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Abstract

With the aid of in-situ absorption spectroscopy we performed a comparative study of the precursor route poly(p-
phenylene-vinylene) homopolymer and an acetoxy substituted copolymer derivative as a function of conversion
temperature. It is shown that assuming a trans-cisoid conformation both polymers can be treated as arrays of trans-
stilbene-like chromophores rendering a consistent description in the framework of molecular excitons. During con-
version the intrachain geometry is retained and the energies of vibronic transitions are unchanged, while the respective
intensities depend on the interchain distance. We find that the acetoxy substituent of the copolymer acts as interchain

spacer supressing aggregation.

1. Introduction

During the last decade conjugated polymers
have been studied extensively for their use in op-
toelectronic and photovoltaic applications [1]. One
prominent representative of this material class is
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the precursor route poly(p-phenylene-vinylene)
homopolymer (h-PPV). As the intra- and inter-
molecular structure inherited from its parent
precursor is still unknown the photophysical
properties of h-PPV are not deciphered completely
yet. Traditionally the optical properties of h-PPV
are interpreted in the framework of a distribution
of intrachain segments of length /; owing different
effective electron delocalization lengths /4 [3]. In
contrast to this, Herndndez et al. [4] postulate a
n-electron-pinning inside the aromatic parts of
h-PPV and related oligomers, reducing the effec-
tive delocalization length along the polymer chain
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to a m-clectron confinement length /. < /4. An in-
crease of [ should result in a saturation behaviour,
e.g., in relative intensities or energy shifts, for
Is > 14, I.. A first systematic investigation of the
conversion process of h-PPV was performed by
Herold et al. [2]. With the aid of in-situ infrared
and UV-vis spectroscopy they proposed a chemi-
cal and structural pathway from the precursor to
h-PPV. Here we present for the first time a com-
parative study of h-PPV and an acetoxy substi-
tuted copolymer derivative (ac-PPV) by means of
in-situ ultraviolet—visible spectroscopy (UV-vis) as
a function of the conversion temperature T.o,. By
in-situ tracing of the optical spectra of h-PPV and
ac-PPV we show that the energy of UV-vis tran-
sitions is independent of the degree of substitution
and therefore, does apparently not depend on
chainlength. Consequently we support the picture
of the m-electron confinement proposed by
Hernandez et al. [4]. The spectroscopic results
allow a treatment following the framework of the
molecular exciton as reviewed by McClure [5,6].
We also consider the influence of electronic inter-
state mixing as treated by Tinoco [7] and Rhodes
[8]. Crucial parameters are recognized to be the
interchain distance and the inter- and intrachain
geometry of the polymers under study.

2. Experimental

Two poly(p-phenylene-vinylene) polymers pre-
pared via the chlorine-based sulfonium salt pre-
cursor route were characterized: the homopolymer
(h-PPV) and a 15-20% acetoxy substituted co-
polymer derivative (ac-PPV) (see insets in Figs. 1
and 2). The molecular weight of both materials is
about 10°-10° g/mol (= n ~ 10°~10* phenylene-
vinylene units per chain) [10]. Concerning the
synthesis of the homopolymer and its precursor we
refer to [9] and [10]. The ac-PPV prepolymer was
synthesized similar to the h-PPV precursor [10] but
with an excess of the base lithium hydroxide. The
polymer films (60—70 nm thick) were fabricated by
a doctor blade technique [10] on quartz glass and
then mounted in a heating cell with quartz win-
dows under vacuum (0.01 mbar). At room tem-
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Fig. 1. In situ UV-vis spectra as a function of conversion
temperature To,y for h-PPV. A temperature increment of 10 °C
was applied in time intervals of 1 h. For clarity the spectra are
vertically shifted by a constant increment.
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Fig. 2. In situ UV-vis spectra as a function of conversion
temperature T, for ac-PPV. A temperature increment of
10 °C was applied in time intervals of 1 h. y/(x + y) ~ 15-20%.
For clarity the spectra are vertically shifted by a constant
increment.

perature the heating cell was evacuated for an hour
before the heating programme was started. Then
the temperature was increased to 180 °C stepwise
by 10 °C in time intervals of one hour. Spectra
were taken in situ at the end of every heating step
with a Perkin—Elmer Lambda2 UV-vis spectrom-
eter. From in-situ infrared spectroscopy (IR) of
CH, groups performed in the same manner (not
shown here) we found that the substitution of the
precursors with tetrahydrothiophenium and Cl
decreases after evacuation from 100% to ca. 35%
and after heating to 100 °C to less than 10%, in



good agreement with photoelectron spectroscopy
results by Nguyen et al. [11].

3. Results and discussion

In Figs. 1 and 2 the in situ UV-vis spectra of h-
PPV and ac-PPV are shown as a function of T.,,.
The most important features are observed in both
polymers and are denoted by roman numbers
I-IV. Strikingly both polymers show identical
vibronic progressions without any significant
bathochromic shift (decrease in energy). Rather
correlated hyper- and hypochromic shifts (increase
and decrease of intensity, respectively) are ob-
served: in the UV-vis spectra a presumable inten-
sity transfer from the (I11Ib) and (IV) bands to the
(ITIa) and (I) bands takes place. We observe that in
the range 50 °C < Tiony < 100 °C the intensities of
the absorption bands converge to a constant value,
whereas further increase of T,.,, causes consider-
able changes in intensities, for h-PPV up to 180 °C
and for ac-PPV up to 140 °C. If one ignores the
constant vibronic energies throughout the con-
version process, in the model of distributed delo-
calization lengths [3] this behaviour is expected,
because ac-PPV due to the acetoxy substitution
should retain short conjugated segments. For
h-PPV the distribution of the delocalization
lengths should vary dynamically with advancing
conversion from lower to higher /4 values. How-
ever, the above mentioned experimental results
from IR spectroscopy rather suggest that the
electron delocalization length /4 is comparable at
the beginning and the end of the conversion in
both polymers and therefore, shorter than the
average intrachain segment length /; imposed in
ac-PPV by the acetoxy substitution. Thus /4//;
saturates at the very early stages of conversion and
l4 can be replaced by /.. This might explain why
the vibronic transition energies in both polymers
do not shift with increasing Tio,y. As mentioned in
the experimental section the main chemical pro-
cesses take place for Tiony < 100 °C. In many cases
UV-vis spectra of biopolymers, e.g., polynucleo-
tides, show intensity redistributions upon reorga-
nization of the nonconjugated chromophores on
the polymer chains [7,8]. Consequently, we attri-
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bute the changes in the electronic characteristics of
h-PPV and ac-PPV for T, = 100 °C to the ag-
gregation behaviour of the polymerchains. Indeed,
in this temperature region the conversion is pre-
dominantly viewed as an annealing process, which
is obviously different in both polymers.

The observations made can be rationalized in
the theoretical framework of the molecular exciton
introduced by Davydov [12]. Obrzut et al. [13] first
interpreted h-PPV on the basis of this excitonic
model. However, only different states of substitu-
tion were treated and the hyper- and hypochromic
shifts could not be explained in a satisfying man-
ner. Herold et al. [2] proposed that due to the
mainly syndiotactic structure of the prepolymer
(neighbouring substituents are on opposite sides of
the polymer chain), the h-PPV chain should
isomerize from a trans-cisoid structure to the trans-
transoid final conformation. In the former case the
intrachain repeat unit is doubled in size as com-
pared to the latter case (see Fig. 3). We argue that
the trans-cisoid chain is the main final intrachain
conformation for both h- and ac-PPV. Then the
intrachain unitcell would roughly represent a two-
stilbene-dimer with both monomers aligned in zig-
zag geometry (trans-stilbene=TSB). At first we
will sketch the theoretical model for an arbitrary
pair of identical, nonconjugated and translation-
ally inequivalent chromophores 4 and B following
McClure [5] and Kasha et al. [15]. Thereafter the
model will be applied to h-PPV and ac-PPV.

Let ¢4 and Q4 denote the electronic and nuclear
coordinates for A. The Hamiltonian for this
chromophore is written as Hy = Hi(q4, 04) +
H;(04), where i stands for the electronic and j for
the nuclear contributions. Further we define for 4
the vibronic wavefunctions Y, = V(qu, O4)x(Q4)
composed itself of electronic (i) and vibrational
() functions. An analogous treatment can be done
for B. The ground state of the dimer 4B is given by
the wavefunction ¢” = ). Excited states of the
dimer exist in which the excitation m, n is either on
A or B, namely ¢™ = 1y or ¢™ = yoys. When
both 4 and B are excited simultaneously we have
the dimeric wavefunctions ¢™" = /. The
Hamiltonian for the dimer is composed of the
Hamiltonians of each chromophore and a chro-
mophore—chromophore interaction potential:
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H=H,+ Hp+ V3. (1)

The energy of the dimer ground state results
from

EY, = / / ()¢ dgdQ = B + ES + DY, (2)

where EY and E} being the ground state energies of
the single chromophores and D the van der Waals
energy lowering for the dimer ground state. Fo-
cusing on the excited dimeric states with one
monomer excited to its state m the wavefunctions
are described by ¢"™* = ¢™ + ¢™. Two energy
values for the excited state of the dimer AB are
obtained:

£ = [ [ " e dgao
=E"+E'+ D"+, (3)

where E° = E = EY, E" = E" = E? and D" is the
van der Waals energy lowering for the dimeric
excited state. The exciton splitting energy &75 con-
stitutes the Coulomb interaction between the mo-
nomeric transition dipoles (g, Q4) and [i}(gs,
Op) that are separated by the distance vector 7}y

a2
mt __ (u ) m=+
'AB T AB >
()’ (4)
G = (cos o — 3 cos f,, cos fig),

where u” stands for either || or |f}|. Therein we
have the alignment angles o= Z(i},1}), f, =
L(, 7). By = £(T, Ply) being coplanar. The
energetic difference between the ground and the
excited state is:

E™ = AE" + AD" + &5, (5)

where AE™ = (E% — E) = (Ej — E}) and AD" =
(D™ — D°). The total transition dipole moment ",
of the dimer is obtained from the transition dipoles
iy and fiy by:
Wiz = I £ iy (6)
McRae and Kasha et al. [14,15] reviewed how
the alignment of the transition dipole moments
and jiy influence the exciton splitting energy &/
and the oscillator strengths f/™* ~ |E"£|>. Here we
are interested in a zig-zag configuration of the
transition dipole moments. This results in both

transitions £y to be allowed. From Egs. 4 and 6
we find /™ ~ (1 +cos’fFsin’f) and GIF =
(F1 Fcos®B), where B =B, =|Bs|. The total
exciton splitting energy is
2(pm)”
(r 213)3
We now return to h-PPV and ac-PPV. In Fig. 3
the proposed intra- and interchain geometry is
shown. For simplicity we do not consider inter-
chain translational shifts along the x-axis. Taking
care to be sufficiently far from precursor- and ag-
gregation-properties we apply the exciton de-
scription to our polymers for T, = 100 °C,
where both polymers have similar UV-vis char-
acteristics and we suppose that /; > [.. Thus the
spectrum for the isolated polymerchain is taken to
be that at T = 100 °C. We then identify the
lowest absorption bands (I) and (II) as arising
from excitations spreaded over two phenylene
rings resulting in transition moments i, and i,
directing along the doublebond of the vinylene
units and being perturbed by its stretching vibra-
tion as it is the case in TSB [6,16]. The Coulomb
interaction between two such transition dipoles in
the intrachain unit cell centered on the vinylene
units and aligned in a zig-zag configuration is re-
sponsible for the splitting of (I) and (IT). This ex-
citon coupling mechanism is not expected for the
other transitions. The absorption bands (Illa),
(Illb) and (IV) are attributed to localized
excitations of the phenylene rings in the dimers,

ASAB = GZ&; (7)
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Fig. 3. Proposed intra- and intermolecular structure of trans-
cisoid h-PPV. Two intrachain excitation sites u, v are shown
arranged in zig-zag configuration along the chain axis x that
lead to transitions (I)!, (II)‘; p denotes localized aromatic
transitions (Ila,b)*, (IV)! in the dimers.
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associated with transition moments fi,. The
polarizations are chosen as predicted in [17-19]:
(I)s ﬁuu = (ﬁu + ﬁv)a (II)’ ﬁi_v = (ﬁu - ﬁv)s (IIIa,b),
fiy and (IV), ﬁﬂ.

In order to apply the exciton model to h- and
ac-PPV we fitted the UV-vis spectra with Gauss-
ian functions for different T,.,, (see Fig. 4). The
transition energies for (IIla,b) and (IV) are
EMa) — 49 eV, EMP) — 53¢V and EMV) = 6.2 eV,
respectively. Absorption bands (I) and (II) were
each resolved by a separate set of Gaussian func-
tions modeling the vibronic structure. The vibronic
spacing for (I) is about 1400 cm~' and for (II)
about 1600 cm~!. From the lowest energy of each
Gaussian set we find £V = 2.6 eV and EM = 3.2
eV. This results in an exciton coupling term of
about Ag,, = 0.6 eV. The occurrence of vibronic
progressions for (I) and (II) hints to slight changes
in bond force constants and nuclear equilibrium
positions. As the vibronic spacing is smaller than
the exciton coupling energy and independent of
intensity the coupling can be viewed in good ap-
proximation to be moderately strong [20]. From
the intensity ratio £/ = tan? § (which means
S /™) we calculate § = 24°. Via Eq. 7 we check
the distance between the chromophores to be
|70| = 6.5 A by setting |i"| = |lirsg| = 6.7 D. The
latter value is taken from [21] and the distance |7,
is in excellent agreement with the X-ray data pre-
sented in [22]. In Fig. 4 we also show that by
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Fig. 4. Calculated UV-vis spectra for different T, in the
range of bands (I), (I). Curves 1-4 constitute the conversion of
ac-PPV and curves 1-6 the conversion of h-PPV. By going from
1 to 6 the vibronic energies were kept fixed and only oscillator
strengths were increased.
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keeping the vibronic energies constant only an
increase of oscillator strength must be considered
to model the UV-vis spectra. Therefore, the in-
tramolecular geometry of the polymer chains
shown in Fig. 3 must be recognized as an ener-
getically stable configuration throughout the con-
version process.

In Fig. 5 we compare the integrated intensities
(in particular the integrated Gaussian functions) of
the different absorption bands as a function of
Teonv. Considerable hypo- and hyperchromic shifts
appear for Tiony > 100 °C. We account for them by
allowing a mixing of the ground state wavefunc-
tion ¢° with doubly excited dimeric states ¢ and
dimeric excited states ¢” with other singly excited
states ¢":

(/)O = d)o + Zamn(p{)mnv (8)

ol ="+ " 9)

As we are now interested in interchain dimer—
dimer interactions we have to consider the inter-
chain geometry. Polymer chain stacking in
herringbone fashion renders one chain with six
neighbours at equal distances. So, a dimer in the
central chain will have N, =12 dimeric neigh-
bours, namely two on each other chain. If we take
the dimers to be ~ 13 A long and a typical crys-
tallite to size ~ 300 A in length [23] then the
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Fig. 5. Integrated intensities for UV-vis absorption bands (I),
(II), (Illa), (IlIb) and (IV) as a function of the conversion

temperature T,.,,. The vertical lines indicate the predicted
respective interchain distances d;(7ony)-
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chainlength in the aggregate will be equivalent to
N; = 23 dimers in line. According to Tinoco [7]
and Rhodes [8] the evaluation of £' = [ ¢°(H)¢'
renders to first order and in dipole-dipole ap-
proximation the total intensity f for the transi-
tion m:

fr= gy - gL O
(E”) (Em)? (rpn) (10)

G = (1 —3cos* y),

where B = 6.6 - 10> AeV and E”, E" are the ener-
gies of transitions m, n, respectively. The term G/}
constitutes dipole-dipole interaction of parallel
aligned transition dipoles [15]. Consequently the
transition intensity f;” of a free dimer / to state m
will be reduced or increased to the total intensity
" by the polarization dipole ~ f;" of neighbouring
dimers k in dependence on the relative orientation
O = £, 7)) of both transition dipoles jif'
and fij. If we denote by d; the interchain distance
we can write the interdimer distance as
7t =d;/siny}" and it follows from Eq. 10 that:

- - m £n g;')]in
= fr= _p—JrJk ,
t (En)? = (E")* &} (11)

g = NINGY sin’ Vie -

Considering tany}" = d; /(6.5 A) the expression
allows the determination of & from the experi-
mental f- and E-values. For a hyperchromic shift
it is required that gj" < 0. This restricts 77" to be in
the range 0°-54.7° and d; to be <9 A. Any further
lowering of the interchain distance will result in a
hyperchromic shift. For h-PPV we consider the
first of two cases of intensity transfer: 1. (I)«<(IV);
2. (IIla)«(I1Ib). The dimeric transition dipoles

dl =1 {) and il = fil'¥) are centered on the phe-
nylene rings. As reference spectrum for the isolated
polymerchain we again take that at Ti,,, = 100 °C,
which renders /" = f. By 1ncreasmg the tem-
perature Ty, the values f™ ft ( Teony) and
fr= fp(IV)(Tconv) will change as d(Teony) is de-
creased. Then, from Eq. 11 we can readily obtain
the interchain distance for different T,.,,. The
calculated d;(T,ony)-values are inserted into Fig. 5.
From these results we conclude that the average
interchain distance in ac-PPV must be =~ 8.0

A, while in h- PPV the polymer chains approach
cach other to 5.0 A at the final stage of conversion.
The latter value is also in very good agreement
with X-ray diffraction experiments on stretched
[22] and unstretched [24] h-PPV.

4. Conclusions

We have shown that the effective conjugation
length is equal in h-PPV and ac-PPV but shorter
than that imposed by the acetoxy substitution in
ac-PPV. In particular the assumption that it is not
longer than a trans-stilbene unit seems reasonable
if electrostatic interaction between two such units
is significant. A trans-cisoid structure for h-PPV
and ac-PPV provides a consistent picture for a
molecular exciton on an intrachain zig-zag-dimer.
The energies of UV-vis transitions are fixed by the
intrachain geometry and the transition probabili-
ties are influenced by dimeric interchain interac-
tion in both materials. The great difference
between both polymers is that due to the acetoxy
substitution in ac-PPV the degree of interchain
aggregation is considerably lower as in the case of
h-PPV. Indeed the acetoxy group must be viewed
as an interchain-spacer and not as a unit breaking
the intrachain conjugation.
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