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Resonant Raman-scattering spectroscopy of polydiacetylene films at high pressure
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We studied the electronic energies and phonon frequencies of polydiacetylene 4-BCMU thin films at
high pressures up to 50 kbar using Raman scattering under preresonant and resonant conditions.
Pressure-induced changes in the resonant Raman scattering (RRS) include (1) hardening of the most
strongly coupled phonon frequencies, (2) dispersion of the RRS frequencies with the laser excitation coL,
which shift to lower energies in analogy with the red shift of the absorption band at high pressures, and

(3) softening and narrowing of the phonon distribution. These observations are consistent with an in-

crease in the average conjugation length with pressure. Amplitude-mode-model analysis of the RRS
data shows that the bare phonon frequencies increase with pressure, but otherwise the one-dimensional
Peierls-type relation between the phonons and the electronic gap changes very little with pressure.

I. INTRODUCTION

Recently, ~-conjugated polymers have been extensively
studied because of their ultrafast response and large non-
linearities attributed to one dimensionality and delocali-
zation of the ~ electrons along the polymer chains. '

The polydiacetylenes (PDA) are particularly promising
nonlinear optical materials. They have large third-order
optical nonlinearities and can be produced in many
different forms including single crystals, solutions,
Langmuir-Blodgett films, gels, and low-defect thin films
deposited from solution.

Resonant Raman scattering (RRS) is an efficient
method for studying disorder in conducting polymers,
since the inhomogeneously broadened distribution of
phonon frequencies caused by the disorder is selectively
probed by changing the excitation photon energy coL.
We have recently used RRS to study disorder in PDA
[poly(4-butoxycarbonyl-methyluretane (4BCMU) ] films
prepared by spin casting from solution onto sapphire sub-
strates at ambience. The complete RRS spectrum of
PDA 4-BCMU films contains approximately eight reso-
nantly enhanced phonon lines. We found, however, that
only the Raman frequencies of the C=C and C=C
stretching vibrations strongly shift with the excitation
photon energy col in resonance, 1.9 eV&coL &2.4 eV.
This phenomenon is known as phonon dispersion.
Phonon-dispersion frequencies of 41 cm ' and 38 cm
for the C=C and C=—C stretching vibrations, respec-
tively, were observed in the resonant spectral range.
Phonon dispersions are explained by the process in which
different portions of the inhomogeneously broadened
phonon distribution are selectively enhanced with the ex-
citation photon energy in resonance. Two competing
models, the conjugation length model and the ampli-
tude mode model (AM), which have been recently
unified, ' '" can explain well the RRS photoselection in
conducting polymers.

The conjugation length model ' is based on the free-
electron theory of conjugated molecules introduced by
Kuhn for linear systems. In this theory, the ~ electrons
are treated in a potential, which is a finite constant every-
where on a network defined by the o. bonds of the mole-
cule and infinite elsewhere. Because of bond-length alter-
nation, the n-conjugated polymers, such as polyacetylene
become one-dimensional semiconductors. Thus, the en-
ergy gap Eo and vibrational frequency ~ of the molecule
can be expressed as

E =3+-8
L

D
co —C+

L

where L is conjugation length of the chain, and 2, B, C,
and D are constants. Chains with shorter conjugation
length have larger electronic gap and higher coupled-
phonon frequencies. In this approach, therefore, the in-
homogeneity in the polymers is attributed to a distribu-
tion of chains with varying lengths of ~ electron conjuga-
tion.

In the AM model, the skeleton chain (i.e. , without m

electrons) has a few "bare" normal modes, and the strong
coupling of m. electrons to these normal modes plus the
sensitivity of electronic structure to quasi-one-
dimensional structural distortion drive the dimerization.
Thus, the total electronic energy of a conjugated molecu-
lar chain can be written as the sum

ET=E~+E„,

where E and E are the o.- and ~-electron energies, re-
spectively. The second derivative of ET yields the total
force constant for the vibrations. The second derivative
of E with respect to the normal coordinates yields the
force constant for the bare normal models, which deter-
mine the bare frequencies in the skeleton chain (i.e.,
without vr electrons).
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2X, =co'/co~o= 1 —IE" I/K . (4)

The dimensionless "renormalization" parameter A, is an
important parameter in the AM model and physically
provides a measure of the contribution to the force con-
stant of the ~ electrons. It contains all the effects of
electron-phonon, electron-electron, and disorder interac-
tion. In principle, A, can be calculated from a model, but
in practice it is usually determined by fitting to experi-
mental data. For multimode vibrations, the overall cou-
pling A, =Xi,„, where A,„ is the dimensionless coupling
constant for the nth mode, can be expressed as a product
rule relation,

Q(co„/co„) =2X .

In the presence of the m electrons, the new set of the
Raman-active frequencies are determined by the poles of
a combined phonon propagator for the normalized
modes, D (co).

D, (~)
D(co)=

1+(1—2X)DO(co)
(6)

where Do(co) is "the bare propagator" given by

CO~D( )=g
CO (Ci)„) +

/COD�„

and y„are the inverse lifetimes of the modes. Thus, the
bare frequency coo and X can be determined by (5} and
—1/(1 —2X, ) =Do(co) through a fitting process to the ex-
perimental Raman dispersion with co. In this approach,
the in homogeneity in both the electron-phonon and
electron-electron interaction parameters results in the
dispersion of RRS frequencies and a distribution in the m.

electron gap. In this research, both of these two theoreti-
cal models will be used.

It has been shown that the disorder-induced distribu-
tions in the exciton levels in PDA films cause strong
dispersion of the C=C and C =C stretching vibrational
frequencies with coL in both Stokes and anti-Stokes
configurations. Using the AM model and the experimen-
tal data of RRS in PDA 4-BCMU films, we have obtained
a "Peierls-type" relation for Es with E~ -exp( —I /2X} at
ambience. We have also shown that when the excitation
energy is out of resonance at coL & 1.9 eV, a very broad
Stokes Raman line [fullwidth at half maximum (FWHM)

Since E„ is a function of the carbon-carbon distance,
the vibrational modes are coupled to the m. electrons, and
hence, they respond to the total deviation of the bond
length from its equilibrium value. The m electrons tend
to reduce the force constant, since the second derivative
of E is, in general, negative. Thus, in the case of a
single-vibration-mode system, the vibration frequency co

is lower than the elastic (or bare) vibration frequency coo,

co =coo (coo—/X)iE„" i, (3)

where X =d E /du is the elastic force constant. The
vibrational force constant is thus reduced, with respect to
the elastic force constant K, by a factor A, given by

of about 60 cm ] for the C=C stretching vibration is
obtained; since this line essentially contains all Raman
frequencies that are excited at coL in resonance and
preresonance, it reveals the complete inhomogeneously
broadened phonon distribution in the sample.

In order to better understand the properties of polydi-
acetylene, the changes in the optical absorption spectra
and the Raman-scattering spectra of PDA crystals and
solutions with pressure have been measured by several
groups. ' ' It was found that the peak in the absorption
spectrum red shifts and modes associated with the vibra-
tions of the polymer backbone harden with increasing
pressure.

In this paper, we report studies of resonant Raman
scattering of PDA 4-BCMU at high pressure. The exper-
imental method is introduced in Sec. II. The hardening
of the vibrational frequencies, the change of their
linewidths and line shapes, and the change of the phonon
frequency distribution at high pressures are presented in
Sec. III. In Sec. IV, the increase of the backbone bare
frequencies with pressure is calculated using the AM
model. Two competing mechanisms observed at high
pressures, including phonon hardening and softening, are
also discussed in detail in Sec. IV.

II. EXPERIMENTAL METHOD

Raman-scattering data were recorded in a
transmission-scattering geometry. Various excitation
lasers were used including HeNe, Ar+, Ar+-pumped dye
(in the Rh66 and DCM dye spectral ranges), frequency-
doubled Nd:YAG and Ar+-pumped Ti:sapphire. After
passing through a plasma line filter (Spex), the laser beam
was focused onto the sample using a spherical lens with a
focal length of 8 cm to produce a spot size diameter of
about 60 pm (with excitation at 590 nm). Irradiation lev-
els of the PDA samples were kept below 10 W/cm to
suppress light-induced defects in the films and to avoid
sample damage. The scattered radiation was collected at
f /1. 2 using a camera lens (Nikon) and imaged at f /7 us-
ing a 35-cm focal length achromatic doublet onto the en-
trance slit of a triple spectrograph (Spex 1877). The tri-
ple spectrograph contained either 300, 600, or 1200
g/mm classically ruled gratings. Optical multichannel
detection of the Raman scattered intensity was accom-
plished using a liquid-nitrogen-cooled CCD (charge-
coupled device, Thomson CSF) having an array of
384 X 576 pixels with dimensions of 23 X 23 pm placed at
the exit plane of the spectrograph. For most measure-
ments, the 1200-g/mm gratings were used to obtain a
spectral resolution of about 1 cm ' per pixel in the red to
visible range. Depending upon excitation wavelength cuL,
Raman spectra were recorded with exposure times rang-
ing from 10 to 200 s for each cuL in resonance and from
10 to 30 min for each coL in nonresonance.

For Raman-scattering measurements at high pressures,
the PDA 4-BCMU films were cast from solution on 12-
pm-thick Mylar sheets, and small uniform pieces were
cut to fit in the gasketed chamber of a Piermarini-Block
diamond-anvil cell. We show in the next section that the
Mylar had negligible effect on the pressure in the film.
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Water was used as the quasihydrostatic pressure medium.
The pressures were determined from measurements of the
ruby fluorescence line widths and shifts. ' In our experi-
ment the highest pressure reached was 70 kbar.

C=C at 23 kbar
eV

III. EXPERIMENTAL RESULTS AND ANALYSIS

The change in optical absorption of PDA films with
pressure is shown in Fig. 1(a). We see from Fig. 1(a) that
the absorption band red shifts with pressure. The red
shift of the absorption band (E ) with increasing pressure
as determined from the extrapolation of the band edge is
shown in Fig. 1(b). Up to approximately 35 kbar, a red
shift in E of about 10 meV/kbar was measured; howev-
er, saturation sets in at about 40 kbar [Fig. 1(b)]. The
main contribution to the decrease of Eg with pressure is
expected to be a solvent effect. '

RRS is also an efficient tool to probe disorder, the
structural changes, and the interchain interaction in ~
conjugated polymers at high pressures. At high pressure,
the C= C and C=C stretching vibrations in PDA 4-
BCMU films still show strong RRS dispersion. Typical
Stokes RRS spectra of the C=C vibration for various
excitations coL at a pressure of 21 kbar are shown in Fig.
2. Comparison of the Raman dispersion spectra with
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FIG. 2. Raman scattering of C=C stretching vibration at 21
kbar for various excitation photon energies.
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those at ambient pressure indicates that the phonon fre-
quencies increase by 18 cm irrespective of ~L and all
Raman linewidths broaden by about 7 cm ' at high pres-
sure for coL in resonance or for preresonant excitation.

Measured phonon dispersion curves for C=C and
C=C stretching vibrations similar to the ones shown in
Fig. 2 for pressures of 1 bar, 10 kbar, and 42 kbar, respec-
tively, are shown in Figs. 3 and 4. We note that phonon
dispersion occurs at each high pressure, but also that the
whole dispersion curve blue shifts with increasing pres-
sure.
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FIT&. 1. (a) Optical density of the PDA 4-BCMU film at vari-
ous pressures. (b) Variation of the energy gap Eg of PDA film
extrapolated from (a).

FIG. 3. RRS dispersion with mL for the C= C stretching vi-
bration at various pressures.
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FIG. 4. RRS dispersion with coL for the C=C stretching vi-
bration at various pressures.

The disorder-induced dispersion observed at ambience
also has a large effect on the Raman spectra at high pres-
sures. The resonance region is approximately the portion
of the dispersion curve in which the phonon frequency co

is linear with the laser photon energy col between about
1.9 and 2.3 eV. Since the absorption band red shifts with
pressure (Fig. 1), the Raman resonance excitation spec-
trum also red shifts. On the other hand, the phonons ob-
served at a given excitation wavelength also, generally,
harden. These two effects cause the curves in Figs. 3 and
4 to shift with pressure to the upper left, i.e., to higher
frequencies and lower photon energies.

Because of this dispersion, the dependence of the Ra-
man spectra on pressure can be quite complicated, super-
imposing both preresonance and resonance spectra, de-
pending on the relative position of the excitation energy
in the red-shifting absorption band. %'e found that from
580 nm to 620 nm the resonant peak dominates at all
pressures, and the peak frequency of the C=C stretch-
ing vibration increases linearly with pressure. Figure 5
shows the Raman peak frequency m as a function of pres-
sure for the C =C stretching vibration excited at coL =2
eV (620 nm). Even though the absorption-band red shift
saturates at approximately 30 kbar in our PDA films

[Fig. 1(b)], co increases linearly with pressure up to 46
kbar. Thus, the hardening is independent of the
absorption-band movement with pressure. The linear
shift in the C=C stretching vibration is 0.9 cm /kbar
when excited at 620, 600, and 580, nm; this gives a
Griineisen mode parameter y=1 de/codp of 6X10
kbar for the C=C vibration. For the C:—C stretching
vibration, on the other hand, the shift with pressure is
sublinear at these same wavelengths, giving a Czruneisen
mode parameter y=5X10 kbar. The hardening is
similar to that seen in PDA-PTS (polydiacetylene toluene
sulfonate) crystals, but the y values in PDA-PTS crys-
tals' are only 3.3X10 ~ kbar and 4.5X10 ~ kbar for
C=C and C =C stretching vibrations, respectively.
For the C =C stretching vibration of polyacetylene
(CH)„, '

y is only 2. 3 X 10 kbar. This comparison
shows that solution-cast PDA fi1ms are probably more

PRESSURE (kbar)

FIG. 5. Pressure dependence of the C=C stretching vibra-
tion in RRS at excitation of 620 nm.
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FIG. 6. RRS spectra of the C= C stretching vibration at ex-
citation of 514.5 nm, for various pressures.

sensitive to pressure than PDA-PTS crystal and polycrys-
talline (CH)„.

The absorption and Raman pressure shifts give us an
internal pressure gauge for the film, from which we can
conclude that the Mylar substrate has no noticeable effect
on the compressibility of the PDA film. In Fig. 1(b) we
see that up to 20 kbar the film on Mylar has the same
pressure red shift of 10 meV/kbar as observed in free
standing PDA 4-BCMU films. ' The fact that the reso-
nant Raman lines harden uniformly (linearly) over the en
tire pressure range of our experiments (see Fig. 5) indi-
cates that the Mylar continues to have no effect on the



3074 ZHENG, HESS, BENNER, VARDENY, AND BAKER 47

Eu 1 550

C3

UJ
i 540

LU
CC

1530&~

O

C=C

properties of the film at higher pressure. Any strain
effects of the Mylar on the film appear to be relaxed
within a small fraction of the film thickness because of
the low shear strength of the disordered polymer 4-
BCMU film (i.e., gel).

in Fig. 6 the increase of Ram an frequencies and
broadening of Raman linewidths with pressure is shown
for the C=C stretching vibration at ~L =2.41 eV,
which is above strict resonance leading to phonon disper-
sion. The pressure dependence of phonon frequencies
and linewidths are summarized in Fi s. 7(a) and 7(b), re-
spectively. Figure 7(a) shows that the phonon frequen-
cies deviate from a linear increase at approximately 20
kbar and saturate at higher pressures than 40 kbar. The
Raman linewidths, on the other hand, increase almost
linearly with pressure. We note that at high pressure
both the excitation photon energy of 2.41 eV and ~L —co,
where co is the phonon energy are actually away from res-
onance because the exciton line red shifts at high pres-
sure. For coL=2.41 eV, the vibrational frequency and
linewidth of the C= C stretching vibration also show the
same behavior in RRS. From Fig. 7 and a similar depen-
dence for the C=—C stretching vibration, dao/dP values

for the C =C and C=C stretching vibrations were cal-
culated to be 0.81 cm ' kbar (y=5.4X10 kbar) and
0.92 cm ' kbar (y =4.4X 10 kbar), respectively.

When the laser excitation was fixed at coL =1.85 eV
(670 nm) (which is not in resonance at ambience), the
Raman-scattering spectrum reveals the entire phonon
distribution of PDA films as mentioned in Sec. I. The
Raman spectra at various pressures with col =1.85 eV
are shown in Fig. 8. The line shape of the Raman lines
changes substantially with increasing pressures. The
center frequencies of the lines harden, and the spectrum
becomes narrower. For coL at 1.85 eV, the red shift of
the exciton line should be taken into account. Since
coL=1.85 eV is already in preresonance at 30 kbar,
Raman-scattering spectra with a single peak structure
and a narrow linewidth are observed. Thus, the Raman
spectrum at high pressure for mL =1.85 eV is no longer
dispersion free, explaining the narrow spectrum at 50
kbar.

Since resonant excitation gives the pressure shift of
only one group of phonons in the inhomogeneously
broadened distribution, we used the nonresonant
Raman-scattering technique to measure the effect of pres-
sure on the entire phonon distribution in the sample.
Figure 9 shows Raman spectra of the C= C stretching
vibration excited at 760 nm (1.65 eV) for 27 kbar and 650
nm (1.88 eV) for 1 bar, for the same sample; these two col
were chosen to be equidistant from the band edge at both
pressures using Figs. 1(a) and 1(b). Therefore, a direct
comparison of the phonon frequency distribution at 1 bar
and 27 kbar is possible. Figure 9 shows that the phonon
distribution is narrower at 27 kbar, and that the Raman
peak has a small net blue shift. This indicates that the
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FIG. 7. Pressure dependence of (a) the Raman freuqency and
(b) the FWHM of the RRS line for the C=C stretching vibra-
tion at excitation of 514.5 nm.
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FIG. 8. Raman scattering spectra of the C= C stretching vi-
bration at excitation of 670 nm, for various pressures.
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phonon distribution at high-pressure substantially divers
from that at ambience, and the sample appears to be
more ordered at high pressure. The relevant mechanisms
for this ordering are discussed in the next section.

IV. DISCUSSION

A useful analysis for the RRS dispersion in conducting
polymers is provided by the AM model. A powerful re-
lation is the multiplication rule II„(co+ ) —2X where co&

are the Raman frequencies of all A modes that are reso-
nantly enhanced at ~1 and X,(coL ) are the renormalization
parameters for the AM frequencies at coL. The AM mod-
el analysis at ambient pressure showed that the disorder
distribution in PDA films can be described by a "Peierls-
type" relation.

Since the phonon-dispersion curves at pressures of 10,
27, and 42 kbar were obtained in the full resonance re-
gion, the disorder can be analyzed at those pressures us-
ing the AM model. Using the multiplication rule, we plot
II;(co~ /co,' ) vs In(col ), where co' and co', are all eight RRS
frequencies at coIP'=co„(co„ is the exciton resonance) and
at col', respectively. Figure 10 shows the results at 42
kbar. We can readily see that the RRS frequencies ratio
at high pressures can be also fit by —In(co& ), and we ob-
tain the following relations:

X~ /X( col ) = 1.45 —0.58 In( col ),

ol

X~ /A, (coL ) = 1 —0.58 In(coL /co„),

where Xz is A, at co . In order to find A, and coo (the bare
frequencies), a complete fit to the RRS data using the

RAMAN SHIFT (cm -~)

FIG. 9. The whole distribution of the C=C stretching vi-

brations at 1 bar and 27 kbar, probed at excitations of 650 and
760 nm, respectively. These two excitation wavelengths are
chosen to be equidistant from the band edge at both pressures
providing equal preresonant conditions.

AM model is necessary. For this fit we used the Raman
frequencies obtained at the laser excitation frequencies
shown in Fig. 10, a nonlinear least square fitting pro-
gram, and the following equations:

1 ~n ~n

2A, A, co„(co„)
n =1,2, 3 (10)

where n =1 stands for the C—C vibrations; co is an aver-
age value of six Raman frequencies associated with C—C
stretching vibrations; n =2 and 3 stand for the C=C
and C=C stretching vibrations, respectively. The best
fitting parameters at ambience and at various pressures
are given in Table I.

The "Peierls-type" relation, E~ =4Ecexp( —I/2A, ) still
holds at high pressures, indicating that the dispersion is
described by a Peierls-type relation at all pressures. ' We
also note from Table I that neither E, nor the mode-
coupling constants k„change noticeably with pressure.
We find, however, that the dominant eQ'ect of pressure is
to increase the C=C and C—=C bare frequencies. Al-
though our fit gives a sublinear shift in the bare frequen-
cies, we can still calculate the overall bare mode
Griineisen parameters. They are 7.6X10 kbar and
6.0 X 10 kbar for the bare C=C and C=C modes, re-
spectively. The y values obtained from the bare frequen-
cies are obviously larger than those measured at the exci-
tation of 514.5 nm and 620 nm (Fig. 5). This is due to the
fact that K increases with pressure, whereas K (E" )

decreases with pressure, and the bare frequencies show
only the eFect of K, whereas the measured frequencies
show the e6'ects of both K and K .

FIG. ]0. The multiplication ratio II;(co~) /II, (co,') (-A, ) for

all nine RRS vibrations in PDA films at 42 kbar vs ln(~L); p
denotes excitation at coL =co„(the exciton band) and s stands for

any coL. The straight line is a theoretical fit to the data using a
"Peierls-type" relation.
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TABLE I. The fitting parameters of the AM model (Ref. 9) at various pressures. The bare freuqen-
cies coo are given in cm; A is given in eV.

Peierls relation
parameter A

(C—C)
~o (C=C)
~, (C=—C)
A, , /A, (C—C)
k2/A, (C=C)
k3/X (C—=C)

Atmospheric
pressure

2.526
1120
1693
2360

0.1

0.3
0.6

10 kbar

2.484
1123
1708
2378

0.071
0.305
0.624

25 kbar

2.468
1126
1727
2396

0.059
0.305
0.636

42 kbar

2.508
1127
1738
2406

0.055
0.3
0.645

In principle, the increase in phonon frequencies results
from a decrease in bond length and, consequently, an in-
crease in the backbone force constant K at high pres-
sures which, in turn, causes phonon hardening. ' This
effect alone, however, cannot explain all the experimental
results at high pressures. Since resonant excitation gives
the pressure shift of only one group of phonons in the in-
homogeneously broadened distribution, we used
preresonant Raman scattering to measure the effect of
pressure on the entire distribution of phonons in the sam-
ples, as shown in Fig. 9. The phonon distribution is nar-
rower at 27 kbar. The peak has a small net negative shift,
suggesting that some process (des/dP), softens the pho-
non hardening (des/dP )z discussed above. Because there
is only a slight positive shift, we conclude that
(der/dP), =(den/dP)h.

In the "solvent" density model, ' the absorption band
red shifts, while the phonon distribution remains un-
changed. Neglecting phonon hardening, the model
would predict that the dispersion curves in Figs. 3 and 4
shift only to the left with pressure, to lower photon ener-
gies. At a fixed excitation energy, this gives an increase
in cue c with pressure of (dc@/dP)=(des/dE)(dE/dP)
= (120 cm '/eV) (0.10 eV/kbar) = 1.2 cm '/kbar, larger
than the 0.9 cm '/kbar observed in our measurements;
hardening of the bare phonons with pressure (which must
occur to some degree) would make the model prediction
even worse. In addition, the frequency shift at Axed exci-
tation energy should saturate with dE/dP at about 30
kbar, which does not occur. While the solvent effect ap-
pears to dominate the absorption red shift of 4-BCMU in
a good so1vent, ' it alone does not appear to describe the
effects we see in the solid films.

Any successful model of the pressure effects reported
here must include a mechanism that softens the phonon
frequencies in parallel with the electronic band red shift.
Since the resonance dispersion proves that the phonons
and electron energies can shift together, a natural ex-
planation of the pressure effect could be that pressure
shifts the distribution G (X) of the effective electron-
phonon coupling constants A, , changing both the phonon
and electron distribution of energies. Since pressure does
not appear to change the functional relations co(X) (ex-
cept for hardening), the phonon-softening mentioned
above must occur in the distribution G (X, ).

The strong interaction between the electronic structure

and backbone conformation is a fundamental feature of
the ~-conjugated polymers. Although conformational
transitions are commonly observed in polymer solutions,
PDA is unique because of the sensitivity of the electronic
properties to the backbone conformation. This sensitivi-
ty to conformation originates from the conjugated struc-
ture of the PDA backbone [ =R C—C —=C—CR = ].
Since ~-electronic conjugation requires a planar struc-
ture, conformational disorder limits conjugation by dis-
rupting planarity to produce a distribution of various
"conjugation lengths" on the individual chains. In other
words, there are conjugation-breaking defects on the
backbone. These defects cause the individual chains to
become twisted rather than planar. It has been pro-
posed ' ' that every defect corresponds to a rotation of a
P, orbital about the single bond on the backbone. A sim-
ple rotation of ~/2 about the o. bonds (single bonds) be-
tween adjacent planes is capable of totally breaking the
conjugation, separating the polymer chain into an elec-
tronically independent "submolecular" electronic system.
Specifically, the energy scale for rotations around the
carbon-carbon single bonds is comparable to the thermal
energies. Consequently, a considerable number of such
rotations can be present even at room temperature. In
this way, conformational defects create disorder in the
electronic structure and, consequently, in the vibrational
frequencies. Thus, the average conjugation length l. de-
creases as the number of rotational defects increases.

Pressure cannot change the actual chain length (end-
to-end length) but can change the conjugation length L,
where I. is the length of the planar segment of the chain.
High pressure increases the chain planarity by reducing
the out-of-plane rotations, causing the conjugation length
I to increase and resulting in a decrease of the phonon
frequencies. We propose that this is the origin of the
phonon softening with pressure causing both distribu-
tions G (co) and G (Es ) to shift to lower energies and lead-
ing to pressure-induced order. The saturation of the red
shift of E is probably due to topological disorder that
cannot be "pressed out. "' The narrowing of G(X, ) seen
in Fig. 9 is also consistent with an increase in sample or-
der with pressure. We can test this model for consisten-
cy. If both the red shift in Eg and the softening in G(A. )

are due to increasing X (the number of m. electrons in the
chain), where L =NR, and R is the length of carbon-
carbon bonds, we then expect the following relation to
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hold for the softening of the C =C stretching vibration:

(dto/dP), =(dto/dN)(dN/dE)(dE/dP) =B/3 (dE/dP),

(12)

where E (N) =E+2 /N and toe c(N) =to+B/N,
A =4. 1 eV and B-300—400 cm '. In our measure-
ments dE /dP =0.01 eV/kbar and we find
(dto/dP), =0.7 —1 cm '/kbar for the C=C stretching
vibration. When we compare this value to the hardening
(dto/dP)t, =0.9 cm '/kbar, which we measured for the
C=C stretching vibration at resonant excitation, we see
that indeed (dto/dP), -(dto/dP)t, as is evident from Fig.
9.

These two eFects, (1) changes in G(X) that shift the
dispersion curves along the line of to vs E and (2) phonon
frequency hardening that shifts the curves X(P) directly
upward can accurately describe the pressure changes on
the lower-energy side of the dispersion curve. We see
from Fig. 3 that the highest-energy part of the linear res-
onance region does not shift much to lower energies with
pressure, probably from short chains or exceptionally
twisted chains, which cannot be straightened by pressure.

In summary, we have observed phonon dispersion, har-
dening of phonon frequencies and change in Raman

linewidth at high pressures in PDA 4-BCMU films. Evi-
dence of pressure-induced order in the films has been ob-
tained by comparing- the phonon distribution at ambient
pressure with that at high pressure. The bare frequencies
of the backbone have been calculated using RRS data and
the AM model. The increase of the bare frequencies with--
pressure is larger than that measured under resonance
conditions. At high pressures, there exist two competing
mechanisms: (1) hardening caused by anancrease in the
bare force constant and (2) softening caused by the con-
formational change. The latter causes the average conju-
gation length X to increase. The peak of the distribution
G(N) shifts to longer N, causing the distribution G(co)
and G(E ) to shift to lower energies. This plausible ex-
planation is in agreement with our experimental results.
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