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Resonance Raman spectroscopy of polyene compounds (multimode systems). 
Polyacetylene synthesized from cyciooctatetraene 
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Specific features of the excitation spectra of resonance Raman (RR) lines in multimode 
systems were characterized. Based on this, the spectra, the structure, and the composition of 
polyacetylene (PA) synthesized by polymerization of cycloocta-l,3,5,7-tetraene in the 
presence of metathesis catalysts were investigated. A dependence of frequencies and intensi- 
ties of the C--C and C=C stretching lines on the exciting light wavelength was found and 
explained by broad distribution of defect-free conjugated polymer segments in the PA 
samples studied on the number of double bonds incorporated in them. A procedure for the 
calculation of the distribution functions and of the shapes of RR lines was proposed. These 
functions are bimodal. A reversible cis--trans-transition was discovered in the PA samples 
not subjected to heat treatment, which was attributed to the presence of macrocyclic polyene 
structures. 
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Resonance Raman (RR) spectroscopy is widely used 
in studies of  poly-n-electronic conjugated polymers, for 
example, polyacetylene (PA), ! -4  substituted polydiacety- 
lenes, s -7  poly-p-phenylene, 8 polyaniline, 9 and carbyne.l° 
A characteristic feature o f  the RR spectra o f  polyacety- 
lenes is a substantial displacement o f  the observed C - - C  
and C = C  stretching vibration frequencies as a function 
of  the exciting light wavelength ~excit .2,3 This is ex- 
plained by the fact that the studied samples of  PA 
contain conjugated subsystems of  different effective 
lengths, which undergo selective resonance excitation at 
particular ~kexci t. RR spectroscopy makes it possible to 
identify the distribution o f  conjugated subsystems over 
so-called "lengths o f  conjugation" (i.e., over the num- 
bers of  bonds no= c incorporated in them). This is very 
significant in the analysis of  PA samples, since it is the 
length of  conjugation rather than the conventionally 
used length of  the polymeric chain and the molecular 
weight related to it that determines many physicochemi- 
cal properties o f  PA. The cross-linkage of  polymeric 
chains increases the mean molecular weight of  PA and 
simultaneously decreases the lengths of  conjugated seg- 
ments by increasing the number  o f  sp3-hybridized car- 
bon atoms. 

In the present work, we used the RR method to 
study the structure and composit ion of  polyacetylene, 
obtained by a new method,  viz., by polymerization of  
cycloocta-1,3 ,5 ,7- te t raene in the presence o f  catalysts of  
metathesis.tl ,  12 

Experimental 

A polyacetylene film (PA sample 1) was prepared at room 
temperature by condensation of cyclooetatetraene from the gas 
phase onto a solid layer of the W[OCH(CH2CI)2]2CI4--AIEt2CI 
catalytic complex (A1/W = 2), which had been preliminarily 
deposited on the walls of a glass reactor. PA samples 2 and 3 
were synthesized under similar conditions and, after the cata- 
lyst was washed out, they were subjected to heat treatment at 
400--500 °C. 

RR spectra were obtained on a Ramanor UI000 instru- 
ment; excitation was accomplished by an Ar+/Kr+-laser; the 
spectra of the PA samples deposited on the walls of the glass 
reactor were recorded according to the "reflection" scheme. 

Results and Discussion 

Spectra of  all the samples studied (Figs. 1 and 2) 
exhibit characteristic intense lines due to v (C- -C)  and 
v(C=C)  stretching vibrations (-1100 and -1460 cm -~, 
respectively), which indicates that trans-structures pre- 
dominate in these polymers. Fragments with cis-struc- 
ture (~5 %) characterized by a line at 1245 cm -l  were 
also detected in sample 1 (see Fig. I). 4 

When the frequency of  the light exciting the reso- 
nance scattering varied, changes in the frequencies of  
the lines corresponding to the vibrations of  C - - C  bonds 
(see Figs 1 and 2), similar to those found previously in 
the spectra of  other samples o f  trans-PA (2, 3), were 
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Fig. 1. RR spectra of PAsample 1. kexe i  t = 647.1 (a), 514.5 (b), 
488 (c), and 457.9 (d) n m .  Pexe i t  = 1 mW. 
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Fig. 2. RR spectra of PA sample 3 (a) and 2 (b--e). ~'exeit  = 

647.1 (a, b), 514.5 (c), 488 (d), and 457.9 (e) n m .  P e x c i t  = 

I mW. 
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Fig. 3. Reflection spectra of PA samples 1 (a) and 2 (b). 

observ,-~t in the spectra of all the PA samples studied. In 
terms of the concept of selective resonance excitation of 
conjugated subsystems of various effective lengths of 
conjugation, the experimental data show that as the 
excitation wavelength decreases from 647.1 to 457.9 nm 
(i.e., as this wavelength moves away from the long- 
wavelength absorption boundary in the electronic ab- 
sorption spectrum of the polymer, Fig. 3), the v(C--C) 
frequency, for example, in PA sample 1 increases from 
1076 to !126 cm -1 (see Fig. 1) and the v(C=C) fre- 
quency increases from 1436 to 1502 cm -I ,  which corre- 
sponds to the transition to the resonance excitation of 
shorter conjugated subsystems. 

Comparison of the spectra of samples 2 and 3 showed 
that they are very similar (see Fig. 2). Examination of 
the spectra of samples 1 and 2 indicates that sample 1 
contains a relatively small number of short conjugated 
segments (with lengths of conjugation nc= C < 10) and 
contains long conjugated segments. 

So far no reversible cis--trans transition in PA has 
been observed. The thermally induced cis--trans isomeri- 
zation in a metastable cis-polymer, prepared, for exam- 
ple, by the Shirakawa method, is known to be caused by 
defects. This phase transition has been studied in detail 
by the RR method, since the spectra of cis- and trans- 
PA are markedly dissimilar, and the most typical bands 
at 1245 (cis) and 1100 cm -I  (trans) do not overlap. 

When we studied the RR effect in PA sample 1, we 
found, apparently for the first time, a reversible induced 
phase cis--trans-transition (Fig. 4). The line correspond- 
ing to cis-structures (1245 cm -1) can be clearly seen in 
the RR spectrum of this sample in a sealed tube (in an 
oxygen-free medium), recorded at a low (probing) p o w e r  
of the laser excitation (~1 mW) (see Fig. 4, a). When 
the power of the exciting beam increases to 50 mW, this 
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Fig.  4. Revers ib le  c is - - t rans  i s o m e r i z a t i o n  in the  c / s - f r ac t ion  
o f  PA 1: R R  s p e c t r a  r e c o r d e d  at  Pexcit = 1 m W  (a);  5 ra in  
after the beginning of irradiation with light of the increased 
po.ver, 50 mW (b); at 1 n,',V, 10 min after irradiation with 
light of the increased power (c), and 1 h after the irradiation (d). 
~ k e x e i  t = 514.5 nm. 

line disappears (see Fig. 4, b). Within 1 h after the 
high-power irradiation is terminated, the line corre- 
sponding to the cis-conformation is again exhibited (its 
intensity being virtually as high as initially) (see 
Fig. 4, d), which probably points to a reversible cis-- 
trans-isomerization. This process is apparently associ- 
ated with the presence of macrocyclic polyene structures 
in the PA sample 1, which is accounted for by specific 
features of  the synthesis of PA from cyclooctatetraene 
under the action of metathesis catalysts.17- 

To identify the statistics of  the distribution of subsys- 
tems over different numbers of  conjugated bonds, it is 
necessary to obtain data on the dependence of the C- -C  
vibration frequencies and of the cross-section of Raman 
scattering, especially the resonance absolute differential 
cross-section (ADC), on the length of the polyene chain. 

The ADC of the Raman line of the 0 ~ m  vibrational 
transition er0m for the excitation close to the resonance is 
determined from the formula 

4 Z I t 2 

P , ~  

where v s is the frequency of the scattered light; ct~ are 
components  of  the polarizability tensor; and p and ~ are 
Cartesian coordinates. Near the resonance with the 0-~e 
long-wavelength electron transition in polyenes, the con- 
tributions of  the other excited states can be neglected; 
for the fully symmetrical vibrational modes, the depend- 
ence of the dipole moment  of  the electron transition on 

normal c o o r d i n a t e s  c a n  a l s o  be neglected. 13 Hence, 
using the Born--Oppenheimer approximation for wave 
functions, similarly to a previously reported formula, 14 
one can write 

M°"M °'~ < 01o >< vim >< 01k >< kl0 > 
(%,)0,. ~ 5-'. ~ * 

o,k E~O_.e ~ _ hvexci t _ ihl. ,e~ , (2) 

E0o0-,~k = Eo0._,~0 + Ek + Eo, (3) 

where v is the quantum number of its "own" vibrational 
mode in the electron-excited state, i.e., the mode for 
which the line intensity is calculated, k are quantum 
numbers of  another ("alien") vibrational mode, M °~e is 
a matrix element of the dipole moment  of  the electron 
transition constructed from the electronic wave func- 
tions; E00~e 0 is the energy of the 00--~e0 electron transi- 
tion (from the zero to the zero vibrational sublevel); E k 
and E o are the energies of  the vibrational states with 
quantum numbers k and o; Vexci t is the frequency of the 
exciting light; and Fek o is the half-width of the corre- 
sponding line in the absorption spectrum. If contribu- 
tions of several "alien" modes are to be taken into 
account, integrals of the <0[k> and <k[0> type are 
additionally introduced into formula (2) for all the other 
"alien" modes. 

If  even one "alien" mode and evk vibrational sublev- 
els are involved, the maxima at some components ev of 
the vibrational structure of  the absorption band in the 
RR lines exitation spectra should "blur" toward higher 
frequencies, i.e., extend to the evk region, where k = 0, 
1, 2 .... In addition, the RR excitation spectra of  polyene 
derivatives are affected by: (1) partial overlap of the 
n-*n* absorption bands corresponding to defect-free con- 
jugated sections with different numbers (n) of  double 
bonds; (2) the multiplicity of n-electron excitation levels 
(even for one particular n); (3) imperfection (and its 
variants) of the autonomy of the electron excitations in 
defect-free sections of the chain; (4) the presence of 
several fully symmetrical modes of the C=C vibrations, 
whose frequencies v(C=C) differ only slightly from one 
another. 

l f f  n is the distribution function of defect-free conju- 
gated subsystems with various numbers (n) of  C=C 
bonds in PA, the shape of the 0---)m line in the Raman 
spectrum of this sample, 10m(vs) , can be calculated from 
the following formula 

10m(vs) = ~. fn lom(Vsn) ,  (4) 
n 

where 10re(vs,) is the shape of the line of the correspond- 
ing vibrational mode for a segment with n conjugated 
C=C bonds, lom(Vsn) was specified by the Gaussian 
function 

10m(vsn) = const a0m(n) exp{--l(v s -- v,)/v012}, (5) 

where v n is the mean frequency of the 0 ~ m  vibrational 
transition in the spectrum of a polyene with n conju- 
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Fig. 5. RR spectra of PA sample 1 in the region of v(C=C) 
vibrations (the continuous line shows the experimental results, 
and the dashed line corresponds to calculations). ;~'exeit = 
647.I (a), 514.5 (b), and 457.9 (c) nm. 

gated bonds, v 0 is the half-width of the corresponding 
Raman line. The v n value for the fully symmetrical 
stretching vibration of  the C - C  bonds was calculated 
from the empirical formula 

v n = A + B e x p ( - C n ) .  (6) 

A, B, and C were selected from published data.IS This 
formula reflects implicitly a certain participation of the 
fully symmetrical vibrations of the polyene chain, whose 
frequencies are similar to that of  the coherent fully 
symmetrical vibration of C = C  bonds. The M °-'e, <0Iv>, 
<vim>, and <0[k> values needed for the calculation of 
(cto~)0m according to formula (2) were determined previ- 
ously, 13,16 and the F and v 0 values were obtained from 
the experimental spectra of polyenes with a fixed num- 
ber n.  17 

The above-presented formulae were used to design a 
computer program. By varying the function fn, a distri- 
bution was selected for which the calculated shape of 
the RR spectral line is close to the experimental shape 
(Fig. 5). 

The numerical experiments, in which the function fn 
was specified either as one Gaussian 

fn  = C 0 e x p { - [ ( n  - nmax)/An] 21, (7)  

or as the sum of two Gaussians 

fn = Clexpl-[(n - nmax.l)/an, tl 2} + 
+ C2exp{-I(n - nmax.2)/An,2]2}, (8) 

where C i are constants normalizing the sum Xfn, gave 
the following results for the C=C bond vibrations: (I) if 
fn is specified as one Gaussian, the shape of the Raman 
line varies only slightly as the frequency of the exciting 
light varies; (2) if f ,  is specified as the sum of two 
Gaussians, then, for a relatively large difference between 
t h e  t/max, I and nmax, 2 values (Inm~.l - nmax,2l > 2 0 ) ,  the 
v(C=C) line shifts more substantially, the shape of the 
line markedly changes, and better agreement with the 
experimental data is observed. 

Figure 5 shows the calculated and experimental shapes 
of the line due to the C=C bond vibrations in PA sample 
1 for the excitation of the RR effect with light with 
different ~'excit- The following parameters were used for 
the calculation: F = 800 cm-t ;  v 0 = 15 cm-t ;  nmax,  I = 

65; An, 1 = 25 ;  nmax,  2 = 18; An, 2 = 12. 
When the excitation is carried out a t  ~-excit = 

647.1 nm, the calculated spectrum is almost entirely 
determined by the contribution of long conjugated subsys- 
tems (v(C=C) = 1462 cm-l) .  For ~'excit = 457.9 nm, 
the contribution of short subsystems is more substantial 
and, according to the model used, the frequency at the 
maximum of the v(C=C) line increases, due to the fact 
that the frequency of the incident light falls within the 
region of resonance with electron transitions in shorter 
conjugated subsystems. 

Distribution functions for PA samples subjected to 
heat treatment (PA 2 and PA 3) were also obtained. The 
following parameters were used: for sample 2, nmax,  1 = 

35; An, 1 = 15;  nmax,  2 = 14;  An, 2 = 10; for sample 3, 
nmax,  1 = 4 0 ;  An, 1 = 2 0 ;  nmax,  2 = 14;  An, 2 = 10. 

Thus, it can be seen that the shifts of the v(C=C) 
line following the variations of ~'excit a r e  due to the fact 
that as the Lexci t varies, conditions for the resonance 
excitation in the conjugated subsystems of various lengths 
arise. Similar results were also obtained in the frame- 
work of the same model for the v(C--C) line. 

Comparison of our data on the distribution function 
of conjugated subsystems over n with the results of 
studies of the RR effect ill other PA samples indicates 
that our model is commensurable with the model used 
previously la and leads to similar results. According to 
the data obtained in the present work, for samples of PA 
obtained from cycloocta-l,3,5,7-tetraene, distribution 
functions of defect-free conjugated subsystems over the 
number of units can be described by the sum of two 
Gaussian distributions; a specific feature of the PA 
synthesized from cyclooctatetraene is a larger mean 
length of short conjugated segments compared to the PA 
prepared over Ziegler--Natta catalysts. In the PA sample 
not subjected to heat treatment, reversible induced cis-- 
trans isomerization of cis-segments is observed, which is 
probably due to the presence of macrocyclic structures. 
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