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ABSTRACT

Investigations of the infra-red spectra of single erys=-
tals of urea; thiourea, glycine, and deuterium derivatives
with polarized radiation are presented. The polarization
measurements are of value in identifying the normal vibra-
tions.,

For urea, evidence is presented that the molecular struce
ture is entirely planar., Frequency assigmments are made for
14 of the 18 fundamental vibrations for urea and deutero-urea.
A valence force calculation of the skeletal force constants
is made. The isotope product rule is applied to the vibrations
of 2 symmetry speciles.,

For thiourea; the spectrum is closely related to that of
urea, Frequency assignments of fundamental vibrations are
made for 15 frequencies of thiourea and 12 frequencies of
deutero-thiourea. A valence force calculation of the skele-
tal foree constants is made., The isotope product rule is
used to caleulate 2 of the unobserved frequencieq of deutero=-
thiourea. BEvidence is given in support of a planar or near-
ly planar molecular structure.

The spectrum of glycine yields polarization data giving
the orientation of the transition moment of individual vibra-
tions. This is applied to the analysis of the observed fre-
quencies. The polarizations of the absorption bands associa-
ted with stretching wvibrations of the NH; group are compabi-
ble with restricted rotation of that group about the.c—N bund&\ :
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The relation between vibrational frequeney and hydrogen bonde
ing is discussed, The use of partially deuterated glycine
permits the study of the effects of indlvidual hydrogen bonds
on the frequency and band shape of ND stretching vibratioms,

Some features of the polarization technique are used to

prediet group orientations in the l-leucine crystal,
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GENERAL EXPERIMENTAL METHODS

Phe infra-red spectra reported in the following exposi-
tion were recorded from three instruments. The low dispersion

work in the roeksalt region, from 700-5000 em™t

, was performed
with a Beckman Infra-red Speétrophotomater, model IR-2, opera-
ted with a combined wavelength and slit drive permitting auto-
matie recording. Investigations at longer wavelengths were
carried out with a KBr prism vacuum spectrograph donated by
the Shell Development Co. This instrument in its original
form was deseribed by ?rattain (1)« Recent modifications in-
eclude AC amplification, and an electrical slit control. The
accessible spectrum was extended to 400 em™1 with this spectro=-
graph. For high dispersion work in the 3000 em™t region; a
vacuum grating instrument was used. ‘This machlne; employing a

PbS photo-cell cooled with solid CO_, has been deseribed pre-

»
viously.{2) Gratings with 7500 and24500 lines per inch were
used in first order. The radiation source for the latter two
spectrographs was the customary globar.

The wavelength calibration of the prism instruments was
verified with the water vapor, carbon dioxide; ammonia; and
methanol bands. The frequencies reported in the low disper-
sion traces are probably accurate within the limits tabulated
below. Fluctuations in temperature was the chief cause of

variations in band positions.
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TABLE I

Instrumental Error in Frequency

Frequency Error

5000 em™t + 100 em~t

3000 30

2000 10

1500 5

1250 3
<1000 1.5

The calibration of the gratings was effected by measure-
ment of the l.4 and 1.9 water banﬂs'as reported by Nelson (3).
The limiting factor in the measurement of wavelengths on this
instrument was the slit width necessary for the operation of
the microscope. The theoretical slit width at 50 % transmission
varied from 1.9 to 7 om™L in the 3000-3500 cm™' region.

The erystal speciméns were illuminated with a reflecting
mieroscope (4) designed to match the opties of the Beckman in-
strument. The use of the microseope enabled one to effect
approximately a twenty-fold linear reduction in sample dimenw
sions from the size of the moﬁoohramator slit. Crystals of
less than 1 mm in length and as 1little as ,1~.2 mm in width
gave adequate transmission for polarization studies. The de-~
termination of the thickness of samples and absolube intensi-
ties of absorption was not feasible under the experimental »
condit?ons developed for growing and mounting crystal samples.
Indeed, the uniformity of thickness for a given sample in some

cases was questionable, In general samples under 10 miecrons (10'2
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mm ) in thickness were used, with some specimens estimated
from comparative intensities‘;o be less than 2 microns thick,

For polarization studies, a transmission polarizer was
placed in the collimated beam directly preceding the microe
scope, The polarizer consisted of three or four plates of
AgCl inelined at 65-70° to the optic axis. The intensity of
the rejected component is less than 5% of the transmitted com=
ponent at 5000 em™1 for three plates; and probably does not
exceed that figure throughout the spectral regilon investigated.

After polarization, the beam is twice reflected before
reaching the sample which introduces a slight phase shift re-
sulting in elliptic polarization. It can be shown that for
long wavelengths and angles of inecldence less than 200; the
refractive index n becomes very large and the phase shift be-
tween the components parallel and perpendicular to the plane
of incldence A, is of the order of sinf / n where # is the
angle of incidencé; This effeot is negligible with respect to
the incompleteness of polarization.

Since the reflseted beam is convergent as it meels the
sample; some depolarization occurs due to reflection at obligque
azimuths., The extreme ray reflected at 45° from the plane of
polarization will be rotated less than 8.5°%. The.net effect is
again insignificant when compared with the polarization ineffi-
ciency.

The analysis in the general case of the interaction of ra-
diation with an anisotropic medium is rather complex. Plane-
polarized light ineident upon quartz is split into eircularly
polarized components which may be separated by using enantio-
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morphic sections. Considerable simplification is possibdle
when elements of symmetry are present in the cerystal lattice.
Planes or centers of symmetry preclude stereo-optical acti-
vity. These elements were present in all of the crystals
studied in the following discussions with the exception of
l-leucine., Polarizstions parallel to symmetry axes or nor=
mal to symmetry planes are necessarily preserved since the
principal axes of the polarizability ellipsoid must coincide
with the symmetry axes of the lattice.

Low temperature spectra were taken with a low tempera-
ture sample holder consisting of a copper bar slotted to car-
ry the sample which is attached to a stainless steel dewar
jacket. The entire microscope was evacuated with a diffusion
pump, and by cooling with liquid N,,a temperature of about
-185° C could be maintained. Ice formation occurs slowly
giving fise to broad bands which do not interfere Seriously
for several hours of operation. The ice line indicated on
several of the subsequent figures repregents the absorption
due to lce on the substrate accumulated after a period sever~
al times longer than that involved in taking the sample spec-

tra.
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THE VIBRATIONAL SPECTRUM OF UREA



THE VIBRATIONAL SPECTRUM OF UREA

Introduction
The heats of formation of amides and urea are somewhat
less than expected for simple covalent bond structures; indi-
cating resonance energy stabilization of the structures.
Pauling (5) gives 37 keal/mole for the resonance energy of
urea.
The contributing structures may be represented by the

following formulae:

Tl T
- c\ /d +
HW NH,, HoN \“‘Ha
(a) (b)
¢ C
H:N/( o)\mz HaN/( a)\$3

Struebure b containing one less vglenca bond contributes
to the stability of aldehydes; ketones, and all other carbon-
vl groups, and the resonance energy of this form is not in-
cluded in the value quoted above. The bond strength of the
¢eN bond in structures ¢ and d is favored by a planar configu-
pation about the nitrogen atom. If the poteptial barrier for

inversion in ammonia is considered as normal, a resonance in-
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teraction greater than the barrier energy ( 2076 em~1) would
be required to induce the planar configuration., It 1is read-
i1y seen that half of the resonance energy ( 18.5 keal/mole )
is much greater than the 5.9 keal/mole destabilization of the
N bonding. _

In the subsequent sections, spectroacopic evidence is
presented in verifiecation of the planar structure.

The study of urea was undertaken as part of the insti-

tute program of research on proteins and related products.
The amide linkage -CONH- is the fundamental bindiqg unit in
these natural products, and its presence in urea makes pos=-
sible its study with the simplification of considerable sym-
metry.

The infra-red and Raman spectra of urea have been repor-
ted previously by several investigators. The Raman spectra
of aqueoug solutions of urea have been observed by Krishna-
murti (6), Pal and Sen-Gupta (7), Dadieu and Schneider (8);
Kohlrauseh and Pongratz (9), and Otvos and Edsall (10) who
also investigated urea in Dp0. The Raman spectrum of crystal-
line urea was studied by Krishnamurti (6), Ananthakrishnan
(11), and Graz (12}, and fused urea was examined by Thatte and
Joglekar.{13) Infra-red spectra of the erystals have been re-
ported by Kellner (14) and Keller (15)e.

Kohlrausoh; Kellner, and Keller have proposed partial vi-
brational assignments of the observed frequencies. These as-~
signments will be examined in greater detail in the following
text.
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In the present investigation, the infra-red spectra of .
single crystals of urea and deuterium-substituted urea were
observed with plane-polarized radiation in low dispersion from

400-5000 em~1 and with high dispersion in the 3000 cm~l region.
Experimental

The physical equipment was deseribed in a preceding sec-
tiocn. The samples were prepared by evaporation of a concen-
trated agqueous solution on AgCl plates about ,5 mm thick. At
suitable rates of erystallization, the growing needles spread
out to widths of .2 »mm or more while remalning about 5 microns
thick. Some tracings were made with thicker crystals without
AgCl backing. The samples were masked with metal foil or o~
pagque cellophane tape and mounted on various sample holders
for use in the reflecting microscope. Deuterium substitution
was effected by repeated solution and vacuum svaporation of
urea in 99.8% Dg0. The final stage of the treatment was per-
formed on a AgCl plate; the sample was evacuated to the wvapor
pressure of the solution, followed by slow evaporation in the

partial vacuuwm., J. T. Baker CP urea was used throughoutb.
Discussion

X-ray investigations (16) of urea yield the crystallo-
graphic space group Vg (rZ% zim ) which indicates a symmetry
of ch for the heavy atoms. The assumption will be made in
the Tollowing discussion that the molecule as a whole possesses

the same symmetry. ( Pixed positions of hydrogen of lower
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symmetry are unlikely from crystallographic consideratlons,

while a random arrangement ls unlikely in view of the com-

pleteness of polarization of the infra<red bands,)

Previous=-

1y Keller {15) and Badger and Waldron (17) have presented evi=

dence in support of an entirely planar structure based on the

selection rules for infra-red transitions.

ence 1lg reproduced bhelow,

The latter refere

The Planarity of the Urea Molecule®*

RoBERT D. WALDRON AND RICHARD M. BADGER

Gaies and Crellin Laboratories of Chemistry, California Instituie of
Technology, Pasadena, California

February 10, 1950

RGUMENTS based on infra-red observations were recently
presented by W. E. Keller for the planarity of the urea
molecule in the crystalline state.! Though plausible, we have not
found these completely convincing since the statement that in a
nonplanar model one of the 4; hydrogen bending fundamentals
should be essentially inactive is based on certain assumptions,

&

suT l

ABSORPTION ——»

3436 — — — — — ———=

3342 — — — =
3449 - — ——==

3362 ————=

BACKGROUND

FREQUENCY —»

Fi16. 1. Recorder tracings.of the spectrum qf a single urea crystal in
polarized infra-red at 2.9u, obtained with reflecting microscope and vacuum
grating spectrometer. Frequencies of the four intense maxima are given.

Symbols | and || indicate direction of electric vector with respect to the
tetragonal axis.

and not on a selection rule required .by symmetry. The really
conclusive evidence is to be found in the 3u region where the
resolving power of the spectrometer employed by Keller seems
to have been inadequate. In the planar model four N-H valence
frequencies may be active, two of which have the character 4.
In the nonplanar Ca, model only three of these fundamentals can
be active, and only one of these has the character 4..

Excellent absorption spectra with very high resolution were
recently obtained in this laboratory, using polarized radiation and
single micro crystals of urea. These observations were made
possible by a reflecting microscope or “microilluminator,” with
polarizing attachment, designed especially to match the optical
systems of both the Beckman IR-2 spectrometer and our large
vacuum grating instrument.? The latter instrument, with lead
sulfide detector cooled by solid COs, was used in the work men-
tioned.

As may be seen in Fig. 1, two pairs of intense bands were
observed in the 2.9u region, accompanied by much weaker bands
on the long wave side, which are presumably combination fre-
quencies or overtones. These pairs are incompletely resolved in
ordinary light but with polarized radiation each was very definitely
shown to consist of two components, one polarized perpendicular,
and one parallel to the tetragonal axis. Because of their high
intensity we regard it as very probable that the four strong bands
are NH stretching fundamentals, and consider that the complete
planarity of the urea molecule in the crystal is now reasonably
well established by spectroscopic evidence.

# Contribution No. 1391 from the Gates and Crellin Laboratories of
Chemistry. The investigation here described was supported in part by the
Bureau of Ordnance under Contract N6-ori-102, VI with the ONR.

1W. E. Keller, J. Chem. Phys. 16, 1003 (1948).
2 Badger, Zumwalt, and Giguére, Rev. Sci. Inst. 19, 861 (1948).
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The planar structure will be assumed in the following dise
sertation.
The isolated molecule of urea with eight atoms has
3 x 8 =6 = 18 fundamental frequencies distributed as follows

among 4 symmetry specles;

‘ TABLE IX
Species Classification of Components of Transition
Moment (M) and Polarizability («)

Operation Species
Ay Mgy Xyg) Aglogy) Byliy, %gp) Bylily, %yz)

+ - -

62 +

- + - ¢ -

d}% + = - +
No, of Vibrations 4 2 6 3

The symbol + indicates the component is unchanged, - in-
dicates the component changes sign following the symmetry oper-

ation, 44 5 ys Xy Oype

Figure 1 gives a perspective view of the crystal strue-
ture and illustrates the coordinate axes used in following
analysis.

The following speectra show the prineipal bands in the

infra-red above 400 em™* for urea ( Fig. 2, 3 )



FIGURE 1

Cryatal Structure of Urea

Top: crystal Habit
m =z 110
o= 111
Center: TUnit Cell
| Dotted lines represent hydrogen bonds with
Nees0 distances:
e 3.00 R
Le 3,07 R
Bottom: Coordinate Axes
= 2«fold axis C,

z
0 = symmetry plane
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FIGURE 2

Infra-red Spectrum of Urea from 700-5000 em™t

Abseissa: Frequency in em™t

Ordinate: Intensity of transmitied radiation

A, Unpolarized Spectrum
Two different sample thicknesses are shown
B. Polarized -- Thick sample

C. Polarized -~ Thin sample
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Infra-red Spectrum of Urea below 700 cm'l
Top. Unpolarized Bottom. Polarized

FIGURE 3
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The table below lists the frequencies, polarization
character, and comparative intensities of the absorption
bands., The intensities listed are for incident polarized

light, and constitute only & rough approximation to the true

values,
TABLE III
Infra-red Absorption Bands of Urea
Frequency - Polarization Density - Freq. -  Pol. Dens.,
5030 em™1 Fuz .07 2060 Tz .07
4550 Tiz .05 2005 Tz <20
3449 " 30 1689 , ¥ 9
5436 » 15 1630 b 13
3362 " 10 1610 " 13
3342 - 12 1472 = 8
3288 " S 1160 "
3261 . 3 1054 . 1
3226 " K 1005 " «35
2820 " .31 790 o 1
2645 " «27 718 = w51
2490 " «05 574 - 2.9
2210 " 17 558 » 5.2

In describing the orientation of polarization, we shall
refer to the plane of the electric vector ¥. Bands which ab-
sorb strongly for Fuz ( z is parallel to the tetragonal axis;
¢ ) indicate a symmetry species A4 for the transition. Polar-

ization Lz may correspond to either species Bl or 32° Speciles
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A iz inactive in the Infra-red.
2 In first approximation one may describe the normal vibra-
tional modes ag consisting of hydrogen atom vibratibns énd

®gkeletal™ vibrations. ( The neglect of coupling between skel

etal_mations and hydrogen bending oscillations leads to some
gerious difficulties, but is useful for preliminary classifi-
cation of observed frequencies, simplifies valence force cal=-
culations, and aids in visualization of the vibrational modes.
The neglect of interaction of molecular vibrations with lat-
tice vibrations should not be too serious for weakly hydrogen-
bonded erystals such as urea. )

The 4 hydrogen atoms contribute 12 degrees of freedom
giving 4 stretching and 8 bending frequencles. The heavy atom
skelebton may be treated as a 4 particle system with 6 funda-
mental frequencies ( analogous to HgCO and ClpCO ). The clas-
sification according to symmetry class 1s given below. Figure
4 illustrates the approximate form of the normal vibrations
with the symbols used for thelr description in the material to
follow,

TABLE IV
Species Classification of Hydrogen and Skeletal Vibrations

Specles H stretech. Bend Skel. stretch. bend Designetion

Ay 2 2 2 1 (7) V-,
Az 0 2 0 0 (2) Vg ,‘Vq
Bl 2 2 1 : | {6) v ”Ms
B, 0 2 0 1 (8) V-V
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' $
0 0 0
v
~
: ‘ :
A
A *
N N JE‘,N - IW\& SN N
Va Vb V;
354 0—> 0—
<0 - «( C+
A A o g
N NS* N& N N N
Va Ve Ve
Skeletal Vibrations ( Schematic )
Hév 11)7 H\
*W N N
¥
A
H H H—>
¢ léx,oa ng’Pf V%‘BA
\H H— H+
N N+ N
¥
H—> H— ' H—
Vs, s Ve ¢! Veor!

Hydrogen Vibrations ( Schematic )
The unprimed subscripts refer to vibrations symmetric
with respect to U‘ { A and B ); the primed subsecripts re-
fer to vibrations antisymmetric with respeet to g7 ( A, and B ).
FIGURE 4
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Assignment of Frequencies

A prerequisite for the correct identification of specifie
vibrational modes with the observed frequencies is the recoge
nition of the fundamental absorption bands. The selection is
made from consideration of the infra~red and Raman intensities
and empirical evidence erm the spectra of related compounds,

Ag discussed on p. 9, there are observed 4 fundamentals
in the 3000-3500 em~l region at 3449, 3436, 3362, and 5342 om™l
The polarization indicates 2 of the bands are of species Al
and & are Bl’ '

At lower frequencies, intense ﬁl bands are cobserved at
1689, 1610, 1160, and 558 em~l., 1005 em™! which is weak in
the infra-red gives an intense polarized Raman line. These
lines are very probably Al fundamentals which completes the
identification of the fundamentals of this symmeiry species.

For the vibrations of species Ay and By, the elongaticn
of valence bonds is an infinitesimal of higher order than the
normal coardinate; and we expeet the frequencies to be qulte
low ( pure bending modes }. One pair of frequencies, V/; and

Vpr s involving essentially torsion of the NH, group about the
C-N axis is almost certainly of lower frequency than 500 em™1,
({ One would expect a freguency considerably lower than in
ethylene { 1027 am’l)‘and approaching that of ethane ( 290 em™1)
(18).) A second pair, J and \f, involving NH, wagging normal to
the plane of the molecule would probably be much lower than
the corresponding pair in ethylene ( 949 and 943 cm™l ) since
the transition from a double bond to a single bond =RH,, ~RHp
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inverts the potential energy surface, i.e. a potential mini-
mum exists for ethylene in the planar position whieh becomes
a maximum for ammonia or primary amines. { The C-N distance
of 1.34 £ indicates considerable double bond character for
the linkage, ) The remaining B, vibration is the skeletal
bending vibration V}. 7
=

Of the lower frequency bands observed for E Lz, the mee
dium o intense lines at 1630, 1472, 790, and 574 cm™l are
considered to be‘fundamantals. Por reasons glven in the pre-
ceding paragraph, we do not belleve a By fundamental would
have a frequency as high as the Tirst 2 bands listed; conse=
quently they must be B1 fundamentals.' We consider the band
at 790 em™l the skeletal frequency Ve, and 574 eam™t the skele
etal frequency V, of symmetry species By and By respectively.

Five fundamentals remaln unidentified; 1 Bl; 2 Bz; and
the 2 inactive Ag.

Skeletal Frequencies
To id?ntiry the skeletal frequencies; following Kohl=-
rausch {9), we will treat urea .as a 4 particle system using;
however, somewhat different frequencies. The system, planar
X¥Zy (Cpy) has 6 genuine vibrations: 3 Al; 2 Bl; and 1 By
( Fig. 4 )« In our choice of frequencies we differ from Kohl-

rausch in the followlng respects:
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TABIE V-

hAgsigment of Skeletal Vibrations

Ay B, By
Hﬁ Vb M; Vﬁ VB Vr
Kohlrausch
& Pongratz (R) 1655 1000 585 1157 525
Waldron (I) 1689 10086 558 1472 574 790
"
(deutero-urea) 1632 1002 476 1501 512 779

Va; Vys and V, are polarized || z in the infra-red and are
eésentially in agreement except for the interchange of ), and
Ve s { The differences in frequency between the Raman and in-
fra-red are due in part to the transition from solution to the
erystal. ) 1160 em™l is also polarized ||z and consequently
cannot be Vd‘ For the Bl frequencies we choose 1472 and 574
cm‘l; for Ve, 790 em™1,

The wvalidity in assuming the above frequencies 1s strength-
ened by considering the spectrum of deuwtero-urea. The bands
LQ; Vh; Vh; and Vp persist upon substitution of deuterium for
hydrogen with only very slight frequency shifts., V, and J,
exhibit proportionately greater drops in fregquency, but even
here the shift is muech less than one would expeet for H bend-
ing vibrations.

Additional confirmation of the choice comes from cénsid-
ering the spectra of the carbonate and guanidinium lons, which
are iso-electronic with urea. co§~w1tn symmetry D, has only
4 vibrational frequencies, 2 of which are doubly degenerate.

Guanidinium ion, G(Nﬁz)g; which also has 3-fold symmetry may
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be treated as & 4 particle system.

The frequencies of COz have been positively ildentified
with vibraticnal modes as given in the table below. For |
C(Nﬁa)S* the Raman spectrum has been investigated by Gupta (19),
Graz (12), and Obves and Edsall (10) for aqueous solutions of
the chloride, and the erystalline state was examined by Graz
(12) and Ananthakrishnan (11). The strong polarized line at
1006-15 cm™! must correspond to Aje AZ is Raman inactive, and
the degenerate pair E' probably correspond to the medium in-
tensity lines at 1549-65 and 526-36 em™t although the high fre~
guency band may be the very weak line at 1462-83 om™1, Figure

5 illustrates the form of the normal vibrations.

) A
Y ¢ T
X X ~X
A v = A
P 4 - . Y " ;4 Y =
1
3 Y Y—
¥
X+ X X
N + 7 A
Y- Y- Y Y Y Y
AL B \ E'

Vibrations of Planar XY, (D )

FIGURE S
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The table below shows the correlation of these frequen-

cies with those of urea.

TABLE VI
= +
Skeletal Frequencies of GO, G(Nﬁa)z, and (NHz)zco

Ay Ag B
co; {(20) 1063 879 1415 680
C(NH,) 3 1008 unobs. 1552 (or 1472) 529
e ™~ T
(M) ,C0 1005 790 1689 1478 574 558
Ay B, Ay By B, Ay

It 1= seen that the agreement is gqulte satisfactory con-
sidering the approximations involved. Vg and Ve which are in-
distinguishable on the basis of polarization present the chief
possibility of error. In addition %o the better correlation
with the spectrum of 00;, we prefer our assignment for several
additional reasons: the evaluation of force constants from a
valence force pobtentlal using 1472 and 790 em™l as Vﬁ and ué
leads to imaginary force constants which deviate widely from
real values; since 790 am*l was not observed in the Raman work;
it probably more nearly corresponds to Aj of cog s 574 om™t
shows an isotope shift comparable with the other planar bende

ing vibration V,; somewhat greater than that of 790 en™1,

Hydrogen Frequencies
We may now discuss the hydrogen frequencies. The assign-
ment of the hydrogen stretching frequencies offers no parti=-

cular difficulties. If we assume that the higher frequency
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of eac¢h symmetry class corrssponds to a reciprocating vibra-

tion, V, and Vy, we obvain the followinz assigmment.
’ﬁ (3' 5] oy

TABLE VII
Hydrogen Stretching Vibrations

Vibration : Frequency  Polarization
Vo =V 3449 en™l Tz
Ve & V3p 3436 ELz
Vu = Ve 3362 i
Ve = Vil 3342 "

The observed intenslties of the stretching fundamentals
are in qualitative agreement with those predicted from the
known structure of the heavy atom skeleton assuming reasonable
bond angles for the hydrogen atoms. The change in dipole mo-
ment assoolated with U, and . is approximately T_+ E; and
¥, - B, ( Fiz. 6 ). The transition moments associated with Ve,
Vy are B, + B, and E; - E..

Radiation theory ylields the result that the absorption
coefficlient is proportional to the square of the absolute val-
ue of the transition moment., Half of the molecules in the lat-

tice will not contribute to aﬁsorption intensities for B, or

1
Bz transitions since their transition moments will be parallel
to the direction of propagation of the incident radiation.
With the assumption that the angle bisectors of the Nﬂz groups
intersect forming an obbuse angle § >110°9, then z[E; + E;]3‘>
%, —'§;|3 and ‘ﬂ; - ﬁ;]z > 2|E_ + ﬁ;'a, This simple treat-
ment predicts that the lntensity of Vi>'Vio and Vé<’Vi1 in
agreement with observation,
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The Raman spectra of aqueous solutions show shifts of
the valence frequencies due to changes in the nature of the
hydrogen bonding, but the crystal spectra are in good agree-

ment with our infrae-red measurements.

0

C _
’////ﬁ:¢t>\\\\\m’//lﬁ E

\H H/

Components of Transition Moments for Hydrogen Stretch-

s N

e
yig N
» yof

ing Vibrations ( Schematic )

8 = synchronous vibrations |, 4 T 5 reciprocating vi-
brations 4éﬁ“ FIGUHE ”

We may now discuss the remaining hydrogen bending modes,
The high frequency palr of bands at 1630 and 1610 em™! cor-
respond to the seissors vibrations; V,, and Vy. The band at
1160 em™! then represents the last £y rundamsntal,.the H rock-
ing vibration Vg. This completes the assigmment of the pre-
viously identiffed fundamentals. ;. is expected ?o ocour nsar
the frequency of the corresponding symmetric band, 1160 amfl.
A broad diffuse band polarized L z extends from about 900-1200
em™t. The absorption in this reglon was shown to consist of

several components auring investigation of the spectrum at
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liguid air btemperatures.s We assign Vy to the band centered
at 1054 cm™' of polarization 'gJ.z-: , ’ ’

The 4 remaining fundamentals, Ve " Ve' % 1/; , and V;, probaw
bly lie below 400 cm."'l.. Some absorption of undstermined po-
larizetion was observed below 410 em™! which may correspond
to 4 .

The forsgoing assigmment 1s recapitulated in the followe
ing table togzether with a tentative assignment of combination

and overtons bands compatible with observed frequencies and

polarization. |
TABLE VIII
Vibrational Assignment
- Fundamentals
A o Ag 5 . By

3449 =V, = V, Unobserved 3436 = V35 = Vo 790 =V6= Ve
3362 =V, = [, ( Vg, Vg} 3342 -‘-Vll = )+ Unobserved
1689 =V = Va 1630 =I/12 =V | Vim, 1118)
1810 =V, = Vy 1472 =V15 = Vy

1160 =V = Vg 1084 =V, = I

1005 =V, = Vb 574-"—'1/15 = Ve

ssg=V,= V
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TABLE VIII ( CONTINUED )

Combinations and Overtones

5030 Ellz 15+ 15, Vot Vg, Vgt 52645 jof | I v o+ 4
4550 Tiz Vg + Vo 2490 Eiz Vg + Vig
3288 " Vg + Vi, 2210 " Vg + Vy
3261 " V, + Vg 2060 " Yy + )y,
3226 " 2y, 2005 " 2/,

2820 " Vg + Vg 718 " Vap t Vay.gm)

EUTERIUM SUBSTITUTED UREA

We may now turn our attention %o the spectrum of deutero=-
urea., The small amount of residual hydrogen introduces su-
perfluous bands in the spectra, and iatroduces some uncer-
tainty in the identification of the weak spectral bands, The
spectrum of deutero-urea above 400 cmfl is presented in Figures
7 and 8.

The following table lists the frequencies, polarization,
and relative intensities of the absorption bands attributed

to (WD,.)}.C0e. ILess prominent bands considered to be due %o

2)2
molequles with residual NHD groups will be discussed in the

text.



FIGURE 7

Infra-red Spectrum of Deutero-urea from 700~5000 o

Ordinate: Intensity of transmitted radiation

A, TUnpolarized Spectrum

B, Polarized Spectrum
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FTIGURE 8

Infra-red Spectrum of Deutero-urea below 700 em™t

Ordinate: Per cent Transmission
The margln mark - represents 75 % transmission
Top. Unpolarized Spectrum

Bottom, Polarized Spectrum
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TABLE IX

Infra~red Absorption Bands of Deutero-urea

Frequency Polarization Deunsity Freq. Pol., Dens,
2962 Tiz 45 1501 Fiz 18
2874 ¥z .22 1248 Tz .30
2733 " 15 1180 " 035
2589 " 12 | 1002 " 2,5
8586 L 8 891 " 2e2
2433 " b B 854 " « 20
2428 " 8 779 al 3.2
1998 o ‘ ..20 ‘ 512 " 2.0
1632 " 13 476 ” 5.5

¢f. p. 14

Asgignment of Frequencies

Proceeding as with urea, we shall first attempt to ident-
ify the fundamentals. We expect 4 D stretching wvibrations
in the 2500 em™t region corresponding to the H stretching
vibrations of urea. Only low dispersion was available in this
gspectral region, and 2 band envelopes wege observed at 2588
and 2431 em"1, Both envelopes showed mixed polarization which
we consider demonstrates the presence of 2 fundamentals asso-
ciated with =ach band envelope.

At lower frequencies, intense Al bands are obhserved at
1652; 1002, 891, énd 476 em~l which are considered to be fun-
damentals,

v

Intense bands of polarization ¥z appear at 1501, 779,
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and 512 em™}

. The band at 779 em™l is considered a By, fun-
damental, the other two Bl fundamentals as previously stated
( pe 19 ). ‘ ' _

Seven fundamentals remain unidentifled; 1 Ay, 2 By, 2'82,2

and the 2 inactive Aa’

Skeletal Frequencies
The skeletal frequencies were treated in conjﬁnotion
with the eorresponding vibrations of urea ( p. 19 ). Vs ine-
creagses in frequency upon deuteration indicating some inter-

action of Va with V., in normal urea,

Hydrogen Fregquencies

By analogy with urea, the high frequency pair of bands
are agsigned to the reciprocating vibrations; b% and %y, and
the low frequency pair of bands are assigned to the synchro-
nous vibrations, Vi and J g« Upon polarization; a slight dife
ferenge in the positions of the maxima of the band envelopes
was observed, bubt this effect was within the possible range
of instrument drift. We thus assign Vg = 2589, V. = 2428,

Vo = 2586, and V= 2433 om™l,

Vg is assigned to the Al fundamental at 891 em™t giving
a frequency ratio Vg (H)/ Vg (D) = 1.30 . This completes the
assignment of the previously identified fundamentals.

In attempting to find the deuterium scissors bending vi-
brations, M, and V., corresponding to J, and Vis in urea,
there are observed only very weak bands in the region expect~
ed from normal isotope shifts. We consider the weak band

polarized | z at 1248 amfl as v;, and the weak band polarized



s
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Lz at 11560 ca™t as Voo 4 polarized line of medium intensity
at 1247 ew™! and o weak depolarized line at 1184 em™! were
reported in the Raman spectrum (10). The isotople frequency
retlos Vy (23)/ Vy (D} = 1.29 and V,(H}/ V(D) = 1.41 are rea=
sonable since these frequencles may be expected to interact
with the high frequency skeletal vibrations, Vg and Via in
normal urea. The sclssors bending vibrations appear as me-
dium intensity bands at 1196 and 1150 cm™F in the clossly
related compound, deutero~thiourea.

U;,is expected to ccour near the frequency of the core
responding symmetric band, 891 en™1, Application of the iso-
tope product rule gives a caloulated value of 834 em™t for Yste
We assign Vuto the very weak band of polarization ELz at
854 em™L, ‘

We attribute the bands at 5400, 1063, 586, and 565 am~l,

as well as the diffuse absorption polarized || z near 14001500
cmfl, to vibrations of molecules containing NHD groups.,

- The following table gives a resume of the foregoing as-
signments and offers tentative assignments for several weak

combination bands observed.
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TABLE X

Vibrational Assigument g

- Fundamentals
A, Ay B, B,

2589 =V; = I Uncbserved 2586 = V14 = W 779 =V = V5 |
2428 = Vo = Uy ( Vg, Vy) 2433 =V, 4= Jy Unobserved
1832 =V; = V, 1501 =3, = V3 ( Vips Vig)
1248 =V, = V, ‘ o 1160=V5 T Wy
1002 =Yy = ¥ 8=V, = Yy

891 = VS = Vs 53.2‘-'-'"1/15 = Ve

476 =‘-V,? = Vc

Combinations and Overtones
nab - o o
go68 DLz Vo + g, Vp ¢ Vg2752 Bz Vg 4V,
2a74 Tz Vo 4 Vp,Vy 4 Vg 1996 Tz 2J

Two cases of "crossing over" of frequencies may be noted.,
Vp oceurs at higher and lower frequencies thanm V, in urea and
deutero=-urea respectively. Also }yoccurs at higher and lower

frequencies than Yy in the same manner.

Theoretical Treatment
The assignments postulated in the preceding sections dif-
fer from those of Kellner (14) in several respects, A direct
comparison would not be too profitable, since a different
model was used, and the higher dispersion used in the present

work resolved several bands not previously separated,
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A. Byvaluation of Force Constants

The treatment of resonating molecules by & valence forece
potential field 1s not too satisfactory since the interaction
energy may be appreciable, Further refinements in the case
of the skeletal vibrations of urea are not very significant
sinece the skeletal approximation is a 1limiting factor in the
validity of the force constants obtained., The treabment of

COZ and c(mﬂa)g will be considered firsb.

3
The wvalence force treatment of planay symmetrie xxh is
given in Herzberg (20). Using a potential energy expressed

in the form:

av = k(€ 407,408 ,) 4 kglsh 452 482,) 4 kp(aF ea en2 )

Qij = displacement coordinate of the bond ie]

Sjk = radian displacement coordinate of the angle j=l-k

A&J = " " " of the bond i-j from
the plane of the molecule

there are obbtained the equations:

1o M zky/ my
2 Mgz (148a/m ) k/nt®
3. )«34.).4".'(l+3my/3mx)(k1/my+3k3/myl.‘?"
4o Aghy 280143/ m ) kyky/ miL®)
m,; = mass of atom 1

L = length of bond iej

>-1 z 41:2@
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For cag; the solution of equations 1 and 4 gives:
k, = 10.65 x 10° dynes/ om
ke/ LA «51. » " "

Solution of equations 3 and 4, however, leads to imaginary

- forece constants. An approximate solution satisfying equation
3 and giving the greatest product A;), consistent with real
force constants glves: '
ky = 3.87 x 10° dynes/ em
kg/ L% =2 1,89 v o v
Bquation 2 glves:
ky/ 12 = 1.46 x 10° dynes/ om
The poor agreement of ky and k s determined by the alter-
nate methods is indicative of considerable resonance inter~
action involved in the vibrational motions.
A similar treatment may be carried out with C(NH,)Z.
Due to the uncertainty in the assignment we shall list 2
sets of solutions ( for V. = 1552 and 1472 om™1),
( 1552 ) {1472 )
| ky = 9.50 x 10% dynes/ om , same
Eguations 1 and 4 ‘ ‘
ke/ 12z .42 " " ", .38 x 10° dynes/ em

k, = 6465 x 10° dynes/ em , 5.83 x 10° dynes/ em
Equations 3 and 4 | ' _
kS/ L?p = .60 " m . 62 " " "

The interaction energy is again considerable,
Since we have 3 planar frequencies, we may add to the

potential function an interaction term of the form
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v Di-t C
BV 3 Vo + Ak Qa0 + Yy + QsG]
where Vo is the valence force potential funetion. Substitu-

tion of this expression yields the original equations 1l-4

with kl replaced by k, + 2kj in equation 1, and by k, - kI

4 4

in equations 3 and 4.
- This gives for ch :

k, = 6.13 x 10° dynes/ om

k' = 2.2 " " "
1 6

and for c(mﬁa); T
)
( 1552 ) { 1472 )
7,63 x 10° dynes/ cm , 7.08 x 10° dynes/ em
k! = .98 " " " 1.85 " " "

2
o
H

The treatment of planar XXZz is also given in Herzberg.

The wvalence force potential function is3:

- 2 g , .2 2 2 2 2
AV oz kg, + ko (Q, + Q) K8+ k(8o +85,) + KA
A = radian displacement coordinate of the bond X-Y
from the plane of YZa

from which there are obtained the equations:

; 39 Al + AE + )3 = kl(wk + wy) + ké(wz 4 8wycosau) + ka(wi +
awysinzu)

S )lha P klAS + Aghg = kykg(ww  + wow, + zwiyycosau)

& klks(wiwz & Wywz + zwiwysinzu)

2
+ kzksfwz & 2ijz)
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2

" - o
klkzka(wxwz + WW

35

- -
Tz + wawywz)

ZWy[R + 2co8 u # cos®u /R])

+ 4w§Rsin2u)

5. 1 5 &
4,
5.
6
2u =
Ll =

H

0

1/my kg = iy b K
2

Y4 angle La

2/ Iy ky = ky/ LI

‘X~Y bond lengih

L4
i

i b

Vo

}4‘+ AS = kg(wz 4 2wysin3u) + ké(zwﬁﬁ + WZ/R 4
MM = : 2
4%5 k2k4(2wx”zR + Wz/R +,2wywz[ﬂ + l/Eﬂ + 4wywz¢os u

.hs s k seczu (3w, + w Rcoszu + w [I/R + 2¢0s u + Rcosau])
5 B x v

!

ks = '%3/ LILZ

Equations 1-3 do not glve real solutions for urea. An

approximete solution satisfying equation 1, an auxiliary

equation derived from equations 2 and 3, and giving the great-

est product Alkgkﬁ consistent with real force constants gives:

£ =

oo ®

kl e 7.4 x 10° dynea/ em
kg = 9,85 » » "
Rk3 = 2 " 26 ”n " 't

Substitution of these constants and solving for the fre-

guencies gives:

Calculated Observed
V, = 1719 om™t 1689 en™L
Vy = 949 1005
V, = 557 558
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Similar ealculations for deutero-urea lead to con-
siderably imaginary force constants,

The solution of equations 4 and 5 gives:

Urea . Deutero-urea
k, = 5.42 x 10° dynes/ om, 6.22 x 10° dynes/ om
k, '

- ¥ 80 ¥ " ki) 4 65 34 1 "
4 H

Equation 6 yields:

Urea Deutero-urea
kS s .434 x 10° dynes/ em , .428 x 10° dynes/ em
One would expect somewhat smaller interaction constants
for urea than for cog jon. It is apparent that the force con-
stant for the C-0 bond has a value considerably below that for
ketones, ( Herzberg lists 12.1 as the characteristic stretch-
ing force constant for C-0 in ketones. ) In contrast, the
C=N stretching force constant is larger than that caleulated
for mebthylammonium ion, 4.63 (21). These observations are in
accord with resonance interaction which transfers some of the
double bond character of the C~0 bond to the C-N bonds. This
is reflected in the interatomic distances which lie interme-
diate between normal single and double bond values: (5)
Single Bond Urea Double Bond
-0 1.45 £ 1.2¢ & 1.21 &
C-N 1.47 8 1.53 £ 1.26 &

The frequencies of the H stretching vibrations are rathe

er high for a crystal in which hydrogen bonding can oecur,
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The mean value of the synchronous vibrations é(Vé + Vil) z
3352 em~+ while in ammonia U& = 3336 em™l., For the recip-
= 3442 em™t

rocating vibrations, %(V& + compared with

Uio)
Vé = 3414 in NH;. The interatomlic distances as calculated
from X-ray data are N***0 = 3.00 and 3,07 X which Indicate
only rather weak hydrogen bonding forces, The C-N*+*+*0 angle
corresponding o the hydrogen bond along the z axlis is less
than 100° which is also unfavorable for hydrogen bond forma-
tion. The weakness of the hydrogen bonds is probably due
to a saturation effect at the oxygen atom; it being unable
to furnish enoush electrons to form 4 strong hydroggn bhonds.
In the application of spectroscopy to the prediction of
hydrogen bond strength from the frequency of hydrogen stretch-
ing vibrations, cantion should be exercised in the interpre-
tation of frecuency shiftse, Unsaturation of the atom to
which the hydrogen(s) are attached pbofoundly affects the
stretching frequency as an examination of the spectra of
ethane, ethylene, and acetylene reveals., A change in coor-
dination number as in the transition from NH5 to Nﬂi also
causes alteration of the H stretching frequencies., Either
of these effects may cause departures from "normal™ H stretch-
ing frequencies of several hundred wave numbers-- of the same
order of magnitude as hydrogen bonding shifts, It is appar-
ent that for use in determining hydrogen bond strengths, the

nther variables must be known with some precision.



B. The Isobope Product Rule

The previous observatians give sufficient frequencies
to apply the TellereRedlich isotope product theorem (20) to
the A, and B, frequencles,

1 1
The general formula is:

&
\ ‘ m(n) M(i) || I(i)
i W(n / (i) M(n)} (I(n)
i

where: W = zerc order frequency of symmetry specles S

m = mass of one atom of the K non~identical sets
of atoms; each set consisting of the atoms
equivalent by symmebtry

f = degrees of freedom of atom m in the symmetry
species S

M = molecular weight of the molecule

t = number of translations in symmetry species S

I = moment of inertia of the molecule about one
of the P principal axes of inertia

r = number of rotations about axis a in symmebry
species S

i and n refer to the isotopiec and normal molecule respect-
ively.
Calculation of the right hand side of the equation gives

for A, .2586; for Bl »2805, The left hand side of the equa=-

1
tion may be approximated by substitution of the fundamental
frequencies, V;, for the zero order frequencies, w,, giving

2653 for A, and « 2874 ror‘Bl. The left hand side is expect-
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e& to be 1arger than the right when the observed frequencies
are used to approximate the zero order terms due to conver-
gence of the énergy levels., The deviations amognt to about
2.5 % in each éasa; these values are tolerable considering

the number of frequeneies involved, A representative calcu-
lation of the 3 fundamentals of species Ag in ethylene gives

a deviation of 1.6 %. It is surprising that the van der Waals
forces in a condensed state do not perburb the convergence of
the lower vibrational levels sufficiently to influence the de-
viations of the isotopic frequency ratiba from the theoretical

values.,
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PART 1II

THE VIBRATIONAL SPECTRUM OF THIOUREA
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THE VIBRATIONAL SPECTRUM OF THIOUREA

Introduction

An investigation of thiourea was undertaken to supple-
ment the study of urea in addition to providing information
of intrinsic value. In its relation to urea, the spectro-
scopic behavior of the hydrogen frequencies and its relation
to the change in hydrogen bonding of the two crystals is of
special interest.

The same resonance forms which contribute to the sta-
bility of urea ( p. 6 ) are also possible for thiourea. A
comparison of the observed heat of formation (solid) (22)
with the value caleculated* for the non-resonating structure
( model (a), p. 6 with O replaced by S ) for the vapor phase
gives an excess energy of 62 kecal/ mole, This may be com-
pared with 67 keal/ mole for urea. The resonance energles
are these values léss the heats of sublimation of the crys-
tals., If the heats.of sublimation of thiourea and urea are
approximately equal, the resonance energy of thiourea must
be nearly as great as for urea; i.e. about 30 kcal/ mole.

This leads to the prediction that thiourea, like urea,

is a planar molecule.

¥ The salculation was made with the use of tables of empir-
jeal values of bond energles as given by Pauling (5) follow-
ing the method developed in this reference.
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The Raman spectrum of crystalline thiourea has been in-
vestigated by Kohlrausch and Wagner (23), while Edsall (24)
has studied the compound in aqueous solution. No previous
infra-red studies have been reported to the knowledge of the
author. Kohlrausch briefly discussed the assignments of some
of the Raman lines; these will be reviewed in subsequent éec-
tions.

In the present investigation, the infra-red spectra of
single crystals of thiourea‘and deuterium substituted thio-
urea were obtained from 400-5000 em™! with low dispersion
prism spectrographs, and with a high dispersion grating spec-
trograph in the 3000=-3500 cm."'l

region., Polarization measure-

ments parallel to the 3 crystallographic axes were made.
Experimental

The research equipment was desecribed in a preceding sec-
tion., Eastman Kodak Co. reagent thiourea was dissolved in
Hg0 ( or D40 ) and erystallized by cooling a drop of warm sa-
turated solution between compressed plates of glass or’Mgo.
Crystals of moderate size { 1-5 mm in length ) develop in c;
b, a, and m fades ( Fig, 9 )} which can be identified miero-
scopically. The crystals are removed from the glgsa plates
while still damp with a small tool consisting essentially of
a short segment of a thin razor blade mounted on a pencil
shaped holder. The blade is carefully slid under the crystal
which is removed with a sliding-lifting motion. The extreme
fragility of the thin erystals resulted in most attempts be-
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ing unsuocessful; but after a mmber of trials, a suitable‘
sample could be obtained. For work at shorter wavelengths,
erystals grown on MgC were occas;onally used, The crystals
were not removed from the plates, which permitted the use of
~ thimner erystals than could be manipulated by the previous
technique. Thiourea appeared to attack AzCl, although some
specimens were made by evaporation of an aleoholie thiourea

solution upon sulfided AgCl sheets.
Discussion

X-ray investigation (25) of thiourea yields a space
group Déﬁ P bmm giving a syrmetry Cy for the heavy atoms, ‘
For reasons explained in some detail in the section on urea,
we will assume the symmetry C4 for the entire molecule.

( The X-ray parameters indicate a very slightly pyramidal
bonding about the central carbon atom. A plarsr configura-
tion which seems likely from quantume-mechanical and chemiecel
considerations is probably compatible within the experimental
error of the X-ray measuremants, For the subsequent treate
ment of the skeleta} vibrations, the planar model will be
used for gimpliaity, although if the molecule is actunally
distorted, no essential difference in the nature of the spec-
tra should occur for small displacements of the carbon atom
from the plane of the nitrogen and sulfur atoms, )

From resonance cqnsiderations; one would expect thiocurea
%o be enbirely planar. This would lead to molecular symmetry
Gav as wlth urea and would cause some vibrations to bhe infra-

red inactive if lattice interactions are neglected. In our
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treatment we shall consider the more general case Cg. The
comparison with G2v ¢an be made by referring to the section
on urea.

Figure 9 gives a perspective view of the crystal struc-
ture; princeipal faces; and coordinate axes used in the sub-
sequent description of vibrations. The molecular axes have
been chosen to coincide with those of urea,

Thiourea has 18 fundamental frequencies distributed in
2 symmetry species. The following table gives the classifi-

ecation by species of the normal vibrations.

| TABLE XI
Species Classification of Components of Transition

Moment (M) and Polarizability (<)

Operation | Spgeies
Al (My, M, “xx’o‘yy'“zz’“yz) A (Mx; o‘xy;dxz)
o—yz ‘ | ¢ -
Number of vibrations 10 | 8

The symbol + indicates the component is unchanged; - in-
dicates the component changes sign following the symmetry oper=-
ation.

The species A' is derived fraﬁ aspeciles Al and Bz of the
point group czv; A" from Az and Bl‘

The following spectra show the prineipal bands abdva 400
cm‘fl in the 1nfra—£ed spectrum of thiourea ( Fig. 10; 11 ).

For spectra obtained from radiation propagated perpendicular

to the ¢ axis, Rle, the polarization Ele Ilc:ryz ) indicates



FIGURE 9

Crystal Structure of Thioursa

Top: OCrystal Habit

a = 100 ms 110
b= 010 n= 120
e = 001 = 101

Center: Unitb Céll
Dotted linee represent pogsible hydrogen bonds
with Ne++3 distances: _
I 3.498 1r3.528 111 3.851R

Bottom: Coordinate Axes

o = symmetry plane
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FIGURE 10

Infra-red Spectrum of Thiourea from 700-35000 naww

Ordinate: Intensity of transmitied radistion

‘A, TUnpolarized Speetrum
Radiation propsgated perpendiculer to the ¢ axis
Two different sample thicknesses are shown

B, Polarized ~- Thick sample

8. Polarized -~ Thin sample

{ The dirvectlon of propagation for the two sanples

{8 not necessarily the same, )
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FICURE 11

Infra-red dpectrum of Thiourea helow 700 em™

Absecissa: Trequency em™t

Opdinate: Per cent Transmission

Top., Unpolarized Spectrum
Radietion propagated perpendicular to the ¢ axis
Bottom, Polarized Spectrum
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‘specles A'; while polarization ¥lle (.LU}Z ) indicates spe
cies A", Polarization data of spectra for which X lle yield
information concerning the azimuth of the transition moment
in the yz plane for vibrations of species A*,
The following table lists the frequenoies; pclarization;

and comparative densities ( for Rle and incident radiation
polarized in the direction of maximum absorption ) of the

absorption bands for thiourea.

TABLE XII
Infra~red Absorption Bands of Thiourea

Frequency Polarization Density  Freq. Pol. Dens,

4950-4830 om~1 mixed .015 1988 TElie .01
4450 Tlo +02 1818 " .01
3805 ElLe .14 1697 Fie .40
3390 " 12 1628 " 2.3
3385 " 15 1620 " 1.7
3349 " 14 1470 " Be5
3333 " 18 1416 " 7.6
5293 " 3 1224 " 39
3285-45 ” 15 1054 " 1.5
5199 " .50 1088 " 3
3177 " 2 1009 " ;zs
3195-50 " 12 970-20 » «30
3110 " 8 733 " 2
2700 " 45 633 " 1.47
2207 " .13 501 . 30
2114 " 10 468 " 42

2037 " «09 420-400 ? ;
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- As with urea; we may treat the normal vibratlions by sub-
division into hydrogen and skeletal vibrations. Referring
to the change in species in going from urea to thiourea; the
following table is immediately derived from Table IV.

TABEE XIII
Species Classification of Hydrogen and Skeletal Vibrations

Species H stretch. benmd Skel. stretch. bend Designation
A 2 4 2 2 (10) Vl =~ i’&

F 2 4 1 1 (8) Vil“ Via

0

Assignment of Frequencies

We shall first attempt to identify the fundamentals as
was done in treating urea. We again expect the 4 H stretch~-
ing vibrations in the 3000-3500 em~L region, and 4 of the
8 H bending vibratioms, Vg, 1, I{. , and V(,to be of rather
low frequency and possibly below 400 em™t,

The spectrum in the 3000-3500 om™! is rather oumplex;
but there are at least 4 strong bands which could possibly
represent the H stretching fundamentals. In the intermediate
and low frequency regions, medium to intense bands of species
A' appear at 1628, 1416, 1088, 733, 633, 501, and 468 em~l.

Intense bands of species A" appear at 1620 and 1470 em™t.
Five fundamental frequencies remain unidentified; 1 A* and
4 A", . By analogy with urea, the broad diffuse band at 1054
em~} is also attributed to a fundamental vibration, Vg.
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Skeletal Frequencies
For ldentification of the skeletal frequencies, we ex-
peet a high frequency pair of vibrations near 1500 cm'l cor-
responding to the stretching vibrétions; V, and ua; a low
frequencey pair of vibrations near 500 em~t corresponding to
the bending wvibrations, ua and V.

e
quency pailr of bands corresponding to the remaining vibra-

» and an intermediate fre-

tions, Vﬁ and V,. The approximate form of the skeletal vi-
brations, V, through V} will be practically unchanged from
that‘of urea ( Fig. 4 with O repiaced by 8 ). Vﬁ and V% will
be alfered somewhat; the former vibration will involve chief-
ly C-N stretching and the latter C-S stretching, whereas in
urea the vibrations were of mixed character. The approximate

form of Vé and U% in thiourea is shown below:

3
8 ]
h 4
T
c c

¥

N N
o N ; . .

Va b

High Frequency Skeletal Vibrations ( Schematic )
FIGURE 12

We propose the following assignment of skeletal frequen-

cies. ( The value for Ve is somewhat uncertain, )
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TABLE XIV
Agpsignment of Skeletal Vibrations

Al Av

Va ¢ Vé | e Ya Ve
Thiourea 1416 733 468 633 1470  (420-400)
Deutero- 1404 668 617 1812

thiourea

Ve and V, were unobserved in deutero-thiourea, The
choice of skeletal frequencies is made on the basis of infra-
red polarization and 1ntensity, Raman intensity, persisténee
of bands upon deuterium Substitution; and correlation with

the spectrum of urea.

Vé; Vg; and Vb; which oeccur as strong Raman lines, are
observed in the infraered spectrum with proper polarization
(At). TUpon deunterium gubstitution, b; and b% persist with
minor frequency shifts, while t@ 1# obscured by a broad ab-
sorption band overlapping the region of interest.

Vg appears as an A" band at 1470 omfl; nearly identical
to the corresponding frequency in urea., This frequency in-
creases upon deuterium substitution in the same manner as in
urea.

Vp must represent either the 633 or 501 om™+

band of spe-
cies A', The polarization azimuth { which will be considered
later } favors the choice of 501 cmfl, but the former band is
preferred for several reasons, 633 cm'l is closer in fre-
quency to the corresponding vibration in urea ( 790 em™t ).

&

Upon deuteration, & somewhat weaker band occurs at 617 cm™
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which is a reasonable isotope displacement for a skeletal
vibration. ( However, the posaivnility cannot he discounted
that this is due Lo a bending vibration associated with re-

sidual NFD groups, ) The band at 501 em™1

pogsesses a band
width and intensity much greater than that expected for a
skeletal bending vibration. Furthermore; upon deuterium sube
stitution a large frequency shift occurs which would be in-
explicable if the latier band represented U}. 633 cm"l OC=
curs as a very weak line in the Raman spectrum as would be
expected for the skeletal vibration., ( Vg was unobserved
in the Raman spectrum of urea. )

Ve is not positively identified. It probably represents

1

one of the weak Raman lines at 418«38 cm — or 577 cm‘l. The

latter band was not observed in the infra-red, but a band was

observed near 420 cm"l

and extending beyond the KBr region,
The polarization could not be identified with certainty. We
assign this band to Vé; gince it would be expected at a lower
frequency than in urea.

Kohlrausch's assignment dirreré from the foregoing selec-
tion for the A" vibrations, Vi and V,. He chooses 1617 and
577 em™L respectively. The choice for Vg is untenable con-
sidering the isotope shift observed upon deuterium substitu-
tion. Vé is open to some Questian. The none-appearance of
577 cm'l in the infra-red suggests that the vibration corres-
ponds to an A, vibration of C,, which is inactive.

Three of the frequencies reported for the Raman spectrum
of ecrystalline thiourea differ appreciably from our measure-

ments. Kohlrausch reports U; at 1374, Ve at 483, and (Vé) at
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438 am‘l. ¥or an aqueous solubtion, Edsall reports 1405; 48?;
and 418 cm”l respectively. The reasons for these discrepan=
cies are not clear. The freguency of the infra-red band at
468 em™L i subject to some uncertainty since it is partially

overlapped by the extremely intense band at 501 em™t,

Hydrogen Frequenciles

A discussion of the H streteching vibrations will be dew
ferred until a later section. |

The H scissors bending vibrations; u} and l@,are expected
in the 1600 am'l region and are assigned to 1628 and 1620 em~1
respectively. These bands are distinet as shown by the fre-~
quency shift and the difrerenge in band widths upon polariza-
tion. The rocking vibrations, Vg and L@,appear at 1088 and
1054 cmfl with similar intensities and band shapes as in urea.
U%yappears in a very diffuse band which is probably composed
of several components as is the‘curresponéing band in urea,
The powerful band at 501 em~t is logically assigned to Vg.
The difference in frequency from.l@ in urea { which must oc-
cur below 420 em~% ) is unexpected, although the lower fre-
quencies are somewhat more gensitive than the higher frequen-
cies to the molecular enviromment in the crystal. lél’lég
and LQ.should be very weak or inactive in the infra-red, with
the latter two vibrations probably occurring below 400 em™t,

| The H valence frequencies are expected in the 3000-3500

cm?luragicn, The room temperature spectrum of thiourea at
these wavelengths is poorly resolved due to overlapping of

bands ( Fig. 13 ). Upon polarization, a complex series of
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incompletely resolved bands appears for T llc {A") extending
from about 3100-3400 em L ( Tig, 14 ). TFor Tle (A'), a
single strong band with a low fregquency shoulder appears with
much weaker abzeorption at lower freguencies.

When a sample is cooled to liquid air temperatures, a
number of striking changes occur. ( Fig. 13, 14 ) The high-
est frequency in each polarization splits into a well resolved

; 4

pair of bands; a new A' band appears at 3293 em — which ap-

pears to be a doublet. The A" bands are narrowed glving bet-

ter resolution, although the absorpiion in the 328545 cm"'l

and 3195-50 em™t regions may consist of several bands each.
We turn our attention first to the polarizetion FT.ic.
We assign lf[3 and J,, to the 2 strong bands at 3390 and 3349
cm"'l.- The frequency geparation is somewhat lower than for
urea or most other Xﬂz groups-- possibly due to resonance re-
pulsion by the band at 5293 em™L, The latter band and the
weaker peaks at 3199 and 3177 em™! must be attributed t0 come
bination transitions.
For radiation of polarization E'llc; we assign the 2 high

frequency bands at 3385 and 3333 om T

to Vi and V. respective-
1y. (The band at 3585 em™! 1s definitely distinet from the A?
band at 3390 cm'}’; the frequency difference is considei-ably
greater than experimental error.) Below these fundamenﬁals;
we observe 3 intense bands of which the higher frequency pair
appear to have a complex structure. Of the binary combina~
tions of species A", only Vé $ V&, and 1{, + V3 would be expect-
ed to have frequencies lying in this region. Ternary combi-‘#

nations of Vé‘ and Vg, may also be involved.



INTENSITY —>

l Il l | l | l 1 l

3000 3100 3200 3300 3400 CM~

High Dispersion Speétrum of Thiourea from 3000-3500 om'-l

Unpolarized -- Radiation propagated L ¢ axis

FIGURE 13



FIGURE 14

High Dispersion Spectrum of Thlourea from 3000-3500 oaww

Polarized == Radiation propagated perpendicular to the c axis

Left. 25° C
Right, -185° ¢
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Tt seems improbable that difference bands ean play an

important role in the absorption since none of the bands were

appreciably diminished in intensity upon cooling.

a noticeable effect

50-75 em™ T,

At -185° @,

should he observed for levels as low as

If two or more potential minima existed for configura-

‘tions of the NH, group, multiple sets of fundamentals would

be possible, but separations of 100 em

-1

and more are quite

unlikely especially since no strong hydrogen bonds are pos-

sible.

The following table summarizes the previous assignments

and presents tentative assignments for certain overtone and

combination transitions which are compatible with polariza-

tion.
A!
3349 = Ué = U
1628 = Vé} = l/;,
14:16 = I@ —= [g
Vs

TABLE XV

71brationa1 Assigrment

Pundamentals
733 = V6 = MD 3385 =
B33 = V,, = uif, B333 =
501 = I{é = I 1620 =
468 =y, = I 1470 =

Tnobserved (V’ ) 1054 =

AW
=N, =% 420-400‘=Vl
Viz Vit Unobserved
Vs = '{ 16 Y1)
“e =

"N = Vs’

=V9
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TABLE XV ( CONT'INUED }

Combinations and Overtones

4950-4850  Ed,llc' ¥y 5 45 100% Y 15 3807 fM'%éﬁL
4460 The V5 & Uy 2114 " V"é: 11;15,
3805 Tlo Vy + Vy 2037 "+
5203 " ' Vg 1088 Bie 41y
5285-45 " BV ¢ Vig 1818 * A
5199 " - 8l ‘ 1697 "4 g
177 " 2V « . 1824 LI X
319550 " Vs + Vg w009 " R

3110 " Vg + Vig 970-20 LR AR A
2700 o Ve + Vg

The band at 1224 em”™+ probably represents a combination in-

volving one of the unobserved low frequency fundamentals.

DEUTERIUM‘SUBSTITUTEB THIOUREA

The changes in frequency observed in deuterium substitu-
tion in urea ara closely paralleled in the case of thiourea.
The spsctrum of deutero-thiourea from 400-5000 om™' is shown
in FPigures 15 and 16.

The following table 1lists the frequencies; polarization;
and relative densities of the infra-red bands attributed %o
(Nna)zcs.. Less prominent bands considered to be due to mole-
eules with residual NHD groups will be discussed in the texp.



FIGURE 18

Infra~red Spectrum of Deutero-thiourea from 7005000 nﬁaw

Ordinate: Intensity of transmitted radiation
Radiation propagated perpendiculer to the ¢ axls

A, Unpolarized Spectrum

B, Polarized Spectrum
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FIGURE 16

1

Infra-red Spectrum of Deutero-thioursa below 700 em

Abscissa: Frequeney em~t

Ordinste: Percent TPransmission

Top. Unpolerized Spectrum
Radiation propagated perpendicular to the e axis
Bottom, Polarized Snectrum
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| ... TABIE XVI @ |
Infra-red Absorption Bands of Deutero-thiourea

Frequency Polarization Deoasity TFred. Pol. Dens.,

2890 Tie o228 1196 Tore 2
2551 E’L?; " 15-20 11850 Tlhe .80
2381 w oo 10-15 921 & 7
2079 L .08 839 " .18
1754 1 .16 888 " .90
1512 " +90 652 " .52
1404 " 10 617 " W17
1340 » 60 450-400 " 50
1311 " «26

Agsignment of Frequencies
We shall proceed to identify the absorption bands asso-
clated with the fundamental wvibrations. In the absence of

high dispersion spectra in the 2500 em™t

region, we shail as-
sume the 4 D stretching wvibrations occur in th;s region, At‘
lower frequencies, strong bands of species A' appear at 1404,
1196, 921, and 668 cu~* which are considered to be fundamen-
tals. The intense band beIOW'450'cmfl probably represents the
high freguency shoulder of ) dverlapped by bands assoclated
with the same vibration in NHD groups.
Intense bands of symmebtry specles A" occur at 1512 and

1150 em~t. Seven fundamentals remain unidentified; 3 A' and
4 A", The weaker band at 617 cm~% has previocusly been iden-

tified with the skeletal vibration V..



Skeletal Frequencies

The skeletal frequencies were treated in conjunetion
with the corresponding vibrations of thiocurea { pe. 50 ).

An approximate value for the unobserved frequencies, l@ and
Ve is calculated from the isotope product theorem in a later
section.

Hydrogen Frequencies

The hydrogen frequencies undergo shifts comparable with
those of urea upon deuterium substitution. In the D valence
region, only low dispersion spectra are available. As with
urea, the unpolarized spectrum appears to consist of a dou~
- bled envelope of bands., DBach envelope consists of more than
one component ag shown by the failure of the bands to polar-
ize satisfacﬁorily, and by a difference in band width for the
low frequency envelope. We consider the reciprocating vibra=-
tions; qg and b@scorrespond to the high freqguency envelope at
2551 em™~*. The low fredue@cy envelope is then assigned to
the synehronous vibrations, Vx and V. The frequency separa=-
tion between the two anveiopes is nearly the same as for urea.

The low frequency band for I ll¢ extends about 200 em™—
to lower frequencies. High dispersion investigations would
undoubtedly reveal a complex series of bhands similar to those
observed for normal thiourea. '

The scissors bending vibrations, V, and Vs appear at 1196
and 1150 em™ ' respectively. The corresponding isotopic fre-
quency ratios are /y (H)/ Vy (D) = 1.36 and Vu(H)/ Vg (D) = 1.41
respectively. The rocking vibration, J; is assigned to the
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A" band at 921 em™Y, The corresponding A™ vibration; Vo is
assigned to the weak band at 839 cm"l. The isotepic frequen=-
ey ratiosy Vg (H)/ V; (D) = 1. 18 and Vsi(H)/ V(D) = 1.26 are
somewhat smaller than exzpected. It is probable that Vy 1nter¥
acts considerably with /. This is in accord with the rather
large isotope shift observed for the latter band, Ve which
appears as an intense broad band in normal thilourea is shifted
%0 lower frequencies and probably accounts for most of the At
absorption below 450 em™1,

The following table reviews the assignments postulated in
the previous discussion and lists tentative assigmments for

some of the combination and overtone bands.

TABILE XVII
Vibrational Assigzmment

Fundamentals
A A"
2551 =1y = Vg 921 =Y =/ 2551 =W, =y 839 =V .= Vg
RBBL=Vp, = U, 668 =V, = U 2381 =V, 5 = V1 Unobserved
1404=1{3"—*~Va 61'?=V.7=Vf 1512—1’1‘—‘-!{1 ( Vlﬁ" ViB )
1196 = V; = Var Unobserved 1150 —Vlé = Vy
(Vg = 40
Combinations and Overtones
2890 Elle Vg+ Vg 1340 FTle 2/
2079 . T 1311 ® 2({652)
1754 " V5 “+ Ifm 652 . ?

The band at 652 em™T prebably represents an overtone or
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combination of lower frequencles whlch gains intensity by
Perni resonance with Ve The band at 2079 o™t does not po=
larize well, and an assigmment is not atbempted.
The absorpticn near 3400 cmfl is dve principally to resid-
ual NH stretehing vibrations., The weak bund at 1093 em™1 rew
presents an WD rocking vibration corresponding to Vﬁ of nor-

mal thiourea., The small shoulder ab 686 cmt

may sorrespond
to the €38 stretching of incompletely substitutbed malecules;
although the intensity appears slightly greater for T Il c.
There appears to be a broad background absorption for Flle in
the 700-1000 em™* reglon similar to that at 900-1200 em™t in
urea and thiourea. It seems likely tgat low temperature meaw
surements would reveal some structure, probably associated
with binary combinations of fundamentals in the 400 em + pe-
glon,

Theoretical Treaitment

A. Ewaluation of Force Constants

The solution of the secular equation for molecular force
constants nnder an assumed valence force potential is subject
to the same limitations discussed for urea.

Using the equations presented in the treatment of urea,

( p« 34 ) the solution of equations 1 to 3 gives imaginary
forece constants. An approximate real solution derived as for
urea gives:

kl = fp g%

ka = faog = Sed2

Rk 1.486 . " -

6,06 x 10° dynes/ em

" " "

35
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The solution of the El\aqnations { 4 and 5 ) gives:

kz 2 720 X% 10° dynes/ em
k - s 29 “w ” 44
Equation 6 ylelds:
Thiourea Deutero-thiourea

ke =z 312 x 10° dynes/ em s +301 x 10° dynes/ em

Similar calculations for the Al and Bl frequencies were
not mede sinee the low frequency fundamentals were not ob-
served.

The interpretation of the foree constants in terms cf
resonance energy is somewhat arbitrary since the force con-
stant for a "normal" C=S double bond is difficult to define.
The forece constant for the C»Nrbond appears to have a value
nearly qual to that in urea. The near equality of the Bl
frequency, qa in urea and thiourea for both the hydrogen and
deuterium compounds serves to confirm this view. The C-N
distance caleculated from X-ray data is 1.33 ﬂ, the same as
for urea, The C-8 distance is .05 X greater than the sum of
double bond radii for carbon and sulfur as given by Pauling
(5). The data above are in accord with the values predicted

for a resonating molecule.,

B. The Isotope Product Rule

The isotope product theorem cannct be applied to thio~
urea considered as a molecule of symmetry Gs with the avail-

able data due Lo our lack of knowledge of some of the low
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frequency fundamentals. Howsver, the formula may be applied
to caleulate ‘6 and Vé for dsutero~thiourea if the molecule
ig considered to be of symmetry C

2v°®

From the general formila glven on p. 38, we obtain for
the right hand =ide; for species Al « 2589, Pfor species Bl
«3736. Assuming the same psrceantage deviation az in urea
{ 2.5% ) when the fundamentals are used to approximate the
zero order frequencies, we calsulate Vc = 410 mn'l and

V, = 376 am™ L,

C. Structural Information

Although the gross structural features are known from
X-ray work, it is of interest Lo ask what additional informa-
t_ion concerning the structural details, particularly the con-
figuration of the hydrogen atoms, can be proved or even im-
plied from the spectroscopic data.

Information conecerning the azimuth of the A' transition
moments is provided by polarization measurements in the yz
plane., By measuring the absorption coefficient of polarized
radiation for B lla and Tl b, the ratio of components Iﬁa/ 'ifbl
of the transition moment of various fundamentals can be de-
termined apart from sign.

The transition moment M = M, + M, associated with an
A' vibration of one molecule is transformed by the symmetry
planes into 4 vectors, tﬂatﬁ' + From radiation theory, the
transition probability or absorption coefficient for plane
polarized radiation with Ella will be proportional to lﬂala,
while for B llb, it will be proportiomal to |i,|Z.
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( Two additional complications arise in the proposed
treatment: first,'the anisotropy of polarizability will af-
fect the electric field strength and consequently the absorp-
tion coefficient; second, the transition probabilities for
combination and difference bands involving lattice vibra-
tions which constitute the natural band width of absorption
may be different for the two directions, Both effects will
be neglected although it may be menbioned that the Tirst ef-
feet should btend to depolarize the absorption, and the second
effect, if present, in no way affected the band widths as ob-
served for the two polarizations. )

The molecules are arranged in the corystal lattice in
planes making angles = + 25-26° with the a axis., If the
molecules were entirely planar ( symmetry Cp. ) the vibra-
tions of species Al and Ba would be distinguishable“from‘po—
larization intensities; the Al bands would absorb more strong-
1y along the a‘axis; while the Bz bands would appear with
greater intensity parallel to b.

A11 of the AY fundamentals except L% are more intense
for TlWa,  The table below lists the optical densities at the
band maxima for the indicated polarization corrected for the
effedt of finite slit width as developed in Appendix I.
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TABLE XVIII
Polarization Intensity Ratios and Transition Moment
Azimuths of the A' Fundamentals

Corrected Optical Density &= cot™t lﬁa/ Hbl
Sample Band Tia o I,/ ®) 2 |0/ Tl e

1 V= 3390 ] >1.5 >1.14 <42°

1 V= 5349 o " " "

1 Vy=1628 .218 .01 L1383 % .01 1.64 l.28 38°%+2°

2 V=" o616 .02 325 Ol 1.89 1.37 36 "

1 V,=1416 .70 .02 .46 L01 1.52 1.25 39

1 /;=1088 .279 .02 .17 .0l 1.62 1,27 @8 ™

B Y= 755 1,15 .05 .80 .04 1.44 ‘1.20 40 3°

3 V.= 633 >1.85  >l.1 <43

5 Y, = 501 | <1 > 45

Density measuremente were impossible for ), due to the
bigh intensity of the band. Ve is partially overlapped by

this absorption at 501 om~L

making a quantitative measurement
unsatisfactory. The polarization of the A' H stretching fun-
- damentals is shown in Figure 17. The effect of instrumental
polarization tends to conceal the polarization of the bands,
but the fundamentals are definitely prolarized more intensely
parallel to the a axis, Quantitative measurements were not
attempted due to the uncertainty of the ice level in the low
temperature spectra,

The angle ¥ between the transition moment and the plane

of the molecule is given by: ¥ = & - #§ ., For the skeletal



FIGURE 17

High Dispersion Spectrum of Thiourea from 3000=3500 em

Radiation propagated parallel to the ¢ axis

TPop. Unpolarized Spectrum at 25° ¢ and -185° ¢
Bottom. Polarized Speatrum at «185° ¢
( The difference In background intensity for
the two polarizations is caused by instrue

mental polarization. )
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vibrations, J, and Y, the transition moment is expected to
iie in the plane of the molecule, so for these bands: ¥ =
@ - 26° = 135 and 14° respectively. The near equality of @

for all of the A' fundamentals above 700 om +

suggests that
all of these bands are actually polarized in the plane of the
mdlecule; and the slight depolarization ( 10 - 14°% ) is due
to erystal anisotropy. K at 501 em™t clearly corvesponds to
& By vibration gince it is quite strongly polarized |l b, Vf
at 633 em™t may be said to have anomalous polarizstion. The
vibration should give rise to a Ba band, bub the tranﬁiﬁion
moment can at most lie at 69° ( 9 + |#| ) from the plane of
the molseule. No suitable alternative assgigument for this
band is obvious to Lhe author.

The ambiguity in ¥ makes it difficult to draw definite
conclusions regarding the configuration of the Nifg group.L
Three of the Ness5 distances are less than the sum of the NeH
interatomic distance and the van der Waals radii of H and S.

The ealeulabed distances and angles are: ( Tig. 9 )

I  ( NeesS ) B.49 A&  ( C-Ne+-+S angle ) 100°
1T " 5.52 & " 119°
III oo _3.653 | " 102°

Hydrogen bonds directed along I and IIT are improbable
since v% would then be expoected to polarize predominantly
parallel to the b axis, Bonding to II and IIT is also uniike-
ly since Vb would polarize almost completely along the a axis;
while V, and Vy, would be essentially depolarized. It seems

probable that hydrogen bonds direcbed roughly along I and II
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are actually present in the crystal. The Ne++S distances
are about .5 R greater than the Nee«e( distances in urea;
approximately equal to the difference in van der Waals radii
of S and O. The sulfur atoms corresponding to bonds I and
II are situated 1.6 and .6 2 respectively from the plane of
the molecule, The N"TS separacions correspond to relative-
1y weak hydrogen bonds, and they would not be expected to
distort the Nﬁg group appreciably from the planar configurae-
tion,

The NH stretching Trequencies in thioures are very nearw
1y the same as for urea showing an average displacement of
33 cm'l voward lower frequencies., The physical properties
of thiourea indicate nearly the same hydrogen bond sitrength
as for urea, the melting points of the compounds being 182
and 132° ¢ respectively. The formation of hydrogen bonds to
sulfur is uwnusual, and probably only occurs when the negative
ity of the sulfur abom is enhanced through resonsnce or fore-

mal charge.
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PART IIX

THE VIBRATIONAL SPECTRUM OF GLYCINE
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THE VIBRATIONAL SPECTRUM OF GLYCINE

Introduction

For the appl}cation of mol§cular apectroscopy to the
study of proteins, polypeptides, and related natural products,
a basic knowledge of the spectra of amino acids is valuable
for providing empirical information conecerning characteristiec
frequencies as well as furnishing information pertaining to
intermolecular foreces, hydrogen bonding; etecs. The study of
glyeine is of fundamental impo?tanoe since it represents the
gimplest compound of the class, and its structure has been
determined by X-ray diffraction.

The spectrum of glycine has been investigated previously
by a number of workers in the Raman and infra-red fields. Ra-
man spectra of solu?ions of glyc;ne have been reported by
Wright and Iee (26), Edgall (27), Kahovec and Kohlrausch(éa);
Goubeau and Luning (29), and Sannie and Poremski (30). The
Raman spectrum of erystalline glycine was investigated by
Kahoiec and Kohlrausch (28) and by Ananthakrishnan (11). In-
fra-red spectra of sglutiops of glycine in Ezq and D,0 have
been given by Barnes, Gore, and Petersen (31), and the crys-
tal was 1nvest:!.ga1;ed by Wright -(:52); Duval and lLecomte (33);
Lenormant (34), Klotz and Gruen (§5), and Kellner (36).

In the present investigation, the infra-red spectrum of
single crystals of glyecine and deuterium-substituted glycine
were examined in the 400-5000 om™+ region with plane polarized

radiation.
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Experimental

The crystals were grown by cooling a warm saturated so=-
lution between compressed glgss or AgCl plates, Subsequent
evaporation accounted for most of the erystal growth. The
crystals on glass plates were removed in the manner described
on p. 42, The samples prepared on AgCl wers nct renoved,
Deuterium substitution was accomplished by repeated solution
and vacuum evaporation of glyeine in Dy0. ( The CH hydrogen
should not exchange appreciasbly in neutral solution., The
samples were actually in solution only a few minutes exeept
for the final evaporation. ) Soma,difficulty"was experienced
in achieving complete substitution, and the best obtainable
sample appeared to retain about 5 % residual replaceable hy-
drogen,

Crystal orientations were established from interference
figures under the polarizing microscope and goniometric mea-
surements. Spectra were obtained for radiation propagated

parallel %o the b axis and perpendicular to the ab plane.
Discussion

For a discussion of the spectra and interpretation of
the polarization of the absorption bards in relation to the
electric transition moment associated with the various vibra-
tions, we shall review briefly the crystal structure of o=-gly-

¢cine,

5
2h

P zl/n. Figure 18 shows a perspective view of a erystal and

X~-ray determinations (37) give the space group C

the projection of part of a unit cell upon the ac plane (010).



FIGURE 18

Crystal Structure of Glycine

Top: Crystal Habit

b = 010
m =z 110
na= 120
q= 011

Bottom: Projection of Two Molecules on the 010 Plane
There are 4 molecules per unit cell; tﬁe
remaining pair are related to those given -
by the n giide plane. |
Dotted lines represent hydrogen bonds
with Neee0 distances:

I z.88 & I 2.76 &
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An arbitrary vector associated with one molecule is car-
ried by the symmetry operations of the point group into 4
vectors lying in a plane containing the b axis., Thus the
spectrum of the crystal viewed along the two-fold axis will
show complete polarization; while the spectrum for radiation
propagated perpendicular to the b axis will possess a dichroic
ratio depending upon the components of the given vector para-
1llel and perpendicular to b in a plane normal to the direction
of propagation.

Glyeine with 10 atoms has 24 fundamental vibrations withe
out symmetry restrictions. The following spectra show the
prineipal bands in the infra-red above 700 em™t ( Fig. 19 ).

In first approximation, we may classify the normal vi-
brations as hydrogen vibrations or skeletal vibrations. The
5 hydrogen atoms contribute 15 degrees of freedom giving 5
stretching and 10 bending frequencies. The heavy atom skel-
eton may be treated as a 5 particle system with 9 fundamental
frequencies,

Hydrogen Vibrations

In the discussion of the hydrogen vibrations we must
consider the configuration of the molecule. Substantially
conclusive evidence exists in verification of the inner salt
or "zwitterion" formula +NH30H200§ .{38) Assuming this model;
the consideration of the hydrogen vibrations reduces to the
motions characteristic of the methylene group, CHa, and the
ammonium group, NHY. The 5 H stretching vibrations will be -
expected to ocour in the 2500-3500 em™ 1 reglon as in nearly .

all compounds containing CH and NH bonds.



FIGURE 19

Infra-red Spectrum of Glycine from 700-5000 en™t

Ordinate: Intensity of transmitted radiation

A. Unpolarized Spectrum at 25% ¢ and -185° C
wmmwmwpow propagated parallel to the b axis
Sp indicates a spurious band

B. Polarized Spectrum at 35° C
The arrow indicates the direction of the eleciric
vector with respeet to the crystallographic axes

shown at the bottom of the figure.
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The assigmment of 1nterm?diate frequencies is subject
to several limitations: first, the complexity of the spectra
with 19 rﬁndamentals below the H stretching frequencies makes
a completely unambiguous assignment virtually impossible;
second; since no symmetry is present; interaction of all vi-
brations ig allowed and the actual form of the normal vibra-
tions may be poorly approximated by proposed motions of sube
groups of atoms within the molecule., Nevertheless, certain
statements concerning the vibrations may be m&de; in parti-
cular; characterization of the vibrations in terms of prin-
¢ipal contributing motion is possible for cartéin frequencies.

In the usual apprdximation of separation of skeletal and
hydrogen fibrations, one may predict roughly the frequencies
corresponding to bending motions of the CHz and NH; groups
from empirical correlations with spectra of hydroecarbons,
alkylammonium ions, hydrazinium ions, ete.. The information
concerning the NHj group is less firmly established, but the
vibrations should approximate in form those of the CH3 group
whose frequencies are better known;

| For tpe bending vibratigns of the CHZ group; the spectra

of propane, long n-paraffins, and polyethylene yield bands
which are identifiable with deformations of GHa groups. Ras-
mussen (39) has discussed the assignments of a number of hy-
drocarbons and considered the problem of characterization of
various hydrogen bending frequencies, The approx;mate fomm
and transition moment of the normal vibrations is illustrqteg
in Figure 20. The scissors vibration, I, occurs at about |

1460 qul, the wagging mode, vk near 1350 um’l, ke tWiBtingii\
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vibration, p; ( weak or absent in the infra-red ) near 1300

em™!, and a rocking mode, ¥; mear 750 em™', The last vibra-

tion, lying close to the frequencies associated with-skeletal
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stretching vibrations, appears to be less clearly character-
ized, and may couple with the latter motions appreciably,
There is evidence to indicate that the rocking vibrations
may occur at somewhat higher frequencies than the figure
cited. (40)

For the prediction of the bending frequencies of the
NH; group, we shall first ex&mine'the characteristic fre-
guenciec of the Cﬁs group. The form of the 6 bending modes
and the probable direction of the transition momente are ile
lustrated in Figure 20. In methyl groups, the symmetric
bending vibratign, ¥, occurs commonly near 1380 am‘l; the
asymmetric pair, Y and V. appear near 1460 cmfl. { The lat-
ter pair are degenerate in molecules with 3-fold symmetry
axes such as the methyl halides. ) The rocking frequencies;
l@ and J ‘

7
1050 em™t in unhindered molecules such as methyl acetylene

, are somewhat variable in frequency, occurring near

and methyl chloride, but appearing as high as 1150-1200 em™1
and as low as 800 cm'l in certain cases. The torsional mo-

1 in ethane. Upon deuterium

tion, /; occurs at about 290 em”
substitution, shifts occur to the regions indicated below,

The results are summarized in the following table (41).
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TABLE XIX
Characteristic Frequencies of CH; Bending Vibrations

Molecule H = D H s D H 24 D V.’fi
OH,C1  1354.9 1020 1454.6 1058 1015 775
CHsBr  1305.1 987 1445.,5 1053 952 717
CoH, 1375 1156 1472 1102 1190 970 290

1379.1 1072 1460 1055 821.5 601

For Nﬁg, we expect certain frequency shifts to appear --
presumably to higher frequencies. ( Thus the NHE ion gives

frequencies shifted to higher values than in GH;. ) Hydrogen

bonding may be expected to raise the bending frequencies also.

An examination of the Raman spectra of substituted ammonium

jons in solution reveals a high frequency band near 1600 om"l:

CHZNHY ( 1620 em™l), NuZ* ( 1645 em™) (42). ( These ocour
in the region of liquid water bands but with considerably
greater intensity than the latter., )} Upon deuteration, shifts

to about 1200 em™l are observed: CH5ND§ ( 1190 cm“l), NéDE*

( 1199 em™1). The Raman spectrum of crystalline N,H,Cl, re-

veals bands at 1594 and 1519 om~t, These lines, except 1519

cmfl, probably correspond to V; and Vs since V; appears only

5 )

weakly in the Raman spectrum. 1519 em™ ~ may correspond to Vg .

For the rocking vibrations, 1’7 and J,/, the spectra of
+ + R .
GH5NH3, cgasmaa, and N & lrevaal bands at 1271, 1205, and

a pailr at 968 and 1110 em” — respectively. For the first two

cases, there may be considerable interaction with the CHE
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| group. The bands corresponding to J, and qu should occur
only weakly in the Raman spectrum, and may easily escape de=-
tection. ?he results of deuterium substitution are not clear.
For CH,NDZ, no band was reported below the C-N stretching
band at 947 em™t
4

e In NéDE*, a weak band at 828 or a second
at 945 cm” — may be assoclated with rocking motions, No data

are available for torsion.

Skeletal Frequencies

The skeletal vibrations may be discussed in relation to
an idealized planar S5-particle system. ( X-ray data indicate
that the nitrogen atom lies at ,27 R from the plane of the
carbon and oxygen atoms. )

There are 9 skeletal vibrations of which 2 involve essen-
tially out-of-plane bending motions. The 7‘planar vibrations
may be further subdivided into 4 stretching and 3 bending vie-
brations. 4 schematic representation of p:oposed ske;etal
vibrations is given in Figure 21. Two of the stretching modes
will involve synchronous and reciprocating motions of the GOE
group corresponding to the degenerate vibration at 1415 em'l
in CO;. The 2 remaining skeletal stretehing vibrations, Vb
and Va involve the elongation of single bonds and are expected
to occur in the 1000 umfl region similar to the éorrasponding
bands in propane.

The bending vibrations are expected to occur near or be-

low 500 om™~t

« The vibrations may be desecribed as a scissors
bending of the COE group, "6? cog rocking? Vp; N~C~C bending,

1&; and 2 out-of-plane modes, co; wagging, V ; and skeletal
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torsion, Vi. The low frequencies may not be well character-
ized by the foregoing descriptions, and probably involve com-
binations of the group motions,

Before attempting to assign the observed frequencies; we

shall examine some empirical data concerning the skeletal
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fréquenﬁies of related compounds,.

Investigations of the infra-red and Raman spectra of
carboxylic aclids and sal%s in solutions of H20 and nao have
established with some certainty the identification of fre-
quencies near 1410 em™t and 1560-1620 cm™t with vibrations
of the cog group. (27)(31). Bands appearing at these fre-
quencies undergo modification in acid solution; the band
near 1600 em™t disappearing and a new band appearing near

1730 em~1

characteristic of the 0z0 group, and the band at
1410 om™1 changing intensity end shifting slightly. These
changes are interpreted as arising from conversion of the

GOE groups into CO,H at lower pH.

The two remaining skeletal stretching frequencies are
expected in the 1000 em~t region from empirical and valence
force considerations. The Reman spectra of CyH, and CHSNH;
give intense polarized lines at 993 and 998 em™+ respective~
slflg and C H NHZ
ocour at 870 and 1053 em~t, and 873 and 1047 em™t respective-

ly (27)(41). The skeletal frequencies in C

1y (27)(39). The almost exact identity of frequencies in
the illustrative cases indicates the C-N force constant ex-
ceeds the C-C force constant by an amount which virtually
compensates for the mass increase in going from a GH5 to an
NHY group. The frequencies in glycine are thus expected to

cozncide closely with those of the propionate ion, Gzﬁscoé
in which the NHg is replaced by CH,.

The bending frequencies of the co; group would be ex-
pected near those in the acetate ion where no other low fre-

quency lines other than a GH3 torsion would be possible.
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Three weak to moderate lines appear in the Raman spectrum
at 475, 613, and 652 em~L (27).

The N-C=-C bending vibration, y& is expected near that
for propane or CBHSNH; which occur at 374 and 411 cm™1 re-
spectively.

The proposed directions of transition moments are based
on simple fixed charge models wiﬁh dipole moment a linear
function of interatomic distance. Tor vibrations in which
the chief contributing mobtion consists of the movement of
nearly neutral groups, the offect of small motions of charged
groups may be expecied Lo alter markedly the direction of the
changs in dipole moment.

Interpretation of the Observed Spectrum
The following table lists the frequencies, azimuths and
relative intensities of the infra-red bands.

TABLE XX
Infra-red Absorption Bands of Glyecine

Frequeney Azimuth Density  Frequenecy Azimuth Density

3221 85°%10° .50 1406 125°* 7 1,3

3120 1391 18 10 od

2950 » 22 15 2«5 1337 70 5 .85
2899 - 1309 19 7 +20
2732 1138 87 7 <30
2633 3139 15 5=l 1116 13 5 o4l
2577 1038 74 5 .8
2460 67 15 ", ] 915 18 5 35
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PABIE XX ( CONTINUED )

Frequency Azimuth Density Frequency Azimuth Density
- 2155 130°+10° .3 895 ge° £ 7° .50
1818 14 15 1.4 693 156 % 75
1562 147 15 1.1 607 113 7 « 27
1524 41 7 1.35 521 137 10 «20
1445 117 15 9 508 91 7 «72

The azimuth is the position of maximum absorption measured
¢lockwise from the vertical in Figure 19. ( This corresponds
+to0 the clockwise angle from & line perpendicular to the a
axis in Figure 18; e.g. the azimuth of the ¢ axis is 22° )
The:density’representa the optical density of a reference

thickness for polarizer set abtband azimuth,

Examination of the spec¢trum reveals a broad region of
~absorption of irregular outline in the hydrogen,valenoe re-
gion extending from about 3200~2500 um’l. This region should
- gonbain the 5 Hestreteching fundamentals and will be discussed
later.

In the 1300-1700 cm'l”n&gien, 5 strong bands are ob=-
served with at least 3 weaker bands present. In accord with
the previous &iscussian; we assign the bands at 1618 and 1406
em™t to v, and 4 respectively. The band at 1562 cm’l;ral-
though lyinsz closer 1o q& for acetate or proplonate iomn, 1is
incompatible with polarization measuremenis. The corres-
ponding frequency in deutero-glycine occurs al 1642 em‘l
which supports the above assignment.

The bands at 1562 and 1524 em~~ occurring at higher fre-



87
quencles than commonly attributed to CH bending wvibrations
are then assigned to the bending vibrations of the NH; group,

JE, %,, and ;. The polarization of 1524 em™l does not lie

along the C=-IN axis as expected for Uy

hydrogen bond strength between the individual H atoms intro-

but the difference in

duces some asymmetry into the group. Some interaction with

the skeletal vibrations may also oceur. The band at 1562 cm~t

corresponds to the asymmetric pair of vibratvions, b%

which are degenerate in the symmetric top molecules., The ine

and 1/;1

complete polarizetion of this band indicates a superposition
of frequencies, The remaining strong band at 1337 cm”l is
then assigned to M in agreement with its polarization azi-
ruthe

In the region between 800 and 1300 am‘l; there are ob=-
served 5 bands of medium to high intensity. The Raman spec-

trum gives an intense line at 895 cm™t

and a medium strength
line neaxr 1040 cmfl at nearly the same frequencies as the
skeletal vibrations previously stated for CyH, and caﬁsma*.
The Raman spectrum of sodium propionate yields strong lines
at 886 and 1078 ecm™' which may be attributed to skeletal
stretehing vibrations (27). The infra-red spectrum was re-
corded in this laboratory yielding lines at 884 and 1080 em~l.

The bands at 895 and 1038 em™t in glycine are according-
ly assigned to the skeletal vibrations; 1@ and ’ﬁ respective~
ly. The pelarization of boith bands is essentially along the
C-N axis as expected since the NHE group is the most highly
charged unit involved in the motions,.

Two of the romaining bands must be assigned to the NH;
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rocking vibrations, V, and Vyp. The spectrum of sodium pro-
pionate reveals GH5 rocking bands at 817 and 1008 cm'l. We
expect the NH*

3 ,
sign the bands at 915 and 1116 em~! to the rocking vibrations,

bands at slightly higher frequencies and as-

V, and V. The higher frequency line at 1138 cm'l probably
represents a combination band gaining intensity by Fermi res-
onance with 1116 em™l, The isotope shift of the band at 915

™

upon deuterium substitution is rather low ( frequency
ratio = 915/ 766 = 1,19 ) indicating some interaction with
skeletal or CH vibrations.

Below 800 cmfl; 4 bands are observed at 593; 607, 521;
and 502 em™t., The polarization of the band at 69% ecm~+ suge
gests 1ts assigmment as Vg. The frequency is lower than that
usually aseribed to CH3 rocking motions, The band at 607 em~+
has a large component of the transition moment along the b
axls and is assigned to the out-of-plane vibration; :@, The
remaining bands at 521 and 502 em™ T must correspond to bend-
ing vibrations involving combinations of 1@ and lé. Since
none of the low Irequency bands are polarized along the C=C
axis; it is prqbab;e that no pure symmetric CO% bending mode,
Vy ezists, Vg ’
Kahovee and Kohlrausch reported a weak line in the Raman spec-
1l

Vi, and )y probably oceur below 400 om™ L,
rum at 236 cm — which may‘corresponq to either L& or Vg.
Among the weaker bands observed, the absorption at 1445
em™t is logicalily assigned to the CHZ scissors bending vibra-
tion, V4. A very weak band observed at 1210 en™ may possi-
bly eorrespond to the GHB twisting vibration, Vy. This band

wag also reported by Kahovee and Kohlrasusch.
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‘Phe band at 2155 cm“l‘probably represents a combination
band of vibrations from the 1500 and 600 cm™t regions.

| The Hydrogen Valence Region
In the H valence reglon, the broad area of absorption
separates into a number of bands upon cooling'the sample to
ligquid Né temperatures, The use of extremeiy thin samples
( Fig. 22 ) revealed two broad absorption bands near 2950

and 2600 em~t

whieh contribute most of the intensilty to the
region. The hizh freguency bhand does noﬁ polarize complete=-
ly; and appears to consist of an overlapping of several bands.
‘ Ths low frequency band polarizes essentially along the NH
bond T ( Fige 18 }o The Nese0 distance along i is 2.88 K
as determined from X-ray parameters., No distinet band polar-
ized along the shori hydrogen bond IT { 2,76 2 ) is observed.
The spectral absorption corresponding to such a short inter-
atomic distance generally appears as a greatl& broadened
band; which may escape deteetion in thin sections. There
appears to be a general background absorption extending past
2000 cmfl; which may correspond to such a band.

We consider the band at 2950 em™T to correspend to the
2 CH stretehing vibrations superimposed upon the NH stretch-
ing vibration directed along the long hydrogen bond { 3.05 R )
perpendicular to the ac plane. The band at 2633 em™! s as-
signed to the stretching of the NH bond I . The absorption
due to NH stretching along II is probably very diffuse and
should occur at 2500 em™t or lower. The form of the normal

1

vibrations corresponding to the bands near 2950 cm — probably



FIGURE 22

Low Dispersion Spectrum of Glyeine and 10% D-Glyeine

Top: Spectrum of glycine from 2400-3200 cm™t

A, Unpolarized spectrum at 25° ¢ and -185° ¢
B, Polarized spectrum at =-185°% ¢
The arrow indicates the direction of the
electric vector: a axis horizontal; ¢ axis

22° elockwise from vertical.

Bottom: Spectrum of 10% Deutero-Glyeine from 2000~
2400 em~l

A. Unpolarized spectrum at 25° ¢ and -185° ¢
B. Polarized spectrum at 25° ¢

{ See B above )
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involves combinations of CH and NH stretching motions. There
is probably some interaction of the other NH vibrations also.
A considerable simplification of the NH stretching vibrations
is possible for the case of partially deuterated glycine
which is discussed later.

The frequencies attributed to NH siretching vibrations
are considerably lower than those occurring in mnst‘ammonia (
derivatives, The frequency shifts are not abnormal, however,
when compared with the NH stretching frequencies of tetra-
coordinate nitrogen. The NH st:etching frequencies in cryse
talline Nﬂécl and Nﬂ4ﬁr occur near 3040 em~l ( symmetric ),
and 3130 em~+ ( degenerate ).(43) The additiomal shifts

are abbributed to hydrogen bonding.

DEUTERTUM SUBSTITUTED GLYCINE

The spectrum of deuterium,subgtituted glycine was in-
vestigated to aid in the assignment of the glyeine frequen-
cies and %o abtaln additibnal information concerning the hy=-
drogen bonds,

The spectrum of deutero-glycine is reproduced in Figure
23; whieh gives the polarization spectra for radiation propa-
gated parallel to thé b axis in the 700-~5000 amfl ragidn.

The table below lists the trequenaias; azimuths and ap-
proximate densities of the absorption bands.



FIGURE 23

Infra-red Spectrun of Deutero=-glyelne from 700-5000 o™t

Oprédinate: Intensity of transmitted radiation

A, TUnpolarized mmmcdusw
Radiation propagated parallel to the b axis

B, Polarized Spacitrum
The arrow indlcetes the direction of the mwmawaum
vector with respect to the crystallographic axes

shown at the botitom of the Tigure,
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TABLE XXI
Infra-red Absorption Bands of Deutero-glycine

Frequency  Azilmuth  Density Frequency Azimuth Density

3040  e4 1271 174°+10° .38
2155 1185 R E
2041 24 1008 185 10 .29
1972 ‘ 966 157 15 .15
1642 44%+20° 1 828 97 10 .50
1520 172 20 1.5 766 17 10 .36
1451 92 25  1.5-3 670 123 15 .16
1403 137 20 1 600 22 20 .16
1528 49 10 .4 505 54 15 .22

As before, the azimuth represents the pesition of maximum
absorption measured clockwise from the vertical in Figure 23.

The density refers to the optical density at band azimuth.

The presence of residual hydrogen complicates the spec=-
trum above 1400 cmfl; due to vibrations of NHDE groups. The
band envelopes in the 2000 en™Y and 3000 em™l regions are
poorly resolved as a consequence. The narrow band near 3040
.cmfl appears to be due mainly to CH vibrations, since its in-
tensity remains roughly constant in later stages of deutera-
tion. The weak bands near 2800 en~t are undoubtedly due to

the stretching vibrations of residual NH bonds.

Interpretation of the Observed Speetrum

The 2 CH stretehing vibrations are assigned to the band

at 3040 cm'l. In the ND valence region, a broad irregular



94

band enrelope is observed with slight intensity maxima near
2155, 2041,'and 1972 em 1. The polarization in this region
is obscured, due in part to overlapping of the fundamentals,
and in part to D vibrations'asasciated with EHD; groups.,

‘In the lﬁoarcmfl region, 4 strong bands are observed at
1642, 1529, 1451, and 1403 cmflf e attribute the bands at
1642 and 1403 cr”l o b;‘and l%, the synehronous and recipro-
cating vibrations of the 60; Sroup. lThe polarizetions are
roughly in agreement with prediction, but the precision is
iow due to the high density of the bands and overlapping NH
bending frequencies. The bands at 1589 and 1451 et ave
probably largely due to residual NH bending vibrations, al=-
though the latber band occurs where I, is expected.

Between 1100 and 1400 cmfl, there are observed 3 strong

-1

bands., The absorpbtion at 1338 em — corresponds in poleriza-

tion to the band ab 1337 et in normal glyeine ( G-1337 ),

and is assigned Lo the Ha wagging vivration, Vg. The re-

maining bands at 1271 and 1180 am =1 ax ¢ agsigned to the bend-

ing vibrations of ﬂng groupa, Vi, Vg, and Vg. The polariza-

sion of 1271 em™l is shifted slightly from that of G-1562,
while the band at 1185 amfl does nob polarize appreciably.
The latbter band probably represents a superposition of LQ:
and Vg. The isotope shifts give frequency ratios ranzing
from 1.83 to 1.32 which are somewhat smaller than would COT -

respond to pure NH { or D) bending modes.

The spectrum from 700«1100 cm”l“reveals gbrong bands at

766 and 628 cmfl with weaker bands at 1003 and 9688 cmfl, A

-1

s1light residual absorptlon occurs nsar 900 cm = as well as
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weak absorption near 1050 cm™' due to partially substituted
molecules.

The substitution of deuterium for hydrogen will probably
al?er the form of the skeletal streteching vibrations; Vo and
Vas since the characteristic frequencies for C«C and C-N
stretching will no longer coincide., The polarization of the
skeletal frequencies supports this premise; only one band in
the region being polarized along the C«N axis, This band at
828 em™' is assigned to a C-I stretching vibration, The C=C
stretehing vibration mast correspond to either 1003 or 966
em™t which polarize at practically the same azimuth. One
cannot c¢onfidently predict the direction of polarization for
a C=C stretching vibration; sinee even slight coupling with
hydrogen motions would introduce a significant component to

the transition moment.

The band at 766 em™L is polarized the same as G=-915 and

+
3

ratio: 915/ 766 = 1.19 is again abnormally low indicating

is assigned to an ND] rocking vibration, Vp. The isotopic

interaction with other vibrational modes. The remaining ND;

rocking frequency was not observed.

1

Below 700 em —, bands are observed at €70, 600, and 503

cm'l. The low frequenecy line is appreciably broadened, and
may'oonsist of more than one component.

The band at 670 cm™' is assigned to the CH, rocking vi-
bration; U} corresponding to G-693, The volarization has
shifted somewhat; the agreement with predietion being vetter
than for normal glycine. The band at 600 em~t is assigned to

'uh; the corresponding band is G-607. The polarization azi-
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muth has vobated 90° from that of G-GO?; but the chief com-
ponent is probably parallel to the b axis., The band at 503
cm'l probably represents a planar bending vibration corres-
ponding to G-502,
The followling table summarizes the assignment of funda=

mental vibrations for glycine and deubero=-glycine.

TABLE XXIT
Vibrational Assigmment

Glycine - ~ Vibration ‘ D-Glycine
2950 NH (D) stretching 2188

2633 : 2041
{2400-2500)" \ {1850-2000)7
2950 (2) CH stretching 3040 (2)
1618 V, = cog synoch. stretehing 1642

1406 VB = * recip. stretching 1403

507 v, = " wageling 800

1524 e = NEf (D) sym. beading 1185 ,
1562 (2) Vep'= " asym. bending 1185, 1271
1445 Vo = G, scissors bending (1450)7

1337 Vh = " waggiag 1328
(1210)% Vg = " twisting

693 Ve = " rocking 670

1115; 0Ls Yy, = nf (D) rocking ? , 766

895 Ve = NeC=C sym. stretehing 828 (C=N)
‘1058' Ka = " asym. stretching 1003 or 966

521, 502 skeletal bending 503
s
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Partially Deuterated Glycine
- In order to gain more specific information on the re-
lation between hydrogen pond sﬁrength and vibrational free
quency of the NH linkage, a partially deuterated sample was
prepared containing deuterium substituted for about 10 % of
the replaceable hydrogen, It was reasoned that whereas the
NH vibrations in an Nﬂg group probably in?eract considerably
with one another as well as with CH bonds, the ND stretching
vibration in an NHZD+ group would be expected to oscillate
near;y independently of the other atoms. In the crystal late-
tice, the ND bond should be distributed prasticglly at rane
dom between bthe various hydrogen bond positions, and the
spectrum should consist of bands polarized essentially along
the ND bonds with frequency shifts characteristic of the
particﬁlar hydrogen bond involved. '

This expectation iz confirmed in part by the observed
spectrum, The spectrum at room temperature and at -185° ¢
reveals two bands in the 2000 cm”l reglon in addition to the
glycine combination band at 2155 em™t, The low frequency
1ine at 2066 em™t ( Fig. 22 ) occurs at an azimuth of 99° +
15° and mist correspond to an ND streteching vibration along
the hydrogen bond I { Fig. 18 ). A high frequency line oc-
curs at 2205 em™l and azimuth 0°# 15° which probably corres-
ponds to ND bonds directed along the weak hydrogen bond per-
pendicular to the ac plane (010). This bond has been re-
ported Lo be of the bifurcated type (3?); with Heee0 dis-
tances of 3.05 and 2,95 £, The bond angle favors the direce
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tion of the hydrogen atom toward the oxygen atom at 3,05 4
from the nitrogen atom.

A third bvand corresponding to the short hydrogen bond
II was not observed, Presumably it would occur at lower
frequencies and probably becomes extremely broadened 8o as
to be undiscernible. The Ness0 distance for this bond ( 2.76
X } is one of the shortest known for an NHe«+0 hydrogen
bonﬂ; and the NH stretching frequency would be expected to
be extremely diffuse. The frequencies above may be compared
with the "normal" frequencies for ID stretehing in the deu=
tero-ammonium halides: (45) ’
WD, C1 v, = 2214 en™ >,

4

HB
- 1t
WD 451' V3 = 2358

s 2350 em™t

Applicetions

The use of polarization data weuld seem to be of gen=
eral applicability in the determination of group orienta-
tione in solid phases. The polarization seems to agree withe
in 15 or 20 degrees with that predicted for the vibrabtions
of polar conshituentis. The technique of partial deuteration
may be of value in the study of amines, complex lons, and
hydrates., The fregueney of the I stretehing seems to be
&8 seunsitive function of the hydrogen bond distance, but guane
%

titabive breatment must awailt the compilation of data from

geveral compounds,
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CONCERNIING THE STRUCTURE OF i-IBUCINE

Certain empirical information derived from the spectrum
of glycine can be used to'advantage in the interpretation of
the spectrum of l—ieucinﬂ, 2=amino-~4-methylpentanoic acid,
The polarization studies may then be used %o ascertain the
lattice orientation of certain molecular substituents,.

A search of the literature falled to reveal ény Xeray
diffraction studies on l-leuoing. The ma?rosoopic erystallo=
graphy was studied by Takahashl, Yaginuma, and Hayakawa (44);
who reported the compound as crystallizing in the orthorhom=
bic system with axial ratio a:b:ec = 1,5155:1:1.0035., The

refractive indices and optic axes were also reported.

Experimental

Leueine crystallizes in thln sheels parallel to 101.
Single crystals were obtained in ribbons elongated parallel
to the b axis., The a and ¢ axes were probably correctly iden=
tified with a polarizing mieroscope, althouzh the interfer-
ence figures were not well f?nmed. The crystals were mounted
in the reflecting microscope, and polarization gpectra for
T lapd L b were taken, In addition, studies were made by ro-
tating the sample about the b axis +45° wi’ch polarization E’J.b.
This gave essentially the polarization along the a and ¢ axes.
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Discussion

S;nce no symmetry elements of the second kind are per-
mitted, the only point group consistent with orthorhombic
symmetry is D,. The general position is 4-fold. The pres-
ence of at least a half dozen infra-red bands polarized‘aln
most completely along the crystallographic axes makes it very
probable fhat only 4 molecules are present per lattice point.

The 1nfra~rad spectrum of l-leucine is extraordinarily
rich in lines as expected from the complexity of the mole-~
cule. The 22 atoms would glve rise to 60 fundamental modes
- of vibration. The identification 6f characteristic rrequénw
cies is consequently subject to some uncartainty; since a com~
plete assignment is out of the question.

The absorption bands in the 3000 em™1 region,givéﬁén ap-
peérance similar to glyeine. This fact plus the absence of
characteristic C=0 stretehing vibrations near 1700 em~1l 1eads
to the coneclusion that leucine, like glycine; is a "zwitterion",
Two of the hydrogen bond distances are probably nearly the
same as the longer bonds in glycine ( 2.88 and 3.05 £ } judg~
ing from the observed frequencies. The shorter bond of the
pair lies approximately in the 010 plane.

At lower frequencies; strong bands are observed at 1618
and 1411 amfl which we consider to be due to the synchronous
and reciprocating vibrations of the 005 group. The 1618 em™t
band is polarized largely along the b axis, and slightly
stronger in the 001 plane. The band at 1411 em™t is polar-
ized almost completely in the 010 plane slightly stronger
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parallel to the ¢ axis. This suggests that the co; group is
oriented with the 0-0 axis in the 010 plane and the bisactor
of the 0-C-0 angle directed about 20° from the b axis and 1y-
ing not too far from the 00l plane.

At 849 cm‘l; an intense band occurs which we consider as
due to the C-N streteching vibratioh. This band 1§ polarized
roughly in the 010 plane and predominantly along the a axis,
We accordingly consider the C-~N bond to lie in this direction,
A strong band at 1366 om~+ is assigned to the group of sym-
metrie GH5 bending vibrations. The absorption 1s polarized
almost completely in the 010 plane with no indicated azimuth.
This‘would tend to 1ndi¢até the isopropyl group lies in the
010 plane. |

A band at 775 em™* is assigned to the CH, rocking vibra-
tion., This band is polarized nearly completely in the 001
plane an@ largely along the a axis, This direction is con-
sidered.to correspond to the H-H axis of the GHZ group.

The previous group orientations can be assembled into
several molecular models. A choice could probably be made
with a knowledge of the space group and unit cell dimensions.

The foregoing data would be useful in setting up a trial
structure if an X-ray study were undertaken. A spectrum of
deutero-leucine would be helpful in verifying the orlentation
of the C-N bond. | |
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| APPENDIX I
Gorrection of observed optical densities for the effect
of finite slit width:

The intensity I of transmitted radiation may be expressed
as a function of wavelength
I()) = Iy ()) exp-d()) where I, is the incident
intensity and 4 is the
absorption coefficient.
The observed density is gilven by
-d

n T/ T, where T is the weighted averw~
" age intensity; T = jI(;\) g{A) ax
where g(A) is the transmission
functlon of the instrument.
Asgume g()) = |s -J\I y Ass
s 0 » A>8 where Az X - A,

s s |
Then 4' z 1n Is\s “A Ig(A) aA - 1n!sls-j\l1()\) an
Assuming the band and background arec symmetrical about the
band center )b? we have
a* = 1n zj(s “A)Ig(A) GA « 1n zf(s ~A)T()) aA
Substituting and assumin{r I ()\) is a constant
d' = =« 1n 2/ s‘?’f (3 »_A,)exp( «d())) ah

Two expressions fcr'd(A) will be treated: I, d(A) = d_ exp
(- W/ 03 ; I, a) =a/ (1 4+ W/ 1)
where d.m is the density at band maximum, L is a band width
parameter -- standard deviation and half width respective-
1ly.
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Case I

fofss ~Ae % oxp (~&{A/ L)zldf\ - Lafo?n -x)e exp-%zzdx
The integrand is expanded in a power series:

This wave form for a square slit funetion has been treated
previously (45). ( A typographical error was determined in
this reference.)

2

- - )
g™ SED=RE z e a’[l + alez + (aaw a)x4/a + (35-3a2+a)x§/48

Substituting and integrating:

@'z 4 - 1n[ 1+ an®/12 + (2% a)n¥/120 + (a%- 303 2)n®/1344
+ {a%~ 622+ 722~ a)n®/17280 ¢ +.... where 2 = ap

Case II

’ 2 2"
[l -A) expl-ay/ 1+ A/ 1% ah = 2P[ (n - x) exp(-a/ 1 4 Plax
o r (o]

¢ e‘aj;eauz [n(l - uz)-s/a‘ u{l - uzj'%]du where r = n/J§§I“Z
The integrand is expanded in power series:
‘ff(n;u) du :_f [n -u+ (3/2 ¢+ a)mu® - (2 + a)u® 4 (15/8 +
3a/2 + e2/2)mu* - (3 + 2a + a%/2)u® + (35/16 +
als/e + 3a/4 ¢ a5/6)nu6 - .....] du
We obbtain
avz a - 1in q_[a - a4 (14 2a/3 =q - ag/2)r® + (3/4 + 3a/5
+ 8%/5 = g - 2aq/3 - a®g/6)r* + (5/8 ¢+ 15a/56 + 3a%/14 +
a%/21 - q - Bag/4 - a®q/4 - a%¢/24)00 & (35/64 + 35a/v2
+ 52°/24 ¢ a°/18 ¢ a%/108 =g ~ 4aq/5 -~ 32%3/10 - a%¢/15 -
a%q/120)2% + .... where a = 4 and q = 1/Vn® ¢ 1
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Propositions presented by Robert D, Waldron

1. The formula of cyanamide is generally given as NHBCN .

I propose that the most stable structure for cyanamide vapor
is the diimide form; HNCNH .

2. The overtone of the hydrogen stretching vibration of
strongly hydrogen bonded substances is missing from the 5500~
7000 am'l region or at least very weak. I propose that the
second or third vibraticnal lsvels are broadened due; in part;
to passage of the hydrogen atom through a potential barrier

to the acceptor atom { quantumemechanical "tunneling"™ ). A
study of the fundamentals and posaibly overtones of deubterium
and tritium derivatives would be useful in providing informa-
tion concerning the potential energy of hydrogen bond formation,
3, The crystal structure of l-leucine conld be determined

from the space group and unit cell dimensions, together with
infra-red polarizetion data ( Thesis, p. 99 ).

4, The fractional change in frequency for diatomic hydrides;

XH, with change in lonization follows the approximate relation:

Sakd. 5 o Aq where AE 1is the electronega-
"
Az tivity difference of X and H,

Ag 1s the change in charge.
This relation is of general applicability and may be used
to p;adict the'stre§ehing fraguenoies of polyhydrides and ions;
H30+, OH™, CHg, CHz, NH7, PHY,ote..
5, The existence (1) of gptically active carbanions suggests
that active forms of cyelic imines should be capable of existe

ence, I propose that attempts be made to resolve cyclic imines
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with.added stabilization of intramolecular hydrogen bonds;
EeBes hydroxylamine or alkenolamine derivatives and fluoro~
carbons, or N-fluoroalkyl derivatives and alkanols,
6. A variation-perturbation theory for potential functions
with more than one pole. Assume the perturbation funetion
H* expressible as a power series with a finite number of
negative exponents in r as periurbing Eo, an entire function
whose wave equation solution is known. (¢‘U If the value
of the unperturbed wave function &t the pole is B;_chcose as
the varlation function g = ¢f’ « B g(r) where g{r) = exp
-Ar or some other suitable function. Now evaluate the ine
tegrals: (P92 m° , g2 1% and #° H'. Integrals 2 plus 3
constitute an upper 1imit to the energy of the system and
thus integrals 2 plus 5 minus 1 constitute an upper limit +to
the perturbation energy.
7. The use of molecular spectroscopy in the ccnstitution of
reaction intermediates should be pressed. Relatively simple
cases for study might include addition compounds of formal-
dehyde; hydrate; cyanhydrin, or bi-suifite. Studies in the
Walden inversion of GH5I by MNal in solution may also be pro-
fitable,
8. The adveunt of recording sgectrometers makes the conven-
tional order of parts; source, sample, monochromator unneces-
gary., I propose that thers would be several important advane
tages in placing the sample after the monochromator.
9. Ixperimental studies in the infra~red could easily be made
with the gircular polarization. 7This technigue would have ap=-

plication in the determination of the absolube configuration
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of optically active compounds,
10, The frequency of a molecular vibration may be expressced
as: ) = VE?;T (3/2 ) where k is an effective forece con-
stant; and P is an effective reduced mass. The classical
emplitude of vibration is given by =x = v;}n + 3/ nlfep .
I propose that a simple collision theory breadening of spece

ral lines will allow the debtermination of x and consequently
Y. This would offer e means of verifying the assignments
of vibrations for molecules in the condensed states.

1l. The study of the configuration of the methyl free
radical could be atbacked most profitably by the molecular

beam megnetlic resonance method,.

(1) Gilman, Organic Chemistry, Vol I, p. 393 ( John Wiley
and SOIIS, Inc:, N.Y. 1943 )





