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We have performed a quantim-chemical investigation on the conformations and electronic properties of a vari-
ety of methoxy-substituted poly(p-pheny leneviny lenes) (PPVs) to elucidate the effects of alkoxy substitution.
Geonetrical parameters for the polvmers were fully optimized through Austin Model 1 (AMI) semi-empirical
Hartree-Fock (HF) band calculations. Electronic properties of the polymers were obtained by applying the AM1
optimized structures to the modified extended Hiickel method. To confirm validity of the AM1 conformational
results. we also carried out ab initio HF calculations with the 6-31G (d) basis set for a variety of methoxy-sub-
stituted diviny lbenzenes. 1t is found that the potential energy surfaces of alkoxy -substituted PPV's are quite shal-
low around the planar conformations, suggesting that the prepared films possess a variety of conformations with
different torsion angle in the solid state. depending on the synthetic conditions. When two alkoxy groups are con-
currently substituted at the adjacent sites in the phenvlene ring. these groups are subject to rotating around the
C(sp")-0O bonds by 70-80° to avoid the strong steric repulsion between them. Consequently. the overlap between
the n-type p orbital of oxygen and the © molecular orbitals of the polvmer decreases. This leads to a wide gap
and a high oxidation potential for tetramethoxy-substituted PPV, compared to those of dialkoxy-substituted

PPV.

Introduction

Poly (p-phenylenevinylene) |PPV] and its alkoxy-substi-
tuted derivatives have been exiensively investigated duc to
their clectrical conductivitics upon oxidative doping. nonlin-
car optical activitics and lumingscent propertics.! PPV [iling
exhibited a conductivity of 100 S/em when doped with
H-804" These films. however. could not be cllectively
doped with weak oxidants such as 1odine cnough (o produce
appreciable mncrease n the clectrical conductivity. Recently.
Ahlslog et af. reported a much higher conductivity* of 107
Siem for the streiched films (streiching ratio=10) doped
with H2SO,. Alkoxy-substitutcd PPVs have been known o
posscss small band gaps and low oxidation polcntials
comparcd 1o those of PPV. Bathochromic shift** from the
UV-Vis absorption pcak of PPV was obscrved in the
absorplion spectra of polv(2-mcthoxy- |.4-phenyleneviny -
enc) |P2MxPV]. Tt was reported that P2MxPV films were
ablc to be doped with iodine to vicld a conductivity of about
1.0 S/em . These films doped with AsFs exhibited a conduc-
tivity of ¢ 100 S/cm. Dialkoxy-substituted PPVs®¥ dis-
laved much smaller band gaps and lower oxidation poten-
tials than unsubstitutcd PPV, These phenomena were
explained by destabilization of the highest occupied molecu-
lar orbital (HOMO) of the polvmer chain through the anti-
bonding intcraction with the w-type p orbital of oxygen in
the alkoxy group.® Stretched polv(2.5-dimethoxy-1.4-phe-
nylencvinyviene) |P23MxPV] fibers at a draw ratio of 8 dem-
onstraled a conductivity of 1200 S/ecm when doped with
ioding. ¥

In this regard. Jin ef af. svnthesized tetramcthoxy -substi-
tuted PPVin order to develop a highly conductive material,

Howcver. they found that poly(2.3.5.6-tctramcthoxy- 1 .4-
phenylenevinylene) [PTMsPV| could not be doped with
iodinc and gave a poor conductivity of 1.1x10-> S/cm when
doped with FeClz. The absorption peak of PTMxPV was
also obscrved Lo shift to a shorter wasclength relative to that
ol PPV, Bluc shilt of the absorption pcak and the poor con-
ductivity of PTMxPV were presumably  attributed to
decrcasce in the clfective mw-conjugation between the phe-
nylene and vinylene units duc to the steric effect exerted by
the four methoxy groups.

A conformational study !~ of dimcthoxy-substituted rrars-
stilbene demonstrated at the ab initio Hartree-Fock (HF)
3-21G level that the molecule is of the coplanar structure
duc to the formation of weak hydrogen bonds between the
mcthoxy side group and the vinylene linkage. implying that
the phenylene ring may be in the same plane as the vinylene
Iinkage in P23MxPV, Therefore. PTMxPV. which has four
methoxy groups. may be of the planar conformation. Loo. [T
so. why did PTMxPV exhibit a poor clectrical conductivily.
a ligh oxidation potential and a large band gap compared to
those of P23MxPV? This qucstion altracted our atiention
and stimulated us 10 investigale the cffects of alkoxy substi-
tutions on the conformations and the clectronic propertics off
PPV derivatives.

In this study. a vancty of mcthoxy-substituted PPVs
were chosen to mvestigate the cffect of substitution site and
thc number of alkoxy substitucnts on the conformations
and clectronic propertics of PPVs. Geometrical paramelers
and clectronmic propertics of the polymers were obtained
through quantum-chemical calculations. A detatled descrip-
tion for the computational methods will be given in the next
scetion,
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Figure 1. Unit ccll of polyv{1.4-phenyInencyinylencs) and torsion
angle (¢) of vinvlene units with respeet to the phenylene rings
PPV=poly(l4-phenylenevinylenc). PZMxPV=polyv(2-mcthoxy-1.4-
phenylencyinylene).  P3MxPV=polv{3-mecthoxy-1.4-phenylene-
vinylene), P23MxPV=poly(2.3-dimethoxy-1.4-phenylenevinylene).
P25MxPV=poly(2.5-dimethoxy-1.4-phenylenevinylene). P26 Mx-
PV poly(2.6-dimethoxy-1.4-phenylenevinylene), P36MxPY poly
(3.6-dimethoxy-l.4-phemylenevinylene). P2ISMxPV poly{2.3.5-
trimethoxy-1.4-phenyvlenevinylene).  P236MxPV=poly(2.3.6-tri-
methoxy- Ld-phenyleneyvinylene).  PTMxPV=polx(2.3.5.6-tctra-
methoxy- L. 4-phenylencyinylene).

Methodology

Since there are two different types of substitution sites on
the phenylene ring {substitution site 2 is equivalent to the
site 5 and different from the sites 3 and 6), there could be
several isomers for each substituted PPV {see Figure 1),
Therefore, we also compared the heats of formation and
electronic properties of the isomers. For ground-state struc-
tures of methoxy-substituted PPVs, we employed the solid
state version of the modified neglect of diatomic overlap HIY
nethod (MOSOL.)'¥ with Austin Model 1 {AM1) hamilto-
nians, This version adopts the Born-von Karman periodic
boundary condition and Bloch functions for crystal calcula-
tions. Six representative wave vectors (k) were chosen from
0 to wtfa {4 is the unit cell length) with regular intervals. The
neighboring unit cells as far as the third nearest ones were
involved in the lattice sum. The geometrical parameters
(bond length, bond angles, and dihedral angles) in the unit
cell depicted in Figure | were optimized. The AM1 method
greatly reduces computational time compared to ab initio
HT techniques, and is known to produce reliable ground-
state structures and quite satisfactory conformational behav-
iors {torsion angles) for a variety ot conjugated molecules in
comparison with ab initio and experimental data though the
method yields low rotational barriers.'! We also optimized
the planar structures of the polymers to compare the energies

Table 1. Valence shell atomic parameters used in the modified
extended Hickel band caleulations. lonization potentials (IP in
¢V). Slater orbital exponents (£ in a.u.)

Alom 1 [ 14 € n o 4
H I 0 13.60 1.300
¢ 2 0 2140 1.625 2 1 1140 1625
O 2 0 3230 2275 2 1 1480 2275
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Figure 2. 1.4-Divinylbenzenes with a variety of methoxy sub-
stitutions and torsion angle (§) of vinx| groups with respeet to the
benzene ring: DVB=1.4-divinylbenzene. DV2MxB=1.4-diviny1-2-
methoxybenzene (X,=0CI). DV3IMxB=1.4-divinyl-3-methoxy-
benzene (X:=0OCI1). DV2IMxB=14-divinyl-2.3-dimethoxyben-
zene (X;=X-=0C113), DV25MxB=14-divinyl-2.5-dimethoxyben-
zene (X, X; OCH,). DV26MxB 14d-divinyl-2.6-dimethoxyben-
zene (X, X3 OCHi). DV3I6MxB 1d-divinyl-3.6-dimethoxyben-
zene (X~=X:=0CH;:). DV235MxB=1.4-divinyl-2.3.5-trimethoxy-
benzene  (X=Xo=X;=0CH:). DV236MxB=1.4-diviny1-2.3.6-tri-
methoxybenzene (X=X:=Xu=0ClH;). DV2356MxB=14-divinyl-
2.3.5.6-tetramethoxy benzene (all Xs=QCH;).

of both conformations. To confirm validity of the AM1 con-
formational results for the polymers, ab initio HF calcula-
tions for small molecules, analogous 1.4-divinylbenzenes
(DVBs) in Figure 2 were carried out with the 6-31G{d) basis
set in the Gaussian 94 package.'* [t has been reported that
the 6-31G(d) calculations for a variety of conjugated
molecules show torsion potentials superior to the density
functional technique.'”® To construct the potential energy
curves for a variety of methoxy-substituted DVBs. the
torsion angle (¢) between the benzene ring and the vinyl
units varies by 10” as shown in Figure 2 and at each torsion
angle the geometrical parameters were fully optimized.
Throughout the geometrical optimizations, we considered
the vinylene units to be in the irans-form with respect to the
phenylence rings.

Electronic propertics of the polymers were obtained by ap-
plying the AMI1 optimized structures to the modificd
extended 1liickel (MEI} method.”™® The MEN mcthod
adopts for the off-diagonal clements a new form, which has
an additional distance-dependent empirical [actor. This
approach was parameterized to reproduce band gaps defined
as the Anx for the m—r* transition of conjugated polymers,
and not the band edges as arc often used to deline the gaps
experimentally. Typically, the band edge is about 0.5 ¢V
lower than the peak value. The MEIL method has been
shown to yield remarkably reliable band structures for a
wide variety of conjugated polymers. including those with
heteroatoms.'” MEI parameters used in the calculations arc
listed in Table 1.

Conformational Study of Methoxy-substituted PPVs

In unsubstituted PPV, the AMI band calculations predict
that the vinylene unit is twisted by 18.4% with respect to the
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Figure 3. Ab initio 6-31G(d) potential energy surfaces (PES) for
DVB. DV2MxB. and DV3IMxB with the torsion angle of vinylene
units (sec Figure 2 for the acronvims). The PES for DV2MxB (s
retereneed for the construction of that tor DV3MxB.

phenvlene ring and that the energy bartier over the planar
conformation is less than 0.1 kcal/mol of unit cell. As shown
in Figure 3. the ab initio calculations for 1.4-divinylbenzene
support the AMI result. producing a quite flat potential
energy curve up to the torsion angle of 30”. Similar results
were also obtained for /rans-stilbene at the 3-21G level.'?
Also, elastic neutron-scattering diffraction measurements's
on oriented PPV demonstrated that the phenylene rings were
rotated about the vinylene linkages by 7.917.1° from the pla-
narity. The relatively large root-mean-square angular devia-
tion of 7.1° implies that the potential curve is actually flat
around the planar conflormation and that the rotational bar-
ricr may be quite small.

Upon incorporating a mcthoxy substituent, the torsion
angle and the rotational bartier slightly increase. According
1o the AM1 band caleulations, the twisted form of P2MxPV
with a torsion angle of 19.7° is slightly more stable by 0.1
keal/mol of unit cell than the planar form. In poly(3-meth-
oxy-1.4-phenylenevinylene) | P3MxPV|. the optimal torsion
angle and the rotational barrier are estimated (o be somewhat
larger, 28.2¢ and 0.8 keal/mol of unit cell. respectively. The
ab imitio molecular calculations show the conformational
behavior similar to that found for P2ZMxPV but dilferent
from that for P3SMxPV. [n Figure 3. the potential encrgy
curve for . 4-divinyl-2-methoxybenzene (DV2MxB) exhib-
its a quite shallow surface within 407 around the planar
conformation. The minimum appears at about 23¢ and is
lower in energy by 0.2 keal/mol than the potential surface at
the torsion angle of 0°. However., the potential energy curve
for [.4-divinyl-3-mcthoxybenzene (DV3MxB) shows a min-
imum at the torsion angle ol 0.
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Figure 4. Ab initio 6-31G{d} potential energy surfaces (PES) lor
DV25MxB. DV36MxB. DV26MxB. and DV23MxB with the
torsion angle of vinylene units {(sce Figure 2 for the acronyms). The
PLS for DV25MXB is referenced for the construction of PLS for
others.

For dimethoxy PPVs, the optimal torsion angles are in the
range of 20-30“ and the energy ditference between the pla-
nar and the twisted conformations varies from 0.2 to | keal/
mol of unit cell. depending on the substituted sites. The opti-
mal torsion angle for P2SMxPV is estimated to be 22% and
the rotational barrier is calculated to be only 0.2 kcal/mol of
unit cell. At the 6-31G(d} level, a similar conformational
behavior is observed with a torsion angle of about 30 and a
rotational barricr of 0.5 kcal/mol for 14-divinyl-2,5-
dimethoxybenzene as shown in Figure 4. On the contrary,
the 3-21G calculations'? for 1,1-(trans-1.2-cthenediyl) bis-
2.5-dimethoxybenzene showed a minimum at the torsion
angle ol 0°. The planarity of the molecule was attributed 1o

LN

"'l///CH O H

O

Figure 5. Dircctions of rotating methoxy groups and twisting
vinylene units in poly(2.3-dimethoxy-1.4-phenylenevinylenc).
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Figure 6. Ah initio 6-31G(d) potential energy surfaces (PES) tor
DV235MxB. DV236MxB and DV2356MxB with the torsion angle
of vinylene units (see Figure 2 for the acronyms). The PES for
DV235MxB is referenced for the construction of' that for
DV236MxB.

weak hydrogen bonding between oxygen in the methoxy
group and hydrogen in the vinylene unit. The AM band cal-
culations predict relatively large torsion angles and large
energy differences between the planar and the twisted con-
formations for poly(2,6-dimethoxy-1.4-phenylenevinyl-ene)
[P26MxPV] and  poly(3,6-dimethoxy-l.4-phenylenevi-
nylene) [P36MxPV] whereas the ab initico 6-31G(d) calcula-
tions predict the planar conformation for 1.4-divinyl-3,6-
dimethoxybenzene (DV36MxB) and a very flat potential
sutface up to £30° for 1.4-divinyl-2.6-dimethoxybenzene
(sce Figure 4). When two mcthoxy groups arc attached at
substitution sites 2 and 3. both AM1 and ab initio methods
predict that the methoxy groups rotate around the C{sp?)-O
bond by 70-80” in the direction away [rom each other in
order to avoid a strong repulsion between them (see Figure
5). This phenomenon is also found in poly(2.3.5-trimethoxy-
1 4-phenylenevinylene) [P235MxPV|, poly(2.3.6-dimeth-
oxy-1.4-phenylenevinylene) [P236MxPV| and PTMxPV. [n
these polymers, the potential energy curves are unsymmetri-
cal and the vinylenc units are twisted in the dircction away
from the rotated 3-methoxy group. The optimized torsion
angles are 23-25” with respeet to the phenylene unit and the
energy dilferences between the planar and the twisted con-
formations are 0.7-1 kcal/mol of unit cell. Compared to the
AMI results, the 6-31G(d) calculations estimate the rela-
tively small torsion angles and the small energy diflerences.
but exhibit similar conformational behaviors as in Figure 6.
Table 2 presents AMI results for heats of formation and geo-
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Table 2. AMI results for heats of formation and geometrical
leatures for the planar and the twisted conformations of PPV and
the methoxy-substituted PPV's (sce Figure 1 for the acronyms)

. Allg -1 -1 C=C-0-C
TOI‘SIOl'l (kcal/  distance  distance dihedral
angle mol) (AY (Ay angles?
PPV o° 38.7 2.04 - -
18.4°  38.6 2.1 - -
P2MxPV o° 2.7 2.04 2.26 o0
19.70 2.6 2.13 2.33 0.8
PIMxIV o0 19 2.15 2.03 0.3
28.2v 4.1 2.28 2,17 15.7¢
P23MxPV o0 -32.4 2.00 2.26 0.2°
22.0° 326 2.11 2.35 200
P26MxPV o0 -30.9 2.09 2.03 .2°.0.8°
27.5°  -31.7 2.24 2.16 1.1 15.2°
P36MXPV o° -29.0 2,18 207 0.4°
289 -30.0 2.38 222 20.1°
P23MxPV 0 -28.0 2,13 2.08 76.3°. 74 8"
2390 285 224 2,17 73.3°.73.1°

P235MxPV (1 -03.3 2.08 208
246" -64.0 2.20 2.17
P236MxIPV - O° -61.1 2.24 2001 777974306720
23.00  -62.1 2.31 2.23  75.8% 68.8° 34.6°
PTMxPV 0¢ -94.5 - 2,12 FERAYRA L
24.00 952 - 2.21 74.2°.73.9°

8.7 74.1°.0.7°
73507220 101°

“Torsion angle between the phenylene and the vinylene units (see
Figure 1). *The nearest distance between two hydrogen atoms: one
in the phenylene ring and the other in the vinylene unit. “The nearest
distance between oxygen in the methoxy group and hydrogen in the
vinylene unit. “Dihcdral angle between the methoxy group and the
phenylene ring.

metrical features for the planar and the twisted conforma-
tions of PPV and the methoxy-substituted PPVs.

It seems at the 6-31G(d) level that methoxy substitutions
at substitution sites 3 and/or 6 make the polymer chain
planar. The planarity is observed in DV3MxB and
DV36MxB. Also. relatively small torsion angles are found
for 1.4-divinyl-2.3-dimethoxybenzene. 1. 4-divinyl-2,3.6-tri-
methoxybenzene. and 1.4-divinyl-2.3.5.6-tetramethoxyben-
zene. This fact cannot be explained by the formation of
hydrogen-type bonding which Lhost and Bredas argued
since the nearest Q-1 distance (2.32 A) in planar DV2MxB
is close to that (2.28 A) in planar DV3MXxB. Note that the
potential encrgy curve for DV2MxB shows a minimum at a
torsion angle of about 23°, not at a torsion angle of 0°.

In summary., both AMI1 and «h initio methods predict
quite shallow potential surlaces around the planar conlorma-
tions for PPV and the methoxy-substituted PPVs. This fact
results [rom the compromise between two opposite [orces: a
repulsion and a m—conjugation. A repulsion arises from the
fact that the closest distances between H atoms in the phe-
nylene and the vinylene units, and between an O atom in the
methoxy group and a 11 atom in the vinylene unit are oo
short compared to the sum of the van der Waals radii of the
respective atoms (0:1.4 A and 11:1.2 A).'° A n—conjugation
favors the planar form due to the large overlap between the
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Table 3. MEH rcsults for clectronic propertics ot PPV and the
methoxy-substituted PPVs (see Figure 1 for the acronyms)

Torsion . , Fiovo FrLesio

angles A, (V) (eV) (eV)

PPV 0° 2,70 -11.78 -49.08
7.9 2,77 -11.80 -9.03

18.4° 3.02 -11.87 -8.85

P2Mx PV oe 2.53 -11.53 =9.00
19.7¢ 2.89 -11.62 -8.73

P3IMxPV 0° 263 -11.57 -8.94
28.2° 3.30 -11.73 -8.44

P23MxPVE 0° 2,18 -11.12 -8.94
22.00 2.6l -11.23 -8.62

P26MxPV 0° 256 -11.39 -8.83
27.5° 3.20 -11.57 -8.37

PI6MxPYV 00 232 -11.18 -8.86
28.9¢ 3.02 -11.37 -8.33

P23IMxPV 0e 2,76 -11.39 -8.83
2390 3.26 -11.73 -8.47

PP235MxPPV oe 2.52 -11.27 -8.75
24.6" 3.03 -11.42 -8.38

P236MxPV 0° 2.69 -11.42 -8.73
23.0° 3.04 -11.43 -8.39

PTMxPY 0° 271 -11.33 -8.64
24.00 3.20 -11.50 -8.29

“Torsion angle between the phenylene and the vinylene units (see
Figure 1). “Fxperimental A, values are in the range ol 2.6-2.9 eV
|ret. 8. 20-22]. <A twisted angle between the phenylene ring and the
vinylenc was measurcd to be 7.917.1° by an clastic ncutron-
scattering experiment [ref. 18] “Two experimental Ay valucs are
reported: 2.6 |ref. 5] and 2.9 eV [ref. 23], “Lxperimental A values
are in the range 01°2,2-2,.8 eV [rel, 6-8. 24].

n—type p orbitals of C atoms linking the phenylene and the
vinylene units. Methoxy substitutions slightly increase the
torsion angles and the rotational barrier, mainly depending
on the substituted sites. The methoxy groups rotate around
the C(sp” O bond to avoid strong repulsions when they are
concurrently attached 1o substitution sites 2 and 3 or 5 and 6.
The rotated methoxy groups would hamper the clfective
packing of the polymer chains in the solid state. Therelore,
vinylene units in PTMxPV [ilms are expected 1o be more
twisted than those in PPV, P2MxPV and P2SMxPV [ilms.

Electronic Properties of Methoxy-substituted PPVs

The calculated electronic propertics of PPV are given in
Table 3. A small deviation from the planarity is lound not 1o
produce appreciable changes in the electronic propertics. At
arelatively large torsion angle ol 18.47, the band gap of PPV
increases by 0.3 ¢V due to the reduced ® overlap between
the phenylene ring and the vinylene unit. Since the interac-
tion between the phenylenc ring and the vinylene unit is anti-
bonding in the 1IOMO and bonding in the lowest
unoccupicd molecular orbital (LUMO). the reduced @ over-
lap between them stabilizes the 1HHOMO and destabilizes the
LUMO. It is found that the destabilization of the LUMQO
energy level is greater in enetgy than the stabilization of the
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Figure 7. Schematic illustration of interactions belween
neighboring methoxy groups at the HOMO and LUMO levels of
poly(2.3.5.6-tctramcthoxy- 1. 4-phenyleneviny lene).

HOMO

HOMO energy level. The MEH A,y values are in excellent
agreement with the experimental values®2*22 of 2.6-2.9 eV.
Halliday e/ al. showed the variation of the Ay values of
PPV films prepared from different conditions.?! From the
comparison of the MEH and experimentally observed Amax
values, it is suggested that prepared PPV filins possess a
diversity of conformations with relatively small torsion
angles, depending on the synthesis conditions. The small
energy difference between the planar and the twisted confor-
mations and the flat potential curve of DVB within £30° also
support this suggestion.

Upon incorporating a methoxy substituent, the A, values
decrease by 0.1-0.2 eV compared to that of unsubstituted
PPV. The HOMO energy level of PPV is pushed up by 0.25
eV due to an antibonding interaction with the m—type p
orbital of oxygen. These could be supported by the experi-
mental observations of bathochromic shift of the absorption
peakt3 and iodine doping® of P2MxPV. When the vinylene
linkage is twisted with respect Lo the phenylence ring, the Zuax
value of P2ZMxPV increases from 2.55 to 2.89 ¢V. Two
reported values (2.6 and 2.9 ¢V) ¥ for the UV-Vis absorp-
tion peak of P2MxPV films surprisingly agree with our esti-
mations [or the planar and the twisted forms. implying that
P2ZMxPV in one (ilm is mainly of the planar conformation
and in the other (ilm primarily consists of the twisted struc-
ture. [n the twisted form of P3MxPV, the methoxy group is
out of the phenylene plane and this further increases the Ama
value 10 3.30 V.

[t is found that the clectronic properties of dimethoxy-sub-
stituted PPVs strongly depend on the substituted sites. The
Aamax value increases from 2.18 10 2.76 ¢V and the HHOMO
energy level becomes lower in the order: P25MxPV<P36-
MxPV<=P26MxPV<P23MxPV. That is, the symmectrically
substituted PPVs have smaller band gaps and higher HOMO
levels than the unsymmetrically substituted ones. In
P23MxPV. the large torsion angle of methoxy groups with
respect to the phenylene ring results in the much less overlap
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Figure 8. Variations ot the HOMO and LUMO levels (in ¢V) and

the band gaps lor the planar conlormations of PPV and some
methoxy-substiluted PPV (see Iigure 1 lor the acronyms),

between the n—type p orbitals of C(sp?) and O atoms and.
accordingly, produces the largest Zuq value. In the twisted
conformations of P25SMxPV and P23MxPV, the band gaps
increase by 0.4-0.5 eV compared to their planar forms. [n
P36MxPV and P26MxPYV, on twisting of the vinylene unit,
further increase in the band gaps appears due to the rotation
of methoxy groups at substitution site 3 or 6. Among the
dimethoxy-substituted PPVs, to our knowledge, only
P25MxPV has been experimentally prepared and character-
ized. Again, our estimated Ay values (2.18 and 2.61 V) tor
the planar and twisted conformations of P25SMxPV are in
excellent agreement with the experimental measure-
ments®82 ranging from 2.2 to 2.8 eV. Therefore, in
combination with the information on the conformational
behavior of P25MxPYV, it is inferred that prepared P25MxPV
tilms possess a variety of conformations with ditferent tor-
sion angles depending on the synthetic conditions. Com-
pared to those of PPV, the Ay values of P2SMxPV decrease
by 0.4-0.5 eV and the HOMO energy levels are higher in
energy by 0.65 eV in accord with the experimental observa-
tions.o-%

[n tri- and tetra-methoxy substituted PPVs, some or all of
the methoxy groups are out of the phenylene plane and. con-
sequently. do not effectively interact with the n—system of
the PPV chain. Therefore, it is expected that the reduced
antibonding interaction between the methoxy groups and the
phenylene ring greatly stabilize the HOMOs and the
LUMOs of these polymets. However, the HOMO levels are
slightly pushed down and the LUMO levels are. on the con-
trary, pushed up. To clucidate these unexpected results, we
examined the HHIOMO and the LUMO of PTMxPV. As illus-
trated in Figure 7. there are o—type interactions between
ncighboring methoxy groups. The interaction between C in a
methoxy group and O in the neighboring methoxy group is
antibonding in both LUMO and HOMO and. consequently,
destabilizes both levels. And the interaction between O
atoms in the neighboring groups is bonding in the 1IOMO
and antibonding in the LUMO. Therefore, it turns out that
the interaction between the neighboring methoxy groups
accounts for the unexpected predictions on the shill of the
1HOMO and LUMO levels of tri- and tetramethoxy substi-
tuted PPVs. In Figure 8 is shown the elfect of increasing
methoxy substituents on the band gaps and the Fermi levels
for planar conformations of various PPVs. The oxidation
potential of PTMxPV is predicted 1o be similar even in the
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twisted conformation to that of P2ZMxPV. This prediction is
inconsistent with the experimental observations that
PTMxPV could not be doped with iodine while P2MxPV
could be. The incapability of iodine-doping of PTMxPV
may be ascribed to difticulty in iodine-diffusion into the
films due to the rotated methoxy groups and the somewhat
twisted backbone. Unfortunately, to the best of our knowl-
edge. there has been no direct measurement on oxidation
potentials of these polymers for comparison.

Conclusions

From the AM 1 and ab initio 6-31G(d) calculations, the po-
tential energy curves for PPV, P2MxPV and P25SMxPV are
expected to be quite tlat and symmetrical around the planar
conformations. Our calculated Amay values for the planar and
the twisted conformations surprisingly agree well with a
wide range of the experimental values. Therefore. it could be
concluded that the prepared films may possess a variety of
conformations with different torsion angles between the phe-
nylene and vinylene units, depending on the synthetic condi-
tions. On going from PPV to P25MxPV, the band gap and
the oxidation potential decrease since the antibonding inter-
action between the methoxy group and the phenylene ring
becomes strong as the number of methoxy groups increases.

[n PTMxXPV, in comparison with PPV, P2MxPV and
P25MXPV, the energy difference between two conforma-
tions becomes relatively large and, moreover, the methoxy
groups are twisted by about 75° with respect to the phe-
nylene ring. As a result. the vinylene units of PTMXPV films
are more plausible to be twisted since the rotated methoxy
groups may hinder the effective packing of the polymeric
chains in the solid state. The band gap and the oxidation
potential of PTMxPV are estimated to increase compare 1o
those of PT25MxPV in agreement with the experimental
observations. The increases in them are found to mainly
come from the rotation of the methoxy groups which
induces a great decrease in the antibonding interaction with
the phenylenc ring.

Acknowledgment. This work was financially supported
by the Research Fund lrom Institute of Natural Scicnee at
Kosin University.

References

1. Handbook of Conducting Polymers: Skotheim, T. A. Ed.:

Marcel Dekker [nc.: New York. U. S. A, 1986.

Gagnon, D. R.: Capistran, J. D.: Karasz. F. E.; Lenz, R.

W.; Antoun, S. Pofvmer 1987, 28, 567.

3. Ahlskog, M.; Reghu, M.; Noguchi, T.; Ohnishi, T. Synsh.
Met 1997, 89, 11.

4. Lee, G. J.: Yu, 8. K.; Kim, D. H.: Lee. J. -L.: Shim, H. -K.
Svath. Met. 1995, 69, 431.

5. Liang. W. B.; Lenz, R. W.: Karasz, F. E. ./ Polym. Sci.,
Polym. Chem. Ed 1990, 28, 2867.

6. Buo, Z.; Chen, Y.: Cal, R.: Yu, L. Macromolecules 1993,
26, 5281.

0



48

Bull. Korean (Clhem. Soc. 1999, Vol. 20, No. 1

Woo, L1 5.2 Graham, S. C.. Bradlev, D. 1. C.2 Friend. R.
11 Holmes, A. B. Phys. Rev. B 1992, 46, 7379,

Eckhardt, 11 Shaklette, L. W.: Jen, K. Y.. Elsenbaumer,
R.L.J Chem. Phys. 1989, 91, 1303.

Mevers, F.o lleeger, A, ). Bredas, ). L. J Chem. Phys.
1992 97 2750.

. Tokito, 8.. Smith, P: Heeger, A, I Polvmer 1991, 32, 464.
Cdin, 1AL Park, € -K: Shim, H. K. Macromolecules

1993, 26, 1992.

Lhost, O Bredas, L L. Chem. Phys. 1992, 96,5279
Dewar, ML LS Zocebiseh, TE G Healv, T T Stewart,
1 P.J Am Chem. Soc. 1985, 107, 3902, Stewart. I. I P
OCPE Bull. 1985, 3, 62, Cul. C. X Kertesz. M. J. A,
Chem. Soc. 1989, 111, 4216,

Fabian, W. M. . J. Compir. Chem. 1988, 9. 369,

. Frisch, M. L2 Trucks, G. W Schlegel. 1L B.. Gill, P M.

W.o Jolmson, B. G Robb, M. A.: Cheesman, I. R.. Keith,
1. Petersson, G. A Montgomerv. J. Ao Raghavachari,
Ko Al-Laham. M. A Zakizewski, V. G Oriz, T Ve
Foresman., J. B Closlowsky, T Stelanov, B T3
Nanayakkara, A Challacombe. M.z Peng, C. Y2 Ayala, P.
Y.: Chen, Wi Wong, M. W Andres, 1. 1.2 Replogle, Ti.
S.. Gomperts, R Martin, R. Tz Tox, I Iz Binkley, T
S Delrees. I T Taker, T Stewart, I J P Head-

16.

17.

IR

19.

20.

o
[

ro
"

Sung Y. Hong

Gordon, M.. Gonzalez, C.. Pople. I. A. Gaussian 94 Rev:
2. 17 Gaussian, [ne.: Pittsburgh PA, UL S. AL, 1995,
Karpfen, A.. Choi, C. 1L: Kertesz, M. /. Phs. Chem.
1997, 101, 7426.

(a) Hong, S. Y.: Marvnick, D. 8. J. Chem. Phvs. 1992, 96,
3497, (b) Hong. 8. Y Maryniek. D. S, Macromolecules
1992, 25, 3391 (¢) Hong. 8. Y. Song, I M. J. Chent.
Phys. 1997107 10607.

Mao, G.. Fisher, T F Karasz, FoE Winokur, M. T 7
Chem. Phys. 199398, 712

Handhook of Chemistry and Physics: 70 Tid. CRC Press
Inc.: Bocaraton, Flonda, U 8. A 1990: D-190.

Bradlev, D. D. C.. Brown, A. R.: Burn, I’ L.. Burroughes,
1L Friend, R Lolmes, A, B Mackay, K. D.
Marks, R N, Swwrh. Mer. 1991, 41-43, 3133,

. lallidav, D. A Bum, P L. Bradlev, D. D. C.: Friend, R

I1.: Gelsen, O.: llolmes, A. B.. Kraft, A.: Martens, 1. 11 F.:
Pichler, K. Adv: Marer: 1993, 3, 40.

. Louwet, Tz Vanderzande, Dz Gelan, 1 Mullens, I A fac-
romoleciiles 1995, 28, 1330.
CLee, GO I Kim, DiTee, 1T Shim, H K- Kun, Y. W2 Jo,

L.C.Jpn J Appl Phys. 199635, 114,
Halliday, D. A.- Bradley. . D. C.. Bumn, P. I... Friend. R
H.: Holmes, A. B. Seath. Aer 1991, 41-43. 93 1.




