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ABSTRACT The frequencies of intermolecular modes in a-glycine-do and -d5 have been measured at 300 and 85 K by
Raman and infrared scattering techniques. These frequencies were analyzed in terms of simple analytic interatomic
potentials. Buckingham potentials were assumed for the nonbonded and hydrogen-bond interactions, and Coulomb and
screened Coulomb potentials were assumed for the electrostatic interactions. The observed frequencies are well
described by the simple model and the parameters of the hydrogen-bond potentials and the molecular charge
distribution were determined from the analysis.

INTRODUCTION

The conformations and functions of biological macromole-
cules are determined by their interatomic and intermolecu-
lar interactions. The size and complexity of these macro-
molecules make a realistic calculation of such interactions
difficult, if not impossible, at present. A possible alterna-
tive approach is to study the smaller constituent molecules
of which the macromolecules are composed and to assume
the interactions derived from these studies are transferable
to the macromolecules themselves. The principal constitu-
ents of protein are amino acids, the simplest of which is
glycine. We may hope that study of the interaction poten-
tials in glycine will provide some information about the
corresponding interactions in protein.

Crystalline glycine (H3N+.CH2'COO-) exists in three
phases, with the a-phase being stable at room temperature
and below. The structure of a-glycine is monoclinic (space
group P21/n) with four molecules in the unit cell (1-3).
The molecules are hydrogen bonded in layers perpendicu-
lar to the b-axis and the layers themselves are hydrogen
bonded in pairs to form antiparallel double layers. Raman
scattering measurements have been made for a-glycine-do
(4, 5) and for a-glycine-do -N-d3, -C-d2 and -d5 (6, 7). All
these measurements were made at room temperature.
Infrared measurements have also been made for a-
glycine-do and -N-d3 at room temperature (7, 8) and for
a-glycine-do at 1 3 K (8). Interatomic potentials have been
developed to interpret both Raman (5, 6) and infrared
results (7), while the lattice energy and packing configura-
tion were also calculated from empirical interatomic poten-
tial functions (9). Inelastic neutron scattering measure-
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ments (10) of intermolecular mode dispersion relations
were recently made for a-glycine-d5.

In the present paper we report new Raman scattering
measurements of the intermolecular mode frequencies at
the zone-center in a-glycine-d5 and -do at room tempera-
ture and at 85 K and infrared measurements on -d5 at room
temperature and at 98 K. The room temperature data for
-d5 together with the ungerade frequency measured by
neutron scattering are successfully interpreted in terms of
a set of simple interatomic potentials. The nonbonded and
the hydrogen-bond interactions are represented by Buck-
ingham potentials and the electrostatic interactions are
represented by simple Coulomb and screened Coulomb
potentials. The molecular charge distribution and the
parameters of the hydrogen-bond potentials are derived
from the analysis. Preliminary results of the experiment
have been reported previously (1 1).

EXPERIMENTAL DETAILS AND RESULTS

The deuterated glycine (98% deuteration) was supplied by Merck, Sharp
and Dohme Canada Ltd., Montreal. Single crystals of a-glycine were
grown by slow evaporation of aqueous solutions of glycine-d5 in D20 and
of -do in H20.
The Raman spectra of several crystals were measured with the

514.5-nm line of a 165 argon ion laser (Spectra-Physics, Inc., San Jose,
CA) operating at 0.4 W. The light scattered at 900 was dispersed in a
double monochromator (model 1401; Spex Industries, Inc., Edison, NJ)
and detected with a cooled photomultiplier (model C31034; RCA Corp.,
New York, NY). A photon counting system with output to a Nova 2
computer (Data General Corp., Westboro, MA) was used to process,
store and display the spectra. Measurements at low temperature were
made in a glass cryostat with the sample clamped to a cold finger. Typical
spectra for a-glycine-do and -d5 are shown in Figs. 1 and 2, respectively.
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FIGURE I Experimental Raman spectra of a-glycine-do. (a) T = 300 K;
(b) T = 85 K.

The infrared spectra were recorded with a RI I C-Beckman 620 Fourier
spectrophotometer (Beckman Instruments Inc., Fulton, CA) connected to
the Nova 2 computer. Several single crystals were ground to a fine powder
and smeared on a polyethylene backing plate in either pure form or mixed
with Nujol mull. The two types of samples produced similar spectra for
glycine-d5, but for glycine-d0 only the Nujol mull gave spectra that
matched those of reference 8. The pure sample produced a broad
absorption band with no fine structure. Low temperature spectra were

obtained using a conventional glass cryostat with liquid nitrogen. Spectra
for glycine-d5 are shown in Fig. 3.
A factor group analysis shows that there are 12 Raman active and 9

infrared active intermolecular modes with nonzero frequencies. The
symmetry representations are 6A, + 6B5 and 5AU + 4B, for the Raman
and infrared active modes, respectively. Good polarization data could not
be obtained in our Raman measurements. This is probably due to poor

quality single crystal specimens. Other authors have claimed more

success in identifying As and Bg modes with polarized Raman measure-

ments. However, the symmetry assignments of different authors are

inconsistent and several reported frequencies are common to both symme-
try representations. Our results are given in Tables IA and B, where they
are compared with those of previous measurements. The errors given in
the table are derived from four to six separate Raman spectra. They show
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FIGURE 2 Experimental Raman spectra of a-glycine-d5. (a) T 300 K;

(b) T= 85 K.

FIGURE 3 Experimental infrared spectra of a-glycine-d5. (a) Powder at
T = 300 K; (b) Nujol mull at T = 300 K;, (c) powder at T = 98 K.

the range of frequencies found by a peak finding program. As would be
expected, the magnitude of the errors depends strongly on the experimen-
tal width of the corresponding peak. It can be seen from Table IA that at
300 K the various sets of frequencies are in fair agreement with each
other. However, weak Raman lines at 151 cm-' (for -d5) and 155 cm-'
(for -do) were reported by Machida et al. (6) and Castellucci et al. (5); the
latter authors interpret the higher external frequencies for all symmetry
representations to be much higher than those of other authors. The
comparison of the spectra at 300 and 85 K in Figs. 1 and 2 shows that all
peaks are significantly sharper at the lower temperature and some of the
broader peaks are split at 85 K. As a result, several more Raman
frequencies were observed at 85 K, particularly for glycine -d5. In total we
observed 8 Raman frequencies for glycine -do and 10 Raman frequencies
for glycine -d5, rather than the 12 possible frequencies.
Our infrared results are also given in Table IB and compared with those

of other authors. The infrared results at 300 K for glycine -d5 indicate
three frequencies that would be expected to correspond to the frequencies
derived for glycine -do by Feairheller and Miller (8). However, our
frequencies are all higher than the corresponding ones of Feairheller and
Miller. This is contrary to the observed effects of deuteration on the
Raman frequencies. Our results at 98 K for -d5 show a similar effect when

TABLE IA
EXPERIMENTAL INTERMOLECULAR MODE
FREQUENCIES IN a-GLYCINE (GLYCINE-do)*

Infrared
Raman spectroscopy spectroscopy

References for data
Thiswork 6 4 5 7 8

85K 300K 13K
187 ± 2 180 + 2 178 180 181(Bs) 175 170 189
170 ± 2 164 ± 3 163(Bg) 164 164(Bs) 140 138 144

155(As) 156(AS) 132 140
116 ± 1 109.9 ± 0.5 109 110 109 91 - -

109± I --
94 + 2 86 + 2 84(Bg) 85
78 - - -

74 ± 1 74.5 + 0.5 74 74 73(Bs) - - -

55 ± 1 52.7 ± 0.5 51 52 52(AS) - - -

*In units of reciprocal centimeters (cm-').
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TABLE IB
EXPERIMENTAL INTERMOLECULAR MODE
FREQUENCIES IN a-GLYCINE (GLYCINE-d5)*

Infrared
Raman spectroscopy spectroscopy

References for data

This work 6 This work

85K 300K 98K
176.3 + 0.7 164 + 2 168 (B8) 180 193

- 167 (Ag) 143 155
158.5 + 0.5 151 (Ad) 131 146

141
154.5 + 0.5 144.6 ± 0.8 144 (1B9) -
138.8 ± 0.8
114.7 ± 0.7 107.8 +0.5 107
110.3 0.7-0-
95.4 + 0.6 83 2 84(B1) -
76.6 + 0.6 -
72.1 ± 0.4 72.4 ± 0.8 72
55.1 ± 0.4 52.0 + 0.5 51

*In units of reciprocal centimeters (cm-').

compared with the data of Feairheller and Miller on -do at 113 K.
However, we also observe an additional frequency at 155 cm-'. Conse-
quently, at 98 K, we have observed four of the nine possible infrared active
modes.

ANALYSIS

We have analyzed our results in terms of analytic inter-
atomic potentials in an attempt to derive a simple potential
for the N-H... 0 hydrogen bonds and to derive an
experimental molecular charge distribution for a-glycine.
The analysis is analogous to that carried out by Powell and
Martel (12) for DNA base complexes. We describe all
nonbonded interactions by Buckingham pair potentials of
the form:

A
v(rij) =- 6) + Bij exp (-Cijrj), (1)

r6j

where rij is the interatomic separation of atoms i and j and
Aij, Bij, C,i are the constants of the potential for atym
species i, j. We assume the glycine molecules are rigid and
represent the hydrogen bonds X H... Y by Buckingham
potentials between atoms H and Y. Following Jonsson and
Kvick (3) we consider the three shortest intermolecular
H ...0 bonds to have the character of hydrogen bonds, i.e.,
N-H(l)...0(1), N-H(2)-.- 0(2), and N-
H(3)-... 0(2) and assume them to have the same potential
function. We follow Schroeder and Lippincott (13) in
treating the nonlinearity of these hydrogen bonds by using,
as the separation rij, the projection of the H ...Y distance
on to the line X-Y. The effect of this nonlinearity is
only 1% for the H ...0 separation for the N-
H(3)... 0(2) bond and is even smaller for the other two
hydrogen bonds. The molecular charge distribution is
represented by point charges located at the atomic posi-

tions. For charges on the atoms in the hydrogen bonds the
interaction is assumed to have a simple Coulomb form. For
charges on atoms in the nonbonded interactions, the poten-
tials are assumed to have a screened Coulomb form

v(ri) = exp (-Krij),Jr,
where Z,, Zj are the charges on atoms i, j, respectively and
K, is an inverse screening length, assumed to be identical
for all atom pairs, i, j.
The values for the parameters of the nonbonded interac-

tions are those used by Powell and Martel (12) in their
calculations for DNA base complexes. The parameters for
the interactions that do not involve hydrogen are listed in
Table II. Initial values for the nonbonded interactions
involving hydrogen were also taken from Powell and
Martel, while the hydrogen bond parameters were those
found for the N-H...0 bond in cytosine monohydrate
by the same authors. The initial molecular charge distribu-
tion was that calculated by Momany et al. (9) and the
inverse screening length, K, was fixed at 0.333 A-'. This
value was chosen because the atomic and molecular pack-
ing (1, 2) shows that the closest molecular contacts, both
within and between layers, are >3 A. The summation
ranges were 6 and 11 A for the nonbonded and Coulomb
interactions, respectively. Test calculations showed that
the frequency of the lowest Au mode was the only one
significantly affected by increasing either of these ranges.

Since it is experimentally difficult to distinguish
between Ag and Bg modes, the six most intense peaks in the
Raman spectrum of a-glycine-d5 at 300 K were assumed to
be Ag modes. This assumption does not cause a large error,
for preliminary calculations showed that the frequencies of
corresponding Ag and Bg modes differed by <10%. The
same calculations also showed that the lowest Au mode had
a significantly lower frequency than those of all other
intermolecular modes at r. Consequently, this mode was
interpreted as the low-lying ungerade mode observed by
inelastic neutron scattering (10). Its frequency, together
with the six experimental Raman frequencies, comprised
the data in terms of which the model parameters were
adjusted. The net molecular charge was fixed at zero, the

TABLE 11
PARAMETERS SPECIFYING THE NONBONDED

BUCKINGHAM POTENTIALS

Atom A B C
pair

kcal A'6. mol' kcal - mol' cm-/
C-C 358 42,000 3.58
C N 308 42,640 3.68
C-O 313 57,100 3.85
N-N 259 42,000 3.78
N-O 256 57,200 3.98
O-O 259 77,000 4.18
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methylene group was maintained neutral, the charges on
the three amine hydrogens were kept equal, and the
charges on 0(1) and 0(2) were held equal to each other.
The parameters of the nonbonded interactions and the
parameter C of the hydrogen bond were kept fixed. The
adjustable parameters were thus A and B for the hydrogen
bond potential and the charges on the N, C(1), C(2) and
0(1) atoms. However, the parameters of the nonbonded
interactions involving hydrogen were also found to affect
the minimization, and some adjustment of these parame-
ters was also made. The quantity minimized, S2, is defined
as:

s2 _E [v,i(obs)- v(calc)]2~~~(AiS)2
where vi(obs) and vi(calc) are the observed and calculated
frequencies, respectively, Avi is the experimental error in Pi
(obs), and the summation is over the Au and the six Ag
modes. The optimum values of the adjustable parameters
are given in Table III and the Buckingham potential for
the N-H...0 bond is shown in Fig. 4. The comparison
between the observed and calculated frequencies for both
the a-glycine -d5 and -do at SOO K is shown in Table IV.

DISCUSSION

It is clear this simple model gives a reasonable description
of the observed intermolecular mode frequencies in a-
glycine-d5. Both the frequency of the Au mode and the
over-all bandwidth of the Ag modes are well reproduced.
The largest discrepancy (, 11 cm-') occurs for the second
highest frequency Ag mode, whereas the mean discrepancy
for the Ag modes is >7 cm-'. This compares with a mean
discrepancy of 8.2 cm- ' for the 5 Ag modes and 10 cm-' for
the 11 Ag and Bg modes observed and calculated by
Machida et al. (6). The model proposed by Castellucci et
al. (5) was fitted to their Raman data. This data included
several modes with frequencies significantly higher than
any identified as intermolecular in either the present paper

TABLE III
VALUES OF ADJUSTABLE PARAMETERS IN THE

MINIMIZATION

A B C

Hydrogen bond
N-H . . 0 228 43,000 5.14

Atom pair
C-H 214 30,000 4.12
N-H 121 24,000 4.25
0-H 188 25,000 4.50
H-H 89 34,000 4.86

Atom CI C2 N 0
Charge* 0.645 0.000 -0.022 -0.475

The parameters A, B, and C have the units specified in Table II.
*In unit of e for the electron charge.
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FIGURE 4 Calculated Buckingham potential for N-H...O hydrogen
bonds in a-glycine. The arrows a, b, c show the H---O separation for the
N-H(l)-...O(l), N-H(2)--O(2), N-H(3).-.0(2) bonds, respectively.

or by Machida et al. A direct comparison of the present
model with that of Castellucci et al. is thus not meaningful,
especially since their model does not predict the low
frequency A. mode observed by Powell and Martel (10).
The induced dipole moments calculated for the ungerade
modes by the present model are shown in Table V. In view
of the rather sparse experimental data, a comparison
between the observed infrared intensities and these calcu-

TABLE IV
COMPARISON OF THE OBSERVED AND CALCULATED
FREQUENCIES IN a-GLYCINE-do AND a-GLYCINE-d5*

a-Glycine-do a-Glycine-d5
Mode

Observed Calculated Observed Calculated

Ag 52.7 45 52 45
74.5 68 72.4 67
86 91 111 92
109.9 111 107.8 110
164 130 144.6 133
180 176 164 175

Bg 48 47
77 77
83 83
110 - 110
122 124
174 172

A. 16 18 18
43 43

- 69 - 69
117 117
180 - 180

B. 62 60
91 94
125 - 125
180 - 180

*In units of reciprocal centimeters (cm-').
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TABLE V

CALCULATED INDUCED DIPOLE MOMENTS FOR THE
UNGERADE MODES IN a-GLYCINE-d5

Calculated Induced dipoleMode frequency moment

cm-'
Au 18 0.91

43 2.40
69 0.53
117 1.50
180 0.14

B. 60 0. 1
94 0.21
125 1.00
180 2.64

Units are arbitrary.

lated dipole moments is not very useful. The lowest Au
mode frequency agrees well with that observed by Powell
and Martel (10). However, their suggestion that another
low-lying ungerade mode exists at ~33 cm-' is only
qualitatively correct. The next lowest ungerade mode is
calculated to be an Au mode at 43 cm- i. Note that only two
modes are calculated to occur with the same frequency and
these belong to different symmetry representations. This is
in contrast to the assignments of some authors, (4-8) for
which several modes of different symmetries have common
frequencies.
The calculated potential energy of a molecule is -46.6

kcal mol- ', corresponding to a sublimation energy
of :25 kcal mol -, in fair agreement with the measured
sublimation energy of 32.7 kcal. mol-' (14). The dominant
contribution to the potential energy (z59%) is from the
electrostatic term in the hydrogen-bond interactions. The
nonbonded interactions contribute a further 34% of the
total, while the attractive potential from the Buckingham
term in the hydrogen-bond interaction is partly cancelled
by a repulsive potential from the Coulomb terms of the
nonbonded interactions. The molecular charge distribution
derived in the present analysis differs from all the calcu-
lated distributions (6, 9, 15) in having a large partial
charge on C( 1) whereas C(2) has zero partial charge. The
overall charge distribution is more like those of Machida et
al. (6) and Derissen et al. (15) than that of Momany et al.
(9). The static molecular dipole moment is found from our
charge distribution to be 8.71 (Debye) and has the largest
component along the c-axis. This may be compared with
experimental values of 13.1 D and 13.4 D obtained from
measurements on aqueous solutions of glycine (16).
The assumption of "rigid molecules" is not well satisfied

for a-glycine. The optical measurements of Machida et al.
(7) show that the gap between the lowest intramolecular
and highest intermolecular frequencies at r is only 17
cm-'. The effect of including the interaction between these
modes will be to lower the calculated value for the highest

intermolecular mode. This would improve the agreement
between the present calculation and the experimental
frequency of this mode. The representation of the electro-
static components of the nonbonded interactions as a
screened Coulomb potential is also clearly oversimplified.
It views the molecules as charge distributions in a dielectric
medium and considers only the lowest order interaction.
But the introduction of some form of screening function or
cut-off for the electrostatic interaction at large intermo-
lecular separations seems physically reasonable. Green-
berg et al. (17) introduced a step function description in
their formulation of the molecular dielectric function to
achieve this effect. The lowest Au frequency depends on the
value chosen for the inverse screening length and this
length could be used as an adjustable parameter. A
dielectric constant, E : 1, might also be included as a
further parameter (17). However, these additional param-
eters, together with any arising from a more complex
description of either the nonbonded or electrostatic interac-
tions, can only be determined if more experimental data
are available. An unambiguous identification of Ag and Bg
frequencies would be helpful, together with measurements
of more ungerade frequencies. Several of the zone boun-
dary frequencies measured by inelastic neutron scattering
should also be included in any further refinement and
calculations are planned using this approach.

Received for publication 22 June 1982 and in final form 13 August
1982.
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