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This paper discusses a time-dependent density functional theory study of the effect of molecular
structure on the excited state polarizability of conjugated molecules. A short phenylenevinylene
oligomer containing three phenyl ring®V2, distyryl benzeneis taken as a model system.
Introduction of methyl substituents is shown to have only a small influence on the increase in
polarizability upon excitatiorithe excess polarizability\ «). Methoxy groups have a much larger
effect but in this case\'« depends strongly on the dihedral angle between the side chain and
the backbone of the molecule. If the central phenyl ring of PV2 hasetaconfiguration rather

than para, both the optical absorption spectrum and the excess polarizability change
considerably. ©2003 American Institute of Physic§DOI: 10.1063/1.1568079

I. INTRODUCTION proach each other. Furthermore, the exciton polarizability is

also a measure of the exciton binding energy, the attraction

dateCOfrg;J%ateﬁicgil_%%mre]r(s)rar:;l]_Eo(l)yngci:;ireo2_t(t:rf;cetl\/_§ecark1)(ilbewveen the electron and hole. A large polarizability, which
s ppiication 1 ganic op ! vices implies a small exciton binding energy, is favorable for ex-
cause of their low cost and easy processability, compared ta . S . -
Clton dissociation in photovoltaic devices.

crystalline inorganic materials. Examples of such devices in- ) . . . L
clude light emitting diode€L EDs), > solid state lasers, and Experimental information on excited state polarizabil-
. ' ities is available from two techniques. The first is the flash

photovoltaic deviced? In all of these devices the excited o : L .
hotolysis time-resolved microwave conductivity technique

state of the conjugated molecule plays a decisive role. | . . . . X
LEDs the excited electronic state or exciton is formed by FP-TRMQ in which the change in dielectric constape.,

combination of an electron and a positive chaftjeole” ) f[he macrqscqpic polgrizabilﬂ;ppon .excitation of molegules
that are injected from the opposite electrodes. The excitelf 2 5°|Ut'0n. Is monltorgd using m.lcrov\{av%%'rhe excited
states decay to the ground state by fluorescence, generafff2t€ 0N which information is obtained is usually the lowest
the emission is from the lowest singlet state. excngd S|.ngllet state but in matenalls vy|th an appreaable trip-
In photovoltaic devices this process is reversed. The firstet Yield it is also possible to gain information about the
step in this case is light absorption which leads to formatiorifiPlet state’
of an exciton. This exciton can dissociate into free electrons ~ The second method is electroabsorption or electroemis-
and holes which can be collected at different ends of théion spectroscoplf,** where the changes in absorption or
absorbing material through electrodes. It may be clear thagmission spectra are monitored as a function of an externally
the nature and properties of the electronically excited state ciPplied electric field. In the case of electroabsorption, infor-
conjugated molecules play an important role in the performation is obtained for the Franck—Condertica) excited
mance of photovoltaic and light emitting devices. state, while in electroemission the relaxed fluorescing state is
Valuable information on the nature of excitons in conju- probed.
gated molecules can be obtained from studies of the changes The first demonstration of a conjugated-polymer light
in the electronic polarizability £«) upon excitation. The emitting diode was based on an unsubstituted poly-
polarizability of the exciton can be considered as a measurghenylenevinylendPPV), which is insoluble and thus pre-
of the spatial extent of the excited staté The “size” of the  cludes processing from common organic solvéht§€onju-
exciton may be one of the factors determining the formatiorgated polymers can be made soluble by the introduction of
probability of an exciton when an electron and a hole apside chains such as alkyl and alkoxy groups. Introduction of
electronically active substituents such as alkoxy or cyano

3Author to whom all correspondence should be addressed. Electronic maigro_l*'p_S also offers the opport_unity to tune the absorption and
siebbel@iri.tudelft.nl emission wavelength. Substituents can also be expected to
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(@) Pv2 correlation functional based on the parametrization of the
O electron gas data given by Vosko, Wilk, and NuSaivas
used, together with the generalized gradient approximation
Q corrections by Becké (exchangg and Perded (correla-
tion).
(b) diMe-PY2 The basis set used for the calculations described in the
following was of triple zeta quality including polarization
O / O {f) dkCN-Pv2 functions (TZP, basis set IV in ADF consisting of Slater-
O " iong® i i
oH, y O type functions”> The geometries of the molecules studied
Q / O were completely optimized in the ground state, constraining
CN them to C,, or C,, symmetry. Excess polarizabilities of
these systems were calculated using response theory based

(9) mew-PV2 on time-dependent density functional thedffDDFT) as
O implemented in thekespoNsecode of ADF?12627in combi-
O O 7 O nation with a static electric field. The combination of
TDDFT with a static uniform electric field makes it possible

to analyze the electrostatic properties of molecules in their
excited state. The dependence of the excitation en&igy,

on a static external electric field depends on the changes in
_ o _ dipole moment and polarizability upon excitation. A change
:Tcl)(ss :h.a\?érltj)(;ijr:ese?:otrt::ezhenerneV|nylene derivatives for which calcula~In dipole moment,Au, gives a linear dependence on the
applied electric field whereas a change in polarizability,
causes a quadratic field dependence of the excitation energy.

&or an electric fieldF;, in directioni:

have a considerable influence on the electronic properties
the excited state, such as the excited state polarizability. This Eod F)=Eod0)—Au, Fi— tAa; Fiz, 1)
has been shown experimentally by a FP-TRMC study re-
ported recently by Candeiaat al,™®> who showed that the WhereAq;; is the change in théth diagonal element of the
number and position of alkoxy side chains influences thepolarizability tensora. In the following, the excess polariz-
excited state polarizability significantly. Similar observationsabilities are given as average valudsy, defined as
have been made by Laret al, who performed electroab- —
sorption measuremgni‘é. i Aa= %(AaXX+AayV+AaZZ)' @
Recently, it has been shown that the increase in polarizThe excitation energies for the lowest ten states were calcu-
ability upon excitation of a moleculghe excess polarizabil- lated for electric fields ranging from 0 tox310™# a.u. along
ity, Aa) can be obtained by calculating the optical absorp-all three axes. The largest component of the excess polariz-
tion spectrum, using time-dependent density functionahbility was found to be the one along the main chain of the
theory, as a function of an externally applied electric fi€ld. molecule. The component directed perpendicular to the plane
For short conjugated molecules the method was found tof the molecule was negligible in all cases.
give excess polarizabilities that are in good agreement with  This method for the calculation of the changes in elec-
experimental data. For more extended linear conjugated motrostatic properties is analogous to the way in which excited
ecules the excited state polarizability is considerably overesstate properties are obtained from electroabsorption measure-
timated, similar to the well-known overestimation of the po- ments. It was shown previously that the calculated excitation
larizability of long linear molecules in the ground st&té/  energy indeed varies quadratically with the applied electric
This paper provides a detailed computational study ofield.’® For short conjugated oligomers the calculated in-
the effects of substituents and other structural modificationgrease in polarizability upon excitation was found to be in
on the excited state polarizability of conjugated molecules. Ayood agreement with experimental data. For longer oligo-
short phenylenevinylene oligomer, PV2, is used as a modehers a large overestimation of the excess polarizability was
system for PPV, one of the materials that is most often use¢bund, similar to the well-known overestimation of ground
in polymer-based LEDs and photovoltaic cells. The strucstate polarizabilities when using conventional exchange cor-
tures of the molecules that were studied are shown in Fig. Irelation functional$®'’” Recently Van Faasseet al. have
demonstrated that this problem of overpolarization can be
solved by using so-called current-density-functionals for de-
scribing nonlocal exchange-correlation effects in extended
The calculations described in the following were per-conjugated system$:2 It is of considerable interest to ex-
formed using the time-dependent density functional theornyamine whether such current-density-functionals also improve
code as implemented in the Amsterdam Density Functionathe description of the polarizability of the excited state. Such
Program Packag¢ADF).}8-?! The calculations were per- calculations are currently being pursued and will be the sub-
formed in the same way as published previously for unsubject of a future publication.
stituted conjugated oligomets.For the ground state calcu- The present work is restricted to short oligomers with
lations the local density approximation for the exchange andlifferent molecular structures. It is expected that the overes-

Il. COMPUTATIONAL DETAILS
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TABLE |. Excitation energy from ground statdeg, ), oscillator strength 2 |M |2
(Osc), and excess polarizabilitiAa) of PV2 analogues. == 2 na_ (3)
34 AE,
Compound State Eo(eV) Osc. Aa (A% Ao (A®) Expt. n#a
PV2 1B, 267 1.58 351 470 In Eqg. (3) the summation runs over all states other tlaan
A, 291 0.00 -273 AE,, is the energy difference between statesndn and
diMe-PV2 iBu 2.69 1.53 271 Mna IS the transition dipole moment between these states. In
Lo 297000 —184 this description, the polarizability of ¥8,, exciton is due to
tetraMe-PV2 1B, 2.69 1.66 383 300 = . 1 .
1A 296 0.00 274 mixing with all other“Ay states, since these are the only
PV2-1da 153 247 1.04 91 158.34G state; for whichu,,, is nonzero inC,, symmetry. The ma'\in
A, 2.90 0.00 362 contribution to the polarizability of the lowe$B, state is in
‘B, 296 052  -301 general due to the next highéA, state since the energy
1 . . . . .
PV2-3da %Eu g;g é-gg 682%8 30 difference,AE,,, in the denominator is the smallest for this
PV2-CN 1g° 252 052 B 107 contribution. This same interaction leads to a negative value
g, 572 1.00 283 for Aa for the lowest'A state that is of similar magnitude
A, 289  0.00 —229 as the positive value for the lowesB, state, as discussed
metaPV2 B, 2.83  0.03 1148 previously® The difference in excess polarizability for the
1 . .
Ap 292 005  —1084 lowest 1B, excited state fodi-Me-PV2 and PV2 can now
B 351 1.80 88 8d .
2 ' ' be explained by considering the energy difference between
*Experimental data from electroabsorption measurements by kamt  the lowest'A, and'B,, excited states. This energy difference
(Ref. 14. is somewhat larger fadi-Me-PV2, causing a decrease in the
PExperimental data from FP-TRMC measurements by Gelietchl. (Ref. exciton polarizability
5). '

Alternatively, the differences in excess polarizability can
be discussed in a more qualitative way in terms of the degree
of delocalization or the “size” of the exciton. The methyl
timation of the polarizabilty is of minor importance in this groups at the central phenyl ring have a localizing effects on
case since a good agreement with experimental data was otfe exciton because the energy of an exciton localized on the
tained previously for molecules of similar sizeMoreover,  substituted phenyl ring is lower than that for an unsubstituted
the main focus in this work is on the effect of substituents orphenyl ring. The(fractiona) localization of the exciton is
the excess polarizability rather than on the absolute magnieflected in a smaller excess polarizability.
tude. The second methyl-substituted oligomestra-Me-PV2
[Fig. 1(¢)], has two methyl groups on the terminal phenyl
rings. The excess polarizability for this molecule (383 A
was calculated to be somewhat larger than that for the un-
substituted PV2. If the energy difference between the lowest

Calculations of the excess polarizability were performed'B, and'A, excited states is compared to that for PV2 in
for all structures shown in Fig. 1 by the method outlined inthis case, it is found that there is not much difference, the
Sec Il. Table | gives the results obtained for selected excitedtalue fortetra-Me-PV2 is even somewhat larger. This clearly
states of the molecules studied. The results for PV2 fronindicates, that although the largest contribution is due to mix-
Ref. 15 are also given for comparison with the substitutedng with the lowest'A, state above th&B,, state, the mixing
analogues of PV2. Table | also gives experimental valuewith other states is also important for explaining subtle dif-
where these are available. ferences between the excess polarizabilities tira-Me-

PV2 and PV2.

In terms of the degree of delocalization of the exciton it

The first type of substituent considered here are methytan be said that the methyl groups on the terminal phenyl
groups, see structuréls) and(c) in Fig. 1. The results for me- rings lower the exciton energy at these sites, causing a more
thyl substituents can be considered representative for the efielocalized exciton, and consequently a higher excess polar-
fect of alkyl side chains on the properties of excitons. Con-izability.
jugated polymers are often substituted with alkyl chains in  An experimental value for the excess polarizability is
order to make thenimore soluble. Introduction of two me- available for PV2 from electroabsorption measurements
thyl groups on the central phenyl ring of PV2 with, sym- (420 A%).2* From FP-TRMC experiments an excess polariz-
metry, giving di-Me-PV2, hardly influences excitation en- ability was measured for a PV2 that has two tertiary butyl
ergy and oscillator strength of the lowest allowed absorptiorgroups on both the outer rings, analogousstoa-Me-PV2 in
band. The calculated excess polarizability of the low&t Fig. 1. From these measurements a value of 380was
state, 271 &, is somewhat {20%) lower than that for the obtained® These two experimental values cannot be com-
unsubstituted PV2, 3513 This decrease in excess polariz- pared directly because of considerable differences between
ability can be related to the energy difference between théoth experiments. In the electroabsorption measurements the
lowest !B, state and the ne>€1‘Ag state. The polarizability, vertical excited state of a molecule trapped in a solid matrix
a,, for statea in terms of the sum-over-states expression isis probed while in the FP-TRMC technique the relaxed ex-
given by cited state is studied in dilute solution. Because of these dif-

IIl. RESULTS AND DISCUSSION

A. Methyl substituents
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ferences, it is difficult to derive the actual effect of the intro- 400
duction of methyl substituents from the experimental data. It
is concluded that the calculated excess polarizabilities for
both tetra-Me-PV2 and PV2 are in reasonable agreement

with the experimental values available. 3004
2 p
B. Methoxy substituents -
N
Most poly- and oligo-phenylenevinylenes that are used § 200
in experimental work are substituted with solubilizing alkoxy 3

side chains. It was shown recently in a computational study %
that alkoxy groups have a large influence on the degree of
delocalization of a positive charge along a phenylenevi- 100 4
nylene chairf® A similar effect is obtained for the lowest
excitedB, state of PV2. Introduction of two methoxy sub-
stituents on the central ring, giving PV2eh [Fig. 1(d)],
lowers the excess polarizability from 358 APV2) to only 0 T J J T
91 A3, Alkoxy side chains have much stronger localizing 0 0 % &0 80
effects than the above-discussed alkyl groups. This indicates Dinedral angle {degress)
that atomic orbitals on the oxygen atoms of the methoxyFIG. 2. Dependence of the excess polarizability for the lowBgtexcited
groups contribute significantly to the-electron system of state in PV2-Ida on the _dihedral angle between the methoxy side chains
the phenylenevinylene backbone. If the energy difference be"d the plane of the conjugated backbone.
tween the lowest excited statef ‘B, symmetry and the
second excited state for PV2dh is compared to that en-
ergy difference for PV2 it is clear that the introduction of two geometry and the excited state polarizability in tiggound
methoxy substituents on the central phenyl ring considerablgtate geometryln contrast FP-TRMC measurements are per-
increases the energy difference. According to the sum-oveformed on the relaxed excited state. If there are large differ-
states description in Ed3) this increase in the energy dif- ences between the ground state and excited state geometries
ference leads to a considerable lowering of the polarizabilitthe results from both techniques may exhibit considerable
of the excited state of PV2-da compared to that for PV2. differences. Conformational differences may also be a source
Note, that in the case of PV2da the IowestlAgJ state has a of differences between calculated and experimental values.
positive excess polarizability. This can be understood be con- One of the structural changes that can affect the excess
sidering the nextB,, state, included in Table I. The energy polarizability is the dihedral angle between the PV backbone
difference between the Iowe%ﬁg excited state and the sec- and the methoxy side chain. In all calculations presented in
ond!B, excited state is very smal0.06 eV}, which leads to  Table | for methoxy substituted PVs the carbon atoms in the
a large positive contribution due to the mixing between thesenethoxy groups are in the plane of the PV backbone, defined
states[see Eq.(3)] to the polarizability of the Iowes’tAg here as the dihedral angle equal to zero. Figure 2 shows the
excited state. Thus the excess polarizability of the IO\)vA§t dependence of the excess polarizability for PV&alon the
excited state is dominated by mixing with the higher lying dihedral angle between the PV backbone and the methoxy
1B, state rather than with the lower lyiri@,, . side chainthe rotation is around the bond between the back-
From experimental work there are two sets of data. Thébone C atom and the methoxy O atpriihe excess polariz-
first are from electroabsorption measurements where the esbility is minimal (91 A%) for an angle equal to zero and
cess polarizability decreases from 428 #r PV2 to 340 & increases up to 264 & for the geometry where both side
for PV2-1da, a decrease of only 209%8.From FP-TRMC  chains are perpendicular to the PV plane. This indicates that
measurements a considerably larger decrease from 300 Ahere is indeed a strong mixing between thelectron sys-
for tetrat-butyl-PV2 to 150& for PV2-1da was tem on the PV backbone andmatype orbital on the oxygen
obtained® The large differences between these experimentabf the methoxy group. Inspection of the highest occupied and
values and the trends in them may be caused by differencéswest unoccupied Kohn—Sham orbitals for a zero dihedral
in the surrounding medium. In the electroabsorption meaangle revealed that there is indeedbdype orbital on the
surements by Lanet al,'* measurements were performed in methoxy groups that contributes to this orbital. The mixing
a solid PMMA matrix at 77 K, whereas in the FP-TRMC of the 7 orbitals on the methoxy group and the PV backbone
experiments by Gelinckt al. the oligomers were studied in depends strongly on the dihedral angle, as reflected in the
benzene solution at room temperattifEhese very different excess polarizability. Other geometry deformations that may
environments can cause considerable differences in the geffect the excess polarizability are rotations around bonds in
ometry of the PV oligomer. Another source of the differencesthe PV backbone. Such rotations will decrease the electronic
can be a more fundamental difference between FP-TRMG@oupling along the backbone and are therefore expected to
and electroabsorption. In electroabsorption it is the verticalower the excess polarizability.
(Franck—Condonexcited state that is probed, which means  The second alkoxy substituted PV2 in Table |, PV2e
that the excess polarizability that is obtained is the differencéFig. 1(e)], contains two methoxy substituents on all phenyl
between the ground state polarizabiliip the ground state rings. The excess polarizability for the lowe®, state in
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PV2-3da was calculated to be 808%A This is much larger pling between orbitals on the cyano groups andteystem
than the experimental value from electroabsorption measuréf the PV backbone. This also causes a second allowed tran-
ments (311 &).* Furthermore, the calculated trend in the sition (to a'B, staté to appear, 0.2 eV above the lowest,
excess polarizability for the series PV2, Pvat4, and  With an excess polarizability of 2833 The higher polariz-
PV2-3da differs considerably from the results from electro- ability of this second'B, state can easily be related to the
absorption measurements. The calculations show that intrdower energy difference with the higher lyirid, state.
duction of two methoxy groups on the central phenyl ring  There is no experimental information for the cyano sub-
localizes the exciton. When all phenyl ring are di-alkoxy stituted PV2 considered here. FP-TRMC experiments have
substituted the excess polarizability becomes larger agaiteen performed on a PV oligomer of five phenyl rings that
even considerably larger than for the unsubstituted PV2. contained, apart from alkoxy chains on the central ring, a
In the electroabsorption experiments the introduction ofsingle cyano group on each of the vinyl moieties neighboring
alkoxy side chains on all phenyl rings does not recover théhe central ring? It was found that the presence of these two
excess polarizability, in fact it was found that it is lowered cyano groups considerably lowers the excess polarizability,
even more. It is not unlikely that this is caused by geometnyjn agreement with the calculations presented here.
deformations in the case of the experiment since the com-
pounds used contain rather lofidecy) side chains. Steric D. Meta-PV2

interactions between these chains may force geometry defor- Finally, a PV2 oligomer is discussed that has a backbone

mations to occur. :
FP-TRMC experiments have been performed for arfhat differs from the standard PV2 structure, rather than

analogous series of PVs containing five phenyl ri. modifications in the side chains. metaPV2 the two styryl

was found that introduction of two alkoxy groups on the groups are connected to the central fing in qaaeta
central phenyl ring reduces the excess polarizability b configuration rather than thpara-configuration leading to

y H
. . . C,, symmetry rather that,;, [see Fig. 1g)]. In contrast to
~ 0, a a a 2v 2h
30%. When all phenyl rings are dialkoxy substituted, the he situation for all other PV2 derivatives considered in this

gﬁf&K;aivggrg),f;ezigﬁlﬁfﬂ;gﬁgfﬁgg ?grd tthhee Sﬁgﬁéztﬁé\-/ork the calcglations show that the transitiqn to the lowest
tuted oligomer. These FP-TRMC data qualitatively follow IeXC'tgd state__ls only P:N eakly al.ll?WEd' The ﬂLSt ?trfrégly al-
the calculated trends in the excess polarizability for oligo—fgtvr? d tgaglj'zzg’ tgwfan Zr;ci(:;filor?t?or titée;?rt d eoxcité d’ Svtv;Z
mers containing three phenyl rings as considered here. Table | ai th larizability for the | t th '

The comparison of experimental data with calculations able 1 gives ine excess polarizability for the oweiﬁ ree
is somewhat difficult for oligomers that are substituted Withexc'ted states afetaPV2. The lowest excited state, @B,

rather flexible alkoxy side chains. The exact nature of thesymmetry, has a very large excess polarizability (1148 A

side chains may also play a role here. In the calculations\fompa.red to_ that for PV2. This 'afge valug can be attributed
methoxy substituent is taken, whereas experiments ha e mixing with t'he next, close lying, excne_q St‘."‘te oA
been performed with considerably longerancheg alkoxy symmetry to Wh'Ch a strongly alloweq transition Is expectgd
chains. The electronic effect of these longer side chains igo exist. Accordingly, the second excited state has a negative

expected to be similar to that for a methoxy group. ThereSXcess polarizability of similar absolute magnitude, which

may, however, be effects due to steric interaction betweewdlcates that the excess polarizabilities of these two states

side chains on different units that cause structural changes. §re mainly determined by mutual coupling between them.

the case of alkoxy substituted PV oligomers there are alread or the third excited state, which dominates the_abs.o.rpt.lon
pectrum ofmetaPV2, the calculated excess polarizability is

considerable(quantitative and qualitatiyedifferences be- ather low (88 &) compared to that for PV2. This value can

tween experimental results from different methods, WhiCh[:)e compared to experimental data from electroabsorption
makes it rather difficult to establish the accuracy of the com- P _EXpe . . P
easurement¥, since in this technique the excess polariz-

utational method used for these cases. It should be noterab.. . . g L
P ility of excited states to which allowed transition exists is

.. . . .. a
that this is especially the case for oligomers containing flex- : .

P y 9 9 probed. An experimental value of 80°Avas obtained from

such measurements by Laeeal,'* which is in good agree-

ible alkoxy side chains. For relatively rigid molecules such
as unsubstituted or methyl-substituted PVs there is a ver ent with the calculated value. It would be of interest to
rform FP-TRMC measurements oretaPV2 since in this

reasonable agreement between experimental data from dif-
technique the lowestelectrically and vibrationallyrelaxed

ferent techniques and with the calculated values present
here. The same is true fanetaPV2, discussed in the fol- . . . . !
excited state is probed. This would make it possible to estab-

lowing. . . ) . :
owing lish whether there is indeed a lower lying excited state with

a high excess polarizability as predicted by the calculations
C. Cyano substituents presented here.

The third type of substituents considered here are cyan
groups. The calculated excess polarizability for CN-PVZR/' SUMMARY AND CONCLUSIONS
[Fig. 1(f)], containing two cyano groups on the central phe-  This paper discusses a time-dependent density functional
nyl ring, was found to be 107 Afor the lowest'B, state. theory study of the effect of structural modifications on the
This shows that cyano groups have a similar exciton-excited state polarizability of conjugated molecules. A short
localizing effect as alkoxy side chains. There is a strong couphenylenevinylene oligomer containing three phenyl rings
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(distyrylbenzene, PV)2s taken as a model system. Introduc- 5G. H. Gelinck, J. J. Piet, B. R. Wegewijs, K. Nien, J. Wildeman, G.
tion of alkyl substituent$methy) was found to have only a GJHa\;jVZ"OfﬁmSOU'Ha”d J'-D'Vk VE\;/aLfEan' Eh&&LRz\ﬁf 143?/'(220?-'\/'_ e G
H HA .-W. van der Horst, P. A. Bobbert, P. H. L. e Jong, M. A. J. Michels, G.
small effect on the excess polar|zab|I|Fy. If methyl groups are Brocks, P. J. Kelly, L. D. A. Siebbeles, J. M. Warman, and G. H. Gelinck,
present on_Iy on the central phenyl ring the excess polarl_z— Synth. Met.119, 209 (2001).
ability is slightly reduced compared to that for the unsubsti- 7J.-w. van der Horst, P. A. Bobbert, P. H. L. de Jong, M. A. J. Michels, L.
tuted PVZ, which indicates that the presence of methy' D. A. Siebbeles, J. M. Warman, G. H. Gelinck, and G. Brocks, Chem.
groups slightly localizes the exciton. If the outer rings are Sphys' Lett.334 303(200D.

. . . . _ J. J. Piet, P. N. Taylor, H. L. Anderson, A. Osuka, and J. M. Warman, J.
methyl-substituted there is a slight increase in excess polar-am. chem. Soc122 1749(2000.

izability. °G. H. Gelinck, J. J. Piet, and J. M. Warman, Synth. Mé1, 553(1999.
Introduction of a|koxy(methoxy side chains has a much 10G, u. Bublitz, R. Ortiz, C. Runser, A. Fort, M. Barzoukas, S. R. Marder,
larger effect on the excess polarizability. If two methoxy 113\7("_%; %ox\f\;;z'W'étmnﬁdﬁanslgﬁoﬁz H. Deckers. and N
groups are present on the central phenyl ring the excess popetzer, 7. Naturforsch. £6A, 2020(1971). Y ' '
larizability is strongly reduced. This reduction depends on'2J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K.
the dihedral angle between the methoxy group and the PVQ":‘YCKS?S(?Q% Friend, P. L. Burns, and A. B. Holmes, Nat(rendon
,baCkbone' The maximum re'du.ctmjal factor of 4 is reached BL. P. Candeias, G. H. Gelinck, J. J. Piet, J. Piris, B. R. Wegewijs, E.
if the methOXY'Carbo_n atom Is n the same Plane as the back-peeters, J. Wildeman, G. Hadziioannou, and Klisty Synth. Met.119
bone. If all phenyl rings are dialkoxy substituted the excess 339 (200).
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