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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 1007, “Organic light-emitting diodes 

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

available as of August 29, 2008.  

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. 8,558,223 (the ’223 

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 ’223 patent, Günter Schmid, Ralf Krause, Andreas Kanitz, Jürgen Adler, 

Stefan Seidel, and Arvid Hunze. To the best of my knowledge, I similarly have no 

financial interest in the ’223 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 ’223 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 ’223 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. 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 recordskeeping 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 1007: The Ma Article 

9. As I explained above, Exhibit 1007 is entitled “Organic light-emitting 

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

1007 is reported as published in Synthetic Metals in December 2008. Page 1 of 

Exhibit 1007 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 1007 is available as of the date of my declaration at 

https://www.sciencedirect.com/science/article/abs/pii/S0379677908001653. 
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IV. Opinions Relating to Date of Availability of Exhibit 1007 and 
Searchability of Science Direct 

10. In my opinion, Exhibit 1007, 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.  

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

1007 could have used Elsevier’s ScienceDirect website, and through use of simple 

search functions, could have located Exhibit 1007 as of its date of on-line 

publication.  

12. I discuss the reasoning behind my opinions below.  

A. Documentation Relating to Date of Availability of Exhibit 1007 

13. As I discuss above, Exhibit 1007 indicates on its face that it was 

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

1007 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 

number of different documents, as well as my own experience, in my opinion, 

Exhibit 1007 was made available to the public on August 29, 2008.  

14. I have reviewed Ex. 1018, which is entitled “Declaration of Rachel 

Garland.” Exhibit 1018 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 
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electron transport layer’ was published in Synthetic Metals, Vol. 158, Issues 21-24 

and was available online on August 29, 2008.” Exhibit 1018 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.  

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

that differ in substance from the first online published version, they are accompanied 

by a notation as to what has changed from the online article. For example, I attach 

as Appendix 1 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.  

16. Exhibit 1007 does not contain any notation that the article was revised 

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

17. 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 2 (“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 

SDC EX. 1037 - 8/178



 
 

7 
 

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.  

18. The Articles in Press Listing contains an Elsevier ScienceDirect 

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

2008. Appendix 2 at 48/178. “Articles in Press” are described as “peer reviewed 

accepted articles to be published in this journal.” Id. at 53/178. 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 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.  

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

electron transport layer” (which is the same title as Exhibit 1007) can be found on 

page 5 of the Articles in Press Listing. Appendix 2 at 51/178. This entry indicates 

the article was first made available to the public via the ScienceDirect website as of 

August 29, 2008 (the same date that appears on Exhibit 1007) and features a link 

titled ‘Purchase PDF’ which allows users to purchase a PDF copy of the article. Id. 
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As this page offers users the ability to purchase the article directly, 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.   

20. 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 2 at 51/178, 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 

issue and page numbers assigned.” Id. at 7/178. 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.  

21. I further considered how Appendix 2 illustrated 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 page 1, 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 “available online as of 

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

of the Appendix 2 screen capture. Appendix 2 at 48/178.  

22. 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,” 
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discussed in paragraph 21. Appendix 3. Attached hereto is Appendix 3, 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. 

23. Page 1 of Appendix 3 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 

corresponding entry in the Articles in Press Listing (Appendix 2), as discussed 

above. Appendix 3 at 55/178. Moreover, it was published in hard copy in the journal 

available about 4 months later. For comparison, Exhibit 1007 indicates “Organic 

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

electronically, and made available to the public, via the Elsevier ScienceDirect 

website as of August 29, 2008, and then 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 1007 (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 1007.   
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24. Attached hereto as Appendix 4 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/. 

25. Appendix 4 shows a ScienceDirect web page captured by the Internet 

Archive as of May 9, 2008. Appendix 4 at 62/178. This page describes the Top 25 

Hottest Articles feature of the ScienceDirect website. This web page describing this 

ScienceDirect feature contains the following passage on page 1: “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 1007, were regularly made available to the 

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

26. Considering these appendices and Exhibits, it is my determination that 

Exhibit 1007 was made available to the public as of August 29, 2008.  

B. Documentation relating to searchability of articles in Synthetic 
Metals 
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27. 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. 

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 Penn State.  

1. Description of Synthetic Metals 

28. 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 5 at 65/178. 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 5, 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 
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https://web.archive.org/web/20080801063313/http://www.elsevier.com/wps/find/j

ournaldescription.cws_home/504105/description. 

29. Appendix 5 reflects an Elsevier web page that was captured by the 

Internet Archive as of August 1, 2008. Appendix 5 at 65/178. Appendix 5 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 are 

able purchase a subscription from Elsevier themselves or the ScienceDirect website. 

Id. 

30. Attached hereto as Appendix 6 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. 

31. Appendix 6 reflects the same webpage as reflected in Appendix 5, 

which was captured by the Internet Archive as of October 7, 2008. Appendix 6 at 

68/178. In other words, Appendix 6 is a version of the same page captured in 

Appendix 5, captured at a later date. In comparing Appendix 5 to Appendix 6, none 

of the relevant passages describing the Synthetic Metals journal changed between 
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August 1, 2008 and October 7, 2008, thus indicating that the relevant passages 

describing the Synthetic Metals journal were present on August 29, 2008. 

2. Academic Impact of Synthetic Metals 

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

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

33. Attached hereto as Appendix 7 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. 

34. Appendix 7 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 7 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 7 at 71/178. 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 70/178.  
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35. Attached hereto as Appendix 8 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. 

36. Appendix 8 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 8 indicates that Synthetic Metals is in the top 1% in number of 

published works when compared to other academic journals. Appendix 8 at 76/178. 

The ‘Citations’ figure visible on page 1 of Appendix 8 indicates that Synthetic 

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

3. Searchability of Synthetic Metals 

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

in particular through the ScienceDirect website that Elsevier maintains. 

38. Attached hereto as Appendix 9 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. 

39. Appendix 9 shows an Elsevier search page captured by the Internet 

Archive as of August 28, 2008. Appendix 9 at 79/178. This web page containing the 
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Elsevier search engine contains the following passage on page 1: “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 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 9 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. 

40. Attached hereto as Appendix 10 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. 
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41. Appendix 10 reflects that this web page was captured by the Internet 

Archive as of November 12, 2008. Appendix 10 at 82/178. Appendix 10 is a version 

of the search page captured in Appendix 9, captured at a later date. In comparing 

Appendix 9 to Appendix 10, none of the relevant passages discussing search 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, 2009.  

42. I observe that Exhibit 1007, 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.” Ex. 1007 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 1007 among the results of other 

academic works discussing ‘carrier transport’ as a subject. 

43. I have been informed that 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 
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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 capabilities for new articles in 

2008-2009 had been limited just to titles, a POSA with interest in the subject matter 

of Exhibit 1007 nevertheless could have readily located the article through 

ScienceDirect’s search capabilities. 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 1007 is one. Appendix 11 at 84/178. I attach 

the results of that search as Appendix 11, 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. 

44. Attached hereto as Appendix 12 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/20080726082415/http://www.elsevier.com./wps/find/s

earchtips.cws_home/searchtips.  
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45. Appendix 12 shows an Elsevier search tips page captured by the 

Internet Archive as of July 26, 2008. Appendix 11 at 87/178. 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 87-88/178. 

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 87/178. The page also provides advanced descriptions on how to use some of the 

search options described in Appendices 8 and 9, such as ‘keyword’. ‘publication 

title’, ‘author’ and ‘subject areas.’ Id. 

46. Attached hereto as Appendix 13 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. 

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

Archive as of December 1, 2008. Appendix 13 at 91/178. Appendix 13 is a version 

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

comparing Appendix 12 to Appendix 13, none of the relevant passages discussing 

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

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

ScienceDirect had in 2008-2009.  

49. Appendix 4 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 passage on page 1: “ScienceDirect has nearly 11 

million regular users which means that the Top25 lists provide an authoritative 

reflection of readership habits.” Appendix 4 at 62/178. 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 1007, were regularly 

made available to the public prior to their formal publication in the print edition of 

the journal. 

50. Attached hereto as Appendix 14 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 
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https://web.archive.org/web/20080325111147/http://www.libraries.psu.edu:80/eres

/PSU_azdesc.html#edesclist. 

51. Appendix 14 reflects a Penn State University web page that was 

captured by the Internet Archive as of March 25, 2008. Appendix 14 at 95/178. 

Appendix 14 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. at 

108/178. 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.  

52. Appendix 14 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 14 at 108/178. In addition to subscribing to the Synthetic 

Metals journal and purchasing 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 14 indicates that patrons of university libraries such as Penn State 
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University Library would be able to access the Ma paper via exploring the library’s 

digital resources.  

53. Attached hereto as Appendix 15 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. 

54. Appendix 15 reflects that this Penn State University web page was 

captured by the Internet Archive as of December 30, 2008. Appendix 15 at 138/178. 

Appendix 15 is a version of the Penn State University Library page captured in 

Appendix 14, captured at a later date. In comparing Appendix 14 to Appendix 15, 

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 1007.  

V. Conclusion 

55. As illustrated via the attached Appendices, members of the public (such 

as the 11 million members with access to ScienceDirect) interested in accessing 

Exhibit 1007, “Organic light-emitting diodes based on new n-doped electron 

transport layer” would be capable of discovering the article via its electronic 

publication in Synthetic Metals, a journal from a well-known publisher, Elsevier, 
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with hundreds of citations per year. Navigating the ScienceDirect search website 

using its journal search function using keywords such as “organic light emitting 

diode” or “electron transport layer” is a route which an interested member of the 

public would be able to discover Exhibit 1007. As such, it is my determination that 

Exhibit 1007 was available to the interested public at the time of its electronic 

publication as of August 29, 2008 and remained available online at least through 

December 2, 2008, as reflected in the Articles in Press Listing (Appendix 2), 

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

Synthetic Metals. 

56. 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. 

Dated: August 11, 2025 

 
 
June Ann Munford 
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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.

1566-1199/$ - see front matter � 2009 Elsevier B.V. All rights reserved.
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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

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.
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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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