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We have studied the effect of pressure on the low-frequency lattice modes and the amide-I (N—C=0
stretching) vibrational modes in crystalline acetanilide (CsH;NHCOCH,) in the temperature range
80-300 K by means of Raman spectroscopy. The Raman intensity of the 1650-cm™! band, which ap-
pears upon cooling, is enhanced by applying pressure. The energy difference between the amide-I pho-
non (4, mode) and the 1650-cm™" bands does not change appreciably under pressure up to at least 4
GPa. These results are analyzed in terms of the self-trapped model in which a single lattice mode cou-
ples with the amide-I excitation by taking into account the effect of pressure on the low-frequency lattice
modes and on the dipole-dipole interactions associated with the amide-I vibration. A band is observed
at 30 cm ™! below the amide-I phonon band at low temperatures with a pressure above ~2 GPa.

I. INTRODUCTION

Self-trapping is a concept that has been established by
studying relaxation processes of an excited electronic
state interacting with phonons. Recently, the concept
was also applied to vibrational states in the polypeptide
chains, which are made of hydrogen-bonded peptide
groups (NHCO). Propagation of such a‘localized state of
vibrational excitation is expected to be one of the mecha-
nisms that are responsible for efficient energy storage and
transfer in protein molecules consisting of polypeptides.’

Crystalline acetanilide can be regarded as a model sys-
tem for natural proteins, since it consists of quasi-one-
dimensional arrays of peptide groups linked by hydrogen
bondings as indicated in Fig. 1.2 The crystal has an ortho-

FIG. 1. Projection of the unit cell of acetanilide in the (ac)
plane. Solid lines represent molecules in the plane ¢ /4, dotted
lines, molecules in the plane 3¢ /4. Hydrogen bond chains are
displayed by dashed lines.

rhombic structure.> Two hydrogen-bonded chains run

through the crystal parallel to the b axis. The two linear
chains stack parallel to the ¢ axis and are separated from
each other in the ¢ direction by about 4 A. In the q direc-
tion these chain pairs repeat about every 10 A. In a linear
chain, C=0 bonds run parallel to the b axis, so that the
direction of the dipole moment associated with N—C=
O stretching vibration, which is named amide-I, is in-
clined by about 20° from the chain direction (b axis).?

The amide-I mode is extended over the crystal as pho-
non through the vibrational dipole-dipole interaction as-
sociated with N—C=0 stretching vibration. The self-
trapping takes place in the following way. The amide-I
excitation deforms lattices by the interaction with lattice
modes to become localized. The localization gives rise to
increase in the interaction between the amide-I excitation
and the lattice modes causing lattices to deform further.
In this compound an amide-I mode is observed at 1666
em™ 12 In addltlon, an IR and Raman-active peak is ob-
served at 1650 cm ™!, which grows with decreasing tem-
perature.* The first mterpretatmn of the additional peak
at 1650 cm ™! was given in terms of the self- trapped mod-
el in which the optical lattice mode at 130 cm™! is cou-
pled with the amide-I mode.” Afterwards, the model has
been improved to interpret quantitatively the tempera-
ture dependence of the 1650-cm ™! band by taking a band
of 10-20 optical phonons and/or acoustic phonons into
account.%” However, several other models have been
proposed to explain the origin of the 1650-cm! band: to-
pological defect model,! Fermi resonance model,’ and
coupling between hydrogen-bonded proton motion and
low-frequency vibrations.'® Recently, a transient spec-
troscopy has been carried out by using a pump-probe
technique, indicating that the 1650-cm ™! band does not
show a long-lived feature characterizing self-trapped
states.!! Discussions on the assignment of this band are
still in progress.

According to the self-trapped model, dipole-dipole in-
teractions and intermolecular forces play important roles
in the process of the localization and in the spectroscopic
property. These quantities can be controlled by applying
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hydrostatic pressure on a crystalline sample. In this
study we have investigated the consistency of the self-
trapped model for the 1650-cm™! band under various
conditions generated by hydrostatic pressure. We have
measured Raman scattering by the amide-I and the low-
frequency lattice modes under hydrostatic pressure up to
4 GPa at temperature in the range 80-300 K. The mode
assignment of amide-I phonons is carried out by taking
into account the dipole-dipole interactions associated
with the N—C =0 stretching vibration. The behavior
of both the frequency and the intensity of the 1650-cm ™!
band under pressure is analyzed semiquantitatively by as-
suming the self-trapped model in which a single lattice
mode interacts with the amide-I mode.

II. EXPERIMENTAL PROCEDURES

Single crystals of acetanilide were grown from a sa-
turated aqueous ethanol solution of powder sample. Typ-
ical - dimensions of the samples were about
10X4X0.2mm.> The 4765 A or 4880 A line of an Ar ion
laser was employed as the light source and the light beam
was focused on an area of $=12X10"% mm.? The scat-
tered light was observed in the nearly back-scattering
configuration. The Raman spectrum under pressure at
various temperatures was measured by using a
microscope-spectrometer system combined with a con-
tinuous flow cryostat specially designed for a high-
pressure cell. The sample temperature was controlled
with an Oxford Model ITC4 temperature controller to an
accuracy of 1°. The hydrostatic pressure was generated
by using the clamp-type diamond-anvil cell. Sumitomo
3M Flourinert FC77 was used for hydrostatic environ-
ment inside the pressure cell. The spectrum under at-
mospheric pressure was obtained by using a conventional
photon counting system with a Nalumi 1000D-WN dou-
ble monochromator and a Hamamatsu R464 photomulti-
plier. The spectrum under high pressure was obtained by
using a Spex Model 1877A triple stage spectrometer with
a PAR Model 1254 SIT multichannel detector.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows Raman spectra at various tempera-
tures under atmospheric pressure in the region of the
amide-I modes. These spectra are taken for the depolar-
ized laser beam in order to investigate temperature
dependence of B,, mode of amide-I phonon as well as 4,
mode. The two peaks are observed at 1679 and 1665
cm™!, respectively, at room temperature under atmos-
pheric pressure. The assignment of the symmetry is car-
ried out by referring to the literature.>® The peak energy
for the B, mode decreases upon cooling, while that for
the 4, mode remains nearly unchanged. In addition to
these peaks, there is a peak S, at 1650 cm ™! whose inten-
sity grows with decreasing temperature in contrast to 4,
and B, peaks whose intensities decrease upon cooling.
These features are in good agreement with results in the
literature.>® Figure 2(b) indicates the temperature depen-
dence of the observed Raman shifts. Spectral splitting
between the A4, and B, decreases if temperature de-

creases. Figure 3 shows Raman spectra observed for the
depolarized laser beam under various pressures at room
temperature. The peak energy for the B;, mode of the
amide-I phonon decreases with increasing pressure, while
that for the 4, mode remains nearly unchanged. In
consequence, the peak for the B;, mode merges into the
A4, mode above 0.5 GPa.

Figures 4(a) and 5(a) indicate Raman spectra of lattice
modes observed at various temperatures and under vari-
ous pressures, respectively. Figures 4(b) and 5(b) show
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FIG. 2. Temperature dependence of amide-I modes: (a) Ra-
man spectra of amide-I modes (N—C=O stretching) in
acetanilide at various temperatures under atmospheric pressure.
Incident laser beam is depolarized. (b) Temperature depen-
dence of Raman shifts of amide-I (N—C=0O stretching) and
C—C stretching modes in acetanilide under atmospheric pres-
sure.
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FIG. 3. Raman spectra of amide-I modes N—C=0
stretching) in acetanilide under various pressures at room tem-
perature. Incident laser beam is depolarized. The arrow shows
the shift of B,, mode.

temperature and pressure dependences of the Raman
shifts of lattice modes, respectively. The Raman shifts of
all the lattice modes increase continuously with decreas-
ing temperature or with increpsing pressure. No
structural phase transformation takes place under hydro-
static pressure up to 4 GPa at least.

Figure 6 shows typical results of Raman spectra of the
amide-I vibrational region observed at various tempera-
tures under high pressures for polarization of the incident
laser beam E||b. If pressure exceeds about 2 GPa, a Ra-
man band, S,, appears at a frequency about 30 cm™!
below the peak for the amide-I phonon. The intensity of
this band increases upon cooling. Figure 7 shows the
Raman spectra under various pressures at 85 K. The Ra-
man shifts and intensity of the amide-I mode, §; and S,
are determined by deconvolution analysis of the observed
spectra in which we assume Lorentzian line shape. A
typical example of the deconvolved spectrum is indicated
in Fig. 8. The results for the Raman shifts of §; and §,
are plotted in Fig. 9(a) along with that of the amide-I
mode ( A,). The energy difference between the amide-I
phonon and the S| band does not change appreciably un-
der pressure up to 4 GPa at 85 K. Extrapolating the data
points of the band, S,, in Fig. 9(a) toward lower pres-
sures, we obtain w,=1663%£5 cm™' under atmospheric
pressure at 85 K. This band is never observed at atmos-
pheric pressure even if temperature decreases. Figure
9(b) indicates the temperature dependence of the integrat-
ed Raman intensity of the S; band under various pres-
sures. The intensity is given relative to that for the C—C
stretching mode. The respective curves in Fig. 9(b) are
obtained by least-squares fits, taking power séries up to
order 2 into account. The relative intensity increases
with increasing pressure at any temperature observed.
Figure 9(c) shows pressure dependence of the line width
associated with C—C stretching, amide-I and S band at

about 90 K. The respective lines are obtained by least-
squares fits.

IV. DISCUSSION

A. Mode assignment of amide-I phonons

Structural features of crystalline acetanilide mentioned
in the Introduction allow us to take four molecules into
account for mode assignment of the amide-I phonons. It
has been determined that the amide-I modes essentially
consist of four modes, which are designated M, M,, M,

0GPa
1r 6 K

120

Intensity (arb. units)

180

298

(a}
O 1 2 I
0 100 200

Raman Shift (cri’)

0 GPa

o
o

0 T
[,

Raman Shift (cm™)

e G —

(b)

4] 1 1 1
0 100 200
Temperature (K)

1 1

1
300

FIG. 4. Temperature dependence of lattice modes in acetani-
lide: (a) Raman spectra of lattice modes observed at various
temperatures under atmospheric pressure. - (b) Temperature
dependence of Raman shifts of lattice modes under atmospheric
pressure. Solid and open circles denote intense and weak-
shoulder bands, respectively.
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and M, as indicated schematically in Fig. 10. In fact, at
room temperature two Raman peaks with symmetry A,
and B, are observed at 1665 and 1679 cm™ L respectlve-
ly, and an IR peak with symmetry B,, at 1666 cm™'
Taking the nearest-neighbor and the next-nearest-
neighbor dipole-dipole couplings into account, we find
that the difference of frequency between M, and M,
modes is given by 4J,, +2J,., and the difference between
M, and M, modes by 2J,, +2J,., where J, is the intra-
chain dipole-dipole interaction, J,, and J,, the inter-
chain dipole-dipole interactions defined in Fig. 10. Since
Jy, is nearly equal to J,., we obtain the difference be-
tween M and M, modes to be ~4J,,.

Assuming that the intrachain dipole-dipole coupling is

{a) RT
3.0 GPa

— [N
T T

0.2

Intensity (arb.units)

i

O 1 1
2] 100 200
Raman Shift (cmi')
250
(b) RT
200
't
~ 150
:‘-é
n
g 100
o /
50 /
O 1 1 1 I
0 1 2 3 4 5

Pressure (GPa)

FIG. 5. Pressure dependence of lattice modes in acetanilide:
(a) Raman spectra of lattice modes observed under various pres-
sures at room temperature. (b) Pressure dependence of Raman
shifts of lattice modes in at room temperature.

larger than the interchain dipole-dipole coupling, we ob-
tain the assignment of the IR and Raman features as indi-
cated in Table I. No detectable amount of spectral split-
ting is observed between A, and B,, modes, while the
dlﬁ'erence between 4, and Blg modes amounts to about
14 cm™! at room temperature From thls assignment we
obtain J,, <<1cm™!and J;,=3.5 cm ™! at room temper-
ature and atmospheric pressure. The value of J,, thus
obtained agrees well with that estimated theoretically.'?
The spectral splitting between 4, and B, decreases with
decreasing temperature and with increasing pressure as
indicated in Figs. 2 and 3, respectively. This result sug-
gests that the magnitude of J;, reduces monotonically
with decreasing temperature and with increasing pres-
sure. The pressure coefficient of J, is obtained to be
—3.5::0.8 cm ™~ !/GPa at pressure below 1 GPa.

The dipole-dipole interaction is also affected by the in-
termolecular distance and by the direction of the dipole
moments. According to results of x-ray diffraction, inter-
molecular distances associated with b axis are reduced by
about 0.7% upon cooling to about 90 K without
significant change in the orientation of the molecules.>!*
This decrease in the intermolecular distance causes the
dipole-dipole interaction to increase by about 2%. Ac-
cording to our interpretation for the assignment of
amide-I modes, the dipole-dipole interactions decrease by
about 50% as temperature decreases to about 90 K. This
feature indicates that the change in the dipole-dipole in-
teraction is caused almost entirely by the change in the
magnitude of the dipole moment, which decreases by
about 25% upon cooling to about 90 K.

In a fully deuterated sample, the 4, and B,, modes of
the amide-I phonon are observed at 1635 and 1664 cm™1,
respectively, at room temperature.!* On the basis of our
assignment, the magnitude of J, for deuterated sample is
estimated to be about 7 cm ™!, being twice as large as that
of the hydrogenated sample. In contrast to the hydro-
genated sample, the spectral interval between these
modes is not changed as temperature decreases, so that
J, turns out to be insensitive to temperature.

These results suggest that the dipole-dipole interaction
associated with amide-I modes is affected strongly by the
hydrogen bond in a linear chain consisting of peptide
groups, and is reduced as the hydrogen bond stiffens un-
der low temperature and/or hydrostatic pressure.

B. Analysis of the 1650-cm ™! band
under high pressure on the basis
of the self-trapped model

The energy gain due to self-trapping is given by the
equilibrium condition between the increase in elastic en-

TABLE 1. Mode assignment of amide-I phonons in acetani-
lide.

Raman IR Assignment(D,;,
M, 1665 cm™! Ay
M, 1666 cm™! B,,
M, 1679 cm™! By,
M4 BZM
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FIG. 10. Schematic illustration of amide-I modes in acetani-
lide. Solid and open arrows denote vibrational dipole moments
(N—C =0 stretching) of molecules in the plane ¢ /4 and in the
3¢ /4, respectively. J, and Jy, indicate intrachain dipole-dipole

interactions. Jq, J35, J4., and Jyq indicate interchain dlpole-
dipole interactions.

ergy due to the lattice deformation around the localized
state and the energy reduction caused by the interaction
between the amide-I mode and lattice modes. Thus, the
optlcal excitation energy of the self-trapped state is given
by’

o, =w,—(A—2J,,) _ (1)

where w, is the frequency of the amide-I phonon at zone
center ( 4, mode) and A is the energy gain owing to the
self- trappmg Assuming that the S| band observed at
1650 cm™! is due to excitation of the self- trapped state,
we obtain A;=23 cm™! at 298 K and A;=18 cm ' at 6
K from Eq. (1) by taking the change in J,, into account.
The magnitude of A, is reduced upon monotonically
upon cooling with a temperature coefficient of
—0.017£0.007 cm ™~ /K.

Provided that a single optical phonon (lattice mode)
couples with the amide-I phonon, the expression for A, is
given by’

=L /(MQY), ' 2)

where Y is the coupling constant between the amide-I and
the optical phonon. Quantities Q2 and M are the frequen-
¢y and the reduced mass of the optical phonon, respec-
tively. The Raman shifts of lattice phonons are raised
monotonically upon cooling as indicated in Fig. 4. Using
Eq. (2) and the averaged temperature coefficients of the
Raman shifts of lattice phonons, we obtain the tempera-
ture coefficient of A, to be —0.027+0.005 cm™!/K un-
der the assumption that y remains unchanged upon cool-
ing. This value thus obtained agrees with that estimated
by using Eq. (1) within experimental accuracy.

Quantity A, is also reduced under hydrostatic pressure
because of the increase in the frequencies of the lattice
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modes. Using Eq. (2) and the averaged pressure
coefficients for lattice modes, we obtain a pressure
coefficient for A; of —8+1 cm™~!/GPa at room tempera-
ture. Although we have never investigated pressure
dependence of lattice modes at low temperatures, it is ex-
pected that A, is reduced by pressure at low tempera-
tures. Our experiment shows that the energy difference
between the amide-I phonon ( 4, mode) and the S| bands
does not change appreciably under pressure up to 4 GPa
at 85 K. This result implies that the magnitude of J,
also decreases to leave A,—2J,, nearly constant under
pressure. We obtain the pressure coefficient of J, to be
—4+0.5 cm~!/GPa under assumption that
dA,/dP=—8%1 cm~'/GPa at 85 K. The coefficient
thus . estimated 1is consistent with the result,
dJ,,/dP=—3.5+0.8 cm™!, obtained in the previous
section.

The Raman intensity of the Stokes process yields to the
excitation probability of the self-trapped state. Provided
that S, band corresponds to the zero-phonon line, the ex-
citation probability depends linearly both on the Franck-
Condon factor and on the occupation probability of the
ground state of the self-trapped state. The Franck-
Condon factor of the optical transition to the self-trapped
state is given by

F=exp[—A,/(#Q)] , (3)

where we assume that an optical lattice mode is coupled
with the amide-I phonon. The value of F at atmospheric
pressure is estimated to range from 0.5 to 0.9 depending
on the type of optical mode. The occupation probability
of the ground state is given by

P=1-—exp(—#Q/KkT) . (4)

Hydrostatic pressure affects on both quantities F and P
through the frequency of the lattice mode. Quantity FP
is plotted in Fig. 11 as a function of temperature under
various frequencies of the lattice mode. In this calcula-
tion, we have assumed the optical phonon observed at
130 cm ™! under atmospheric pressure is coupled with the
amide-I excitation. Comparing the experimental result
shown in Fig. 9(b) with this calculation, we find that the
pressure dependence of the Raman intensity of the S,
band can be interpreted semiquantitatively in terms of
the self-trapped model by taking the change in frequency
of the lattice mode into account.

The line width depends on the life time of excitation
states. As shown in Fig. 9(c), the linewidth of the S,
band has the same order as those of other conventional
bands due to the N—C =0 and C—C stretching modes.
This feature is consistent with the result of a dynamical
test showing directly that the life time of the S; band is
almost the same as a vibrational line in a molecular crys-
tal.!! According to our result indicated in Fig. 9(c), the
linewidth of the S, band increases with increasing pres-
sure; it becomes about three times as large as that under
atmospheric pressure if pressure increases up to 5 GPa,
while those of the N—C =0 and C—C stretching modes
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FIG. 11. Temperature dependence of quantity FC calculated
from Egs. (3) and (4) for various values of the frequency of the
lattice mode observed at 130 cm ™! under ambient condition. In
this figure 150, 170, 190, and 210 cm™! correspond to 0.8, 1.6,
2.8, and 3.7 GPa, respectively.

remain nearly unchanged. This feature suggests that the
dynamical property of the S, band is different from that
of a conventional vibration in a molecular system. Ac-
cording to the dynamical measurement, the origin of the
S, band is interpreted in terms of nondegenerate
hydrogen-atom configurations.!! In order to verify this
model, knowledge of the N—H stretching and of the
N—H bending vibrations are desired. At present we can
not exclude the possibility.

V. CONCLUSIONS

We have measured Raman-scattering spectra due to
low-frequency lattice phonons, amide-I phonons, and the
1650-cm ™! band in crystalline acetanilide under hydro-
static pressure up to 4 GPa at temperatures in the range
80-300 K. The intrachain dipole-dipole interaction asso-
ciated with the amide-I vibration is obtained to be 3.5
cm™! under ambient condition from the energy splitting
between the 4, and B, modes of the amide-I phonon.
The pressure dependences of the Raman shift and the in-
tensity of the 1650-cm™! band are analyzed under as-
sumption of the self-trapped model in which a single lat-
tice mode at 130 cm ™! interacts with the amide-I excita-
tion. The experimental results are interpreted semiquan-
titatively by taking into account the observed changes in
frequency of lattice modes and in magnitude of intra-
chain dipole-dipole interaction. It is required to improve
the signal-to-noise ratio of the Raman spectrum under
high pressure at low temperature for analysis based on
the self-trapped model in which a band of 10-20 optical
phonons and/or acoustic phonons interact with the
amide-I excitation.

In addition to the 1650-cm ™! band, a band is observed
at about 30 cm™! below the amide-I phonon (A, mode)
at low temperature in hydrostatic pressure above ~2
GPa. Further studies are required to understand the ori-
gin for the band.
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