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Scheme 1. Synthesis of quinone 4 based on the DA reaction followed 
by dehydration process
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Scheme 2. Preparation of DA adduct 6 and its photochemical con-
version to quinone 7
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Figure 1. Patterned fluorescence images of a spin-coated film on a 
glass substrate containing 6 after photomasked irradiation with 254 
nm (12 mW/cm2) UV irradiation for 10 min and PEB (100 oC, 1 min) 
process. Excitation wavelength: red (546 nm), green (488 nm), and 
blue (357 nm), Exposure time: red (1/3 sec), green (1/3 sec), and blue 
(1/10 sec).

Recently, Miller and his coworker reported a Diels-Alder 
(DA) reaction between 1,3-diphenylnaphtho[2,3-c]furan (1) and 
p-benzoquinone (2) (Scheme 1).1,2 They were able to obtain a 
single diastereomeric compound 3 in high yield from the double 
DA reaction within a few min at room temperature. Interes-
tingly, the DA adduct 3 was found to undergo a dehydration re-
action efficiently in the presence of acid to yield the quinone 4. 
The acid-catalyzed dehydration step in Scheme 1 draws our 
special attention. Close inspection of the structures 3 and 4 re-
veals an intriguing aspect. Owing to the diepoxy bridge struc-
ture, the compound 3 does not have an extended π-conjugation. 
In contrast, the dehydrated quinone 4 exists as a fully conjugated 
form with extended overlap of p-orbitals. Thus, a red shift of 
maximum absorption wavelength of the quinone 4 is expected 
compared with that of DA adduct 3.

In the course of the development of wet process-free micro-
patterning methodologies studied in our group3-5 and others,6-10 
we came up with an intriguing idea of generating patterned 
functional images based on the DA and acid-catalyzed dehydra-
tion reactions. If the conversion from DA adduct 3 to quinone 
4 could be achieved by a photolithographic method, selective 
DA adduct-to-quinone transformation would be possible. In 
addition, if the two molecules 3 and 4 display different absorp-
tion or/and emission properties, fabrication of color or/and fluo-
rescence image patterns should be possible.

In order to test the above proposal, we have prepared an anal-
ogous yet readily obtainable (synthesis of furan 1 in Scheme 1 
requires multistep efforts) DA adduct 6. As shown in Scheme 2, 
a DA reaction between commercially available 1,3-diphenyl-
isobenzofuran (5) and p-benzoquinone lead to the formation of 
DA adduct 6.11 We expected the structurally non-fluorescent 
DA adduct 6 to be transformed to quinone 7 by photochemically 
generated acid using photoacid generator (PAG). If the fully 
conjugated quinone 7 emits fluorescence, fabrication of pattern-
ed fluorescence images should be possible.

In order to test the feasibility of fluorescence patterning, a 
chloroform solution containing the DA adduct 6 (19 wt %), 
poly(methylmethacrylate) (PMMA) (80 wt %), and triphenyl-
sulfonium triflate (1 wt %) as a PAG was spin-coated at 3000 
rpm for 20 sec on a glass substrate. The resulting thin film was 
irradiated with UV light (254 nm, 12 mW/cm2) for 10 min 
through a photomask, followed by post-exposure bake (PEB) 
at 100 oC for 1 mim. Figure 1 displays the patterned fluorescence 
images under a fluorescence microscope. As shown in Figure 1, 
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Figure 2. UV-visible absorption spectra obtained with a PMMA film 
containing DA adduct 6 (19 wt %) and PAG (1 wt %) before (solid 
line) and after (dotted line) 254 nm UV irradiation (12 mW/cm2, 10 
min) followed by PEB (100 oC, 1 min) process. Inset shows absorp-
tion spectra of furan 5 (solid line) and quinone 7 (dotted line) in 
CHCl3 (5 × 10‒5 M).

three fluorescence colors – red, green, and blue were observed 
from the UV-exposed areas. 

We expected that the patterned images shown in Figure 1 
were due to the generation of the quinone 7 in the UV exposed 
area. The quinone 7 was also prepared independently from the 
DA adduct 6 with p-toluenesulfonic acid.12 To our surprise, the 
main photochemical product from the UV irradiation in the 
presence of PAG was not the quinone 7. Instead, a retro DA 
reaction occurred efficiently and the highly fluorescent 1,3-di-
phenylisobenzofuran (5) was generated in the UV exposed area. 
Thus, the main contribution of the patterned fluorescence images 
shown in Figure 1 is caused by the furan 5. It is still unclear 
whether small amount of quinone 7 is indeed generated under 
the photolithographic condition. Figure 2 shows UV-visible 
absorption spectra of a PMMA film containing the DA adduct 
6 and PAG obtained before (solid line) and after (dotted line) 
the UV irradiation-PEB process. A new absorption peak above 
400 nm, which is obviously different from the absorption spec-
trum of 7 and alternatively, similar to that of furan 5 was ob-
served (see also inset in the figure). Purification of the retro 
Diels-Alder product 5 from the photoirradiated film was attempt-
ed and we only observed conversion of 5 to 1,2-dibenzoyl-
benzene (8) during the purification step. 1H NMR spectra of the 
crude product and the commercially available 8 are presented 
in Figure S1. In addition, UV-visible spectra for 5, 6, 7, and 8 
are also shown in Figure S2.

It is still unclear how the retro DA reaction occurs during 
the photoirradiation process. We also carried out the patterning 
process without employing PAG and obtained patterned images 
with poorer resolution and lower intensity of the fluorescence 
emission compared with those prepared in the presence of PAG 
(data not shown). Although it is hard to understand the detailed 
mechanism including the role of PAG involved with the photo-
induced retro DA reaction, we nevertheless, believe that the 
strong UV light generated from the UV illuminator causes local 

heating and promote the retro DA reaction in the exposed area 
(possibly in the presence of the acid generated from PAG).

In summary, we have developed a new strategy for the ge-
neration of patterned fluorescence images in polymer film. 
Fluorescent molecules were produced in the UV exposed area. 
Although high quality image patterns were obtained by un-
expected retro Diels-Alder reaction, it would be very intriguing 
if patterned images could be fabricated by photochemically 
generated acid-promoted dehydration of Diels-Alder adducts.

Acknowledgments. The authors gratefully thank National 
Research Foundation of Korea for financial support through 
Basic Science Research Program (20100018438), Center for 
Next Generation Dye-sensitized Solar Cells (20100001844), 
and International Research & Development Program (K2090 
1000006-09E0100-00610). This work is the outcome of a Man-
power Development Program for Energy supported by the 
Ministry of Knowledge and Economy (MKE). B. Yoon is a 
recipient of Seoul City Scholarship.

References and Notes

  1. Miller, G. P.; Briggs, J. Tetrahedron Lett. 2004, 45, 477.
  2. Miller, G. P.; Briggs, J. Org. Lett. 2003, 5, 4203.
  3. Kim, J.-M. Macromol. Rapid Commun. 2007, 28, 1191.
  4. Lee, S.; Ahn, T.-Y.; Kim, S.; Jung, Y.-S.; Kim, J.-M. Bull. Korean 

Chem. Soc. 2010, 31, 2755.
  5. Kim, J.; Lee, S.; Kim, J.-M. Bull. Korean Chem. Soc. 2010, 31, 

2753.
  6. Lim, S.-J.; Seo, J.; Park, S. Y. J. Am. Chem. Soc. 2006, 128, 14542.
  7. Kwak, G.; Lee, W.-E.; Kim, W.-H.; Lee, H. Chem. Commun. 2009, 

2112.
  8. Lee, J. K.; Kim, H.-J.; Kim, T. H.; Lee, C.-H.; Park, W. H.; Kim, 

J.; Lee, T. S. Macromolecules 2005, 38, 9427.
  9. Min, S.-J.; Ahn, K.-D.; Kim, J.-M. Bull. Korean Chem. Soc. 2005, 

26, 1437.
10. Cho, S.-Y.; Song, Y.-K.; Kim, J.-G.; Oh, S.-Y.; Chung, Chan.-M. 

Tetrahedron Lett. 2009, 50, 4769.
11. 5,7,12,14-Tetraphenyl-5,14:7,12-dioxido-5,5a,6,6a,7,12,12a, 

13,13a,14-decahydro-6,13-pentacene quinone (6) was synthe-
sized following modified procedure described in the literature 
(Allen, C. F. H.; Gates, J. W., Jr. J. Am. Chem. Soc. 1943, 65, 1502). 
1,3-Diphenylisobenzofuran (5) was purchased from Aldrich. 
p-Benzoquinone (0.1 g, 0.93 mmol) was added to a suspension 
of 1,3-diphenylisobenzoquinone (5) (0.62 g, 2.31 mmol) in ben-
zene (40 mL) and the resulting mixture was stirred at room tem-
perature for 1 day. The suspension was filtered and washed with 
hexane to afford desired product 6 (0.53 g, 89%). mp 192 - 194 oC; 
1H NMR (300 MHz, in CDCl3) δ 7.83-7.80 (m, 4H), 7.64-7.62 
(m, 6H), 7.26-7.18 (m, 6H), 7.14-7.09 (m, 4H), 7.05-7.02 (m, 2H), 
6.92-6.89 (m, 2H), 6.68-6.65 (m, 4H), 4.33 (s, 2H), 3.27 (s, 2H).

12. 5,7,12,14-Tetraphenylpentacene-6,13-quinone (7) was synthe-
sized following modified procedure described in the literature 
(Allen, C. F. H.; Gates, J. W., Jr. J. Am. Chem. Soc. 1943, 65, 1502). 
A mixture of 6 (1.0 g, 1.54 mmol), p-toluenesulfonic acid (2.33 g, 
6.16 mmol) and benzene (40 mL) was heated to reflux for 2 days. 
The solution was washed with saturated aqueous sodium bicarbo-
nate solution, water, and brine and then concentrated under reduced 
pressure. The solid residue was washed with acetone to afford 
the yellow powder 7 (0.07 g, 7.2%). mp 397 - 398 oC; 1H NMR 
(300 MHz, in CDCl3) δ 7.62-7.58 (m, 4H), 7.45-7.41 (m, 4H), 
7.40-7.35 (m, 6H), 7.28-7.24 (m, 4H).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


