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The infrared spectrum of acetanilide shows a new band that is red shifted from the
main amide-I maximum by about 15 ecm ™!, the intensity of which increases at low tem-
perature. It is suggested that this band may arise from the creation of amide-I solitons
that are similar (but not identical) to those proposed by Davydov for the alpha helix in

proteins.
PACS numbers: 78.30.Jw

In acetanilide (CH,CONHCH,),, or ACN, two
close chains of hydrogen-bonded amide groups
run through the crystal providing an interesting
model for a one-dimensional array of hydrogen
bonds, a system of obvious biological interest,!
The ir spectrum has been studied at room tem-
perature,? and the crystal structure has been
determined.® As previously briefly reported,?
we found, close to the conventional amide-I
(essentially C =0 stretching) band, a new band of
uncertain origin.

In this Letter we discuss the results of experi-
ments that have been performed on ACN and
some ACN derivatives in several different physi-
cal preparations. Polycrystalline ACN samples
were prepared in pellet form by finely mixing
ACN microcrystals and ir grade KBr, Amorphous
ACN samples were prepared by vacuum deposi-
tion on Irtran II windows of evaporated ACN,

The most relevant features of the ir experiments
can be summarized as follows:

(1) On cooling of crystalline ACN samples, a
new band appears at 1650 cm™ (Fig, 1). No oth-
er major changes occur in the ir spectrum from
4000 to 800 cm ™. The intensity of this new
band steadily increases from room temperature
to 70 K, then increases slowly down to 4 K (Fig.
2). The band at 1650 cm™ is not present in
amorphous samples but after annealing of the
amorphous material it is fully recovered.

(2) We assigned the new band at 1650 cm™ to
an amide-I component on the following bases:

(i) >N substitution which induces a small shift
on the amide-I at 1665 cm™ also shifts the new
band by the same amount (Fig, 3). (ii) Deuterium

substitution at the NH position strongly affects
both the amide-I and the new band in a complex
way that will be reported at a later time, (iii)
Upon cooling a parallel decrease of the normal
amide-I integrated absorption and increase of
the 1650 band integrated absorption is observed.
(iv) The 1650 band and the amide-I band show
the same dichroism over the temperature range
investigated.

(8) Several other experiments have been per-
formed in order to clarify the nature of the 1650
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FIG. 1. ir spectra of crystalline ACN in the amide-I

region (solid line, 300 K; dotted line, 80 K).
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FIG 2. Detailed temperature dependence of the 1650~
cm ! band.

band. (i) The hydrogen-bonded network of ACN
crystals is essential for the appearance of the
1650 band., In fact ACN derivatives (such as ACN
methylated at the position where the hydrogen-
bonded distances occur) do not show the 1650
band of ACN, (ii) Raman spectra of ACN show
this 1650 band with the same temperature de-
pendence as in the ir, (iii) A parallel study of
temperature dependence has been carried out on
the specific heat, the dielectric constant, and

the volume expansion as detected by x rays in
order to rule out the occurrence of rotational
isomerism or of a polymorphic transition. Such
transitions would affect some other ir and Raman
absorption bands, a fact which has not been ob-
gerved, Details of this experimental work will
be reported elsewhere.

We summarize this brief survey of experi-
mental results by emphasizing that the new band
at 1650 cm ™ is characteristic of the amide-I
group of ACN in crystal form, Recent calcula-
tions of amide modes in ACN do not show this
band.* Having excluded conventional explanations,
we consider here the possibility of assigning it
to a collective excitation similar to the soliton
proposed by Davydov for the « helix in proteins3®

Davydov’s soliton arises from a cooperative
interaction between localized amide-I bond ener-
gy and lattice distortion. The bond energy acts,
through a nonlinear coupling, as a source of
lattice distortion. This lattice distortion reacts,
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FIG, 3, ir spectra of crystalline normal ACN (dotted
line) and !’N-substituted ACN (solid line) at 80 K.

again through the nonlinear coupling, as a poten-
tial well to trap the bond energy and prevent its
dispersion via dipole-dipole coupling effects. We
follow the same scheme with one important dif-
ference: For lattice distortion we substitute dis-
placement of the hydrogen-bonded proton. Fol-
lowing Refs. 5-7, the probability amplitudes for
amide-I vibrational quanta along the first chain
{a,.} are governed by the Schridinger equations

iha,,
=(Eo+XY 101 "J(an+1.1+an —1.1) +Lla,,, (1)

where n counts amide-I bonds along the chain,

E, is the amide-~I vibrational energy, y,, is the
average displacement of a hydrogen-bonded pro-
ton essentially along its NH bending,? J is a longi-
tudinal dipole-dipole interaction, L is an inter-
chain dipole-dipole interaction term, and x is a
nonlinear coupling that accounts for the change in
amide-I vibrational energy per unit displacement
of the hydrogen-bonded proton. On a time scale
that is short compared with lattice motion we
couple to (1) the average equations for motion of
the hydrogen-bonded protons,

yn1+wDzyrd:"(X/mp)lanllz’ (2)

where m, is proton mass and w, is the frequency
of the NH deformation mode. We are primarily
interested in a time-independent solution for
which $,,=0. Then (1) and (2) can be combined
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to give

ihd,, = (Eq=2d)a,, + a4, = 26,, +a, -1,1) +(x2/mi,wbz) la,,12a,,=La,,. (3)
Approximating (3) by a partial differential equation in which the integers n are replaced by a continu-
ous spatial variable £=nb (where b is the longitudinal distance between amide-I bonds), scaling the

space variable by & =b(J/h)Y2x, and scaling amplitudes by @, =(/J)*/* A, puts the dynamic equations
into the form of the soliton equations,®
A, = E, —2)A, +A, ,, +a| A |?A, =171LA,, (4a)
iAy, =Y E, = 2D) A, + A, ., + a|A |24, = K"1LA,, (4b)
1/2

2,x%%
where a=x2/m,w (k)2 sec V2, Equations (4) have the energy functional
H=(E, =20 (A, |2+ A4, + LA ¥4, +AAY) +A[(1A,, [2+]A4,, 17 - sa(|A,{*+]A4,[9]. (5)

To interpret the spectra shown in Fig. 1 we consider three ir-active solutions of (4) that satisfy the
single-quantum condition J (|A,|2+]A4,|?dx =1:

(1) Symmetric exciton at #=0. In this case A, =A,=A, exp|~it(E,-2J+L)/k] where A,~2 equals the
number of amide-I bonds in the crystal. From (5) the exciton energy is E,=E,-2J +L,

(2) Symmetric soliton on two chains. Again we take

A, =A,=(0/32)/2sech(ax/8) exp{ —it [(E, - 2J + L) /h - 02/64]} ,
and the energy in joules is
E,=BE,-2J+L - x*/(192w ;'m,%J) .
(3) Soliton on a single chain. In this case 4,=0 and
A, =(a/8)Y2gech(ax/4) exp{ —it[(E, - 2J)/h - 02/16]}

so that the energy is E;=E, - 2J - x*/48w ;'m ,2J., |
To obtain numerical values for these expres-

calculate energies from (5) which depends upon

sions we calculate the dipole-dipole interaction a continuum approximation to (3). (iv) We com-
energies in the usual approximation®®'!° ag J pare evaluations of the change of amide-I energy
=58cm™ and L=1.7Tcm™, and we assume w per unit of out-of -plane proton displacement ()
to be the frequency of the amide-V mode (CN with calculations of the change per unit of longi-
torsion and NH out-of -plane bending) at 700 tudinal displacement.
cm™ o1 Davydov® suggests that soliton excitation direct-
Taking E,=1665 cm™ and supposing that the ly by light will be small for two reasons, First
new peak may arise either from absorption by a the radiation lifetime for excitons, 7., is re-
symmetric soliton (E,=1650 cm™) or by a single- lated to the radiation lifetime of an isolated
chain soliton (E;=1650 cm™), we obtain x =2.7 amide-I bond, 7, by T = (b/A)7, where b is
x 107 N and 1,9x107° N, respectively. From the distance between amide-I bonds. This im-
analysis of the experimental amide-I frequencies plies that the corresponding absorption cross
and the corresponding hydrogen bond lengths, sections stand in the ratio 0,/0, = /A <1, Al-
we obtain a value for the change in amide-I vibra-  though true, these facts do not influence the re-
tional energy per unit of longitudinal stretching sults of an absorption experiment because the
of the adjacent hydrogen bond in the range (1.0- number of i7-active exitons per unit distance in
1.4) x10™° N, A recent self-consistent-field cal- the beam direction is b/ times the correspond-
culation of this parameter indicates a value in ing number of amide-I bonds. Thus the total ab-
the range 0.3-0.5 N.'* The numerical results sorption from the beam will be the same whether
should be considered only as the best currently one considers it to be caused by excitons or by
available, noting several sources of uncertainty: individual amide-I bonds. Davydov’s second
(i) Our treatment accounts only for nearest- point about direct soliton absorption of light is
neighbor dipole interactions. (ii) In calculating that there is not sufficient time for the necessary
dipole interaction energies we have assumed the lattice distortion to take place while the photon
dielectric permittivity of the vacuum. (iii) We is being absorbed (Franck-Condon principle). In
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our case this does not apply because we do not 1 T " T T
require lattice distortion to form a soliton but °

only displacement of the ground state of the
hydrogen-bonded proton., From (2) this can oc- T
cur in a time of order w ;™! which is close to a o 5F X=4 2 1x107 newtons :
period of amide-I oscillation. We expect the '{; N

low-temperature intensity of the soliton line to o

be larger than that of the amide-I line because a

soliton is spread over several amide-I bonds, 0 : L : T L
- R 0 100 200 300 400
and this is seen in Fig, 1,
To estimate the temperature dependence of the TEMPERATURE (K) ——>
maximum absorbance of the 1650-cm™" line (Fig. FIG. 4. Data points (circles) show the decrease of
2), we consider thermal fluctuations of the pro- maximum absorbance with temperture from Fig, 2.
ton about its mean position, Equation (1) shows The smooth curves are calculated from Ref, 6,

that such fluctuations detune the soliton from the i
incident beam and reduce absorbance. If we assume that a proton is raised slightly above its ground
state to |¢) =a|0) +b| 1) where a =[1- exp(- 7w ,/kT)]? and

b=exp(~fiw,/2kT)| 1 -exp(~fw, /kT)]V2,
its average position (dropping subscripts) is (¢|9|¢)=y +y (¢) where

2n \Y2 hw [ ( fiw
= - —R - -
Yr < pwb> exp< 2kT> 1 -exp 5T >]coswpt.

Replacing y by y +y, in (1) we calculate the thermal detuning as w = w y,,x COSw ;¢ where

conn( ) )l )

Assuming the probability of detuning to be |
(2w max )~ for |w| <wac and zero otherwise, and
approximating the low-temperature shape of the (2)On leave from Los Alamos National Laboratory,
1650-cm ™! line by a Lorentzian function of half Los Alamos, N. Mex. 87544.
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