a barrier to mass transport impedes
passage of molecules having mass such as liquids and gases, consistent with the
’876 patent’s discussion of restricting the passage of water, oxygen, and ions. Ex.
1001 at 3:1-6. It was also well known that providing protective coatings for elec-
tronics that could restrict passage of such molecules was helpful for preventing
corrosion by preventing those molecules from contacting the underlying electron-
ics. Ex. 1008 at [0023-24]; Ex. 1013 at [0004]; Ex. 1007 at 1:50-52; Ex. 1014 at
1:14-17; Ex. 1029 at 6207-08, 6210.

208. A POSA would have known that plasma polymer coatings applied us-
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ing fluorinated acrylate-based monomers including PFAC8 and PFMACS taught
by Coulson-122 and Badyal provided electrically insulating and barrier properties.
Ex. 1012 at 7:3-21, 13:3-14; Ex. 1014 at 4:22-55, 16:7-27. In general, a POSA
would have expected crosslinking to improve the barrier and insulating properties
of coatings made with those fluoroacrylates because crosslinking was known to
yield more amorphous (less crystalline) polymer structure, reducing surface rough-
ness and thus the incidence of channels or gaps (pinholes) forming in the coating.
Ex. 1026 at 6550-53. A POSA would have known that channels typically present
in crystalline coatings with rough, irregular surfaces could allow corrosive mole-
cules like oxygen or water vapor to pass through to the substrate or provide a
pathway for electrical conductance across the coating.

209. Consistent with those expectations, a POSA also would have known
that many crosslinkers also including DVTMDS, DCHD, BDVE, and CDMDA
had been associated with barrier and/or insulating properties when used in polymer
coatings. DVTMDS had been used in electrically insulating coatings. Ex. 1006 at
5:1-12; Ex. 1018 at 1:6-11, 3:50-4:25; Ex. 1017 at 3:27-4:20; Ex. 1033 at [0002],
[0040]. DVTMDS had also been used in barrier coatings. Ex. 1017 at 3:27-4:20.
DCHD and BDVE had been used in coatings provided to achieve electrical insula-
tion, reduced permeability, and chemical or solvent resistance. Ex. 1007 at 5:48-54,

1:10-51; Ex. 1009 at 610. CDMDA had been taught for use in preparing polymer
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layers to provide a barrier against water and oxygen. Ex. 1008 at [0023-24]. Ac-
cordingly, a POSA would have expected coatings prepared using PFACS8 or
PFMACS and a crosslinking reagent as in Grounds 1-5 to exhibit barrier and insu-
lating properties at least as effective as those provided by coatings based on
PFACS8 or PFMACS alone.

210. A POSA who desired to prepare a plasma-polymer coating with barri-
er properties using those materials also would have known that, as a basic principle,
the ability of a coating to provide insulation and block the passage of contaminants
from the environment typically increases as the thickness of the coating increases.
Ex. 1013 at [0039]. The POSA would have known that the thickness of a plasma
polymer coating can be increased by increasing the polymerization time. Ex. 1014
9:15-17, 28:23-25; Ex. 1009 at 608. It therefore would have been straightforward
for a POSA seeking to enhance barrier properties in a crosslinked coating based on
the combinations of monomers and crosslinkers described in Grounds 1-5 to do so
by increasing the substrate’s plasma exposure time to provide a coating with great-
er thickness and testing the resulting coatings at various thicknesses to verify that
the desired barrier properties had been achieved.

211. In addition, a POSA would have known that the properties of a co-
polymer depend on its components. Both the monomers, PFAC8 or PFMACS, and

crosslinkers, including at least DVTMDS, DCHD, BDVE, and CDMDA, were
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known to yield units in polymeric coatings with the barrier properties in claim 2.
Therefore, a POSA would have expected that co-polymer coatings produced using
those components in combination would necessarily exhibit the properties in claim
2.

2. Claim 3

“The device or component according to claim 1, wherein the protective
cross-linked polymeric coating forms a liquid repellent surface defined
by a static water contact angle (WCA) of at least 90°.”

212. Claim 3 specifies that the coating has a static water contact angle
(WCA) of at least 90°C. A POSA would have known WCA as a standard metric
for measuring the hydrophobicity of a surface. In general, the test is performed by
placing a droplet of a liquid, such as water, on a surface to be tested and then

measuring the angle formed by the liquid where it contacts the surface, as 've

.

A POSA would have understood that, generally speaking, the larger the contact

shown below:

angle, the more liquid-repellent the surface is considered to be. Ex. 1013 at [0041];
Ex. 1015 at [0011-17], Figs. 1-2; Ex. 1012 at 11:4-11; Ex. 1014 at 12:4-5; Ex.

1029 at 6204-06 and Fig. 19. Thus, a POSA would have concluded that the surface
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illustrated on the right in the diagram above is more water-repellent that the surface
on the left. As a general benchmark, a 90° contact angle was often considered a
cutoff between hydrophobic and non-hydrophobic surfaces. Ex. 1013 at [0041]. A
high WCA manifests in the commonly observed phenomenon of water beading on
a hydrophobic surface, such as a lotus leaf or a newly waxed finish on a car.

213. As I have discussed, fluorinated monomers like the PFACS8 and
PFMACS8 monomers described by Coulson-122 and Badyal were well known to
yield surfaces that have hydrophobic properties and form water-repellent coatings
when applied to a surface by plasma polymerization. Ex. 1004 at 3:14-4:3, 12:7-22,
13:30-14:23; Ex. 1019 at 2037-38; Ex. 1012 at 10:13-11:11; Ex. 1014 at 13:30-
14:23; Badyal; Ex. 1029 at 6204-06. A POSA looking at the known bridging struc-
tures of the crosslinkers in Ground 1-5 (DVTMDS, DCHD, BDVE, CDMDA, and
HDVE) would have expected that those compounds would exhibit hydrophobicity.
The bridging structures for DCHD, BDVE, CDMDA, and HDVE are made up
primarily of alkyl hydrocarbon groups, which were well known to be hydrophobic.
Ex. 1005 at 4:21-23. The siloxane bridging group in DVTMDS with its four me-
thyl substituents also would have been well known to a POSA as being associated
with hydrophobicity. Ex. 1014 at 4:5-5:13, 16:7-14. A POSA therefore would have
found hydrophobicity, with a WCA of at least 90° to be an obvious an expected

property when preparing plasma coatings made with the perfluorinated PFACS or

- 111 -



Declaration of Dr. Karen Gleason
IPR2020-01198

PFMACS8 monomers in combination with any of the organic crosslinkers specified
in Grounds 1-5.

214. The molecular composition of a polymer determines its hydrophobi-
city. Because PFAC8 and PFMACS are inherently hydrophobic due to their per-
fluorinated chains (Ex. 1029 at 6204-06; Ex. 1005 at 4:23-25, 9:10-26, 8:15-19; Ex.
1016 at 4:41-44), and because the crosslinking reagents cited in Grounds 1-5 also
consisted primarily of hydrophobic bridging groups, combining those reagents nat-
urally and necessarily would have resulted in a co-polymer with hydrophobic

properties, as characterized by a WCA of at least 90°.
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I hereby declare that all the statements made in this Declaration are of my own
knowledge and true; that all statements made on information and belief are believed
to be true; and further that these statements were made with the knowledge that will-
ful false statements and the like so made are punishable by fine or imprisonment, or
both, under 18 U.S.C. § 1001 and that such willful false statements may jeopardize
the validity of the application or any patent issued thereon.

I declare under the penalty of perjury that all statements made in this declara-

tion are true and correct.
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Date: July 9. 2020 )

Karen K. Gleason, Ph.D.
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invited Lectures

i

&,

10.

t1

13.

i4.

8.
19,

20.

John M. Prausnitz AICH Instinie Lecture, ATCHE Anmnal Meeting, Orlando FL; November 13, 2019
Durable Surface Energy Control with Initiated Chemical Vapor Deposition (iCVD) Polyniers, American
Vacuum Society (AVS), Colurabus O, Octeber 23, 2019

Yapor Deposited Polvmers: from Fondarmentals to Cormercialization, University of Hlinois, Department
of Chenucal & Biomolecular Engineering, Urbana, 1L, September 24, 2019,

Chemical Vapor Deposition of Zwitterionic Surfaces, 4 Int'l Conf. on Bioinspired and Zwitterionic
Materials, Kerkrade, The Netherlands; June 18, 2019 Flenary address

Vapor Deposited Polymers: frors Fundamentals to Commerciabization, American Physical Society March
Meeting, Boston, MA, March 4, 2019,

Vapor Deposited Polvmers: from Fundamerndals to Conunercialization, AIChE Womern in Chemical
Engineering (WIC) 20th Aoniversary Symposium, Pitisburgh, PA; October 36, 2018,

Initiated Plasma-Enbaoced CVD of Ultrathin Gas-Selective Polymers Films, Armerican Vacuwm Saciety
{(AVS) 65th International Symposiom & Exhibition, Long Beach, CA; October 22, 2018

Yapor Deposited Polymers: from Fundamentals to Commercialization, 2018 STAMI Indusirial Partners
Day and Exposition, Georgia Tech, Atlanta, GA; September 27, 2018, Keynofe address

Stable Wettabulity Conirol of Naropowres Microstructures by Ultrathin Polymers for Applications in
Electronics, European Matenals Rescarch Symposivn (EMRS), Strasbourg, France; June 19, 2018
Initiating Polyvmers {rom Monomer Vapors via Heat, Light, and Plasma, Physics Dept. Colloguinm, Graz
University of Technology (TU Graz), Graz, Austria; June 14, 2018,

Ultrathin and Conformal Polymer Filis for Organic Surfaces and Devices, 17% Congress of the Asiane
Pactfic Confedermtion of Chemical Enginecring, Hong Kong, August 24, 2017, Flenary address

. Welcoming Address, History and Foture of Massachuseits Innovation, HUBweek MIT, Cambridge, MA,

September 27, 2017,

Svathesizing Polymers by iCVD for Organic Sorfaces & Devices, 9% Iniemational Conference on Hot Wire
and Initiated CVD, Philadelphia, PA, Septernber 6 2016. Keynote address

Panelist for Clean Energy scssion, Conference of New England Governors & Fastern Canadian Premiers,
Boston, MA, August 29, 2016,

. Synthesizing Polymers from Monomer Vapors for Orgzanic Surfaces & Devices, St Gobarn, Northborg,

MA, June 10, 2016,

. Philips MIT alliance: Introduction to the MIT Innovation ecosystermy, Eindhoven, Netherlands, May 12,

2016

. Moderator for Pane] Discussion: At the Crossroads of Collaborationt How the MIT Camopus will change by

2030, alaunch activity for MIT s Campaign for a Better World, May 7%, 2016,

Cipening Remarks, MIT J-WAFS Food and Water Conference, Cambridge, MA, April 277 2016,

Food and Water-bome Pathogen Detection, MIT J-WAFS Food and Water Conference, Cambridge, MA,
April 278 2016,

Synthesizing Polymers from Monomer Vapors for Organic Sarfaces & Devices, UCLA, Chernical
Engineering Departmental Seminar, Los Angeles, CA, Aprit 155 2018,

. Panclist Analog Devices Women's Forum, Boston, MA, April 12, 2016

2. Synthesizing Polymers from Monomer Vapors for Organic Sarfaces & Devices, University of Washington,

Chemical Engincering Departmental Seminar, Seattle, April 4%, 2018,

. Enginecring the Vapor Deposition of Organic Surfaces & Devices, Microsystems Technology Laboratory

Industnal Advisory Board Meeting, January 22, 2016,

. Uhrathin and Durable Fluoropolymer Networks by initiated Chemical Vapor Deposition, Pacific Polyoer

Conference, ACS Pacific Polymer Conference, Kanai, HE, Dec 12, 2015,
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W

20,

Svuthesizing Polymers from their Monomer Vapors for Organic Surfaces and Devices Synthesizing
Polyrers from their Monomer Vapors for Grganic Surfaces and Devices, National Academy of
Engineering, Section 3. Washington BC, Oct. §, 20135

AIChE Stine Award Lecture, Engineering the Vapor Deposition of Organic Thin Films and Devices,
AICHE National Mecting, Salt Lake City, UT, Nov 11, 20135, dward Lecture.

. Syaothesizing Polymers from their Monoemer Vapors for Orgaaic Surfaces and Devices, Diepattment of

Material Science, Georgia Institute of Technology, Sept. 14, 2015,

. Science Talent Scarch Alumni Reception, hostod by Akamai: panelist with Hric Lander, Erika Ebbecl

Angle, Frank Wilczek, Tom Leighton, Sept 3, 2015.
The Accidental Entreprencuor: the Road to Commercialization of Ulrathin Vapor Deposited Polvmer Films,
MIT Brazi Challeage of Tonovation Confercace, San Paulo, Brazd May 13, 2015

30, Chemically Vapor Deposited (CVD) Polymers for Device Fabrication, Spring MRS Meeting, Sant

(4
Ly

‘4l
~3

38

40,

41

46.

Francisco, April 8, 2015

. Al in the Life of 2 Chemical Engineer: from Spectroscopist to Accidental Entreprencuy’, Adel F. Sarofim

Distioguished Lectare, Untversity of Utab Department of Chemical Eogincenng, March 24, 2013, Nawmed
fectureship,

2. Durable Water Shedding Surfaces, Sobve for X (Google X). San Martin, CA, February 5, 2014,

3. Solvent-free Polvmerization for Surface Design. Materials Rescarch Socicty, Boston, MA, December 2,

Vapor Printed Surface and Devices on Fiber-based Substrates. Harvard Science Symposhum “Smast
Clothes,” Cambridge, MA, November 15, 2013,

Solvent-free Polymerization at Swrfaces by initiated Chemical Vapor Deposition (iCVD). Japan Society of
Applied Physics and Matenals Research Society Jount Sympostum, Kyoto, Japas, September 16, 2013,
Chemically Vapor Deposited Polymers: A New Paradigm for Surface Modification and Device Fabrication.
Department of Chemical HEngineering, Korea Advanced Institute of Science and Technology, September
2013

7. Vapor Printed Organic Electrodes. 14th SPIE Conderence on Organic Photoveltaics, San Diego, CA,

Angust 25, 2013,
Yapor Printed Blectrodes. 6th International Syraposiom og Flextble Organie Blectronics, Thessaloniki,
Greece, June 28, 2013, Keyneote speaker.

. Initiated and Oxidative CVD Polymaers for Paper PV, Socicty of Vacuum Coaters, Providence, RI, April

24, 2013,

Chemcally Vapor Deposited Polymers: A New Paradigm for Surface Modification and Device Fabrication.
Tis Lahiri Lecture, Department of Chemical Engineering, Vanderbilt University, Nashville, TN, Apnl 15,
2013, Named lectureship.

Vapor Deposited Polymers for Membrane Applications. Masdar Instituie, Abu Dhabi, United Arab
Emirates, Jaowary 10, 2013,

2. Paper Photovoltaics. Microflnidics 2.0 Conference, Boston University, Boston, MA, November 30, 2012,

3. Chemical Vapor Deposition for Ultrathin and Conformal Fluoropolymer Sudaces. Flucropolymer 2012

Conference, Las Vegas, NV, October 15, 2012,

. Designing Novel Devices with Chemically Vapor Deposited Polymers. Diepartment of Chemical and

Biomolecular Engincering. Cornell University, Ithaca, NY, September 17, 2012,

. Designing Novel Devices with Chemically Vapor Deposited Polymers. 14th International Conference on

Organized Molecular Films, Paris, France, July 12, 2012,

Designing Novel Devices with Chermcally Vapor Deposited Polymers. IUPAC MACRQ 2012,
Blackshurg, VA, Junc 27, 2012

Designing Novel Devices with Chemically Vapor Deposited Polvmers. Canadian Society of Chemistry,
Calgary, Canada, May 29, 2012,
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. Designing Novel Devices with Chemically Vapor Deposited Polyrers. Tostitut Quintc de Samia,
Barcelona, Febroary 23, 2012,

. Faper PV. Printed Electronics USA 2011 Counference, Sanda Clara, CA, December 1, 2011,

. Ultrathin and Conformal Biopassivation CVD Polymers. 2011 MIT Research and Development
Conference, Cambudge, MA, November 16, 2011

. Paper PV. MIT Energy Inthative Advisory Board, Carnbridge. MA, Noverber 11, 2011
. Desigmng Novel Devices with Chermically Vapor Deposited Polymers. Department of Cherical, Materials,
and Biomolecular Engineering, University of Connecticut, Storrs, CT, September 27, 2011,

3. CVD Polvmers. PerkinElmer NanoSyvmpostum, Muscum of Science, Boston, MA, August 25, 2011

. CVE Polymers for Biosensing. US Food and Dinig Admumistration, Winchester, MA, Avgust 11, 2011

. Designing Surfaces with Chemically Vapor Deposited (CVD} Polymers. Center for Advanced Materials
and Membranes, Pall Comporation, Port Washington, NY, July 13, 2011, Inaugural lecture.

5. OV Polymers. Aixtron, Herrogearath, Germany, April 7, 2011

. Paper PV. Printed Electronics Europe 2011 Conderence, Drusseldorf, Germany, Apnl 5-6, 2011, Keynote
address.

. CVE Polymers. Henkel, Dusseldorf, Germany, Apul 4, 2011,

. Desigoing Novel Devices with Chemmcally Vapor Deposited Polymers. ACS Award 10 Chemistry
Matertals: Symposiurn in Honor of Debra Rolison, Anabeirn, CA, March 28, 201 L

0. CVD Polvmers. Presentation 1o Dy, Thomas Russell, Divector, Air Force Otfice of Scientific Rescarch,

MIT, March 25, 2011

Designing Movel Devices with Chemically Vapor Deposited Polyroers. Chernical Engincering Seminar,
MIT, Cambridge, MA, March 18, 2011

¥, Designing Novel Deviges with Chemucally Vapor Deposited Polymers. 6th International Smant Coatings

Symposium, Orlando, FL, February 24, 2011,

3. Desigoing Novel Devices with Chernically Vapor Deposited Polymers. Intermational Microclectronies and

Packagiong Society, Camabridge, MA, Jannary 18, 201 1

»4. Polymers by Chemical Vapor Deposition, featuring GVD Corporation. MIT s Technology Breakfast

Series, Cambridge, MA, December 2, 2010,

25, Designing Novel Devices with Chemucally Vapor Deposited Polvmers. Epoch Foundation, MIT,

Cambridge, MA, November 4, 2010,

5. Respounsive and Conducting Polyvmers by Chemical Vapor Deposition. Mechanical, Matenals and

Structures Techmical Network Sympostom, Burlington, MA, October 6, 2010,

7. CVD Polymers. Aixtron AG, Aachen, Germany, September 21, 2010

. Initiating Hot Wire Chemical Vapor Deposition for Conformal and Respoasive Polymeric Layers. 6th
Internanonal Cordfercnce on Hot-Wire Chemical Vapor Deposition, Fans, France, September 13, 2010

59. Patterning Nanodomains with Orthogonal Functionalities: Solventless Synthesis of Self-sorting Surfaces.

NanoUptics Plasmonics Conference, Rockville, MD, April 21, 2010,

3. Fooctioral and Conductiog Polymer Thin Filiws by Vapor Deposition. Department of Chemical and

-~3

3

~-3
5]

Bislogical Engincering Sennnar, Tufts University, Medford, MA, January 23, 20190
. Engineering the Chemistiy of Vapor Deposited Functional and Responsive Polymeric Surfaces. 11th
Pacific Polymer Conference, Cairns, Australia, Decenber 7, 2009, Keynoie address.

Functional and Conducting Polyruer Thin Fidms by Vapor Dieposition. American Vacunm Society, San
Jose, CA, November 10, 2009,

Intiated and Oxidative Chemical Vapor Deposition (CVD) of Conformal and Fanctional Polymers.
FuroCVD16, Vienna, Austra, October, 2009,
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74. Functional and Conducting Polymer Thin Films by Vapor Deposition. 23rd Intemational Conference on

a0

o

Amorphous and Nanocrystalline Senuconductors, Utrecht, Netherlands, August 25, 2009, Keynote
address.

Designing Functional and Responsive Organic Surfaces by Chemical Vapor Deposition (with 5.G. Im).
13th International Conference on Surface and Collowd Science and the 83rd ACS Colloid and Surface
Science Synposinm, New York, NY, hane 17, 2009,

. Functional and Conducting Polymer Thin Fidms by Vapor Deposition. Ravtheon, Tewksbury, MA, Jone 9,

2009,

. Patterning Nano~domains with Orthogonal Functionalities: Solventless Svathesis of Self-sorting Surfaces.

2609 Optical Data Storage Topical Meeting (IEEE sponsored), Orlando, FL, May 12, 2009,
Designing Functional and Responsive Organic Surfaces by Chenical Vapor Deposition. Depadment of
Chemical Enginecring Seminar, University of Colorado, Boulder, CO, March 31, 2009,

79. Desigming Fanctional and Responsive Organic Surfaces by Chemical Vapor Deposition. Department of

Chemical Engineering Seminar, University of Rochester, Rochesier, NY, February 23, 2009,
Desigmng Functional and Responsive Organic Sutfaces by Chemical Vapor Deposition. Polymer
Techunology and Fiber Hngincening Seminar, Georgia Institute of Technology, Atlanta, GA, Febnuary 9,
2009.

. Designing Functional and Responsive Organic Surfaces by Chemical Vapor Deposition. Deparipent of

Chemical Engineering Seminar, University of Massachusetis, Amnherst, MA, February 6, 2009

Functional and Responsive Organic Surfaces by Chemical Vapor Deposition. MIT Industrial Liaison
Program (JLP) Annual Syraposium, Cambndge, MA, October 25, 2008,

. Functional Vapor Depostted Polymers for Ligand Attachment and Patterning. Fluoropolymer 2008 (ACS

sponsored), Charleston, SC, October 20, 2008

Designing Functional and Responsive Organic Surfaces by Chenical Vapor Deposition. Depadoent of
Chemical Enginecring Seminar, University of Texas, Austin, TX, Septeraber 30, 2008.

Surface Modification by Vapor Deposited Polymeric Nanocoatings. Arny Research Lab, Adelphi, MD,
March 18, 2008,

7.

6. Engineening the Vapor Deposition of Conducting Polymer Nanocoatings. Chemical Enginecring

Department, Drexel University, Philadelphia, PA. February 1, 2005

. Design of Chenucal Vapor Deposition Processes for Low-k Diclectrics and Ay Gap Formation. IMEC,

Leouven, Belgium, Jamuary 23, 2008,

4. Sorface Modification by Vapor Dieposited Polyoeric Nanccoatings. MIT in Japan: 10th Anmial

Syrmposiam, Tokyve, Japan, January 18, 2008

. Surface Modification by Vapor Deposited Polymeric Nanocoatings. Teijin, Tokyo, Japan, Jangary 17,

2008,

Aar Gap Fabrication. Tokyo Electron, Lid. Tokyo, Japas, Janoary 17, 2008,

. Swrface Modification by Vapor Depostied Polymenc Nanocoatings. Hitachy, Tokyo, Japan, Jannary 16,

2008,

Surface Modification by Vapor Deposited Polymerc Nanocoatings. MIT ILP-Epoch Taiwan Sympesium,
Taipei, Tatwan, Jaouary 14, 2008

3. Engineering Polymeric Nanocoatings by Vapor Deposition. 31st Aanuoal Sympostarn of the

Macromolecalar Science and Engineering Prograr at the University of Michigan, Aon Arbor, Mi, October
25, 2007

. Conformal Polymeric Thin Films via Initiated Chemical Vapor Deposition. Anerican Vacuum Socicty,

Secatile, WA, October 15, 2007,

. Chemical Vapor Deposition of Polymeric Nanocoatings. Departoent of Chemical Engincering, University

of Calgary, Calgary, Canada, October 5, 2007,
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96. Initiated CVD of Polymenic Nanocoatings. 16th European Conference on Chemical Vapor Deposition, The
Hague, Netherlands, September 26, 2007,

N
33

. Sensing Science at the Instinute for Soldier Nangtechoologics. ACS National Mecting, Boston, MA, August

21, 2007 Invited panclist,

98. The Instifute for Soldier Nanotechrofogics. Emerging Defense Technologies Conference, Paris, France,
June 14, 2007,

99. Engincering the Chemistry of Vapor Deposition. Raytheor, Andover, MA. May 2, 2007.

100 Polvimeric Nanocoatings by Chemical Vapor Deposition. Fresstele, Cambridge, MA, Apnil 24, 2007

131, Polvneric Nanocoatings by Chemical Vapor Deposition. St Gobain, Northboro, MA, April 13, 2007,

132 Biopassivation Coatings by Inttlated CVD from Trivinwltrimethyleyclotdsioxane. 2007 Materials Research
Society Spring Meeting: Symposturg, San Francisco, CA, Aprd 11, 2007,

103, Design of OVD Processes for Low-k Dielectrics and Atr Gap Formation, 2007 Materials Research Society
Spring Mecting: Symposiurm B, San Francisco, CA, Aprid 11, 2007

104 Polymerie Nanocaatings by Chemical Vapor Depasition. CIBA, by webcast, March 22, 2607,

105, Polvmeric Nanocoatings by Chemical Vapor Dieposition. Mitlipore, Bedford, MA, January 16, 2007

166, Nonfouling 1ICVD Coatings for Optodes. Draper Laboratory, Cambridge, M4, January 9, 2007,

167, Swrategies for Frugal Vacuam Processing. Diefense Advanced Research Projects Agency/Microsystems
Technology Office Workshop on Low-Vohune N/MEMS Manufacturing {or Defenise Applications,
Chantilly, VA, November 29, 20006,

108,  Initiated Chemical Vapor Deposition of Floorinated Acrylate Homopolymer and Copolymer Thin Films.
Fluoropolymer 2006 {sponsared by the ACS), Charleston, SC, Ociober 16, 2006.

169, The lostitute for Soldier Nanotechnologies. University Affiliated Rescarch Center Dhrector’s Meeting, Salt
Lake City, UT, September 12, 2006,

119, Polyvmeric Nanocoatings by Chemical Vapor Deposition. Debyve Lecture, Utrecht University, Netherlands,
June 14, 2006,

{11 Initaated Chernical Vapor Deposition of Polyoeric Thin Films. Ornstein Colloguinm, Utrecht University,
Netherlands, hune 9, 2006,

112, Mechamistic Aspects of initiated Chemical Vapor Deposition for Polvmeric Films. 209th Electrochemical
Saciety Mecting, Deaver, CO, May 9, 2006,

113, Initiated Chemical Vapor Dieposition of Polyuenc This Fims. Cheroical Engineering Departroent, City
College of New York, New York, NY, Apnl 24, 2006,

114, Fondamentals of Chemically Vapor-deposited Organosilicate Glass (O8G) Low-~k Diclectrics. MIRAT
Workshop on Interconnect Technology, Tsukuba, fapan, 20006, Keynote address.

115, From Prototype to Product with the Help of SBIR [Small Bosiness Invovation Researchi Funding.
American Institate of Chemical Engineers, October 2005,

116, Imitiated Chemical Vapor Beposition of Flexible Polvmeric Coatings. Plastic Electronics, Frankfurt,
Germany, October 6, 2005,

117, Polymer Nasocoating by initiated Chenieal Vapor Deposition. Medtronics, Mingeapohis, MIN, September
21, 2008,

118, Microsphere Encapsulation with Polviners by Chemical Vapor Deposition. Dupont, Wilmington, DE, May
20, 2003,

119, Polvmeric Nanocoatings by initiated Chemical Vapor Deposition. Manotech 2005, Anabeim, CA, May 10,
2603,

120, Chemical Vapor Deposition of Porous Organosificon Low-k Dielectrics. American Chenucal Society

National Meeting, San Diego, CA, March 14, 2005,

121, Polvmeric Nanocoatings by Chemical Vapor Deposition. Michelin, Greenville, SC, Febmary 11, 2003,
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124,

125

126.

127.

128
129.

4L

142,

Engineering the Vapor Deposition of Polviners. Departmaent of Chemical Engioecring, Case Western
Reserve University, Cleveland, OH, November 4, 2004,

Flooropolymers by Chemical Vapor Deposition. Fluoropolymer 2004 (ACS Sponsored), Savannah, GA,
October 9, 2004,

Polymeric Nanoceoatings by Hot Wire Chemical Vapor Deposition. 31d Toferpational Conference on Hot
Wive CVI}, Utrecht, Netherlands, August 26, 2004,

Chemical Strategics for Structoral Retention and Rapid Growth of Vapor-depostted Crganic Fims. Gordon
Conterence on Plasma Processing, Holderness, NH, August 18, 2004,

Polymeric Nanocoatings by Chemdcal Vapor Deposition. Bakaert, Buffalo, NY, July 14, 2004.

Polymeric Nanacoatings by Chemical Vapor Depaosition. Xerox, Webster, NY, July 13, 2004,

Silicone Nanocoatings by Chernical Vapor Deposition. Silicon Symposium, Philadelphia, PA, May 2004,
Polymeric Nanocoatings by Hot Filament Chemical Vapor Deposition. Department of Materials Science
and Engincering, Corpell University, lihaca, NY, April 29, 2004,

Engincering Surfaces for Nanotechuology. MIT on the Road, Detroit, MI, Novenber 2002.

Status of Wornen Facully at MIT. Amenican Institate of Chemical Engineers Natioual Meeting,
Indianapolis, IN, November 6, 2002,

Fluorinated Diclectrics via CVD. 224th American Chemical Society National Mecting, Boston, MA,
Angust 22, 2002

Thin Filip Characterization by Solid State NMR. Rocky Mouardain Conference on Analytical Chermstry,
Denver, CO, August |, 2002,

Engineering the Chemistry of Vapor Deposition. Deparment of Chemical Enginecring, Penn State,
University Park, PA, April 2002

Engineering the Chemistry of Vapor Deposition. Chermceal Engineering Seruinar, Georgia Tech, Adanta,
GA, April 2002,

Low Dhelectric Constant Fidms. Dupont Expertmental Station, Wilmington, DE, January 2002,

Air Gap Techoology. TEL Corporate Research Center, Yamanashy, Japan. December 10, 2001,

New Faradigms for Low Dhelectric Constant Filmns. Semicon Japan, Tokyo, Japan, Decerber 7, 2001
New Paradigms for Low Diclectric Constant Films. TMS/SPE Polymer Materals Conference, Indianapolis,
IN, November 3, 2001, Keynoie address.

Pulsed-plasma Deposition of Organcsibcon Filrns. CIF72001-13th Intemational Colloguiurm on Plasma
Processes, Antibes-huan les Pins, France, June 10, 2001,

Mechanical Properties of Fluorocathon Polymer Thm Films Grown by PECVD. International Conference
on Metalturgical Coatings and Thin Films Mecting, San Diege, CA, June 3, 2001,

Low Diclectac Constant Films. IEEE International Interconuect Technology Conference, Santa Clara, CA,
June 1, 2001

Engineering the Chemistry of Vapor Deposition. Chemical Engincering Colloguium, University of
Arizona, Tucson, AZ, April 17, 2001,

New Paradigras for Low Dhelectric Constant Films. TEL Advanced Techoology Forurn, Tokyo, Japan,
April 13, 2001,
Patternable CVD Thin Films. Materials Research Society, San Francisco, CA, April 1, 2001,
Low-k Diclectrics for Pulsed-plasma CVD of Organosificon Precursors. Materials Rescarch Society, San
Francisco, CA, Apal 1, 2001
Porous and Directly Patternable PTFE Films Grown by Hot-lilament Chemical Vapor Deposition. Flaorine
in Coatings 1V, Brussels, Belgiom, March 3, 2001,
Pulsed-plasma—Enhanced Deposition of Low-k Materials. Sematech Workshop on Low-k Materals.
Austin, Texas, February 20, 2001,

Chemical Vapor Deposition of Low-k Matenals. Awfina, King of Prussia, FA, February 16, 2001,
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156,

160,

fol.

162,

163,

io4.

166,

167.

168.

169.

Pulsing or Eliminating the Plasma Enhancement of Chemically Vapor-deposited Organic Thin Films,
Center for Plasma-Atded Manufactunng Colloguium, University of Wisconsin, Madison, W, Jaonary 26,
2001,

Fast Magic Angle Spinning 1"F NMR of Fluorocarbon Polymers and Thin Films. Winter Fhiorine
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Introduction in increasing the cell recognition and attractiveness of
biomaterial surfaces. Modifiad materials somulate cell

. . N co H . N . N s . 41 . . .
Targeting materials to specific celis, "'t designing materials adhesion, growth and proliferation,”™ while maintaining
& & & o

that can sense biochemical signale!! and developing ma- the mechanical arttributes of the bulk mareral” "t Celi
tenials with improved biocorapatibility remain challenges attachment to bicactive surfaces may be enbanced through

in biomaterials development.”! Significant effort remains linkage of biological ligands specific for cefl-substrate
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interactions. " One broadly used approach to immobilizing
ligand motifs on biomaterial surfaces consists of creating
covalent attachments to reactive polymer side chains. "™ To
this goal, plasma polymerization allows deposition of thin
films onto substrates of complex geometry with a uniform
distribution of functional gi'()ups,[“'m The integeity of the
functional groups, however, remains a chaflenge in any
plasma polymerization process. Additionally, the adhesion
between the hi*n obtained and the substrate needs to he taken
{13}

into account.
Biotin-strepravidin technology, a valuable tool in modern
biotechnology, 1s used for immobilization of mwlecules o

solid phases,'™ signal amplification in bioaffinity as-
5ays, 13200 a0 targeted drug delive 1'y.[“’18" 1n this context,

niicrocontact printing {(p-CP) offers refatively simple, easy
to implement, and atractive methods for micropatterning of
such hiomolecudes.! ™ The target surfaces raust however be
extremely reactive for a successful covalent linkage of
biomolecules. In other words, the presentation of labile
groups, such as volurpinous active esters, is a requisite for
the substitution of such groups by the biomolecule of
interest 204 Classically plasma vapor deposition urilizes
derivatives of parylene, and yet the synthesis processes
involved are complex and lengthy.” 4 This study sought to
develop a feasible aliernative 1o coraplex functionalized
nmonomers. A new acrylate-type monomer, pentaffuoro-
phenyl reethacrylate (PFM), was synthesized and used for
plasma polymerization. Although methacrylate derivatives
of pentafiorophenct are well known,"™ their use as
raoaemers for plasma polymerization has not been studied
in depth. We established the different parameters needed to
maintain the monoreer functionality under pulsed radio-
frequency (REF) plasma polyrerization. Plaswoa polymer-
ized films presented the labile pentafluorophenyl group on
the surface, which was optimum for subsequert biotin
binding.

Experimental Part
Materials

Florosii® (60~ 100 mesh), methacryloyl chioride (98%), 2,6~
dimethylpyridine (2,6-Iatidine, 97%), 2,3,4,5,0-peatafluore-
phenot (997%), 1, 7-octadiene (98%), 1,4-butanedio] divinyl

H R
MWRARIERS W ENRR Wy

H

N
N
N

= \.Tf“‘ LTS 0
a THE §°C 'y

WMethacryloyl Pentaflucrophenyl Methaorviste

chioride

Fentalorophens)

Scheme 1.
ate {(PEM).

Cheraical syathesis of pentaffuorophenyl raethacryl-

} were obtained from Aldrich (Milwaukee, USA}
and use(i as supphlied. (+)-Riotoyl-3.6,9 wioxaundecanedi-
antine, streptavidin, Buorescein-conjugated ﬁtfeptavidin and
Tween 20 detergent were obtained from Prerce (IL, USA).
Prosphate buffered saline (PBS, pH 7.4) aad bovine serum
atbumin (BSA} were ohtatned hom (ribeo (New York, USA)
and Fluka (Switzerland), respectively. Tetrahydrofurane
(THF) was obtained foom Alduch (Mibwaokee, USA).

PEM Svuthesis

Methacryloyi chiloride (8 mil, 82 mmol) was added drop-wise to
a stirred solution of pentafiuorophenol (7.6 g, 41 mmoi) and
2.6-diracthylpyridioe (6.6 g, 82 mmol}in T HF GO0 at0°C
{see Scheme 1). After 10 min stirring at the same temperature,
the precipitate was filtrated and washed with THF (30 mi).
After solventremoval under reduced pressure, the PEM residae
was purified by chromatography on a Florosii® column, using
pentane as cluent, and o,b-:ained as colorless ol (7.0 g, 85%).
The monomer was stored at 4 “C uaiil use.

'H NME and PCNMR spectra of PFM were determined in
CDCl; as solvent on a Gemim 300 Vagan spectrometer

THNMR (CDCR/TMS, 360 MBz, ppmg: § = 6.454 (1H, dg,

Hy), 5914 (1H, dg, H,), 2.093 (3H, CH,, dd).
BENMR (CDCL/TMS, 75 MEz, ppr): 8 = 162.910 (10, s,
C=0), ca. 139.6 (5C, m, C-F, 133.626 (1C, s, H,0=C),

128,786 ¢ 1L s, HoC=(, 18272 (1C, 5, C-CHj3).

IR spectra were obtaioed using 2 Nicolet Magna 5600
spectraphotometer.

IR (KBr, cm"]): v 2950 (m), 1704 (s), 1625 (my, 1475
{my, 1160 ().

Plasma Polvmerization

The plasma deposition apparatus consisted of a stainless steel
discharge vessel (diameter: 26 om, length: 24 cm) parallel plate

reactor (Scheme 2). The ground elecitrode was the reactor
chamber, and the BF elecwode was a stainless sigel plate. The

of the reactor.

7]
2]
jor
¢
:‘.‘5
r-4,
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a7

1

samaples were lncated ou this plate for polymerization. The RE
electrode was connected to a RF pulse generator (13.56 MHz)
through 3 matching network,

The gases or monomers were supplied via a standard
manifold with gas fuxes adjusied with needle valves. The
system pressure was determined astag a Plran type vacuum
meter (MKS, USA}, positoned between the reactor and a cold
trap. The two stage mechanical pump (RV12 933, Edwards,
{58}, positioned after the cold trap, evacnated the vessel to a
reactor chamber pressure of (.1 mbar. All polymers were
deposited on 100 oriented stlicon waters. All polymerizations
were performed nader pulsed plasraa. The pulsed RF power

setting was 10'W, with a duty cyele of 50% with a frequency of
15 Hz. Deposinon times ranged from 2 to 8 h. PFM was used as
synthesized. The monomer was preheated to reach the desived
polymerization pressure. The monomer flow rate was set so
that the pressure within the reactor was (.3 mbar. PFM was also
copolvruerized with 1,7-octadiene (hguid, boiling poini:
115.5°C at 760 mmHg } and with 1, 4-butanediol divinyl ether
(Hquid, boiling peint 95°C at 20 myaHg) as crosslinkers.
Crosshoker/PEM ratios used were 3:1 and &:1 for octadiene/
PEM and 3.1 and 4:1 for diviny! ether/PFM.
All thin films obtained were characterized by X-ray photo-
glectron spectroscopy (XPS) and atomic force microscopy
{AFM). XPS analysis was carried out using a Perkin Elmer PFHI
5500 spectrometer (USA), equipped with a 350 W monochro-
maiic Alk{alpha) X-rays source. Pass energy for the acquisition
of Cls photoelectrons narrow scans was 23.5 eV, All XPS
spectra were tecorded at a take off angle of 457 relative to
the surface normal under kigh vacuum conditions (the pressure
in the main UHVY chamber was maintained below 5 X
1077 ramHg). Pata analyses were carged ount using Multipax
software (PHI) using for calibration the Cls component of
the unfunctionalized aliphatic hydrocarbon at a binding energy
of 285.0 eV. AFM analysis was performed 1u tappiag ruode
using & Nanoscope i Instrument igital Tustruraents, Santa
Barbara, CA, USA} The roughness of the coatings was meas-
ured 1 E s of and mt mean sqt.am roughaess (Ry) and
FRAXIEIUN TOUR . Film thickness was usﬁd as
a measure of grow -_h rate and de ter mmed after 2 h of deposition
using a Dekiak oM profilometer (Veeco, USA)L

Biotin and Streptavidin Linkage

Thin films previcusly obtained by polymerization of PFM
{see Scheme 3}, octadiene/PFM and divinyl cther/PFM were
wimersed for 2 h while shakiog a2 10 x 1072 M solution of
+)-biotinyl-3,6,9-trioxaundecanediamine in distilled water,
Subseqguently, samples were washed for 30 min in buffer A

consisting of PBS with 0.02% (viv) Tween 20 and 0.1% {w/v)
BSA. The detergent Tween 20 is a blocking agent composed of
polyoxyethylene sorbitan monostearate that preferentially
adsorbs 1o the background. It was used o wash away non-
covalently bound biotin and to avoid non-specific adsorption of
sn‘epta\zidin 25 Then, samples were immersed for 1 hinin a
10 1077 M solution of fluorescein-conjugated streptavidin in
buifer A while shaking. The surfaces were rinsed several times
with PBS before examination done using an epifluorescence
maicroscope {Nikkon, New York}. The streptavidin is iabeled
with a fluorescent die (in our case flusrescein 5 -isothiocyanate

~—

F F F E:
F ;QLI/F Fo 1/5: £ ;:'ifp F /\F/F
F”LT’ FET R FF’L\T FF/\/[\F

Scheme 3. Schematicrepresentation of a functionalized surface
obtained by plasma polymerization of the PEM monomer, show-
ing labile pentafinorophenyl groups on the surface.

(FITC)) which emits fluorescent light when excited at a certain
wavelength, Therefore, if the streptavidin is bonded to the
biotin, we can prove that by irradiating the sample at the char-
acteristic wavelength of the fluorescent die. The emission of
fluorescence by the sample tndicates the presence of the biotin-
strepravidin complex. o an eptfiuorescence microscope both
the excitation and emission light travel through the obj jective.
The key to the ()ptim i an epifiuorescence raicroscope is
the separation of the lumination {excitation) hght from the
fluorescence emission emanating from the sample. In order to
obtain exther an iroage of the emission without excessive
backgroundi i o, OF 4 measurement of 3eﬂ uorescence
emission without background * ical dcmc 1ts
used to separaie these two lioh
efficient.

Hesuits and Discussion
Pentaffuorophenyl Methacrylate Synthesis

The synthesis of the PFM followed a general synthesis
pathway for acryvlate derivatives with a yield of 85% which
represents a 2.5 fold increase compared to yields previously
reported using p-cvelophane dedvatives.’! Sterically
hindered pyridine was vsed as proton acceptor to Hinit the
extent of an undesired side reaction: Michael addition of the
pyridine to the acrylate. Moreover, an excess of the base was
used to prevent the addition of hydrogen chloride to the
activated double bond of the acrvlate. The high basic pH of
the 2.6-lotidine compared to pyridine increased the extent
of deprotonation of the phuncl 125 The reaction product was
purified using 4 Florosit™ chromatography columu, tesult-
ing into a very pure form, as suggesied by the NMR specira.
The IR spectrum of the pure PFM showed some charac-
teristic bands (Figure 1a). Bands in accordance with with
afkan —H stretching absorptions Wgu present arcind
2 93(} em ™!, while the band at | 764 con ™! indicated a carbo-
nyl stretching absorption of a carboxylate ester. Aromatic
system stretching vibrations between 1 625 and 1475 cm ™
and typical bands for C-F steetching around 1 100
1000 e ' conld also be clearty distingnished in the spec-
wum. In addition, the NMR spectra (Figure [b) also con-
firmed the cherocal structure of the synthesized monomer.

Plasma Process. Folym. 2008, 2, &05--611
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Figure 1.

The proton spectriu showed a decoupled signal at 6 == 2.03
corresponding to the methyl group of the acrylated part of
PPFM and two signals at § = 5.9 and 6.4 from protons in the
civ and trany position within this group. The carbon
spectnin was set in accordance with those reported in the
titerature™ ! with a signal at 162.910 ppm that reflected
formation of the ester bond between the acrylate and the
phenol, a signal at ca. 139.6 ppm showing the C—bond in
the ring, two signals at 133.626 and 129.786 ppm that
ithistrate the presence of the double bond, and a signal at
18.272 ppm that reflects the presence of the CHz group.

Plasma Polymerization and
Characterization of the Films

The deposition rate for bare PFM was 25 nam-h ™' The
deposition rate was 16 arn b for the octadiene/PEM (6:1)
copofymer and 8 nim - h™! for the divinyl ether/PEM (3:1)

D

{a} IR and (b} °C NMR spectrum of the synthesized PFM.

copolymer, suggesting the different reacuvity of the
products used.

KPS widescan spectra of the PFM (10 W, duty cvcle of
1215 Hz, 2 h deposition) revealed the presence of oxygen,
carbon, fluorine, and nitrogen. The Cls core level signals
were fitted on various oxygen-coniaining functionalities
and on fluorine-containing functionalities, Nitrogen func-
tionalities were not considered, since i and N were found
only in Bmited amount at the surface coatng. Spectra were
corrected for sample charging, setting the hydrocarboun
signal t0 285.0 eV, and the positon of the others centroids
accordingly adjusted. The XPS survey spectrun of the PPM
polymer showed retention of fluorinated functionalities, it
in Jevels below the theoretrical ones, probably caused by
fragmentation of the monomer during the polymerization.
The XPS Cls spectrum of the polymer PFM showed the
expeacted carbon environments such as C-R, COOR (R =C
or H), and C-F, each exhibiting a characteristic chemical

Plasma Process. Polym. 20058, 2, 605-611
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shift (Figure 2). The spectrum was fit with four signals
corresponding to hydrocarbon (C-C/H, A in the figure) set
3.0 eV (see above), an w-ester carbon (C-COOH/R, B
in Lhe figure) at 285.6 c\', an ether carbon at 286.8 eV (Cin
the figure) and fluorinated carbon (C-F D in the figure) at
288.2 eV. The axistence of other oxygen-containing fune-
tionalities in addition to carboxylates constituted a further
indication of mopomer-oxygen reaction and fragmentation
of the mononer in the plastoa giving rise 1o the formation of
side products during polymerization. A reaction between
the film and the water desorbed frora the walls of the plasma
vessel {during polymerization}, and atmospheric oxygen
and water {after polyroerization) might also have con-
tribmited. 2625

XPS spectra of the PFM copolynierization with the two
cross-hinking copolymers {Table 1) showed the expected

carbon environments, such as C-R, COOR and C-F, each
exhibiting their characteristic chemical shift.
Carbon envivonments of the form C-R, C-O, C=0 and

COOR (R=C or H) and T were present in the XPS
spectium obtained from the polvmer of PEM and 1[7-
cctadiene copolymeri ation, each exhibiting a characier-
istic chemical shift.™ This spectnunt was fit with signals
corvesponding to hvdrocarbon (C-{/H) set at 285 eV, an
a-ester carbon {C-COOH/R )y at 285 .6 eV, an alcchol or ether
carbon (C—O) at 288.7 eV, carbonyl ({C=0) at 247.9 eV and

carboxyleathoxylate COOH/R at 289.2 eV, As expected,
the amount of carbon was slightly higher than in the case of
bare PFM (see Table 1), due t© the presence of the two co-

Table 1. FElemental a

core line fit for the PFM 8w, A C-C/HL B, C

~COOHR, C OO, DC-E

mononiers that are formed mainly by a hydrocarbon strue-
ture. Again in all cases, the existence of oxygen-containing
functionalites 10 addition to carboxylates constitted a
further indication of monomer-oxygen reaction and frag-
mentafion of the reonomer in the plasma, giving rise o
the formation of side products during polymerization.
A reaction between the film and the water desorbed from
the walls of the plasma vessel {during polymerization}, and
atmospheric oxygen and water {after polymerization) have
contributed to the composition of the coating.”** In the
same way, the film obtained by copolymerization of PFM
and divinyl ether showed a higher amount of oxygen (32.5%
vs. 30.9% for bare PFM, see Table 1), attuibuted 1o the ether
functionality in the molecude. Even in the case of the octa-
diene/PEM copolymer, the amount of oxygen compared to
the bare PFM (33.1% vs. 30.99% for bare PFM, see Table 1)
was higher. These results suggest that the use of the cross-
linkers. octadiene and divinyl ether, promotes a higher
oxygen incorporation into the filra. The high loss of F
amount in the divinyl ether/PFM polymer indicates the
possibility of different polymerization reechanisms com-
pared with the cther polymerizations.

AFM Imaging

AFM analysis was performed for all samples. The
AFM iraage of octadlene/PEM copolymer (Figure 3)
showed flat, homogeneous surfaces, pinhole free with an
average roughness of less than (.5 am (R} and a maximum

palysis by XPS of the plaswa polymerized monowmers.

Monomer Gok 0 JoF 9N CAF theoretical CUF expenrpental
PEM 55.8 309 12.5 3.8 2.8 4.4
PPM/octadiene (1:6) 6.9 33.1 4.3 1.7 i16 14.2
PEM/divinyl ether (1:3) 0.7 325 0.6 6.0 6.8 161.0
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Figure 3.

{a) AFM Image and toughuess profilometry comesponding to the octadiene/PEM copolyrer

film with a crosslinker/PFM ratio of 6:1, obtained under pulse plasma at 180 W, 15 Hz and a deposition

titne of 2 b,
flm with a
time of 2 h.

roughness of 4 ara (R, This low roughness is likely from
a combination of two factors: pulsed plasma conditions,
through which it is possibie to control the ratio between
nucleation and growth of the flm with a slow depaosition
rate, and the geometry of the reactor. In fact, our research
group has aheady reported this level of roughness in
thiophese and pywole plasma polymerized filas usiag
conditions similar to those deseribed in this paper.

Biotin and Streptavidin Linkage

A cootrol sample (non-treated silicon water, Figure 4a) and
PHEM/octadiene-activated surfaces (Figure 4b) were expos-
ed 1o a solution of fluorescein-conjugated streptavidin for
microscopie fluorescence detection. Tween 2, a blocking
agent composed of polyvoxyethylene sorbitan monostearate
that preferentially adsorbs o the background, was used to
wash non-covalently bound biotin and to avoid non-specific
adsorption of streptavidin. ™ Conpared to control sample
{nou-polymerized, Figure 4a), FPM/octadiene-activated
surfaces effectively bound biotin, allowing self-assembly of

by AFM 1mage and roughness profilometry corresponding to the divinyl ether/PEM copolymer
stinker/PEM ratio of 4:1, obtained uader pulse pl

na al 13 W, 15 He and a deposttion

streptavidin, as shown by the fluorescence detection. This
procedure establishes the basis for further attachment of
other biotinylated bionmwolecules that enable control of cell
attachraent and proliferation.

Conclusion

PFM has been synthesized following a simple approach
based on a general derivatization method for acrylates with
a yield of 85%. The derivatized methacrylate was success-
fully used as monomer for plasma polymerization alone and
copolyrenzed with different cross-linkers to improve the
sofvent resistance of the resulting deposited thin filrns. XPS
analysis confirmed that labile ester groups remained on the
functicnaltized surfaces. Such active estars enabled a fast
reaction with amino-PEG bictin and subsequent self-
assembly of streptavidin, a well-established platform for
further immobilization of biomolecules that promote
substrate-cell interaction.

Merging the versatility of plasma polyroerization proces-
ses, via simple monomers and easy reaction conditions,

Plasma Process. Polym. 20058, 2, 605-611

www.plasma-polymers.org
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with biological platformns that enable guidance of cell adhe-

sion brings us closer to the ultimate goal of controlling cell
fhmnon through stractured surfaces for their applicationin
tissue engineering.
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Enhanced Cross-Linked Density by Annealing on Fluorinated
Polymers Synthesized via Initiated Chemical Vapor Deposition To

Prevent Surface Reconstruction
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ABSTRALE: Thin films of 1H,1H2H,2H-perfluorodecyl
acrylate copolymerized with the cross-linker divinylbenzene
(p(PFDA-co-DVB)) were synthesized via initiated chemical
vapor deposition (iCVD). The vapor deposited approach is
significant as the fluorinated monomer and hydrocarbon cross-
linker lack a common solvent. Changes in physical and
chemical properties in the copolymers before and after an
annealing treatment were characterized by Fourier transform
infrared spectroscopy (FTIR), atomic force MIiCroscopy
(AFM), contact angle (CA) measurements with water and

Flupsinaten
potemey

mineral oil, X-ray diffraction (XRD), and nanoindentation. Cross-linking results in lower CA hysteresis than measured for the
iICVD p(PFDA) homopolymer. Furthermore, annealing improves the extent of reaction of the vinyl bonds on the DVB units
incorporated into the film. This further enhancement in the cross-linking density is correlated with an additional reduction in the
CA hysteresis observed after annealing of the p(PFDA-co-DVB) films. CA hysteresis values with water as low as 59 were achieved
while maintaining advancing angles > 130°. For mineral oil, CA hysteresis was found to be lower than 1° with @ > 85% The
cross-linking is concluded to provide a steric barrier to the reconstruction of the surface fluorinated groups when switching
between dry and wet conditions and is a primary factor in the observed reduction in CA hysteresis.

Fluorinated polymers are desired for their outstanding chemical
and physical properties, including a low coefficient of friction,
low dielectric constant, high thermal stability, high gas
permeability, and flame-retardant behavior.'™ Nonetheless,
the primary application of fluorinated polymers derives from
their hydrophobic character due to the low energy surface of
the —CF,— and —CFj; groups, 18 and 6 mN/m respectively.®
The wetting properties of the fluorinated coating depend on
the molecular ordering at the surface.”® In the dry state,
fluorine groups segregate to the surface to lower the surface
energy. Angle-resolved XPS experiments have confirmed that
the F/C ratio at the surface is higher than in the bulk.’?
Exposure of the surface to water is a driving force for the
fluorinated groups to reorder into the bulk of the film, which
reduces the hydrophobic character of the surface and thus
contributes to increase the hysteresis in the contact angle (CA)
behavior of water.'® Hysteresis is the difference between the
advancing and the receding CA and can be caused by surface
roughness, heterogeneity of the solid surface, dissolved
substances into the liquid, line tensions, and/or energy
dissipation.!' Obtaining surfaces with low CA hysteresis is
desirable for many applications, including self—deanin[g surfaces,
ice adhesion reduction, or water condensation.'*™* Creating
chemical and physical heterogeneities are the most common
approaches to modify the hysteresis. Microtextured surfaces can
result in superhydrophobic surfaces. However, hysteresis

© 2013 American Chemical Society 6548

depends on the wetting state of the system. Wenzel state
enhances pinning of the droplet, while Cassie state reduces the
CA hysteresis."> Additionally, crystallization can act as a barrier
for surface reconstruction for fluorinated films and thus
decreasing the hystel’esis.16 Enhancing the crystallinity and
controlling the surface topography in fluorinated films has
resulted in CA hysteresis as low as 5°.'” Nonetheless, not all the
polymers happen to crystallize, nor in all applications is
crystallinity desirable. Therefore, obtaining surfaces with low
CA hysteresis behavior independently of the roughness and
without requiring crystallinity represents an important mile-
stone to develop materials with improved water shedding
properties.

Initiated chemical vapor deposition (iCVD) of the
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) monomer has
successfully been used to develop fluorinated coatings with
superhydrophobic properties.'® iCVD is a variant of hot-wire
chemical vapor deposition (HWCVD), in which an initiator
decomposes at the filaments inducing a free radical polymer-
ization, which can lead to a significant increase in the film
deposition rate.'” The iCVD method is a solvent-free technique
which yields homogeneous, conformal polymer coatings with
full retention of the pendant functionality of the monomeric
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species.”*** Codlite et al. demonstrated that the experimental
conditions for iCVD pPFDA films can both tune the degree of
crystallinity and switch the preferred orientation of the
perfluorinated side chain between parallel to or perpendicular
to the substrate.”® Further studies showed that grafting PEDA
polymer chains to the substrate enhances the crystallinity and
alignment of the side chains perpendicular to the surface.'” The
iCVD approach enables copolymerization of two or more
monomeric species. Adjusting the flow rates of monomer
vapors allows for systematic control in the final composition of
the copolymer.”* While lack of a common solvent for both
monomers can be a synthesis challenge for traditional
polymerization, solubility characteristics are not a limited factor
when the monomers are delivered through the vapor phase.
Thus, iCVD can produce novel compositions. Indeed in the
present work, we readily synthesize copolymers by iCVD from
the fluorinated monomer PFDA with the hydrocarbon
monomer divinylbenzene (DVB) (p(PFDA-co-DVB)) over
the entire compositional range. The DVB acts as a cross-linker
when both vinyl bonds are reacted. Since complete reaction of
the DVB is not observed upon iCVD growth,> the chemical
and physical properties in the current study are compared
before and after annealing. We demonstrate that the DVB
cross-linker and the annealing lower the CA hysteresis of the
copolymers by creating a steric barrier to the surface
reconstruction of the fluorinated iCVD films between their
dry and wet states without inducing a crystalline state and
independently of the surface roughness.

e

2.1. Materials. tert-Butyl peroxide (TBPO) (98%, Aldrich),
1H,1H,2H,2H-perfluorodecyl acrylate (PFDA) (97%, Aldrich), and
divinylbenzene (DVB) (80%, Aldrich) were used as received.

2.2. Experimental Setup. The polymerizations were conducted in
a custom-design cylindrical reactor (diameter 24.6 cm and height 3.8
cm). On top of the reactor laid a quartz top that allowed laser
interferometry (633 nm He—Ne laser, JDS Uniphase) for in-situ film
thickness monitoring. Inside the reactor, 14 parallel ChromAlloy
filaments (Goodfellow) were resistively heated to 230 °C, and the
stage was back-cooled at a constant temperature of 30 °C by water
using a recirculating chiller/heater (Neslab RTE-7). Reactor pressure
was maintained at 200 mTorr using a throttle valve (MKS
Instruments). The radical initiator, TBPO, and N, were delivered
inside the reactor through mass flow controllers (MKS Instruments).
The monomers PFDA and DVB were heated in a glass jar to a
temperature of 80 and 60 °C, respectively, and their flows were
controlled by needle valves. The flow rates of TBPO and PFDA were
kept constant at 3.2 and 0.2 sccm. For the different experiments, the
flow rate of DVB was varied to 0, 0.2, 0.6, and 1 sccm, and a patch flow
of N, was introduced to keep a total flow of § sccm. These samples are
denoted as FO, F1, F3, and FS3, respectively, where integer in the label
represents the ratio of DVB to PFDA in the inlet reactants (Table 1).
After deposition samples were annealed at 80 °C for 30 min.

Table 1. Nomenclature and Details of the Flow Rates during
the Polymerizations

Hlow rate {scem)

PEDA

sample DVB. CTRPO SNy
FO 02 0 32 16
F1 02 02 32 14
F3 02 0.6 32 10
ES 02 10 32 0.6
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2.3. Characterization. Variable-angle ellipsometric spectroscopy
(VASE, M-2000, J.A. Woollam) was used to measure film thicknesses.
All thickness measurements were performed at a 70° incidence angle
using 190 wavelengths from 315 to 718 nm. A nonlinear least-squares
minimization was used to fit ellipsometric data of dry films to the
Cauchy—Urbach model. The thickness was obtained upon con-
vergence of the algorithm. The films were grown up to a thickness of
400 nm. FTIR measurements were performed on a Nicolet Nexus 870
ESP spectrometer in normal transmission mode equipped with a MCT
(mercury cadmium tellurium) detector and KBr beamsplitter. Spectra
were acquired over the range of 400—4000 cm™' with a 4 cm™
resolution for 256 scans. All spectra were baseline-corrected. CA
measurements were performed using a goniometer equipped with an
automated dispenser (Model 500, Rame-Hart). Advancing and
receding were measured using the sessile drop method, depositing a
droplet of 1 L on the surface. The advanced CA was the largest angle
obtained and the receding CA the smallest one. AFM images were
acquired using a scanning probe microscope (Digital Instruments,
Dimension 3100) in tapping mode using a conical gold-coated silicon
tip. Crystallinity of the samples was studied by XRD. The XRD
measurements were carried out on a Scintag —8 diffractometer with a
Cu Ka radiation (1.541867 A) at 40 kV and 44 mA. Data were
collected in continuous mode at 3° min™', with a step size of 0.02°.
The scans were taken in symmetrical reflection geometry. Mechanical
properties of the film were measured by nanoindentation (Nanovea)
on 1 pm thick coatings deposited on silicon substrates. The
nanoindentation depth was limited to the first 10% of the overall
coating thickness in order to avoid substrate effects. A Berkovich-type
tip was used having a radius <10 nm. The elastic moduli were
calculated from the slope of the unloading curve of the load—
displacement graph, while the hardness values were calculated from
the ratio of the depth at maximum load to the indent area as the tip
penetrate into the coating with knowledge of the exact tip shape.

homopolymer and the p(PFDA-co-DVB) copolymer. pPFDA

(a)
S| (b
s (b)
=
G
c
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Wavenumbers (cm™)

Figure 1. FTIR spectra of the pPFDA homopolymer (a), the pDVB
homopolymer (b), and the p(PFDA-co-DVB) copolymer (c). The
inset graph shows the region between 2750 and 3250 cm™' of the
copolymer film at expanded intensity of 220X. The bands observed
resemble to the bands of the pDVB homopolymer in the same region.

homopolymer (Figure la) is characterized by a sharp band
corresponding to the carbonyl group at 1741 cm™. In addition,
the fluorinated moieties present three strong, sharp absorbance
bands. The two bands at 1246 and 1207 cm™" are caused by the
asymmetric and symmetric stretching of the —CF,— moiety,
respectively. The sharp band at 1153 cm™' belongs to the

dx.doi.org/10.1021/ma4010633 | Macromolecules 2013, 46, 6548—6554
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Figure 2. XRD spectra of the PFDA homopolymer, FO (a), and the
p(PFDA-co-DVB) copolymers F1 (b), F3 (c), and FS (d). Solid line
corresponds to the sample before annealing and dashed line after
annealing. Only FO and F1 display an increase in the crystallinity after
the annealing. All the spectra were normalized to the sample thickness.

—CF,—CF; end group.26 Regarding the pDVB homopolymer
(Figure 1b), the FTIR spectrum shows the aromatic —CH—
bands between 3000 and 3100 cm™, the —CH,— stretching
bands between 2810 and 2890 cm™}, and some other
characteristic bands related to the substituted phenyl group
that appear in the range 700—1000 cm™.>7>° The band at 710

cm™! is assigned to the typical stretching vibration of the phenyl
group. The bands at 795 and 838 cm™" correspond to the meta-
and para-disubstituted aromatic ring, respectively. The
copolymer (Figure 1c) presents all the characteristic bands
associated with its components. It should be noted that bands
corresponding to DVB are less intense than PFDA bands but
can be seen readily when the CH stretching region intensity is
expanded (Figure 1 inset). Thus, the FTIR results show the
incorporation of the two monomers into the copolymer film
and the retention of the chemical functionality from both
reactants after the polymerization.

Films with four different compositions were iCVD
synthesized: F0, F1, F3, and FS. Figure 2 shows the crystallinity
of the as-deposited and postannealed samples. The pPFDA
homopolymer, FO (Figure 2a), presents a characteristic lamellar
structure, classified as smectic B type. This aggregation involves
the arrangement of bilayers with perfluorinated side chains
perpendicular to the substrate, facing each other, and forming
the lamellar structure parallel to the substrate.® The crystalline
peaks at 2.8° and 5.6° at 20 in the X-ray diffraction (XRD)
spectrum correspond to a spacing of 32.4 and 162 A,
respectively. These distances match with the length of a double
layer and a single layer of the perfluorinated side chain,
respectively, corroborating the smectic B aggregation.'”
Annealing increases the intensity of peaks observed in the
XRD data for FO. The observed increase can be attributed to
reorganization of the polymer chain due to the thermal process,

Figure 3. AFM images of the PEDA homopolymer, FO (A), and the p(PFDA-co-DVB) copolymers F1 (B), F3 (C), and FS (D) as-deposited.
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Figure 4. AFM images of the PEDA homopolymer, FO (A), and the p(PFDA-co-DVB) copolymers F1 (B), F3 (C), and FS (D) after annealing.
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Figure 5. Roughness evolution (nm) of the polymer films as-deposited
(solid symbols) and after the annealing treatment (open symbols).

which improves the crystalline structure.®” In all as-deposited
copolymer films, F1, F3, and F3, no XRD peaks are observed
(Figures 2b, 2¢, and 2d, respectively), indicating that these films
are amorphous. Thus, the addition of the DVB cross-linker to
pPEDA eliminates crystallinity in the as-deposited films. After
annealing, only the copolymer with the lowest DVB content,

6551

F1, displays any crystallinity (Figure 2b). The degree of
crystallinity of the annealed F1 sample is lower than that of the
F0 homopolymer. Thus, incorporation of the DVB hinders the
arrangement of the perfluorinated side chains into the Smetic B
aggregation, leading to a loss of crystallinity.

Surface morphologies of the as-deposited films were studied
by atomic force microscopy (AFM) (Figure 3). The FO
homopolymer (Figure 3a) presents large islands, characteristic
of previously reported pPFDA films with crystallinity achieved
at high initiator/monomer (I/M) ratio.” Conversely, the
morphology of the copolymer samples is rather different
(Figures 3b—d). The polymer aggregations found on the
surface are smaller and their density increases with increasing
DVB flow rate. This could be due to the formation of a higher
number of nucleation sites. Nucleation is intimately related to
the monomers adsorption on the surface, which in turn,
depends on the Py/P,, parameter, the ratio of the vapor
pressure of the monomer to the saturation vapor pressure of
the monomer, equivalently to the monomer surface concen-
tration.>> Thus, working at the same total gas pressures, raising
the flow rate of DVB increases its Py;/P,, which is observed to
correlate with the formation of more nucleation sites during the
polymerization process. Furthermore, annealing of the films
results in a decrease of the grain size depending on the DVB
incorporated in the polymer chain, as observed in Figure 4. The
more cross-linked are the films, the less variation in the grain
size. It could be hypothesized that the DVB cross-linker density
hinders the reorganization of the polymer chains and therefore

dx.doi.org/10.1021/ma4010633 | Macromolecules 2013, 46, 6548—6554
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Figure 6. Advancing, receding and hysteresis of water (left) and mineral oil (right) CA of the PFDA homopolymer, F0, and the p(PFDA-co-DVB)
copolymers corresponding to F1, F3, and FS. Solid symbols correspond to the sample before annealing and open symbols after annealing.

0,13
] —m— Hardness 28
0,12 ] —o— ElasticModulus 2,6
0114 2,4
0,10 / 2,2
] 1 m
009 { -2,0 E
O < L =
% 008 ol
g 007 1o g
g 0] [ 14 £
I [=
g o.oe-. F12 @
1 [0]
T 005 [0 3
0,04 os ~
0.03.] 0,6
] 0,4
0,02 [
i . . . 02
FO F1 F3 FS
Polymer composition

Figure 7. Hardness and elastic modulus as a function of the DVB
cross-linker.

the decrease of the grain size. The change in the surface
topography was also studied following the roughness variation
for the different samples (Figure S). The main difference is
observed between the homo- and the copolymer samples,
where the roughness decreases abruptly. The transition from
the crystalline to the amorphous state entails the loss of the
crystalline domains, which are characterized by large island-
shape aggregations. However, as seen in the AFM images, the
copolymer films show smaller and more numerous aggrega-
tions, which confers a lower roughness to the film. These
results are in agreement with the change in crystallinity
observed in the XRD experiments.

The cross-linking and the annealing effects on the surface
wettability were evaluated by CA measurements using water
and mineral oil (Figure 6). Homo- and copolymer samples
present a similar hydrophobic behavior, with an advancing CA
> 130° before and after annealing. This finding suggests that
both materials have a comblike structure leading to CF3
enrichment on the surface when in contact with air. The
hydrocarbon nature of the cross-linker, which would increase
the surface energy,® is not detected at the surface layer leading
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to similar advancing CA measurements. It should be noted,
however, the decrease on the CA hysteresis due to the
annealing process in the copolymerized samples. Whereas
annealed copolymerized films show a CA hysteresis lower than
10°, the rest of samples present a hysteresis higher than 20°.
Low CA hysteresis on fluorinated surfaces is related to the
fluorine concentration on the surface. It is known that the
pendant fluorinated groups of polymer chains segregate of the
surface under dry conditions and reorient into the bulk when
the surface is exposed to water. The reduction in the surface
fluorine concentration in the wet state decreases the value of
the receding CA> The cross-linking of the DVB units, which is
enhanced upon annealing, fixes the fluorine concentration on
top of the surface. Additionally, only in the homopolymer film,
F0, and in the copolymer polymer film with the lowest degree
of DVB incorporation, F1, does the degree of crystallinity
increases with annealing. This crystallinity represents an
additional steric barrier to the reorientation of the perfluori-
nated functional groups.”® Note that for copolymer sample F1
crystallinity is observable only after annealing, as no diffraction
peaks are seen in the as-deposited film. Thus, the annealed
sample F1 is unique in having both cross-linking and
crystallinity. This annealed sample also provides the lowest
CA hysteresis values for both water and mineral oil.

The degree of cross-linking in pDVB can be quantified by
determining the area in the FTIR spectrum of two characteristic
bands: one band at 903 em™! corresponding to the vinyl bound
and the other one at 710 cm™' belonging to the meta-
substituted DVB ring.>® Since these bands are not intense
enough in the copolymer spectrum, the cross-linking measure-
ment was performed over a pDVB homopolymer film (see
spectra in Supporting Information, Figure S1). Cross-linking
before annealing was 55% and after 68%, which corroborates
the increase of cross-linking density due to the thermal
treatment. Similar behavior can be observed for the mineral oil
CA measurements. All samples show an advancing CA with
mineral oil of around 90°. Copolymerized annealed samples
present a decrease of 20° in the hysteresis obtaining values
lower than 1°. Moreover, as observed in Figure 5, the
roughness before and after the annealing can be considered
to be within the same order for the copolymers, which means

dx.doi.org/10.1021/ma4010633 | Macromolecules 2013, 46, 6548—6554
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that the decrease of the CA hysteresis is independent of the
surface morphology. Thus, the driving force to obtain this low
hysteresis is based primarily on the improvement of the
reduction in the surface reconstruction of the fluorine groups,
which is due to the formation of a steric barrier against
molecular reorientation produced by the incorporation of cross-
linkable groups.

Mechanical properties of the thin films were studied using
nanoindentation (Figure 7). Contrary to expectations, the
pPFDA homopolymer shows high values for the Young’s
modulus (Y) and hardness (H) in comparison to p(PFDA-co-
DVB) copolymers. This result may be explained by the fact that
the homopolymer presents a highly crystalline structure.>*
The secondary bonds formed due to the orientation of the
polymer chains create a cross-linked effect increasing the
stiffness and strength of the polymer. The introduction of DVB
leads to a loss of crystallinity and, thus, a decrease in the Y and
H values for the F1 sample. Nonetheless, increasing the amount
of DVB cross-linker in the polymer background causes the
boost of the mechanical properties of the thin films because of
the bonds formed among chains.

4

In this work, we have demonstrated the synthesis of p(PFDA-
co-DVB) copolymer thin films via iCVD showing hydrophobic
and oleophobic properties. In the as-deposited films, the
introduction of the DVB cross-linker entails a loss of
crystallinity in comparison with the pPFDA homopolymer as
well as a reduction in the grain size of the particles aggregated
on the surface, resulting in films with lower roughness. The
mechanical properties of the films increase with the amount of
cross-linker incorporated in the copolymer; however, the
homopolymer shows comparable values due to its crystallinity
state. Furthermore, an annealing treatment has been performed
to the films. The annealing produced crystallinity in only one of
the copolymer samples, F1, which possesses the lowest amount
of DVB cross-linker. The CA hysteresis after the annealing
process for the copolymer films has decreased significantly,
obtaining values as low as 5° for water and lower than 1° for
mineral oil droplets. The annealing leads to a higher cross-
linking density through reaction of the pendant vinyl bonds of
pDVB. Cross-linking acts as a steric barrier for the
reorganization of the fluorinated groups on the surface. The
introduction of the cross-linker and the annealing in the
polymerization process of fluorocompounds result in low-
energy surfaces showing no or little segregation without the
need of inducing crystallinity. These smooth, chemically stable,
and low-hysteresis thin films are excellent candidates for
applications demanding low CA hysteresis with fluids having
surface energies between those for water and those for mineral
oil.
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Abstract

The deposition rates of plasma-polymerized (pp-)films of 12 acrylate derivatives (CH,=CHCOOR: substitution R is —H,
-CH,, -CH=CH,, -CH,CH;, —CH,CH,CH,, —-(CH,);CH,, -C(CH;);, —-CH,CH(CH,),, —CH,(CH,),CH;, —CH,CF;,
—CH,CF,CF;, —CH,(CF.),CF;), and 12 methacrylate derivatives (CH,=CCH;COOR’: substitution R’ is -H, -CH;, -CH=CH,,
-CH,CH;, -CH,CH,CH,;, -(CH,);CH;, -C(CH,);, -CH,CH(CH,),, -CH,(CH,),CH;, -CH,CF;, -CH,CF,CF;,
—CH,(CF,),CF;) are determined by the quartz crystal microbalance technique. Using the same polymerization conditions (100
W RF and 100 Pa vapor pressure) for the various monomers, it is found that the deposition rates were proportional to the
polymerization time. The average deposition rate of pp-acrylate derivatives is larger than that of pp-methacrylate derivatives
without pp-hexylacrylate. The average deposition rate of pp-fluoroalkylacrylates was higher than 7-25 times that of pp-
alkylacrylate, and the average deposition rate of pp-fluoroalkylmethacrylates was higher than 10-31 times that of pp-
alkylmethacrylates, respectively. The average deposition rate of pp-film depends on the chemical structure of the monomer
suggesting different mechanisms under plasma-polymerization.

© 2003 Elsevier B.V. All rights reserved.

Keywords: Plasma processing and deposition; Quartz crystal microbalance; Acrtylate derivatives; Plasma polymers; Deposition rate

1. Introduction

Plasma-polymerization has been widely used to fab-
ricate thin films of a variety of volatile compounds
without chemical solvents in coating process. These
films adhere firmly to most substrates and are highly
resistant to chemical and physical treatment. The plas-
ma-polymerization technique has also been convention-
ally employed to fabricate thin functional films that
facilitate the surface modification of materials [1,2].
Such films are expected to be useful as surface protec-
tion films rigidly fixed on the substrates [3,4]. Acrylate
derivatives and methacrylate derivatives are one of the
candidates of transparency coating materials. For the
automobile industry and builder industry, the control of
deposition rate of thin film on the body is one of the
important problems [5]. The deposition rates in plasma-
polymerization have been determined with a balance or

*Corresponding author. Tel. /fax: +81-298-61-4746.
E-mail address: shigeru-kurosawa@aist.go.jp (S. Kurosawa).

by in situ measurement of the film thickness with a
multi-interference thickness meter [6—10]. These meth-
ods cannot, however, detect the deposition rates of ultra-
thin films. Piezoelectric quartz crystal is widely
recognized as a useful microbalance (quartz crystal
microbalance, QCM). Adsorption of material on the
surface of a crystal changes its oscillation frequency.
When an AT-cut quartz crystal with a fundamental
oscillation frequency of 9 MHz is used, adsorption of
approximately 1 ng of material decreases the oscillation
frequency by 1 Hz [11,12]. Many attempts have been
made to use these highly sensitive, convenient and
portable devices as chemical sensors and biosensors
[13—16]. The QCM has also been used to monitor the
thickness of films during vapor deposition and plasma
processes. The deposition rates of gaseous monomers in
plasma-polymerization have been thoroughly investigat-
ed [6—10], whereas few of liquid monomers have been
reported. It is well known that liquid monomer having
high boiling point is easily liquefied in the reaction

0040-6090/04/% - see front matter © 2003 Elsevier B.V. All rights reserved.
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chamber. Therefore, the plasma-polymerization of liquid
monomers has not been reported. We aim to construct
polymer coating database for surface protection using
plasma-polymers and to understand reaction mechanisms
of plasma-polymerization.

In this paper, plasma-polymerized (pp-)films are pre-
pared from 12 acrylate derivatives (acrylic acid, meth-
ylacrylate, vinylacrylate, ethylacrylate, n-propylacrylate,
n-butylacrylate, tert-butylacrylate, iso-butylacrylate, n-
hexylacrylate, 2,2, 2-triflourocthylacrylate, 2,2,3,3,3-
pentafluoropropylacrylate and 2,2,3,3,4,4.4-heptafluoro-
butylacrylate) and 12 methacrylate derivatives (meth-
acrylic acid, methylmethacrylate, vinylmethacrylate,
ethylmethacrylate, n-propylmethacrylate, n-butylmethac-
rylate, tert-butylmethacrylate, iso-butylmethacrylate, n-
hexylmethacrylate, 2,2,2-triflourocthylmethacrylate, 2,2,
3,3,3-pentafluoropropylmethacrylate and 2,2,3,3,4.4,4-
heptafluorobutylmethacrylate). Each of these monomers
is polymerized under the same polymerization condition
at 100 Pa of monomer vapor pressure, 100 W of RF
with 13.56 MHz of continuous wave (CW).

The present work is a preliminary study in using the
QCM sensor array to detect the deposition rates of pp-
films in order to investigate the deposition mechanism
of acrylate and methacrylate monomers under plasma-
polymerization.

2. Experimental section

The monomers used in this experiment were all of
analytical or guaranteed grade and were purchased from
Wako Pure Chemical Industries, Ltd (Osaka, Japan) or
Kanto Chemical Co., Inc. (Tokyo, Japan) and used
without further purification. For plasma-polymerization,
the plasma-polymerization equipment Model BP-1 of
Samco International Co. (Kyoto, Japan) was used
[17,18]. Fig. la shows a schematic diagram of the
plasma-polymerization equipment. The deposition rates
of the pp-films were measured with the QCM during
the polymerization process. The QCM had gold elec-
trodes on both of its surfaces (AT-cut of 9 MHz;
8X8x0.15 mm?) and was purchased from Nihon Dem-
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pa Kogyo Co. Ltd (Tokyo, Japan). The pp-films were
deposited on one side of the QCM. The deposition rates
of the pp-films depend on the positioning of the sub-
strates. Therefore, the seven QCMs were placed on the
lower electrode (diameter 100 mm) for the glow dis-
charge. The position settings of the seven QCMs on the
lower electrode are denoted in Fig. 1b. Prior to plasma-
polymerization, the seven QCMs were treated by plasma
sputtering for 5 s under 100 W RF power and 100 Pa
of He pressure.

The plasma-polymerization conditions were controlled
by two parameters: the vapor pressure of the monomer
and the power of the glow discharge. We used the same
polymerization conditions for all 12 acrylate monomers
and 12 methacrylate monomers: a vapor pressure of 100
Pa and RF power of 100 W with 13.56 MHz of CW.
The monomers were vaporized at a constant liquid
temperature, which was maintained by an oil bath, and
a controlled vacuum. The distance between the elec-
trodes was 6.0 cm and the power of the glow discharge
was set at 100 W. The plasma-polymerization was

performed for 300—1800 s by 300-s intervals. We
obtained an optimum film-state of the polymers under
these conditions.

The apparatus and procedure for determining the
deposition rate have been described previously [17,18].
The oscillating frequency of the QCM was measured
with a universal counter (Iwatsu SC7201, Tokyo, Japan)
using data stored in a microcomputer (NEC PC9821,
Tokyo, Japan). The laboratory made transistor—transistor
logic electronic circuit used is described in Ref. [19]
(circuit IT). The relationship between the weight of the
pp-films and the frequency shift is expressed in units of
ng/Hz [12]. All of the experiments were carried out at
2542 °C. The chemical structure of pp-films was
characterized by FT-IR, XPS and contact angle. These
results will be published elsewhere [20].

3. Results and discussion

The deposition rates of the pp-films onto the QCM
were measured directly by the shift in the oscillation
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frequency. Fig. 2a shows the relationship between the
deposition rates of pp-acrylic acid for the seven positions
(a—g) of the lower electrode and the polymerization
time. A linear relationship was observed up to a poly-
merization time of 1800 s. The correlation coefficient
of each line (the polymerization time response for the
positions a—g) is almost 1.0. We define the individual
deposition rates of the pp-films using the slope of lines
a—g for each sample. The averages of deposition rates
of the pp-films are calculated from the slope of the
seven lines (a—g) in the figures. The average of depo-
sition rate for the pp-acrylic acid film is 2.15 pg/min.
The value of the standard deviation (o) and the coeffi-
cient of variation (CV) of pp-acrylic acid is 0.269 pg/
min and 12.5%, respectively. The reproducibility of the
deposition rate is high, in three independent experiments
the CV within 15% (data not shown). Therefore, we
confirm the accuracy of this technique.

Fig. 2b and Figs. 3—6d show the typical data between
the frequency shift and polymerization time for pp-
acrylic acid, pp-methylacrylate, pp-vinylacrylate, pp-

ethylacrylate,  pp-propylacrylate,  pp-butylacrylate,
pp-tert-butylacrylate, pp-iso-butylacrylate, pp-2,2,2-tri-
flouroethylacrylate, pp-2,2.3,3,3-pentafluoropropylacry-
late, pp-methacrylic acid, pp-methylmethacrylate,
pp-vinylmethacrylate, pp-cthylmethacrylate, pp-propyl-
methacrylate, pp-butylmethacrylate, pp-tert-butylme-
thacrylate, pp-iso-butylmethacrylate, pp-2,2,2-triflouro-
ethylmethacrylate and pp-2,2.3,3,3-pentafluoropropyl-
methacrylate, respectively. The range of linearity
between frequency shift and the polymerization time is
also included for the seven positions (a—g) of the lower
electrode. Outside this range, or above the formed
thickness, the QCM does not work as a microbalance.
Table 1 summarizes the averaged deposition rates for
the 12-acrylate monomers of polymerization. The values
are in the order of 2.2 3,3,4.4 4-heptafluorobutylacryla-
te>2,2,3,3 3-pentafluoropropylacrylate > 2,2 2 -triflouro-
ethylacrylate > acrylic acid > n-hexylacrylate > vinyl-
acrylate > n-butylacrylate > iso-butylacrylate > tert-buty-
lacrylate > methylacrylate > ethylacrylate > n-propylacry-
late. Table 2 summarizes the averaged deposition rates
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for the 12-methacrylate monomers of polymerization.
The averaged deposition rates for the 12-methacrylate
monomers are in the order of 2,233 4.4 4-hepta-
fluorobutylmethacrylate > 2, 2,3, 3,3 - pentafluoropropyl-
methacrylate, 2,2, 2-triflouroethylmethacrylate > n-hexyl-
methacrylate > methacrylic acid > vinylmethacrylate > n-
butylmethacrylate > fert - butylmethacrylate > methylme-
thacrylate > n-propylmethacrylate > ethylmethacrylate =

iso-butylmethacrylate.

The average deposition rate of pp-acrylate derivatives
is larger than that of pp-methacrylate derivatives without
pp-hexylacrylate. The average deposition rate of pp-
fluoroalkylacrylates was higher than 7-25 times that of
pp-alkylacrylate, and the average deposition rate of pp-
fluoroalkylmethacrylates was higher than 10-31 times
that of pp-alkylmethacrylates, respectively. The differ-
ences of the order of deposition rate were occurred
under the small deposition values. Accordingly, the
deposition rate of the pp-films is affected by the chem-
ical structure of the monomer and, hence, the reaction
mechanism.

All of the polymerizations were conducted under
identical settings of the equipment, which caused higher
gas phase concentration of the monomers with lower
boiling points. The reaction pathway of the different
monomers, however, often canceled this concentration
effect. Polymerization is assumed to proceed via a free
radical mechanism initiated through the collision of an
electron with a monomer molecule (Eq. (1)). Dissocia-
tion of this molecule results in the formation of free
radicals, which may add to intact monomers (Eq. (2))
denoted as the initiation:

M+e™ »R’ (1)

R"+M->RM (2)

ki

Polymerization (Eq. (3)) then proceeds in the gas
phase and on the surface.

RM'+#2M —RM; ., 3)

p
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Table 1

Average of deposition rates of pp-films coated with 300 s of time intervals for the plasma-polymerization

Actylates Molecular formula Adr o (0%
Acrylic acid CH,= CHCOOH 2.15 0.269 12.5
Methylacrylate CH,= CHCOOCH; 0.43 0.085 19.7
Vinylacrylate CH,=CHCOOCH=CH, 1.26 0.155 12.3
Ethylacrylate CH,= CHCOOC,H; 0.39 0.056 14.4
n-Propylacrylate CH,= CHCOOCH,CH,CH,; 0.36 0.124 341
n-Butylacrylate CH,= CHCOO(CH,);CH, 0.66 0.121 18.3
tert-Butylacrylate CH,= CHCOOC(CH;), 0.47 0.055 11.9
iso-Butylacrylate CH,—= CHCOOCH,CH(CH,), 0.48 0.057 11.9
n-Hexylacrylate CH,= CHCOOCH,(CH,),CH, 1.31 0.147 11.2
2.2 2-Triflouroethylacrylate CH,= CHCOOCH,CF; 3.89 0.267 6.86
2,2 3.3,3-Pentafluoropropylacrylate CH,= CHCOOCH,CF,CF; 11.2 0.446 3.97
2.2.3,3,4,4,4-Heptafluorobutylacrylate CH,= CHCOOCH,(CF,),CF; 13.0 1.110 85

The averages of deposition rates of the pp-films are calculated from the slope of the seven lines (a—g) in the figures. o and CV represent the
standard deviation and the coefficient of variation, respectively. Adr, average deposition rate [p.g/min]; o, standarad deviation [p.g/min]; CV,

coefficient of variation [%o].

Finally, collision between two radicals leads to ter-
mination of the reaction (Eq. (4)) by radical-radical
coupling or disproportionation, as in the case of standard
free radical polymerization.

R'+R'-»R—-R (4)

Ky

If the monomers are polymerizable by conventional
free radical polymerization, plasma-polymerization may
proceed simultancously with plasma-induced polymeri-
zation, resulting in high deposition rates. A unique
feature of plasma-polymerization of ‘normal” monomers
is that the system may become starved of monomers.
We assume that the rate of polymerization is mainly
determined by the rate of initiation k;, and not by the
rate of propagation [21]. The termination of growing
chains is suppressed by the immobility of the pp-layer,
making the termination rate k, low. In this study all
monomers are prone to free radical polymerization and
the rate of deposition is governed by the availability of

Table 2

surface radicals to propagate adsorbed monomers. For
the alkylacrylates the differences are not significant. In
general, a small difference is seen between the acrylates
and the corresponding methacrylates, which can be
attributed to differences in vapor pressure. A slight
increase in deposition rate is observed with larger alkyl
groups going from methyl to n-butyl and to hexyl. The
reason for this is not clear but could be due to higher
rate of formation of initiating radicals with larger alkyl
groups or increased rate of monomer adsorption onto
the surface. Vinylacrylate and vinylmethacrylate both
give higher deposition rate than corresponding saturated
monomers due to increase possibilitics of reactions with
surface radicals. By substitution of the alkyl to fluoroal-
kyl, a substantial increase in rate was observed. As
carlier stated [22,23] halogen-containing monomers are
more prone to form radicals in the plasma leading to
higher concentration of propagating surface radicals and
hence higher rate of deposition. We are well aware that
although the proposed reaction pathway and rate-deter-

Average of deposition rates of pp-films coated with 300 s of time intervals for the plasma-polymerization

Methacrylates Molecular formula Adr o (0%
Methacrylic acid CH,=CCH;COOH 1.16 0.111 961
Methylmethacrylate CH,=CCH;COOCH; 0.35 0.073 21.1
Vinylmethacrylate CH,=CCH;COOCH=CH, 0.91 0.249 273
Ethylmethacrylate CH,=CCH;COOC,H;, 0.31 0.051 16.6
n-Propylmethacrylate CH,=CCH;COOCH,CH,CH; 0.33 0.095 29.1
n-Butylmethacrylate CH,=CCH,COO(CH,);CH, 0.57 0.147 258
tert-Butylmethacrylate CH,=CCH;COOC(CH;), 0.42 0.058 13.9
iso-Butylmethacrylate CH,=CCH,COOCH,CH(CH,), 0.31 0.056 18.3
n-Hexylmethacrylate CH,=CCH,COOCH,(CH,),CH, 1.32 0.123 9.3

2,2 2-Triflouroethylmethacrylate CH,=CCH;COOCH,CF; 2.12 0.370 17.4
2,2 3.3,3-Pentafluoropropylmethacrylate CH,=CCH;COOCH,CF,CF; 8.33 0.760 9.12
2,2,3,3,4,4,4-Heptafluorobutylmethacrylate CH,=CCH;COOCH,(CF,),CF; 116 0.630 54

The averages of deposition rates of the pp-films are calculated from the slope of the seven lines (a—g) in the figures. o and CV represent the
standard deviation and the coefficient of variation, respectively. Adr, average deposition rate [g/min]; o, standard deviation [pg/min]; CV,

coefficient of variation [%o].
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mining steps support the experimental findings, they are
not direct proofs of these mechanisms. The contribution
of the step-growth mechanism proposed by Yasuda [24]
is certainly also important although not dominant for
the conditions used here. Furthermore, ablation, which
is especially important for fluorine-containing mono-
mers, will certainly occur in parallel. Additional exper-
imental support may be obtained by in situ determination
of the reactive species in the plasma, in the gas phase,
and the volatile products formed, together with careful
characterization of the cross-linked film.
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Abstract

The deposition rates of plasma-polymerized (pp-) films of vinyltriethoxysilane, vinyltrimethylsilane, tetravinylsilane, diallyldi-
methylsilane, allyltrimethylsilane, 1,3-divinyltetramethyldisiloxane and 1,1,3,3-tetramethyl-1,3-divinyldisilazane were determined
by the quartz crystal microbalance (QCM) technique. Using the same polymerization conditions (100 W RF and 100 Pa vapor
pressure) for the various monomers, it was found that the deposition rates were proportional to the polymerization time. The
average deposition rate of pp-vinyltrimethylsilane was 2.44 wg/min. The average deposition rate of pp-1,3-divinyltetramethyldi-
siloxane was five-fold higher and that of pp-tetravinylsilane was 13.5-fold higher than that of pp-vinyltrimethylsilane. The average
deposition rate of pp-allyltrimethylsilane was 3.43 wg/min. The average deposition rate of pp-diallyldimethylsilane was 0.8-fold
higher. The average deposition rate depended on the chemical structure of the monomer, giving rise to different mechanisms of
polymerization. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Plasma processing and deposition; Quartz crystal microbalance; Coatings; Polymers

1. Introduction

It is well known that new lower dielectric-constant
films are required for future generation integrated cir-
cuits (ICs). These materials are required to lower the
RC time constants between interconnects, thus improv-
ing the overall IC response speeds. As future sizes are
reduced below the 0.25 pm level, the need for lower
dielectric constant materials becomes increasingly
important. This reflects the fact that the interconnect
delay times become increasingly dominant relative to
gate-to-gate delays as the feature size is decreased [1,2].

Plasma polymerization has been widely used to fab-
ricate thin films of a variety of volatile compounds.

*Corresponding author. Tel. /fax: +81-298-61-4746.

E-mail address: shigeru-kurosawa@aist.go jp (S. Kurosawa),
zainalat@fsas.upm.edu.my (Z. Abidin Talib).

! Tel.: +603-9486101.

These films firmly adhere to most substrates and are
highly resistant to chemical and physical treatment. The
plasma polymerization technique has also been conven-
tionally employed to fabricate thin functional films that
facilitate the surface modification of materials [3.4].
Such films are expected to be useful as low dielectric-
constant films rigidly fixed on the IC [5-7]. Silicon-
containing compounds are candidates for low
dielectric-constant materials. For the IC fabrication tech-
nology, control of the deposition rate of thin film is an
important problem. The deposition rates in plasma
polymerization have been determined with a balance or
by in situ measurement of the film thickness with a
multi-interference thickness meter [8—12]. These meth-
ods cannot, however, detect the deposition rates of ultra-
thin films. Piezoelectric quartz crystal is widely
recognized as a useful microbalance (quartz crystal
microbalance, QCM). Adsorption of material on the

0040-6090/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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surface of a crystal changes its oscillation frequency.
When an AT-cut quartz crystal with a fundamental
oscillation frequency of 9 MHz is used, adsorption of
approximately 1 ng of material decreases the oscillation
frequency by 1 Hz [13—15]. Many attempts have been
made to use these highly sensitive, convenient and
portable devices as chemical sensors and immunosensors
[16—20]. The QCM has also been used to monitor the
thickness of films during vapor deposition and plasma
processes. Those reports used only one QCM settled in
the vacuum chamber. The deposition rates of gaseous
monomers in plasma polymerization have been thor-
oughly investigated [6—10], whereas those of liquid
monomers have not yet been reported. It is well known
that a liquid monomer with a high boiling point is easily
liquefied in the reaction chamber. Therefore, the plasma
polymerization of liquid monomers has not been
reported.

In this study, plasma polymerized films were prepared
from seven monomers: allyltrimethylsilane; vinyltrime-
thylsilane; vinyltriethoxysilane; 1,3-divinyltetramethyld-
isiloxane; 1,1,3,3-tetramethyl-1,3-divinyldisilazane;
tetravinylsilane; and diallyldimethylsilane. Each of these
monomers was polymerized under conditions of 100 W
RF and 100 Pa of vapor pressure. The present work is
a preliminary study in using a QCM sensor array to
detect the deposition rates of plasma-polymerized films
in order to gain an understanding of the deposition
mechanism of silicon-containing monomers.

2. Experimental

The monomers used in this experiment were all of
analytical or guaranteed grade and were purchased from
Wako Pure Chemical Industries Ltd (Osaka, Japan) or
Kanto Chemical Co Inc (Tokyo, Japan) and used without
further purification. For plasma polymerization, Samco
International Co (Kyoto, Japan) equipment, model BP-
1, was used [20,21]. Fig. 1a shows a schematic diagram
of the plasma polymerization equipment. The deposition
rates of the pp-films were measured in situ with a QCM
during the polymerization process. The QCM had silver
electrodes on both of its surfaces (AT-cut of 9 MHz;
8 X8 0.15 mm) and was purchased from Seywa Crystal
Co (Chiba, Japan). The pp-films were deposited on one
side of the QCM. The deposition rate of a plasma-
polymerized film is not dependent on the positioning of
the substrate. Therefore, seven or five QCMs were
placed on the lower clectrode (diameter 100 mm) for
the glow discharge. The position settings of the seven
QCMs on the lower clectrode are denoted in Fig. 1b,
and the five QCMs on the lower electrode are denoted
in Fig. 1c. Prior to plasma polymerization, the seven or
five QCMs were treated by plasma sputtering for 5 s
under 100 W RF power and 100 Pa of He pressure.

(a)

Needle valve

|
) ©, Monomer
\ reservoir
J\\Q}z/- Stir bar

Oil bath l—L +—Stirrer

] Stop vaive
: ! Matching network
Vacuum
gauge Rotary pump
13.56MHz2 generator

Monomer inlet

(b)

Direction of gas flow

Lower electrode

Lower electrode

(©)

Monomer inlet

Direction of gas flow

Fig. 1. (a) Schematic diagram of plasma-polymerization equipment,
(b) Position settings (a—g) of seven QCMs on the lower electrode.
(c) Position settings (a—¢) of five QCMs on the lower electrode.
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Fig. 2. Linear relationship between polymerization time and oscilla-
tion frequency shift of QCM coated with pp-vinyltriethoxysilane.

The plasma polymerization conditions were controlled
by two parameters: the vapor pressure of the monomer
and the power of the glow discharge. We used the same
polymerization conditions for all seven monomers: a
vapor pressure of 100 Pa and an RF power of 100 W.
The monomers were vaporized at a constant liquid
temperature, which was maintained by an oil bath, and
under controlled vacuum. The distance between the
electrodes was 6.0 cm and the power of the glow
discharge was set at 100 W. The plasma polymerization
was performed for 30—150 s at 30 s intervals and for
60-300 s at 60 s intervals. We obtained optimum
polymer films under these conditions.

The apparatus and procedure for determining the
deposition rate have been previously described [22,23].
The oscillating frequency of the QCM was measured
with a universal counter (Iwatsu SC7201, Tokyo, Japan)
using data stored in a microcomputer (NEC PC9821,
Tokyo, Japan). The laboratory-made transistor—transis-
tor logic (TTL) electronic circuit used is described in
[15] (circuit IT). The relationship between the weight of
the pp-films and the frequency shift is expressed in units
of ng/Hz [22,23]. All of the experiments were carried
out at 25+2 °C. The chemical structure of silicon-
containing pp-films was measured by FT-IR, X-ray
photoelectron spectroscopy (XPS) and the contact angle.
These results are published elsewhere [24].

3. Results and discussion

The rate of deposition of the pp-films onto the QCM
was directly measured by the shift in the oscillation
frequency. Fig. 2 shows the relationship between the
deposition rate of pp-vinyltriecthoxysilane for the seven
positions (a—g) of the lower electrode and the polym-
erization time. A linear relationship was observed up to
a polymerization time of 150 s. The regression of the

Table 1
Deposition rates of pp-vinyltriethoxysilane

Position Slope Intercept Correlation
(kHz/s) (kHz) coefficient

a 0.185 1.780 0.996

b 0.210 0.691 0.999

c 0.207 0.733 0.999

d 0.205 0.403 1.000

e 0.202 0.368 0.999

f 0217 0.696 0.999

g 0232 0.092 0.999

polymerization time response for positions a—g is sum-
marized in Table 1. The correlation coefficient of each
line is almost 1.000. We define the individual deposition
rate for plasma-polymerized films using the slope of
lines a—g for each sample. The averages of deposition
rates of the pp-films are calculated from the slope of
the seven lines (a—g) in the figures. The average
deposition rate for the pp-vinyltricthoxysilane film is
0.056 kHz/s (12.5 pg/min). The value of the standard
deviation (o) and the coefficient of variation (C.V.) of
pp-vinyltricthoxysilane are 0.85 wg/min and 6.8%,
respectively. The reproducibility of the deposition rate
is high; in three independent experiments, the C.V. was
within 8% (data not shown). This confirms the accuracy
of this technique.

Figs. 3-8 show the same relationship for pp-
allyltrimethylsilane,  pp-vinyltrimethylsilane,pp-vinyl-
tricthoxysilane, pp-1,3-divinyltetramethyldisiloxane,
pp-1,1,3,3-tetramethyl-1,3-divinyldisilazane, pp-tetravi-
nylsilane, and pp-diallyldimethylsilane, respectively. The
linearity range is also included. Outside this range, or
above the thickness formed, the QCM does not work as
a microbalance.

Table 2 summarizes the average deposition rates for
the seven monomers at a 30 s polymerization time

10 T T T T T T T

Vinyltrimethylsilane

Frequency shift (kHz)

0 ) L ) . . L
0 20 40 60 80 100 120 140 160

Polymerization time (s)

Fig. 3. Linear relationship between polymerization time and oscilla-
tion frequency shift of QCM coated with pp-vinyltrimethylsilane.
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Fig. 4. Linear relationship between polymerization time and oscilla-
tion frequency shift of QCM coated with pp-tetravinylsilane.

interval. The values are in the order of tetravinyl-
silane > vinyltriethoxysilane > 1,3-divinyltetramethyl-
disiloxane > 1,1,3,3-teramethyl-1,3-divinyldisilazane
> allyltrimethylsilane > diallyldimethylsilane > vinyl-
trimethylsilane.

Table 3 summarizes the averaged deposition rates for
the seven monomers at a 60-s polymerization time
interval. The values are in the order of tetravinylsilane
> vinyltriethoxysilane > 1,1,3,3-teramethyl-1,3-divi-
nyldisilazane > 1,3-divinyltetramethyldisiloxane >
vinyltrimethylsilane > diallyldimethylsilane > allyltri-
methylsilane. The difference in the order of deposition
rate occurred for small deposition values.

The average deposition rate for a 300-s polymeriza-
tion time interval for tetravinylsilane is 22.00 pg/min,
and for diallyldimethylsilane, is 1.34 pwg/min. Thus, the
polymerization time interval affects the average deposi-

12 r T T r r T T
Diallyldimethylsilane
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Fig. 5. Linear relationship between polymerization time and oscilla-
tion frequency shift of QCM coated with pp-diallyldimethylsilane.
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Fig. 6. Linear relationship between polymerization time and oscilla-
tion frequency shift of QCM coated with pp-allyltrimethylsilane.

tion rate of pp-films. It is worth noting that for a high
deposition rate, a very short polymerization time interval
should be seclected to detect the deposition rate of the
pp-film. Accordingly, the deposition rate of the pp-films
is affected by the chemical structure of the monomer,
and hence the reaction mechanism.

All the polymerizations were conducted under iden-
tical equipment settings, which led to a higher gas-phase
concentration of the monomers with lower boiling
points. The reaction pathway of the different monomers,
however, often canceled this concentration effect.
Polymerization is assumed to proceed via a free-radical
mechanism initiated through the collision of an electron
with a monomer molecule [Eq. (1)]. Dissociation of
this molecule results in the formation of free radicals,

40 T T T T T
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Fig. 7. Linear relationship between polymerization time and oscilla-
tion frequency shift of QCM coated with pp-1,3-
divinyltetramethyldisiloxane.



S. Kurosawa et al. / Thin Solid Films 407 (2002) 1-6 5

40 T T T T T T T
1,1,3,3-Tetramethyl-1,3-divinyldisilazane

~
T
=3
&=
@
20 | 1
g
c
) ® a
g O b
[ A ¢
10 F A dl]
W e
O f
® 9
0 ) . . . . . ;
0 20 40 60 80 100 120 140 160

Polymerization time (s}

Fig. 8. Linear relationship between polymerization time and oscilla-
tion frequency shift of QCM coated with pp-1,1,3,3-tetramethyl-1,3-
divinyldisilazane.

which may add to intact monomers [Eq. (2)]; this is
denoted as the initiation.

M+e¢™ —»R° (D

R*™+M—-RM’ )
ki

Table 2

Polymerization [Eq. (3)] then proceeds in the gas
phase and on the surface.

RM +nM —RM; 3)

kp

Finally, collision between two radicals leads to termi-
nation of the reaction [Eq. (4)] by radical-radical
coupling or disproportionation, as in the case of standard
free-radical polymerization.
R+ R">R—-R’ (4)
ky

If the monomers are polymerizable by conventional
free-radical polymerization, plasma polymerization may
simultaneously proceed with plasma-induced polymeri-
zation, resulting in high deposition rates. In our study,
tetravinylsilane, 1,3-divinyltetramethyldisiloxane and
1,1,3,3-tetramethyl-1,3-divinyldisilazane were deposited
at higher rates. The deposition rate of allyltrimethylsi-
lane and diallyldimethylsilane, however, was not higher
than the deposition rates of monomers containing allylic
hydrogens. The monomers containing allylic protons,
i.e. allyltrimethylsilane and diallyldimethylsilane, did
not exhibit any significant plasma-induced polymeriza-
tion. In this case, radical transfer to the allylic position

Average of deposition rates of pp-films coated with 30 s of time intervals for the plasma-polymerization

Monomer Deposition o CV.
rate (pg/min) X 10% (%)
(pg/min)
Vinyltriethoxysilane 12.49 0.85 6.8
Vinyltrimethylsilane 2.44 0.59 24.4
Tetravinylsilane 33.02 4.96 15.0
Diallyldimethylsilane 2.84 0.59 20.7
Allyltrimethylsilane 3.43 1.06 30.9
1,3-Divinyltetramethyldisiloxane 12.26 0.99 8.1
1,1,3,3-Tetramethyl-1,3-divinyldisilazane 11.48 1.50 13.1

The average deposition rates of the pp-films were calculated from the slope of the seven lines (a—g) in the figures. ¢ and C.V. represent the

standard deviation and the coefficient of variation, respectively.

Table 3

Average deposition rates of pp-films coated with 60-s time interval for the plasma polymerization

Monomer Deposition o CV.
rate (pg/min) X 10% (%)
(pg/min)
Vinyltriethoxysilane 11.14 2.39 21.4
Vinyltrimethylsilane 141 0.33 232
Tetravinylsilane 29.65 10.36 35.0
Diallyldimethylsilane 1.34 0.46 342
Allyltrimethylsilane 1.07 0.49 46.1
1,3-Divinyltetramethyldisiloxane 4.50 0.57 12.8
1,1,3,3-Tetramethyl-1,3-divinyldisilazane 6.55 1.73 26.4

The average deposition rates of the pp-films were calculated from the slope of the five lines (a—e) in the figures (data not shown). ¢ and C.V.
represent the standard deviation and the coefficient of variation, respectively.
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[Eq. 5] was followed by radical-radical coupling [Eq.

ANX —a X )

— XX (various combinations)  (6)
2 TN X >

The reaction in Eq. 5 may be considered an ‘initiation’
that is promptly followed by termination [Eq. 6] without
any intermediate steps of propagation. A unique feature
of the plasma polymerization of ‘normal’ monomers is
that the system may become starved of monomers. We
assume that the rate of polymerization is mainly deter-
mined by the rate of initiation k; and not by the rate of
propagation [25,26]. The termination of growing chains
is suppressed by the immobility of the plasma-polymer-
ized layer, making the termination rate k, low.

We are well aware that although the proposed reaction
pathway and rate-determining steps are supported by the
experimental findings, the results do not provide direct
proof of these mechanisms. Additional experimental
support may be obtained by in situ determination of the
reactive species in the plasma and in the gas phase, as
well as the volatile products formed. Precise characteri-
zation of the cross-linked film would also be a useful
investigation.
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Simple group-contribution methods are proposed to estimate eleven important physical properties of
pure materials. A common set of structural groups was employed. High accuracy is not claimed, but
the proposed methods are often as accurate as or more accurate than techniques in common use
today.
KEYWORDS Viscosity  critical properties  ideal gas  group contributions

estimation methods

In principle, properties of pure components are determined by the architecture of
the molecules as well as, in certain instances, state variables such as temperature
and pressure. For those properties which are unique (e.g., the critical tempera-
ture) or are functions of temperature only (e.g., the ideal-gas heat capacity),
molecular group-contribution methods have been widely employed to estimate
numerical values. Many such methods are described elsewhere [Reid et al., 1987].
It was our objective to develop a family of group-contribution estimation
methods using a consistent set of molecular groups that would cover a wide
variety of organic compounds. The properties selected are listed in Table 1.
Many different estimation equations requiring group contributions were ex-
amined, and those selected are given in Table II. Note we have assumed no
interaction between groups, and structurally-dependent parameters (L) are
thereby determined simply by summing the number frequency of each group
times its group contribution. Clearly this is only a first-order approximation, but it
is our experience that there rarely exist sufficient data to obtain reliable
contributions between so-called ‘‘next-nearest neighbors.” Also, introducing
group interactions often leads to a significantly more complex estimation method.
We selected 41 molecular groups to allow one to treat many diverse types of
organic compounds. These groups are the same as used earlier by Lydersen
[1955] with the omission of >Si< and >B-, but with the inclusion of =N-(ring).
Multiple linear regression techniques were employed to determine the group
contributions for each structurally-dependent parameter. The contributions are
shown in Table III. To obtain optimum values, in the regression procedure, we
minimized the sum of the absolute errors found from the estimated and

233
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TABLE 1!

Propertics estimated

Property Symbol Units Comments

Normal boiling point T, - K P=1atm
Normal freezing point T; K
Critical temperature TE K
Critical pressure P, bar
Critical volume v, cm®/mole
Enthalpy of formation, AH‘,’, 208 kJ/mole

ideal gas at 208 K
Gibbs energy of formation, AG} 208 kJ/mole

ideal gas, unit fugacity, .

at 298K
Heat capacity, ideal gas Cg J/mole K Function of T
Enthalpy of vaporization, AH,, kJ/mole

at T,
Enthalpy of fusion, ' AH, kJ/mole
Liquid viscosity n Ns/m? Function of T

experimental property values, Y. and Y,,,, i.e.,
Minimize the objective function: ¥ |Yeg = Yexpl Q)

Minimizing the sum-of-squares of the errors was not done as we found this
procedure weighted outliers too heavily. Thus our method will lead to slightly
higher errors for such outliers, but will provide an improved estimation procedure
for the majority of compounds.

TABLE Il

Estimation equations'

T,=198.2+ % : )
T,=1225+% (3)
T, = T,[0.584 + 0.965% — (L)°] @
P.=(0.113+0.0032n, - ¥)~2 )
V.=17.5+% (6)
AH05=68.29+ L ’ )
AGSy0=53.88+ )
Co=T (a) —37.93 +[L (b) +0.210]T +[E (c) — 3.91 x 107%|T2
+(T (d) + 2.06 x 10~7]T? 9)
AH, =15.30+ % (10
AH,=-0.88+% (11)
1= MW xexp([L (n,) —597.82}/T + £ (ng) — 11.202) (12)

" The notation . signifies that, for the particular property of interest, one sums the product of the
number of times a group appears in the compound and the group contributions in Table III. In cases
where the property is a function of temperature, different L.( ) terms are required.
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TABLE III

Group contributions
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T F, V.
Non-ring increments
—CH3 0.0141  -0.0012 65
—CH2— 0.0189 0 56
>CH— 0.0164 0.0020 41
>C< 0.0067 0.0043 27
=CH2 0.0113 -0.0028 56
=CH— 0.0129  —0.0006 46
=C< 0.0117 0.0011 38
=C= 0.0026 0.0028 36
=CH 0.0027 -0.0008 46
=C— 0.0020 0.0016 37
Ring increments
—CH2— 0.0100 0.0025 48
>CH— 0.0122 0.0004 38
>C< 0.0042 0.0061 27
=CH— 0.0082 0.0011 41
=C< 0.0143 0.0008 32
Halogen increments
—F 0.0111  -0.0057 27
—Cl 0.0105 -0.0049 58
—Br 0.0133 0.0057 M
—I 0.0068 —0.0034 97
Oxygen increments
—OH (alcohol) 0.0741 0.0112 28
—OH (phenol) 0.0240 0.0184 -2§
—O— (nonring) 0.0168 0.0015 18
—O— (ring) 0.0098 0.0048 13
>C=0 (nonring) 0.0380 0.0031 62
>C=0 (ring) 0.0284 0.0028 55
O=CH— (aldehyde) 0.0379 0.0030 82
—COOH (acid) 0.0791 0.0077 89
—COO— (ester) 0.0481 0.0005 82
=O (except as above) 0.0143 0.0101 36
Nitrogen increments
—NH2 0.0243 0.0109 38
>NH (nonring) 0.0295 00077 35
>NH (ring) 0.0130 0.0114 29
>N— (nonring) 0.0169 0.0074 9
—N=(nonring) 0.0255 —-0.0099 —
—N==(ring) 0.0085 00076 34
=NH —_ —_ —_—
—CN 0.0496 -0.0101 91
—NO2 0.0437 0.0064 91
Sulfur increments
—SH 0.0031 0.0084 63
—S— (nonring) 0.0119 0.0049 54
—S— (ring) 0.0019 0.0051 38
AH} 20 BGP 5
Non-ring increments
—CH3 23.58 -5.10 —76.45 -43.96
—CH2— 22.88 11.27 -20.64 8.42
>CH— 21.74 12.64 29.89 58.36
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TABLE Ml (contd.)

7, T, AH}’.zos AG?.zsvs
Non-ring increments (contd.)
>C< 18.25 46.43 82.23 116.02
=CH2 18.18 —4.32 -9.63 3
=CH— 24.96 8.73 37.97 48.53
=C< 24.14 11.14 83.99 92.36
=C= 26.15 17.78 142.14 136.70
=CH 9.20 -11.18 79.30 77.71
=2C— 27.38 64.32 115.51 109.82
Ring increments
—CH2— 27.18 1.75 —26.80 —3.68
>CH— 21.78 19.88 8.67 40.99
>C< 21.32 60.15 79.72 87.88
=CH— 26.73 8.13 2.09 11.30
=C< 31.01 37.02 46.43 54.05
Halogen increments
—F —0.03 —-15.78 -251.92 —247.19
—Cl 38.13 13.55 -71.55 -64.31
—Br 66.86 43.43 —29.48 ~38.06
—I 93.84 41.69 21.06 5.74
Oxygen increments
—OH (alcohol) 92.88 44.45 —208.04 —189.20
—OH (phenol) 76.34 82.83 -221.65 -197.37
—O— (nonring) 22.42 22.23 -132.22 —105.00
—0O— (ring) 31.22 23.05 -138.16 —98.22
>C=0 (nonring) 76.75 61.20 —-133.22 —-120.50
>C=0 (ring) 94.97 75.97 —164.50 —126.27
O=CH— (aldehyde) 72.24 36.90 —-162.03 —143.48
—COOH (acid) 169.09 155.50 ~426.72 —387.87
—COO— (ester) 81.10 53.60 —-337.92 -301.95
=0 (except as above) -10.50 2.08 —247.61 —250.83
Nitrogen increments
—NH2 73.23 66.89 —22.02 14.07
>NH (nonring) 50.17 52.66 53.47 89.39
>NH (ring) 52.82 101.51 31.65 75.61
>N— (nonring) 11.74 48.84 123.34 163.16
—N=(nonring) 74.60 — 23.61 —
—N==(ring) 57.55 68.40 55.52 79.93
=NH . 83.08 68.91 93.70 119.66
—CN 125.66 59.89 88.43 89.22
—NO2 152.54 127.24 —66.57 —-16.83
Sulfur increments
—SH 63.56 20.09 -17.33 -22.99
—S— (nonring) 68.78 34.40 41.87 33.12
—S5— (ring) 52.10 79.93 39.10 27.76
Ideal gas heat capacity
(@ (v) © C)]
Non-ring increments
—CH3 195E+1 -8.08E-3 1.53E-4 -5.67TE-8
—CH2— -90E-1 9S0E-2 -544E-5 119E-8
>CH— ~230E+1 204E-1 -265E-4 1.20E-7
>C< —-6.62E+1 427E-1 -641E—-4 3.01E-7
=CH2 236E+1 -38lE-2 172E-4 -1.03E-7
=CH— —-8.00 105E-1 -9.63E-5 3.56E-8
=C< -281E+1 208E-1 -3.06E—4 1.46E-7
=C= 274E+1 -557E-2 101E—-4 -5.02E-8
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TABLE TII (contd.)
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Ideal gas heat capacity

(a) ®) (©) (d)
Non-ring increments (contd.)
=CH 245E+1 -271E-2 111E-4 -678E-8
=C— 7.87 20lE-2 -833E-6 1.39E-9
Ring increments
© —CH2— -6.03 854E-2 -8.00E-6 ~180E-8
>CH— -2.05E+1 162E-1 —-1.60E—4 6.2dE-8
>C< -909E+1 S57TE-1 -9.00E—-4 4.69E—-7
=CH— -2.14 SME-2 -—1.64E-6 —-159E-8
=C< —8.25 101E-1 -142E-~4 6.78E-8
Halogen increments
—F 265E+1 -9.13E-2 191E~4 -1.03E-7
—Cl 333E+1 -963E-2 18/E—-4 -996E-8
~—Br 286E+1 —649E-2 136E—-4 -745E-8
—I 321IE+1 —~641E-2 126E-4 -687E-8
Oxygen increments
—OH (alcohol) 257TE+1 —691E-2 177E-4 -988E-8
—OH (phenol) ~2.81 1.I1IE-1 -116E—-4 4.94E-8
- —O— (nonring) 2.55E+1 -632E-~2 1.11IE-4 -548E-8§
—O— (ring) 1.22E+1 -126E-2 6.03E-5 -3.86E-8
>C=0 (nonring) 6.45 6.70E—-2 -3.57E-5 2.86E-9
>C=0 (ring) 3E+1 -829E-2 236E-4 -131E-7
O=CH— (aldehyde) 309E+1 -336E-2 160E-4 -988E-8
—COOH (acid) 241E+1 427E-2 B804E-5 -687E-8
—COO— (ester) 245E+1 4.02E-2 4.0RE-5 -4.52E-8
=0 (except as above) 6.82 196E-2 127E-~5 -1.78E-8
Nitrogen increments
—NH2 26E+1 —-412E-2 164E—-4 -9.76E -8
>NH (nonring) -1.21 7.62E—-2 -48E-5S 1.05E-8
>NH (ring) 1.18E+1 -230E-2 107E—-4 -628E-8
>N— (nonring) -3.11E+1 227E-1 —-3.20E-4 146E-7
—N= (nonring) —_ — — —
—N=(ring) 8.83 -384E-3 435E-5 -2.60E-8
=NH 5.69 -412E-3 128E—-4 -8.88E~-8
—CN 365E+1 -733E~2 1B4E—-4 -1.03E-7
—NO2 259E+1 -3.74E-3 129E—-4 -8.88E-8
Sulfur increments
—SH 353E+1 ~758E-2 185E-4 -1.03E-7
—S$— (nonring) 1.96E+1 —-561E-3 4.02E-5 -276E-8
—S— (ring) 1.67E+1 48lIE-3 27E-5 -2.11E-8
Liquid viscosity
AH, AH; (n4) (ns)
Non-ring increments
—CH3 2.373 0.908 548.29 -1.719
—CH2— 2.226 2.590 94.16 ~0.199
>CH— 1.691 0.749 -322.15 1.187
>C< 0.636 -1.460 ~573.56 2.307
=CH2 1.724 ~0.473 495.01 -1.539
=CH— 2.205 2.691 82.28 -0.242
=C< 2.138 3.063 — —
=C= 2.661 4.720 —_ —_
=CH 1.155 2322 — —
=C— 3.302 4.151 — —
Ring increments
—CH2— 2.398 0.490 307.53 —-0.798
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TABLE III (contd.)

Liquid viscosity

AH,, ) AH, (n4) (ns)
Ring increments (contd.)
>CH— 1.942 3.243 —394.29 1.251
>C< 0.644 -1.373 — —
=CH— 2.544 1.101 259.65 -0.702
=C< 3.059 2.394 —245.74 0.912
Halogen increments
—F —-0.670 1.398 — —
- 4,532 2.515 625.45 -1.814
—Br 6.582 3.603 738.91 -2.038
—1 9.520 2.724 809.55 -2.224
Oxygen increments
—OH (alcohol) 16.826 2.406 2173.72 —-5.057
—OH (phenol) 12.499 4.490 3018.17 ~7.314
—O— (nonring) 2.410 1.188 122.09 —0.386
—0— (ring) 4.682 5.879 440.24 -0.953
>C=0 (nonring) : 8.972 4.189 340.35 —-0.350
>C=0 (ring) 6.645 — — —
O=CH— (aldehyde) 9.093 3.197 740.92 -1.713
—COOH (acid) 19.537 11.051 1317.23 —-2.578
—COO— (ester) 9.633 6.959 483.88 —0.966
=0 (except as above) 5.909 3.624 675.24 —1.340
Nitrogen increments .
—NH2 10.788 3.515 — —
>NH (nonring) 6.436 5.009 — —
>NH (ring) 6.930 7.490 — —
>H— (nonring) 1.896 4.703 — —
—N=(nonring) 3.335 —_ —_
—N=(ring) 6.528 3.649
=NH 12.169 - — —
—CN 12.851 2.414
—NO2 16.738 9.679
Sulfur increments
—SH 6.884 2.360 — —
—S— (nonring) 6.817 4.130 — —
—S— (ring) 5.984. 1.557 — —

Two properties treated are functions of temperature, i.e., the ideal-gas heat

capacity and the liquid viscosity. For the former, the temperature range is from
.273 to about 1000 K while, for ;he latter, from a value of T; to a reduced
temperature of about 0.7.

It should be noted in Table II the fotal number of atoms, n,, appears in the
equation for critical pressure, and the compound molecular weight, MW, in the
liquid viscosity formulation. Also, in the estimation of T, it is preferable to
employ an experimental value of 7,, but, if this is not available, it may be
approximated separately.

The data vsed in the development of all the methods were obtained from the
literature. Critical property values, T, P., and V,, were obtained from Ambrose
[1978,1979] and Reid er al. [1987]. Values for the thermodynamic properties,
AHY 05, AGJ s, and Cp were obtained from Reid et al. and Stull et al. [1969].
Values for 7, T;, AH,,, and AH, were obtained from Reid et al. and Stull ef al.
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TABLE IV

Summations of group contributions for use in the example

—Cl =CH— (ring) =C< (ring)
No. of Group No. of Group No. of Group
Propeny groups value groups value groups value E

T, 2 38.13 4 26.73 2 31.01 245.20
T, 2 13.55 4 8.13 2 302 13366
T, 2 0.0105 4 0.0082 2 0.0143 0.0824
P, 2 —0.0049 4 0.0011 2 0.0008 ~0.0038
v, 2 58 4 41 2 3 344
AH‘ém 2 -71.55 4 2.09 2 46.43 -41.88
AGy 2 ~64.31 4 11.30 2 54.05 24.68
G £ (a) 2 333 4 -2.14 2 -8.25 41,54

T (b) 2 ~9.63x 1072 4 5.74% 1072 2 1.01x 107" 0.239

T (c) 2 1.874x 107" 4 ~1.64x107° 2 -1.42%x107¢  g4axi10”?

T @ 2 -9.96% 10°¢ 4 -1.59x107* 2 678x107" -1.27%107"
AH,, 2 4.532 4 2.544 2 3.059 25.36
AH, 2 2.515 4 1.101 2 2.394 14.22
9., T (1) 2 625.45 4 259.65 2 —245.74 1798.0

T (ns) 2 -1.814 4 -0.702 2 0.912 -4.612

TABLE V

Results from the example calculations
Compound: p-dichlorobenzene
Summation of group contributions from Table IV

Estimated Experimental
Property Eq. used value value
T, (2) 434K 473K
T, 3 256 K 326 K
1 @' 681K 685 K
P (5)? 41.5bar 39.0 bar
V. (6) 362 cm®/mole 372 cm>/mole
AH7 208 ) 26.41 kI /mole 23.01 kJ/mole
AG] 04 (8) 78.56 kl/mole 77.15 kJ/mole
Cg(298) 9 112.3 J/mole K 113.91/mole K
(400) 139.2 J/mole K 143.3J/mole K
(800) 206.8 J/mole K 210.7 J/mole K
(1000) 224.6 J/mole K 228.0J/mole K
AH,, (10) 40.66 kJ/mole 38.79 kJ/mole
AH (11 13.3kJ/mole 18.16 kJ/mole
q,_(533.8) (12) 7.26x 107*Ns/m>  7.22X10™*Ns/m>
(374.4) 492x10"*Ns/m> 4.95x107*Ns/m’
(403.1) 391x107*Ns/m*> 3.98x107*Ns/m?
(423.3) 3.40x107*Ns/m*> 3.48x10™*Ns/m?

' The experimental value of T, (447 K) was employed in Eq. (4). If 7, had itself been estimated, a
value of 443 K would have been obtained leading to a value for T, of 675 K. In this case, the results
are not too different. In other situations, large errors were found when using the estimated value of
T,.
2n,=12
* MW = 147.0 g/mole



240 K.G. JOBACK AND R.C. REID
TABLE VI

- Statistical summary of regression testing

No. of Average Average
compounds absolute Standard per cent
Property used error deviation error
7, 438 129K 179K 3.6
T 388 22.6K 24.7K 11.2
T. 409 48K 69K 0.8
P, 392 2.1bar 3.2bar 5.2
1A 310 7.5em?/mole  13.2 cm®/mole 2.3
AHY 208 378 8.4kJ/mole 18.0 kJ/mole —
AG] 328 8.4kJ/mole 18.3 kJ/mole —
AH,, 368 1.27 kJ/mole 1.79 kJ/mole 3.9
AH; 155 2.0 kJ/mole 2.8 kJ/mole 39.

Values for 7, as a function of temperature were obtained from Orrick [1973] and
Friend and Hargreaves [1945].

EXAMPLES AND DISCUSSION

To illustrate our proposed technique, we have estimated the values of each of the
eleven properties in Table I using p-dichlorobenzene as an example substance. In
Table IV, we show the group contribution summations for each property using
the group values from Table III. In Table' V, we summarize the results and
compare them with experimental values.

In Table VI, we show an overall statistical summary of our regression results; a
more detailed breakdown is given elsewhere [Joback, 1984].

Estimations of the normal boiling point and, in particular, the normal freezing
point are not accurate and should be considered as only very approximate. There
is a strong dependence of the actual conformation of the molecule on T; as
shown, for example, in the large difference-found for T; between, say, cis- and
trans-isomers. To illustrate, the difference in 7, between cis- and trans-1,2-

TABLE VII

Comparison of critical property estimation techniques

Lydersen [1955] Ambrose [1978, 1979] Klincewicz [1984) Proposed

AAE'  AAPE? AAE AAPE AAE AAPE AAE _ AAPE
T, 8.1 1.4 4.3 0.7 7.5 1.3 48 0.8
P, 3.3 8.9 1.8 4.6 3.0 7.8 2.1 5.2
V. 10.0 31 8.5 2.8 8.9 2.9 7.5 2.3

! AAE = average absolute error,
2 AAPE = average absolute percent error.
Average absolute errors have units of kelvins for T, bars for P., and cm®/mole for V,.
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TABLE VIII

Comparison of enthalpy of formation estimation techniques

Standard

Average absolute deviation

error, kJ/mole kl/mole
Benson et al. [1969) 4.6 54
Verma-Doraiswamy [1965] 10.5 13.4
Andersen, Beyer, and 9.2 10.5

Watson [1944]

Franklin [1949] 18.8 27.2
Proposed 9.2 9.2

dimethylcyclopentane is about 64 K. Since our procedure does not differentiate
between cis- and trans-isomers, the regression yields some medium value.

For the critical constants, other group-contribution methods have been
proposed, [Lydersen, 1955; Ambrose, 1978, 1979; Klincewicz, 1982]. In Table
VII we show a limited comparison between the results of the proposed method
and those currently in use. The statistics for the earlier methods were obtained
from Klincewicz [1982). It is seen that the Ambrose method is somewhat more
accurate than the proposed method for 7, and P,, but it is also more complex and
less readily implemented in computer-based estimation programs. For V,, the
proposed method yielded the least error.

For the standard enthalpy of formation at 298 K, the proposed method was
compared to other group-contribution techniques now in use, and the results are
shown in Table VIII. In this comparison, a sample of 29 compounds was used.
The proposed method showed an average absolute error which is somewhat
larger than Benson et al.’s [1969] method and about equal to that from the
Verma-Doraiswamy [1965] technique. However, with Benson et al.’s method
containing over 250 groups and 25 corrections for rings and next-nearest
neighbors, we feel that a major advantage of our proposed method lies in its
simplicity and accuracy only slightly less than significantly more complicated
methods.

There are few other group-contribution methods to estimate the standard
Gibbs energy of formation at 298 K. When we compared our procedure to that of
van Krevelen and Chermin [1951, 1952] using a sample of 43 compounds, the

TABLE IX

Comparison of heat capacity estimation techniques

Average
absolute Standard
error, deviation

J/mole X J/mole K

Benson er al. [1969] 4.6 6.7
Rihani-Doraiswamy [1965) 13.4 19.2
Thinh ef al. [1976] 4.6 6.7
Proposed 5.9 8.4
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.TABLE X

Comparison of viscosity estimation techniques

Average
absolute
percent Standard
error deviation
Thomas [1946] 20 24
- Orrick [1973] : 16 14
van Velzen et al. [1972] 15 23
Morris [1964] 15 15
Proposed 18 20

proposed technique yielded an average absolute error of 4.6kJ/mole and a
standard deviation of 6.7 kJ/mole. The van Krevelen and Chermin method gave
an absolute average error of 13.0kJ/mole and a standard deviation of
17.2kJ/mole. The proposed method does not require a separate correction for
symmetry number or for multiple optical isomers. While the accuracy of the
proposed method is reasonable, the use of it to calculate chemical equilibrium
constants may lead to large errors due to the exponentiation required to
determine K.

For the ideal-gas heat capacity, we present a comparison between the proposed
method and those of Benson et al. [1969], Rihani-Doraiswamy [1965], and Thinh
et al. [1976] in Table IX. A sample of 28 compounds was employed and C3 values
at 298 and 800 K were used. The methods of Benson et al. and Thinh et al. both
yielded lower errors than the proposed method, however, Benson’s technique
provides values of the heat capacity only at discreet temperatures while the Thinh
et al. procedure is applicable only to hydrocarbons.

There are no group-contribution methods for the enthalpy of vaporization at
the normal boiling point or for the enthalpy of fusion with which to compare the
proposed method. Clearly, as shown in Table VI, the accuracy in estimating AH;
is poor; again, as with 7, the value is sensitive to the exact conformation of the
molecule. For AH,,, errors are not particularly large, but if reliable values of 7,
T., and P, are available, it is more accurate to estimate AH,,, from corresponding-
states correlations [Reid et al., 1987].

For the liquid viscosity we present a comparison between the proposed method
and those of Thomas [1946], Orrick [1973], van Velzen et al. [1972], and Morris
[1964] in Table X. A sample of 36 compounds was employed and 7, values at 3
to 5 temperatures were used. All methods yielded large errors.
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carbon-carbon double bonds, so as to form a layer of cross—linked polymer on said surface. Suitable organic compounds include compounds
of formula (I) where R, R2, R3, R4, R, and R are all independently selected from hydrogen, alkyl, haloalkyl or aryl optionally substituted
by halo; and Z is a bridging group. The method is suitable for applying oil and/or water repellent coatings onto substrates such as fabrics.
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1
Surface Coatings

The present invention relates to the coating of surfaces, in
particular to the production of oil- and water- repellent

surfaces, as well as to coated articles obtained thereby.

0il- and water- repellent treatments for a wide variety of
surfaces are in widespread use. For example, it may be
desirable to impart such properties to solid surfaces, such
as metal, glass, ceramics, paper, polymers etc. in order to
improve preservation properties, or to prevent or inhibit

soiling.

A particular substrate which requires such coatings are
fabrics, in particular for outdoor clothing applications,
sportswear, leisurewear and in military applications. Their
treatments generally reguire the incorporation of a
fluoropolymer into or more particularly, fixed onto the
surface of the clothing fabric. The degree of oil and water
repellency is a function of the number and length of
fluorocarbon groups or moieties that can be fitted into the
available space. The greater the concentration of such

moieties, the greater the repellency of the finish.

In addition however, the polymeric compounds must be able to
form durable bonds with the substrate. 0il- and water-
repellent textile treatments are generally based on
fluoropolymers that are applied to fabric in the form of an
aqueous emulsion. The fabric remains breathable and
permeable to air since the treatment simply coats the fibres
with a very thin, ligquid-repellent film. In order to make
these finishes durable, they are sometimes co-applied with
cross-linking resins that bind the fluoropolymer treatment

to fibres. Whilst good levels of durability towards
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2
laundering and dry—cleaning can be achieved in this way, the
cross-linking resins can seriously damage cellulosic fibres
and reduce the mechanical strength of the material.
Chemical methods for producing oil- and water-repellent
textiles are disclosed for example in WO 97/13024 and
British patent No 1,102,903 or M. Lewin et al., ‘Handbood of
Fibre Science and Technology’ Marcel and Dekker Inc., New

York, (1984) Vol 2, Part B Chapter 2.

Plasma deposition techniques have been quite widely used for
the deposition of polymeric coatings onto a range of
surfaces. This technique is recognised as being a clean,
dry technigue that generates little waste compared to
conventional wet chemical methods. Using this method,
plasmas are generated from small organic molecules, which
are subjected to an ionising electrical field under low
pressure conditions. When this is done in the presence of a
substrate, the ions, radicals and excited molecules of the
compound in the plasma polymerise in the gas phase and react
with a growing polymer film on the substrate. Conventional
polymer synthesis tends to produce structures containing
repeat units which bear a strong resemblance to the monomer
species, whereas a polymer network generated using a plasma

can be extremely complex.

The success or otherwise of plasma polymerisation depends
upon a number cf factors, includihg the nature of the
organic compound. Reactive oxygen containing compounds such
as maleic anhydride, has previously been subjected to plasma

polymerisation (Chem. Mater. Vol. 8, 1, 1996).

US Patent No 5,328,576 describes the treatment of fabric or

paper surfaces to impart liquid repellent properties by
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subjecting the surfaces to a pre-treatment with an oxygen

plasma, followed by plasma polymerisation of methane.

However, plasma polymerisation of the desirable oil and
water repellent fluorocarbons have proved more difficult to
achieve. It has been reported that cyclic fluorocarbons
undergo plasma polymerisation more readily than their
acyclic counterparts (H. Yasuda et al., J. Polym. Sci.,
Polym. Chem. Ed. 1977, 15, 2411). The plasma polymerization
of trifluocromethyl-substituted perfluorocyclohexane monomers

has been reported (A. M. Hynes et al., Macromolecules, 1996,
29, 18-21).

A process in which textiles are subjected to plasma
discharge in the presence of an inert gas and subsequently
exposed to an F-containing acrylic monomer is described in
SU-1158-634. A similar process for the deposition of a
fluroalkyl acrylate resists on a solid substrate is

described in European Patent Application No. 0049884.

Co-pending patent applications based upon British Patent
Application Nos. 9712338.4 and 9720078.6 describe and claim
a improved method of producing polymer coatings which are
water and/or oil repellent on surfaces. That application
describes a method of coating a surface with a polymer
layer, which method comprises exposing said surface to a
plasma comprising certain monomeric unsaturated organic
compound which comprises an optionally substituted
hydrocarbon group wherein any optional substituents are

halogen; so as to form an oil or water repellent coating on

said substrate.
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The applicants have found however that the durability of

such coatings can be improved.

According to the present invention there is provided a
method of coating a surface with a polymer layer, which
method comprises exposing said surface to a plasma
comprising one or more organic monomeric compounds, at least
one of which comprises two double bonds, so as to form a

layer of cross-linked polymer on said surface.

Suitable plasmas for use in the method of the invention
include non-eguilibrium plasmas such as those generated by
radiofrequencies (Rf), microwaves or direct current (DC).

They may operate at atmospheric or sub-atmospheric pressures

as are known in the art.

Suitable compounds with more than one carbon-carbon double
bond, or mixtures of such compounds with other monomeric
organic compounds used in the plasma are suitably those
which will yield cross-linked polymers having oil or water
repellent properties. For water repellency, the presence of
long chain hydrocarbon chains for example, alkyl chains is
desirable. For oil-repellency or for water and oil
repellency, the presence of haloalkyl chains, in particular
perhaloalkyl side chains within the compound is preferable.
The cross-linked polymeric coatings obtained thereby will
have good durability. For example, when applied to
substrates such as fabrics, the oil and/or water repellent

coating would be better able to withstand washing.

Suitably the compound with more than one double bond

comprises a compound of formula (I)
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where R*, R?, R?, R!, R®, and R® are all independently
selected from hydrogen, halo, alkyl, haloalkyl or aryl

optionally substituted by halo; and Z is a bridging groﬁp.

As used therein the term “*halo” or “halogen” refers to
fluorine, chlorine, bromine and iodine. Particularly
preferred halo groups are fluoro. The term “aryl” refers to
aromatic cyclic groups such as phenyl or napthyl, in
particular phenyl. The term “alkyl” refers to séraight or
branched chains of carbon atoms, suitably of up to 20 carbon
atoms in length. The term “alkenyl” refers to straight or
branched unsaturated chains suitably having from 2 to 20
carbon atoms. “Haloalkyl” refers to alkyl chains as defined

above which include at least one halo substituent.

Examples of suitable bridging groups Z for use in the
compound of formula (I) are those known in the polymer art.
In particular they include optionally substituted alkyl
groups which may be interposed with oxygen atoms. Suitable
optional substituents for bridging groups Z include

perhaloalkyl groups, in particular perfluorcalkyl groups.

In a particularly preferred embodiment, the bridging group 2
includes one or more acyloxy or ester groups. In

particular, the bridging group of formula Z is a group of

sub-formula (II)

o CRFO (I
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where n is an integer of from 1 to 10, suitably from 1 to 3,

each R’ and R* is independently selected from hydrogen, alkyl
or haloalkyl.

5 Suitably R', R%*, R’, R*, R®?, and R® are haloalkyl such as
fluorocalkyl, or hydrogen. In particular they are all
hydrogen.

Suitably the compound of formula (I) contains at least one

10 halcalkyl group, preferably a perhalocalkyl group. This

allows the formation o0il repellent as well as water
repellent coatings. This group is suitably located as a

group R’ or R* within the bridging group Z.

15 Thus particular examples of compounds of formula (I) include

the following:

Q§> O/”\\//O X

Q§> O//\\r/o AN B

H2
20 CgF 17

The compound of formula (I) is suitably mixed with another
25 monomeric compound which may also contain a haloalkyl group.

This may also contain a perhaloalkyl moiety, particularly
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where the compound of formula (I) does not include such a

group .

Where the compound of formula (I) is mixed with a further
compound, these may comprise unsaturated organic compounds
which contain at least one double bond which is capable of

reacting to form a polymeric compound.

Perhalogenated compounds, whether saturated or unsaturated,
may also give rise to oil and/or water repellent surfaces,
particularly if they comprise long chains or rings, and
these may form a further component of the plasma mixture.
These compounds will suitably include perhaloalkyl or

perhaloalkenyl groups having from 3 to 20, preferably from 8

to 12 carbon atoms.

Particularly suiltable other organic compcunds are those of

formula (III)

RO R

>:< (i)
R R2

where R°, R* and R are independently selected from
hydrogen, alkyl, haloalkyl or aryl optionally substituted by
halo; and

R*? is a group X-R" where R" is an alkyl or haloalkyl group
and X is a bond; a group of formula -C{(0O)O(CH,),Y~- where m
is an integer of from 1 to 10 and Y is a bond or a
sulphonamide group; or a group - (0),R*(0),(CH,).- where RY is
aryl optionally substituted by halo, p is 0 or 1, g is 0 or
1 and t is 0 or an integer of from 1 to 10, provided that

where g ig 1, t is other than O.
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Preferably at least one of R’, RY or R is hydrogen.

Suitable haloalkyl groups for R’, R, R™ and R® are

fluoroalkyl groups. The alkyl chains may be straight or

branched and may include cyclic moieties.

For R, the alkyl chains suitably comprise 2 or more carbon
atoms, suitably from 2-20 carbon atoms and preferably from 6

to 12 carbon atoms.

For R*, R' and R, alkyl chains are generally preferred to

have from 1 to 6 carbon atoms.

Preferably R™ is a haloalkyl, and more preferably a
perhaloalkyl group, particularly a perfluoroalkyl group of
formula CJF,,,, where s is an integer of 1 or more, suitably

from 1-20, and preferably from 6-12 such as 8 or 10.

Suitable alkyl groups for R?’, R' and R" have from 1 to 6

carbon atoms.

Preferably however, at least one of R’, R and R is

hydrogen and preferably R’, R', R™ are all hydrogen.

Where X is a group -C(0O)O(CH,)mY¥-, m is an integer which
provides a suitable spacer group. In particular, m is from

1 to 5, preferably about 2.

Suitable sulphonamide groups for Y include those of formula
-N(R*™)80,” where R' is hydrogen or alkyl such as C, ,alkyl,

in particular methyl or ethyl.
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In a preferred embodiment, the compound of formula (III) is

a compound of formula (IV)

CH,=CH-R" (IV)
where R™ is as defined above in relation to formula (III).
In compounds of formula (II), X in formula  (III) is a bond.

In an alternative preferred embodiment, the compound of

formula (III) is an acrylate of formula (V)
CH,=CR'C(0) O (CH,) ,R"* (V)

where m and R*® as defined above in relation to formula

(III) and R is hydrogen or C, alkyl, such as methyl.

Using these compounds, coatings with water hydrophobicity

and oleophobicity wvalues can be produced.

other compounds of formula (III) are styrene derivatives as

are well known in the polymer art.

All compounds of formulae (I) and (III) are either known

compounds or they can be prepared from known compounds using

conventional methods.

The surface coated in accordance with the invention may be
of any solid substrate, such as fabric, metal, glass,
ceramics, paper or polymers. In particular, the surface
comprises a fabric substrate such as a cellulosic fabric, to
which oil- and/or water-repellency is to be applied.
Alternatatively, the fabric may be a synthetic fabric such

as an acrylic/nylon fabric.
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The fabric may be untreated or it may have been subjected to
earlier treatments. For example, treatment in accordance
with the invention can enhance the water repellency and
confer a good ocil-repellent finish onto fabric which already

has a silicone finish which is water repellent only.

Precise conditions under which the plasma polymerization
takes place in an effective manner will vary depending upon
factors such as the nature of the polymer, the substrate
etc. and will be determined using routine methods and/or the
techniquesg illustrated hereinafter. In general however,
polymerisation is suitably effected using vapours of the
plasma compound or compounds at pressures of from‘0.0l to 10

mbar, suitably at about 0.2mbar.

A glow discharge is then ignited by applying a high

frequency voltage, for example at 13.56MHz.

The applied fields are suitably of average power of up to
50W. Suitable conditions include pulsed or continuous
fields, but are preferably pulsed fields. The pulses are
applied in a sequence which yilelds very low average powers,
for example in a seguence in which the power is on for 20us

and off for from 10000us to 20000us.

The fields are suitably applied from 30 seconds to 20
minutes, preferably from 2 to 15 minutes, depending upon the

nature of the compounds used in the plasma chamber and the

substrate etc.

Plasma polymerisation of compounds in accordance with the
invention, particularly at low average powers may result in

the deposition of highly fluorinated coatings which exhibit

PCT/GB99/01754
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super-hydrophobicity. In addition, a high level of
structural retention of the compound occurs in the coating
layer, which may be attributed to the direct polymerisation
of the particular alkene monomers for instance a

fluoroalkene monomer via its highly susceptible double bond.

Suitably, low power pulsed plasma polymerisétion is used in
order to produce well-adhered coatings which exhibit
excellent water and oil repellency. This method leads to a
greater level of structural retention, which can be
attributed to free radical polymerisation occurring during

the duty cycle off-time and less fragmentation during the

on-time.

When the plasma compounds include a perfluoroalkylated tail
or moiety, the process of the invention may have oleophobic

as well as hydrophobic surface properties.

Thus the invention further provides a hydrophobic or
oleophobic substrate which comprises a substrate comprising
a coating of a haloalkyl polymer which has been applied by
the method described above. In particular, the substrates
are fabrics but they may be solid materials such as

biomedical devices.

Conventional plasma deposition apparatus, as is known in the

art, can be used in the method of the present application.

PCT/GB99/01754
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Claims
1. A method of coating a surface with a polymer layer,
which method comprises exposing said surface to a plasma
comprising one or more organic monomeric compounds, at least
one of which comprises two carbon-carbon double bonds, so as

to form a layer of cross-linked polymer on said surface.

2. A method according to claim 1 wherein an organic

monomeric compound comprises a compound of formula (I)

R1 / R® R4

S

R6

where R', R?, R?’, R*, R®’, and R® are all independently
selected from hydrogen, halo, alkyl, halocalkyl or aryl

optionally substituted by halo; and Z is a bridging group.

3. A method according to claim 2 wherein the bridging
group Z comprises an optionally substituted alkyl group

which may be interposed with oxygen atoms.

4. A method according to claim 3 wherein the bridging

group Z is a group of sub-formula (II)

CRR8
o ¢ )n\o n

where n is an integer of from 1 to 10, suitably from 1 to 3,
each R’ and R* is independently selected from hydrogen, alkyl

or haloalkyl.
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5. A method according to any one of claims 2 to 4 wherein
the compound of formula (I) contains at least one haloalkyl

group .

6. A method according to claim 5 wherein the haloalkyl

group 1ls a perhaloalkyl group.

7. A method according to any one of claims 2 to 6 wherein

the compound of formula (II) is

A.
or
O
\ O/\r X B
H,
CsF 17
8. A method according to any one of claims 2 to 7

wherein the compound of formula (I) is mixed with a further

monomeric compound.

9. A method according to claim 8 wherein said further
monomeric compound comprises an unsaturated organic
compounds which contain at least one double bond which is
capable of reacting to form a polymeric compound, or &

pehalogenated compound.

10. A method according to claim 9 wherein said further

organic compound is a compound of formula (III)

PCT/GB99/01754



WO 99/64662 PCT/GB99/01754

10

15

20

25

30

14

Rg R

_ (n
R RﬂZ

where R°, R»® and R"™ are independently selected from
hydrogen, alkyl, haloalkyl or aryl optionally substituted by
halo; and

R*? is a group X-R" where R™ is an alkyl or haloalkyl group
and X is a bond; a group of formula -C(0)O(CH,),Y- where m
is an integer of from 1 to 10 and Y is a bond or a
sulphonamide group; or a group - (0),R™(0),(CH,).- where R™ is
aryl optionally substituted by halo, p is 0 or 1, g is 0 or
1 and t is 0 or an integer of from 1 to 10, provided that

where g is 1, t is other than 0.

11. A method according to claim 10 wherein the compound of

formula (III) is a compound of formula (IV)
CH,=CH-R" (IV)
where R*® is as defined in claim 10.

12. A method according to claim 10 wherein the compound of

formula (III) is an acrylate of formula (V)
CH,=CRC (0) O (CH,) ,R*? (V)

where m and R as defined in c¢laim 10 and R* ig hydrogen or

C,.s alkyl, such as methyl.

13. A substrate having a polymeric coating applied by a

method according to any one of the preceding claims.
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14. A substrate according to claim 13 which is a fabric.
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A COATED SUBSTRATE HAVING
HYDROPHOBIC MOIETY-REPELLING SURFACE
CHARACTERISTICS AND PROCESS FOR PREPARING THE SAME

[0001] The present invention relates to a wide range of substrates such as a vessel for
use in the laboratory or in larger scale operations filter media, foams, optical components,
fabrics, solar panels, fuel cells, etc. where said substrate comprises a surface and a coat-

ing, as well as a process for preparing the coated substrate.

[0002] The ability to produce a protein-repelling coating on a substrate surface can
have applications in a wide range of industries, including bioconsumables, filter media,
foams, optical components, fabrics, solar panels, fuel cells, and in fact, any items that
have problems due to protein-binding. Lipid-repelling coatings are of interest in the cos-
metic industry, for example, to avoid undesired sticking of hydrophobic moieties of or-
ganic molecules of cosmetic formulations stored or handled in containers having surfaces
with an affinity to such hydrophobic moieties, e.g. containers based on polyolefin materi-
als. Furthermore, lipid-repelling coatings may serve the purpose of avoiding or reducing
migration of ingredients of cosmetic formulations into the packaging material, a process

which may negatively affect the mechanical properties of the packaging material.

[0003] In particular, for bioconsumables, the preparation and storage of biological
samples are the basis for successful experiments and in particular quantitative analyses.
When working with low volumes or concentrations, the purity of the sample and recovery
after preparation are crucial. In these cases, losses are critical, as they may lead to incor-

rect or unreliable analytical results.

[0004] Working with protein-containing samples presents a specific challenge. Proteins
consist of hydrophilic as well as hydrophobic domains, the latter being located on the
inside of the globular protein structure in an aqueous environment. If the protein comes
into contact with a solid surface of a sample vessel, the three-dimensional protein struc-
ture may become modified such that the hydrophobic regions move to the surface of the
molecule and seek contact with the hydrophobic surface of the vessel. As a result, pro-
teins in contact with a vessel surface may become immobilised or denatured, or undergo a

conformational change, leading to the loss of valuable sample, or, in the case of enzyme
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solutions, to a reduction in enzyme activity. These undesired effects on the sample in-

crease with decreasing sample volume and concentration.

[0005] In general, the following methods have been employed in the laboratory to

minimise adsorption of protein sample material:

1) The use of coated (e.g., siliconised) reaction vessels. This may result in

leaching of the coating and interference with the sample.

2) The addition of bovine serum albumin (BSA) that will bind primarily to
the vessel surface and thus protect the protein sample. However, the high BSA concentra-
tions necessary may have an adverse effect on the precision of pipetting and may also

influence further analyses.

[0006] US 6,765,069 B2 relates to a method for making a hydrophilic and lubricious
coating for implantable medical devices. The coating includes a hydrophilic polymeric
unit layer crosslinked with a plasma deposited double bond monomer. Examples for dou-
ble bond monomers include allyl alcohol. Preferred implantable devices are stents, cathe-

ters and pacemakers. Coatings for laboratory vessels are not disclosed in this document.

[0007] DE 19548 152 Al relates to a method for coating a surface to reduce the inter-
action with proteins, wherein the surface is exposed to the plasma deposition of an oli-

gomeric ethylene glycol derivative.

[0008] US 6,482,531 B1 is directed to the coating of materials by gas phase or plasma
polymerisation of a gas containing an organic compound or monomer. Specific substrates
are contact lenses. The monomers are characterized by a generic formula which covers in

particular vinyl ethers and acrylates of di(ethylene glycol).

[0009] When following the teachings of US 6,482,531 B1 and DE 195 48 152 A1, sur-
faces having a low affinity for proteins can be produced. However, the protein repelling
surface characteristics may not be sufficiently stable under a variety of conditions, such as
treatment with aqueous solutions of organic solvents (such as acetonitrile/water) and/or
heating and pressurizing. This may render the coated surfaces unsuitable for the prepara-
tion and storage of biological samples containing proteins in a variety of applications, e.g.

laboratory analytical processes or larger scale operations.
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[0010] 1t is therefore an object of the invention to provide for a device such as a vessel
for use in the laboratory or on a larger scale, said device having a surface showing pro-

tein- or lipid-repelling characteristics which are stable under a variety of conditions.

[0011] It has now surprisingly been found that this object can be achieved by the use of

a monomer of formula I

N T“ TG
Rz/ \Ym——Eo—C—C{l—R8

5 7
R™ R ),

C—=C

where
m=1 to 4,
n=1to5;
Y represents (CRR'),
Rl, Rz, R’ , R4, RS, R6, R7, R’ and R!? each independently represents:
H,
OH,
halogen,
C,;-C, alkyl,
C,;-C4 alkenyl,
C,-C, alkynyl,
C,-C, dienyl,
C,-C4 alkoxy or
C;-C4 haloalkyl and
R® represents

H,
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halogen,

C;-C, alkyl,

C;-C4 polyhydroxyalkyl or hydroxyalkyl,
C,-C4 alkenyl,

C,-C, dienyl,

C,-C, alkynyl,

C,1-C4 haloalkyl,
C,-C, aldehyde,
C,-C4 ketone,

C,-C, epoxide,

C,-C4 carboxylic acid,
C,-C4 ester,

CH=CHR", where R!"is H, halogen, C,-C, alkyl, C;-C, haloalkyl, C,-C,
aldehyde, C;-C4 ketone, C-C,4 alkoxy, C;-C,4 epoxide, C;-C, carboxylic acid, or C;-C4

ester, or

OR'?, where R'?is C,-C, alkyl, C,-C, alkenyl, C,-C; dienyl, C,-C, alkynyl, C;-Cy
alkyl halide, C;-C, aldehyde, C;-C,4 ketone, C;-C, epoxide, C,-C, carboxylic acid, or C;-
C, ester to form a polymeric coating on at least a portion of a surface of a device such as a

laboratory vessel.

[0012] Thus, according to a first aspect, the present invention relates to a coated sub-
strate comprising (i) a surface and (ii) a coating, said coating comprising a polymerisa-

tion product of a monomer according to Formula (I).

[0013] According to another aspect, the present invention relates to a process for the
production of the coated substrate according to the first aspect and as defined in detail

herein below, said process comprising:

i. providing a substrate comprising a surface and
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. coating at least a portion of said substrate surface by means of chemical

vapour deposition with a polymer derived from at least one monomer of Formula (1).

[0014] Preferred embodiments of the present invention are also disclosed in the de-
pendent claims attached to this description. In one embodiment, the coating of the present

invention consists of the various components disclosed herein.

[0015] Thus, the monomers of the present invention are based in particular on monoal-
Iyl ethers of certain polyols such as in particular glycerol. One or more different mono-
mers can be used to prepare the coating for the laboratory vessel of the present invention.
Thus, the present invention also relates to copolymers of one or more of the monomers as
defined herein. Also, additional comonomers having a structure other than that defined by
Formula (I) can be used, e.g. comonomers for cross-linking. Methods for making the
monomers are well-known in the art. The methods for making the coatings according to
the present invention are discussed in detail below.

[0016] 1In a group of preferred monomers, R' to R7, R9, R!? are as defined above and R®

is C;-C4 polyhydroxyalkyl, e.g. a C; dihydroxyalkyl, a Cs trihydroxyalkyl or a C, tetrahy-
droxyalkyl radical.

[0017] In another preferred embodiment of the present invention, R!,R% R’ R’ and
R'? each independently represent H or C;-C, alkyl, mis 1; and R* R’ R® R’ each inde-
pendently represent H or OH; and R® represents C-C4 polyhydroxyalkyl or C;-C4 hy-
droxyalkyl, e.g. a C, dihydroxyalkyl, a Cs trihydroxyalkyl or a C4 tetrahydroxyalkyl radi-

cal.

[0018] A particularly preferred group of monomers is one where m = 1, each of R', R?,
R’ s R4, R6, Rg, and R is H; each of R’ and R’ is OH; and R®is C 1-C4 polyhydroxyalkyl
or hydroxyalkyl, in particular hydroxymethyl.

[0019] As noted above, a preferred monomer is the monoallyl ether of glycerol, also
known as 3-allyloxy-1,2-propanediol. Other specific polyols which may be used to pre-
pare the monoallyl ether monomers of the present invention are sugar alcohols such as

tetroses, pentoses and hexoses, e.g. mannitol or sorbitol.

[0020] The coatings formed by the monomers of the present invention are in general

obtained by chemical vapour deposition of monomers according to Formula (I) or a mix-
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ture of different monomers according to Formula (I). Also, the process of the present in-
vention may comprise the use of cross-linking agents such as 3-(Acryloyloxy)-2-
hydroxypropyl methacrylate, 1,3-Butanediol dimethacrylate, 1,4-Butanediol diacrylate,
Ethylene glycol diacrylate, Ethylene glycol dimethacrylate, Tetraethylene glycol di-
methacrylate, Glycerol dimethacrylate, Pentaerythritol tetraacrylate, 2,4,6-Triallyloxy-

1,3,5-triazine, Trimethylolpropane diallyl ether.

[0021] Substrates in accordance with the present invention can be bioconsumables,
filter media, foams, optical components, cosmetic containers, fabrics, solar panels, fuel
cells, and in fact, any items that have problems due to protein- or lipid-binding, i.e. bind-
ing of hydrophobic moieties. For bioconsumables, it can typically be a vessel for use in
the laboratory or on a larger scale, e.g. on a plant scale. A substrate according to the pre-
sent invention comprises one or more surfaces for coating. Such surface may also be

called an operational surface.

[0022] As discussed above, lipid-repelling coatings may be used in the cosmetic indus-
try, for example, to avoid undesired sticking of hydrophobic moieties of organic mole-
cules of cosmetic formulations stored or handled in containers having surfaces with an
affinity to such hydrophobic moieties, e.g. containers based on polyolefin materials or
other materials such as in particular those materials which are described in more detail

below.

[0023] Typically for bioconsumables, such vessels are used for the storing, handling,
sampling, analyzing, collecting, isolating, incubating, transporting or other processing of
liquids and fluids containing biological/chemical samples such as proteins. Specific ex-

amples for such vessels are given herein below.

[0024] Many vessels according to the invention have at least one interior wall which
defines a reservoir portion for containing a volume of liquid, and at least one opening in
communication with the reservoir portion. According to some embodiments of the inven-
tion, a laboratory vessel having an interior wall and an opening is coated on the interior
wall and on the area surrounding and forming the opening, with a coating according to the
invention. In other embodiments, a vessel according to the invention does not have an
interior wall defining a reservoir portion but instead merely comprises a substrate surface

partly or completely provided with a coating based on monomers of Formula (I), which
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coated surface will be in contact with liquids or fluids of interest. For example, such “ves-

sel” according to the present invention may be a microscope slide or a bead.

[0025] Particularly preferred vessels are selected from the group consisting of vials,
flasks, dishes, test tubes, pipette tips, microcentrifuge tubes, syringes, microscope slides,
microscope slide assemblies, sample chambers for analytical devices, tapes, laminates,

plates, arrays, multi-titer plates and tubing.

[0026] Other preferred vessels are selected from the group consisting of bioreactors
and elements thereof, fermentors, cultivation bags, beads, chromatography material;

chromatographic carriers, membranes and filters.

[0027]  Still other preferred vessels are selected from the group consisting a microtitre
plate, a microcentrifuge tube, a cell culture consumable, a PCR (Polymerase Chain Reac-

tion) consumable and a dispensing consumable.

[0028] Vessel materials may in general comprise plastic or sintered materials, glass,
ceramic, metal and primed or pre-coated materials. The invention may also be used on
operational surfaces which are porous, smooth, rough, pitted, grooved, cross-hatched,

striated, or having patterned physical features.

[0029] Preferred examples of suitable materials for the laboratory vessels of the present
invention include polyolefins, polyamides, polyesters, silicones, polyurethanes, epoxies,
acrylics, polyacrylates, polyesters, polysulfones, poly(meth)acrylates, polycarbonates,
PEEK, polyimides, polystyrenes, and fluoropolymers such as PTFE Teflon®, FEP Tef-
lon®, Tefzel®, poly(vinylidene fluoride), PVDF, and perfluoroalkoxy resins. Glass prod-
ucts including silica glass are also used to manufacture laboratory vessels. Ceramic or
oxide surfaces can be coated according to the invention. Cellulosic products such as paper
and reinforced paper containers can be coated to form coated laboratory vessels according
to the invention. Metal surfaces can be coated according to the invention, as can surfaces
of glass, silicon, silicon compounds or ceramics that have or have not been primed with
silane containing materials or other adhesion promoting materials. Primed metal, primed
glass, primed ceramic and primed oxide surfaces can be coated according to embodiments
of the invention. Vessel surfaces which have been pre-coated with epoxies, silicones, ure-

thanes, acrylics, or other materials can also be coated according to the invention.
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[0030] Plastic or glass is often used to manufacture low-cost laboratory vessels. Pre-
ferred materials used to manufacture laboratory vessels include polypropylene, polyethyl-
ene, poly-ethyleneterephthalate, polystyrene, polycarbonate and cellulosics. More expen-
sive plastics such as polytetrafluoroethylene and other fluorinated polymers have been
used. Because polypropylene is inexpensive and quite hydrophobic itself, it is a particu-
larly preferred material for laboratory vessels, including pipette tips, used for handling

and transporting minute and precise amounts of biological sample.

[0031] It will be understood that the above materials may comprise additives common
in the art. For example, additives for providing antistatic performance are regularly incor-
porated in plastics such as polypropylene. Accordingly, a reference herein to the above
materials such as polypropylene also includes those grades of materials, e.g. polypropyl-

ene, which contain those types of additives.

[0032] The thickness of the coating prepared in accordance with the present invention
is generally in the range of nanometers, e.g. 10 to 300 nm; preferably below 100 nm, e.g.

about 50 nm.

[0033] Although some wash-off of polymerised coating material or coating monomer
might be expected after repeated usage, the coatings of the present invention do not con-
siderably wash off most laboratory vessel surfaces. Little if any wash-off occurs from
other vessel materials because of the extremely low solubility in most solvents of the

coatings when prepared according to the present invention.

[0034] In addition, the following advantages are associated with the use of a coating in

accordance with the present invention:

- high resistance against liquid media such as solvents (Without being bound
by a specific theory, it is believed that this high resistance is due to the covalent binding
(grafting) of the hydrogel functionality to the surface of the device and due to a sufficient

degree of cross-linking within the coating.);
- high reproducibility and lack of defects;

- resistance against aging;
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- lower costs as compared to monomers known in the art for preparing the

same types of coating;

- no risk of contaminating a sample material (due to desorption of coating

material from the surface in contact with the sample);

- good transparency since the thickness of the coating is in the nanometer

range;

- no specific requirements with regard to the characteristics of the substrate

material;

- advantages in biochemical assays: low enzyme/substrate bonding to the

coated surface, thereby providing higher sensitivity;

- no need to use BSA as a “protector” in assays: the pipetting procedure is

easier to control and less prone to errors;

- no need to use tensides such as Triton X or sodium dodecyl sulfate as a

“protector” in assays: again the pipetting is easier to control and less prone to errors;
- higher sensitivity in methods directed to protein and/or DNA analysis;

- advantages in the processing and storage of samples of biomolecules (pro-

teins, DNA, RNA etc.), in view of the minimized material losses;

- advantages in cell culture procedures: the cells grow un-differentiated in

the medium;
- stable against steam sterilisation and organic solvents (acetonitrile).

[0035] The invention also relates to a process for preparing a coated substrate as de-

scribed above. The process comprises the following steps:
(1) providing a substrate comprising a surface as defined herein above; and

(i1) coating at least a portion of said substrate surface by means of chemical
vapour deposition (CVD) with a polymer derived from a monomer according to Formula
M.

[0036] In particular, the polymer coatings of the present invention can be prepared by

plasma-enhanced chemical vapour deposition (PE-CVD) of a plurality of plasma-
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polymerizable monomers comprising a monomer of Formula (I) as described herein-
above. Also, the PE-CVD process may comprise the use of multifunctional comonomers
for promoting the formation of a more crosslinked structure in order to enhance the stabil-
ity of the coating against solvents and chemicals. Suitable cross-linking agents are as de-
scribed hereinabove. Thus, according to one embodiment, the polymerization product of

the present invention has a structure comprising cross-linking units.

[0037] Other variants of chemical vapour deposition techniques such as hot filament
induced CVD using an initiator (1ICVD) or CVD enhanced by ultraviolet radiation (UV
enhanced CVD) may also suitably be used to prepare the coated substrates of the present
invention. With regard to iCVD, usually an initiator species, e.g. tert-butyl peroxide, is
introduced together with the monomer of the invention into the vapour phase into a vac-
uum chamber maintained at a pressure of typically between 0.1 and 1 Torr. An array of
filament wires is usually positioned 1 to 4 cm above the substrate to be coated and resis-
tively heated to a temperature typically in the range of 200 to 500°C. The use of suitably
low filament temperatures enables the synthesis of polymers with delicate functionalities.
The substrate is generally backside cooled to a much lower temperature, typically less
than 50°C, to promote adsorption of reactive species. The use of low substrate tempera-

tures is also favourable for the coating of thermal sensitive objects.

[0038] Processes for preparing polymers on surfaces by means of plasma polymeriza-
tion, in particular plasma enhanced chemical vapour deposition are known in the art, and
those prior art processes can be used to apply the monomers on a surface of the laboratory
vessel according to the invention. Preferred process parameters for PE-CVD are disclosed
ine.g. US 6,482,531 B1; US 6,551,950 B1; US 5,853,894 B1; and DE 195 48 152 A1,

which are fully incorporated herein for the purposes of US practice.

[0039] More specifically, plasma-enhanced chemical vapour deposition means any
method wherein gaseous monomers are attached to the surface of a solid substrate such as
an operational surface of a substrate such as a laboratory vessel to form a coating by po-
lymerization and/or grafting of the monomers of the invention directly to the substrate.
This includes plasma and photochemical-enhanced polymerizations. Plasma-induced po-
lymerizations or shortly plasma depositions are polymerizations due to the generation of

free-radicals caused by passing an electrical discharge through a gas. The electrical dis-
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charge can be caused by high-voltage methods, either alternating current or direct current,
or by electromagnetic methods such as radio frequency and microwave. Alternatively, a

thermally generated plasma may be used.

[0040] Precise conditions under which the plasma polymerization takes place in an
effective manner will vary depending upon factors such as the nature of the monomer, the
substrate etc. The conditions will be determined using routine methods and/or the tech-
niques illustrated in detail in the above-noted prior art. One or more plasma polymeriza-
tion methods may be used to apply a coating. For example, a combination of a continuous
and pulsed plasma polymerization may be used. Also, the process can be performed as a

one-step or multi-step gas phase deposition.

[0041] In general, the substrate to be treated is placed within a plasma chamber to-
gether with the material to be deposited in a gaseous state, a glow discharge is ignited
within the chamber and a suitable voltage is applied, which may be pulsed. However,
atomisation techniques to deliver monomer into the chamber, such as those described in
WO002/28548 (Dow Corning Ireland Ltd), W02003101621 and W0O2003097245 (Surface

Innovations Limited), may also be used.

[0042] The polymeric coating may be produced under both pulsed and continuous-
wave plasma deposition conditions but pulsed plasma may be preferred as this allows

closer control of the coating, and so the formation of a more uniform polymeric structure.

[0043] As used herein, the expression ‘““in a gaseous state” refers to gases or vapours,

either alone or in mixture, as well as aerosols.

[0044] Precise conditions under which the plasma polymerization takes place in an
effective manner will vary depending upon factors such as the nature of the polymer, the

substrate treated and will be determined using routine methods and/or techniques.

[0045] Suitable plasmas for use in the method of the invention include non-equilibrium
plasmas such as those generated by radiofrequencies (RF), microwaves or direct current
(DC). They may operate at atmospheric or sub-atmospheric pressures as known in the

art. In particular however, they are generated by radiofrequencies (RF).

[0046] Various forms of equipment may be used to generate gaseous plasmas. Gener-

ally these comprise containers or plasma chambers in which plasmas may be generated.
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Particular examples of such equipment are described for instance in W(02005/089961 and

WO002/28548, but many other conventional plasma generating apparatus are available.

[0047] The gas present within the plasma chamber may comprise a vapour of the
monomer alone, but it may be combined with a carrier gas, in particular, an inert gas such
as helium or argon, if required. In particular helium is a preferred carrier gas as this can

minimise fragmentation of the monomer.

[0048] When used as a mixture, the relative amounts of the monomer vapour to carrier
gas are suitably determined in accordance with procedures which are conventional in the
art. The amount of monomer added will depend to some extent on the nature of the par-
ticular monomer being used, the nature of the substrate being treated, the size of the
plasma chamber etc. Generally, in the case of conventional chambers, monomer is deliv-
ered in an amount of from 50-250 mg/minute, for example at a rate of from 100-150
mg/minute. It will be appreciated however, that the rate will vary depending on the reac-
tor size chosen and the number of substrates required to be processed at once, i.e. at the
same time; this in turn depends on considerations such as the annual through-put required

and the capital outlay.

[0049] Carrier gas such as helium is suitably administered at a constant rate for exam-
ple at a rate of from 5-90 standard cubic centimetres per minute (sccm), for example from
15-30 sccm. In some instances, the ratio of monomer to carrier gas will be in the range of
from 100:0 to 1:100, for instance in the range of from 10:0 to 1:100, and in particular
about 1:0 to 1:10. The precise ratio selected will be so as to ensure that the flow rate re-

quired by the process is achieved.

[0050] In an embodiment of the present invention, a preliminary continuous power
plasma may be applied. For example, this type of plasma may be applied for from 15 sec-
onds to 10 minutes, for example from 2-10 minutes within the chamber. This may act as a
surface pre-treatment step, ensuring that the monomer attaches itself readily to the sur-
face, so that as polymerisation occurs, the coating “grows” on the surface. The pre-
treatment step may be conducted before monomer is introduced into the chamber, in the

presence of only an inert gas. In one embodiment, the inert gas comprises argon.
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[0051] The plasma is then suitably switched to a pulsed plasma to allow polymerisation

to proceed, at least when the monomer is present.

[0052] 1In general, a glow discharge is suitably ignited by applying a high frequency
voltage, for example at 13.56 MHz. This is applied using electrodes, which may be inter-

nal or external to the chamber, but in the case of larger chambers are generally internal.

[0053] Suitably the gas, vapour or gas mixture is supplied at a rate of at least 1 stan-
dard cubic centimetre per minute (sccm) and preferably in the range of from 1 to 100

SCCm.

[0054] If a monomer vapour is used, it may suitably be supplied at a rate of from 80-
300 mg/minute, for example at about 120 mg/minute depending upon the nature of the
monomer, the size of the chamber and the surface area of the product during a particular
run whilst the pulsed voltage is applied. It may however, be more appropriate for indus-
trial scale use to have a fixed total monomer delivery so that it is known how much
monomer is used in total. This amount will vary with respect to the defined process time

and will also depend on the nature of the monomer and the technical effect required.

[0055] Gases or vapours may be delivered into the plasma chamber using any conven-
tional method. For example, they may be drawn, injected or pumped into the plasma re-
gion. In particular, where a plasma chamber is used, gases or vapours may be drawn into
the chamber as a result of a reduction in the pressure within the chamber, caused by use
of an evacuating pump, or they may be pumped, sprayed, dripped, electrostatically ion-

ised or injected into the chamber as is common in liquid handling.

[0056] Polymerisation is suitably effected using vapours of compounds for example of
formula (I), which are maintained at pressures of from 0.1 to 400 mtorr, suitably at about
10-100mtorr. Generally, the monomers of formula (I) are those which have a volatility
which is such that the minimum vapour pressures required for the process of the present
invention are provided at temperatures below the decomposition temperatures of the

monomers.

[0057] The applied fields are suitably of power of from 5 to 500 W for example from
20 to 500W, suitably at about 100 W peak power, applied as a continuous or pulsed field.

Where used, pulses are suitably applied in a sequence which yields very low average
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powers, for example in a sequence in which the ratio of the time on : time off is in the
range of from 1:100 to 1:1500, for example at about 1:650. Particular examples of such
sequence are sequences where power is on for 20-50 us, for example about 30 us, and off
for from 1000 ps to 30000 us, in particular about 20000 us. Typical average powers ob-
tained in this way are 0.1 — 0.2 W,

[0058] The fields are suitably applied from 30 seconds to 90 minutes, preferably from
5 to 60 minutes, depending upon the nature of the compound of formula (1) and the sub-

strates being treated.

[0059]  Suitably a plasma chamber used is of sufficient volume to accommodate multi-

ple substrates.

[0060] A particularly suitable apparatus and method for producing coated substrates in
accordance with the invention is described in W0O2005/089961, the content of which is
hereby incorporated by reference for the purposes of US practice. More specifically, the
apparatus comprises a plasma deposition chamber, a pumping system arranged to feed
monomer in gaseous form into the chamber, at least two electrodes arranged so as to ig-
nite a plasma within the chamber, and power control means programmed to pulse power
supplied to the electrodes so as to produce a plasma at a power of from 0.001 to 500w/m’

within a plasma zone within the chamber.

[0061] The pumping system is suitably one which can supply large amounts of vapours
into the chamber, and to ensure that this remains in the chamber for the minimum ade-
quate residence time, to achieve the desired effect. It may comprise a series of pumps, and
large conductance pipes. The pumping system may also be arranged to draw gas out of

the chamber to evacuate air, and/or reduce the pressure, as required.

[0062] In a particular embodiment, the pumping system comprises two pumps. A first
pump or roots pump, which is suitably a high volume pump, is arranged to evacuate any
vapours including water vapour or other contaminants from the chamber. In order to do
this efficiently, and in a reasonable timeframe, bearing in mind the size of the chamber,
the pump is suitably arranged close to the chamber, and connected to it by way of a single
straight pipe, with as large a diameter as possible. A valve is provided in the pipe so that

once the chamber has been evacuated, it can be sealed.
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[0063] A second pump is suitably a lower volume pump, such as a dry-rotary pump.
This is suitably connected to the chamber by the same opening as the first pump. It is ar-
ranged so that it can draw monomer, together with any carrier gas into the chamber at a
suitable rate, and maintain the desired pressure and residence time of gas within the

chamber.

[0064] The pumping means suitably vents to a furnace where any remaining monomer

or fragments therefore, are incinerated before the gases safely pass into the atmosphere.

[0065] Preferably the apparatus further comprises heating means for the chamber.
These may be integral with the walls of a chamber, or present in a casing surrounding the
chamber. They may comprise electrical elements or recirculated, heated oil filled ele-
ments, suitably under the control of a temperature controller, to ensure that the desired

temperature is maintained within the chamber.

[0066] Preferably also the apparatus comprises a container for monomer, which is con-
nected to the chamber by a suitable pipe and valve arrangement. Preferably, this container
is provided with a heater, which will allow the monomer to be heated above ambient tem-
perature, if required, before being introduced, into the chamber. Preferably the container,
the pipe leading from it to the chamber and the chamber itself are all heated, and the heat-
ing means are arranged to produce an increasing temperature gradient along the path of

the monomer.

[0067] A supply of carrier gas may, if required, be connected to the container and gas
from this supply can be passed into the container if required, in order to produce a suffi-

cient flow of gas into the chamber to produce the desired result.

[0068] In use, in a batch process, the items to be coated are introduced into the cham-
ber. In a particular embodiment, these are ready made garments, to which a water and/or
oil repellent coating is to be applied. By depositing the polymer to the finished garment,
rather than to the fabric used in the production, an "all over" coating is achieved, includ-
ing areas such as zips, fasteners or stitched joints, which would otherwise remain un-

coated.

[0069] The chamber is then evacuated, for instance using the entire pump suite, but in

particular the large roots pump where provided. Once the chamber is evacuated, monomer



WO 2012/168440 PCT/EP2012/060914

16

vapour, which is suitably warmed, is fed into it from the container. This is achieved for
instance, by drawing using a second pump from a container in which a supply of liquid
monomer is held. This container is suitably heated to a temperature sufficient to cause

vaporisation of the monomer.

[0070] Preferably also the pipes and conduits which lead from the container to the
chamber are also heatable. This means that it is possible to ensure that monomer is not

lost through condensation in the feed pipes.

[0071] In particular, when using high volume chambers of the type discussed above,
the plasma is created with a voltage as a pulsed field, at an average power of from 0.001
to 500 W/m3, for example at from 0.001 to 100 W/m?® and suitably at from 0.005 to 0.5
W/m’.

[0072] These conditions are particularly suitable for depositing good quality uniform
coatings, in large chambers, for example in chambers where the plasma zone has a vol-
ume of greater than 500 cm3, for instance 0.1 m® or more, such as from 0.5 m*-10m® and

suitably at about 1 m’. The layers formed in this way have good mechanical strength.

[0073] The dimensions of the chamber will be selected so as to accommodate the par-
ticular substrates being treated. For instance, generally cuboid chambers may be suitable
for a wide range of applications, but if necessary, elongate or rectangular chambers may

be constructed or indeed cylindrical, or of any other suitable shape.

[0074] The chamber may be a sealable container, to allow for batch processes, or it
may comprise inlets and outlets for the substrate, to allow it to be utilised in a continuous
process as an in-line system. In particular in the latter case, the pressure conditions neces-
sary for creating a plasma discharge within the chamber are maintained using high vol-
ume pumps, as is conventional for example in a device with a “whistling leak”. However
it will also be possible to process substrates at atmospheric pressure, or close to, negating

the need for “whistling leaks”.

[0075] The advantages of the present invention will also become apparent from the
following examples which are illustrative only and are not to be construed as limiting the

scope of the present invention.
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EXAMPLES

Example A: Coating Process

Plasma Polymerisation of 3-Allyloxy-1,2-propanediol

[0076] 3-Allyloxy-1.2-propanediol is used as supplied. The plasma deposition experi-
ment is carried out in a plasma chamber of volume 40 litres. Test pieces of suitable size
and shape are placed in the chamber and the pressure reduced to 5 mtorr. As a cleaning
pre-treatment, argon is introduced to a pressure of 800 mtorr. RF power is then delivered
to the chamber via a set of electrodes. A peak power of 100 W with a 10% duty cycle
with 10 Hz frequency is applied for 5 minutes. After this stage the chamber is pumped

down to < 5 mtorr.

[0077] 3-Allyloxy-1,2-propanediol vapour is then introduced to the chamber so that it
reaches a pressure of 40 mtorr. 200 W RF power is applied for 5 minutes. For the next
stage, the pressure conditions of the monomer are kept the same, but the power is now
pulsed so a polymer is grown on the surface of the substrate with good retention of the
monomer properties, i.e. those properties which are based on the functional groups and
moieties of the monomers present in the monomer, which the functional groups and moie-
ties are not consumed in the polymerization reaction. The peak power is 75 W and the on
time of the pulse is 50 ps, and the off time is 20 ms. This pulsed plasma is applied for 60

minutes.

[0078] At the end of the process, the RF power is turned off, the chamber is pumped
down to < 5 mtorr and then vented to atmosphere. The coated sample is then removed

from the chamber.

Example B: Assay for Testing the Protein Repelling Effect

[0079] The experimental data shown below were obtained by using the following as-
say.

1. Basic operations

1.1. Marking of proteins using lodine-131 (1-131)

Proteins:



WO 2012/168440 PCT/EP2012/060914

18

Bovine Albumine (Sigma), Initial Fractionation by Cold Alcohol Precipitation,

Approx. 99 %.;
Cytochrome C from bovine heart, Sigma;
Fibrinogen from bovine plasma, Fraction I, Type I-S, Sigma;
IgG from bovine serum, Sigma.
Reagents:
Chloramine T, 2 mg/ml
Na»S,0s, 3 mg/ml
NaCl, 9 mg/ml (physiological)
Tris/HC1 0.1 M, pH 7.5
Protein solution in NaCl
Activity:

74 MBq Nal31I starting activity (Amersham). Addition of 1.4 ml Tris buffer. To-

tal volume ca. 2.0 ml.
Procedure:
Starting from 200 pl activity;
addition of 500 pl Tris buffer;
500 pl protein solution, carefully weighed;
200 pl Chloramine T;
5 minutes of swaying;
addition of 200 pl Na,S»0s;
1 minute of swaying.

1.2. Determination of the specific counting rate of the reaction mixture

[0080] 20 ul reaction mixture are placed in a vial and weighed carefully. The counting
rate is determined in a gamma counter (Cobra, Canberra-Packard). Measuring time: 10

minutes.
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1.3. Determination of the marking vield

[0081] A small drop of reaction mixture is placed on a thin layer chromatography (tlc)
plate (Polygram CEL 300, Macherey-Nagel) and chromatographed using methanol : wa-
ter (85:15). The protein remains at the starting line, whereas free iodide travels with

nearly the flow rate of the eluent. The ratio of the activities is determined using a autora-

diographic method (Phosphorlmager, Molecular Dynamics).

1.4. Cleaning of the proteins

[0082] A gel permeation column (PD-10, Amersham Pharmacia Biotech, filled with
Sephadex G-25) is conditioned using 25 ml Tris buffer. The reaction mixture is placed on
the column, and the eluate is discarded. Further 1 ml of Tris buffer is added, and the elu-
ate is again discarded. After addition of further 3 ml Tris buffer, the eluate is collected

("cleaned protein solution").

1.5. Determination of the specific counting rates of the cleaned protein solution

[0083] 50 pl of reaction mixture are placed in a vial and weighed carefully. The count-
ing rate is determined in a gamma counter (Cobra, Canberra-Packard). Measuring time:

10 minutes.

1.6. Determination of the protein proportion of the counting rate after cleaning

[0084] The cleaned protein solution still contains a small amount of free active iodide.
A small drop of cleaned protein solution is placed on a tlc plate and chromatographed
using methanol: water (85:15). The protein remains at the starting line whereas free io-
dide travels with nearly the flow rate of the eluent. The ratio of the activities is deter-

mined using a autoradiographic method (Phosphorlmager, Molecular Dynamics).

1.7. Setting the concentration of protein at 1 ng/g

[0085] The following information is necessary so that the concentration of the protein

solution can be brought to the desired value of 1 ug/g:
— specific counting rate of the reaction mixture;
— marking yield;

— specific counting rate of the cleaned protein solution;
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— protein proportion of the counting rate after cleaning.

[0086] Dilution can therefore only be effected once the results of the autoradiographic

analysis and the gamma counter are available.

1.8. Preparation of the vials

[0087] The projecting parts of the lid must be cut off so that the vial fits into the bore-
hole geometry of the gamma counter. Likewise, the connection between the lid and the
vial must be removed. The resulting difficulties when opening the vial are not substantial.
The removal of the projecting parts must take place before filling the vial because upon
agitation drops would be released from the surface of the liquid and would contaminate

those parts of the vial which should not be wetted.

1.9. Filling the vials

[0088] The vial can be adjusted in height using a raising and lowering mechanism. It is
filled using a multipette (Eppendorf). Care must be taken when filling: Areas above the
normal liquid level can be wetted if the liquid shoots too quickly out of the opening of the

pipette tip.

1.10. Measuring the counting rate

[0089] The vials of each series are brought together in the gamma counter. Measuring
is stopped as soon as the counting error is below 0.1% on the required measuring time has

been reached.

1.11. Controlled emptying of the vials

[0090] The liquid is siphoned off using a peristaltic pump. A yellow Eppendorf pipette
tip is placed on the tube. The tip is fastened in downward position. The pump mechanism
ensures that the depth of immersion is kept at 2-3 mm. One finally touches the bottom of
the vial several times with the pipette tip to remove any liquid residue which can be me-

chanically caught.

1.12. Steps of a measuring series

[0091] The following steps were initially performed for a series of vials:

— preparation of the vials
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— filling with 500 pl of cleaned protein solution

— 24 h waiting time

— determination of the gamma counting rate

— emptying of the vials and refilling with 500 ul Tris buffer
— emptying of the vials and refilling with 500 ul Tris buffer
— 24 h waiting time

— determination of the gamma counting rate

— emptying of the vials

— determination of the gamma counting rate.

[0092] This corresponds to the procedure which was followed in nearly all of the above
measurements. Subsequently, a shortened procedure was followed for the following series
since the in-between step after the first emptying was considered to provide little informa-

tion.
— preparation of the vials
— filling with 500 ul of cleaned protein solution
— 24 h waiting time
— determination of the gamma counting rate
— emptying of the vials and refilling with 500 ul Tris buffer
— emptying of the vials
— determination of the income accounting rate.

[0093] When using vials having a filling volume of 2 ml, 1000 pl of liquid were used,

in variation from the above described procedure.

1.13. Determination of the wetted surface

[0094] The measurements were made using three vials differing in size. The wetted

surface therefore depends on the type:
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[0095] Vials having a size of 500 ul are considered to be a combination of hemisphere

and two frusta. A content of 500 ul corresponds to the following dimensions:
sphere diameter = small frustum1 diameter = 3 mm
large frustum1 diameter = small frustum?2 diameter = 6 mm
length of the frustum1l mantle = 12 mm
large frustum?2 diameter = 6.4 mm
length of frustum?2 mantle = 9.6 mm
total volume: 500.4 ul
2

total wetted surface: 370.8 mm~.

[0096] The vials having a volume of 1 ml are considered to be a combination of a
hemisphere, a frustum and a cylinder. The following dimensions correspond to a content

of 500 ul:
sphere diameter = small frustum diameter = 4 mm
large frustum diameter = 8§ mm
length of the frustum mantle = 16 mm
The cylinder-shaped part is not wetted at 500 ul.
total volume: 499.0 ul
total wetted surface: 326.7 mm”.

[0097] Vials having a volume of 2 ml are considered to be a combination of a hemi-

sphere and a cylinder. The following dimensions correspond to a content of 1000 ul:
sphere diameter = cylinder diameter = 8.5 mm
height cylinder = 12.6 mm
total volume: 1037 pul

total wetted surface: 450.0 mm>
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1.14. Characterisation of a monolayer

[0098] Dimension of a protein molecule: 3.55 nm Stokes radius (as sphere) having a
volume of 187 nm”. A cube having the same volume has a side length of 5.7 nm and base

of 33 nm>.

[0099] At acontent of 500 pl, the wetted surface of a vial having a volume of 500 pul is

371 mm” or 371 * 10"* nm?. That is, a monolayer corresponds to 1.13 * 10" molecules.

[00100] At a content of 500 pul, the wetted surface of a vial having a volume of 1 ml is

327 mm” or 327 * 10"* nm?. That is, a monolayer corresponds to 9.98 * 10" molecules.

[00101] At acontent of 1 ml, the wetted surface of a vial having a volume of 2 ml is

450 mm” or 450 * 10"* nm®. That is, a monolayer corresponds to 1.37 * 10" molecules.
[00102] These values are a rough estimate.

1.15. Measurements with wells

[00103] A part of the samples consisted of sawn-up wells for which analogous meas-
urements were to be made. Because of the size of the wells, the gamma counter “Cobra”
could not be used. Instead, a device had to be used where all operations had to be per-
formed manually. It turned out that the dimensions of the wells varied. Also, variations in
the counting yield where encountered. Therefore, the counting rates were not put down to
the number of monolayers. The results may be associated with an error in the magnitude
of 50% of the measured value. The method described under 1.12 was followed. 1000 ul

of liquid were used, respectively.
2. Results

[00104] The coverage is determined as counting rate and as the number of monolayers.
The latter allows a comparison with earlier measurements and takes the differing wetted
surface of the three types of vials into account. In addition, the activity of the protein so-
lution is only partly localised on the protein. A small part (typically 7%) is present as free
iodide, despite the cleaning by gel permeation chromatography. The proteins were
marked in individual experiments. Therefore, a monolayer corresponds to an individual

counting rate.
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[00105] In the following results, the contact time was always 24 h, and the concentra-
tion of the proteins was 1 pg/ml. The experiments were performed with the proteins BSA,

Ig@G, fibrinogen and cytochrome C.

[00106] The results given in the following table report the loss of protein in %, as ob-
tained from a comparison of the coverages determined in accordance with the assay de-

scribed above.
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Table 1: Protein Loss in 1.5 ml Safe Lock Vessels

PCT/EP2012/060914

BSA Loss [%] IgG Loss [%]
Samples Composition
fter aceto- after 1X after aceto- after 1X
untreated Iali trile/water autoclaving | untreated nitrile/water autoclaving
at 121°C at121°C
Comparison Untreated hydrophobic 60.75 6075 6075 50.65 50.65 50.65
Example 1 polypropylene
. Hydrophobic polypropy-
Comparison | 0 = cated with dicthylene 2536 4.0-4.4 4272 0.6-1.0 2455 4272
Example 2 .
glycol vinyl ether
. Hydrophobic polypropyl-
gonlp a;ls;)n ene coated with triethylene 3.8 -— - - - -
xample glycol allyl ether
Example Hydrophobic polypropyl-
according to ene coated with glycerol 0.3-2.0 3.94.1 0.3-0.6 0.3-0.5 3.1-34 0.3-0.6
the invention monoallyl ether

--- = not measured

Table 1 continued: Protein Loss in 1.5 ml Safe Lock Vessels

Cytochrome C Loss [%] Fibrinogen Loss [%]
Samples Composition
fter aceto- after 1X after aceto- after 1X
untreated atter autoclaving | untreated i autoclaving
nitrile/water at 121°C nitrile/water at 121°C
Comparison Untre?ted hydrophobic 45-60 45-60 45-60 75-00 75-00 70
Lxample 1 polypropylene
. Hydrophobic polypropyl-
Comparison | ' cated with diethylene 2.1-16.6 6492 4272 5271 18.4-24.4 20-30
Example 2 .
glycol vinyl ether
Comparison Hyd rophoblc. polypropyl—
Example 3 ene coated with triethylene - -— -— -—- -— -—
glycol allyl ether
Lxample Hydrophobic polypropyl-
according to ene coated with glycerol 0.3-04 6.7-7.5 0.3-0.6 0.5-1.2 11.3-12.9 1.8-2.7
the invention monoallyl ether

--- = not measured
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[00107] Comparison Examples 2 and 3 are vessels prepared in accordance with the
teachings of DE 195 48 152 A1 and US 6,482,531 B1, respectively. Example 1 represents
a vessel prepared in accordance with the teaching of the present invention using the
monoallyl ether of glycerol as the monomer. The data in the table shows that protein loss
is significantly reduced when using a coating in accordance with the present invention.
This applies in particular to protein losses measured after the vessel had been subjected to

contacting with acetonitrile/water or autoclaving at higher temperatures.



WO 2012/168440 PCT/EP2012/060914

27

CLAIMS

1. A coated substrate comprising (i) a surface and (ii) a coating, said coating

comprising a polymerization product of a monomer according to Formula (I)

1

-

AN

%
R

R
/ Rt R°
\Y

m

C=—=C
. 1 e
O—C——C R
[ |
n
5 7
R R ,
wherein

m=1to4;
n=1to5;

Y represents (CR’R'),
Rl, Rz, R’ s R4, R5, R6, R7, R’ and R'Y each independently represents:
H,
OH,
halogen,
C;-C4 alkyl,
C,-C, alkenyl,
C;-C,4 alkynyl
C,-C4 dienyl,
C,-C4 alkoxy or

C,-C, alkyl halide and
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R® represents
H,
halogen,
C;-C4 alkyl,
C;-C4 polyhydroxyalkyl or hydroxyalkyl,
C,-C, alkenyl,
C,-C,4 dienyl,
C,-C4 alkynyl,
C,-C4 haloalkyl,
C,-C, aldehyde,
C1-C4 ketone,
C,-C, epoxide,
C,-C4 carboxylic acid,
C,-C, ester,

CH=CHR", where R!' is H, halogen, C,-C, alkyl, C;-Cy haloalkyl, C,-Cy4
aldehyde, C,-C4 ketone, C-Cy4 alkoxy, C;-C,4 epoxide, C;-C, carboxylic acid, or C;-C4

ester, or

OR'? where R is C;-C, alkyl, C,-C, alkenyl, C;-C, dienyl, C,-Cy alkynyl, C;-C,
haloalkyl, C;-C,4 aldehyde, C;-C4 ketone, C;-C4 epoxide, C;-C4 carboxylic acid, or C;-Cy

ester.

2. A coated substrate according to claim 1, wherein Rl, Rz, RS, R9, and R
each independently represent H or C;-C, alkyl; m is 1; and R”, R’, R R’ each independ-
ently represent H or OH; and R® represents C;-C4 polyhydroxyalkyl or C;-C4 hydroxyal-
kyl.
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3. A coated substrate according to claim 2, wherein the monomer is glycerol
monoallyl ether.
4. A coated substrate according to any one of claims 1 to 3, wherein the coat-

ing comprises the polymerization product of at least two different monomers according to

Formula (I).

5. A coated substrate according to any one of claims 1 to 4, wherein the coat-

ing comprises units derived from a comonomer effecting cross-linking.

6. A coated substrate according to any one of the preceding claims wherein
the polymerization product is formed by chemical vapour deposition (CVD), in particular

plasma enhanced CVD.

7. A coated substrate according to any one of the preceding claims wherein
the substrate comprises a material selected from the group consisting of plastics, sintered
materials, glass, ceramics, metals, filter media, surface finishes, primed and pre-coated

materials.

8. A coated substrate according to claim 7 wherein the plastic is selected from
the group consisting of polyolefins, polyamides, polyesters, silicones, polyurethanes, ep-
oxies, acrylics, polyacrylates, polyesters, polysulfones, polyether-ketones, liquid crystal-
line polymers (LCP), poly(meth)-acrylates, polycarbonates, polyimides, polystyrenes

(styrenics), vinylics, thermoplastic elastomers (TPE)and fluoropolymers.

9. A coated substrate according to claim 8 wherein the polyolefin is selected

from the group consisting of polymers or copolymers of ethylene and propylene.

10. A coated substrate according to claim 7 wherein the glass is silica glass.
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11. A coated substrate according to any of the preceding claims, wherein said
substrate is selected from the group consisting of vials, flasks, dishes, test tubes, pipette
tips, microcentrifuge tubes, syringes, microscope slides, microscope slide assemblies,
sample chambers for analytical devices, tapes, laminates, plates, arrays, multi-titer plates

and tubing.

12. A coated substrate according to any of the preceding claims, wherein said
substrate is selected from the group consisting of bioreactors and elements thereof, fer-
mentors, cultivation bags, beads, chromatography material; chromatographic carriers,

membranes, and filters.

13. A coated substrate according to any of the preceding claims, wherein said
substrate is selected from the group consisting of a microtitre plate, a microcentrifuge

tube, a cell culture consumable, a PCR consumable and a dispensing consumable.

14. A process for the production of a coated substrate as defined in any of the

preceding claims, said process comprising:
(1) providing a substrate comprising a surface; and

(ii) coating at least a portion of said substrate surface by means of

chemical vapour deposition of a monomer of Formula (I).

15. Process according to claim 14, wherein the polymerization is conducted by

plasma enhanced chemical vapour deposition.

16. Process according to claim 15, wherein a combination of plasma tech-

niques is used.
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17. Process according to any one of claims 14 to 16, wherein at least two dif-

ferent monomers according to Formula (1) are used.

18. Process according to any one of claims 14 to 16, wherein said process

comprises the deposition of comonomers, in particular cross-linking agents.

19. Process according to any one of claims 14 to 18, wherein the chemical va-
pour deposition includes cross-linking and/or grafting of the monomers of Formula (1) to

a surface of the substrate .
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