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I. Introduction 

I, June Ann Munford, declare as follows: 

1. I have been retained as a consultant on behalf of Samsung Display Co., 

Ltd. (“Petitioner”), who I understand is the petitioner in the present proceeding. I 

have been asked to consider whether Exhibit 1011, “Organic light-emitting diodes 

based on new n-doped electron transport layer” by J.W. Ma, et al., has been publicly 

available as of August 29, 2008, and as of December 2, 2008, through this day.  

2. To the best of my knowledge, I have no financial interest in Petitioner. 

I have been informed that a company known as Pictiva Displays International Ltd. 

(“Pictiva” or “Patent Owner”) purports to own U.S. Patent No. 12,158,250 (the ’250 

patent). To the best of my knowledge, I have no financial interest in Pictiva, and, to 

the best of my recollection, I have had no contact with Pictiva or the named inventors 

of the ’250 patent, Ulrich Kastner-Jung, Markus Klein, Stan Maes, Romana Sigl, 

Annette Haid, Stephan Lintner, Julian Herget, and Gregor Matjan. To the best of my 

knowledge, I similarly have no financial interest in the ’250 patent. To the extent 

any mutual funds or other investments that I own have a financial interest in the 

Petitioner, the Patent Owner, or the ’250 patent, I am not aware of, nor do I have 

control over, any financial interest that would affect or bias my judgment.  
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3. I am being compensated at my standard consulting rate for my time. 

My compensation is in no way contingent on the results of these or any other 

proceedings relating to the ’250 patent. 

II. Background and Qualifications 

4. I earned a Master of Library and Information Science (MLIS) from the 

University of Wisconsin-Milwaukee in 2009. I have over ten years of experience in 

the library/information science field. Beginning in 2004, I have served in various 

positions in the public library sector including Assistant Librarian, Youth Services 

Librarian, and Library Director. I have attached my Curriculum Vitae as Appendix 

CV. 

5. During my career in the library profession, I have been responsible for 

materials acquisition for multiple libraries. In that position, I have cataloged, 

purchased, and processed incoming library works. That includes purchasing 

materials directly from vendors, recording publishing data from the material in 

question, creating detailed material records for library catalogs and physically 

preparing that material for circulation. In addition to my experience in acquisitions, 

I was also responsible for analyzing large collections of library materials, tailoring 

library records for optimal catalog search performance and creating lending 

agreements between libraries during my time as a Library Director. 
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6. I am fully familiar with the catalog record creation process in the library 

sector. In preparing a material for public availability, a library catalog record 

describing that material would be created. These records are typically written in 

Machine Readable Catalog (herein referred to as “MARC”) code and contain 

information such as a physical description of the material, metadata from the 

material’s publisher, and date of library acquisition. 

7. I am familiar with the Internet Archive, a digital library formally 

certified by the State of California as a public library. Among other services that the 

Internet Archive makes available to the general public is the Wayback Machine, an 

online archive. The Internet Archive’s Wayback Machine service archives webpages 

as of a certain capture date to track changes in the web over time. The Internet 

Archive has been in operation as a nonprofit library since 1996 and has hosted the 

Wayback Machine service since its inception in 2001. During my time as a librarian, 

I frequently used the Internet Archive’s Wayback Machine for research and 

instruction purposes. This includes teaching instructional classes on using the 

Wayback Machine to library patrons and using the Wayback Machine to research 

reference inquiries that require hard-to-find online resources. I consider the Internet 

Archive’s recordkeeping to be as rigorous and detailed as other formal library 

recordkeeping practices such as MARC records.  
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8. Visitors to the Wayback Machine can search the Internet Archive by 

keyword or a website URL. If archived records for a URL or the keywords are 

available, the visitor will be presented with a display of available dates. The visitor 

may select one of those dates and be taken to the collection of web captures 

associated with the specific web crawl from a specific point in time. This archived 

data made viewable by the Wayback Machine is obtained using web archiving 

software that automatically stores copies of files available via the Internet, with each 

file preserved as it existed at a particular point in time. The Internet Archive assigns 

a URL to all archived files within the Wayback Machine in the following format: 

http://web.archive.org/web/[Year in yyyy][Month in mm][Day in dd][Time code 

inhh:mm:ss]/[Archived URL]. This is known as an “extended URL” format. For 

example, the Internet Archive extended URL 

http://web.archive.org/web/19970126045828/http://www.archive.org/ denotes the 

URL for the record of the Internet Archive home page archived on January 26, 1997 

at 4:58 a.m. and 28 seconds (1997/01/26 at 04:58:28). Thus, an archived webpage 

file in the Wayback Machine represents the content of the webpage at the date and 

time it was captured and archived by the web crawler of the Wayback Machine. 

Because the Wayback Machine does not crawl every URL in the Internet at every 

second, the absence of a webpage archive in the Wayback Machine does not mean 

SDC EX. 1005 - 6/231



 
 
 

5 
 

that the webpage did not exist. The Wayback Machine does not have archived 

webpages for every URL on every day.  

9. Captures of Internet Archive Wayback Machine records created for this 

declaration include a collection of all time captures associated with a web page as 

well as a single capture from that collection associated with a singular date and time. 

The collection of records associated with a given web page is presented as a calendar 

by the Wayback Machine, while the single capture is represented by a web page as 

displayed on the date and time of capture. Due to the records keeping practices of 

the Wayback Machine, a collection of captures may be displayed at a slightly 

different URL from a singular record found within that collection. To confirm the 

two URLs are related, the date and time present on a singular web page capture can 

be found on the matching calendar record.   

III. Exhibit 1011: The Ma Article 

10. As I explained above, Exhibit 1011 is entitled “Organic light-emitting 

diodes based on new n-doped electron transport layer” by J.W. Ma, et al. The 

hardcopy of Exhibit 1011 is reported as published in December 2008 in Synthetic 

Metals, a journal published by Elsevier. Page 1 of Exhibit 1011 indicates “Organic 

light-emitting diodes based on new n-doped electron transport layer” was received 

on March 11, 2008, accepted on May 14, 2008, and made available to the public 

online as of August 29, 2008. I have further confirmed that Exhibit 1011 is available 
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as of the date of my declaration at 

https://www.sciencedirect.com/science/article/abs/pii/S0379677908001653.  

IV. Opinions Relating to Date of Availability of Exhibit 1011 and 
Searchability of Synthetic Metals  

11. In my opinion, Exhibit 1011, with its present substantive content, was 

made available online as of the date provided on the front of the article: August 29, 

2008, via the Elsevier ScienceDirect website, and has been available to this day. In 

addition, Exhibit 1011, with its present substantive content, was available online on 

December 2, 2008, via the Elsevier ScienceDirect website, and has been available 

to this day.  

12. In my opinion, a person with interest in the subject matter of Exhibit 

1011 could have used Elsevier’s ScienceDirect website, and through use of simple 

search functions, could have located Exhibit 1011 as of its date of online publication 

on August 29, 2008, and also could have located Exhibit 1011 on December 2, 2008, 

and Exhibit 1011 has remained searchable and locatable to this day.  

13. As I discuss below, Elsevier is an established publisher of academic 

journals, textbooks, reference material and other documents related to scientific, 

technical and medical professions, including Synthetic Metals. Elsevier has 

historically published material in paper editions, but is also well known for its digital 

services platforms. These services include the e-book platform ScienceDirect, the 
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indexing service Scopus and the organization of several academic conferences per 

year. Indeed, by May 2008, Elsevier was described as one of  

the world’s largest provider of science and health 
information. It publishes about 250'000 articles per year in 
2000 journals. Its archives contain 7 million past 
publications. Total yearly downloads amount to 240 
million . . . . Each year, the company publishes the original 
work of more than 500,000 authors in 2,000 journals, 
17,000 books, 18 new journals and 1,900 new books  

as shown in Appendix 1 hereto. This appendix includes screen captures of the 

Internet Archive Wayback Machine entries describing Elsevier around May 2008, 

including footnotes 1 and 2 of the Elsevier Wikipedia page citing Elsevier’s 

webpages at the time. I secured these screen captures myself. I have been familiar 

with Elsevier as a publisher in my experience as a librarian, using Elsevier 

publications for reference inquiries and purchasing Elsevier materials for library 

collections, including the 2008 time period.  

14. I discuss the reasoning behind my opinions below.  

A. Documentation Relating to Date of Availability of Exhibit 1011 

15. As I discuss above, Exhibit 1011 indicates on its face that it was 

available online as of August 29, 2008. There is no indication on the face of Exhibit 

1011 that there were any substantive changes to the Ma text between August 29, 

2008 and its publication in hard copy in December 2008. Based on my review of a 
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number of different documents, as well as my own experience, in my opinion, 

Exhibit 1011 was made available to the public on August 29, 2008.  

16. I have reviewed Exhibit 1006, which is entitled “Declaration of Rachel 

Garland.” Exhibit 1006 bears the marks of Elsevier, which I know to be a well-

regarded publisher of a number of scientific journals. In this declaration, Dr. Garland 

states that “J. Ma, et. Al., ‘Organic light-emitting diodes based on new n-doped 

electron transport layer’ was published in Synthetic Metals, Vol. 158, Issues 21-24 

and was available online on August 29, 2008.” Exhibit 1006 at paragraph 11. Dr. 

Garland’s testimony comports with my understanding and experience that articles 

published by Elsevier are often first published online, and then published in a 

physical journal. Dr. Garland also states that the “article and abstract from Science 

Direct shows the date of publication for the first online version,” which date does 

not change once determined. Exhibit 1006 at paragraph 10. Dr. Garland’s testimony 

comports with my understanding and experience that the “available online” date is 

the actual date that Elsevier first published the specific article online. It is also my 

understanding and experience that Elsevier had published articles online at the time 

(in 2008), so that interested researchers could review and also search for the online 

articles even before hardcopies were printed.  

17. It is further my experience that in cases where Elsevier journal articles 

differ in substance from the first online published version, they are accompanied by 
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a notation as to what has changed from the online article. For example, I attach as 

Appendix 2 an article with first named author Barry P. Rand, published in 2009 in 

another Elsevier journal, Organic Electronics. That article notes that a “revised 

form” was received on April 20, 2009. Appendix 2 at p.1.1  

18. As another example, I attach as Appendix 3 an article with first named 

author Elena N. Konyushenko, published in 2008 in Synthetic Metals. That article 

notes that a “revised form” was received on April 21, 2008. Appendix 3 at p.1. I also 

attach Appendix 4, which is a screen capture of a webpage entitled Volume 158, 

Issues 21-24 (December 2008) as hosted on the ScienceDirect website. I secured this 

screen capture myself from https://www.sciencedirect.com/journal/synthetic-

metals/vol/158/issue/21. This page contains the full table of contents included in the 

December 2008 issue of Synthetic Metals, and shows that Exhibit 1011 (“Organic 

light-emitting diodes based on new n-doped electron transport layer” by J.W. Ma, et 

al.) and Appendix 3 (“Polymerization of Aniline in Ice” by Elena N. Konyushenko) 

were published in the same issue of Synthetic Metals. Appendix 4 at pp.2, 4.  

19. Exhibit 1011 does not contain any notation that the article was revised 

or has been changed from its first online publication date of August 29, 2008. I have 

also searched ScienceDirect and did not find any notice or other information 

 
1 In this declaration, a page number of an appendix refers to the page number of the 
appendix excluding its cover page.  
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indicating that Exhibit 1011 has been revised in substance since its online 

publication date of August 29, 2008, up to the present date. Therefore, my 

conclusion is that the article that is currently available, and was included in the 

physical journal, is substantively the same as what was available on August 29, 2008. 

20. I have also used the Internet Archive Wayback Machine to ascertain

what pages relating to Synthetic Metals have been archived in the 2008-2009 time 

period. Attached hereto as Appendix 5 (“Articles in Press Listing”) is a screen 

capture of the Internet Archive Wayback Machine entry for the articles in Synthetic 

Metals from December 2, 2008. I secured this screen capture myself from 

https://web.archive.org/web/20081202021745/http://www.sciencedirect.com/scien

ce?_ob=PublicationURL&_tockey=%23TOC%235611%239999%23999999999%

2399999%23FLA%23&_cdi=5611&_pubType=J&view=c&_auth=y&_acct=C000

050221&_version=1&_urlVersion=0&_userid=10&md5=204d58226bba263fd246

b4f65856270f. 

21. The Articles in Press Listing contains an Elsevier ScienceDirect

webpage describing the contents of the Synthetic Metals journal as of December 2, 

2008. Appendix 5 at p.2. “Articles in Press” are described as “peer reviewed 

accepted articles to be published in this journal.” Id. at p.7. Further, “[t]he ‘Article 

in Press’ version . . . will appear in the associated published journal issue.” Id. When 

published, “[t]he date [the Article in Press version] was first made available online 
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will be carried over,” and despite not yet being published in paper form, the Article 

in Press version “can already be cited using the year of online availability . . . .” Id.  

22. An entry for “Organic light-emitting diodes based on new n-doped

electron transport layer” (which is the same title as Exhibit 1011) can be found on 

page 4 of the Articles in Press Listing. Appendix 5 at p.5 (listed as #65). Consistent 

with my understanding and experience that ScienceDirect has allowed access to the 

full text of an online article in press by hyperlinking the title to its text, the title 

“Organic light-emitting diodes based on new n-doped electron transport layer” in 

Appendix 5 was hyperlinked. Id. This entry indicates the article was first made 

available to the public via the ScienceDirect website as of “29 August, 2008” (the 

same date that appears on Exhibit 1011) and features a link titled “Purchase PDF” 

which allows users to purchase a PDF copy of the article. Id. As this page offers 

users the ability to purchase the article directly and provides a link to the article, it 

is my determination that the full text of the article “Organic light-emitting diodes 

based on new n-doped electron transport layer” was available to the public as of 

August 29, 2008, and on December 2, 2008.   

23. The entry for “Organic light-emitting diodes based on new n-doped

electron transport layer” further indicates that it is “In Press, Corrected Proof,” 

Appendix 5 at p.5, which, according to the journal, means that it is a published 

“article containing the author’s corrections” that “may, or may not yet have specific 
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issue and page numbers assigned,” id. at p.7. In other words, the difference between 

the article as published in hard copy and the article that is “In Press, Corrected Proof” 

is the specific issue number and specific page numbers.  

24. I further considered how Appendix 5 illustrates when articles that were 

reflected as being available online were made available in the hard copy journal. The 

Articles in Press Listing additionally reflects on the top of its list, an entry for an 

article entitled “Isophorone-based analogues with A-π-D-π-A structure for red 

organic light emitting devices,” which is identified as having been made “[a]vailable 

online 28 November, 2008,” which is a few days earlier than December 2, 2008, the 

date of the Appendix 5 screen capture. Appendix 5 at p.2.  

25. I have also reviewed the hard copy version of “Isophorone-based 

analogues with A-π-D-π-A structure for red organic light emitting devices,” 

discussed above. Appendix 6. Attached hereto is Appendix 6, an article entitled 

“Isophorone-based analogues with A-π-D-π-A structure for red organic light 

emitting devices” that appeared at pages 401-405 in the March 2009 issue of 

Synthetic Metals. I downloaded this copy myself from 

https://www.sciencedirect.com/science/article/abs/pii/S0379677908003615. 

26. Page 1 of Appendix 6 indicates “Isophorone-based analogues with A-

π-D-π-A structure for red organic light emitting devices” was first made available to 

the public online as of November 28, 2008, which is consistent with its 
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corresponding entry in the Articles in Press Listing (Appendix 5), as discussed 

above. Appendix 6 at p.1. Moreover, it was published in hard copy in the journal 

available about 4 months later. For comparison, Exhibit 1011 indicates “Organic 

light-emitting diodes based on new n-doped electron transport layer” was published 

online, and made available to the public, via the Elsevier ScienceDirect website as 

of August 29, 2008, also available to the public on December 2, 2008, and published 

in hard copy in the December 2008 issue of Synthetic Metals, which is four months 

later. Because the first article listed in the December 2, 2008 Articles in Press screen 

capture was available online on November 28, 2008, and available in hard copy 

version four months later, by analogy, that supports the idea that Exhibit 1011 

(published four months after its available online date) would have been listed in the 

Articles in Press as of August 29, 2008, the online availability date stated on Exhibit 

1011.   

27. Attached hereto as Appendix 7 is a web page captured from the Internet 

Archive describing the Top 25 Hottest Articles feature from the ScienceDirect 

website. I secured these screen captures myself from 

https://web.archive.org/web/20080509072646mp_/http:/info.sciencedirect.com/usi

ng/personalization/top25/. 

28. Appendix 7 shows a ScienceDirect web page captured by the Internet 

Archive as of May 9, 2008. Appendix 7 at p.2. This page describes the Top 25 
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Hottest Articles feature of the ScienceDirect website. This web page describing this 

ScienceDirect feature contains the following description: “All articles are included 

in Top25 lists, including Articles in Press. This means that because Articles in Press 

are available online in ScienceDirect before their print publication, Top25 lists may 

include articles which have only just been published in the print journals. For 

example: Top25 lists generated from April - June usage data, will contain articles 

with publication dates of September.” (emphasis added). Id. This passage confirms 

that articles in press, such as Exhibit 1011, were regularly made available to the 

public prior to their hard-copy publication in the print edition of the journal.  

29. The above is consistent with my understanding and experience that 

Elsevier had made available a list of articles that were being printed into hardcopy 

issues at the time (in 2008), so that interested researchers could review and also 

search and purchase articles even before hardcopies were printed. 

30. Considering these Appendices and Exhibits, it is my determination that 

Exhibit 1011 was made available to the public as of August 29, 2008, and available 

to the public on December 2, 2008, through today.  

B. Documentation Relating to Searchability of Articles in Synthetic 
Metals 

31. I have also been asked to consider whether a person interested in 

finding articles relating to the subject matter of Ma would be able to find Ma. I am 

not a technical expert and have not reviewed Ma from a technical perspective. 
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Therefore, to assess availability, I have considered a) the description of Synthetic 

Metals; b) the academic impact of Synthetic Metals; c) the searchability of Synthetic 

Metals; and d) the audience for Synthetic Metals, as provided by Science Direct, and 

confirmed by subscriptions from academic institutions, such as the Pennsylvania 

State University (Penn State University).  

1. Description of Synthetic Metals 

32. Between August and October 2008, Elsevier described Synthetic 

Metals as “an international medium for the rapid publication of original research 

papers, short communications and subject reviews dealing with research on and 

applications of electronic polymers and electronic molecular materials . . . .” 

Appendix 8 at p.2. It then goes on to explain that “materials considered to be within 

the purview of this journal include: “low-dimensional conductors and 

superconductors such as organic charge-transfer compounds and metal chain 

compounds.” Id. These statements are sourced from Appendix 8, which is a web 

page captured from the Internet Archive containing a description of the Synthetic 

Metals journals from the Elsevier website. I secured these screen captures myself 

from 

https://web.archive.org/web/20080801063313/http://www.elsevier.com/wps/find/j

ournaldescription.cws_home/504105/description. 
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33. Appendix 8 reflects an Elsevier web page that was captured by the 

Internet Archive as of August 1, 2008. Appendix 8 at p.2. Appendix 8 also shows 

several links allowing users of the Elsevier website to purchase a subscription to 

Synthetic Metals, indicating the content of Synthetic Metals was available online to 

be purchased as of August 1, 2008. Id. This web page also indicates that users have 

been able purchase a subscription from Elsevier themselves or the ScienceDirect 

website. Id. 

34. Attached hereto as Appendix 9 is a web page captured from the Internet 

Archive containing a description of the Synthetic Metals journals from the Elsevier 

website. I secured these screen captures myself from 

https://web.archive.org/web/20081007042356/http://www.elsevier.com/wps/find/j

ournaldescription.cws_home/504105/description. 

35. Appendix 9 reflects the same webpage as reflected in Appendix 8, 

which was captured by the Internet Archive as of October 7, 2008. Appendix 9 at 

p.2. In other words, Appendix 9 is a version of the same page captured in Appendix 

8, captured at a later date. In comparing Appendix 8 to Appendix 9, none of the 

relevant passages describing the Synthetic Metals journal changed between August 

1, 2008 and October 7, 2008, thus indicating that the relevant passages describing 

the Synthetic Metals journal were present on August 29, 2008.  
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2. Academic Impact of Synthetic Metals 

36. I also considered the relative academic impact of Synthetic Metals. To 

do so, I consulted two sources: SCImago and Exaly.  

37. Attached hereto as Appendix 10 is a screen capture of a webpage 

entitled Synthetic Metals as hosted on the SCImago website. I secured these screen 

captures myself from 

https://www.scimagojr.com/journalsearch.php?q=18375&tip=sid&clean=0. 

38. Appendix 10 reflects the academic impact of the Synthetic Metals 

journal where “Organic light-emitting diodes based on new n-doped electron 

transport layer” by J.W. Ma, et al. was published. The ‘Total Cites’ graph visible on 

page 2 of Appendix 10 indicates that Synthetic Metals was cited hundreds of times 

per year from 1999 - 2023 by other academic works, with about 1500-2500 citations 

in 2008 alone. Appendix 10 at p.2. The ‘Subject Area and Category’ field visible on 

page 1 classifies this journal by subject with the following phrases: Engineering; 

Mechanical Engineering; Mechanics of Materials; Materials Science; Electronic, 

Optical and Magnetic Materials; Materials Chemistry; Metals and Alloys; Physics 

and Astronomy; and Condensed Matter Physics. Id. at p.1.  

39. Attached hereto as Appendix 11 is a screen capture of a webpage 

entitled Synthetic Metals as hosted on the Exaly website. I secured these screen 

captures myself from https://exaly.com/journal/12737/synthetic-metals. 
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40. Appendix 11 is a web page describing the academic impact of the 

Synthetic Metals journal where “Organic light-emitting diodes based on new n-

doped electron transport layer” was first published. The ‘Papers’ figure visible on 

page 1 of Appendix 11 indicates that Synthetic Metals is in the top 1% in number of 

published works when compared to other academic journals. Appendix 11 at p.1. 

The ‘Citations’ figure visible on page 1 of Appendix 11 indicates that Synthetic 

Metals is in the top 1% of citations when compared to other academic journals. Id.   

3. Searchability of Synthetic Metals 

41. I also considered the search capability for articles in Synthetic Metals, 

in particular through the ScienceDirect website that Elsevier maintains. 

42. Attached hereto as Appendix 12 is a web page captured from the 

Internet Archive containing a search engine from the Elsevier website. I secured 

these screen captures myself from 

https://web.archive.org/web/20080828135416/http://www.elsevier.com/wps/find/a

dvproductsearch.cws_home?action=product_search&search=no. 

43. Appendix 12 shows an Elsevier search page captured by the Internet 

Archive as of August 28, 2008. Appendix 12 at p.2. This web page containing the 

Elsevier search engine contains the following description: “You can refine your 

search by selecting one of more search options available.” Id. This passage indicates 

that users of this search feature, as of August 28, 2008, are able to search for journal 
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articles published by Elsevier, such as in Synthetic Metals, by searching any of the 

following fields alone or any combination of these fields: keyword, publication title, 

author, editor, ISBN, ISSN, publication date, pre-assigned subjects, and publication 

type. Id. Based on my experience, this search feature is equally robust as the search 

features included in a typical library catalog. By offering a flexible selection of 

search fields, Elsevier’s search engine allows for complex queries and highly refined 

results for both experienced users and users with minimal knowledge of Elsevier’s 

collection. As Synthetic Metals is included within Elsevier’s collection, the search 

engine in Appendix 12 indicates that Synthetic Metals was indexed by Elsevier 

according to keyword, publication title, author, editor, ISBN, ISSN, publication date, 

pre-assigned subjects, and publication type. 

44. Attached hereto as Appendix 13 is a web page captured from the 

Internet Archive containing a search engine from the Elsevier website. I secured 

these screen captures myself from 

https://web.archive.org/web/20081112040754/http://www.elsevier.com/wps/find/a

dvproductsearch.cws_home?action=product_search&search=no. 

45. Appendix 13 reflects that this web page was captured by the Internet 

Archive as of November 12, 2008. Appendix 13 at p.2. Appendix 13 is a version of 

the search page captured in Appendix 12, captured at a later date. In comparing 

Appendix 12 to Appendix 13, none of the relevant passages discussing search 
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options changed between August 28, 2008 and November 12, 2008. As such, it is 

my determination that these search features were in place during the publication of 

“Organic light-emitting diodes based on new n-doped electron transport layer” by 

J.W. Ma, et al. on August 29, 2008.  

46. I observe that Exhibit 1011, in addition to having the title “Organic 

light-emitting diodes based on new n-doped electron transport layer” lists several 

keywords on the face of it, including “organic light-emitting diodes,” “doping 

concentration,” “carrier transport,” and “conductivity.” Exhibit 1011 at 810. 

Keywords are provided on a journal article to provide a broad descriptive category 

assisting discovery of journal articles discussing similar topics. For example, users 

could search for ‘carrier transport’ and find Exhibit 1011 among the results of other 

academic works discussing ‘carrier transport’ as a subject.  

47. I have been informed that, in proceeding IPR2024-01094, Pictiva’s 

expert, Dr. Schanze, has asserted that in 2008-2009, Elsevier journals were not 

prompt about indexing online-only versions of new articles, meaning that such 

articles could not be located unless the searching party knew the title or the author’s 

name. My experience does not align with Dr. Schanze’s recollection. I also used 

ScienceDirect during 2008-2009, and my recollection is that the search capabilities 

were similar to what currently exists—i.e., that one could search at least the title, the 

abstract, and keywords, if not also full-text. However, even if ScienceDirect’s search 
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capabilities for new articles in 2008-2009 had been limited just to titles, a person 

with interest in the subject matter of Exhibit 1011 nevertheless could have readily 

located the article through ScienceDirect’s search capabilities once Exhibit 1011 was 

published online on April 29, 2008. For example, I used ScienceDirect’s current 

search functionality, which allows, as part of an advanced search function, to search 

only the field of Title. Using this field-restricted search, I performed a search for 

electron+transport+layer across all journals indexed by Science Direct for 2008, and 

identified 3 results, of which Exhibit 1011 is one. Appendix 14 at p.1. I attach the 

results of that search as Appendix 14, which is a web page captured from 

ScienceDirect’s search capabilities from August 4, 2025, which I downloaded 

myself from 

https://www.sciencedirect.com/search?title=electron+transport+layer&date=2008. 

Based on my experience with ScienceDirect, it is my understanding that 

ScienceDirect’s search capabilities has included searching the title, abstract, and full 

text of an article in press for Synthetic Metals, when online articles were available, 

including the 2008 time period when the Ma article was made available online.   

48. Appendix 15 is a screen capture of another search I performed on the 

ScienceDirect platform for the phrase “doping concentration,” restricting the year of 

publication to 2008. I secured this screen capture myself from 

https://www.sciencedirect.com/search?date=2008&qs=doping%20concentration&s
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how=50. “Organic light-emitting diodes based on new n-doped electron transport 

layer” by J.W. Ma, et al. appears in the first 50 results provided, indicating Exhibit 

1011 was indexed in such a way that users could discover the paper via Science 

Direct by searching for relevant topics such as “doping concentration” since 

April 29, 2008. Appendix 15 at p.3.  

49. As another example, Appendix 16 is a screen capture of a search I 

performed on the ScienceDirect platform for the phrase “improved conductivity” 

(which appears in Ma’s abstract), restricting the year of publication to 2008. I 

secured this screen capture myself from 

https://www.sciencedirect.com/search?date=2008&qs=%22improved%20conducti

vity%22&show=100. “Organic light-emitting diodes based on new n-doped electron 

transport layer” by J.W. Ma, et al. appears in the first 10 results provided, indicating 

Exhibit 1011 was indexed in such a way that users could discover the paper via 

Science Direct by searching for relevant topics such as “improved conductivity” 

since April 29, 2008.  Appendix 16 at p.2. 

50. The above search results align with my understanding and experience 

that ScienceDirect’s search capabilities during 2008-2009 were similar to what 

currently exists.  

51. Attached hereto as Appendix 17 is a web page captured from the 

Internet Archive containing search engine tips from the Elsevier website. I secured 
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these screen captures myself from 

https://web.archive.org/web/20080726082415/http://www.elsevier.com./wps/find/s

earchtips.cws_home/searchtips.  

52. Appendix 17 shows an Elsevier search tips page captured by the 

Internet Archive as of July 26, 2008. Appendix 17 at p.2. This page describes the 

methods in which users of the Elsevier search engine would be able to perform 

advanced search queries using the Elsevier search engine. Id. at pp.2-3. According 

to this page, users would be capable of refining search results using Boolean 

operators such as ‘AND,’ special operators such as wildcard numbers, and the option 

to search the full text of Elsevier journal articles as of July 26, 2008. Id. at p.2. The 

page also provides advanced descriptions on how to use some of the search options 

described in Appendices 12 and 13, such as ‘keyword’. ‘publication title’, ‘author’ 

and ‘subject areas.’ Id. 

53. Attached hereto as Appendix 18 is a web page captured from the 

Internet Archive containing search engine tips from the Elsevier website. I secured 

these screen captures myself from 

https://web.archive.org/web/20081201125406/http://www.elsevier.com./wps/find/s

earchtips.cws_home/searchtips. 

54. Appendix 18 reflects that this web page was captured by the Internet 

Archive as of December 1, 2008. Appendix 18 at p.2. Appendix 18 is a version of 
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the search tips page captured in Appendix 17, captured at a later date. In comparing 

Appendix 17 to Appendix 18, none of the relevant passages discussing search tips 

changed between July 26, 2008 and December 1, 2008. As such, it is my 

determination that these advanced search features were in place during the 

publication of “Organic light-emitting diodes based on new n-doped electron 

transport layer” by J.W. Ma, et al. on August 29, 2008. 

4. Audience for Synthetic Metals (as part of ScienceDirect)

55. I was also asked to provide a description as to the type of audience

ScienceDirect had in 2008-2009. 

56. Appendix 7 is discussed above. In addition to confirming that the

“Articles in Press” are available online as of their “available online” date, this 

webpage contains the following description: “ScienceDirect has nearly 11 million 

regular users which means that the Top25 lists provide an authoritative reflection of 

readership habits.” Appendix 7 at p.2. As a service with nearly 11 million regular 

users as of May 2008, ScienceDirect provided access to a broad public audience who 

were capable of discovering articles within Synthetic Metals using the ScienceDirect 

search tools. This passage confirms that articles published online within the 

Synthetic Metals journal, such as Exhibit 1011, were regularly made available to the 

public prior to their formal publication in the print edition of the journal. 
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57. Attached hereto as Appendix 19 is a web page captured from the 

Internet Archive describing the library databases features from the Penn State 

University Library website. I secured these screen captures myself from 

https://web.archive.org/web/20080325111147/http://www.libraries.psu.edu:80/eres

/PSU_azdesc.html#edesclist. 

58. Appendix 19 reflects a Penn State University web page that was 

captured by the Internet Archive as of March 25, 2008. Appendix 19 at p.2. 

Appendix 19 includes a list of online databases licensed to the Penn State University 

Library at the time of capture and includes Elsevier ScienceDirect on page 15. Id. 

p.15. Libraries subscribe to these online databases to provide library patrons access 

to various digital materials apart from Penn State’s own archive. It is my experience 

that library patrons would enter their library credentials into the database service and 

be provided with various levels of access to the materials present in that service.  

59. Appendix 19 describes the breadth of materials available to patrons at 

the time via the Elsevier ScienceDirect on page 15: “This system provides access to 

the electronic versions of the Elsevier journals that we subscribe to. Current issues 

and back files are included. Currently, it includes more than 1,200 journals. The full 

text collection contains over 1.5 million articles from 1995 to present across all fields 

of science.” Appendix 19 at p.15 (“Elsevier ScienceDirect (full text journal 

articles)”). In addition to subscribing to the Synthetic Metals journal and purchasing 
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the “Organic light-emitting diodes based on new n-doped electron transport layer” 

by J.W. Ma, et al. directly from the Elsevier website, Appendix 19 indicates that 

patrons of university libraries such as the Penn State University Library would be 

able to access the Ma paper via exploring the library’s digital resources.  

60. Attached hereto as Appendix 20 is a web page captured from the 

Internet Archive describing the library databases features from the Penn State 

University Library website. I secured these screen captures myself from 

https://web.archive.org/web/20081230142549/http://www.libraries.psu.edu/eres/PS

U_azdesc.html#PSU01018. 

61. Appendix 20 reflects that this Penn State University web page was 

captured by the Internet Archive as of December 30, 2008. Appendix 20 at p.2. 

Appendix 20 is a version of the Penn State University Library page captured in 

Appendix 19, captured at a later date. In comparing Appendix 19 to Appendix 20, 

none of the relevant passages discussing digital library services changed between 

March 25, 2008 and December 30, 2008. As such, it is my determination that these 

digital library services were in place during the publication of Exhibit 1011.  

62. Attached hereto as Appendix 21 is a copy of the MARC record for 

Synthetic Metals as held by the Penn State University Library. I secured this record 

myself from the library’s public catalog. The MARC record contained within 

Appendix 21 accurately describes the title, publisher and ISSN number of Synthetic 
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Metals. The 008 field of the MARC record in Appendix 21 shows the date of record 

creation and that the Penn State University Library has acquired Synthetic Metals 

since June 10, 1998, and has held the journal to present, including the time period 

when “Organic light-emitting diodes based on new n-doped electron transport layer” 

by Ma was published. The Showing Results field present on page 3 of this record 

indicates that the library’s collection includes the December 2008 issue of Synthetic 

Metals containing “Organic light-emitting diodes based on new n-doped electron 

transport layer” by Ma.  The 130, 210, 222, 245, and 538 fields of the MARC record 

show that the Penn State University Library has had online subscription to Synthetic 

Metals as an electronic resource. This is consistent with my understanding and 

experience that creating a MARC record for a journal such as Synthetic Metals in 

this context indicates the library secured a digital subscription to the journal at the 

same time as creation, indicating that each subsequent issue released after that date 

was also acquired by the library. The above further supports my determination that 

the Penn State University Library provided online digital access to Synthetic Metals 

during the time period covering the publication of Exhibit 1011, including since 

August 29, 2008 and December 2, 2008.  

V. Conclusion 

63. As illustrated via the attached Appendices and discussed Exhibits, 

members of the public (such as the 11 million members with access to 

SDC EX. 1005 - 29/231



 
 
 

28 
 

ScienceDirect) interested in accessing Exhibit 1011, “Organic light-emitting diodes 

based on new n-doped electron transport layer” would have been capable of 

discovering this article via its electronic publication in Synthetic Metals, a journal 

from a well-known publisher, Elsevier, with hundreds of citations per year. 

Navigating the ScienceDirect search website using its journal search function using 

keywords such as “organic light emitting diode,” “electron transport layer,” “doping 

concentration,” or “improved conductivity” is a route which an interested member 

of the public would have been able to discover Exhibit 1011. As such, it is my 

determination that Exhibit 1011 was available to the interested public at the time of 

its electronic publication as of August 29, 2008 and through December 2, 2008, as 

reflected in the Articles in Press Listing (Appendix 5), and to present, as discussed 

above, and was published in hard copy in the December 2008 issue of Synthetic 

Metals. 

64. I declare under penalty of perjury that the foregoing is true and correct. 

I hereby declare that all statements made herein of my own knowledge are true and 

that all statements made on information and belief are believed to be true; and further 

that these statements were made the knowledge that willful false statements and the 

like so made are punishable by fine or imprisonment, or both, under Section 1001 of 

Title 18 of the United States Code.  
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Dated: November 14, 2025 

 
 
June Ann Munford 
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June A. Munford 
Curriculum Vitae 

Education 

University of Wisconsin-Milwaukee - MS, Library & Information Science, 2009 
Milwaukee, WI 

● Coursework included cataloging, metadata, data analysis, library systems,
management strategies and collection development.
● Specialized in library advocacy, cataloging and public administration.

Grand Valley State University - BA, English Language & Literature, 2008 
Allendale, MI 

● Coursework included linguistics, documentation and literary analysis.
● Minor in political science with a focus in local-level economics and
government.

Professional Experience 

Researcher / Expert Witness, October 2017 – present 
Freelance ● Pittsburgh, Pennsylvania & Grand Rapids, Michigan 

● Material authentication and public accessibility determination. Declarations of
authenticity and/or public accessibility provided upon research completion. Experienced
with appeals and deposition process.

● Research provided on topics of public library operations, material
publication history, digital database services and legacy web resources.

● Past clients include Alston & Bird, Arnold & Porter, Baker Botts, Fish & Richardson,
Erise IP, Irell & Manella, O'Melveny & Myers, Perkins-Coie, Pillsbury Winthrop Shaw
Pittman and Slayden Grubert Beard.

Library Director, February 2013 - March 2015 
Dowagiac District Library ● Dowagiac, Michigan 

● Executive administrator of the Dowagiac District Library. Located in
Southwest Michigan, this library has a service area of 13,000, an annual
operating budget of over $400,000 and total assets of approximately
$1,300,000.
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● Developed careful budgeting guidelines to produce a 15% surplus during the 2013-
2014 & 2014-2015 fiscal years while being audited.

● Using this budget surplus, oversaw significant library investments including the
purchase of property for a future building site, demolition of existing buildings and
building renovation projects on the current facility.

● Led the organization and digitization of the library's archival records.

● Served as the public representative for the library, developing business
relationships with local school, museum and tribal government entities.

● Developed an objective-based analysis system for measuring library services -
including a full collection analysis of the library's 50,000+ circulating items and their
records.

November 2010 - January 2013 
Librarian & Branch Manager, Anchorage Public Library ● Anchorage, Alaska 

● Headed the 2013 Anchorage Reads community reading campaign including event
planning, staging public performances and creating marketing materials for mass
distribution.

● Co-led the social media department of the library's marketing team, drafting social
media guidelines, creating original content and instituting long-term planning via content
calendars.

● Developed business relationships with The Boys & Girls Club, Anchorage
School District and the US Army to establish summer reading programs for
children.

June 2004 - September 2005, September 2006 - October 2013 
Library Assistant, Hart Area Public Library 
Hart, MI 

● Responsible for verifying imported MARC records and original MARC
cataloging for the local-level collection as well as the Michigan Electronic
Library.

● Handled OCLC Worldcat interlibrary loan requests & fulfillment via
ongoing communication with lending libraries.

Professional Involvement 

Alaska Library Association - Anchorage Chapter 
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● Treasurer, 2012 
 
Library Of Michigan 

● Level VII Certification, 2008 
● Level II Certification, 2013 

 
Michigan Library Association Annual Conference 2014 

● New Directors Conference Panel Member 
 
Southwest Michigan Library Cooperative 

● Represented the Dowagiac District Library, 2013-2015 
 
 
Professional Development 
 
Library Of Michigan Beginning Workshop, May 2008  
Petoskey, MI 

● Received training in cataloging, local history, collection management, 
children’s literacy and reference service. 

 
Public Library Association Intensive Library Management Training, October 2011  
Nashville, TN 

● Attended a five-day workshop focused on strategic planning, staff 
management, statistical analysis, collections and cataloging theory. 

 
Alaska Library Association Annual Conference 2012 - Fairbanks, February 2012 
Fairbanks, AK 

● Attended seminars on EBSCO advanced search methods, budgeting, 
cataloging, database usage and marketing. 

Depositions 
 
2019 ● Fish & Richardson 

Apple v. Qualcomm (Case No. IPR2018-001281, 39521-00421IP, IPR2018-01282  and 
39521-00421IP2) 
 

2019 ● Erise IP 

 Implicit, LLC v. Netscout Systems, Inc (Case No. 2:18-cv-53-JRG) 
 
2019 ● Perkins-Coie 

 Adobe Inc. v. RAH Color Technologies LLC (Case No. IPR2019-00627, IPR2019-
00628, IPR2019-00629 and IPR2019-00646) 
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2020 ● O’Melveny & Myers 

 Maxell, Ltd. v. Apple Inc. (Case No. 5:19-cv-00036-RWS) 
 
2021 ● Pillsbury Winthrop Shaw Pittman LLP 

 Intel v. SRC (Case No. IPR2020-1449) 
 
2022 ● Perkins-Coie 

 Realtek v. Future Link (Case No. IPR2021-01182) 
 

2023 ● Fish & Richardson 

 Neuroderm Ltd. v. Abbvie, Inc (Case No. PGR2022-00040) 
 

2023 ● Fish & Richardson 

 Nearmap US Inc. v. Pictometry International Corp. (Case No. IPR2022-00735)  
 

2023 ● Fish & Richardson 

 Samsung Electronics v. MemoryWeb LLC (Case No. 39843-0136PS1)  

 

2023 ● Pillsbury Winthrop Shaw Whitman LLP 

Gravel Rating Systems v. Costco Wholesale Corp. (Case No.  
          4:21-cv-149-ALM) 

 

2024 ● Willkie-Farr 

Netflix, Inc. v. VideoLabs. Inc. (Case No. IPR2023-00628) 

 

2024 ● Quinn Emanuel Urquhart & Sullivan 

Purdue University v. Wolfspeed (Case No. 1:21-CV-840) 

 

2024 ● Fish & Richardson 

Dish Network v. Entropic Communications (Case No. IPR2024-00393) 
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2025 ● Perkins Coie 

Amazon.com, Inc. v. Nokia Technologies Oy (Case No. IPR2024-00572) 

 

2025 ● Fish & Richardson 

Dish Network v. Entropic Communications (Case No. IPR2024-00373) 
 
 
Limited Case and Clientele History  
 
Alston & Bird 

● Ericsson 

  v. Collision Communications (Case No. IPR2022-01233) 
 

 ● Nokia  

          v. Neptune Subsea, Xtera (Case No. 1:17-cv-01876) 
 

 ● Universal Electronics Inc  

          v. Roku Inc (Case No. IPR2022-00818) 

 
Alavi & Anaipakos PLLC 

● Stingray Group Inc. and Stingray Music USA, Inc. 

v. Edwin A. Hernandez-Mondragon and Egla Corp. (Case No. 1:24-cv-
21226-RAR) 

 
Arnold & Porter 

● Ivantis  

          v. Glaukos (Case No. 8:18-cv-00620) 
 

● Samsung  

          v. Jawbone (Case No. 2:21-cv-00186) 
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Benesch Friedlander Coplan & Aronoff 

● Voyis 

 v. Cathx (Case No.  5:21-cv-00077-RWS) 

 

Buchanan, Ingersoll & Rooney PC 

● Google LLC, AT&T Service Inc., T Mobile USA Inc., Cellco Partnership, Ericsson 
Inc. & Nokia of America Corp. 

 v. KT Corp & Pegasus Wireless Innovation LLC (Case No.  IPR2025-00293) 

 

Deschert LLP 

 ● Smaxtec Animal Care 

  v. ST Reproductive Technologies, LLC (Case No. IPR2024-00885) 

 

Duane Morris 

 ● Kangxi Communication Technologies 

  v. Skyworks Solutions Inc. (Case No. IPR2025-00373) 

 

 ● Microsoft 

  v. Edge Networking Systems LLC (Case No. 1:24-cv-00215) 

 

Erise I.P. 
 ● Apple 

  v. Ericsson Inc. (Case No. IPR2022-00715) 

v. Future Link Systems (Case No. IPRs 6317804, 6622108, 6807505, and   
 7917680) 

  v. INVT (Case No. 20-1881)  

  v. Navblazer LLC (Case No. IPR2020-01253) 

  v. Qualcomm (Case No. IPR2018-001281, 39521-00421IP, IPR2018-01282,  
  39521-00421IP2) 
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  v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG) 

v. Telefonaktiebolaget LM Ericsson (Case No. IPR2022-00275) 

v. Theta IP, LLC (Case No. IPR2024-00818) 

v. THL Holding Company LLC (Case No. 1:23-cv-00548) 
 

● Fanduel  

          v. CGT (Case No. 19-1393) 
 

● Garmin  

          v. Phillips North America LLC (Case No. 2:19-cv-6301-AB-KS) 

 
● Netscout  

  v. Longhorn HD LLC (Case No. 2:20-cv-00349) 

  v. Implicit, LLC (Case No.  2:18-cv-53-JRG)  

 
● Sony Interactive Entertainment LLC  

  v. Bot M8 LLC (Case No. IPR2020-01288) 

  v. Infernal Technology LLC (Case No. 2:19-CV-00248-JRG) 

 

● Tesla 

  v. Charge Fusion Technologies LLC (Case No. IPR2025-00032) 

 
● Unified Patents  

  v. GE Video Compression (Case No. 2:19-cv-248) 

 

Fish & Richardson 

 ● Apple 

  v. AliveCor (Case No. 3:21-cv-03958) 

v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP) 

  v. Koss Corporation (Case No. IPR2021-00305) 
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  v. Masimo (Case No. IPR 50095-0012IP1, 50095-0012IP2, 50095-0013IP1,  
  50095-0013IP2, 50095-0006IP1, 50095-0135IP1) 

  v. Neonode (Case No. 21-cv-08872-EMC) 

  v. Qualcomm (Case No. IPR2018-001281, 39521-00421IP, IPR2018-01282,  
  39521-00421IP2) 

  v. Resonant Sys. (Case No. 7:23-cv-00077-ADA) 
 

 ● AsusTek Computer Inc. 
  v. Videolabs, Inc. (Case No. 22-CV-00720-ADA) 

 

 ● Dell 
  v. Neo Wireless (Case No. IPR2022-00616) 

 

 ● Dish Network  

  v. Entropic Communications, LLC (Case No. 2:2023-CV-01043) 

v. Entropic Communications LLC (Case No. IPR2024-00393) 

v. Realtime Adaptive Streaming (Case No. 1:17-CV-02097-RBJ) 

v. TQ Delta LLC (Case No. 18-1798) 
 

● Evapco Dry Cooling 

 v. SPG Dry Cooling (Case No. IPR2021-00688) 
 

 ● Genetec 

  v. Sensormatic Electronics (Case No. 1:20-CV-00760) 
 

● Huawei  

          v. Bell Northern Research LLC (Case No. IPR2019-01174) 
 

● Kianxis 

          v. Blue Yonder (Case No. 3:20-cv-03636) 
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● LG Electronics  

          v. Bell Northern Research LLC (Case No. 3:18-cv-2864-CAB-BLM) 

 

● MediaTek 

          v. MOSAID (Case No. IPR2024-00718) 
 

● Metaswitch 

          v. Sonus Networks (Case No. IPR2018-01719) 
 

● Microsoft 

  v. Throughputer Inc (Case No. IPR2022-00757) 

 
● Mom Enterprises  

  v. Ddrops Company (Case No. 1:22-cv-00332) 
 

● MLC Intellectual Property  

          v. MicronTech (Case No. 3:14-cv-03657-SI) 
 

● Nearmap Inc 

v. EagleView Technologies (Case No. IPR2022-01009) 

 
● Neuroderm Ltd.  

  v. Abbvie, Inc (Case No. PGR2022-00040) 

 

● Posco Co Ltd.  

  v. Pascal Drillet et al. (Case No. IPR2025-00370) 
 

● Realtek Semiconductor 

          v. Future Link (Case No. IPR2021-01182) 
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● Quectel  

          v. Koninklijke Philips (Case No. 1:20-cv-01710) 
 

● Samsung  

v. Aire Technology (Case No. IPR2022-00877) 

v. Bell Northern Research (Case No. 2:19-cv-00286-JRG) 

v. Communication Technologies Inc (Case No. IPR2022-01221) 

v. Jawbone Innovations (Case No. IPR2022-00865) 

v. MemoryWeb LLC (Case No. IPR2022-00885) 

v. Dodots Licensing Solutions (Case No. IPR2023-00701) 

v. Telefonaktiebolaget LM Ericsson (Case No. IPR2021-00615) 
 

● Texas Instruments 

 v. Vantage Micro LLC (Case No. IPR2020-01261) 
 

● Xilinx  

  v. Sentient Sensors LCC (Case No. 1:22-cv-00173) 

 

Goodwin Proctor 

● Intel 

v. Proxense, LLC (Case No. 6:24-cv-00283) 

 

● Samsung Electronics 

v. Mobile Data Technologies (Case No. 2:24-cv-00435) 

 

 ● Taiwan Semiconductor Manufacturing Company Ltd. 

v. Advanced Integrated Circuit Process LLC (Case No. 2:24-cv-00623) 
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Groombridge Wu 

 ● Nearmap 

v. Eagle View Technologies Inc. and Pictometry International Corp. (Case No. 
2:21-cv-00283-TS-DAO) 

 

Irell & Manella 

 ● Curium 

 

Latham & Watkins LLP 

● Apple 

 v. Advanced Coding Research LLC 

 

Leydig, Voit & Mayer, Ltd. 

● Public Availability Consultancy 

 

O’Melveny & Myers 

 ● Apple  

            v. Maxell (Case No. 5:19-cv-00036-RWS) 

 

● Disney Media & Entertainment Distribution LLC 

v. Digital Media Technology Holdings, LLC (Case No. 2:22- 

cv-01642) 
 

● Micron Technology Inc. 

 v. Besang Inc (Case No. IPR2023-00900) 

 

● Samsung 

  v. Daedalus Prime LLC (1335 Investigation) 
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Perkins-Coie 

● Amazon 

 v. Nokia (Case No. IPR2024-00847 and IPR2024-00848) 

v. Nokia Technologies Oy (Case No. IPR2024-00572) 

 ● Heru Industries 

v. The UAB Research Foundation (Case No. IPR2022-01148) 
 
● Intel Corporation 

   v. BeSang Inc. (Case No. IPR2023-00991) 

  v. BitMICRO (Case No. 5:23-cv-00625) 

v. Telefonaktiebolaget L M Ericsson (Case No. IPR2024-00610) 

 
● Realtek Semiconductor 

          v. Future Link (Case No. IPR2021-01182) 

 

● r-pac 

          v. Adasa, Inc. (Case No. 1:2024cv06102) 

 
● Twitter Inc 

 v. VOIP-Pal.com (Case No. 3:20-cv-02397-JD) 
 

● TCL Industries  

   v. Koninklijke Philips NV (Case No. IPR2021-00495, IPR2021-00496  
                    and IPR2021-00497) 
 

● VusionGroup 

   v. Hanshow (Case No. IPR2024-00857) 
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Pillsbury Winthrop Shaw Pittman 
 ● Intel 

   v. FG SRC LLC (Case No. 6:20-cv-00315) 
 
 ● Gravel Rating Systems 

  v. Costco (Case No. 4:21-cv-149) 
  v. Lowe’s Home Centers (Case No. 4:21-cv-150) 
  v. T-Mobile USA (Case No. 4:21-cv-152) 
   v. Kohl’s Inc. (Case No. 4:21-cv-258) 
   v. Under Armor (Case No. 4:21-cv-356) 

 

Quinn Emanuel 

 ● Exact Sciences Corporation 

v. Geneoscopy, Inc. (Case No. IPR2024-00459 and IPR2024-1330) 

 

 ● ServiceNow, Inc. 

v. InQuisient, Inc. (Case No. 22-900-CJB) 

 

● Wolfspeed 

  v. The Trustees of Purdue University (Case No. 1:2021-cv-00840) 

  

Sheppard, Mullin, Richter & Hampton LLP 

          ● Advanced Micro Devices, Inc and Pensando Systems, Inc. 

  v. Concurrent Ventures LLC and Xtreamedge, Inc. (Case No. IPR2025-00478) 

 

          ● Cadence Design Systems Inc.  

  v. Semiconductor Design Technologies (Case No. 3:23-cv-01001) 
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Shook, Hardy & Bacon LLP 

          ● HP Inc.  

  v. Universal Connectivity Technologies (Case No. 1:23-cv-01177) 

 

Stern, Kessler, Goldstein & Fox 

 ● Preliminary Research 

 

Wilmer, Cutler, Pickering, Hale and Dorr 

● Apple 

           v. Shunock (Case No. 1:23-cv-08598) 

 

● Quest Diagnostics Inc., Haystack Oncology Inc. and Haystack Oncology GmbH 

           v. Natera, Inc. (Case No. 1:23-cv-08598) 

 

● Roche Diabetes, Inc. 

           v. Trividia Health, Inc. (Case No. 1:24-cv-00668) 

 

Willkie, Farr & Gallagher LLP 

● Lenovo, Dell, HP 

           v. Universal Connectivity Technologies Inc. (Case No. 2:2023cv00449) 

 

 ● Neurent 

  v. The Foundry, LLC (Case No. IPR2024-00669) 

 

● Netflix, Inc.  

v. VideoLabs, Inc. (Case No. IPR2023-00628) 
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a b s t r a c t

We demonstrate an increase of the exciton diffusion length (LD) of a fluorescent donor layer

via the process of sensitized phosphorescence, whereby initially generated singlet excitons

are transferred to triplet excitons via a properly chosen dopant molecule. Using a poly(p-

phenylene vinylene) host doped with the phosphorescent molecule platinum octaethylpor-

phyrin, LD increases from 4 ± 1 to 9 ± 1 nm for an optimal doping of 5 wt%. As a result of the

increased LD, the photocurrent from the doped layer increases by 40%. By doping with the

fluorescent, non-metalated analogue octaethylporphyrin, a reduction in photocurrent is

shown, providing further evidence of the sensitized phosphorescence mechanism.

� 2009 Elsevier B.V. All rights reserved.

Recently, the power conversion efficiency of organic

photovoltaics has progressed rapidly, offering new poten-

tial as a low-cost renewable energy source, and driven pri-

marily by the development of new materials, device

architectures, and processing techniques [1–6]. In an or-

ganic semiconductor, the absorption of a photon results

in the creation of a bound electron-hole pair, or exciton,

that must diffuse to a donor–acceptor interface to dissoci-

ate into free charge carriers. Because exciton diffusion

lengths, LD, are typically on the order of 3–10 nm for sin-

glet excitons [2,7], the major bottleneck for achieving high

efficiency is in balancing the low LD while still achieving

thick enough layers to absorb most of the incident light.

In fact, the bulk heterojunction (BHJ) device concept,

whereby the donor and acceptor materials are deposited

simultaneously to form an interpenetrated donor–acceptor

interface, was created in order to sidestep this tradeoff

[8,9]. However, it is difficult to achieve a very fine phase

separation, on the order of a few LD, while at the same time

preserving the good charge transport required for low

resistance, efficient cells. If LD can be increased, efficiencies

will also increase [7,10], and the strict requirements for

phase separation of blends can be relaxed. One method

that should be able to yield larger LD is to use molecules

which have efficient intersystem crossing (ISC), in order

to convert singlet excitons into triplet excitons. Because

the decay of spin 1 triplet states to the spin 0 singlet

ground state is forbidden, the lifetime of triplet excitons

is many orders of magnitude greater than singlet state life-

times which are on the order of ns. Then, since LD ¼
ffiffiffiffiffiffi

Ds
p

,

where D is the exciton diffusivity and s its lifetime, an

overall increase in LD is expected, which should allow for

the harvesting of those excitons generated further from a

donor–acceptor interface. However, triplets are virtually

non-existent in optically excited fluorescent materials, as

both direct generation by light as well as ISC from singlets

are inefficient processes.
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doi:10.1016/j.orgel.2009.04.011

* Corresponding author.

E-mail address: barry.rand@imec.be (B.P. Rand).

Organic Electronics 10 (2009) 1015–1019

Contents lists available at ScienceDirect

Organic Electronics

journal homepage: www.elsevier .com/locate /orgel

SDC EX. 1005 - 56/231

mailto:barry.rand@imec.be
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


Organic photovoltaic devices utilizing phosphorescent

materials have previously been demonstrated, either by

employing directly a phosphorescent small molecular or

polymer layer [11–14], or by inducing phosphorescence

in a fluorescent host via a proximity effect of a heavy-

metal-atom containing phosphor dopant [15]. However,

because phosphorescent organic semiconductors are typi-

cally characterized by low mobilities and absorption that

do not overlap well with the solar spectrum [13], their

use as active, absorbing layers may be difficult to realize.

One notable exception [2] is the acceptor C60, which has

a high charge carrier mobility of 5 � 10�2 cm2/Vs, and

LD � 40 nm owing to its near unity ISC efficiency [16],

albeit with an absorption spectrum still focused in the blue

wavelength range.

Here, we demonstrate enhanced photocurrent from a

fluorescent material via the process of sensitized phospho-

rescence. We employ a host:guest system where a fluores-

cent host material continues to be used for light absorption

as well as for charge and exciton transport. The guest

serves only to convert initially generated host singlet exci-

tons into triplet excitons, as its low concentration prevents

efficient transport and absorption. An advantage of this ap-

proach to create triplet excitons on a fluorescent host

stems from the fact that due to the lack of an efficient trip-

let decay pathway, triplet states in fluorescent materials

[17,18] generally possess significantly longer lifetimes

compared with phosphors containing heavy-metal atoms

[19] (e.g. ms compared to ls). To allow for the above pro-

cesses to occur, the host:guest system needs to obey the

following criteria: First, that the lowest excited singlet

state of the dopant is lower than that of the host material

(S1,dopant < S1,host), and there is sufficient overlap between

the emission of the host and absorption of the guest to al-

low for efficient singlet energy transfer (SET). Second, that

the triplet energy of the dopant molecule is greater than

that of the host (T1,dopant > T1,host) for efficient triplet en-

ergy transfer (TET) to occur. In addition, care should be ta-

ken to allow for efficient charge transport of

photogenerated carriers through the host material. There-

fore, an additional criterion for a donor material is that

the highest occupied molecular orbital (HOMO) of the dop-

ant is greater than that of the host to prevent holes from

being trapped on the guest material which would ulti-

mately reduce photocurrent. In the case of an acceptor

material, care should be taken that the lowest unoccupied

molecular orbital of the dopant is lower than that of the

host material to prevent electron trapping.

To demonstrate that the process of sensitized phospho-

rescence can be used to increase the photocurrent of an

absorbing layer, we use as an example the phenyl-substi-

tuted poly(p-phenylene vinylene) (PPV) donor polymer

Super Yellow (SY) doped with the phosphorescent mole-

cule platinum octaethylporphyrin (PtOEP). Furthermore,

we investigate the effect of doping with the Pt-free ana-

logue octaethylporphyrin (OEP) to demonstrate the oppo-

site effect: a dopant that allows SET but not TET is

expected to actually reduce the photocurrent. Fig. 1a

shows the absorption (Shimadzu UV-1601PC) and emis-

sion (Shimadzu RF-5301PC) of a pure SY film as well as

films doped with PtOEP, whereas Fig. 1b shows SY films

doped with OEP. The absorption shoulders of PtOEP and

OEP are present in the doped films, at wavelengths of

k = 385 and 535 nm for PtOEP and at k = 410 nm for OEP,

and the intensity of these peaks increases with doping con-

centration. The SY emission (excitation at k = 385 nm),

with its peak at k = 540 nm, is quenched rapidly as a result

of the introduction of either dopant. Significantly, PtOEP
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Fig. 1. (a) Absorption (top panel) and photoluminescence (PL) (bottom

panel) of 15 nm thick SY and SY:PtOEP thin films with various compo-

sitions. The molecular structure of PtOEP is shown as an inset to the

bottom panel. (b) Absorption (top panel) and PL (bottom panel) of 15 nm

thick SY and SY:OEP thin films with various compositions. The molecular

structure of OEP is shown as an inset to the bottom panel. (c) The

formation pathways of excitons generated in doped SY. Following

absorption in SY to excite a molecule from the ground state (S0) to the

first excited singlet state (S1,SY) there is singlet energy transfer to the

guest at a rate kset. For the guest PtOEP (blue dashed arrows), intersystem

crossing converts singlet excitons to triplet excitons from S1,Guest to

T1,Guest at a rate kisc. Finally, the lower triplet energy of SY (T1,SY) quenches

the PtOEP triplets with a rate ktet. In the case of an OEP guest (red dotted

arrow), the lack of an efficient ISC pathway results in singlet emission.
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phosphorescence [20] at k = 650 nm is not present,

whereas OEP fluorescence at k = 625 nm is observed. This

suggests the excitonic pathways illustrated schematically

in Fig. 1c, where for the case of PtOEP there is efficient

SET from SY to PtOEP molecules, followed by ISC, and final-

ly TET back to SY owing to the lower triplet energy of SY

(�1.6 eV) compared to that of PtOEP (�1.9 eV), a phenom-

enon which has been shown previously for PtOEP in PPV

hosts [21]. In the case of OEP, SET onto the OEP dopant oc-

curs, but since OEP is a fluorescent molecule, ISC efficiency

is very low and singlet OEP emission is observed.

For the demonstration of sensitized phosphorescence

in a solar cell, we use the following device structure: in-

dium–tin–oxide (ITO)/poly(3,4-ethylenedioxythiophene):

poly(styrene sulfonate) (PEDOT) (30 nm)/SY (15 nm)/C60

(30 nm)/bathocuproine (BCP) (8 nm)/Al (80 nm). Here,

ITO/PEDOT serves as the anode, SY as the donor layer, C60

as the acceptor layer, BCP as an exciton blocking layer,

and Al as the cathode. The reason for employing only a

15 nm thick SY layer is because the use of thicker layers

led to a rapidly increasing series resistance for the device,

reducing the fill factor (FF) as well as, and even more sig-

nificantly, the short circuit current density JSC. The ITO

coated glass substrates were solvent cleaned followed by

UV/O3 treatment for 10 min. The PEDOT (H.C. Starck, Bay-

tron P VPAI4083) solution was spincast at 3000 rpm for

60 s, followed by baking at 120 �C. The SY was dissolved

in toluene at a concentration of 1.7 mg/ml, with doping

of PtOEP or OEP by weight, followed by spincasting at

2000 rpm for 60 s. The C60, BCP, and Al layers were then

deposited in an ultrahigh vacuum chamber (base pressur-

e < 5 � 10�9 Torr). The device area was measured with an

optical microscope, with an average area of 3.3 mm2. The

current density vs. voltage (J–V) characteristics were mea-

sured using an Agilent 4156C parameter analyzer with illu-

mination from a LOT-Oriel 1000 W Xe arc lamp fitted with

AM 1.5D filters. Calibration was performed by a KG3 band

pass filter and a calibrated Si detector.

The schematic energy diagram of this device is shown

in the inset to Fig. 2, where we also show the J–V character-

istics of devices with undoped SY, SY:PtOEP(5%) and

SY:OEP(5%) donor layers in the dark and under 100 mW/

cm2 AM1.5D simulated solar illumination. The undoped

SY-based device has JSC = 3.2 mA/cm2, open circuit voltage

VOC = 0.86 V, FF = 0.54, and power conversion efficiency

gP = 1.5%. The doped devices have the same value of VOC,

which indicates that the host SY acts as the charge con-

ducting material, a property which is expected for films

containing a low concentration of dopant (<10%) and also

owing to the shallower HOMO of SY (5.2 eV) with respect

to that of either PtOEP (5.3 eV) or OEP (5.5 eV). The

PtOEP-doped device has a dark current almost identical

to that of the undoped device, and JSC = 3.5 mA/cm2,

FF = 0.52, and gP = 1.6% under illumination. In this case,

the photocurrent is increased by almost 10%, whereas the

FF is slightly decreased, which could indicate that the pres-

ence of the PtOEP dopant molecule interrupts charge car-

rier transport in the SY matrix, making the collection of

photogenerated charges more difficult. For the case of 5%

OEP doping, JSC = 2.8 mA/cm2, FF = 0.41, and gP = 1%. Here,

the OEP dopant increases the series resistance of the cell,

as reflected in the lower dark current at VP 0.7 V as com-

pared to the other devices. This has the effect of reducing

the FF, but does not significantly impact JSC, as an equally

reduced photocurrent can be observed even for negative

voltages, where photogenerated carriers are efficiently ex-

tracted by the applied field.

To understand better the influence of the dopant and

whether sensitized phosphorescence plays a role in the de-

vice operation, we show in Fig. 3 the dependence of JSC on

dopant concentration for either PtOEP or OEP doping. It

should be noted that the roughness and therefore interfa-

cial area of the donor–acceptor heterojunction does not in-

crease with doping concentration, as measurements by
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atomic force microscopy of doped (8%) and undoped SY

films have smooth surface morphologies with root mean

square roughnesses of 0.6 nm (data not shown). With an

increase in PtOEP concentration, JSC increases by approxi-

mately 10%, peaking at a dopant concentration of 5%, be-

yond which the increase in JSC is reduced. In contrast, the

addition of OEP to the SY matrix always results in a de-

crease of JSC, which appears to saturate at a reduction of

approximately 15–18%. This can be understood by consid-

ering again the results of Fig. 1, where SY singlets are

immediately quenched by the addition of small amounts

of the dopant. Once a sufficient doping level has been

reached in order to quench a large percentage of the SY

excitons, increasing the dopant concentration only sup-

presses further the transport of charges and/or triplet exci-

tons in the SY layer, resulting in a decreased performance

and therefore the presence of an optimal PtOEP concentra-

tion. Indeed, the fact that both dopants efficiently quench

SY excitons but only PtOEP doping leads to an enhance-

ment of JSC provides significant evidence that excitons are

returned to SY in that case, whereas with OEP doping they

are lost.

As further evidence of the sensitized phosphorescence

mechanism, we consider the external quantum efficiency

(gEQE) spectra of doped and undoped devices, as shown in

Fig. 4a. To highlight the relative contributions from SY

and C60, we also show the calculated absorption efficiency

(gA) spectra for SY and C60 (using a transfer-matrix based

calculation). The SY contribution is centered at

k = 455 nm, whereas C60 is responsible for the shoulder at

k = 435 nm and the tail extending to k = 650 nm. The

reduction of gEQE at k 6 375 nm is due to reflection and

absorption from the glass/ITO substrate, resulting in a

‘‘false peak” in the measured gEQE at k = 375 nm. The gEQE
spectrum of the cell with a pure SY donor layer shows dis-

tinct features of both SY and C60. From gA, it is clear that

there is a larger contribution to the photocurrent originat-

ing from the C60 acceptor layer compared to that of SY,

which contributes approximately 15% of the total current,

and which is consistent with the fact that OEP doping re-

sults in a reduction of JSC by approximately the same

amount (cf. Fig. 3). The calculated gEQE spectrum for the

undoped device closely fits that of the measured data,

and yields an estimate of LD = 4 ± 1 nm, in excellent agree-

ment to that of other PPV derivatives [22]. For the device

with a SY:OEP(5%) donor layer, the contribution from SY

is barely visible, functioning instead almost completely

on C60. Indeed, spectral fitting for this device requires

LD � 1 nm, indicating that only SY excitons formed at the

interface with C60 are able to contribute. This is consistent

with the fact that OEP quenches most SY excitons and con-

fines them to the OEP dopant (where emission is observed,

cf. Fig. 1b), eliminating the opportunity to dissociate at the

donor–acceptor interface.

The gEQE spectrum of the SY:PtOEP(5%) shows instead

an enhancement of the SY signal, peaking at k = 450 nm

to gEQE = 45%. Here, SY contributes approximately 21% of

the total current, an increase of about 40% compared to

the undoped SY donor layer. In this case, LD of SY triplet

excitons is longer than that of singlet excitons, and there-

fore a larger percentage of photons absorbed in the SY

layer are able to contribute to photocurrent. We are again

able to obtain an excellent spectral fit, and this provides

an estimate of LD = 9 ± 1 nm, significantly greater than

that of the pure SY film. Indeed, the reported fluorescence

lifetime of SY is 400 ps [23], whereas the triplet lifetime

has been estimated from delayed fluorescence to be

5.6 ms [17], and therefore an increase in LD could be ex-

pected. If we take the difference between gEQE of doped

and undoped devices, we obtain the curves as shown in

Fig. 4b. Here the difference between the PtOEP-doped

and pure SY devices is a result of increased signal from

SY, as well as small contributions from PtOEP at k = 385

and 535 nm. These contributions from PtOEP provide fur-

ther evidence of the triplet transfer process, as direct

absorption of PtOEP generates triplet excitons which
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transfer to SY and are transported to the donor–acceptor

interface, contributing to photocurrent. By contrast, the

difference between the OEP-doped device and pure SY is

negative and corresponds to a loss in the SY spectral re-

sponse. Also in this spectrum, no additional contribution

from the OEP dopant is observed, as would be expected

for these immobile singlet excitons.

In conclusion, we have experimentally demonstrated an

organic solar cell with a donor layer enhanced by the pro-

cess of sensitized phosphorescence. By converting optically

excited singlet excitons to triplet excitons efficiently, LD
was more than doubled, from 4 ± 1 to 9 ± 1 nm, which in

turn increased the signal from this layer by 40%. In con-

trast, a similar dopant which lacks the ability to convert

host singlet excitons to triplet excitons was shown to re-

duce the photocurrent from the host material. The ability

to increase LD, ideally toward distances equal to the

absorption length in organic materials will allow simplified

bilayer architectures to possess efficiencies approaching

that of BHJ devices, or will at least relax the restrictions

placed on the phase separation of blends. The design rules

and methodology demonstrated here should lead to the

development of new materials with suitable mobility

and absorption spectra in order to optimize sensitized

phosphorescent organic solar cells.
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a b s t r a c t

It was observed that the oxidative polymerization of aniline proceeded well not only in the liquid mixtures
at 20 ◦C or −5 ◦C but also in ice at −24 ◦C. The oxidative polymerization took place in the solutions of
strong acid (0.1 M sulfuric acid) or weak acid (0.4 M acetic acid). It is proposed that the initially generated
polyaniline participates in the further redox process, leading to new polyaniline formation. The molecules
of the monomer (aniline) and oxidant (peroxydisulfate) thus react by transferring electrons through the
conducting polyaniline, without the need to be in direct contact. The polymerization in the liquid phase or
in the solid frozen state changes the morphology of the polyaniline. Polyaniline nanogranules or nanotubes
olyaniline
onducting polymer
edox reaction
anotube
anowire

are produced in the liquid state, while thin nanowires of 20 nm diameter connecting the submicrometre
polyaniline particles have been observed when the polymerization took place in ice.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Polyaniline (PANI), the most common conducting polymer [1,2],
s typically prepared by the oxidation of aniline in an acidic aqueous

edium [3]. It has been observed that the polymerization carried
ut at reduced temperature yielded PANI with a higher molec-
lar weight [4] and higher degree of crystallinity [5], although
he improvement of conductivity was marginal [5]. The higher

olecular weight is of benefit when the mechanical properties
f PANI are important, e.g., when the solutions of PANI base in N-
ethylpyrrolidone are used to cast PANI membranes [6] or are spun

o produce PANI fibres [7] or nanofibres [8].
The freezing point of the reaction mixture containing 0.2 M

niline hydrochloride and 0.25 M ammonium peroxydisulfate is
12 ◦C. In order to prevent freezing at lower temperatures in sim-

lar experiments, copious amounts of lithium chloride have been
dded into reaction mixture [4,9–14], which stayed liquid even at

40 ◦C. It has been observed, however, that the polymerization of
niline proceeds well, and to a high yield, even at −50 ◦C when the
eaction mixture was frozen [5,15]. Although the polymerizations of
onomers in crystals or solid monomer solutions are well known,

∗ Corresponding author.
E-mail address: elenak@imc.cas.cz (E.N. Konyushenko).
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nd have been reviewed [16], this behavior in the present system
f aniline oxidation is still rather unexpected.

Besides the polymerization in ice, solid-state reactions involv-
ng PANI have been described in the literature. The protonation
eactions between PANI base and solid organic acids have been
stablished [7,17–22]. The same approach, the mixing of the
omponents in the solid state, has been successfully used for
he preparation of PANI complexes with fullerene [23]. The

echanochemical polymerization of aniline, an oxidation of ani-
ine in the solid state, has only recently been reported [24–26]. In
his case, the aniline monomer and an oxidant produce a polymer
s a result of the joint mechanical grinding of the components. One
ould expect that, when the oxidation of aniline takes place in the

olid state, like in the frozen medium, the process would be slow,
f feasible at all, due to the restricted diffusion of reactants in the
olids and the reduced probability of their contact. Yet, for reasons
iscussed below, the polymerization takes place easily even under
uch conditions.

Kocherginsky et al. [6,27] have demonstrated that the molecule
f an oxidant and a reductant separated by a PANI membrane
ay undergo a redox reaction. This was achieved without any
irect contact between the reacting molecules, by simply trans-
orting an electron from the oxidant to the reductant through
onducting PANI; the redox reaction between iron(III) chloride and
scorbic acid has been used as an example. This concept has been
xtended to the preparation of PANI by the oxidation of aniline
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morphologies, such as thin films on various substrates [30,31], col-
loidal particles [32–36], nanotubes [29,37–40], nanowires [41–43],
sometimes referred to as nanofibres [44,45], and hollow PANI
microspheres [37,45,46]. It is likely that PANI morphology, based
on the self-assembly of PANI chains, will also be affected by the
ig. 1. Aniline is oxidized with ammonium peroxydisulfate to PANI hydrogen sulfate.
ulfuric acid and ammonium sulfate are by-products.

ith ammonium peroxydisulfate, solutions of the two components
eing separated by a PANI membrane [28]. It is elaborated in the
resent study to provide an understanding of the oxidative poly-
erization of aniline, which is a typical redox reaction, in a frozen

queous reaction medium, i.e., in ice.

. Experimental

.1. Oxidation of aniline

For the polymerizations in liquid state, aniline (0.2 M) was oxi-
ized with ammonium peroxydisulfate (0.25 M) in 0.1 M sulfuric
cid or in 0.4 M acetic acid (Fig. 1). Solutions of a monomer and an
xidant were mixed at 20 ◦C or after pre-cooling at 0 ◦C or −5 ◦C to
tart the oxidation.

For the polymerizations in ice, the solutions of reactants were
ixed at −5 ◦C in polyethylene containers and immediately cooled

o −190 ◦C in liquid nitrogen. The solid frozen samples were then
laced into a freezer at −24 ◦C. After 20 days, the green solid content
as melted and the PANI was isolated on a filter, rinsed with the

orresponding acid, and acetone, and dried in air.
When estimating the rate of oxidation, the containers were

emoved after a specified time, their frozen content was transferred
o excess of 1 M ammonium hydroxide, and left to melt there. The
ombination of the alkaline medium and the accompanying dilu-
ion stopped the conversion of aniline to PANI in 0.4 M acetic acid.
he precipitated oxidation product was quickly collected on the
lter, and thus separated from the residual oxidant and aniline,
nd dried. For polymerizations in 0.1 M sulfuric acid this approach
as not successful, because the ice, if white after removal from the

reezer, turned green before it completely melted.

.2. Characterization

Scanning electron micrographs were taken with a JEOL 6400
icroscope (Japan). Molecular-weight distributions (MWD)
ere assessed by gel-permeation chromatography using a
mm × 600 mm PLMixedB column (Polymer Laboratories,
K) operating with N-methylpyrrolidone and calibrated with
olystyrene standards, with spectrophotometric detection. The
amples were dissolved in N-methylpyrrolidone containing
.025 g cm−3 triethanolamine for deprotonation of PANI, and
.005 g cm−3 lithium bromide to prevent aggregation. Infrared
pectra were recorded with a fully computerized Thermo Nicolet
EXUS 870 FTIR Spectrometer with a DTGS TEC detector. The spec-

ra of the samples dispersed in potassium bromide were recorded
n the transmission mode and corrected for the presence of carbon

ioxide and water vapour in the optical path. The conductivity
as measured with a four-point van der Pauw method, on pellets

ompressed at 700 MPa with a manual hydraulic press, using as
he SMU Keithley 237 and a Multimeter Keithley 2010 voltmeter
ith a 2000 SCAN 10-channel scanner card.

F
a
d
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. Results

.1. The course of aniline polymerization: liquid aqueous medium
nd ice

The fact that the oxidation of aniline in an acidic aqueous
edium yields PANI and the conversion of aniline to PANI is prac-

ically complete has been well established [2,3]. It is, however,
mplicitly assumed that the reaction medium is liquid. Neverthe-
ess, it has been demonstrated that, even if the medium becomes
rozen, the polymerization of aniline takes place [5]. The polymer-
zation of 0.2 M aniline with 0.25 M ammonium peroxydisulfate
Fig. 1) at 20 ◦C takes 15 min to complete in 0.1 M sulfuric acid or
0 min in 0.4 M acetic acid [29]. At −24 ◦C in ice, the process takes
lace in the solid state, the reaction is slower, yet still feasible. The
riginally white ice becomes gradually dark green. In 0.4 M acetic
cid, the full conversion of aniline to PANI was achieved after 4 h
Fig. 2). The similar oxidation of aniline in 0.1 M sulfuric acid was
aster. When trying to estimate the rate of oxidation in this case,
e have not been able to stop efficiently this process during the
elting of ice.

.2. Morphology

Polyaniline is known to exhibit a variety of supramolecular
ig. 2. The time-dependence of the yield of PANI (a polymer obtained from 0.2 M
niline monomer) in the oxidation of 0.2 M aniline with 0.25 M ammonium peroxy-
isulfate in 0.4 M acetic acid in ice at −24 ◦C.

SDC EX. 1005 - 63/231
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iquid or solid state of the medium in which the polymerization
akes place. It has already been shown that the polymerization of
niline in the presence of hydroxypropylcellulose yields colloidal
articles [15,34]. In the similar polymerization carried out in ice,
sponge-like macroporous composite has been obtained instead

15].
Granular morphology of PANI is typically obtained when the

olymerization takes place at 20 ◦C in solutions of strong acids [28],
uch as 0.1 M sulfuric acid. At −5 ◦C, some indications of extended
anostructures are observed (Fig. 3). If the similar reaction takes
lace in the solutions of weak acid [29], 0.4 M acetic acid, PANI
anotubes are the dominating product (Fig. 4). A rough nanogran-
lar “dotted” surface of the nanotubes, occasionally reported in

iterature [15,47,48], should be noted. The morphology after poly-
erization in ice is different, irrespective of acid, and is constituted

y particles of submicrometre size, mutually connected by nanofi-
res of ca. 20 nm thickness (Figs. 3 and 4).

.3. Molecular weights

The solutions of aniline always contain equilibrium concen-

rations of aniline as neutral molecules and anilinium cation in
arious proportions [49]. Aniline molecules dominate at low acid-
ty or in alkaline solutions and the anilinium cations are present

ith preference in strongly acidic conditions. The oxidation of ani-

ig. 3. The morphology of PANI prepared in 0.1 M sulfuric in the liquid state at −5 ◦C
top), and in the frozen reaction mixture at −25 ◦C (bottom).
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ig. 4. The morphology of PANI prepared in 0.4 M acetic acid in the liquid state at
5 ◦C (top), and in the frozen reaction mixture at −25 ◦C (bottom).

ine molecules yields non-conducting oligomers, the oxidation of
nilinium cations results in the formation of a conducting poly-
er [49]. The situation is even more complex because the acidity

ncreases in the course of polymerization, where sulfuric acid is a
y-product (Fig. 1) and the proportions of both monomers change
orrespondingly. Any oxidation of aniline thus yields a mixture of
non-conducting oligomers and conducting polymer, their shares
eing widely varying depending on the reaction conditions.

The oxidation in 0.1 M sulfuric acid starts and proceeds at
trongly acidic conditions, pH <2.5, and yields a polymer (Fig. 5a).
he traces of oligomers manifest themselves as an unpronounced
houlder in molecular-weight distributions at low-molecular-
eight part. This applies both to the polymerization in a liquid

tate at 20 ◦C and in ice at −24 ◦C. The MWD are monomodal, and
hifted to higher molecular weights when the oxidation took place
t low temperature. The weight-average molecular weight of PANI
roduced in ice was Mw = 30 400, the weight-to-number average
olecular weight ratio Mw/Mn = 6.6. It has to be noted that the

eproducibility of the GPC results is not very good; the molecular-
eight averages depended on the calculation procedures and have

o be regarded as relative estimates only.

The oligomers are the main component when the polymeriza-

ion takes place in a solution of a weak acid, 0.4 M acetic acid
Fig. 5b). The presence of polymer fraction is demonstrated by a
road peak at the high-molecular-weight region. Under such con-
itions the oxidation starts at pH 4.5 and the terminal acidity [50]

SDC EX. 1005 - 64/231
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the reaction by-products (Fig. 1). The traces of residual ammonium
hydrogen sulfate, which is an equimolar compound of sulfuric acid
and ammonium sulfate (Fig. 1) from the formal point of view, are
likely to partly protonate the PANI base.
ig. 5. Weight distributions of the molecular weight of PANI prepared in a liquid
eaction mixture at 20 ◦C and in the frozen mixture at −24 ◦C (a) in 0.1 M sulfuric
cid and (b) in 0.4 M acetic acid.

s pH 1 and this acidity profile is responsible for the generation of
ligomers at the beginning of oxidation and the growth of polymer
hains at later stage. This two-component character is preserved
lso when the oxidation takes place in ice; only the proportion of
olymeric fraction is considerably enhanced. The polymerization

n ice yielded PANI having Mw = 23 200, and Mw/Mn = 5.6.
It should be mentioned that the presence of oligomers may be

egarded as undesirable when the high conductivity and good pro-
essing properties are a goal [14]. On the other hand, such oligomers
onstitute an important template for the growth of PANI nanotubes
nd related morphologies [50,51].

.4. Molecular structure

The molecular structure of PANI prepared at room tempera-
ure in solutions of strong acids is different compared with the
amples prepared at mildly acidic conditions [50,51]. The spec-
rum of the PANI base prepared in the presence of 0.1 M sulfuric
cid is similar to that reported in the literature [18,51–53] (Fig. 6,

pectrum a). Additional peaks situated at 1444, 1414, 1040, and
94 cm−1 are observed in the spectrum of the product prepared

n 0.4 M acetic acid (Fig. 6, marked by arrows in the spectrum c).
hey were assigned to aniline oligomers containing the phenazine
nits [50,51]. The bands at 1444 and 1414 cm−1 are probably related

F
p
a
t
s

Metals 158 (2008) 927–933

o mixed C C stretching, and C H and C N bending vibrations
bserved in the spectra of the aniline oligomers [14,53]. The peak at
040 cm−1 is possibly due to the S O stretching vibration and sug-
ests the presence of sulfonic groups on the aromatic rings [54]. The
and at 695 cm−1 is characteristic of mono-substituted aromatic
ings, terminal groups in aniline oligomers, which corresponds to
PC results [14] (Fig. 5).

The corresponding spectra of PANI prepared in a frozen mix-
ure at −24 ◦C in 0.1 M sulfuric acid (Fig. 6, spectrum b) and in 0.4 M
cetic acid (spectrum d) are very close to the shape of the spectra of
amples prepared at 20 ◦C, including the differences between these
pectra described above. The main peaks corresponding to quinone
nd benzene ring-stretching deformations at 1589 and 1497 cm−1

re slightly red-shifted in case of samples prepared in a frozen mix-
ure, which indicates the protonation of the samples. The presence
f a small peak at 880 cm−1 signifies the presence of ammonium
ydrogen sulfate (spectrum e) which protonates the sample. The
pectra of samples prepared at reduced temperature (spectra b
nd d) contain also broad bands of ammonium sulfate (spectrum
) located at about 1413, 1088 and 612 cm−1. This is explained as
ollows: the samples prepared in ice were transferred to the solu-
ion of ammonium hydroxide to stop the polymerization, and left
o melt there. The solids were quickly separated on a filter to sepa-
ate any residual aniline and oxidant. The time was short enough to
void any polymerization after melting but not sufficient to remove
he ammonium hydrogen sulfate or ammonium sulfate, which are
ig. 6. The FTIR spectra of PANI bases obtained after deprotonation of the samples
repared in a liquid reaction mixture at 20 ◦C in 0.1 M sulfuric acid (a) and in 0.4 M
cetic acid (c), the spectra of the deprotonated samples polymerized in frozen mix-
ures, in ice, at −24 ◦C in 0.1 M sulfuric acid (b) and in 0.4 M acetic acid (d), and the
pectra of ammonium hydrogensulfate (e) and ammonium sulfate (f).
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In a chemical translation, we can schematically describe the
above process as follows (Fig. 9): the oxidant (peroxydisulfate)
removes electrons from the emeraldine form of PANI – at some
point on a PANI macromolecule or a PANI particle – and converts
it to the pernigraniline form. On the other hand, the addition of an

Fig. 8. A PANI chain growing in contact with PANI particles (marked by full arrow)
adds an aniline monomer molecule (A) as a new constitutional unit. The electrons
ig. 7. The conductivity of PANI prepared at various temperatures in 0.1 M sulfuric
cid (open squares) or 0.4 M acetic acid (full squares).

.5. Conductivity

The conductivity is the most important property of conducting
olymers. The decrease of temperature from 20 ◦C to −24 ◦C leads to
he increase in conductivity from 2.5 to 9.8 S cm−1 in 0.1 M sulfuric
cid, and from 0.1 to 1.3 S cm−1 in 0.4 M acetic acid (Fig. 7). This is in
he accordance with the earlier observations that the conductivity
f PANI is only slightly dependent on the temperature of polymer-
zation [5]; the changes of one order of magnitude are regarded
s “small”, because the decrease in conductivity connected with
eprotonation of PANI amounts to ten orders of magnitude. A little
ffect of molecular weight on the conductivity can be explained by
he comparable probabilities of inter- and intra-molecular charge
ransports.

. Discussion

.1. Oxidation of aniline on polyaniline

Kocherginsky et al. [6,27] have investigated redox processes
ccurring at PANI membranes. They have shown that a molecule
f a reductant, ascorbic acid, and an oxidant, iron(III) chloride, can
eact, i.e., supply and accept electrons without being in a direct
ontact, when separated by a conducting PANI membrane. Such a
embrane enables the transfer of electrons from the reductant to

n oxidant to occur. This concept was extended to the polymeriza-
ion of aniline [28]. Solutions of aniline hydrochloride (a reductant)
nd ammonium peroxydisulfate (an oxidant), separated by a PANI
embrane, react in similar fashion to yield PANI by exchanging the

lectrons through the conducting polymer. Polyaniline was pro-
uced entirely on aniline side of the membrane.

The PANI that is produced during the polymerization of aniline
ay perform a similar role. Let us imagine a reaction mixture con-

aining the molecules of a reductant (aniline salt) and an oxidant
ammonium peroxydisulfate), in the presence of already-produced
nd still growing PANI body (Fig. 8). An active PANI chain-end will
dd aniline monomer as a new constitutional unit. The abstraction
f two electrons is needed for the formation of a chemical bond

etween the aniline and the existing PANI chain. These are accepted
y the oxidant molecule, peroxydisulfate, which is reduced to sul-
ate. The crucial point is that any oxidant molecule in contact with
ANI particles, and not only the oxidant molecules in the close vicin-
ty of growing chains, can accept electrons. The electrons travel

a
m
r
e
f
c
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hrough the conducting PANI phase from the locus of polymeriza-
ion to the oxidant. Consequently, neither the aniline monomer nor
he oxidant molecules need to diffuse to meet each other in order
o react.

It should be noted that simultaneous transport of protons should
e considered in order to maintain the electroneutrality of the sys-
em [27,28] and the role of PANI as a mixed proton and electron
onductor may be of importance [55].

.2. Polymerization in the frozen reaction mixture

The concept outlined above explains why the polymerization
lso takes place in a solid system in general and in a frozen aque-
us medium, ice, in particular. Once the first traces of PANI have
een formed, the molecules of aniline and peroxydisulfate produce
urther PANI by transferring the electrons through the mass of exist-
ng PANI (Figs. 3b and 8). We repeat that there is no need for the

olecules to diffuse close to each other to react. As PANI grows
y this mechanism, it gradually expands and penetrates the whole
olume of the solidified reaction mixture; the electrons can then be
ransferred through the PANI structure, even over long distances.
he resulting PANI structure thus has a connective character, and
lectrical contact between its parts is maintained, among others,
lso by PANI nanowires connecting the larger polymer particles
Figs. 3 and 4). The fact that the aniline molecule, which is added to
he growing PANI structure, can react with any oxidant molecule
hich is close to PANI, and not only with the neighboring one

contact reaction in Fig. 8) dramatically increases the probability
f reaction. That is why the polymerization is relatively fast even
n the solid system. This principle also explains the well-known
utoacceleration effect in the oxidation of aniline [15,56,57]; the
arger becomes the mass of PANI in the early stages of polymeriza-
ion, more oxidant molecules are in its vicinity, and the probability
f aniline molecules to react with any of them strongly increases.
he reaction slows down only after oxidant or aniline molecules or
oth become depleted.
bstracted during the formation of the chemical bond incorporating the aniline
olecule are transferred to the oxidant, peroxydisulfate molecule (P), which is

educed to sulfate. Any oxidant molecule in contact with PANI particles can accept
lectrons, which are transported through the conducting PANI phase (broken arrow)
rom the locus of polymerization. Aniline can also react with peroxydisulfate in the
lassical way, by exchanging electrons after physical contact between the molecules.
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Fig. 9. The oxidant, peroxydisulfate, removes electrons from the emeraldine form
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f PANI, and converts it to pernigraniline. The addition of an aniline molecule to a
rowing PANI chain at another point results in the formation of a new constitutional
nit. A transfer of electrons from the newly added aniline unit to the pernigraniline
egenerates the original emeraldine form of PANI.

niline molecule to growing PANI chain at another location results
n the formation of a new constitutional unit of PANI. The trans-
er of electrons from the added aniline molecules to pernigraniline
egenerates the original emeraldine form at both reaction loci.

We would like to make here the following point: the polymeriza-
ion of aniline takes place in contact with preformed nanostructures
f PANI and it is not important, from the chemical point of view,
hether the surrounding reaction medium is liquid or solid. The
ifferences in the molecular structure of the resulting PANI are neg-

igible but the supramolecular morphology depends on the state of
he reaction medium.

.3. Concluding remarks

There are many questions that can be asked, yet the answers are
ot available. For instance, during the cooling of reaction mixture
o freezing point, some of the components may become insoluble.
his would result in the loci having the increased concentration, e.g.,
f aniline. The fact that sulfuric acid is produced especially at the
laces where ammonium peroxydisulfate accepts electrons from
niline may similarly produce a local increase in acidity. Such con-
entration inhomogeneities fixed in ice may affect the course of
olymerization and the produced morphology.

. Conclusions

1) The oxidative polymerization of aniline with ammonium per-
oxydisulfate proceeds well, even when the aqueous reaction
mixture is frozen and the oxidation of aniline takes place in the
solid state, i.e., in ice. This is explained by the transfer of elec-
trons from aniline to oxidant assisted by the conducting PANI
phase. The aniline molecule can be converted to a polyaniline
constitutional unit by providing two electrons. These are trans-
ferred through conducting PANI body to any oxidant molecules
at its vicinity. The aniline thus can react with an oxidant without
any direct contact of these two molecules.

2) Granular PANI is produced in the liquid reaction mixtures in
0.1 M sulfuric acid, PANI nanotubes are produced in 0.4 M acetic

acid. In the frozen mixtures at −24 ◦C, products are composed
of submicrometre PANI particles connected by PANI nanowires
of ca. 20 nm diameter. The nanowires are expected to provide
the electrical contact and participate in the electron transfer
between larger PANI particles.

[
[
[
[
[
[
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3) A decrease in the reaction temperature from 20 ◦C in the liq-
uid state and the polymerization in ice at −24 ◦C results in a
small increase in the conductivity measured at room tempera-
ture. The conversion of aniline to PANI is practically complete
in both cases. Polyaniline of higher molecular weight is pro-
duced at lower temperatures. FTIR spectroscopy suggests that
the molecular structures of the PANI prepared in the liquid or
in the solid state are identical.
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29] E.N. Konyushenko, J. Stejskal, I. Šeděnková, M. Trchová, I. Sapurina, M. Cieslar,
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a b s t r a c t

New electroluminescent materials, two DCM analogues 1,4-Bis[2-[3-(1,1-dicyan ovinyl)-5,5-dimethyl-

cyclohexeneyl]vinyl]benzene (1) and 1,4-Bis{2-[3-(1,1-dicya novinyl)-5,5-dimethyl-cyclohexeneyl]

vinyl}-2,5-di-(n-butoxy)benzene (2) with A-�-D-�-A structure were synthesized and characterized. Opti-

cal properties (UV–vis and fluorescence) were studied for both compounds according to the spectra

analysis. Theoretical calculation and cyclic voltammetry were used to analyzed the frontier molecular

orbital of the two compounds. The result suggest that compound 2 can used not only as dopants but also

as host emission and electron injection materials. Two kinds of red OLEDs were fabricated using 2 and all

the devices achieved good CIE coordinates.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Organic light emitting devices (OLEDs) have attracted con-

siderable attention due to their wide applications in full-color

displays and lighting sources [1–4]. For full-color displays, high

performance organic materials emitting the three elemental col-

ors as red, green, and blue are required. Compared with the

excited progress both of the green and the blue emitter [2,3],

however, the red emitter with high performance still remains

as a large challenge to date [4]. The first reported red OLEDs

which were obtained using 4-(dicyanomethylene)-2-methyl-6-[4-

(di-methyl-amino)styryl]-4H-pyran (DCM) as a red dopant [5].

The other dopants, such as rare earth metal complexes [6] and

porphyrin compounds [7], also have been investigated for red

emitters. Up to now, the DCM-type dopants are still in focus due

to the good efficiency [8]. Generally, most of the reported DCM

dopants were structurally featured by their donor-�-acceptor (D-

�-A) moieties, which bestowed a typical intramolecular charge

transfer (ICT) character for both ground and excited states of

DCM-type dopants and their emission wavelength could be thus

finely tuned by varying the D and/or A unit. For example, intro-

duction of isophorone skeleton as electron acceptor in DCM

∗ Corresponding author. Tel.: +86 4332732299.

E-mail address: wuxue@ybu.edu.cn (X. Wu).

structure led to new DCM-type dopants, which could achieve

red emissions with both good CIE coordinates and color purity

[9].

To our knowledge, most research about the ICT-type red emis-

sion for OLEDs focus on D-�-A or D-�-A-�-D [10] structure.

There is little study about A-�-D-�-A type compound [11]. In

this paper we report two new isophorone-base red light emit-

ting materials for OLED application. All the compounds have

A-�-D-�-A structure, containing two 3-(dicyanomethylene)-5,5-

dimethylcyclohexene electro-acceptor moieties, show in Scheme 1.

The presence of two electron-acceptor moieties increases the elec-

tron affinity of these materials and improve their efficient electron

injection ability [12]. All the advantages mentioned above made

the two molecules can be used not only as dopants but also as

host emission materials. Their photophysical and electrochemical

properties and electroluminescent behaviors as red emitters were

studied.

2. Experimental

2.1. General

All the reagents used for the synthesis of the red emitting

materials were purchased from Alfa Aesar and used without fur-

ther purification. Tris(8-hydroxyquinolinato)- aluminum (Alq3),

N,N′-bis(1-naphthyl)-N,N′-diphenyl-1,1′-biphenyl-4,4′-diamine

0379-6779/$ – see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.synthmet.2008.10.011
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Scheme 1. Preparation of the presented DCM analogs.

(NPB) and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)

used for EL devices fabrication were purchased from Aldrich and

purified by three sublimation. NMR spectra were recorded on

a Bruker AV-300 spectrometer (300 MHz). The infrared spectra

(IR) were measured as KBr pellets on a Shimadzu Prestige-21 IR

spectrometer. Elemental analyses were carried out on an Ele-

mental Pe-2400 using Flash EA 1112 method. The mass spectra

were performed on a Shimadzu MALDI AXIMA-CFR spectrometer.

The photoluminescence and absorption spectra of emitters were

recorded with a Shimadzu RF-530IPC fluorescence spectrometer

and a Hitachi UV-3010 UV–visible spectra photometer, respec-

tively. The redox potentials were measured by cyclic voltammetric

method on a Potentiostat/Galvanostat (Model 273A), in which a

three-electrode single-compartment electrochemical cell was used

with a glassy carbon electrode as working electrode, a platinum

wires as counter electrode, and an saturated calomel electrode

(SCE) as the reference, respectively. A solution (0.1 M) of Bu4NPF6

was used as the electrolyte, and was flushed with N2 prior to the

measurements to avoid oxygen contamination. Thermogravimetric

analysis (TGA) and Differential scanning calorimetry (DSC) results

were obtained using a DTG-60AH (Shimadzu) and a Diamond DSC

(PerkinElmer).

2.2. Synthesis

Preparation of the reported DCM analogs is shown as in

Scheme 1. Both the dialdehydes [13] and dicyanomethyli-

deneisophorone [14] were synthesized according to the literature.

For typical procedures, piperidine (10 mol.%) was added to a mix-

ture of dicyanomethylideneisophorone (1.0 eq.) and dialdehyde

(0.5 eq.) in acetonitrile. The mixture was then refluxed for 10 h

under nitrogen atmosphere. After cooling to room temperature, the

precipitate was filtered followed by silica gel column chromatogra-

phy eluted by dichloromethane. Recrystallization from acetonitrile

provided the product with purity required for OLED applications.

All products were confirmed by spectral data and elementary anal-

ysis.

2.2.1. 1,4-Bis[2-[3-(1,1-dicyanovinyl)-

5,5-dimethyl-cyclohexeneyl]vinyl]benzene (1)

Yield: 74.6%. 1H NMR (300 MHz, CDCl3) ı: 7.52 (s, 4H), 7.03

(s, 4H), 6.86 (s, 2H), 2.60 (s, 4H), 2.46 (s, 4H), 1.08 (s, 12H). 13C

NMR (75 MHz, CDCl3) ı: 168.95, 153.27, 136.93, 135.80, 130.15,

128.15, 124.23, 113.34, 112.60, 79.28, 42.97, 39.21, 32.04, 28.02.

IR (cm−1, KBr): 2964, 2926, 2870, 2218, 1645, 1637, 1616, 1562,

1522, 1328, 978. MALDI-TOF-MS: [M]+: 470.45. Anal. calcd for

C32H30N4: C, 81.67; H, 6.43; N, 11.91. Found: C, 81.76; H, 6.52;

N, 11.72.

2.2.2. 1,4-Bis{2-[3-(1,1-dicyanovinyl)-

5,5-dimethyl-cyclohexeneyl]vinyl}-2,5-di-(n-butoxy)benzene (2)

Yield: 73.5%. 1H NMR (300 MHz, CDCl3) ı: 7.44 (d, J = 16.2 Hz, 2H),

7.08 (s, 2H), 7.05 (d, J = 16.2 Hz, 2H), 6.87 (s, 2H), 4.08 (t, J = 6.3 Hz,

4H), 2.61 (s, 4H), 2.47 (s, 4H), 1.90–1.83 (m, 4H), 1.63–1.54 (m, 4H),

1.09 (s, 12H), 1.05 (q, J = 7.5 Hz, 6H). 13C NMR (75 MHz, CDCl3) ı:

169.14, 154.24, 151.82, 131.10, 130.11, 127.33, 123.91, 113.50, 112.88,

110.28, 78.48, 69.13, 43.00, 39.04, 32.05, 31.31, 28.02, 19.43, 13.93. IR

(cm−1, KBr): 2955, 2924, 2870, 2218, 1645, 1637, 1616, 1558, 1524,

1466, 1325,1203, 978. MALDI -TOF-MS, [M]+: 614.35. Anal. calcd for

C40H46N4O2: C, 78.14; H, 7.54; N, 9.11. Found: C, 78.32; H, 7.35; N,

9.19.

2.3. Fabrication and testing the electroluminescent devices

The devices were fabrication on indium tin oxide (ITO)-coated

glass substrates with sheet resistance of ca. 50 � square−1. The

pretreatment of ITO conducting glass included a routine chem-

ical cleaning using detergent and alcohol in sequence, followed

by oxygen plasma cleaning. All organic layers were successively

deposited onto the ITO conducting glass substrate by thermal evap-

oration under high vacuum (5 × 10−6 Torr; 1 Torr = 133.322 Pa), and

the thickness of each layer was determined by a quartz thickness

monitor. The EL devices fabricated in this paper have a configu-

ration of ITO/NPB (60 nm)/Alq3: red emitting dopant (7.5 nm)/BCP

(15 nm)/Alq3 (45 nm)/Al (300 nm) and ITO/NPB (35 nm)/red emit-

ting material (45 nm)/Al (300 nm). In the two structures, NPB

was used as the hole-transporting material, Alq3 as the host and

electron-transporting material and BCP as the hole-blocking layer,

respectively. The doped layer of red dopant in Alq3 was prepared

by co-evaporation with the dopant concentration controlled by

carefully adjusting the evaporating rates of the dopant and the

host. A cathode layer of Al was evaporated onto the Alq3 layer.

The emissive area of the device was 2 mm × 2.5 mm. The I–V

characteristics were measured by an electrometer (Model 2400

Source Meter). EL spectra of the devices were recorded on PR-

560. These measurements were all carried out in an ambient

atmosphere.

3. Result and discussion

3.1. Absorption and fluorescence spectra

Absorption and photoluminescence spectra data of the reported

DCM analogs 1 and 2 in different solvents are collected in

Table 1 (solute concentration is 1 × 10−5 M). Both the absorption

and fluorescence spectra undergo bathochromic shifts with the

increased polarity of the solvents. Further, the Stokes shifts of

them also increased accompanied with the polarity of the sol-

vents, which should be resulted from the typical intramolecular

charge transfer (ICT) from the aromatic ring as the donor to the

divinylmethyleneisophorone moieties as the acceptor. Of the two

compounds, 2 exhibits larger Stokes shift than 1, which indicates

that 2 should be more subjective to intramolecular charge trans-

fer than 1. For the two compounds, three bonds could be clearly

observed in the UV–vis absorption spectra in dichloromethane

between 280 nm and 600 nm (Fig. 1). The absorption in the range

from 280 nm to 400 nm could be reasonably attributed to n → �*

and � → �* transitions while the bands appeared in 450–500 nm

should be resulted from the ICT. From the founding that there is

a good overlap between the EL spectrum of Alq3 and the absorp-

tion spectra of 2, it could be thus expected that an efficient Förster

energy transfer from the Alq3 as host to 2 as the red dopant in EL

devices.
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Table 1

Absorption and emissiona of the reported DCM analogs in different solvents.

Solvent 1 2

�abs/log εmax (nm/M−1 cm−1) �em (nm) �abs/log εmax (nm/M−1 cm−1) �em (nm)

C6H6 451/4.76 523 497/4.89 573

CH2Cl2 451/4.83 539 499/4.74 603

THF 453/4.83 560 499/4.55 595

DMF 455/4.68 558 505/4.60 623

DMSO 463/4.73 560 514/4.69 634

a Both the absorption and emission test concentration is 10 �M.

Fig. 1. Normalized absorption and fluorescence spectra of 1 and 2 in

dichloromethane (10 �M).

3.2. Electrochemistry and energy levels

Cyclic voltammetry was carried out on millimolar solutions of

1 and 2 in chloroform. Oxidation wave was not observer for 1. It is

probably because of there is no electron donor moiety in structure

1. The oxidation cyclic voltammogram of 2 is shown in Fig. 2. 2

shows one reversible oxidation wave. The oxidation potential was

1.42 V (vs. SCE).

Both the highest occupied molecular orbital (HOMO) energy

level and the lowest unoccupied molecular orbital (LUMO) energy

level of compound 2 are calculated according to the data from cyclic

voltammetry and the corresponding absorption [15]. The HOMO

level of a molecule can be estimated from its onset oxidation poten-

Fig. 2. Cyclic voltammogram of 2 in CHCl3 , at a scan rate of 100 mV s−1 .

Table 2

Redox properties and energy levels of 1 and 2.

Eox (V) Eonset (V) HOMO (eV) LUMO (eV)

Redox Quantum Redox Quantum

1 – – – 5.99 – 3.40

2 1.41 1.19 5.93 5.70 3.83 3.33

tial versus SCE by adding 4.74 eV (SCE energy level versus vacuum).

The onset oxidation potential of 2 was measured to be 1.19 eV.

Accordingly, the HOMO energy levels of 2 is calculated to be 5.93 eV

and the LUMO energy levels is 3.83 eV calculated by subtracting its

optical bandgap from the HOMO energy level (Table 2).

Fig. 3 shows the experimentally estimated HOMO and LUMO

energy levels of 2, along with those of the materials utilized in fab-

ricating the electroluminescence devices, including NPB, BCP, Alq3,

ITO [8], and Al. The introduction of more electron-withdrawing

groups can increase the electron affinity of the molecule, and

improve its injection and transport properties. Because of the same

energy difference between the work function of Al and the LUMO

levels of 2, it can be used as emitting layer as well as an electron

injection and transport layer.

3.3. Theoretical calculation

In order to understanding the nature of the photophysical prop-

erties of the two red emitting compounds, density functional theory

(DFT) was used to calculate their electronic structures. The opti-

mized ground state geometries of all the molecules were obtained

using the B3LYP/6-31G* basis set. In this work, we focus our

attention on the frontier molecular orbitals (FMO) energy of the

compounds. The alkoxyl chain length effect was very weak for the

FMO energy of these compounds, thus we used methoxy substitut-

ing group in the optimization model.

All the two molecules have nearly planar structures that

guarantee a large conjugation system, which in turn provides a

pathway for the efficient intramolecular electron transfer respon-

Fig. 3. Energy level diagram for the materials used in the OLED fabrication.

SDC EX. 1005 - 89/231



404 J. Hou et al. / Synthetic Metals 159 (2009) 401–405

Fig. 4. HOMO and LUMO orbitals in the optimized ground-state structures of 1 and

2.

sible for the absorption and fluorescence. For the two compounds

1 and 2, the HOMOs are mainly localized within the electron-

donating fraction while the LUMOs are mainly localized within the

electron-withdrawing fraction, which indicate the great extent of

intramolecular charge transfer upon excitation (Fig. 4). The cal-

culated HOMO/LUMO energy levels of compound 1 and 2 are

5.99/3.40 eV and 5.70/3.33 eV, respectively. There are a little differ-

ences between the HOMO and LUMO levels that were theoretically

predicted and experimentally estimated for 2. There is a little differ-

ences between the HOMO levels that were theoretically predicted

and experimentally estimated for 2 (0.25 eV), but the LUMO levels

of obtained by the two approaches are large different (0.5 eV), The

differences result from not considering the solvation effect of the

molecules in the quantum-chemical calculations. The LUMO levels

of 2 is expected to experience a stronger solvation effect, because

of the larger dipole moments of LUMO levels than HOMO levels.

Consequently, the neglect of the solvation effect will lead to much

higher predicted LUMO levels.

3.4. Electroluminescence properties

The thermal properties of 1 and 2 were investigated by ther-

mogravimetric analysis and differential scanning calorimetry. The

measure results show that 1 and 2 have good thermal stability. 2

was selected for electroluminescence measurement because of its

suitable emission wavelength and energy levels of LUMO. There are

two kinds of EL devices were fabricated using 2 as dopant or host

emission material. The performances of all the devices were listed

in Table 3.

For the devices using 2 as dopant, Alq3 was chosen as a host

material because of good overlap of the emission spectra of Alq3

and the absorption spectra of 2. The EL spectra for these devices at

different doping concentrations were shown in Fig. 5. It is clear that

all the devices achieved good red emission. As the doping concen-

tration increased, the emission maximum is red-shifted. When the

doping concentration was 1 wt.%, the EL spectra centered at 636 nm,

but there is still a trace of Alq3 emission at 520 nm, which results

in impure red color with CIE coordinates as (0.55, 0.40). When the

doping concentration increase to 1.5 wt.% or 3 wt.% the emission

of Alq3 almost disappear, The emission peak red shift to 648 nm

and 652 nm with CIE coordinates as (0.62, 0.36) and (0.63, 0.34),

Table 3

EL performances of the OLEDs based on 2.

Material/method �max (nm) Lmax (cd m−2) �max (lm w−1) CIE (x, y)

2a 1% 636 92 0.031 0.55, 0.40

1.5% 648 76 0.028 0.62, 0.36

3% 652 41 0.006 0.63, 0.34

2b 672 12 0.0005 0.68, 0.32

a Dopant in host Alq3 .
b In solid films.

Fig. 5. EL spectra of red emitting devices with the structure ITO/NPB (60 nm)/Alq3: 2

(7.5 nm)/BCP (15 nm)/Alq3 (300 nm)/Al and ITO/NPB (35 nm)/2 (45 nm)/Al (300 nm)

(host).

respectively. A typical I–V–L curve of OLEDs device with the doping

concentration of 1.5% was shown in Fig. 6, for which the maximum

luminance was observed when the drive voltage is 25 V.

Two-layered device was fabricated and examined. 2 was used

as an emitting layer as well as an electron injection and transport

layer. The turn on voltage is lower than 7 V can be estimated from

Fig. 6. Current–voltage and luminance-voltage characteristic of devices

ITO/NPB/Alq3: 2 (1.5%)/BCP/Alq3/Al (up) and ITO/NPB/2/Al (down).
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Fig. 6. The spectra of the devices are presented in Fig. 5, with the

emission peak at 672 nm. The maximum luminance of this device

is only 15 cd m−2, but it achieved good color purity with color coor-

dinates as (0.68, 0.32). Optimization of the device configuration

to achieve high luminance is required and the experiments are in

progress.

4. Conclusion

Two red-emission materials containing alkoxyl substituted

styryl donor moiety and two 3-(dicyanomethylene)-5,5-

dimethylcyclohexene electro-acceptor moieties were synthesized

and characterized. The same energy difference between the

work function of Al and the LUMO levels of 2 make it can

be used as emitting layer as well as an electron injection

and transport layer. Two kinds of EL devices were fabricated

with the structure of ITO/NPB/Alq3: 2 dopant/BCP/Alq3/Al and

ITO/NPB/2/Al. All the EL devices achieved good color purity

emission.
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