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ABSTRACT

1. The prismatic spectra of crystalline cyanamide and of
methylene chloride solutions of cyanamide were obtained
ffom 2 to 15 microns, and of gaseous cyanamide from 2 to
6.5 microns. High dispersion spectra in the three micron
region were obtained for all these substances. The rota-
_tional structure of the antisymmetric NH2 streﬁching vibra-
tion shows an intensity alternation which implies that
cyanamide has a planar structure, belongs to the symmetry
point group CEV’ and hag the structural formula H2NCN.
Geometrical parameters of the NH2 group were obtained using
the spacing of the rotational structure of the three micron
band, together with a non-critical estimate of the mean
value of the two smallest rotational constants, and the
mean value of the NH2 Stretching frequencies. The HNH
angle is approximately 1260, and the.NH bond distance 1s
1.002 X, A vibrational assignment was made with the aid

of Raman data obtalned by Kahovec and Kohlrausch, A nérmal
coordinate analysis of the vibrations pfimarily involving
the NCN stretching and the HNH scissors deformations was made,
This analysls gave values, depending parametrically on the
HNH bending force constant, of the CN stretching and inter-
action force constants. The forms of the normal modes of
the three lowest frequency A1 vibrations for a plausible

set of force constants was calculated, and applied to a



discussion of the intensities of the absorptions of these
vibrations. The high dispersion spectra of methylene
chloride solutions of cyanamide showed no absorptions

attributable to hydrogen-bonded polymers of cyanamide,

2. The spectfa ovaCONHQ, HCOND2 and HCONHCH3 were obtained
in the gas and in the liquilid states. The three micron spec-
trum of HCONH2 gas was examined under high dispersion. These
data together with the results obtalned by Prof. R. M. Badger
in a study of vibrating mechanical models, and by Dr. R.
Newman in a study of the polarized spectrum of sodium formate
have been the basls for an analysis of the vibrational spectra
of the formamides. An explanation has been presented for the
differences between the spectra of each substance in the gas
and in the liquid states based on the effects of hydrogen-
bonding. The spectral data have been_used to supﬁort the
hypothesis that formamide is a planar molecule, and an esti-
mate of 0,993 R for the NH bond distance based on the value
of the meanrfrequency of the NH2 stretching vibrations has
been made. The rotational structure of the three micron
high dispersion band has been analyzed, and a value for the
difference of the large rotational constant.and the average
of the two smallest rotational constants has been found
which agrees, within experimental error, with the microwave

value,
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Introduction

The structure of cyanamide has been a matter of inter-

est and speculation for some time (1,2,3,4,5,6).

H

N
'// R;C§§' \\N==C==N

I IT

Figure 1. Possible structures for cyanamide.

The structures I and II have been generally proposed
for the molecular configuration of this molecule. A search
of the literature reveals that no definitive investigations
employing the more powerful techniques of structural chem-
istry upon gaseous cyanamide have been published; In all
probability, this lack of data ariseé from the instabllity
of cyanamide at temperatures suitable for spectroscopic
and electron diffraction experiments. However, investiga-
tions have been reported in which methods not subject to
these limitations have been used. Measuremenﬁs bf the di-
pole moment {(7), of the magnetic susceptibility (8), and
of the Raman spectrum (2,9) of the molecule in various
states have all indicated that the two hydrogens are

bonded to one nitrogén atom, or if two species do exist in
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tautomeric equilibrium, that NHQCN is the predominant form.
It should be noted that derivatives of both substances

exist. Diisopropyl cyanamide, (CHSCHCHS)
YNCN (CH

2NCN, and diiso—

propyl carbodiimide, (CH3CHCH3 3

known; indeed, thelr properties have been used in earlier

CHCH3), are well

investigations as criteria for discussing the structure
of cyanamide,

Evidence is presented below which proves that cyan-
amide is a planar molecule belonging to the stmetry
point group CEV’ that the hydrogens are attached to the
same nitrogen atom, and that the HNH angle is élightly
larger than 120°. These facts make it convenient to dis-
cuss the structure of the molecule in terms of the resonat-

ing configurations I and II, presented in Figure 2.

N e AN
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Figure 2. Resonating configurations for cyanamide.
I and 1I are planar, III is non-planar.

Each configuration is planar, has an HNH angle of approxi-
mately 120°, and has Coy symmetry. The main differences

between I and II are the bond order of the CN bonds, the
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charge distribution, and a slightly larger HNH angle in II.
The positive charge on the inner nitrogen atom in structure
II would induce positive charges on the hydrogen atoms
greater than those in I, leading to the increase in the

HNH angle. The particular structural parameters claimed
for the résonating configurations can be explained by a
trigonal hybridization, spg, of the inner nitrogen atom,
and a linear, sp, hybridization of both the terminal nitro-
gen atom and of the carbon atom.

At first thought one might not consider using I as a
resonating form, but instead one would rather use III, a
more familiar form. III is like an ammonia molecule 1in
which one hydrogen has been replaced by a CN group, i.e.
the HNH angle is about 1070, and the configuration belongs
to the point group CS' The use of Il and III would predict
an HNH angle between 107° and 120°, CN bonds of an inter-
mediate order, and a non-planar molecule. The use of I
and Ii predicts an HNH angle somewhat greater than 1200,

CN bonds of intermediate order, and a planar'molecule.
Since the use of resonating configurations in structural
discussions is equivalent to expanding the molecular wave
function in a linear combination of wave functions, each
repfesenting one of the resonating configurations, the use-
fulness of the particular forms chosen for the expansion
depends, in part, on the completeness with which the con-

tributing configurations include the properties (except
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the energy) of the actual molecule. Thus the use of I and
II is preferred to the use of II and III. The former choice
is also better because there is little difference in the
position of the hydrogens in the two resonating configura-

tions.



Experimental

E. K., practical grade, cyanamide was used 1in these
experiments. It was purified by recrystallization from
methylene chloride. After purification the cyanamide
melted at 46°C. The listed melting point values range
from 42°C to 48°C. The methylene chloride usedlwas re-
agent grade material which was dried with CaGl_2 of CaSOu,
then was treated with anhydrous K2003 to remove traces of
acid. The transfer and storage of these materials was
made 1in a dry box to lesgsen the absorption of water by
cyanamide.

The ease with which cyanamide polymerizes is én im-
portant source of experimental difficulty. Decomposition
occurs when moist cyanamide 1s stored for extended periods
of time. It has been stored satisfacﬁorily by keeping it
dry and refrigerated. The low vapor pressure of cyanamide,
1S mm Hg at714OoC, together with its instability at this
temperature complicates the study of thé gas. The products
of pyrolysis are melam, melamine, and ammonia. The first
two are heavy molecules formed with the evolution of am-
monia. Thus the appearance of the absorption bands of
ammonia present a way for following the decomposition of
cyanamide during spectroscopic runs. An examination of

cyanamide sealed in Pyrex tubes showed no decomposition in
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periods of spectroscopilc interest, i.e. 30 minutes, until
temperatures higher than llSOC are reached. At 120°C the
compound decomposes in a sudden manner. The molten liquid
lies quiescent for periods generally less than five minutes,
and then it abruptly begins to boil. Within 20 seconds the
the reaction is complete, and an opaque, white solid re-
mains.

The absorption cells used for examining the gas spec-
trum were filled as follows: a saturated solution of
cyanamide in methylene chloride was introduced into an
evacuated cell from a special vessel that had been filled
in the dry box. The cell was then connected to a vacuum
gystem and the methylene chloride was removed under re-
duced pressure, Finally the side arm through which the
cell was filled was sealed off and removed as near the
cell as possible. Care had to be exercised to prevent
cyanamide from adhering to the cell windows. 4A depression
blown into the bottom of the cell was found to be helpful
in this respect.

The spectra were obtained with a Beckman IR-2 spec-
trometer, adapted for automatic recording; with our vacuum
grating spectrometer, using a COQ(S)/MeOH cooled PbS detec~
tor; and with a Perkin-Elmer Model 21C sbectrometer. The
gaseous spectra were obtained using a heated absorption
cell, A 1.1 m glass cell with thin hemispherical Pyrex

windows was used for the high dispersion spectra. An 0.5 m
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cell with KBr windows was used for the prismatic spec-
trum. The cell was enclosed in a steel tube wrapped with
asbestos, and heated electrically. The temperature of
the windows was maintained at 5-1000 above the tempéra—
ture of the tube. Copper-constantan thermocouples
attached‘tb the cell were used to measure temperatures.

Spectra of cyanamide dissolved in CH2012 were obtained
using cells with rock salt windows.

The spectrum of the solid was obtained by allowing
cyanamide to recrystallize (in a moisture free atmosphere)
from CH,Cl, on a rock salt plate, which was then covered
with another and placed in a special holder, employing "O"
rings to exclude atmospheric moisture. Special care was
taken to insure that the cyanamide did solidify since it
tends to supercool.

Attempts to obtain a suitable spectrum of gaseous
cyanamide in the rock salt region were not suécessful.
BEach attempt was vitiated by the absorption of liguid
cyanamide condensed on the cell windows, or by decompo-

gition of the cyanamide,
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Vibrational Spectra. of Cyanamide

Cyanamide, a planar pentatomic molecule, has nine
fundamental vibrations. The symmetry of the molecule
causes these 10 be classed into four totally symmetric
vibrations (Al)’ three in-plane vibrations antisymmetric
with respect to the two-fold axis (Bl), and two vibra-
tions antisymmetric with respect to the plane of the
molecule (B,). An approximate description of the form

al
of These vibra

P

ions is shown in Figure 3.

[}

The spectrum of cyanamide was examined from 2 to 15
microns. Table 1 lists the conditions under which %the
various spectra were obtained. The vibraticnal assign-
ments are gilven in Table 2.

The Raman shifts observed by Kahovec and Kohlrausch
(9) for crystalline cyanamide and for melted cyanamide

signments are made

w

have alsoc been listed in Table 2. A
for the observed shifts in order to aid in the study of

the infrared spectrum,.



Table 1. Spectra of cyanamlce obtalned.

State  Range(microns) Conditions

Gas 3 tzllSOC, high dispersion spectrum

Gas Iy £=115°C, prismatic spectrum

Solution% 2~15 Sat'd solt'n, prismatic spectrum

Solution 3 Sat'd sol'n, high disp. spectrum

Solution 3 1/3.2 sat'd soltn, high disp.
spectrum C

Solution 3 1/22.5 sat'd sol'n, high disp.
spectrum

Crystal 3 High dispersion spectrum

Crystal 2-15 Prismatic spectrum

A1l temperatures, unless 8o noted, were approximately
o]
25°C.

* -
A1l solutions were in methylene chloride.
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Table 2. Vibratiornal assignments for cyaramide.
Infrared Raman (9)
Assign't Gas Soln. Crystal Crystal Melt
D)7 3869.1(s) 3u3(s)  3327(s) 3326(3)
DY, (8) (1) 3hea(w)
| L (ag)  (3420)(m) 3363(s)  3248(w) 3232(6b)
2 3269(w)
? 3L48(vw)
(A ) 3105(w) 3108
27%+T) (B 3058(w)
2/54'z§ (B ) 2732(w) 2730{w)
D, (al> 2275(s) 2257(s)  22k7(s) 2259(1) 2232(3b)
22 (&) 2210(6)
? 2115(1/22)
5 (ay) 1590(s)  1587(s) 1556(2) 1580(2)
Vgt Vg (&) 1390(vw)
2 W ngC*%*% 1i7h(12)
7)u+'ﬁc**** 1148(L)
) u (al) 1122(W> 1119(12) 1119(Lb)
6 (b ) 1080(w) 1048(1/272)
(b ) 1003(1/2)
'Z) +7)9 (A ) 912(1)
7 (bl) obscured 513(0)
2 g (bp) k2o(1/2)

Frequenciles are in cn

*
Vibrational speciles designations probably do not apply to crystal

vibrations.

Precise value depends.on analysis of rotational structure.
value is correct to O.4 cm —,

FXH —)

This

ot ) may constitute part of the compliex structure of the 3u band.

KR%¥

See p. 21 for discussion of 751.
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A, Cyanamide dissolved in methylene chloride,

Under high dispersion the spectrum of a saturated
solution of cyanamide in methylene chloride shows five
absorption maxima in the three micron region. This
spectrum is shown in Figure 4. There are three clearly
defined bands at 3443, 3422, and 3363 cm"l. These three
bands show no significant change with respect to each
other over a more than twenty-fold concentration range
at constant concentration-length product. This indicates
that these bands belong to vibrations of the cyanamide
molecule, per se, and not to hydrogen-bonded species.

The band at 3443 em™ ! is assigned to 795, the antisymmetric
NH2 stretching vibration; the band at 3363 cm'l 1s assigned
to —11, the symmetric NH2 stretching vibration; and the
band at 3422 em™ T is assigned to the combination band

'2J2 + ]Pi. This assignment is discussed on page 40. Two
weak bands are also observed in the spectrum of the satu-
rated solution at 3269 and 3148 em™t. Tt may well be that
these bands should be assigned to hydrogen-bonded speciles,
since they are rather broad and seem to disappear with
dilution. Unfortunately, observations in the spectral re-
gion of these two bands are rendered uncertain by solvent
absorption and low instrumental sensitivity. The prismatic
gspectrum of a saturated solution of cyanamide in methylene

chloride, presented in Figure 5, shows four additional ab-
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gorption bands. The bands at 2257 and 15C0 cm — are
assigned to the C=N stretchlng vibration and the symmetric
NHQ bending vibration, respectively. The assignment of the
band at 1080 cm_1 is not clear from this spectrum alone,
for it could be assigned to 7)6, the antisymmetric in-
plane bend, to ‘2)8, the out-of-plane bend, or to '2)4,

the N-C stretching vibration. The assignments of fl)&

fo a higher freguency, and of ‘1)8 to a lower frequency

. . , s -1
are discussed below. Hence, the absorption at 1080 cm

. . , -1 ..
is assigned to P ;. The weak band at 2732 cm ~ fits the

assignment P, + ‘1)7 (513 + 2257 = 2770 cm"l).- The
Raman frequency of the melt is used for 797, since no

infrared datum is available.

B, Crystalline cyanamide.
The interpretation of the 3 micron speotrum'of
cyanamide obtained under high dispersion is not clear,
because this substance is strongly hydrogen-nonded in
the crystalline state. This condition may cause such
complications as the marked lowering of the hydrogen
stretching frequencies, intensification of combiﬁation
bands, appearance of new bands, etc. Hence few positive
conclusions can be drawn from this spectrum of crystalline
cyvanamide. The observed avsorption maxima are listed in
Table 2, and the spectrum is presented in Figure 6. The
1

two maxima at 3327 and 3248 cm T are separated by nearly

the same amount as are ‘2)5 and “z%_jm.the spectrun
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of the solution, thus these maxima are assigned to these
vibrations in the crystalline substance (it must be re-
membered, however, that this may be a poor déscription of
the absorbing vibrations, for the crystal symmetry may
give rise to new nqrmal modes of vibration). The band at
3105 em™ fits the assigament 2 2>, (2 x 1587 = 3174 em™t)

.

The absorption at 3058 cm™* can be fitted to 2 2 ¢ + Pg
(2 x 1048 + 1003 = 3099 cm *).

The prismatic spectrum shows five additidnal absorp-

tion bands. Figure 7 presents this spectrum. The bands

1

at 2247, 1587, and 1122 cm ~ are assighned to '2)2, ’2)3,

and -2)4’ respectively. The two weak bands at 2730 and

1390 cm"1

fit the assignments ), + ~). (2762 em 1), and
2 7

‘2)8 +-'799 (1433 cm'l), respectively. The frequencies

for"727 and ‘2)9 are taken from the Raman shifts for the

melt.

C. Gaseous cyanamide,

The 2-15 micron spectrum of the gas has not been ob-
tained showing as much detail as was found for the con-
densed states. The frequency assigned to the band center
of “7)5 depends on the particular analysis of the complex
structure of the spectrum in this region, however, the
value is 3469.1 + C.4 cm'l, regardless which of items 18,
19, or 20 is assigned to RQO (see the discussion of the

rotational structure of '795). A detailed discussion of
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the three micron band is presented below, and the three
micron-band is shown in Figure 12. The precise location
of the band center of the parallel band, 2°;, has not
been determined. The gross appearance of the structure
suggests that the Q branch of a parallel band falls near
' 3420 cm'l. This frequency has been assigned to 'Z)l. No
lines are observed below 336G cm"l which can be assigned
to the Q branch of a parallel band, hence if '2)2 + 22)4
falls in this region, as 1t does in the spectrum of the
solution, it occurs towards higher frequencies. ’2)2 was
observed 1in a prismatic spectrum of the gas as 2275 cm'l.
The absence of hydrogen bonding in the gas is presumably
responsible for the higher value of 792 in this state than
in the condensed states. "7)2 appears as a doublet with a
separation of 30 cm'I between the two maxima. Under low
resolution parallel bands of a symmetric top molecule like
cyanamide (IA/IB = 0.03) should appear as doublets, because
the Q branch of these bands has only 0.04 the intensity of
the P or R branches (11). Using the method of Gerhard and
Dennison (12) the calculated separation between the maxima
of the P and R branches is 28 cm_l, which agrees well with
the observed 30 cm—l. See Appendix 1 for details of the
calculation,

The absorption band for the symmetric NH2 bending vi-
bration has not been measured, although i1t has been observed.

The absorption of the six micron water band interferes in
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this regilon, and fthe experimental difficulties discussed
above (see page 7 ), have prevented the satisfactory measure-
ment of this portion of the spectrum.

The other bands of the gas are weak enough so ﬁhat they

were not observed under conditions suitable for measuring

2,

D. The Raman spectrum.

The Raman data of Kahovec and Kohlrausch (9) on liquid
and solid, listed in Table 2, have been employed to aid in
the assignment of the absorption bands of the infrared
spectra studied here. The two lowest frequency vibrations
for the molecule are expected to be the two bending vibra-
tions of the heavy atoms, '2)7 and '7)9. The somewhat
arvitrary assumption is made that the band at 429_cm—l is

2. A priori it is not clear which of the two skeletal
bending modes should occur at the lower freqﬁency, however
it seems that there might be more repulsion from the van der
Waal's interaction of the hydrogen atoms and the terminal
nitrogen atom in the Bl vibration, than in the.B2 vibration,
leading to the suggested assignment. The band at 912 cm-1
is assigned to '1)7 + 2. The two lines at 1003 and 1048
em™ ' have been assigned to the out-of-plane and the By in-
plane hydrogen bending vibratlons, respectively. The order
of these two assignments is in agreement with other mole-

cules of similar structure (see Table 4)., The choice of
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1003 cm_1 rather than 912 cm“l for TL)S is supported by the
assignment of the combination bands found at 1390 and 3058
em ! in the infrared spectrum of the crystal.

The interpretation and comparison of the infrared and
Raman spectra of crystalline cyanamide presents some prob-
- lems not enccuntereé in the study of the liquid or gas
spectra. Additional absorption bands (beyond the usual
bands of an isolated molecqle) will arise from the vibra-
tions of the molecules in the unit cell of the crystal,
and from comblnations between molecular and lattice vibra-
tions. Further complications may obtain if the crystal
belongs to a space group of sufficiently high symmetry,
for the relative intensities of the absorption bands may
then be quite different in the infrared and the Raman
spectra. Since the structure of cyanamide is not known,
the discussion of these spectra will be of a‘rather specu-
lative nature.

The three shifts in the 9 micron region may be an
example of these complications. If the two lines at 1119
and 1174 em™ ' are not spurious, the three shifts in this
region might be assigned to combinations between ”2)4 and
a lattice mode, ‘Z)C. The sequence '2/4 + n ‘ljc, n =
0,1,2, with '2)0 approximately equal to 27 cm_l, fits the
observed shifts. Though the differences in intensities

between the three absorptions seem rather high, this will

tentatively be taken as the assignment. A problem also

exists for the assignment of _1)2. The shift at the more
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reasonable frequency, 2259 ecm ~, is less intense than the

less reasonable shift at 2210 em L. The shift at 2210
em™" will be assigned to 2 20, (2238 cm™') and the shift
at 2259 em™" will be assigned to 2. |

Two other dlscrepancles are found: a large frequency
difference in ’2/3 between the infrared absorption maxi-
mum at 1587 cm—l, and the Raman shift at 1556 cm'l; and a
smaller difference, 16 cm™, for 2. The shifts found
at 3326, and 3108 em™T are in excellent agreement with the

1

absorption maxima found at 3327 and 3105 em ~ in the infra-

red.

E, Discussion of the vibrational spectrum.
1. The NH2 vibrations.

The planar structure of cyanamide suggests that the
vibrational frequency assignments made above shouid be
.compared not only with those of other NH2X type molecules,
but also with the frequency assignments for planar H2A-B—C
molecules ih which a two-fold axls passes through the
neavy atoms. The NH2 frequencies for several molecules
are entered in Table 3. An examination of Tabie.3 shows

a fair degree of constancy in the frequencies of similar

vibrations of the NH, group for the molecules listed,with
the exception of the vibration described as the "rock."
The bonding of the & orbitals perpendicular to the plane

of the cyanamide molecule may give rise to an additional
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Table 3. Frequencies, in cm—l, of NH, vibrations

in NHQX molecules.

Molecule NH2CH

5 NH)Cl NH,OH  NH,CHO NHQCN
asym. NH, st. 3470 3380 3350 3564 3469
sym. NH, st. 3360 - 3297 3440  (3420)
sym. NH, bend 1625 1553 1605 1585 15802
NH,, rock 7837 - 765 1160  1080°
* * % b
NH, wag 1127 1032 1120 820 1003

(16) References: NH30H3(13), NH201(14), NH,OH(15), NH,CHO
16) .

In CS molecules the rock belongs to species A", and
the wag to species A'., For speciles CQV the rock is of
species Bl’ and the wag of species BQT Ir formamide is
planar the wag belongs to A" and the rock to A'. However,
see discussion of formamide,

e These assignments are suggested 1in reference (15).
a Approximate frequency, see p. 26.
o These frequencies are taken from the Raman spectrum

of the melt (9) since they have not been observed in the

gaseous spectrum.
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resistance to the out-of-plane deformation which causes the
NHE rock to absorb at a frequency approximately 200 cm_l
higher in this planar molecule than in the pyramidal mole-
cules.

The order of assignment of '2)6(b1) and "2)8(b2) made
for Cyanamide is the same for the similar vibrations of the
molecules listed in Table 4. Some support for this assign-
ment is found in the combination band at 1390 cm-l, for
if ‘776 were the lower frequency (1003 cm“l) then the species
of the line at 1390 cm™ T would be A,, which is forbidden
for dipole absorption. (If the Raman shift at 439 em™t is

not ‘119, but rather "2)7; then this argument is not valid.)

Table 4. Hydrogen bending frequencies in cm_l,

of HEABC molecules,

Molecule In-plane Out-of-plane
H,CCO, ketene (10) gL2 (bl) 916 (b2)
H,CN,, diazomethane (17) 1147 (bl) 920 (b,)
H,CCH,, ethylene (18) 1050*(blg) oho™ (b, )
HNCN, cyanamide 1080% (b, ) 1003% (b)

* 2/;, Raman shift
* ¥
797

& Approximate frequency, see p. 26.
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2. The NCN stretching vibrations.

‘L’g and ‘2)4 have been referred to as the C=N and
as the C-N stretching vibrations, respectively. This has
been done for brevity, and because in the first approxima-
tion such vibrations might be expected. Compilatioﬁs of
group fregquencies (for example, see Randall, et al. (20))
list CsN and C-N stretching vibrations frequenciles in
neighborhoods which essentially includes the ranges of
values for the various assignments of IUé and"Z)u given
in Table 2. However, such a description is misleading,
for the arrangement of the three heavy atoms in cyanamide
is like that of a "not quite symmetric" linear triatomic
molecule for which the stretching vibrations would not be
localized in one bond. Indeed, a normal coordinate analy-
sis will show that the names "antisymmetric NCN stretching
vibration" and "symmetric stretching vibration" for T;E
and 'TVL, respectively, are more descriptive.v Thus in
order to discuss these vibrations, it will be necessary to
determine the normal modes of the three lowest frequency

Al vibrations.

a. Normal coordinate analysis.

In this section a normal coordinate analysis is made

for the three lowest frequency vibrations of the species

Al' The potential function that wlll be considered 1is

2 2 2
2V = F5(4r34) + F3(Ar45) + 2fAr45Ar34 + FLL(AK> . (1)
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The methods used are those given by Wilson (19, 21).

The secular equation may be written in the form
larrr - AE| = o, - (2)

in which G', F', and )v are matrices whose elements belong
to the complete secular equation (the unprimed quantities
will be used for the reduced secular equation).. If the
internal coordinates used in obtaining (1) are symmetry
coordinates, then G!' will factor into three factors, one
for each of the three vibrational species of cyanamide.
However, for brevity G!' will be used below to refer to the
A1 factor of the complete equaticn. This willl not cause
confusion because the other speciles, B1 and BQ, will not be
discussed.

The highest frequency normal mode 1s factored out by
letting the N-H stretching force constant approach an in-
finite value, In this treatment this 1is acéomplished by
changing the elements of the G' matrix to those of the G

matrix, the reduced matrix, according to equation (3).

GX_ Gt
G = G! 2n - 2m : (3)

nm nm Gég
The resulting G, are used with the F matrix in which only
the force constants for the remaining deformations are
included.

The frequencies used in this normal coordinate analysis
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are meant to be gaseous frequencies. *2)2 is the measured
freduency of the gaseous spectrum, ﬁy3 has not been measured
in the gaseous spectrum (see p. 19), thus it is necessary to
use an approximate value. Since hydrogen bending frequen-
cies are generally less for free molecules than for hydrogen-
" bonded molecules, 1580 cm—l has been used. This value is
approximately 10 em™ ! less than the value for the solution
or the crystal. ‘2)4 has not been observed 1n the gaseous
or solution spectra, so that it has been necesSary toc take
another approximate value. Since 1t 1s not clear how the
frequency of '7)4 will change with state, the rounded value
1120 cm-1 of the observed non-gaseous spectra has been used.
The frequencies, formulas, symbols, and values for the

pertinent molecular and spectral parameters used in this

analysis are listed below

A= (27e2))°

2, = 2275 en”! Ao = 18.45 x 10°0 gec™2
—2/5 = 1580 en™ A = 8.86x 10°8 sec™2
—Z)u = 1120 cm T /\1+ = 4,46 x 1028 sec™?
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The G' matrix for the totally symmetric vibrations i1s

-1
cm

.
2

82 S5 S3 SM
g 1, 1+ cos V2 cos B o . VZ2esin<
2
_ my my m3 Mg
q i .1 1 _ 2gtanFcosk
5 m3 my my m3
1 1
S3 EZ +—ag 0
< 28° | 28°(1-cosx)
4 my my
Note that G!' is symmetric, i.e. Gij = Gsi
Diagram of internal coordinates.
{/P
X3 3,4
X N———CEEE
Jes’
~P
H
1
The symmetry coordinates are
Sy = E?(Arl + AT,) )
= A
S3 r45
85 = Al"3}4_
o
= = 120
X =p=1 )
& = LI (ZL.OlS:»cl()_Scm)—l = O.985x108

"NH
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The Gnm gilven by equation (3) are listed below.

S E S (1_ N 1+COS°()—1 (2cos®B)
55 m m m m 2
3 b 1 3 m
1 1
G = — -}- —
2 2 -1 5 s
o = 28  287(l-cosk) _ (1 . l+cos« 28 sin"e
4y T m m m m D
1 3 1 3 my
R
b53 = -
Pstan X cos -1 ‘
- gtan 5 coSB 4 1l+cos« (2gcosgsin« )
Gus = - m tTlm ¥ o 2
3 1 3 m
3
G34 = O

The numerical values for these Gnm are listed below.

sy = 9.17x10°%gm™*

Gy3 = 9.32x10°%gm ™"

Gy = 12.90x103%m ™ tem ™
Ggs5 = -5,02x10°%gm™*

Gy = 7.09x103%m ™ tem™t
Gyy = O

Note that Gnm = Gmn
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G55 O35 us | | Fs T O [N O O
'GF~ /\El= Gyg G35 O r Fy 0]-|o A ol=c. (5)
Gys O Gy o o Fllo o A
In its expanded form this is written as
GogFy + Cacf A Gosl + GysFs GycFy
GygFy + Ggof Gyt + Gg3Fy ) ) = 0. (6)
Gu57s Gy Gy Py

Equation (6) is a cubic equation in A.

The coefficients of

the powers of/\ are functions of the Gnm and of the force

constants. The dependence of the force constants on the
Gnm and on the observed frequencies may now be obtalined.
For convenience (6) is rewritten as shown in equation (7)
D Ay
By B, -\ B, =0, (7)
o Cy Cq -
AL =G + G = + F,, c.
where 1 55F5 35f, A2 G55f G35 3 etc

The general cubic equation whose roots arelxl, /\2, and
/\3 may be written ()\1 “A) ()\2 -A) (/\3 -A) = 0.

Expansion of equations (7) and (8), and a comparison of the

(8)

coefficients of equal powers of )\yields the following re-

lationships
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/\1’\2)\3 = 8)BoC3 + A3BiCy + ApBaCy- AgBLCo - ApBiCa- AyBsC, (9)

Ads +/\1/\3 +/\2}\3 = AB, + ACg + ByCy - AgCy - A

,\1+/\2+A3=A1+82+03. (11)

Substitution of the Values for the A's, B's, and Ct!'s from
equation (6) into equations (9), (10), and (11), and re-
arrangement of the resulting equations yields the following
relationships among the force. constants, the Gnm’ and the

observed fregquencies:

GgeFs + G33F3 + 205 = /\1 +,\2 +/\3 ~ Gy Py _ (12)

2 2 S al
(G”5—Gu4G55)F5 - G44G33F3 + (G35—G55G33)(F5F3—f )/F4*2G44G35f

= s (Agdy+A Ay A Am (13)
[GM(G55G33 - G§5) - G33Gi5] (F3F5—f2) =M A, Ay/Fy (14)

It should be noted that there are four force constants to

be determined, and there are only three observed data. Con-
sequently various values will be assumed for F&’ and the

other three force constants will be expressed in terms of FH‘
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Equations (12), (13), and (14) will now be solved for
the three bond force constants. For convenience the coef-
ficients and constants will be rewritten in the manner

indicated below by equations (15).

b
A = G
B = G5
C = 2055
D =G5 - G0
45 NI Y
E = -Gy055
_ (pe  _
F o= (655 - G55033)/F)
G = 20, Cap
L = /‘l +/\2 + AB - GLI-LLFLI- > (15)
M==-(A1A2-+A2A3-+A1X3»@A
1 A1A2X3
TG (GonGany ~ G2_) = GooGo
4 hui¥s5¥33 T 4735 33745
F5 = X
F3 =y
f =z
}

Equations (12), (13), and (14) may now be written as

Ax + By + Cz =L , (16)

Dx + Ey + Fxy - Fz® + Gz = M , : (17)
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(18)

It
=

Xy - 2

By substituting (18) into (17), and rewriting (16), the

following two eguations are obtained,

Ax + By = L - Cz (19)

il

Dx + By =M - FN - Gz (20)
These are readily solved for X and y as functions of 2z,

x = dy (21)

and y =dy, +2az . (22)

dy = [EL - B(M ~ FN)] / (AE-BD)
d, = [A(M-FN) - LD] / (AE-BD) (23)
a = (CD-AG) / (AE-BD)

Then from equations (18), (19), and (20) is obtained

2

which yields for z

z = (adl)/2 + %Jagdig - 4(N - dldz)- . (25)
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It is convenient to define the dimensionless quantity k

according to the eguation
-11 .
k = F,/10" " "ergs. (26)

dl and d2 may be evaluated from the relations

d; = -331.0k + 815.0 - 565'6 + 1;2-6 ‘ (27)
dp = 311.9k - 768.0 + 552-” i} 171{7;-.@ | (28)

which follow from (15), (23), and (26).

With the two quantitiles (29), the three bond force

O

g.81

N = i

and a = 1.078 , (29)

constants may be evaluated from (21), (22), and (25) as a
function of k. The units will be 105_dynes/cm.

An examination of equations (27) and (28) shows that k
has only two ranges of values in which solutions of physical
interest can be obtained. Real values for f and F3 are
found near F) = O.65x10"11ergs(k = 0.65), and near
F) = l.38x10—llergs. Table 5 lists values for the force
constants obtained by assuming successive values for k in
the two regions of interest. For each value of k there is
one value for F5, and there are two values for F3 and two

values for f corresponding to the two solutions, equation

(25), of equation (24). All the values belonging to the
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Table 5. Force constants to go with equation (1).

XlOllergs x10"5dynes/cm
0.63 6.9 complex complex
) ) complex cemplex
. 20.2 3.47
0.64 8.3 5o it
15.9 0.83
0.65 9.7 220 2:93
13.6 0.12
0.66 1t.1 26.2 11.84
7.3 3.18
1.37 10.9 1507 3 ae
7.9 2.71
1.38 S.7 148 2
9.1 2.96
-39 8.5 12.9 6.20
1.40 7.2 complex com?lex

complex complex

*
The upper value of these pairs of values corresponds
to the lowest valued solution of equation (24), and vice
versa.
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higher range of Fh have been discarded for several reasons.
If the values with the more nearly reasonable values (smal-
ler) for the interaction constant are chosen, then F3 is
found to be smaller than F5, implying that the inner CN
bond is stronger than the terminal CN bond. This is very
unlikely. Furthermore, this value for Fy {about 1.38){10"1l
ergs) is considerably higher than listed values for this
constant (see reference (21) p.176 , where 0.4 to 0.6x10"11
ergs is given).

The other allowed range for F& 18 much more satisfac-
tory, for its value is approximately O.65X10—1lergs. The
values of FB and f are plausible 1if the smaller of the
solutions of equation (24) is chosen. The values belong-
ing to the other solution are not discussed because they
seem too large. The discarded values for f are approxi-
mately two to eight times larger than'values Qrdinarily
expected for stretch-stretch interaction constants (see,
for example, Coulson et al. (27)). Similarly, the discarded
F3 values, ranging from about 21x105 to abouf 27x105 dynes/cm,
are considerably larger than the expected maximum value for
the C=N stretching force constant of about 18x10° dynes/cm.

The s0lid lines in Figure 8 give the values of F5,

F3’ and f that seem most plausible. These constants vary,
approximately, from 8.3 to 12.1, 21.0 to 12.1, and 4.0 to
0.0 (in units of 10° dynes/cm) for F5, F3, and f, respectively.

The dashed lines glve the values which have been discarded.
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It will be recalled that no interaction constant be-
tween S) and 85 (HNH angle bend, and adjacent N-C bond
stretch) has been included in the potential function given
by equation (1). This may well be a rather serious omis-
sion because this constant may not be negligible. Coulson
(22) has‘pointed out that for this particular case, the
interaction between the symmetric bend of a trigonally
hybridized atom and the stretch of the adjacent bond, there
should be an appreciable interaction. waevef, the limited
data available has not allowed this effect to be studied
in the present investigation.

The present data are consistent with CN bbnds having
intermediate bond character. Neglecting the possible effects
of the interaction between the bend and the stretch on the
value of F3 and F5, it will be noted that values for F5 less
than 8.2X105 dynes/cm are not possible, forvsmaller values
cérrespond to complex values for FS' This imblies, roughly,
a minimum bond order of 1.5 for the inner CN bond. Figure 9
which 1s a rough plot of force constant versﬁs bond order
for the CN bond i1s presented as an aid for estimating the
bond order as a function of the stretching force constant,
However, 1t must be noted that the force constant for a
particular deformation in any molecule 1s, in general,
unique, and that the calculated value for that constant
may depend strongly on the assumed potential function; thus

the curve shown in Figure 9 for the CN bond is only of a
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semi~-gquantitative nature, The figure was obtained by
assuming that the ratio of the CN to CC force constants for
similar bonds is constant. The CZN force constant was taken
as 18.0x10° dynes/cm, and the CC force constants were taken
from Herzberg's compilation (see Ref. 11, p. 193). The
CN force constant Values are in reasonable égreement with
the range of values given by Wilson (See Ref. 21, p. 175).
The same plot for the CC bond has been drawn for comparison.
The normal modes for 732, 7)3, and 7)4 will now be
obtained for three sets of force constants taken from
Figure 8. The contribution of S,, the symmetric N-H stretch
symmetry coordinate, to these normal modes is not included.
However, this should not be a serious omission, because
the high value of the N-H stretching force constant should
allow only a small amount of mixing of 82 with the other
three totally symmetric coordinates in the three lowest fre-
guency normal modes. |
The ratio of the amplitudes of the symmetry coordinates

in the ith normal mode 1s given by equation (29)

1 i i
5 3 Sq 5 M3.M4 s (29)

where the M's are the cofactors of the elements in the first
row of equation (6) with the appropriate ,Xi substituted

for )v The results are presented in Table 6,
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Table 6. 5 3 Si for three sets of force constant values.
Case 1 Case 2 Case 3
F), 0.640 0.650 0.661x10 T lergs /rad®
Fe 8.5 9.7 11.2 xlOB-dynes/cm
FB 20.2 15.9 13.4  x10° dynes/cm
r 3.47 0.83 0.0 x10° dynes/cm
sl.sl.gix .3 .St
5° 3 L 5 3 B" 5 3 ¥

1:-0.759:0.331
1:0.125:10.4
1:0.0815:-1.64

1:-1.013:0.62C 1:-0.945:C.304
1:0.741:15.3 1:1.54:23,2
1:0.403:-1.78 1:0.700:-1.95

*The unit for the last member of each ratio is rad/ﬁ
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In order to represent a normal mode to scale, it is

necessary to satisfy the followilng equations:
6§4+755+JH+853=0 (30)
(1+a) Juw.55— 53=<> (31)
gy +v dy- ds5=0 (32)

Jn, 6#, and (;5 are the displacements of the atoms (num-
bered as in the diagram of the symmetry coordinates, p. 28 )
parallel to the two-fold axis of the molecule; and they are
measured from the equilibrium position of the respective
atoms. J% = é; = 52 gives the displacement of the
hydrogens parallel to the two-fold axis for an angle change,
zﬁcx , in the HNH angle. a 1s the ratio of the two bond
stretches (S%:S%), and b is given below,

. e .<S%/Sﬁ)

{3 Tun
These equations are correct to the first order in the angular
displacement, Ae¢. Equation (30)is the condition for no
change in the center of mass, and equations (31) and (32)
are conditions on the ratios Ar34/A r)5 and AI’B)_’_/AO(
Equations (33) are the solutions to equations (30), (31),

and (32).
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é’ _a + 8ab - 7o g h
4 = 3 - I3ab < 7pb Y3
a + B8ab + 14p
55 = a - 13apb = 7% ‘f3 > (33)
_ ~ 2la
éﬁ ~ a - 13ab - 7b 85 J

Table 7 presents the data from which Figure 10 is drawn.

*
Table 7. Atomic displacement factors for Case 2,

CEL 5% éﬁ

7)2 -2.35 1.00 -0.898
—7)3 0.152 -0.475 -5.62
7,  -0.398 -0.955 1.08

« _
The atomic displacement factors are the factors
written to the left of ¢S3 in equations (33).-
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The form of the normal modes under Case 2 have been
calculated and are presented in Figure 10. The appropriate
changes for the other two cases may be visualized using

the data in Table 6,

b. Intensities of ¥, and V.
The planarity of the cyanamide molecule is.evidence
that considerable resonance exists between the configura-

tions I and II.

+ —
:N——C==N: \\N===C==N:

Figure 11. Resonating configurations of cyanamide.

This fact together with results of the normal coordinate
analysis can be used to explain, in part, the intensities
of the bands f?% and ‘72&' An examination of Figure 10
and Table 6 will show that for all sets of force constant
values taken from Figure 8 7&2 and 7VZ are characterized,
respectively, by antisymmetric and symmetric stretching of
the heavy atoms.

In 7¢E a large contribution to the change in dipole

moment arises from the large charge transfer as the contrl-
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bution of each of the two resonance forms changes during

the course of the vibration. For example, in the phase of
the normal mode of‘l%zshown in Figure 10 the contribution
of II is increasing, and that of I is decreasing, bécause the
decrease 1in r3u and the increase in )5 favor structure II.
This causes a positive charge transfer towards the amino
nitrogen. The movement of the posltively charged hydrogens,
as & decreases, adds to the amount of positive charge move-
ment towards the amino nitrogen. Hence a large change in
dipole moment is expected{ and an intensely absorbing vibra-
tion results., A different situation is found for 2.

Here two items must be considered: firstly, both bonds
shorten or lengthen together, so that the ratio of the
changes must be taken into account in order to predict
changes in resonance; and secondly, this ratio is more
strongly dependent on the particular set of values chosen
for the force constants than is the correspénding ratio

in 272. In the case shown in Figure 10 for ZJL, both

bonds are compressing. This probably leads to less change
in the respective contributions of I and II than.in the
antisymmetric vibration. However, there is approximately
2.5 times as much change in the inner CN bond as there is
in the terminal CN bond, thus the contribution of II prob-
ably increases and that of I decreases; so that in the

phase shown a transfer of positive charge towards the

amino-nitrogen results (as is also true for'z)g). How-
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ever, in this case 7%4), the motion of the hydrogens, as
& increases, is away from the amino-nitrogen diminishing
.the change in dipole moment. Therefore, 794 should
absorb less intensely than ‘7)2.

It must be realized that these arguments are incom-
plete because they only consider the changes in dipole
" moment arising from changes in resonance, and from the
motion of the hydrogen atoms. These considerations are
probably adequate for discussing the differences in inten-
sity of the bands in guestion, as can be seen from the
following heuristic argument. The assumption 1s made that
the total dipole moment of the molecule is the sum of the

bond dipole moments

/umol = Z/abond'

Then,

| dMo1 = Zd/”‘bond .

A bond dipole moment is given by

M= &r,

where £ is the charge, and r is the distance between the

charges of the dipole. Quite formally one may write

d/u= ¢dr + rdE. . (1)
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The first term of (1) gives the change in dipole moment

for changes in internuclear distance, and the second term
gives the change in dipole moment for redistribution of
charge. The effects of the first term have been diécussed
for the motion of the hydrogen atoms, and the principal
effects haVe been discussed for the second term. Thus there
remains the effects of the first term for the motion of the
heavy atoms. A plausible orientation of bond dipole moments
for the heavy atoms is one in which the two dipole moments
point from the nitrogen atoms towards the carbon atcom (the
convention of dipoles pointing from positive towards nega-
tive 1s used here). For such an arrangement the antisym-
metric vibration would absorb more intensely than the
symmetric vibration. Hence no change in the arguments

given above would be necessary.
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The Combination Band at Three Microns

The assignment of the absorption maximum at 3422 cm"l

in the spectrum of the solution is of particular importance
because 1ts species helps to determine the assignhment of the
7)1*. The assumption is made that this band 1is tg be as-
signed to a binary comblnation. An examination of the
various possible binéry combinations of fundamental fre-
quencies giving an absorption in the vicinity of 3420 em™?
limits the cholce to one, 2, + ) = 2257 +x = 3422;
i.e. x = 1165 em Y.  The species of '7)2 is Ay, hence the
specles of the combination band will be the same as that
of ‘}>n. The high dispersion spectrum of the liquid shows
that the absorption assigned to '7)2 + 7)n falls very near
7L>5. This suggests that '2)2 + '2)n 1s not of speciles
By, 1.e. the combination band belongs to A; or B,. Thus
2 n 1s not > , for then the combination band would

belong to species Bl' However, the arguments above con-

cerning the relative magnitude of the frequenciles of the

is V8’

then ~Z>6 occurs at a higher frequency than 1165 em Y. No

hydrogen-bending vibrations imply that 1if 'Z)n

such assignment seems plausible, since no bands, except

X -1
those whose assignment seems correct, occur above 1165 cm .

Thus '7)n is not '7;%. Consequently -2)n belongs to Ay, and

is .7)4-
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An examination of the spectrum of the solution shows
no absorption at 1165 em™ L. However, the infrared and
Raman spectra of the crystal, and the Raman spectrum of
the melt show a band occurring at approximately 1120 cm—l,
which may well be '7)4, and indeed it is assigned to 75&
in the spebtrum of the solution. '7&& will not be expected

1

at 1165 cm ~ but at a lower frequency, since it 1s very

likely that the band at 3422 cm™t

has been pushed up by a
Fermi interaction with '2)1. The absence of fZ)L from
the spectra of the gas and of the solution is attributed
to its weak absorption. (This has been discussed above
p. 45 et _seq.) It may well be that this band is intensi-
fied by an increase in the contribution of the lonic

resonance form in the hydrogen bonded state expected for

the melt and the crystal.
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The Rotational 3tructure of the Three HMicron Band

s

A, Introduction.

The three micron high dispersion spectrum of cyanamide
is of particular importance because 1t presents data of
special value for structural considerations. The funda-
mental NH, asymmetric stretching vibration absorbs in this
region, and 1n the absence of serious perturbations or
other complications may be expected to supply two 1ltems
of information: first, the moments of inertia of the mole-
cule may be obtained from the spacing of the rotational
lines of this vand; and second, the planarity of the mole-
cule is proved by an intensity alternation of these lines.
However, perturbations and other complications, which are
discussed below, do exist, ilmposing limitations on the
conclusions which can »e drawn from these data. These
same difficulties have also been encountered for the asym-
metric hydrogen stretching vibration of ketene (23), diazo-
methane (17), and formaldehyde (24).

An examination of this spectrum (see Figure 12) re-
veals three principal features. The first 1s a series orf
lines of alternating intensity, with the approximate spac-
ing expected for the @Q heads of a perpendicular hand of a

molecule like cyanamide. A number of these 1ines appear



-50-

as doublets. vThe-second feature is two rather broad ab-
sorption maxima about 30 cm—1 apart, which are very likely
the P and R branches of a parallel band. The third feature
is additional lines, perhaps attributable to the rotational
structure of TVE + _l)u, to absorption of molecules‘in
excited Vibrational states, and to absorption by ammonia
(formed by the pyrolysis of cyanamide). The large number
éf lines 1n this reglon has prevented unambiguous assign-
ments to the various rotational transitiona, though the
general spectral pattern is quite clear, and an approxi-
mate value for the largest rotational constant in the

ground state has been obtalned.

B. Analysis of the rotational structure.

Cyanamidé is very nearly a perfect symmetric-top mole-~
cule, so that the methods given by Herzberg (Ref. 11, p. 400
et seq.) for the study of such molecules can be used here.
The symbols employed in this analysis will have the mean-
ing given by Herzberg, unless explicitly so stated.

The rotational selection rules for a Vibration—rotation
transition in which the change of dipole moment ié perpendi-

cular to the top axis are

A K
A -

]
s
[

O
w
1+

|t
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The freguencies of the resulting € branches of the subbands
(hereafter called lines) of a perpendicular band are given

by equation (2),

~
ford

VY = )+ (Ar-Br) + 2(A1-BI)K + [(Ar-Br)-(Al-BI)IK=, (2)

vV

the plus sign referring to the RQK lines (AKX z.l), and the
minus sign referring to the PQK lines (AKX = -1). Noting
that the pairs of lines RQK—l and PQK+1 have common upper

levels leads to the combination relation (3),

= Ay - Bj. (3)

By plotting values of the left hand side of equation (3)

Hi

v ior

2 . '
versus K~ and extrapolating to K=0, values of AG-B
the rotationless state are obtained. The A! and Bj are the
average values of the rotational constants during a vibra-

tion and are related to the eguilibrium value by -

; A 1
Al = Al - 2y (vy + 3)
(4)
B! = Bt . 2‘43 (V 4 L)
v e i i 2/ 2
where
AL = —> h and B} = = h . (5)
.~ 8T ¢ I & ¢ Iy
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IA and IB are the equilibrium moments of inertia. The «5
are not known. For a fundamental vibration, in the absence
of perturbations, they are small. Since no means of evalu-
ating the “\i is available at this time, their contribution
to the rotational constants will be assumed negligible.
Thus the robational constant for the vibrationless state
will be taken equal to the rotational constant for the
équilibrium configuration, e.g. Al = A;. By will be taken
as the average of the two smallest rotatlonal constants,
because cyanamide i1s not an exact symmetric top. ‘(The two
large moments of inertia differ by the amount of the
smallest moment of inertia gsince the molecule is planar.)
The value for Ag is obtained from the extrapolated value of
Ag—Bg by adding a calculated value for Bg (see p. 71, and
Appendix 2). ‘

" A perpendicular band of a nearly-symmetric tép molecule
will exhibit a central minimum, and two branches with a uni-
form (Boltzmann) intensity decrease away from the band center.
In the case of a planar CEV molecule wiﬁh the smallest princi-
pal moment of inertia along the two-fold axis, an intensity
alternation of 3:1 between adjacent lines (see Ref. 11,

p. 479 et seq.) will be superposed on this gradual decrease.
The band center will be located between the two strongest
lines, midway between a weak and a strong line. Since the

. A . s , . R
hydrogen nuclei follow Fermi statistics, the weak line, QO’



will be the first line con the high frequency side of the
band center. 8Such a pattern, if for the moment the finer
details are neglected, is readily seen in the spectrum
presented in Figure 12, However, as previously Staﬁed, a
satisfactory assignment of the lines in this spectrum has
not been méde because of the large number of lines found.
Thus 1t has been necessary to make several alternative
trial assignments for the observed lines, using different
methods of choice for each trial. ILittle question exists

. s . R
in making some of the assignments. For example, 0O

)y and
P

Ql are assigned the same way 1in every case. But uncer-
tainties exist regarding other choices.

A certain amount of systematlzation was used in each
trial assignment. In trial 2 the assumption was made that
the lines of the band should be spaced according to a smooth
function of the frequency. Hence‘the'assignmentskof‘this
trial were made by choosing lines in a manner'which gave
regularly changing frequency increments between adjacent
lines. The methods for trials 3, 4, and O are self-
explanatory (see listing in Table 10). The method used
for trial 5, and for variations of trial 5 1s diséussed
below.

For each trial assignment a value of Ag was calculated
from which further structural information was obtained in
the manner indicated below.

Table 8 1lists the frequencies of all the lines measured



Table 8.

Freqguencies

*

-2

. -1 o .
in cm 7, of maxima and

65~

certain minima in three micron spectirum.

Item Frequencya Ttem Frequencya Item Frequencya
1 3612.28 16, 34G69,08 31, - 3418,10
2. 3588.49 17. 3400.17 30, [ 3414, 02
3. - 3575.70 18. 3480.30 33. 34311.79
4. L3s71.08 10. 379,63 3. 3407.98
5. ~3557.76 20. 3478.58 35. 3k05.75
6. Ls3s53.72 21, 3470.117 7 36. 3402,62
7. 3549.98 22, 3464.83 37. 3397.26
8. 3545.12 23, 3458.68 38. 3390.89
9 3539.10 oh, 3452,81 39, 3387.02

10. [:3536.07 25. 344629 40 3378.53
11, 3520.57 26. 3438.58 41, [-3375.44
12, [:3517.74 27. 343?.75** Lo, 3369.01
13. 3511.04 28, 3437.05 43, 3357.58"
14, 3510.46%% 29, 3432.88" " 4k, [ 3355.35
15. 3569.62 30. 3h27.22 U5, 3336.05***

* Freqguencies corrected to vacuum.

i Frequency of minimum between two lines.

e Ammonia lines, or lines coinciding with ammonla lines.
a

Frequencies of apparent doublets are Jjoined by brackets.
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in the spectrﬁm shown in Figure 12, and an ldentifying ltem
number. Table 9 presents the assignments and combination
relations for the particular assignment that seems most
plausible for reasons given below (see p.62 et seq.).
Table 10 is a summary of the trial assignments, and of the

method used in assigning the lines in each trial.

C. Discussion of the rotational structure.

Clearly complications do exist in the rotational
spectrum since an unamblguous assighment of the observed
structure in this region has not been possible; Possible
explanations of the compléxity of this specﬁrum include
Coriolis perturbations, splitting of the rotational levels
because the molecule is not a perfect symmetric top rotator,
absorption by exclited molecules, Fermil perturbations, and
overlapping of lines from severalkCIOSely adjacent absorp-
tion bands. |

In eyanamide, according to Jahn's rule (Ref. 11, p. 376),
Coriolis perturbations are possible, between all pairs of
vibrational levels whose product species is A2’ Bl’ or BQ;
thus such perturbations may be expected bhetween '2)1 and
-))ﬂw and between these and combination levels of appro-
prilate symmetry occurring in this region. However, the
interaction between "Ié and ﬁb% should be small. Since
both vibrations are in the plane of the molecule, the

coupling will be greatest when the molecule 1s rotating
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Table 9., Assignment of rotational transitlons in 7) ,

and combination relations for trial 5.

Item Agsignt't Frequency - Diff
2. RQ6 3588. 49 )
| 17.41
4, | RQ5 3571.08
- 17.36
6 Q 3553.72
. / - 17.65
10. Q, 3536.07
R, 18.33
12, % 3517.74
) . 18.66
16, Ql 3499.08
R 18.78
18, 2, 3480.30 ;
) 01,62
23, o, 3458.68 )
21,63
28, o, 3437.05
P 18.55
31. 2 3418.10
p 20,64
37. a, 3397.46
- 02,02
41, Q 3375. 44
. 5 20,09
y Q% 3355.35
K ) 1 2 3 4, 5

Q_;  3480.30  3499.08  3517.74  3536.07  3553.72

Fog,,  3437.05 3U18.10 3397.46  3375.4L  3355.35

U1 K-

A"-B" 10.81 10.12 10.02 10.04 9.92

1 43,25 80.98 120.28 160.63 168.37

Extrapolated value: A"-B" = 10.18 em™t
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Taple 10. Summary of rotational assignments* for T;E,
and method of assignment,
Assignt't Trial
2 3 b 5 7 8 9 10 11
fg, w3 4w w3 3k kb
Ry 6 5 6 6 6 6 5 56 6 6
RQ3 10 9 10 10 10 10 10 9,10 10 1¢C
RQ2 12 11 12 12 12 12 12 11,12 12 12
o, 16 16 16 16 16 16 16 16 16 16
RQO 19 18 =20 18 19 19 19 18,20 20 20
P
Q 23 23 23 23 23 23 23 23 23 23
PQ2 06 o6 28 28 27 27 27 26,28 28 28
P
Q3 31 31 32 31 31 31 31 31,32 32 31
P
Q) 37 37 38 37 37 37 37 37 37 37
Fas 41 4o 42 41 4O 41 4o ho,41 41 )
o By 43 b 43 b4 43 43,4k 4L Ly
Trial Method
2 A V) (between adjacent lines) kept smooth.
3 High frequency components of doublets chosen.
4 Low frequency components of doublets chosen.
5 See text p.63 et seq.
6 Variation of trial 5.
7 Variation of trial 5.
8 Variation of trial 5.
9 Average frequency of indicated doublets taken.
10 Variation of trial 5.
11 Variation of trial 5.
* The numbers entered in the body of the table are the

"items™ from Table 8
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about an axis perpendicular to the molecular plane. The
resultant Coriolis forces arising from the above rotation
and the motion of the hydrogen atoms in ‘771 tend to excilte
the hydrogen atoms in the motion of '7)6, not that of "2>5;
similarly, the forces arising from the interaction of this
rotation and '7)5 tend to excite _2)3, and not TL>1; Con-
sequently the Coriolis perturbations between -1)1 and iZ)S
should be weak. Parenthetically, strong Coriolis perturba-
tions between the inQplane and out-of-plane bending Vibra—
tions should be expected {(as has been found for formaldehyde
(28)).

K-type doubling of the rotational energy levels of the
molecule, arising from the asymmetry of the molécule, should
be of negligible importance. This assertion finds support®
in the following two facts. Cyanamide is more nearly a
symmetric top rotator than chloramine (14), for example,
which does not show significant doubling; ahd; as shown in
Table 11 the amount of splitting of the apparent doublets
changes little with K, whereas the amount of the splitting
should decrease markedly as K increases.

The present data cannot be said to offer strong support
for the suggestion that the apparent doublets listed in
Table 11 arise from split energy levels in the upper state
of TP%. Indeed, it may well be that the components of
the apparent doublets actually belong to two different

series of lines. Assuming that the Raman shifts at 429 and
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Table 11. Apparent doublets of the three micron band

Ttems assign't A, et
18,20 oy 1.72
16 "o, F
11,12 RQ2 2.83
9,10 fa, 3.03
5,6 oy (4.om)""
3,4 fa, (%.62)""
23 o, -
26,28 PQ2 1.53
31,32 PQ3 3.18
37 T, -
40, 41 Fo, 3.09
43,44 Pag (23

This line has a broad bhase.

¥ %
The numbers in parentheses indicate dublous parings.
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513 em™ ! are 279 and 7)%, respectively, and that these
values are not too different from the corresponding fre-
quencies in the gas, one can calculate that approximately
16% of the molecules are in the excited state Vg = 1 and
that approximately 14% of the molecules are in the state
v7 = 1, at 11700. Consequently there will be nearly half

as many molecules with v7 = 1 or v9 = 1 as there are in

the ground vibrational state. Therefore 1f the differences
of the rotational constants 1n these excited states are suf-
ficlently different from the difference in the ground state,
two series of lines will be found. One series will belong
to vibration-rotation transitions from the ground vibrational
state to v5 = 1, and the other set will belong to vibration-
rotation transitions from Vo (or V9) =1, Vg = 0 to Vo (or
v9) = 1, Vg = 1. In an excited skeletal bending state the
mean square displacements of the heaVy atoms from the two-
fold axis of the molecule will be larger than.in the ground
vibrational state, so that the effective large rotational
constant will be smaller, and the effective small rotational
constant may be somewhat larger than the corrésponding con-
stants in non-excited molecules. Since the approximate
spacing of the lines of a perpendicular band is 2 (A"-B"),
the rotational structure of a band of molecules absorbing
from these excited skeletal bending states will be more
clogely spaced than the structure of an absorption band of

molecules absorbing from the ground vibrational state.
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The application of this analysis to the three micron
spectrum has been considered. A series of lines, listed

in Table 12, with a spacing of approximately 12 cm_1 is

found. This spacing yields a value for A"-B" of 6 em™t
for the excited molecules in the lower vibrational étate.
There are.at least two unsatisfactory features which should
be considered. The lines listed in Table 12 show rather
little change in intensity over the breadth of the band,

and there is no obvious intensity variation between ad-
jacent lines. These objections may not be too serious
because the general complexity of the spectrum makes esti-
mates of the intenéity of individual weak absorptions un-
reliable, However, this analysis does supply an explanation
for the apparent doubling found in this spectrum. It 1s

on this basis that ftrial assignment 5 has been made.

Figure 12 presents a graphical summary of the data
listed in Tables 8, 9 and 12. The lower curve shows the
complete high dispersion spectrum in the three micron
region, the middle curve represents the perpendicular band
for trial 5, and the upper curve shows the absorption lines
thought to belong to vibrationally exclted molecules., No
effort has been made to distribute the intensity of the
lines of the lower curve éorrectly between the two upper
curves in the cases where apparent doublets have been

separated. The dashed lines are drawn to aid in picturing

the continuity of the curves.
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Table 12. Lines possibly arising from excited molecule

absorption.
Item Frequency 13‘7), cm .
5 3557.76
12.64
8 v 3545.12
_ 24,55
11 3520.57
* ——
17 3490C.17
11.5¢
20 3478.58
13.75
22 3464 .83
12.02
24 3452.81
14,23
26 3438.58
11.36
30 3h427.22
12.30
32 3414,.02
12.30
36 3402,62
11.73
38 3390.89 -
12,46
Lo 3378.53

% .
An absorption could lie underneath the wings of
item 16.
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The possibility of Ferml perturbations in the three
micron region is restricted to perturbations between Al
vibrational levels if only fundamental and binary vibra-
tional transitions are considered (see p.49 et seq.).
Thus 7)1 and -7)2 + ‘1)4 may interact giving rise to a
larger number'of strong lines in this region than in the
absence of such a perturbation. For the sake of complete-
ness it should be noted that there might possibly be a
Ferml perturbation between ‘1)5 and 7)8 + '2)9 + 7)6
(1080 + 1003 + 429 = 3512 cm"l*). However, several assump-
tions must be verified before the position and\spécies of

this level are accepted as proved.

D. Molecular parameters.

The equilibrium value for the smallest moment of iner-
tia, IA’ depends on two molecular parameters, the N—H bond
distance, ry_y and the HNH angle, o . Equation (1) gives

this relationship

. 2
I, = 2mH(rN_H81n o/2)° : (1)

My is the mass of a hydrogen atom. This expression may be

rearranged in terms of the rotational constant AJ to the

following

+*
Gaseous frequencies are not available. The guoted

frequencies are taken from the states given in Table 2. -
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2.91
A" sin /2

N-H ~

In equation (2) Al is in cm~1, and ry_;; in Angstroms.
Figure 13 is a graph of equation (2) for various values of
Al. For a given value of AJ, and of ry 4, the allowed
value of o is.given'by the ordinate of the intersection of
the 1line of given Ag with the abscissa of the given value
of ry-H* The N~H bond length in cyanamide may be expected
to be shorter than that in ammonia, since bond lengths
shorten as the amount of s character of the bond increases
(22), On the other hand, some tendency towardé lengthening
of this bond may result from a repulsion between the aminoc-~
nitrogen and the hydrogen or from the contributions of

resonating configurations such as

Despite these uncertainties ry_y may be estimated from
an assumed functional dependence of -}DN-H on'rN;H. A graph
of 7)N—H versus ry .. for molecules for which these data

*
are known is a straight line. If a molecule has more than

*
The simple plot is made because bond distances can be
read directly for a given frequency. However, the data do
fit Badger's Rule relationship of the form

Wi olry_y - 0.34)73/2

extremely well. ¢ 1s a constant, and TN-H is 1n Angstroms.



..6173‘ -



*1UB1SUCD TBUOTABAOJ 93JBT 9yj JO SonIBA USATI J0J HNH ‘sS4 H-N; Jo ydedan *¢€1 2an3Tyg



_68-

124

rne

e

G




-69-

one NH vibration, the mean frequency of these vibrations

1s used. Table 13 presents the avallable data. The
graph. is shown in Figure 14. The value of TNoH correspond-
ing to the mean of jba and '7;g in cyanamide, 3445 cm—l,
is 1.002 . It should be noted that strong Ferml perturba-
tions may lead to deviations from the simple relaticn found
for the data in Table 13. However, even a perturbation of
50 cm~1 in '2)1 of cyanamide would lead to an error of

just 0.005 B, since only half the frequency shift would

be used in determining the value of —Z)N—H to be used for

the estimation of the bond distance.

Table 13. ©NH stretching frequencilies for known NH

bond distances.

Molecule 2, em ™t ry_f Method Reference
HN., 3336 1.021 8 a,b (22)
* O
NHB 3335 1.014 A a (30)
' 0
HNCO 3534 0.987 A a,b (31)
a Infrared.

B

© Microwave

* Mean value of '7;3 (al) and _1%(6).
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3600}-—
T HNCO
T_ 3500~
&
O
c B
13400
A NH-
HN
3300—
Lt
0.98 .00 1.02
ey 1D A

Figure 14. Graph or 79N g Vvs. r . See Tt
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Table 14 lists the values of Ag and of &4 for the
various trial assignments. Ag has been obtained from the
extrapolated value of A"-B" by adding to it 0.32 cm™l. This
latter number is the average of the two smaller rotational
constants for a particular model of cyanamide. The detalls
of the calculation of these values are given in Appendix 2.
Since slight changes in the CN bond distances will give
rise to negligible changes in the values of A"-B", the value
of Al is rather insensitive to the NCN distances (if the
heavy atom configuration is linear).

An examination of Table 14 will show that a value of
®A petween 122050' and 127025' (a2 maximum error of 0.005 B
in N-H is assumed) is consistent with any of the trial
assignments. This range of large values for oL lends
support to the assertion that the molecule has trigonal
hybridization about the amino-nitrogen atom, and that the

HNH angle is greater than 120° because of coulombilc

repulsion between the hydrogen atoms.
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Table 14, Values of Ag and of &, the HNH angle,

for various trial assignments,

Trial AL, em™t *

7 10.48 1269351
5 10.50 126°20"
10 10.50 126%201
11 10.52 126°151
7 10.54 126°10"
6 10.54 126°101
8 10.55 126°10¢
9 10,62 125°L01
3 10.72 124°401
I 10.82 123950

M o
« is given for ry o = 1.002 A, &« increases or de-

creases by one degree for a decrease or an increase of
o)
0.005 A, respectively.
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THE INFRARED SPECTRA OF FORMAMIDE, N,N~DIDEUTEROFORMAMIDE,
AND N-METHYLFORMAMIDE
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Introduction

The general interest in the proteins and related sub-
stances has led to the utilization of every experimental
" method which gives information about the crystal and mole-
cular structure of these vital substances. Infrared
spectroscopy can be a powerful technique in these studies.
However, to make an effective attack on this complex @roblem
1t is desirable first to secure an understanding of the ori-
gin of the predominant absorption bands characteristic of
the polypeptide chain by studylng the simplest substances
which contain the groupings found in this chain. For this
purpose the two simplest amides formamilde, HCONHE, and

N-methylformamide, HCONHCH, are particularly suitable. Since

3
these substadnces exhibit the minimum 1lnterference from ab-
sorbtions arising from the bending vibrationé of the methyl,
methylene, and other groups attention can be focused on the
vibrational spectra of the -CONH- and the'—CONHg groups.
Thus a study of the infrared spectra of these substances has
been undertaken in order to obtain information applicable
to the study of the proteins.

The vibrational spectra of liquid and gaseous HCONHQ,
HCONDQ, and HCONHCH3 will be discussed below. The high dis-

persion three micron spectrum of gaseous HCONH2 will be

discussed in appendix 3.
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Experimental

The formamide used in these experiments was Eastman
Kodak White Label Formamide. In the eariier work no special
effort was made to dry the amide, however, the specﬁra ob-
tained in earlier experiments were identical to those obtained
when the amide was dried under a reduced pressure of about
0.1 mm Hg.

The N-methylformémide was prepared in these laboratories

by Dr. H. Rinderknecht. He measured the following propertles:

vapor press. 90 mm Hg at 134°C

melting pt. = -6°C
ngl = 1.4300.

The listed (45) melting point of N-methylformamidé 1s -5.4°%,

The deuteration of formamide was.accomplished by mixing
excess heavy water and formamide in the absorption cell, and
allowing thém to remain in contact for approximately one
minute, and then removing the excess light and heavy water
under reduced pressure., An examination of the sﬁectrum
indicated that a mixture of HCONHE, HCONHD, and HCOND2 was
obtained.

A vacuum grating spectrometer employing a COQ/MeOH
cooled PbS cell was used for high dispersion spectra in the

1-3.5 micron region.
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The gaseous spectra were taken in an 80 cm glass cell
equipped with either sillver chloride, or potassium bromide
windows, sealed onto the cell with glyptal. The silver
chloride windows used initially were quite unsatisfactory,
since they rapidly became increasingly opaque, thus lncreas-
ing the experimental difficulties. Thin KBr plates (about
3 mm thickness) were used subsequently with very satisfac-
tory results.

The high boiling point of formamide and N-methylforma-
mide (gg, QOOOC) made it necessary to heat the absorption
cell to obtain a sulitable vapor pressure, and also to take
some pains to insure that the spectrum being obtained was
that of the vapor, and not that of liquid condensed on the
windows of the absorption cell, This was done by placing
the cell within a metal tube wrapped with resistance wire,
and by using lndependently controlled auxiliary heaters
for the cell windows. Generally it was found necessary to
heat the windows first, and then gradually to increase both
the cell and window heater currents until a desirable pres-
sure was obtained.

Satisfactory tracings of the three micron spectrum of
formamide were obtained by enclosing as much of the light
path as possible within glass tubes through which a slow
stream of dry nitrogen was passed. This served to decrease
the intensity of the 2.8 micron water band, and to make an

examination of the high dispersion spectrum in this region
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easier.

The decomposition of formamide was detected through the
appearance of the 10 micron bands of NH3 when the amide was

heated excessively.

The liquld spectra were taken on samples of the amides
pressed between two rocksalt plates to a thickness that

gave the desired absorption.
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Vibrational Spectrum and Discussion

A. Introductory discussion

The presentation and discussion of the vibrational
spectra of the formamides will be prefaced by a discﬁssion
of the difficulties encountered in making the vibrational
assignments of the observed absorption maxima iﬁ the vari-
ous spectra.

The complete molecular structure of formamide has not
been determined.* However the assumption will be_made in
this discussion that the molecule is planar. Several good
reasons exist which lend strong support to this assumption.
Kurland (32) has measured several rotational transitions
in formamlde using microwave techniques, and from these data
he has calculated the following moments of inertié for
formamide:

6.952 atomic mass units £°

IA =
I, = by v v T
IC = 51,407 i i ] il

*ladell and Post (46) have published a crystal structure
determination of formamide. They find that the CO and CN
bond distances are 1.25 ang 1.30 ,» respectively, and that
the OCN bond angle is 151.5 . Un?ortunately, the author
was not aware of these data at the time the discussion above
was written. However, these data do support the hypothesis
that the molecule is planar, and in no way affect adversely
the arguments that are presented.
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Since IC = IA +1Ig for a planar molecule, neglecting the
effect of the zero-point vibrations, he concludes from

this data that formamide is a planar molecule. The small
difference, 0.007 a.m.u, 32, between the largest moment of
inertia and the sum of the two smallest moments may well be
due to the effect of the zero-point out-of-plane (A") vibra-
tions.

Another datum suggesting the planarity of the formamide
molecule 1s the relatively high frequency of the NH2 stretch-
ing vibrations. The mean frequency of the two NH2 stretching
vibrations is 3502 em™t (see below), consequently according
to the arguments presented above, see page 67 et seqg., the
NH bond distance in formamide is 0.993 X. Compared with
the NH bond distance in ammonia, 1.014A, this bond 1s quite
short. Coulson (33) has discussed the shortening. of bond
distances with increase in s character of the bond. If
the formamide molecule is planar, an sp2 hybfidization of
the nitrogen atom is expected, and these NH bonds would
have more s character than the NH bonds of ammonia which
probably has sp3 hybridization of the N atom.

A third reason for expecting that formamide may be
planar is the resonance energy of the aliphatic amides.

The most important configurations which contribute to the

structure of formamide are shown in Figure 15.
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H H H_ L H
_C—N{ . C =N
0 H 0

I II

Figure 15. @ Resonating configurations for formamide.

Pauling (34) gives the value for the resonance energy, with
respect to I, as 21 kcal/mole. The planarity of a special
amide, urea (NH,CONH,), has been demonstrated by Waldron (35).
However, the conclusion that the CONH2 part of other amide
molecules is also planar may hot necessarily follow since
urea 1s a particularly favorable case for planarity because
identical resonance configurations contribute to the structure
of the molecule.*

Thus since formamide is presumably a planar hexatomic
molecule, it has twelve fundamental vibrations of which
nine are totally symmetric and belong to the species Av,
and three are antisymmetric with respect to the plane of the
molecule and belong to the species A". These will be dis-
cussed at greater length below,

A simplification in the description of the normal modes
of vibration of a molecule is the assumption that each funda-
mental absorption band corresponds to a vibration of the mole-

cule in which the motion is largely localized in a particular

¥*
The resonance energy of urea is 37 kcal/mole (34).
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set of atoms. This idea of the localization of motion in

a normal mode in some particular set of atoms is a very
attractive idea, for it offers a convenient visualization
of the motion of the atoms, and supplies a simple basis

for spectral correlations between different molecules hav-
ing the same groups. In particular, one might argue that
the molecules of the series RCONH2 would have rather similar
spectra (aside from the effects of the R group). Further-
more, one would expect vibrations that would be well de-
seribed as the CO stretching, the CN stretching, and the
NH2 scissors vibrations, and that the frequency of the same
vibrations in other molecules containing these groups would
be approximately the same as in the amides. However these
simplifications must be examined carefully for they apply
only in a limited manner to the amides,

A persistence of several vibrational frequencles is
found in the amides. The frequencies assigﬁed to the NH2
and CH stretching vibrations are in all probability well
described as such, but the vibrations involving the skeletal
stretchings, and the NH2 scissors deformation are not simple
to describe. Randall, et al. (36) list several vibration
frequencies characteristic of the amide group. However,
studies of the spectra of deuterated amides, and dichroic
studies have led to the suggestion by Price and Fraser (38)
that the vibrations naively referred to as the CO stretch,

CN stretch, and NH2 scissors vibrations are more complex
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than this simple nomenclature implies. They suggested
further, that the actual form of the vibrations would be
well described as combinatlonsg of symmetric and asymmetric
stretchings of the OCN part of the molecules with the
scissors bend of the NH2 group. Badger (37) using a vibrat-
ing mechanical modei has shown that such descriptions are
indeed applicable to acetamide and that the older nomen-
élature of CO stretching, etc., 1s not really descriptive.

The application of Badger's results with the acetamide
model to the formamides is seriously complicated by the
difference in mass of the methyl group and of the hydrogen
atom bound to the amide carbon atom. In some of the amide
vibrations of acetamide there 1s a considerable contribu-~
tion of the C-C stretching to the normal modes; while for
formamide the light mass of the hydrogen atom should lead
to a negligible contribution of the H-C stretching to the
corresponding normal modes. The contribution of the C-C-0
and the H-C-0 bending deformations to the particular vibra-
tiong of these amides willl also be quite different, i.e.,
the H-C-0 bend should contribute appreciably to normal
modes absorbing in the 1500 to 1200 cm_l range of formamide,
while the C-C-0 bend contributes to a smaller extent in
the corresponding modes of acetamide.

A particularly difficult task 1s the correlation of
the observed absorption bands in the spectra of HCONH2
and HCONDQ. Badger's (37) results with the vibrating
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mechanical model of acetamide demonstrate that upon deutera-
tion gross changes occur in the form of thenormal modes.

A striking example 1s the change in the nature of the vibra-
tion he calls Amide IIa. The contribution of the NH2 group
to this vibration is primarily in the form of the scissors

deformation, while in CH COND2 the contributlon of the ND2

3
group is in the rocking deformation. Other marked changes
also occur in the other modes. Indeed the changes in the
character of modes are so pronounced that for the most part
the only possible correlation which can be made between the
vibrations of the two molecules is the purely arbitrary one
made on the basis of frequencies. In this connection it
may be mentioned that though the amplitudes of vibration
may be considerably altered even by small changes in the
potential function, steric arrangement, etc., the frequen-
cies of certain vibrations may be rather insensitive to
rather large changes of the sort mentioned. Some measure
of the plausibility of the assigned frequencies (at least
within a symmetry class) can be obtained by applying the
Teller-Redlich product rule. This test has been applied to
vibrational assignments made for formamide and willl be
discussed below after the various assignments have been
made.

In view of the difficulties mentioned, the assignment
of the vibrational bands to particular vibrations in forma-

mide is weakened by the absence of a normal coordinate
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analysis. Such an analysis would be quite difficult be-
cause of the large number of force constants and inter-
action constants needed for an adequate description of

the potential function of the molecule. Many of these
constants would be extremely difficult to estimate reli-
ably, so that the results of such an analysils would not be
entirely free of uncertailnty. However, the results of the
vibrating mechanical model analysis and other considerations,
which are discussed below, do offer a reasonable, although
limited, basis for a discussion of the spectra of the
formamides.

In discussing the spectrum of formamide it is convenient
to divide the normal modes into the four following classes:
i. The hydrogen stretching vibrations,
i1, The 1800 to 1250 em™© A' vibrations,

1ii. The remaining A' vibrations,
iv. The A" vibrations.

The above grouping separates the vibrational modes of the
molecule into fairly well defined sets between which there
is 1little or no interaction. However, some question may
arise concerning the vibrations of 1iil and the lower fre-
quency vibrations of 1i. The lowest frequency A' vibra-
tion is, very likely, primarily a bending of the OCN angle
with a small amount of the NH2 rock contributing. The
next higher frequency vibration is essentially the NH2

rocking vibration. Now, Badger's (37) results with the
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vibrating model of acetamide show that the NH2 scissors
is the only NH2 bending deformation contributing to the
modes of 11, thus the interaction between the modes of
ii and 1ii should be quite small because of the near-
orthogonality of the scissors and the rocking deformations.
The extehsion of these arguments to the case of HCOND2 is
open to question. It will be recalled that Badger (37)
found that in the vibration IIa the scissors deformation
of the NH2 group 1in the normal molecule mcdel goes over
into the rocking deformation of the ND2 group in the
deuterated molecule model., Thus the near-orthogonality of
the NH2 scissors and rocking deformations is destroyed
and a geometrlcal exclusion for interaction between the
two modes no longer exists., However, these two vibrations,
ITIa and the ND2 rocking vibration, probably differ by
about 800 cm™© so that little interaction between them
may be expected. The fundamental vibrations éf formamide
will be named in the conventional manner: the nine in-plane
vibrations (A') will be numbered in the order of decreasing
frequency from 7j1 to 2)9, and the three out-of-plane vibra-
tions from 7)10 to 7)12, also ordered according to decreas-
ing fregquency. Figure 16 shows a schematic representation
of the normal modes.

The three highest frequency fundamental vibrations
are probably well described as the asymmetric NH2 stretch-

ing vibration, the symmetric NH2 stretching vibration, and
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the CH stretching vibration, respectively. The remaining
vibrations must be considered carefully.

‘3)4, 2)5, and 227 are named according to Badger's
nomenclature as amide I, IIa, and IIb, respectively. The
description of these three frequencies is best made graphi-
cally (see Figure 16), however, they are approximately
asymmetric and symmetric stretchings of the three heavy
atoms {as if they formed a bent triatomic molecule) coupled
in different ways with the symmetric (scissors) bending of
the NH2 group. 1)4 and zvg are asymmetric stretchings
of the heavy atoms with the HNH angle decreasiﬁg (or in-
creasing) as the CO distance increases (or decreases) in
the mode; and with the HNH angle Increasing (or decreasing)
as the CO distance increases (or decreases) in the latter
mode. 2)7 is a symmetric stretching of the heavy atoms
with the HNH angle decreasing (or increasing) as the CO
distance increases (or decreases). The contributlon of the
bending of the OCH angle has not been determined (37),
however it seems that i1t may contribute appreclably to 7J7.
If 2)6 is a localized vibration, then it is primarily an
in-plane bending of the tertiary hydrogen atom. ’1/6, which
in the naive assumption of localized vibrations would in-
volve the CH in-plane bend, but which undoubtedly involves
the motion of all the atoms of the molecule in some com-
plex manner, will be named amide ITab. The remaining two A!

vibrations are the NH2 rock, and the heavy atom bending mode.
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The three A'" vibrations are probably well described
as the NH2 out-of-plane bend, the C-H out-of-plane bend,
and the NH2 twist.

Figures 17, 18, 19, and 20 presént the spectra of
gaseous formamide, liquid formamide, gaseous dideutero-
formamide, and liquid dideuteroformamide, respectively.
Figure 21 ié a schematic representation of the 1800 to
600 cm'1 spectra of formamide, and of the spectra of
gaseous and liguid N-methylformamide, which will be dis-
cussed below., Table 15 1lists the observed absorption fre-
guencies for the formamide spectra and the assignments

made in the discussion to follow.
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Table 15. Vibrational frequencies (cm—l) of the

formamides

*
Assgn't  HCONH,(g) HCONH,(1)®  HCOND,(g) HCONDQ(l)*C

Arv fundamentals

2)1 3566.2 m . 2602 w - 5
3300 23487 s
‘2)2 3442.8 m 2501 m
2)3 2880 s 2880 w 287U w 2872 w
'2)4,1 1740 vs 1700 vs 1745 vs 1671 vs
1610 )P
2)5,Ila (1585) § s 1600 w 1390 w 1400 s
1560
1307 )P
ZL%,IIab 1400 w 1390 m (1292) 1337 s
1276
1280 )P 1111 ;b
2/,,ITb (1260) 1310 s 1097 ) m 1116 m
1240 1078 )
1174 )P 862 )P
-2)8 1160 m 1210 vw 2 (808) VW -
1134 791
786 )P -
2)5 765 % s ——- 749 yw 764 vw
756 | |
A" fundamentals
1070 )P
2)10 1045 ; m 1055 w —— 1048 m
1030
ggg §b 590"
11 807
637 )° o s
-2/ 603 ) s _— 460 160
12 285
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Table 15,-~Continued

*
Assgn't HCONHe(g) HCONHe(l)c HCONDg(g) HCONDE(TL)*c

other absorptions

5
2%7 —— —— — 2049 w
24 g _— _— _— 1581 w
zig _— _— 1470 —
b
1168 )
J9+7/12 — —— (1150)) m 1223 w
1133 )
? ——— 1070 vw -—— -
24/, - - 512 m 915 m
? 890 vw 880 vw - ——

aMaxima of unresolved NH,, and ND gstretching vibration
absorptions are given for the liquid spectra.

bBrackets enclose P, Q, R branches of the bands. If no
Q branch is observed, the average frequency is presented within
parentheses.

HCONDH absorpglon bands assigned were'V%H = 3510 cm'l
(w), Yy = 2668 cm~+ (m). _
ND
Estimated

®The symmetry de51gnat10ns are probably incorrect for the
molecular species found in the liquid. The correct designation
is quite likely B, for the frequencies listed under A'; A, for
those listed under A%; and overtones are actually combinations
of nearly degenerate levels which for the isolated molecules
would have the designation listed in the table. These assump-
tions are based on the evidence found by Badger and Rubalcava
(39) which indicated that acetamide, propionamide, and butyr-
amide formed cyclic dimers in CClu solution.
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B. The hydrogen stretching vibrations.

Two well defined absorptlon maxima are found at 3566.2
and 3442.8 em™t in the spectrum of gaseous formamide (see
Figures 17 and 25). These two bands exhibit hybrid struc-
ture under high dispersion. They have been assigned to

1/1 and 2/2; respectively. This 1s the frequency range
where the NH2 stretching vibrations are expected, provided

that the NH bond is short. 2., the CH stretching vibra-

3)
tion, falls at the reasonable frequency of 2880 em™T in
the gas.

In the spectrum of the deuterated gaseous compound

(see Figure 19), a mixture of HCONHE, HCONHD, and HCONDQ,

four new bands appear at 2602, 2501, 3510, and 2668 em™.

These have been assigned, respectively, to 7jl and 2)2 in

HCONDE, and to'Z)N;H and 7) the N-H and N-D stretch-

N-D’
ing vibrations in HCONHD. ‘2/3 undergoes little change
in the spectrum of the gaseous deuterated molecule, for
it falls at 2874 cm .

The spectrum of liguid formamide shown in Figure 18,
shows the expected features that accompany hydrogen bond-
ing. The N-H stretching vibration absorptions form a
strong, broad band centered approximately at three microns.

7}3 remains at 2880 cm T.

The spectrum of liguid deuteroformamide, presented

in Flgure 20, shows five bands above 2000 cm . A weak

band at 3308 cm_1 is assigned to an absorption by a small
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amount of HCONH2 and HCONHD. The CH stretching vibration
remains at essentially the same freguency as in the spec-

trum of gaseous HCOND,, for it falls at 2872 em . A

third band is a strong absorption centered at 2348 cm'l,
Although this frequency very nearly coincides with the
frequency of the 2349 em™T band of CO,, it 1s quite cer-
tain that a strong HCOND2 absorption falls very near this
frequency, for an examination of the background in this
region shows that the observed band is too intense and too
wide to be solely attributable to the 002 absorption. The_
overlapping of the CO, band renders the measurement of the
maximum of the absorption band of the HCOND2 uncertain by
about + 10 cm"l. The frequency difference between the
maximum of this band the average of the ND, stretching
vibration frequencies is within experimental error, the
same as the corresponding difference for HCONH,, approxi-
mately 200 em™ L.

The two remaining bands, at 2527 and 2249 cm’l, may
be assigned to combination levels., They will be discussed
below,

The ratio of the NH2 to the corresponding ND2 stretch~
ing frequencies in the gaseous spectra is 1.37. The ratio
of the maxima of the absorptions for the corresponding
vibrations in the liquid spectra is 1.41. 1;;—H’ at

3510 cm-l, falls almost at the mean frequency of 'Z% and

’Z>2 in gaseous HCONH,, 3502 em™t. The ratio of HZJN—H
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to 1) N-D is 1.32, The nearness of these ratios to the
value corresponding to the change upon deuteration of an
unperturbed harmonic oscillator, 1,41, may perhaps be taken
as evidence that the hydrogen stretching vibrations are
nearly localized in the NH bonds, and are very nearly pure
stretchings. The smallness of the change in the CH stretch-
ing vibration frequency may also be taken as evidence of

1ts simple character.
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C. The 1800 to 1250 cm > A' vibrations.

The spectral range from 1800 to 1250 em™d is very
interesting for vibrations of importance in the molecular
study of the proteins occurring in this region.

The most striking feature of the spectra of HCONH2
and HCONDg‘is their similarity in appearance in the states
studied. Were it not for the weakness of the NH, stretch-
ing absorption, and the shifts in frequency one would al-
most be led to conclude that no deuteration had been
made. The four bands in the spectrum of gaseous HCONHQ
at 1740, 1585, 1400, and 1260 cm™® have been assigned to
Amide I, ITa, ITab, and IIo (2, 2 &, /¢, and -w’T),
respectively. Figure 21 indicates the correlation of these
absorption maxima with those of the other three formamide
gspectra.

The overlapping of the 6 micron water band causes an
uncertainty in the measurement of the band at 1400 em ™t
in the spectrum of gaseous HCONH2, and in the measurement
of the bands at 1470 and 1390 in the spectrum of gaseous
HCOND,, .

The assignment of the band found at 1400 em™t in
the spectrum of gaseous HCONH,, and at 1390 em™ L in the
spectrum of the liquid to Amide IIab finds support in the
following facts. Kohlrausch and K8ppl (40) found a band

at approximately 1390 cm—l in the spectra of several alde-

hydes, and not in the spectra of several ketones. They
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assigned this band to the HCO bending vibration of the
aldehydes. Newman (41), examining the spectrum of crystal-
line sodium formate, NaHCOE, with polarized radiation
found a band at 1365 cm’l, which he assigned to the CH in-
plane bending vibration of the formate lon.

The scissors deformation of the NHE, and of the ND2
probably contribute appreclably to normal mode Ilab for
poth the normal and the deuterated molecules, thus the
frequency of this vibration would be expected to change
upon deuteration. The absorptions at 1292 em™ T in the

1

spectrum of gaseous HCOND,, and at 1337 em — in' the spec-

trum of liquid HCOND2 have been assigned to Amide IIab.
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D. The A!' vibrations below 1250 cm'l.

Two A' vibrations have not been accounted for in
the above discussion. These vibrations, 7/8 and 2)9, are
probably well described as the NH2 rocking vibration, and
as the OCN bending vibration. The bands at 1160, 1210 and
808 Cm_l iﬁ the spectra of gaseous HCONH,, of liquid HCONH,,
and of gaseous HCONDE, respectively, have been assigned to
.2}8’ The higher fregquency of this band in liquid HCONH2
than in gaseous HCONH2 is consistent with its assignment
to a bending mode of the NH2 group, since hydrogen-bending
generally causes an increase in the frequency of modes
involving a bending motion of the hydrogen atoms. The
shift in frequency of this vibration on deuteration to
808 cm™ ' is consistent with the idea that this vibration
is primarily an NH2 rocking motion. The higher intensity
of '7}8 in the spectrum of gaseous HCONH2 than in the spec-
trum of liquid HCONH2 suggests that the intenéity of this
band should be very low in the spectrum of liquid HCONDE,
since the intensity of 7/8 in the spectrum of gaseous
HCOND2 is quite low. The deuterium atoms very probably
have a smaller amplitude of vibration than the hydrogen
atoms in this mode, thus it is not surprising that 77'8 is
less intense in the spectra of HCOND2 than in the spectra
of HCONH,.

The bands at 765, T49 and 764 em™T in the spectra of

gaseous HCONHQ, of gaseous HCOND2 and of liquid HCONDE,
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respectively, have been assigned to 2/9. The relatively
small change in frequency of this vibration upon deutera-
tion indicates little contribution of the motion of the

hydrogen or deuterium atoms to the form of the normal mode.
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E; The A" vibrations.

The bands at 1045, 1055, and 1048 cm™! in the spectra
of gaseous HCONHE, of liquid HCONHQ, and of liguid HCONDE,
respectively, have been assigned to 2/10, the CH out-of-
plane bending vibration. This assignment finds support in
the relative constancy of the bands, and in Newman's (41)
observations on crystalline sodium formate., He made the
corresponding assignment to a band appearing at 1070 cm_l.
The difference between this latter frequency and the fre-
guencles of this vibration in the various formamide spectra
is not large if account is taken of the difference in state
and In nature of the substances in question.

The band centered at 820 em™T in the spectrum of gase-
ous HCONH2 has been assigned to 2}11, the out-of-plane NH2
bending vibration (wag). The frequency of this vibration
probably shifts to about 590 em™ T (820/]5 = 582 cm_;) upon
deuteration, 1f, as expected, the vibration‘is primarily
a motion of the amino hydrogen or deuterium atoms.

The band observed at 603 cm_l in the spectrum of
gaseous HCONH2 has been assigned to'7/12, the NH2 twisting
mode. Although considerable difficulty was experienced in
obtalning this 15 to 25 micron spectrum, the presence of
a band at 603 em T is probably real, since it finds support
in the work of Saksena (42). He mentions a shift at 603 em™*

in the Raman spectrum of liquid formamide. The twisting

modes in ethane and ethylene (Ref. 11, p. 343, and p. 328)
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are given as falling at 275 and 825 cm_l, respectively.
The intermediate value of the frequency in formamide may

well be an indlcation of the partial double bond character

of the CN bond in the molecule.
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F. Remaining absorption bands.

A number of absorption bands in the spectra of the
formamides have yet to be dlscussed. The spectra of
gaseous, and of liquid HCONH2 show only two sets of bands
for which no assignment has been made. The two bands at

1070 and 880 cm™*

1

in the spectrum of the liquid, and the
band at 890 em ~ in the spectrum of the gas do not seem
to fit any simple assignment pattern.

The spectra of liguid, and of gaseous HCOND2 show
several bands which fit binary combinations as shown in
Table 15. The two bands at 2527 and 2249 em ' in the
spectrum of the liquid have been assigned 1/7 +~7/5
(2516 cm—l), and to 2 7/7 (2232 cm_l), respectively.
Badger and Rubalcava (43) made similar assignments in a
study of the three micron, high dispersion spectrum of

propionamide 1in carbon tetrachloride solution.
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G. Some summarizing comments.
The assignments made above have been examined with
the ald of the Teller-Redlich product rule (Ref. 11, p.

232), as applied to the A' vibrations of HCONH,, and HCOND

5.
- ) m ' 2 i
wi H Ly AN
J & =) ® (“‘) SR
i=1

Equation (1) expresses the Teller-Redlich product rule. The
primed quantities refer to HCONDQ, and the unprimed quanti-
ties to HCONH,. 47/45 is the ratio of the mass of HCOND,,
to the mass of HCONHQ. The other symbols have their usual
significance. The pertinent details of the calculation
of the moments of inertia are given in Appendix 4. Since
the zero order frequencies, & i,.ar'e_not known, the ob-
gerved frequencies,77/ 59 have been used.

The value of ﬁr{%j using the assignments shown in
Taple 15 for the g;;es is 0.255. Compared with the value
0.278, the former value Seems acceptable, particularly

since approximations are present in replacing the w , with

i
the ‘7) i and in the values of the moments of inertia. The
Teller-Redlich product rule does not help distinguish, in
this case, among the various assignments within a symmetry

specles, l.e. two assignments can be interchanged without

affecting thevalue of the product of the ratios of the
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vibrations of that species. However, it does help find
gross inconsistencies which may be present in a given set
of vibrational assignments. The correlations shown in
Figure 21 for ¥ . and for 2 g (1097 and 808 em™t! 1in the
spectrum of gaseous HCONDE) were obtained in this manner
from a prévious assignment scheme.

The separation of the maxima of the P and R branches
of the absorption bands of gaseous HCONH2 was calculated
according to the method given in Appendix 1, and found to
be 40 cm—l. The observed values, see Table 15, are not
seriously different from the calculated value., The spacing
was an aid in finding the centers of overlapping absorption

bands in the spectra of the gases.
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H. The vibrational spectra of gaseous and liquid
N-methylformamide.

N-methylformamide, HCONCH has 21 fundamental vibra-

37
tions. The molecule, neglecting the methyl hydrogens, very
likely possesses a plane of symmetry colnciding with the
HCONH groﬁp. If the assumption i1s made that the methyl
hydrogens are symmetrically disposed about this plane of
symmetry, then the molecule will belong to the symmetry
point group Cs’ and 14 fundamental vibrations'will be
totally symmetric (specles A'), and 7 vibrations will be
antisymmetric with respect to the plane of the molecule
(species A").

The following discussion of the vibrations and their
implications will be divided into three sections: 1) the
hydrogen stretching vibrations, 2) the fundamental vibra-

1, and

tions absorbing in the region from 1800 to 1200 em”
3) the vibrations absorbing below 1200 em™T. Combination
levels will ve discussed along with the fundamentals near
which they absorb.

The spectra of gaseous and llquid N-methylformamide
have been observed in the rock salt region, and are pre-
sented in Figures 22 and 23. (A summary of the spectra
between 1800 and 600 cmnl has been presented in Figure 21.)

Table 16 lists the observed absorption maxima, and their

assignments.
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Table 16. Frequencies, in cm‘l, of absorption bands in

gas and liquid N-methylformamide.

Assign't. Gas Lig. Comments
2 (@) 3497 () 3309" (s)
2P (a") --- 309 (m) |
7)CH 2967 (w) 2060 (w) a' or a" %
790_3 (a') 2874 (m) 2888 (m)
? 2747 (vw) —— 1508 + 1270 = 2778 ?
Anmide I (a') 1745 (vs) 1670 (vs)
Amide IIa (a') 1508 (s) 1540 (s)
‘ZDCH (a') - 1365 (s) CH ia-plane bend.
'Z)CH (a') 1270 (w) —— CHL, bending mode?
Amide IIb (a') 1204 (s) 1250 (s)
? ——— 1145 (s) - CHy mode
1)CH (a™) — 10L5 (w) CH out-of-plane bend.
? : --- 1019 (w)
(985 )
VN_CH3 (2") (957 ) (m) 960 (m)
(938 )
f?gﬁ (a") -—- 775 (m) NH out-of-plane bend.

*
Several different transitions contribute to this unresolved band.
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1. The hydrogen stretching vibrations.

The bands at 3497, 2967, and 2874 em™t in the spectrum
of the gas are assigned to fundamental hydrogen stretching
vibrations. The band at 2747 em L 1s assigned to a combina-
tion band. P . at 3497 em™! nearly falls at the mean

frequency, 3502 em™ 1

, of the two NH2 vibrations in formamide.
This suggests that the NH bond in N-methylformamide is like
the NH bonds in formamide, and that the former molecule is
planar about the amide nitrogen atom. In this connection
it is interesting to note that the différence between the
NH stretching frequency in the gas and the frequency of the
maximum of the band assigned to the NH stretching vibration
in the spectrum of the liquid is nearly the same for both
formamide and N-methylformamide. This similarity suggests
a similarity in the O-N-H...0-N-H part of the hydrogen
bonded structure of the two molecules. In particular, one
might expect that the NH stretching force constants are
approximately equal for the two molecules 1n corresponding
states. This may imply, though not necessarily, that the
N.++«0 distance 1s the same 1in both cases.

The two bands at 2967 and 2874 cm ' are assigned to
a CH3 and to the CH stretching vibrations, respectively.
On the basis of the methyl halide spectra (Ref. 11, p. 315)
the assignment of the 2067 cm T band might well be made to
the A! CH3 vibration. However an examination of other CH3X

*

vibrational assignments (Ref. 11, p. 333 and 335, for
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example) indicates that it might also be an A" CH3 absorp-

tion band. The band at 2874 em™t lies at nearly the same

frequency as in the spectrum of gaseous formamide (2880 cm'l)

1 most likely arises from a combination

The band at 2247 cm™
level. The binary combination 1508 + 1270 = 2778 cm_1 fits
nicely. |

The spectrum of the liquid shows four bands at 3309,
3096, 2960, and 2888 cm™ Y. The highest frequency band has
been assigned to the NH stretching mode in the hydrogen
bonded liquid. The 2960 and 2888 em™ 1 bands are assigned
to the CH3 A' stretching vibration, and the CH stretching
vibration. The band at 3096 cm-l geems at too high a
frequency to be a CH3 vibration. A plausible assignment
is as the first overtone of the band at 1540 cm"l. This
assignment is agreement with the similar suggestion made
by Badger and Rubalcava (43).
2. The 1800 to 1200 em™ T frequencies.

'Professor Badger has studled the vibrational modes
of N-methylformamide in this region with the aid of his
mechanical vibrating model (37).* A reproduction of his
results is shown in Figure 24. Again, as with the amides,

the vibrations involving the amide atoms have no simple

description. The CO stretching vibration does not exist

*
This model does not show CH3 vibrations.
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IOb Tab

Figure 24, Form of indicated normal vibrations of
HCONHCH., (taken from reference (37)).
Vibratign labeled ITab is the CH in-plane
bend, Large solid circle represents the
oxygen atom,




-115-

as such, but rather it is an asymmetric stretch of the OCN
group coupled with an NH bend and a CH bend. Similarly
involved descriptions apply to the other amide frequencies
in this spectral region.

A comparison of the liquid and gaseous spectra 1s of
' particular value in making vibrational assignments for a
substance such as N-methylformamide, since the effects
of hydrogen bonding will lead to certain frequency shifts
which may be qualitatively predicted with a fair degree
of reliability. It seems very reasonable to assume that
the contribution of the ionic resonance configuration of
an amide (see I of Figure 15) will be greater in the liguid
than in the gas. Hydrogen-bonding will bring the molecules
together in such a way that there can be an electrostatic
interaction between the negative charge on the oxygen atom,
and the induced positive charge on the hydrogen (or hydro-
gens) adjacent to the nitrogen atom. This interaction will
lead to the stabilization of the resonance configuration.
Thus the effects of hydrogen-bonding will weaken the CO
and the NH stretching force constants, and strengthen the
amide CN stretching force constant and the NH bending force
constants. The CH force constants should remain essentially
unchanged., The overall effect of hydrogen bonding on any
frequency is thus complicated, and difficult to predict or
explain unless the results of a normal coordinate treatment

are avallable, because the frequency of any vibration is, in
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general, dependent on all the force constants of the mole-
cule. Predictions can be made with some success for those
vibrations in which the motion is well localized in some
particular set of atoms.

The bands at 1745, 1508, and 1204 cm"1 in the spectrum
of the gas are assigned to Amide I, IIa, and IIb, respec-
tively. These bands are shifted, respectively to 1670,
1540, and 1250 cm™* in the spectrum of the liquid. The
pand at 1365 ecm T in spectrum of the liquid is assigned
to the CH in plane bending vibration.

The observed differences in frequency betWeen the
gaseous and liquld spectra of Amide I, ITa, and IIb are
consistent with the above discussion of the effects of
hydrogen-bonding. The band at 1365 em™t in the spectrum
of the liquid behaves like the corresponding absorption

in HCONH i.e. it is very weak or absent in the spectrum

o3
of the gas, and of medium strength in the 1iquid spectrun.
The increase in intensity may well arise from the increased
contribution of the ionic resonance configuration and

the contribution of the motion of the heavy atoms to this
vibration (see Figure 24). The motion of the heavy atoms
is not unlike an asymmetric stretch, so that a large charge
transfer may be expected. This effect would be more pro-
nounced in the liquid than in the gas because of the in-

creased contribution of the lonic configuration to the

equilibrium structure of the molecule.



-117-

The band at 1204 cm—l, in the spectrum of the gas,
rather than the band at 1270 cm'l, is assigned to Amide IIb
on the basis of the relative intensities of the two absorp-
tions, and on the reasonable assumption that Amide IIb will
be found at a higher frequency in the spectrum of the liquid
than in the spectrum of the gas. The band at 1270 em™t may

possibly be assigned to a CH3 deformation mode..

3. The vibrations below 1200 cm .

The band at 957 em~ Y, with P and R branch maxima at

985 and 938 cm T

, has been assigned to a mode which is
largely a stretching of the non-amide CN bond. This band
apparently remains essentially‘unshifted in the liquid
spectrum, where it falls at 960 em™ 2,
“Four bands remain in the spectrum of the liguid. These
are found at 1145, 1045, 1020, and 775 cm—l. The last of
these may be assigned to the A" NH behd, which Sutherland
has found to lie in this region in a number of molecules
(44). The band at 1045 ecm™ T is assigned to the A" CH
bend, in essential agreement with the assignment made for
the formamides. No assignment is proposed for.the bands
at 1145 and 1020 cm_1 although they may possibly correspond

to CH3 bending vibrations.
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I. Concluding remarks,

The above presentation and discussion of the several
formamide spectra havwe shown a reasonably consistent scheme
of vibrational assignments. Spectral evidence, based on
the NH stretching vibration frequencles, has been presented
as additional support for the hypothesis of the planarity
of the amide group. The data of this study, together with
Professor Badger's (37) experiments with vibrating mechanical
models of acetamide and N-methylformamide, and Dr. R. Newman's
(41) excellent investigation of the spectrum of crystalline
sodium formate have formed a basis for a straightforward
interpretation of the spectra of these simple amides. The
possible effects of the motions of the formyl hydrogen have
been discussed. These are important, for an understanding
of their contribution to the normal vibrations of these
"simple!" molecules is necessary, if the amide vibrations
themselves are to be understood. Such an undérstanding
is of prime importance in the study of the proteilns.

The differences between the spectra of the gas and
of the liquid for each substance have been discussed with

relation to the effects of hydrogen-bonding in the liguid.
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Appendix 1

Calculation of the separation of the maxima of the
P-and R branches of a parallel band in cyanamide. The
method used 1s that given by Gerhard and Dennison (12).

Equation (1) gives the separation,

AV S(;?) ( ?g ) 3 . (1)

The various quantities are defined below

B+ 4)*r
eI
Ta
IC and IA are the largest and the smallest moments of

inertia of the molecule, respectively. k is Boltzmann's
constant. The temperature, T, is taken as 300k (117°¢)
Using the values of Appendix 2 for the moments of inertia,

and evaluating equation (1), 28 em™ ' is obtained forA'J) .
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Appendix 2

Moments of inertia for a model of cyanamide.

The two resonating configurations I and Il are con-

sidered.

2
f
i
=

IN— C=N:

I CIT

The following molecular parameters are used:

r(C - N) = 1.51 & r(C = N) = 1.31 R
+ o o

r(N =¢C) = 1.26 & r(C==N) = 1.15 A

r(N - H) = 1.015 2 A = 123°

The CN bond distances are taken from Schomaker and Steven-
son's compilation (25); and the formal chargelcorreCtion is
made according to Pauling (26). The ammonia N-H bond
distance has been used. The resultant bond distances are
calculated by the method given by Pauling (Ref. 26, p. 197).
An approximate.wave,function for the molecule will be given

by equation (1)

YooV ol . (1)
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Rather arbitrarily, the values a =J§7§, and b =J1/3 are
assigned to a and b. It may well be that a =b = 1/2

is better, however, this will have 1little effect on the
average value of the two small rotational constants, which
is needed in order to obtain Ag, from the analysis of the
spacing of the rotational lines in 2)5. The resultant

bond length is given by equation (2)

_ ;S_xikiRi

ji_xiki

R

X, = ag, and Xy = b~. The Kt's are taken in the ratio

Using the above relations the following are obtained:

_2/3(1.51) + 1/3(3)(1.26) _ o
Rye = 5730 F 17503 = 1.36 A
_2/3(6)(1.15) + 1/3(3)(1.31) _ 0
Fen = ~To/steT T 173030 =1.18 4

These values lead to the following moments of inertia and

rotational constants

I, = 2.63x10 4 %m om? Al =10.66 cm™t
I, = 85.16x10 %%m cm? BY = 0.32¢ cm™!
I, = 87.79x10"*%m cn® Cl=0.319 em™"

BoHCY _ 0.324 om™1

2
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Appendix 3

The three micron band of formamide under high dispersion.

The three micron band of formamide has been examined
uhder high dispersion, and 1s presented in Figure 25. The
band shows two.major features, each corresponding to vlibra-
tional-rotational transitions of the antisymmetric and the
symmetric NH2 stretching vibrations. The band for the
antisymmetric vibration is centered at 3566.20 cm_l, and
the band for the symmetric vibration is centered at 3442,.83
em™ Y. Both bands, as expected, show hybrid structure.

The rotational structure of the high frequency band
has been measured. The assignments and combination rela-
tions are presented in Table 17. An extrapolation of the
combination relations to K° = 0 gives a value of A"-B" =
2.076 cm"l. However, there is considerable uncertainty
in this value because the values of A"-B" scatter rather
seriously when plotted against K2. It is interesting to
note that the mean value of A"-B" averaged over its values
from K = 4 to K = 11 is 2.0715 cmnl, while Kurland's (32)
measurements in the microwave region gave a result Ag-ﬁg =
2,072y, em™ 2.

The large number of structural parameters in formamide

limits the application of the above data to structural con-

siderations.
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Table 17. Rotational assignments,* and combination
relations for 7/ 1
K o1 T a™ B
4 3575.53 3541.98 33.55 2.097
5 3579.15 3537.91 4i.24 2.062
6 3583.19 3533.59 49.60 2.067
7 3587.10 3526.48 57 .62 2.058
8 3591.13 3525.19 65 .94 2,061
9 3595.30 3520.56 T4 Th 2,076
10 3599.22 3516.22 83.00 2.075
11 3603.37 3512.10 91.27 2.074

* -1
Frequencies in em ~ (vacuum).

R
A= "% -
A/K = A"

* ¥

KX %

P
Q11

- Bn
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Appendix 4

The molecular parameters used for calculating the
moments of inertia of formamide for the Teller-Redlich
product rule application, and same additional comments

~ are given here. Figure 26 gives the molecular parameters.

Figure 26. Molecular parameters of formamide used in the
calculation of the moments of inertia for the Teller-
Redlich product rule application. Lengths in Angstroms.
The moments of inertia were calculated for the model shown
for both HCONH, and HCONDQ. The particular parameters
shown may not represent the best estimates possible, How-
ever, the best set would not change appreciably the value

of the right-hand member of equation (1), p. 106 . The

values for the moments of inertia are listed in Table 18,
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¥* :
Table 18. Moments of inertia of HCONH, and HCOND,

ccfresponding to Figure 10.

HCONH,, HCOND,,
I, 7.28 - 8.29°
I, 42,48 47.99
I 4g.76 56.28

*®__ . o)
Units are a.m.u. A
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PROPOSITIONS

1. It is proposed that the infrared spectrum of crystal-
line dicyanamide be studied with the aid of polarized
radiation. Singe The crystal structure of %his substance

" is known (1), the spectral information may yield results
applicable to the general study of solids by spectral meth-

ods,

2. It is proposed that dicyanamide be studied by means of
nuclear maghetic resonance. Such a study may supply an
independent check on Dr. E. W. Hughes' conclusion (1) that

I, not II, is the correct structural formula.

N=—=.C —N, N==C——NH
N\ N
%-NH2 ///C—-NH2
NH2 HN///
I IT

3. An attempt to obtain the bond distances in cyanamide by
means of electron diffraction should be made again. It will
demand patience, but I respectfully submit, that the use of
a heated nozzle, and the liberal use of film will yield the

desired data.

4, A device using a train of thermal conductivity elements
in a cylindrical tube can be used for determining the dirf-
Tusion coefficient of binary gaseous mixtures. This device

may have pedagogical use,
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5. Decius (2) has observed and explained some extremely
interesting phenomena in the spectra of mixtures of certain

15

]
nitrates {(and carbonates), for example KN*L‘O3 and KN™-0

3
The appearance of normally forbidden absorpticn bands has
been attributed-to destruction of the symmetry found in the
| pure‘crystals and a dipole-dipole interaction between the
induced dipoles in the vibrating ions, It is proposed that
é similar experiment and analysis may be applied To equil-
molal isotopic mixtures (using N15 and Nlu) of aliphatic
amides in CClu solutions. This should lead to additionai

information applicable to the study of hydrogen bonding in

aliphatic amides. See, for example, reference (3).

6. An explanation is advanced for the explcsive decompo-

sition of HCONHE-H01.

7. An estimate of the enthalpy of interaction between
rolecules such as H, and CO2 may ve obtalned from intensity
measurenents of the infrared absorption bands of such mix-

tures. See (4.

8. 1In event that the reaction of primary amides (aliphatic)
with nitrous acid is "quantitative," as stated in Sidgwick's

Crganic Chemistry of Nitrogen, forming nitrogen, then I pro-

pose that the Van Slyke gasometric apparatus would be use-

ful in the desermination of primary aliphatic amides.
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9. Consider'Figure 1: Py and p, are the partial pressures
of components 1 and 2 of a binary liquid mixture; x 1is the
mole fraction of 2; and the dashed lines represent the ideal
pressures, A proof 1s presented which shows that the be-

havior represented by the figure 1s impossible.

0 X — /
Figure 1
10. Acid ion exchange resins may be useful as column mate-
rials for vapor phase chromatography,'particularly for the
separation of the unsaturated hydrocarbons through Cu.
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