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n-Conjugated triaryl-containing polymers have
received considerable recent attention not only as effi-
cient hole-transport materials but also as promising
electrochromic materials [1—3]. The electrochemical
oxidation of triarylamine (TAA) readily yields a stable
radical cation with high charge mobility and long life-
time, which is accompanied by a noticeable change in
color [4, 5]. This renders TAA an attractive anodic
electrochromic “building block.” Various poliimides,
polyamides, polyphenylenes, and polyazomethines
with TAA units in the backbone, combining high ther-
mal stability and favorable photochemical and elec-
trochromic properties, have been synthesized [6—9].
Polyphenylquinoxalines (PPQs) with TAA fragments
are not only efficient electron-transport n-type blocks

with high electron affinity and thermostability [10, 11]
but also exhibit excellent electrochromic properties.
However, TAA-containing PPQs have not been stud-
ied as candidates for electrochromic materials. The
introduction of bulky TAA units into PPQs not only
enhances the solubility without detriment to useful
properties, but also imparts to polymers hole-trans-
port and electrochromic properties and improves
charge-carrier transport. With the aim of obtaining
TAA-containing PPQs, we synthesized a series of new
bis-a-diketones III. To this end, TAA was brominated
to give bis(4-bromophenyl)arylamine I, which was
then cross-coupled with phenylacetylene. Compound
I1 thus obtained was oxidized to target bis-a-diketone
IIT (Scheme 1).
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The composition and structure of compounds I,
II, and target product III were confirmed by ele-
mental analysis, IR spectroscopy, and 'H and 3C
NMR. In particular, the IR spectra of bis-o-dike-
tone IIIb shows characteristic bands o-diketone
group stretches (1674 cm™!). The 'H NMR spec-
trum shows four doublets at 8.21, 8.00, 7.81, and
7.21 ppm due to five types of protons and two trip-

L.

TT1(a), ITI(h)

lets at 7.67 and 7.77 ppm caused by overlap of the
signals of the meta and para protons of free phenyl
groups. The *C NMR spectrum shows two signals
of the carbonyl groups of the a-diketone fragment
at 195.12 and 194.66 ppm.

Bis-a-diketones IIIa and IIIb were used for syn-
thesizing PPQs IV according to Scheme 2.

oo,

IV(a)-IV(c)
R

(@ R=H (@, N0, ().

H7Cg "CgHyy

Scheme 2.

PPQs were synthesized in m-cresol for 5 h at 160°C
The process occurred under homogeneous conditions
and afforded polymers with relatively high reduced
viscosity (M,eq = 0.79—0.92 dL/g).

The structure of polymers IV was confirmed by IR
spectroscopy.

The spectra of all polymers show absorption bands
at 1640—1545 cm~! typical of C=N stretches in qui-
noxaline rings and lack the bands in the regions 1660—
1680 and 3200—3400 cm~! due to the C=0 and NH,
stretching vibrations of the initial compounds. The
glass transition temperatures of PPQs found from
DSC curves are in the range 224—315°C (Table 1).
The temperatures of 10% weight loss in argon and air
are in the range 420—577 and 414—550°C, respec-
tively. The solubility of PPQs in aprotic solvents

allowed us to obtain films with the breaking strength
o= 85-95 MPa and the percent elongation ¢ =
8—10%. The absorption spectra of the polymers in
solutions and thin films show strong absorption with
maxima in the ranges 410—450 and 405—445 nm,
respectively. Under the same conditions, the fluores-
cence maxima are observed in the ranges 535—600 and
530—560 nm, respectively.

The electrochemical properties of the polymers
were studied by cyclic voltammetry (Table 2). All poly-
mers exhibit reversible redox properties and show a
redox couple in the range £, = 0.92—1.25 eV. Typical
cyclic voltammograms for polymer IVa are shown in
Fig. 1. PPQ IVa shows a reversible redox couple at
E,,, = 1.04 V which is assigned to the radical cation
that emerges on removal of an electron from the nitro-
gen atom of the TAA fragment [12]. The band gap

DOKLADY CHEMISTRY Vol. 435

Part 1 2010



NOW ELECTROCHROMIC POLYPHENYLQUINOXALINES

Table 1. Some characteristics of PPQs of general formula
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R IV(a)—1V(c)
' . Tensile properties of films
Nred> dL/8 Ty0%, °C*
Polymer R (m-cresol, Ty, °C (TGA,
25°C) AT =20 K/min) G, MPa €, %
550
M | H ;@@ 0.81 308 = 95 8
507
IVb NO, 0.92 315 = 90 8
O 414
H,;Cg CsHy7
* The numerator pertains to heating in air and the denominator, to heating in argon.
Table 2. Some optical and electrochemical properties of polymers IVa—IVe
7”?rll):x #l kﬂmax *l kfl)gsset HOMO * LUMO * o+ E1/2
Polymer
nm eV \%
435 535
IVa ey 530 495 5.40 2.89 2.51 1.04
410 600
IVb 105 560 482 5.61 3.04 2.57 1.25
450 535
I'vc 145 533 510 5.28 2.85 2.43 0.92

! In the numerator are absorption and luminescence maxima in chloroform (¢ = 1074 mol/L) and in the denominator, the same in thin films.

*2 HOMO =4.8¢eV ( HOMOF JFct )+ El/z(polym) —0.445B (El/z = Fc/Fc"), where HOMOF JRet is the standard in vacuum, and
c/rc c/rc

Ej j5(polym) is the external redox standard.
#3 HLUMO = HOMO — E°P',

*4 FOPL— 1240/

onset *

polym

width (£°?), HOMO, and LUMO of the polymers
were determined from the half-wave potential (E) ),

chemical data in Table 2 shows that polymer IVc
(Ey;; = 0.92 eV) is more readily oxidized than poly-
mers IVa (£, = 1.04 V) and IVb (E,, = 1.25 V). It is
likely that the introduction of electron-donor groups

and the absorption onset wavelength A%, in the
spectra of films (Table 2). Comparison of the electro-
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Fig. 1. Cyclic voltammograms of PPQ IVa in a 0.1 M tetrabutylammonium perchlorate—acetonitrile solution at a sweep rate of
50 mV/s.
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Fig. 2. Electronic absorption spectra of PPQ IVb in a 0.1 M tetrabutylammonium perchlorate—acetonitrile solution
(vs. Ag/AgCl). Potentials, V: (a) 0, (b) 1.0, (c¢) 1.2, (d) 1.3, (e) 1.5, (/) 1.7, and (g) 1.9.

decreases the oxidative potential of electroactive poly-
mers.

The electrochromic properties of PPQs were stud-
ied by means of an optically transparent thin-layer
electrode interfaced with a UV-VIS spectrophotome-
ter. Typical electrochromic absorption spectra of poly-
mer IVb recorded at different potentials are shown in
Fig. 2. With increasing the applied potential from 0 to

1.9 V in the course of oxidation, the characteristic
peak at 410 nm corresponding to the neutral form of
PPQ IVb becomes gradually weaker and shifts to
391 nm; at the same time, a broad signal appears at
860 nm, which gradually builds up with increasing
applied potential due to the formation of the stable
radical cation assigned to the TAA fragment. This is
accompanied by a change in the film color from yellow
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(neutral form) to claret (oxidized form). The time of
color switching was estimated by means of the stepped
potential absorption profile as the time it takes for the
90% change in complete absorption to be achieved
after applying the potential. In particular, for polymer
IVe (A = 800 nm), the color switching time was found
to be 5.5 s and the bleaching time was 0.9 s at 1.1 V.
Owing to the high stability of films and good adhe-
sion between the polymer and the ITO electrode sur-
face after 15 continuous cycles, PPQs revealed high
stability and reversibility of electrochromic charac-
teristics.

ACKNOWLEDGMENTS

This work was supported by the Russian Academy
of Sciences (a grant in the framework of complex pro-
gram OKh-2 of the Division of Chemistry and Mate-
rials Science, RAS) and the Presidium of the RAS
(program P-21 “Foundations of Basic Research into
Nanotechnologies and Nanomaterials™).

DOKLADY CHEMISTRY Vol. 435  Part 1 2010

10.

11.

12.

301

REFERENCES

. Beaujuge, P. and Reynolds, J., Chem. Rev., 2010,

vol. 110, pp. 268—320.

. Han-Yu Wu, Kun-Li Wang, Der-Jang Liaw, et al.,

J. Polym. Sci., Part A, 2010, vol. 48, pp. 1469—1476.

. Yu, W, Pei, J., Huang, W., and Heeger, A., J. Chem.

Soc., Chem. Commun., 2000, vol. 8, pp. 681—682.

. Beaupre, S., Dumas, J., and Leclerc, M., Chem.

Mater., 2006, vol. 18, pp. 4011—-4018.

. Liou, G. and Lin, H., Macromolecules, 2005, vol. 42,

pp. 125-138.

. Liou, G. and Chang, Ch., Macromolecules, 2008,

vol. 41, pp. 1667—1674.

. Yen, H. and Liou, G., Org. FElectronics, 2010, vol. 11,

pp. 299-310.

. Cheng, S., Hsiao, S., Su, T., and Liou, G., Macromole-

cules, 2005, vol. 38, pp. 307-316.

. Ogino, K., Kanagae, A., Yamagushi, R., et al., Macro-

mol. Rapid Commun., 1999, vol. 20, pp. 103—106.
Jung, S.H., Suh, D.H., and Cho, H.N., Polym. Bull.,
2003, vol. 50, pp. 251—-258.

Zhan, X., Liu, Y., Wu, X., et al., Macromolecules, 2002,
vol. 35, pp. 2529-2537.

Gerson, F., Scholz, M., Hansen, H., and Uebelhart, P,
J. Chem. Soc., Perkin Trans., 1995, pp. 215—220.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


