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The infrared spectra (4000—100 cm ~ ') of the a-form crystal ofgglycine (NH; —CH,—COO ") and
of thirteen isotopic modifications comprising D, '*C, '*N, and '*O were measured at 80 and 290 K.
Excellent resolution was reached at the low temperature. In the low temperature spectra the fine
structure of the nearly degenerate NH; and ND, antisymmetric deformational modes and the
CO,-torsional bands in the vicinity of 200 cm ™! for each of the isotopic molecules, which in the
low-frequency region are strongly overlapped by a number of lattice modes, clearly showed up.
Based upon the frequency data of the 14 isotopic analogs and the precisely known structure of the
molecule, a normal coordinate analysis was carried out. 307 observed frequencies were utilized to
derive a new empirical valence force field reduced to a set of 50 force constants by a number of
restrictive assumptions. The resulting force field reproduced the 307 frequencies with a root-mean-
square deviation of 3.32cm ™!, This force field emphasizes the importance of interaction force
constants of the in-plane CO,-rocking and CO,-deformational coordinates with the CH ,-twisting
coordinate, which can come form a significant deviation of this molecule from an ideal C-symmetry.
The composition of normal vibrations from generally accepted local-symmetry coordinates is given
in terms of the potential energy distribution (PED). The PED results indicate that almost all the
normal modes below 1600 cm ™! are extensively intermixed group modes, thus precluding a simple
normal vibrational decription. Interestingly the PED description for several vibrations associated
with the NH;—CH,—C fragment exhibits strong mixing between quasi-4" symmetric and -A"
antisymmetric coordinates with respect to a pseudo molecular symmetry (CCN) plane in this
molecule.

Introduction

In a series of previous papers we have dealt with the
infrared spectra and normal coordinate analyses of a
set of molecules containing carboxylate groups, in-
cluding acetate [1-2], pyruvate [3], and propionate
[4-5]. In these investigations we have introduced
approximate force fields constrained according to the
criteria proposed by Hollenstein and Guinthard [6], and
have reported statistically well-determined sets of force
constants from normal coordinate calculations. As a
continuation of these studies we have investigated the
infrared spectra of a-glycine.

The vibrational spectra of glycine have been the
subject of a considerable number of investigations
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[7-19]. The interpretation of the spectra and the loca-
tion of the modes are, however, controversial. Several
normal coordinate calculations have been carried out
for glycine and its deuterated analogs. In the early
normal coordinate analyses reported by Baba et al.
[20] and Suzuki et al. [7], oversimplified five and
seven body models, respectively, have been employed.
Dwivedi et al. [15] and Randhawa et al. [16] evaluated
a Urey-Bradley force field based on the frequencies of
the parent species of glycine. Considering as well the
frequencies of the N-deuterated analog, Machida et al.
[18] employed a modified Urey-Bradley force field and
discussed the effect of hydrogen bonding in this mole-
cule. Destrate et al. [13] reported a 39 parameter
valence type force field, which was derived on the basis
of the >N and 80 frequency shift data as well as the
data of the C- and N-deuterated analogs. However, the
number of experimental frequencies used in all these
earlier analyses is insufficient for determining a reliable
molecular force field. In addition, except for the analy-
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sis given by Machida et al. [18], all these previous
computations are based upon the simplifying assump-
tion that both the amino and methylene groups in
glycine have tetrahedral configuration, which is far
from the actual structure of this molecule [21 -22].
The present work has two objectives: (i) to obtain
firm assignments for all fundamentals; (ii) to provide
data for a more reliable determination of the force
field of glycine. The present vibrational analysis is
based upon an extensive set of empirical data, inlcud-
ing infrared fundamental frequencies as measured at
liquid nitrogen temperature, of 14 isotopic species:
NH; CH,COO"™ (parent, d,),
NH; CH,!*CO0O~ (1-13Q),
NH; *CH,COO~ (2-13C),

ISNH; CH,COO ", NH; CH,C!%0'%0",
NH; 13CH,!3C00~,  !SNH;!3CH,COO",
NH; CD,COO " (C-d,), NH{'3CD,'*CO0",
ND; CH,COO~ (N-d,), !ND;CH,COO",

ND;CH,'*COO0",
ND; '*CD,!*COO".
In Sect. A, some arguments about the vibrational as-
signment are briefly advanced in terms of qualitative
empirical rules for group vibrations in combination
with the isotopic shifts of the fundamentals. The normal
coordinate analysis is reported in Section B. A large
number of frequency data over the 14 isotopic species
as well as the precise structural parameters reported by
JOnsson et al. [21] are now used to allow a constrained
potential function of glycine to be determined. Our
calculation is based upon an isolated glycine molecule,
i.e. only intramolecular terms are mathematically taken
into consideration and strain from the intermolecular
forces amongst the glycine molecules is neglected.
Although the observed frequency data are rather com-
prehensive, a complete intramolecular force field
could not be determined. The set of intramolecular
force constants was therefore reduced by a number of
restrictive assumptions, which are expected to be ac-
ceptable from a physical point of view. The approxi-
mate intramolecular force field thus constructed con-
sists of 17 diagonal and 33 off-diagonal terms, which
were entered into a generally accepted force constant
refinement routine to minimize the error between the
observed and calculated frequencies. It will be finally
shown that the inclusion of data from the heavy atom
isotope (**C, '*N, '80) modifications allowed us to
estimate, with good accuracy, a number of relevant
interaction force constants associated with the C—C,
C—N, and C—O skeletons in this molecule.

ND; CD,COO" (ds), and
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Experimental

Potassium bromide, paraffin liquid, and normal
gylcine were obtained commercially (suprapur re-
agents, E. Merck Co. Ltd., Darmstadt). The '*C-,
I5N-, *80-, and C-d,-labeled modifications of glycine
were purchased from Merck Sharp and Dohme
Canada Ltd. with 90—-99% isotopic purity. The N-
deuterated derivatives were prepared by direct ex-
change with 99.7% D,O; the initial non N-deuterated
species were dissolved in D,O and kept at room tem-
perature for a few minutes. Then the crystals were
obtained from evaporating the water. This procedure
was repeated three times. a-form crystals of glycine
were obtained by rapid evaporation of hot aqueous
solutions. The infrared spectra were recorded on a
Bruker IFS-113v FT-IR spectrometer in the 4000—
100cm ™! region with a resolution of 0.5cm™!. A
liquid nitrogen cryostat equipped with KRS-5 or
polyethylene windows, Model CF-1104 (Oxford In-
strument), was used for the low-temperature experi-
ments. Samples for the infrared spectra of N-deuterat-
ed species were prepared as nujol (paraffin liquid)
mulls between KBr or polyethylene windows, and the
records for the remaining samples were made with
KBr pellets in the mid infrared range (4000—500 cm ™ 1)
and with nujol mulls between polyethylene windows
in the far-infrared region (500—100 cm™*).

Results and Discussion

A. Vibrational Assignments

The frequencies observed at 80 K for the parent and
its thirteen isotopic modifications are listed in Tables
1-6, along with their proposed assignments. Fine
structures of complex overlapping regions were
revealed by measuring the spectra at 80 K, making it
possible to locate the fundamental frequencies with-
out ambiguity. This advantage of measuring spectra
at the low temperature is demonstrated for the parent
species in Fig.1, covering two interesting spectral
regions, 1700-1250 and 600—100 cm™~!. The v, v,,
Vi3, V21, and v,, bands, which were hardly discernible
in the room temperature sprectrum, clearly showed up
in the low temperature spectrum. Low temperature
spectra are used throughout in this paper for the iden-
tification of absorption peaks.
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Table 1. Observed and calculated frequencies for NH; CH,COO ™~ (a-form) at 80 K.

1

Assignment v/em ™ Potential energy distribution (PED)*
obs. calc.

v,+vg  3210°

FR® { v, overlap 3159.3 87 v, (NH;), 12 v, (NH;)
v, 31522 3153.6 87 vi.(NH;) 12 v, (NH,)
Vs 3058.2 3058.3 100 v (NH,;)
Vy 3008.5 3008.6 99 v,.(CH,)
Vs 2972.8 2972.8 99 v,(CH,)
Vi 1633.9 1634.1 48 9. (NH;), 45 9,,(NH,)
Vg 1617.5 1615.8 51 6,,(NH;), 36 ¢, ,(NH,)
Vg 1596.7 1597.2 70 v, (CO,), 19 7,.(CO,), 12 5. (NH,)
Vo 1532.6 1533.1 85 6,(NH;), 11 v, (CO,)

1507.0%¢
Vio 14459 14439 85 0(CH,)
Vi1 1416.6 1418.9 44 v,(CO,), 24 v(CC), 20 y,(CH,)
Via 1336.8 1335.8 22 v,(CO,), 18 y,(CH,), 16 y(CH,), 14 n(NH,)
Vigrs 1315.3 1317.7 57 y,(CH,), 13 y,(CH,)
Via 1138.4 11394 56 y,,(NHj;), 13 6(CCN)
Vs 1119.0 1119.5 22 n(NH;), 21 y,,(NH;), 16 y,(CH,), 16 t(NHj;), 11 y(CH,)
Vig 1036.9 1037.6 54 v(CN), 15 7,,(CO,), 10 v(CO,)
Vig 918.9 917.7 26 n(NH,), 17 y.(CH,), 16 t(NH;), 10 6(CO,), 10 t(CO,)
Vig 897.2 896.2 20 v(CC), 20 m(CO,), 16 6(CO,)
Vio 703.6 702.8 33 n(CO,), 25 v(CN), 21 y(CH,), 17 y,,(CO,), 15 6(CO,), 15 6(CCN)
Vs 613.2 615.1 78 n(CO,), 59 y,(CH,), 29 y,,(CO,), 19 6(CCN), 12 v(CC)
Vi 544.7 543.3 41 t(NH;), 27 y,(CH,), 13 6(CCN), 11 4(CO,)
Vs 506.9 506.9 45 7,,(CO,), 21 6(CO,), 14 y(NH;), 13 7(CO,), 12 y,(CH,),
12 7(NH;), 11 4(CCN)

Vg 364.3 362.7 43 5(CCN), 33 6(CO,), 18 v(CC), 12 v,(CO,)
Vo 238.4 2371 59 7(CO,), 41 y(CH,), 25 y,(CH,), 12 n(CO,), 12 n(NH;), 10y,,(CO,)

PED is given as values of 100 x E (i, i) x I2 (i, a)/4,, where F,, L., and 4, are diagonal force constants, eigen vectors and eigen

values for GF-matrix, respectively, within the framework of symmetry coordinate space. Contributions smaller than 10%

are omitted. — ® FR =Fermi resonance. — ¢ Shoulder.

An initial assignment of the fundamentals was
carried out on the basis of the qualitative empirical
rules available [23] and of comparisons with the earlier
vibrational assignments [9, 13, 18] of glycine as well as
of structurally related molecules such as sodium pro-
pionate [5] and alanine [24—25]. The observed heavy
atom isotope (13C, >N, '80) shifts of the fundamentals
were quite useful to confirm or to revise the previous
vibrational assignments. However, because of the
general asymmetry of this molecule, it is very likely
that many of normal modes are highly complex mix-
tures of group modes, so that the application of the
empirical approach to establish the band assignments
is restricted to specific regions in which the vibrations
are good group modes. In what follows, a few remarks

Minor components resulting from factor-group splittings.
Not used in the refinement procedure for the determination of the empirical force field.

are made only on noteworthy or doubtful aspects of
the vibrational assignments.

1. NH(D)- and CH(D) Stretching Region

In the region of 3300-2950 cm™~! for the parent
species, a total of 5 fundamentals are expected to oc-
cur; three of them are due to NHj stretching modes,
and the other ones to CH, stretching vibrations. An
expanded section of the spectrum of the parent
species is shown in Figure 2a. Going from the high
frequency side to the lower frequency side, one finds
a strong and broad band (v,/v,) with a shoulder
(v, +vg), a weak band (v;), a sharp band (v,), and a
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Table 2. Observed and calculated frequencies for NH; CD,COO~ and NH; '3CD,*3COO "~ (z-form) at 80 K.

) NH;CD,COO~ NH;'CD,'*COO" . o
Assignment — — Potential energy distribution (PED)*
v/cm v/cm
obs. calc. obs. calc.
vo+vg  3210°¢ 3210¢
FR® 4 v, overlap 3159.1 overlap 31591 88 v, ((NHj3), 12 v, (NHj)
v, 3150.8 3153.5 31554 31535 88 v, (NH;), 12 v, (NHj)
vy not obs.  3058.2 3058.0 3058.3 100 v,(NHj)
Va 2257.34 2245.8 2238.3¢ 2227.6 97 v,,(CD,)
FR® { 2¥i5 22339 2198.5
FR® [ Vs 2164.54 2177.4 214594 21653 97 v,(CD,)
{ vo+vy 21459 overlap
Ve 1643.7¢ 1633.3 1638.2¢ 1633.2 51 0, (NH;), 43 6,,(NH,)
FR®{ v, 1619.6¢ 1614.3 1614.8 1613.4 56 d,((NH;), 39 6. (NH;)
2viq 1606.1 1595°¢
Vg 1587.2 1582.7 1560.8 15541 79 v, (CO,), 21 y,,(CO,), 11 §(NH;)
Vo 1525.4 1531.6 1522.7 1516.3 81 0,(NH;), 18 v, (CO,)
1503.34:¢ 1489.0%¢
Yig 1407.2F 1406.1 1372.0 1370.6 68 v,(CO,), 29 v(CC), 13 4(CO,)
1393.340¢
12 12159 1210.4 1206.9 1205.1 58 n(NH;)
Vis 1188.3 1188.0 1183.6 1174.7 36 y,,(NH3), 27 y,(CD,), 19 v(CN), 13 v(CO,)
Vg 11134 1108.5 1092.2 1090.0 42 7,.(NH;), 32 v(CN), 19 6(CCN), 12 y,(CO,)
FrR® ! 2v, 1060.3 1052.8
Ly, 1044.2 1036.8 1038.9 1032.2 65 6(CD,), 15 v,(CD,)
Vi 928.4 931.3 919.3 922.7 24 n(CO,), 15 n(NH;), 14 y/(CD,), 13 t(NH,)
934.54:¢ 913.0% ¢
Vie 911.1 912.2 907.5 906.2 23 7,(CD,), 22 6(CO,), 13 v(CC)
Vg 873.2 872.1 864.9 863.6 17 y,(CD,), 12 v(CN), 12 v(CC), 12 y,,(NH;),
10 %,,(CO,)
Vig 802.8 795.6 796.8 789.1 43 t(NH,), 28 7.(CD,)., 26 n(CO,)
Yig 675.0 674.7 666.0 670.0 33 9,,(CO,), 26 v(CN), 18 4(CCN), 11 §(CO,),
11 7,(CD,)
Vau 566.6 560.7 not obs. 551.0 51 n(CO,), 50 y,(CD,), 26 6(CCN), 20 v(CC),
15 6(CO,)
Vi 529.6 5239 528.4 518.6 33 7,(CD,), 29 7(NH;), 25 y,(CD,), 147,.(CO,),
11 §(CCN), 11 4(CO,)
Vas 472.4 470.3 471.8 467.6 45 9,,(CO,), 41 »/(CD,), 25 t(CO,), 18 y,(CD,),
17 n(CO,), 12 =n(NH;), 11 4(CO,), 10 y,(CD,)
Vo3 359.0 357.9 358.0 357.0 41 6(CCN), 35 6(CO,), 18 v(CC), 13 v(CO,)
Voa 233.6 229.6 —8 2279 62 1(CO,), 41 »/(CD,), 21 y.(CD,), 11 n(CO,),
11 n(NH,)

* PED is given as values of 100 x F_(i, i) x Lz,_(i, a)//,. The listed values are for NH; CD,COO ~. Contributions smaller than
10% are omitted. — ® FR =Fermi resonance. — ¢ Shoulder.

Minor components resulting from factor-group splittings.

weak band (v5). The two antisymmetric NH stretch-
ing vibrations are expected to have higher frequencies,
and thus the strongest band at 3152.2 cm ! could be
assigned to these modes (they could not be resolved in
our experiment). The v,/v, band has a shoulder at
~3210c¢m ', which is probably due to a Fermi reso-

Mean value of factor-group doublet (1418.9 and 1395.5cm ™

Not used in the refinement procedure for the determination of the empirical force field.

). — & Not investigated.

nance with the combination tone of the NH;-
deformation (v,) and CO,-stretching (vg) at 1617.5
and 1596.7 cm !, respectively. The v; band at 3058.2
cm ! was tentatively assigned to the symmetric NH,
stretching fundamental. The assignments for the v,/v,
and v, absorptions are supported by the finding that
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Table 3. Observed and calculated frequencies for ND; CH,COO ~, '*ND; CH,COO ", and ND; CH,'*COO ~ (z-form) at

80 K.
. NDj; CH,COO SND; CH,COO~ ND;CH,'3COO" . . )
Assignment — - = Potential energy distribution (PED)*
v/cm v/cm v/cm
obs. calc. obs. calc. obs. calc.
v, 3008.0  3008.6 3008.0 3008.6 3007.7 3008.6 99 v, (CH,)
v, 29720 29728 2972.8 2972.8 2972.7 2972.8 99 v,(CH,)
A 2396.9 2388.0 2397.6
FR®) VitV 2377.4 2370°¢ 23779
2vy, 2361°¢ 23511 2362°¢
Vs overlap 2347.0 23294 23319  overlap 23470 90 v, (NDj)
vy 2340.7 23373 overlap 23229 2340.5 2337.2 90 v, ((NDj)
Vs 2202.6 22023 2198.4¢  2196.8 2200.2 2202.3 99 v,(ND,)
Ve 1590.0 1591.3 1587.8 1591.2 1547.1 15494 92 v, (CO,), 25 7,,(CO,)
v, 1439.8 14434 1440.0 1442.7 1437.8 1441.2 87 0(CH,)
Vg 1408.5 1411.7 1407.4 1411.3 13894 1389.5 51 v(CO,), 25 v(CC), 18 y,(CH,)
Vo 1322.4 1323.1 1321.7 1323.0 1316.1 1314.6 77 v.,(CH,), 19 v (CO,)
Vig 1268.4 1267.1 1267.0 1265.6 1266.7 1263.3 46 7,(CH,)
R 1192.7 1194.3 1185.1 1186.8 1192.9 1194.2 55 0,(NDy), 39 ¢,(ND;), 11 v(CN)
Vis 1181.6 1183.8 1176.3 1177.9 1180.6 1183.7 85 6,,(ND;)
Vi3 1168.5 1160.0 1162.1 1152.8 1168.3 1160.0 60 5., (ND;), 33 6,(ND,)
Vig 1046.6 1047.3 1045.1 1046.3 1036.2 1047.0 37 y,(CH,), 17 ©(ND;), 14 n(NDj)
Vis 1004.1 1004.9 1000.8 1003.4 1003.7 1004.0 34 v(CN), 15 7,,(CO,), 10 6(CCN)
Vie 966.0 968.7 963.8 967.2 963.9 965.7 29 y..(NDj), 23 v(CC), 22 6(CCN),
17 v,(CO,)
Vig 822.8 829.8 820.2 826.5 818.0 823.8 46 y,,(ND;), 28 6(CO,)
Vis 771.5 777.4 770.0 775.0 768.8 7711 54 n(ND;), 32 n(CO,), 11 y,(CH,)
Vi 673.6 675.0 6729 671.5 671.2 667.9 39 n(CO,), 31 y,(CH,), 22 v(CN),
13 n(ND;), 13 7,,(CO,)
Vs5 597.9 598.5 597.0 598.0 590.2 592.5 58 n(CO,), 54 y(CH,), 48 7,,(CO,),
13 §(CCN), 11 7(CO,), 10 v(CC)
Vo 492.5 493.8 4911 493.2 492.1 492.5 38 0(CO,), 33 7,,(CO,), 20 o(CCN),
20 ¥(CC), 15 7,(CH,), 12 7,(CH,),
10 v,(CO,), 10 6(CH,)
Vs, 394.7 401.5 393.0 401.3 393.7 4014 63 ©(ND,), 27 y,(CH,), 10 n(ND,)
Va3 337.0 340.7 3344 337.7 336.1 340.4 51 6(CCN), 25 6(CO,), 13 v(CC)
Vo 2232 219.1 222.6 218.6 —° 218.8 57 ©(CO,), 43 y,(CH,), 24 y,(CH,),
15 n(ND;), 12 n(CO,)

* PED is given as values of 100 x F,(i, i) x IZ, (i, a)/4,. The listed values are for NDj CH,COO ™. Contributions smaller than
10% are omitted. — ® FR=Fermi resonance. — ° Shoulder.
4 Mean value of factor-group doublet (2205.5 and 2191.3 cm™!). — ¢ Not investigated.

the !’ N-substitution caused expected frequency shifts
of the bands in question (Figure 2¢). The remaining
two absorptions (v, and vs) underwent frequency
shifts in the spectra of the 2-'3C and '’N-2-'3C
labeled modifications (Fig. 2b and 2c¢), and therefore
we assign the v, and v bands to the antisymmetric
and symmetric CH ,-stretching vibrations, respectively.
The v, —v; NH; vibrational modes are expected to
shift into the 25002100 cm ™! region of the spectrum
upon deuterium substitution of the amino group. As
can be seen from Fig. 3, the NDj stretching region is

quite complicated, and shows a considerable amount
of structure arising from Fermi resonances with over-
tones and combinations of fundamentals such as the
ND; deformation. The most intense band at 2340.7
cm ! could be assigned to the nearly degenerate anti-
symmetric NDj; stretching vibrations, which are pos-
sibly perturbed by Fermi resonances with the over-
tones 2v,, and 2v,,, and with the combination mode
Vi +Vv;,. This assignment is compatible with the find-
ing that the band has experienced a significant fre-
quency shift (ca. 10 cm ™~ ') upon !°N substitution (see
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Table 4. Observed and calculated frequencies for ND; CD,COO ™~ and ND; '*CD,'*COO "~ (x-form) at 80 K.
, ND;CD,COO~  NDj'*CD,"*CO0" ‘ o ‘
Assignment —— — — Potential energy distribution (PED)*
v/cm v/cm
obs. calc. obs. calc.
FR® 2vg 2393.0 2395.7
Ly, 2349.2 2347.0 overlap 2346.8 87 v,(ND3), 10 v, (NDjy)
vy 2340.3 23382 2339.6 2337.8 86 v..(NDj), 10 v, (ND,)
FRo S 22629°¢ 22434 2246.0¢ 2225.7 96 v,,(CD,)
L \10+\1, 22257 22228
vy overlap 2203.4 overlap 22029 94 v (ND,)
FRo { Vot viy 21847 2170¢
Ly, 2176.6 2175.6 2165.7 2164.0 93 v,(CD,)
Ve 1580.3 1576.3 1530.0¢ 1531.8 101 v, (CO,), 26 7,,(CO,)
v, 1404.6°  1403.7 1369.1¢  1367.9 79 v(CO,), 30 v(CC) 13 6(CO,)
Ve 1197.0 1201.1 1192.3 1198.6 39 5, (ND,), 25 8, (ND,), 22 6,(ND;). 17 v(CN)
Vo 1176.5 1185.3 11775 1184.4 68 0..(ND,), 16 6.(ND3)
V1o 1168.9 1166.9 1167.0 1162.8 62 0, (ND;), 16 6,(ND;), 16 v(CN)
Vi, 1134.6 11319 1115.7 1113.6 35 ,(CD,). 27 5, (ND,), 12 WCN)
Vis 1076.7 1077.0 1065.3 1067.9 19 5(CD,), 13 n(ND,), 12 7(CO,)
Vi 1011.4 1010.2 1005.1 1004.0 55 6(CD,), 11 n(NDj)
Via 9574 955.7 947.2 9433 33 ,'in(ND3), 28 4(CCN), 11 3,,(CO,)
Vs 921.1 909.1 906.2 902.5 24 6(CO,), 22 y,(CD,), 14 v(CC)
Vig 872.5 865.2 865.8 858.2 34 n(ND, ), 13 7,(CD,), 11 t(ND,), 11 n(CO,)
Vi, 804.5 797.5 803.2 793.5 45 5, (ND,), 13 §(CO,), 11 7,(CD,)
Vis 710.6 714.0 706.6 706.4 44 7(CO,), 30 4.(CD,), 22 t(ND,). 13 n(ND,),
13 7,(CD,)
V1o 650.0 642.5 642.5 639.3 37 7,(CO,), 22 v(CN), 11 n(ND;), 10 o(CCN)
Va0 534.3 536.0 527.8 528.8 53 7(CD,), 43 n(CO,), 20 v(CC), 18 6(CCN),
12 5(CO,), 11 1(CO,)
Vs 468.2 4754 465.5 470.1 52 3(CD,), 43 7,(CO,), 28 6(CO,), 18 n(CO,),
14 5(CCN), 13 7,(CD,), 10 7(CO,), 10 v(CC)
Vs, 393.0 394.0 392.8 392.8 54 ©(ND,), 33 9,(CD,), 12 n(NDy)
Va3 3351 3371 3339 336.3 49 6(CCN), 26 4(CO,), 13 v(CC), 10 v(CO,)
Vas 2223 2135 —h 2120 60 (CO,), 43 3(CD,), 22 7,(CD,), 14 n(ND,),
12 n(CO,)

¢ PED is given as values of 100 x F,(i, i) x Lzs(i, a)/ i,
10% are omitted. — ® FR =Fermi resonance.

. The listed values are for ND; CD,COO . Contributions smaller than

¢ Not used in the refinement procedure for the determination of the empirical force field. — ¢ Shoulder.
¢~¢ Mean values of the respective factor-group doublets of (1544.7 and 1514.8 cm '), (1414.2 and 1394.9 cm '), and (1372.8

and 13653 cm™!). — ™ Not investigated.

Fig.3b), and that the same band did practically not
shift upon '3C-substitution of the carboxylate group
(see Fig.3c). On the other hand, several choices were
possible for the location of the symmetric NDj,
stretching vibration, which are the three bands at
2202.6,2184.5, and 2144.7 cm ™ ! for the N-d; molecule
showing frequency shifts of 10.8, 15.2, and 10.3 cm™*,
respectively, upon !3N-subsitution (see Figure 3b).
Although the normal coordinate calculations dis-
cussed later prefered the first one (2202.6 cm 1), this
choice has to be considered rather tentative.

The v, and v5 bands at 3008.5 and 2972.8 cm ™' for
the parent species underwent significant shifts to
2257.3 and 2164.5 cm ™!, respectively, upon deutera-
tion of the methylene group. The CD,-stretching
region contains additional bands, as shown in
Figure4. The band at 2233.9 cm ™! is to be assigned to
the overtone 2 v, 5 in Fermi resonance with v, and/or
vs (Fig.4a). A rough estimation of the intensity
pattern reveals that the overtone 2v,; seems to
borrow intensity from both the v, and v5 modes. Fur-
thermore, the vy normal mode has a counterpart at
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Table 5. Observed and calculated frequencies for NH;CH,'*COO~, NH;'*CH,COO ", and NH;!*CH,'*COO"

(x-form) at 80 K.

) NH; CH,"*COO" NH; *CH,COO" NH; '*CH,'*COO~
Assignment e e —————— -
v/em ! v/em ! v/em !
obs. calc. obs. calc. obs. calc.

v, +vg 3190° 3210° 3190°

FR® 1 ¥, 31573 3159.3 overlap 3159.2 3157.3 3159.2
vy overlap 3153.6 3153.2 3153.6 overlap 3153.6
Vs 3058.0 3058.3 3058.7 3058.2 3058.0 3058.2
v, 3008.1 3008.6 2997.7 2996.1 2997.9 2996.1
Vs 2971.9 2972.7 2966.4 2965.3 2965.6 2965.3
Ve 1630.7 1634.0 1631.7 1634.1 1630.0 1634.0
v, 1614.3 1614.2 1616.2 1615.6 1613.8 1614.2
Vg 1565.1 1566.1 1595.7 1596.2 1563.0 1564.7
Vg 1523.7 15245 1532.2 1532.9 1527.0 15243

1493.8<4 1506.0¢ ¢ 1493.0¢¢

Vio 1440.3 1442.1 14421 1441.5 1437.3 14394
Vi 1397.1¢ 1398.3 1410.9 1408.8 1389.0" 1387.7
iz 1326.7 1326.1 1329.3 13334 1321.5 1323.3
Vi3 13149 13143 1312.6 13113 1310° 1309.4
Vig 1138.2 11379 1132.8 1133.0 1131.7 1131.4
Vis 11141 1119.2 1114.2 1114.1 1108.7 11139
Vs 1036.4 1037.3 1020.3 1022.2 1020.3 1021.7
Vg 911.1 914.3 914.2 916.3 906.5 913.0
Ve 890.6 886.8 891.2 892.8 884.5 882.9
Vio 699.9 695.1 695.1 701.5 691.8 693.6
V20 605.5 607.1 611.9 609.3 605.7 601.6
Va1 542.2 542.9 543.4 5393 543.2 539.0
Vo 505.9 505.5 505.9 504.0 503.7 502.6
Vys3 364.0 362.5 362.0 362.0 3633 361.8
Vou 238.0 236.8 236.0 2351 236.0 234.7

* FR=Fermi resonance. — ® Shoulder. — ¢ Minor components resulting from factor-group splittings.

¢ Not used in the refinement procedure for the determination of the empirical field.

;‘ Mean value of factor-group doublet (1401.2 and 1393.0 cm ).

the lower frequency side. No corresponding band was
observed in the Raman spectrum of this species [26].
In addition, an analogous splitting has not been indi-
cated in the spectrum of the 1,2-'3C, —C-d, modifi-
cation (see Figure 4 b). No explanation for this irregu-
larity can be presently given.

2. NH(D);-, CH(D),-Deformation
and CO,-Stretching Region

Figure 5 presents the spectra of the parent, 1-'3C,
and 2-'3C labeled species in the 1700—1200 cm !
region, where a total of 8 fundamentals including
three NH;-deformational, two CO,-stretching, and
three CH,-deformational modes should occur. Of
these. the assignment of the fundamentals due to the
CO, stretching motions was assessed straightforward-
ly by taking into account the '*C-shifts of the vibra-

Mean value of factor-group doublet (1393.5 and 1384.4 cm ™~

Y,

tional modes. The intense vy band at 1596.7 cm !

underwent a large (ca. 32 cm ') frequency shift upon
!3C-substitution of the carboxylate group, whereas
the same band does practically not shift upon
13C-substitution of the methylene group. The inten-
sity of the band and the result of the '3C-isotopic shift
strongly suggest that the vy band has a considerable
degree of antisymmetric CO,-stretching character.
The v,, band at 1416.6 cm ' has experienced large
shifts by ca. 19cm ! and 6cm ' upon !*C-sub-
stitution of the CO, and CH, groups, respectively,
which leads us to assign this band to the symmetric
CO,-stretching mode having a substantial degree of
C —C stretching character.

NH; bending modes form three fundamentals, one
symmetric and two antisymmetric deformations,
which yield infrared group frequencies around 1530
and 1620 cm !, respectively. The bands at 1633.9 (v,)
and 1617.5 (v5)cm ™! can be reasonably assigned to
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Table 6. Observed and calculated frequencies for **NH;CH,COO~, NH;CH,C'®0'®*0~, and '*NH;'*CH,COO"
(z-form) at 80 K. .

. ’NH; CH,COO" NH;CH,C'®*0'*0" 15NH;”CHZCOO‘
Assignment — — —
v/cm v/cm v/cm
obs. calc. obs. calc. obs. calc.

vo+vg 32183 3215 3213.2

FR? § v, 3147.2 3149.0 3156.6 3159.3 31479 3149.0
v, overlap 31439 overlap 3153.6 overlap 31438
V3 3052.0 3054.9 3058.0 3058.3 3051.9 3054.9
N 3008.5 3008.6 3008.3 3008.6 2997.7 2996.1
Vs 29729 2972.8 29721 2972.8 2966.4 2965.3
Ve 1631.4 1630.9 1632.7 1634.1 1631° 1630.9
v, 1616.3 1612.2 1614.7 1614.7 1615.0 1612.0
Vg 1594.6 1596.8 1578.3 1581.6 1593.0 1595.8
Vo 1528.3 1527.6 1528.9 1529.5 1525.0 1527.4

1502.0¢4 1500.34¢ 1503.4¢

Vio 14451 1443.3 1442.0 14423 1441.5 1440.9
Vi 1418.1 1418.0 1402.7 1403.3 14111 1408.0
Vi 13354 13339 1323.1 1324.7 1327.7 1331.6
Vi3 1310.8 1316.0 1310%4 1314.0 1308.3 1309.6
Vi 1134.8 11354 1137.7 1138.2 1128.8 1129.3
Vs 1117.4 1116.7 1119.1 1117.3 1112.3 1111.0
Vig 1027.0 1031.4 1033.8 1026.9 1009.7 1015.6
Vg 917.6 917.0 9159 910.5 914.0 915.7
Vig 895.9 895.6 872.6 872.9 889.6 892.2
Vio 703.0 697.6 686.8 690.9 695.1 696.3
Va0 612.6 6149 607.4 608.9 611.2 609.1
Vigy 5439 5431 541.5 540.5 543.8 539.1
Vs 503.9 505.8 496.1 4954 501.8 502.9
Vo3 359.7 3584 355.4 3535 359.3 357.7
Vi 235.5 236.0 230.2 232.4 235.2 2339

* FR=Fermi resonance. — ° Shoulder. — ¢ Minor components resulting from factor-group splittings.
¢ Not used in the refinement procedure for the determination of the empirical force field.

the two antisymmetric NH; deformational modes. On
the other hand, the v, band at 1532.6 cm ™! is assign-
able to the symmetric NH; deformational mode.
However, the same band shifts by ca. 9cm ' upon
!3C-substitution of the carboxylate group, which sug-
gests that the v, band may have an appreciable contri-
bution from antisymmetric CO,-stretching. The v,
band has an additional minor component at a lower
frequency at about 1530 cm ™', This splitting is pre-
sumably due to the site-splitting resulting from differ-
ent crystal sites of glycine. The interpretation is sup-
ported by an often similar structure of the correspond-
ing bands in the spectra of other isotopic species.
The remaining three bands at 14459 (v,,), 1336.8
(vy,). and 1315.3 (v;5) cm ! can be related to the CH,
vibrational motions, since these bands have dis-
appeared in the spectrum of C-deuterated glycine, as
shown in Figure 6a. The 14459 ¢cm™' band (v,o),
which is reasonably assigned to the CH,-scissoring
mode, shifts into the 1100-1000 cm ™! region of the

spectrum of the C-d, species, and exhibits a doublet
structure with components centered at 1060.3 cm ™!
and 1044.2 cm ' (Figure 6a). We tentatively assign
the latter band to the CD,-scissoring vibration. The
origin of the former band absorption is not well un-
derstood. One explanation for this band is that it
arises from the overtone 2v,, (=1059.2 cm™ ') stand-
ing in Fermi resonance with the CD,-scissoring mode.

The 1336.8 (v,,) and 1315.3 (v,5) cm ™! bands, con-
ventionally regarded as pure CH,-wagging and
CH,-twisting vibrations, respectively, seem to have
contributions from several group modes in view of the
following findings:

i) The pattern of the '*C-isotopic shifts observed for
the v,, band was similar to that seen for the v,, band
(approx. CO,-symmetric stretch + C— C stretching),
suggesting a strong coupling between these bands (cf.
Figure5).

ii) Deuteration of the amino group shifts these
1336.8 (v,,) and 1315.3 (v;3)cm ™' bands down to
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13224 (vy) and 12684 (v,o)cm~ ! with a marked
change in their relative intensities, as indicated in
Figure 7.

This later observation demonstrates that group
coordinate compositions in the v,, and v,; modes can
change strongly in response to the N-deuterion.

The three NH;-deformational modes (vg, v,, and
Vo) are expected to shift into the 1200 cm ™! region of
the spectrum of the N-d; species, and thus the strong
bands at 1192.7 (v,), 1181.6 (v,), and 1168.5 (v,;)
cm ™! seen in Fig.7a can be related to these vibra-
tional modes. By taking into account their relative
intensities, the band at the highest frequency is as-
signed to the symmetric ND;-deformational mode,
and the others to the antisymmetric ND;-deforma-
tional modes.

3. Far-Infrared Region

Representative spectra (550—100cm ~ ) of the parent,
180-, C- and N-deuterated species at 80 K are shown
in Fig. 8, where the 394.7 cm ™! band in the spectrum
of the N-d; species could not be detected in the corre-
sponding room temperature spectrum. In this spectral
region, four fundamentals due to NH;- and CO,-
torsional, CO,-rocking, and CCN-skeletal modes
should occur. The v,, modes at 544.7cm™! for the
parent species is sensitive to both the C- and N-
deuteration, shifting to 529.6 and 394.7 cm ! in the
spectra of the C-d, and the N-d; species, respectively
(see Fig. 8c and d). Based upon this observation, we
assign the 544.7cm™' band to the NH;-torsional
mode having a substantial degree of CH,-rocking
character. The v,, band at 506.9 cm~! underwent a
large frequency shift by 10cm™! upon !'20O-sub-
stitution of the CO, group, leading us to assign con-
veniently this band to a CO,-rocking mode. However,
the same band also underwent frequency shifts of 34.5
and 144 cm ™! upon C- and N-deuteration, respec-
tively, which suggests that this mode is highly mixed
combination of local vibrational modes associated
with the amino and methylene groups. The v,; band
at 364.3 cm ™ !, previously assigned to a CCN bending
vibration, seems to correspond to an intimate mixture
of several group vibrations, as demonstrated by the
27.3cm ™' NDj-induced shift as well as the 10 cm ™!
shift upon '8O-subsitution of the CO group. The as-
signment of the remaining CO,-torsional mode is
based upon the arguments given by Machida et al.
[18-19], and thus the absorptions at 238.4 and

785

2172 cm ™! are considered to have dominant contri-
butions from the CO,-torsional mode, whereas the
absorption below 200 cm ™' might be considered as
lattice vibrations. Support for this assignment comes
from the 8.2 cm ™! shift of the 238.4 cm ™! band and
the 6.0 cm ™! shift of the 217.2 cm ™! band in the spec-
trum of the ®O-labeled species (see Figure 8 b).

In oder to resolve the ambiguous part of the assign-
ment described in this section and to obtain a more
reliable description of the normal modes in terms
of group modes, a normal coordinate analysis was
carried out, see next section.

B. Normal Coordinate Analysis

A normal coordinate analysis (NCA) was carried
out based upon Wilson’s GF-matrix formulation [27].
Our computer programs allowed us to calculate
Wilson’s G-matrix elements, the solution of secular
equations, and the best values of force constants
through an iterative procedure. Details of the numeri-
cal calculations are given below.

1. Structure and Internal Coordinates

The G-matrix was calculated by using the struc-
tural data obtained by the precise neutron diffraction
study on a-glycine [21]. Figure 9 represents a schematic
structural view of the a-glycine molecule. Of particular
important is the fact that the atoms O,, O, and Hg
deviate significantly from the C, —C, —Nj plane, and
thus the a-glycine molecule has no symmetry element.
The geometrical parameters of a-glycine employed in
this calculation are listed in Table 7, where the sym-
bols and numbering of the atoms are in accord with
the notations given in Fig.9, and the notation t indi-
cates the torsional angles of the skeletal atoms.
Figure9 also gives the definition of stretching and
bending internal coordinates used in this work. On
the assumption that the atoms C,, C,, O,, and Oy are
coplanar, two CO,-rocking coordinates, which are
in-plane and out-of-plane with respect to the C—CO,
plane, are introduced:

i) the in-plane CO,-rocking coordinate (y) defined
as the angle between the C, —C, bond and the line
bisecting the angle 0, i.e. y=(1/2)(¢—y);

ii) the out-of-plane CO,-rocking coordinate (m)
defined as the angle between the C, —C, bond and the
O—C—-O0 plane.
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Fig. 9. Definition of internal coordinates for a-glycine. The
internal coordinates for CO, in-plane and out-of-plane rock-
ing and torsion of NH; and CO, groups are defined in the
text.

In the equilibrium state of a-glycine, the angle = is
0° to a very good approximation [21, 22].

The torsional coordinates associated with the CO,
and NH; groups are chosen as linear combinations of
all possible four mass-torsional coordinates as follows:

_1
Ty (COZ)_6(14123+T4126+T4127+T5123+T5126+T5127)’
_d
Tz(NH3)—§(1'8321 + Tg326 T T8327 T T9321 T To326
+ 79327+ 710321+ T10326 T T10327) >

where the subscripts correspond to the numbering of
the atoms given in Figure 9. In spite of the general
asymmetry of the glycine molecule, we introduce
several local-symmetry coordinates as given in Table 8.
In order to remove two redundant coordinates in-
volved within the bending internal coordinates asso-
ciated with the NH;- and — CH ,-groups, appropriate
linear combinations of these internal coordinates are
required. In constructing the nonredundant set of local-
symmetry coordinates, the distorted tetrahedral con-
figuration around the amino and methylene groups was
taken into consideration, as demonstrated by the
correction (non-unity) coefficients introduced into these
local-symmetry coordinates (see Table 8). Generally
accepted local-symmetry coordinates involving the
N—H, C—H, and C—O stretching internal coordi-
nates were also introduced in order to make it easier to
compare our work with previous studies on glycine.
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Table 7. Structural parameters for x-glycine®.

Notation® Value Notation® Value
r(N;—Hg)  01054nm  x(H,C,H,)  108.02
r,(N;—H,) 01037nm  0,(N;C,H,)  109.05°
ry(Ny—H,o)  01025nm  0,(N;C,H,)  108.51
h,(Cy—Hy) 01090nm  ©(C,C,N;)  111.85
hy(C,—H.)  01089nm  &,(C,C,H,) 10881°
m(C,—Ny) 0.1476 nm £,(C,C,H,)  110.50°
my(C,—C,)  01526nm  6(0,C,05)  12545°
5,(C,—0,) 01250nm  4(C,C,0,)  117.46
5,(C,—Oy) 01251 nm  w(C,C,05)  117.09
#,(H,N;H,,) 106.66° t(s,)¢ 18.9°
2, (HgN3H,,) 107.03 1sy)© 198.2°
13 (HgN,Hy)  108.71 t(h,)® 119.9°
BL(C,N;Hg)  112.09 t(hy)* 238.3
B,(C,N3H,)  111.73 try)* 182.7
BL(CN3H,,) 11037 t(ry)® 60.4°
t(ry)¢ 302.0°

Geometry at equilibrium according to [21].

Symbols are in accord with the notations given in
Figure 9.

The clockwise torsion angle between the N;C,C, plane
and the C,C, O, s, plane.

The clockwise torsion angle between the N;C,C, plane
and the Hy;,C,C, plane.

The clockwise torsion angle between the N;C,C, plane
and the Hgy ;0,N3C, plane.

2. Constraints to the General Valence
Force Field and NCA Results

The overall potential function of glycine crystal is
quite complicated owing to the presence of a large
number of intra- and intermolecular terms. Because of
the lack of frequency data below 100 cm ™!, we were
forced to remove the intermolecular terms from the
mathematical expression of the potential function.
Therefore, note that the force field derived from the
observed frequencies is not free from intermolecular
interactions amongst glycine molecules.

Since the glycine molecule has no overall symmetry,
its intramolecular general valence force field involves
300 parameters. Our experimentally determined fre-
quency data were not sufficient to determine the 300
force constants, and thus a number of constraints were
imposed on the force field. The scheme of constraints
used for the present molecule is very similar to that
proposed by Hollenstein and Giinthard [6, 29]. The
following criteria are shomewhat specific for the
glycine molecule:
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1) Since the NH ; torsional motion would practically
not be separated from its neighboring higher frequen-
cy modes, the interaction constants of At, with An
and n(NH;) are taken into consideration.

i1) A redundant set of force constants associated
with the NH;-group was introduced according to the
convention used by Hollenstein and Giinthard [28].
On the other hand, an independent set of force con-
stants refering to the local-symmetry coordinates of
the CH,-scissoring (S,), -wagging (S, ), -twisting (S,),
-rocking (S, ), and CCN-bending (S, ) motion was cho-
sen. In introducing potential constants associated
with these local-symmetry coordinates, exceptions are
the interaction constants of 460 with AS, and A4S,
which were not taken into consideration in the case of
propionate ion [5].

iii) Several local-symnmetry approximations were
employed:

a) C,, for —CO,,

b) C;, for —NH;,

¢) C, for NH;—CH,—C, ie. interaction constants
between quasi-A’ symmetric and -A” antisymmetric
coordinates with respect to the pseudo molecular
symmetry (C— C —N) plane are omitted (cf. Figure 9).
In addition, interaction force constants of 46 and of
Ay with the quasi-A4” coordinates except for y,(CH,)
are omitted.

iv) Within the N—CH, —C fragment, interaction
force constants of Am, were assumed to be equal to
the corresponding constants of Am,.

The application of these assumptions left 50 force
constants, 17 of which being diagonal force constants.
A choice of initial values of the force constants was
carried out both by comparison with structurally
related molecules [5, 25, 29] and by reference to earlier
investigations [13, 18]. These force constants were re-
fined simultaneously to fit a total of 307 experimental-
ly determined frequencies by least-squares iterative
procedure. The observed frequency data are distribut-
ed amongst 14 isotopic analogs of the glycine mole-
cule, and the individual frequency choice made for
each isotopic molecule can be extracted by inspection
of Tables 1-6. The final set of refined force constants
assocciated with the internal coordinates are given in
Table 9. This strictly empirical potential function re-
produces the experimental frequencies with a root-
mean-squares (rms) deviation of 3.32 cm ~!. The nor-
mal vibrational frequencies of the parent and its
deuterated derivatives calculated from the empirical
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Table 8. Local symmetry coordinates for x-glycine.

Symmetry coordinate Notation Description

/6)24r, — Ar, — Ary) v,.(NH;) antisym NHj str
1/\3){Ar2 — 4r,) v (NHj)
(1/3/3)(dr, + 4r, + 4r;) v¢(NH;) sym NH; str
1/ IN /2)(4h, — Ah,) v, (CH,) antisym CH, str
(1/y g)(Ah + 4h,) v,(CH,) sym CH, str
(1//2)(4s, — 4s,) v, (CO,) antisym CO, str
ULy /2)(4s, + 4s,) v.(CO,) sym CO, str
Aml v(CN) CN str
Am, v(CC) CC str
(1 /6)(2a/Jxl—bAoc,—cA13)“ 0,(NH;) antisym NH;
(/2 2)(bda, — c 4a;)? 0,.(NH;) deform
(l/v/6)(an +be2+cAac; 0,(NH;) sym NH; deform
Y dAB, —eAB,—fABs)
(1/./6)2d 4B, —e AB,—f AB3)* 7,,(NH,) in-plane NH,
~ rock
(1//2) e AB,—f4B3)* n(NH,;) out-of-plane
B NH; rock
(1//6)(adoy + b Ax,y + ¢ Aoy redundant
+dAB, +edp,+f4B;5)"
(1 20)(4!/1/-1111()1 —vA46, o0(CH,) CH, sciss
-\ de, —y 45,)°
(1/2)(u 45, +v A(Sh 7w(CH,) CH, wag
—xde,—yde )
(/y /30) (—[A/—llAOl—L 46, 6(CCN) CCN bend
+5u Ao —x Ag, —y Ae,)°
(1/2)(—u 46, +v 40, 7(CH,) CH, twist
—x Ae; +yde,)°®
(1/2)(—udd,+v A4, +x de, 7.(CH,) CH, rock
-y /sz)b
(1/ /6)(tA/+ uAdd, +v49, redundant
+w A(t)+XAF + ¥y Arz)b
Ay 71 (CO,)  in-plane
CO, rock
A0 0(CO,) OCO bend
An n(CO,) out-of-plane
CO, rock
Aty 7(CO,) CO, torsion
A, 7(NH,;) NHj torsion

a

Correction coefficients for the distorted tetrahedral config-
uration around the NH; group: a=0.9508594, b=
0.9578177, ¢=0.9888713, d=1.0484304, e¢=1.0413971,
and f=1.0083990.

Correction coefficients for the distorted tetrahedral con-
figuration around the CH, group: t=0.9612078, u=
1.006935, v=0.9807512, w=1.0323114, x=0.9989827, and
y=1.0181608.

force field are listed in Tables 1-4, together with an
approximate description of the normal modes in
terms of the potential energy distribution (PED). The
calculated frequencies for the '3C, **N, and '®0 iso-
topic species are collected in Tables 5 and 6.
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Table9. Empirical force constants for x-glycine®.

Notation® Values Notation Values
Stretch
107 K, /Nnm™! 5.3821 +0.0032 107 K, /Nnm™! 42613 +0.1307
107 K, /N nm ™! 4.8764 + 0.0038 10’ K,,,/Nnm ™! 3.5582 4+0.2359
107 K, /N nm ™! 9.3003 + 0.2581
Bend
10° H,/N nm 0.7160 + 0.0023 10° Hg,/N nm 0.6063 +0.0157
10° Hj;/N nm 0.5525 + 0.0094 10° H, /N nm 5.5312 4+ 0.1690
10° Hg,/N nm 0.5968 + 0.0034 10° H,/N nm 1.7345 +0.0889
10° Hg,,/N nm 0.6906 + 0.0076 10° H_/N nm 0.7867 +0.0126
10° Hg, /N nm 2.3187 £ 0.1031 10° H_ /N nm 0.6650 + 0.0330
10° Hg, /N nm 0.5458 + 0.0059 10 H,_ /N nm 0.6793 +0.0131
Stretch-stretch interaction
107 k,/N nm ! 0.0013 +0.0023 107 k,, /N nm ! —0.0205 4+ 0.1360
107 k, /N nm ! 0.0577 + 0.0038 107 k,,, ,Nnm ™' —0.4371 4+ 0.1037
107 k/N nm ' 1.4680 + 0.2581
Stretch-bend interaction
108 f,4/N 1.3089 + 0.1234 1081 ¢, /N 0.1814 +0.0225
108‘/;.,, /N —1.1454 + 0.1358 108 f /N 0.3566 + 0.0654
108];,’“,JN —0.3126 +£ 0.0149 108 £, o/N —0.0237 +0.0730
10%f,s./N —0.0426 + 0.0380
Bend-bend interaction

10° hy /N nm —0.1051 + 0.0094 10 hg,, /N nm —0.0104 4+ 0.0047
10° hiy/N nm —0.1142 +0.0071 10° hg,s, /N nm 0.3140 +0.0443
10° hg s /N M —0.0258 +0.0132 10° hg,s../N nm —0.0952 +0.0026
10° hg,se /N NM 0.0229 + 0.0094 10° h_g,/N nm 0.3761 + 0.0055
10° hg,sp/N nm 0.1124 + 0.0279 10° h_s, /N nm —0.1590 + 0.0155
10° hy,s, /N nm 0.1212 +0.0212 10° h.s /N nm —0.4112 4 0.0219
10° h.g,/N nm 1.2602 + 0.0917 10° hyg, /N nm —0.1559 +0.0109
10° h s /N nm 0.7376 + 0.0509 10° hg, /N nm —0.0905 +0.0110
10° hys,/N nm 0.0729 +0.0329 10° hg,.,/N nm —0.0351 4+ 0.0064
10° hyg,, /N nm —0.0233 +£0.0163 10° h,.,/N nm —0.0521 +0.0097
10 hg.g,/N nm 0.4102 +0.0337

* The errors shown are standard deviations. — ® Primed quantities follows the convention given in [28].

3. Discussion

This section brings a brief discussion in reference
to assignments and the constrained force field.

a) Additional Comments on Vibrational Assignments

The reporduction of the 307 input data is satis-
factory (rms deviation 3.32 cm ~ '), with only few excep-
tions. Several relatively large differences between cal-
culated and observed values occur especially for the

NH(D) and CH(D) stretching frequencies, which may
be attributed to appreciable anharmonicity in these
vibrational modes. For the C-d, species (Table 2), the
respective observed frequencies of 1643.7 and 1619.6
cm ™! for vg and v, are slightly high in comparison
with the corresponding frequencies of 1633.9 and
1617.5cm ! for the parent species (Table1). These
frequencies are probably forced up by Fermi reso-
nance with the overtone 2v,3=1606cm '. Such
modes involved in strong Fermi resonance were not
included in the frequency data base.
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The following particular aspects concerning the
relation between normal coordinates and local-
symmetry coordinates are worth while to mention.

i) The higher frequency vibrations above 1600 cm ™
appear to be reasonably pure in character. However,
as demonstrated by PED descriptions for several
NH(D),-stretching and -deformational frequencies,
strong mixing is pronounced between quasi-A’ sym-
metric and -4” antisymmetric coordinates: e.g. «) the
ve normal mode for the parent species corresponds to
a complicated vibration containing PED contribu-
tions of 48% from the quasi-4” J, (NH;) and 45%
from the quasi-A’ o, (NH;) (cf. Table 1), ) the v, nor-
mal mode for the ds species has a substantial degree
of the quasi-A” v, (ND,) character, but the same
mode contains a PED-contribution of 10% from the
quasi-A" v, (ND;) coordinate (see Table 4).

The appreciable departure of the structural param-
eters for the NH; — CH,-portion from a local C,-sym-
metry is reflected in a large number of G-matrix cross-
terms between quasi-A" and -A” local-symmetry coor-
dinates. This can result in a considerable amount of
mixing between quasi-A” and -A" coordinates in spite
of the introduction of the C, local-symmetry con-
straint to the potential constants associated with the
NH; — CH,-moiety (cf. constraint iii) in the preceding
section).

i1) Almost all normal modes bellow 1600 cm ™ * are
extensively intermixed group modes, as can be seen
from the PED given in Tables 1 —-4; the compositions
varying strongly from species to species. The following
is of particular interest:

x) In NH;CH,COO ", the methylene scissoring
vibration, (CH,), is involved essentially in one funda-
mental, v, ,, whereas the quasi-4" methylene wagging
mode, 7, (CH,), makes the respective PED contribu-
tions of 20, 18, 57 and 12% to the v, v,,, v;5. and
v,, normal modes, furthermore strongly mixed with
the quasi-A” CH, twisting mode, y,(CH,), except for
vy, (see Table 1). The PED in the v,, and v, normal
modes at 1336.8 and 13153 cm ™' would require a
revision of the traditional descriptions for these ab-
sorptions as the methylene-wagging and -twisting
vibrations, respectively. The corresponding normal
modes in ND;CH,COO might be located in the
1322.4 (vy) and 1268.4 (v,,) cm ™! bands, respectively.
However, the composition of group coordinates was
found to change strongly from the parent to the N-d,
species (compare v,,/v;; in Table1l with vy/v,, in
Table 3). This change of mixing is reflected in a

1

1

M. Kakihana ez a/. -+ An Empirical Potential Function of z-Glycine

marked difference in the band contour between the
vy2/v,3 bands of the d, species and the v4/v,, bands of
the N-d; species (cf. Fig. 7).

f) The PED in NH; CH,COO™ indicates exten-
sive dispersion of the fingerprint CO,-deformational
(0 (CO,)) and in-plane CO,-rocking (7;,(CO,)) coor-
dinates, making it difficult to specify any one band to
these motions. The latter coordinate seems to couple
intimately with the CH,-twisting vibration (y,(CH,)),
as demonstrated by the PED of v,4, v,,, v,,, and v,,
(see Table 1). Such coupling is also noticed for v,,,
v;,, and v,, in NH;CD,COO™, for v,g—v,, in
ND; CH,COO ", and for v,, in ND; CD,COO "~ (see
Tables 2-4).

7) The PED in NH; CH,COO ™ shows the skeletal
C — C stretching coordinate (v(CC)) to be evenly dis-
tributed among the v,,, v g, V50, and v,; bands, and
it is difficult to specify one band as the v(CC) mode,
although the v, band at 897.2 cm~! may be consid-
ered as characteristic for this motion. Similarly, the
skeletal C — N stretching coordinate (v (CN)) is spread
over a number of frequencies in the d,, C-d,, N-d;,
and d; species, but a substantially higher PED contri-
bution of 54% from v(CN) should be noted for the v,
band at 1036.9 cm ! in the d,, species (see Table 1).

b) Empirical Valence Force Field

The potential function employed in this study does
not include intermolecular interaction terms such as
due to the hydrogen bonding network in the glycine
crystal. Therefore the present potential function
should be considered to be strictly empirical. Howev-
er, our empirical force field is of practical value in view
of the transferability of force constants to more com-
plicated molecules. The following views are worthy of
a brief discussion (see Table9).

i) A statistically well-defined set of force constants
has been found through the least-squares refinement
computation with only few exceptions. Among the
interaction force constants, k., k., and f,,,, turned out
to be indeterminable from our experimental data; i.e.
the magnitude of these force constants was smaller
than their statistical dispersion, that is they are not
significantly different from zero.

ii) An inspection of the values given in Table9
reveals that most of the interaction force constants are
evidently different from zero. The inclusion of the
characteristic frequencies from the '*C-, '>N-, and
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18(O-labeled species is essential for the determination
of the empirical force field and might increase the
precision of important force constants associated with
the heavy atom skeleton. A number of previously un-
certain or undetermined parameters, most notably

. O
force constants relating to the C — C< o fragment, are

included in our empirical force field. It is of particular
interest that the possible presence of m-electron de-

s (0) . . .
localization in the —Ci o Broup s manifested in the

very high positive values of the CO-str./CO-str. and
CO-str./OCO-bend interaction force constants (see
the values of k, and f,, in Table9). Similarly large
values for such types of interaction force constants
have been reported for the formate [30], acetate [2],
pyruvate [3], and propionate [5] ions.

iii) The effect of hydrogen bonding in this molecule
may be reflected particularly in force constants
associated with the —CO, and —NHj groups. For
example, the diagonal force constants H,, H, , and
H__, corresponding to the CO, in-plane rocking,
CO,- and NH;-torsional coordinates, have the re-
spective large values of 5.5312x107°, 0.6650 x 10~°,
and 0.6793 x 10~ ° N nm.

iv) Since the two oxygen atoms in the carboxylate
group are significantly out of the NCC plane, it is
necessary to take into account particular interaction
force constants of the in-plane CO,-rocking (y) and
CO,-deformational (f) coordinates with several
(quasi-A") coordinates such as CH,-twisting and
-rocking coordinates. A detailed search for a set of
such interaction force constants allowed us to choose
two particular parameters, h,, and h,, . Removal of
these force constants with a subsequent force field
refinement led to a drastic increase in rms deviation to
6.0 cm ™! from its initial 3.32 cm ™. This result indi-
cates that the interaction constants of the CH ,-twist-
ing coordinate with the CO, in-plane rocking and
CO, deformational coordinates play an important
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