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CONJUGATION LENGTHS AND RESONANT RAMAN SPECTRUM OF 

TRANS-POLYACETYLENE + 

L. Piseri and R. Tubino 
Istituto Chimica Macromolecole, C.N.R. 
Via E. Bassini, 15/A - Milano, Italy 
P. Piaggio and G. Dellepiane 
Istituto Chimica Industriale, Universitg, 
Corso Europa, 30 - Genova, Italy 

The interpretation of the Resonant Raman bandshapes 
of trans polyacetylene is reviewed in relation to 
a lattice dynamical calculation which considers 
both short and long range forces. The contribution 
to the Raman scattering of the phonon singularity 
at the zone center is discussed. It is a l s o  sug- 
gested that the selective activation of phonons 
with intermediate 4 vectors is responsible for the 
observed bandshapes. 

+ Partially supported by CNR "Progetto finalizza- 
to Chimica fine e secondaria" and Italy (CNR) - 
USA (NSF) binational programs. 
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I12 L. PISERI a al. 

INTRODUCTION 

In this paper we will discuss and review the implications 
of the lattice dynamics of trans polyacetylene in determi- 
ning the Resonant Raman bandshapes and their variation with 
the excitin laser frequency. The most relevant spectral 
features can be summarized as follows. Of the four in- 
-plane Raman active modes two are resonantly enhanced in 
the (CH), (Vczc at 'L 1453 cm-l and V 

at Q, 1200 three in the (CD) (Vc=c at 1340 cm- , Vc-c-H 
and Vc-c at 850 cf-1). These modes are mostly polarized 
along the chain axis and are therefore coupled t o  the T+IT * 
electronic transition. In the case of the hydrogenated poly- 
mer both the observed bandshapes are strongly affected by 
the excitation frequency (aL), namely, when the laser fre- 
quency is tuned in the red region only one sharp peak is ob- 
served, whose asymmetric shape is reminiscent of an inverse 
square root type singularity typical of a 1-d phonon density 
of states rounded off by finite phonon lifetimes and/or by 
3-d interchain interactions. A s  the laser frequency is tu- 
ned towards higher energies in addition to this exciting 
frequency independent peak, a broad feature appears in the 
high frequency side of the Raman band, whose position moves 
towards higher frequencies as R is increased. In the case 
of the deuterated polymer this kehaviour is observed only 
for Vc=c stretching, the shapes of the other two bands being 
quite insensitive on RL.  
The spectral features described above have been interpreted 
as arising from the presence of segments of conjugated dou- 
ble bonds of various lengths. A s  the absorption frequency 
depends upon the conjugation length,segments containing a 
different number of conjugated double bonds are selectively 
brought into resonance conditions by changing the laser ex- 
citing line. 
Most of the proposed models 5-6 do not seem to properly ac- 
count for the scattering coming from very long conjugation 
lengths,as they assume a linear dependence of both electro- 
nic and vibrational frequencies on the inverse conjugation 
length (l/n). However it is well known that for infinite 
chains a quadratic dependence of the vibrational frequencies 
on the wavevector (for nondegenerate modes) is required at 
the center of the Brillouin zone. Reliable dispersion curves 
are therefore necessary to describe the contribution coming 
from such singularity in the density of the vibrational sta- 
tes. 

at 1080 cm-l) and C-F 
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CONJUGATION LENGTHS 173 

For this purpose we shall first review the lattice dynamics 
of an idealized infinite chain of conjugated double bonds 
in the trans configuration. 

LATTICE DYNAMICS - 

The 
can 

total electronic energy of an infinite polyene chain 
be expressed as 

E T = E  + E  o n  
where E 
spec tively . 
E, can be written as 

and E, are energies due to 0 and TI electrons re- 
0 

(2)  

where 6 Ri and 6 Rj are the internal coordinates (bond stret- 
chings, bendings etc.) which are usually taken as a basis 
for the description of the lattice dynamics of organic sy- 
stems and Fij are the force constants describing the mutual 
interactions among these coordinates. 
Within the framework of Hcckel approximation,the energy E, 
is given by 

ET = C an+ 2 C prim Bnm 
n nm 

(3 )  

where prim, an, Bnm are bond order, Coulomb integral and re- 
sonance integral; n,m (rn=n?l) label the carbon atom in the 
chain. By assuming B to be a linear function of bond length, 
the second derivative of ET yields the following expression 
for a ”generalized force constant’’ 

where ij,kl refer to the atoms of the interacting bonds. 
The first term in eq. 4 represents localized force con- 
stants, arising from the ground state electronic energy, 
which have directional character and short range properties 
and can be therefore described in terms of a valence force 
field. The second term which is expressed in terms of bond- 
-bond polarizability and electron phonon coupling ( a B / a R ) ,  
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174 L. PISERI ef al. 

comes from the modulation of Peierls electronic gap through 
skeletal vibrations and is responsible for long range in- 
teractions. It has been shown 8 that 

where 0 represents the electronic wavevector of the valence 
band (v) and 8 '  the wavevector of the conduction band (c). 
In eq. 5 the C ' s  are the expansion coefficients of the IT 
electrons wavefunction in terms of the atomic orbital for 
the conduction and the valence state whose energies are E~ 
and E,, respectively. In Table I of ref. 8 the values of 
'i' kl tihs. These interactions give a non negligible contribu- 
tion for a bond separation up to seven chemical units. 

These generalized force constants allow inclusion of 
effects of the electron-phonon (e-p) coupling in the calcu- 
lation of the phonon dispersion. To do this the dynamical 
matrix D ( q ) ,  expressed in the internal coordinate basis, 
must be-dyagonalized for values of the phonon wavevector 
(3) within the first Brillouin zone. 
The expression for D(q) -- i s  

are reported for all the possible bond-bond interac- 

where is a diagonal matrix containing the atomic masses, 
€$A) is the linear transformation matrix between internal 
and Cartesian phonon coordinates, K(q)  is an hermitian ma- 
trix describing the force field in- ynternal coordinates, 
whose elements are given in eq. 4 .  
It has been shown elsewhere that, within the framework of 
the tight binding-next-neighbours approximation,only the 
carbon-carbon stretching force constants and their interac- 
tions are affected by the e-p coupling and therefore the 
dispersion of the skeletal vibrations are strongly depen- 
dent on this parameter. By using €or a B / a R  the value deri- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
40

 2
1 

Fe
br

ua
ry

 2
01

3 



CONJUGATION LENGTHS 175 

ved from the experimental energy gap E l0(Eg= 2 u l a @ / a R I ;  
u = bond alternation), we have obtaine% the dispersion cur- 
ves for (CH), reported in fig. l. 

w 
K 
LL A RAMAN 

2 4 6 8 1  2 . 4 6 8  

q I 9  MAX 

Fig. 1 Calculated dispersion curves for trap 

Open circles are the c=c stretching frequencies for 
short polyenes according t o  ref.11. See text. 

(CHI, for a @ / a R  = o (a) and for a@/aa=lo ev/A (b ) .  

A l so  the phonon dispersion curves for a @ / a R  = 0 are shown 
for comparison. In the same figure are also reported the ex- 

Even though the force constants for conjugated molecules 
are not additive and therefore their frequencies do not ne- 
cessarily fall on the dispersion curve of the infinite 
chain, we can nevertheless expect that the dependence of 
vC=, on the phonon momentum q in trans polyacetylene should 
be similar, at least qualitatively, to the dependence of 
v ~ = ~  on the inverse conjugation length in short polyenes. 
The e-p coupling derived from the experimental energy gap 

perimental VcZc stretching frequencies for short polyenes 11 . 
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176 L. PISERI ef al. 

seems therefore to provide a good description of the c=c 
phonon dispersion throughout the Brillouin zone. An analo- 
gous dependence on the wavevector is predicted by our calcu- 
lations for the c-c stretching vibration. Even though no ex- 
perimental data are available for the c-c stretching in 
short polyenes, the Raman bandshapes are well accounted for 
by the calculated phonon dispersion as we will discuss in 
the next section. 

RESONANT RAMAN BANDSHAPES 

The theory of the Raman scattering from a perfect crystal 
implies that only = O  motions are coupled with the radia- 
tion thus giving rise to a sharp symmetric peak whose half- 
width is related to the lifetime of the created phonon. As 
already discussed, the observed Raman bands of trans poly- 
acetylene exhibit an asymmetric broad structure. When the 
translational symmetry is destroyed, as in the case of a 
crystal containing a small concentration of non interacting 
defects, also phonons corresponding to intermediate g vec- 
tors can contribute to the Raman scattering. Within the ap- 
proximation that the vibrational frequencies of short poly- 
enes fall onto the dispersion curve of the infinite chain, 
the breakdown of the translational symmetry corresponds to 
the activation of modes originating from segments of finite 
conjugation lengths. The Raman cross section for a defect- 
-containing crystal is given by 

where g(V) is the density of the vibrational states of the 
perfect crystal and a(v)  is the polarizability matrix ele- 
ment. A s  far as the density of the states is concerned the 
two stretching modes exhibit peaks at the zone center, cor- 
responding to the frequency of the infinite chain (figure 
2 ) .  It is apparent that the shape of the calculated density 
of states is very similar to the low-frequency side peak of 
the Raman bands. In the caseof the experimental spectra, the 
inverse square root singularity is smoothed by 3-d inter- 
chain coupling and by finite lifetime of the phonons. More- 
over in the presently available experimental data, chains 
with infinite conjugation lengths are never under strict 
resonance conditions, that is at a laser frequency corre- 
sponding to the absorption edge. Figure 2 also illustrates 
the behaviour of the square of the polarizability for short 
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CONJUGATION LENGTHS 177 

( a )  14775 cm-’ 
( b l  16667 cm-1 
(c )  20986 cm-1 
(d) 24000 em-l 
(el 30770 cm-1 

v) 
I- 
2 
3 

- 

$ 
N- 

> 
U 

- - 
- 

Fig. 2 Calculated density of states g(V) for the 
c=c stretching of trans (CH), (---). Calculated 
( a ( V )  l 2  as a function of the vibrational frequency 
for different excitation lines for short conjugated 
segments (--) . See text. 

conjugated segments as a function of the vibrational fre- 
quency for different excitation lines. It is apparent that 
this function shows a maximum for vibrational frequencies 
corresponding to electronic transitions in resonance with 
RL. An interpretation of the observed bandshapes and their 
variation with the exciting frequency can now be proposed. 
When the laser frequency is tuned towards the absorption ed- 
ge,the square of the polarizability peaks at the same fre- 
quency as the density of states and therefore only one sharp 
asymmetric peak is observed. A s  the laser frequency istuned 
towards higher energies in addition to the frequency inde- 
pendent peak coming from the phonon singularity, a broad 
feature originating from ] u ( v )  l 2  appears which moves t o  
higher vibrational frequencies as shorter conjugation len- 
gths are brought into resonance. A s  a matter of fact for 
excitations in the U.V. region,  la(^) I 
cm-l in agreement with the experimental observations by 
Harada e t  al. 
The assumption that phonons with intermediate q are activa- 
ted in the Raman scattering is further supported by the com- 
parison of the Raman bandwith with the calculated phonon di- 
spersion for both hydrogenated and deuterated polyacetyle- 
ne 12. For the hydrogenated polymer a large dispersion is 
predicted for both the stretching modes, in very good agree- 

is peaked at % 1600 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
40

 2
1 

Fe
br

ua
ry

 2
01

3 



178 L. PISERI er al. 

ment with the broad experimental bandshapes observed 
(fig. 3a). 

TRANS (CH)x 
I I I T  

> 
m z 
w 
I- 

t 

z 

Fig. 3 omparison between experimental Raman band- 
shapes ',' at different exciting lines (a- 457.9  nm, 
b- 514.5 nm, c- 600 nm, d- 676.4  nm) with the calcu- 
lated dispersion curves for trans (CH), (a) and for 
trans (CD), (b) . 

For the deuterated polymer only the shape of the c=c stret- 
ching mode changes dramatically with the excitation frequen- 
cy, while the other two resonant Raman bands are fairly nar- 
row and independent on the laser frequency. This behaviour 
is well accounted for by the calculated dispersion curves 
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CONJUGATION LENGTHS I79 

corresponding to the Raman active frequencies (see fig. 3b). 

CONCLUSIONS ___- 

In our opinion the analysis of the resonant Raman bandshapes 
suggests that the contribution to the scattering intensity 
coming from the presence of very long chains is essentialto 
reproduce the most relevant experimental features. The Ra- 
man spectra provides also evidence for the presence of short 
conjugated segments, whose intensity is strongly enhanced 
by resonance conditions. Further experiments with laser ex- 
citation lines in the region between 450 and 325 nm could 
confirm our interpretation, since the feature originated by 
the peak in the polarizability matrix element should pro- 
gressively move towards the 1600 cm-l limit. 
A quantitative estimate of the conjugation length distribu- 
tion requires further work. However preliminary calculations 
show that roughly 20% of the polymer consists of short seg- 
ments whose average conjugation length is % 18. However it 
must be stressed that these figures can vary from sample to 
sample depending on polymerization conditions and on the hi- 
story of the sample. 

A few comments can be added for the cis polymer. In 
this case the shapes of the Raman bands arfairly sharp 
and symmetric and do not appreciably change in shape with 
the excitation frequency. By using the arguments discussed 
for the trans polyacetylene two different explanation are 
pos s ible 
i) the dispersion curves are essentially flat 
ii) a very limited number of defects are present so that 
no breakdown of the q=O selection rule occurs. It is there- 
fore our intention to extend the present lattice dynamical 
calculation to the cis polymer in order to understand the 
effect of the e-p coupling on its dispersion curves. This 
calculation should clarify if the defects, responsible for 
the activation of phonons with intermediate q vectors in 
the trans polymer , are generated during the polymerization 
or are formed by the process of thermal isomerization. 
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