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Polarons in acetanilide
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The best available data are presented of the integrated intensity of the 1650-cm band in crystal-
line acetanilide as a function of temperature. A concise theory of polaron states is presented and
used to interpret the data.

INTRODUCTION

In 1973 Careri published evidence of an "unconven-
tional" amide-I (CO stretching) band at 1650 cm ' in
crystalline acetanilide (CH3CONHC6Hs ), abbreviated
ACN. ' Following the "soliton" theory of Davydov, this
band has been assigned to a "self-trapped state" in which
CO vibrational energy is localized near a single ACN
molecule through interactions with lattice phonons. ' A
complementary "polaron" picture of this self-trapped
state has been presented recently by Alexander and
Krumhansl. '

Guided by Alexander and Krumhansl, ' we present
here a concise polaron theory for the 1650-cm ' band
that is particularly convenient for calculating the temper-
ature dependence of its intensity. We make available our
best measurements of this temperature dependence and
also Raman spectra of the optical-phonon (20—200 cm ')
rt„gion. This theory and data are then used to character-
ize the phonons that contribute to self-trapping of the
1650-cm ' band.

THEORY

As a theoretical model we use a linear coupling (or
Frohlich ) Hamiltonian operator of the form

where
R

nP,'8,
q=l

M
+ g [ bb)+y (b . +b ti)gtg ]

(3)

The parameters in Eqs. (1)—(3) are defined as follows. J is
the nearest-neighbor electromagnetic coupling energy
which was calculated as 4 cm in Ref. 4, Ao is the un-
dressed amide-1 vibrational energy, R is the number of
acetanilide (ACN) molecules in a linear chain, M is the
number of phonon modes coupled to each ACN mole-
cule, I col I, with j =1,2, . . . , M, is the set of phonon en-
ergies, and Iyi I is the corresponding set of coupling en-
ergies.

To begin our analysis, we assume CO vibrational ener-

gy to be localized at a single ACN molecule. We do this
for two reasons: (i) this assumption is approximately
true, and (ii) it provides the basis for a perturbation ex-
pansion (in small J) which includes the efFects of P' to
which we shaH return later. Thus we are led to consider
the operator

f=nP'8+ g [~,b!b, +y, (b, +b t. )8'8],
j=l

where the subscripts, q, have been temporarily sup-
pressed for typographical convenience.

The eigenvalue equation

f!y&=E~q&
is satis6ed exactly by the eigenvalue-eigenstate pair
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39 12 883 1989 The American Physical Society



12 884 SCOTT, BIGIO, AND JOHNSTON 39

M ' =24.7 cm '.
j=1 J

(9)

As has been pointed out by Alexander and
Krumhansl, ' a correct calculation of the temperature-
dependent intensity of the 1650-cm band in ACN fol-
lows that for a "zero-phonon" band of a color center.
This point is made with particular clarity by Krumhansl
in Ref. 7. Thus one seeks the sum of all transitions from
the ground states lmi ) to first excited states with mi = n

Since the ground states are thermally populated with
probabilities

ACOj
P = 1 —expJ

i6COj
exp —m T (10)

and where 8 PlN ) =NlN ) and b lb~ lm~ ) =mj lm~ ).
At this point, three comments are appropriate.
(i) L„( ) is an associated Laguerre polynomial using

the normalization in Gradshteyn and Ryzhik and not
(for example} that in Morse and Feshbach. '

(ii) The expression for i/i) in Eq. (8) is not new
knowledge. It is the number representation of the dis-
placed Hermite-polynomial eigenstate (more commonly
seen in the position representation) that has been em-
ployed in the theory'of color centers. "

(iii) Equation (6) predicts an overtone spectrum that
has been observed in ACN. ' Thus, it is an experimental
fact that

and

R R —1v=0, +1, . . . , —+'
2 2

for 8 even (R odd). In Eq. (14), lg ) is calculated from
Eq. (7) and Eq. (8} with N =1. Then to first order in J
the energy is

b,E (4J g exp (17)

Finally we note from Eq. (11) and Eq. (13) that

8'(0)= g exp( —g. /co ) .
j=1

(18)

Thus the same (Franck-Condon) factor that reduces the
low-temperature intensity of the 1650-cm ' band also
reduces its linewidth, thereby increasing the lifetime of a
localized state.

E(k)=& —g J /~ +2J + exp( —y. /co. )cosk .
j=1 j=1

(16)

A localized solution can be constructed as a wave packet
of the eigenstates approximated in Eq. (14). Thus the
linewidth AE of such a wave packet must satisfy the in-
equality

the desired temperature dependence is

W(T)= g W (T),
j=1

where

(12)

2
gJ Acoj

XIP 2
csch

COJ.

(13)

where Io(.} is the modified Bessel function of the first

kind, of order zero.
Returning to our original Hamiltonian, we perform a

first-order perturbation calculation as follows. A zeroth-
order estimate of an eigenstate that exhibits the transla-
tional symmetry of the model is

(14)

where

(15)

and lP ) is calculated from Eq. (8) with n =m. . Using
the identity number 8.976 from Gradshteyn and Ryzhik,
the sum in Eq. (12) is readily computed to be

ACOj
W~. ( T)=exp — coth

COJ.

EXPERIMENTAL RESULTS

The Raman measurements reported here were made on
single crystals of acetanilide prepared as follows. Pri-
mary standard-grade ACN (N-phenyl-acetamide),
99.995%%uo pure by assay, was purified using a multiple-
pass zone refiner. The zone-refined material was placed
in a glass tube and the vessel was sealed under vacuum.
Single crystals were grown from the melt as the vessel
was lowered through a modified Bridgman-Stockbarger
furnace at a rate of 2 cm/d; the temperature gradient at
the tip of the furnace was approximately 110 K/cm. The
crystal of ACN is [100] tabular; thus cleavage was nearly
perfect parallel to the [100] face, and fairly good cleavage
was obtained along the [001] face. The crystals used
were, on average, 10 mm along the y, 4 mm on the z, and
1 mm along the x axis. Single crystals were cleaved and
their orientations were determined using x-
ray —precession methods and a cross-polarizing micro-
scope. The crystals were mounted in an oxygen-free
copper cold cell, which enclosed the crystal in an inert at-
mosphere (He) to protect it from water vapor and pump
oil. The temperature of the Raman cell was measured us-
ing an Au-Chromel thermocouple. In addition to the
thermocouple measurements, the crystal temperature was
determined directly by measuring the Stokes to anti-
Stokes ratio of the intensities for a particular low-
frequency mode by scanning over the —200 to +200
cm ' region in a single scan with an incident power of
the laser below 50 mW. Under these conditions, local
heating of the crystal was observed to be less than 10 K.

Raman spectra were obtained on a —'-m double mono-
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FIG. 1. The 0 indicate measurements of relative integrated
intensity of the 1650-cm ' line in crystalline acetanilide. The
solid curve is calculated from Eq. (20) with M =20 and co& =71
cn1
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chromator (Spex Industries model 1403) interfaced to a
Nicolet 1180E computer. The 514.5-nm line of an
argon-ion laser (Spectra Physics model 171) was used as
the exciting line. An interference filter was used to
suppress plasma frequencies, and a quartz-crystal wedge
was used at the entrance slit of the monochromator as a
polarization scrambler. The accuracy of the frequency
measurements was checked periodically by scanning over
the attenuated laser line using a reduced slit width on the
monochromator.

In Fig. 1 are plotted measurements of the intensity' (i.e.,
integrated area) of the Raman peak at 1650 cm ' as a
function of temperature. The actual numerical values are
listed in Table I. These results are in general agreement
with infrared-absorption measurements over the same
temperature range. ' The reader should notice, however,
that these data differ somewhat from those in Table III of
Ref. 3, which were discussed in detail in Ref. 6. The
di(ference is that peag intensities were recorded in Ref. 3
while integrated intensities are plotted here. This distinc-
tion is important since integrated intensities are what the
theories calculate.

In Fig. 2 Raman spectra in the range 20—200 cm ' are

20 50 80 110 140 170 200
Wave number (cm ~)

FIG. 2. Raman spectra of crystalline acetanilide in the
optical-phonon region (20-200 cm ') at 21 K in the (a) xx, (b)

yy, and (c) xy orientations.

presented. We have observed a total of 30 distinct
features in the xx, yy, and xy Raman spectra between 20
and 200 cm ' at 21 K. This is in qualitative agreement
with the data of Gerasimov, ' where 27 bands were ob-
served at 113 K. In the present discussion we consider
whether coupling to these phonon modes can account for
the temperature dependence of the 1650-cm ' band.
Ideally we would like to assign an co and y. in Eq. (2) to
each phonon mode that contributes to self-trapping of

TABLE I. Normalized integrated Raman intensity values of
the 1650-cm ' band. Temperature uncertainties are due pri-
marily to the method for estimating the degree of heating result-
ing from absorption in the focal volume of the laser beam.

1.0

0.8
Temperature

(K)

21
21
53
53

100
100
149
149
208
208
305
305

4
4
4
4

10
10
6
6

12
12
8
8

Relative
intensity

1.00
0.996
0.892
0.895
0.710
0.726
0.496
0.507
0.356
0.346
0.170
0.169

0.016
0.016
0.019
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0.028
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FIG. 3. Plots of Eq. (20) with different values of M and for
coi =71 cn1
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the 1650-cm band. Since this is impractical, we assume
that each ACN molecule couples to M phonon modes, all
having the identical frequency m, and coupling strength
g&. In other words, we view co& and g& as the average fre-
quency and coupling strength of the M phonon modes
that contribute to the self-trapping. Then, from Eq. (9),

24.7
cm

CO)
(19)

and from Eqs. (11) and (13), and expressing co& in wave
numbers,

W(T)
W'(0)

24. 7 67)
-coth 0.7174

Mcoi T
24.7 CO)

Io csch 0.7174
i

Me@i

24. 7
exp

Mao(

(20)

The solid curve in Fig. 1 is plotted from Eq. (20) with M
and co& adjusted to give the least-squares fit to the data.
These optimum values are found to be M, which is equal
to any value ~ 12, and co&, which is equal to 71 cm

The effect of varying the parameter M, the number of
coupled modes, is illustrated by Fig. 3, in which Eq. (20)
is plotted for a range of M values while keeping co& con-
stant at 71 cm '. The curves quickly converge after
M =8.

CONCLUDING COMMENTS

We conclude the following.
(1) We have presented a concise theory of polaron

states in crystalline acetanilide (ACN). Being in the num-
ber representation, this theory complements that
developed for color centers, " ' and it is in agreement
with the point of view expressed recently by Krumhansl
and Alexander. '

(2) We display here (Fig. 1) our best Raman-
spectroscopic measurements of the relative intensity of
the 1650-cm ' polaron state in ACN as a function of ab-
solute temperature.

(3) We show (Fig. 2) a spectrum of the Raman-active
optical-phonon modes in the range between 20 and 200
cm '. These measurements were made on carefully
prepared single crystals of ACN.

(4) We conclude that the data in Fig. 1 are consistent
with the assumption of polaron formation through in-
teractions with a band of 10—20 optical-phonon modes
clustered near 70 cm '. We note that this conclusion is
at variance with Alexander and Krumhansl who suggest
the data require acoustic-phonon modes in addition to

I

the optical mode near 70 cm ' in order to explain both
the temperature dependence and the energy shift of the
1650-cm ' band. We emphasize that we cannot exclude
the possibility that acoustic phonons participate in the
self-trapping, but we assert that they are not necessary to
explain the data.

(5) From Eq. (17) our theory predicts a polaron
linewidth that is less than 11.5 cm . This is consistent
with our experimental observations as well as those of
Ref. 3.

(6) We note from Eq. (17) that the polaron linewidth is
proportional to the Franck-Condon factor (FCF) as
defined in Eq. (18). Thus, as has previously been suggest-
ed, one might consider the following scenario: (i) An
optical photon excites a polaron, which is self-trapped by
optical-mode phonons. Since the FCF is relatively large,
this localized polaron is unstable. (ii) The unstable pola-
ron relaxes into a wave packet that is self-trapped by
acoustic-mode phonons. From Eq. (18) this would have a
much smaller FCF and from Eq. (17) a much smaller
linewidth and, therefore, greater stability. The final state,
in this scenario, would correspond to the soliton pro-
posed by Davydov. '
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