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ABSTRACT

Part I of this thesis presents the results of an investi-
gation of hydrogen bonding of methanol with aromatic hydro-
carbons. The infrared spectra of methanol in varlous solvents
indicate that the methanol molecules form weak hydrogen bonds
with aromatic hydrocarbons, probably at the center of the aro-
matic ringe.

Part II of this thesls presents the results of an investl-
gation of the infrared spectrum of nitrous acid. The spectrum
indicates that there are two isomeric forms of nitrous acid, a
cls and a trans forme The rotational structure of the hydrogen
stretching band of the cis form indicates that the 0=N-0 angle
of cis nitrous acid is 113 ¢ 2% A normal coordinate treatment
of HONO and DONO indicates that the strongest band in the spec-
trum out to fifteen microns is the overtone of the (0=N=0 bend=-
ing vibration. On the basis of this treatment the frequencies
of the five in plane vibrations of trans nitrous acid have been
assigned as 3590, 1696, 1270, 825, and 413 cm'l.

In Part III the results of an Investigation of the infrared
spectrum of lsocyanic acid and 1sothlocyanic acld are presented.
For isocyanic acid the fundamental vibratlonal freguencies are
3534, 2280, 1340, 779, 650, and 550 em=l. The last two fre-
gquencies were obtalned from combination bands. For isothio-

cyanic acid the fundamental vibrational frequenciles are 3530,



1972, 1000, 660, 616, and 543 cm'l. The last three were obtained

from combination bands. From the rotational structure of the
N-H stretching bands of these two molecules we have calculated
that the effective H-N-C angle in the ground vibrational state

1s 128°19' ¢ 40' for HNCO and 138°40' ¢ 1° for HNCS.
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PART I
INFRARED STUDIES OF HYDROGEN BONDING OF
METHANOL WITH AROMATIC HYDROCARBONS
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Introduction.

The vibration-rotation spectrum of methanol vapor was in-
vestigated in the photographic infrared by Badger and Bauer (1).
They observed the third harmonic of the 0-H vibration with its
center at 9490 . Badger and Bauer (2) also investigated, in
the photographic infrared, the spectra of liquid methanol and
of dilute solutions of methanol in carbon tetrachlorides. For
the third harmonic of the 0~H vibration in the pure liquid they
observed a band at 10,068 x, while in dilute solutions in carbon
tetrachloride the absorption band was at 9577 K.

The above observations 1llustrate two classes of frequency
shiftse. The first shift, from 9490 to 10,068 is ascribed mainly
to hydrogen bonding, the hydrogen atom of the 0-H group of one
alcohol molecule forming a weak bond with the oxygen atom of
another molecule. The much smaller shift, from 9490 to 9577,
is due to the interaction of the 0-H group with the dielectric
field of the solvent. Kirkwood, from his theory of solutions
containing zwitterions (3), has developed a theoretical formula
for this shift, assuming a simple electrostatic interaction of
an oscillating dipole with its surroundings of dielectric con-
stant D. He found that the relative shift to lower frequencies
should be approximately proportional to (D-1)/(2Del). This
simple derivation has not been published and 1s therefore pre=-
sented in Appendix I,

Gordy (4) has made a considerable number of investigations

of the shift in the 0~H frequency due to hydrogen bonding with
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oxygenated and with nitrogenated solvents. He also investligated
the shift in the 0-D frequency of CHzOD due to "hydrogen" bond-
ing with varlous solvents (5)e¢ In most of his work Gordy used
benzene as an "inert" solvent; that 1s, a solvent in which the
0-H band of the methanol is unshifted since no assoclatlion occurs.
However, Kreuzer and Mecke (6) observed that the O-H band of
methanol in benzene solution is appreciably shifted to longer
wavelengths and conslderably broadened, as compared with the 0-H
band of methanol dlssolved in carbon tetrachloride. The shift
of the 0~H frequency in benzene as a solvent appears to be due
to soﬁe sort of association, as 1t 1s much greater than that ex=
pected from the dlelectric constant of benzene, and the broaden-
ing of the band resembles the assoclation bands of alcohols in-
vestigated by Badger and Bauer (2) and also by Fox and Martin (7).
Fox and Martin speak of the broad assoclation band as a distrie
butlion curve showing the proportion of molecules with any given
strength of binding; thus, the stronger the hydrogen bond is,
the more shifted will be the 0~H vibrational frequency.

We have undertaken an 1nve$tigation of the third harmoniec
of the 0-H band of methanol in three groups of solvents: (a)
carbon tetrachloride, normal hexane, and cyclohexane; (b) penta-
chloroethane, sym-tetrachloroethane, and chloroform; (c) aromatic
hydrocarbons. The members of the first group are nonpolar and
appear to be "inert", exhibiting a small frequency shift propor-
tional to (Dul)/(2D§1) where D 1s the dielectric constant of the
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solvent. The second group exhibits a shift somewhat less than
expected from the dielectric constants of the solvents. However,
the aromatic hydrocarbons exhibit a shift much greater than that
expected and indicate some sort of assoclation of the 0-H hydrogen
atom with the aromatic ringe.

Experimental.

The instrument used was a large Littrow spectrograph with
a glass prism giving a dispersion of about 64 wave numbers per
mm. The spectra were recorded on Eastman 1Z plates, sensitized
with 3% ammonia.

Since the association bands of the 0-H vibration in aromatic
solvents are quite broadened i1t was sometimes difficult to assign
the maximum. However, it 1is belleved that where a maximum 1is
given it is accurate to within 10 wave numbers. In the more high-
ly substituted aromatic solvents very broad assoclation bands
were obtained which did not exhliblit a pronounced maximum, but
appeared to have two small maxima at either end of the broad band.
All maxima listed were measured from microphotometer tracings of
the photographic plate transmission. Th; expansion of the micro=-
photometer tracings is eight times that of the original photo-
graphic plates.

The wavelengths were determined by photographing an are
spectrum of known lines alongslde the abéorption spectrum. A
carbon arc was used, operated at 160 volts and 6 amps. On the

lower electrode were placed salts of Ba*®, Na*, x* 6 ca**, sr*t,



and Cr*** which gave 15-20 lines distributed between 0i8 and 1.2 4.
Longer exposure brought out more lines. The wavelengths of these
standard lines were taken from the Handbook of Chemlstry and
Physics (1947).

The solutions used were 1 volume formal in methanol. Path
lengths were 19 cme. The times of exposure varled from two to
three minutes. A five hundred watt tungsten lamp was used as

the source.

Aromatic hydrocarbons have weak C~H bands near the third
harmonic of the O-H band of methyl alcohols In order to make a
satisfactory comparison, the following procedure was used. In
each case three exposures were taken, using two cells of the same
path length in series.

1) 19 cm. of 1 vf methanol in carbon tetrachloride and

19 cm. of the aromatic hydrocarbon;

2) 19 cm. of carbon tetrachloride and 19 cm. of 1 vf

methanol in the aromatic hydrocarbon;

3) 19 cm. of carbon tetrachloride and 19 em. of the aromtic

hydrocarbon.

Presentation of Results.

The third harmonic of the 0-H vibration has been redetermined
for methyl alcohol vapor and fount to be at 9490 2, (10,537 cm'l),

as determined by Badger and Bauer (l)e. This same absorption band
was studied in various solvents with the following results. In

carbon tetrachloride, n-hexane, and cyclohexane for the 0-H band
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a relatively sharp peak was observed at 9590, 9570, and 9580 X
respectively. 1In chloroform, pentachloroethane, and symtetra=-
chloroethane the 0-H band was also a relatively sharp peak at
9623, 9613, and 9633 R respectively. The solutions of methanol
in the aromatic hydrocarbons exhibit an 0-H band not only shifted
to longer wavelengths, but also considerably broadened. Further-
more, for the substituted benzenes there appear to be two over-
lapping 0-H bands. The 0~H bands for methanol in aromatlic hydro=-
carbons are shown in Fig. I, together with the 0-H band of
methanol in carbon tetrachlorlide for comparison. In Table I are
listed the observed 0-H frequencies of solutions of methanol in
the various solvents, the shift in these frequenclies from the
frequency in the wvapor (10,537 cm?l), the dielectric constant,

D, of the solvent, and the value of (D-1){2D#l). In Fig. II

1s plotted the frequency shift, from methanol vapor to solution,
as a function of (D-1)/(2Dsl).

Discussion of Results.

From Fige II we see that for the aromatic hydrocarbons as
solvents the proportionality of Ay to (D-1)/(2D#l) fails badly.
The frequency shift 1s much greater than we would expect from
the dlelectrlic constant alone. Thus we are led to belleve that
the methanol moleculesare bonded to the aromatic hydrocarbon
molecules through # weak hydrogen bond involving the 0-H hydro-
gen atom.

For methanol in the more highly substituted hydrocarbons,



Fige I« Absorption spectra of one volume-
formal methanol in the indicated solvent,
compared in each case with the single sharp
peak of methanol 1in CClg.

The dotted line represents solvent

backgrounde
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Fige II. Frequency shift of the third-
harmonic 0-H absorption band of methanol
plotted against the indicated function of
the dielectric constant of the solvent.
The small solid circles are for
the high frequency maxima where two occure
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Table I.

Data on 0-H Vibrational Frequency in Methanol Solutionse.

Solvent
methanol

vapor
CClsg
n-hexane
cyclo=-

hexane

GHCIi
CzHC 5

02H2014
benzene

toluene

X=methyl
naphthalene
mesitylene

pseudo~-
cumene

m=-xylene

methanol

%*

o 1
h, A Jb;axcm
9490 10,537
9590 10, 428
9570 10, 449
9580 10, 438
9623 10,392
9613 10,403
9633 10,381
9686 10,324
9698 10,311
9713 10,295
9804 10,200
9613 10, 403
9768 10,237
9592 10, 427
9761 10,245
9605 10,411
10, 068 9,932

3%
Deg

a)y (p-1)/(2Ds1)
0
109 2,229 .2252
88 1.865 .1829
99 2,039 «2046
145 4.85 «3598
134 3455 03148
156 7e61 « 4075
213 24268 «2291
226 2.369 «2386
242 g.6"" «258
337 24337 «2356
134
300 2.414 02426
110
202 2.359 2377
126
605

From International Critical Tables

Data could not be found for this value - 2.6 was chosen as

an approximate value, by comparing naphthalene with benzene
and toluene.

From Badger and Bauer (2).



mesitylene, pseudo-cumene, and meta-xylene, there appear to be
two maxima for the 0-H band. Even for toluene as a solvent the
spectrum suggests that there are two maxime overlappinge The
presence of two 0-H bands suggests that some of the methanol
molecules are not assoclated. Where two maxima eppear the fre-
quency shift for the short wave length maximum lies close to the
curve of Fig. II, indicating that this absorption arises from
unassoclated methanol molecules. Thus it appears that increasing
the number of methyl groups on the benzene ring increases the
strength of the assoclation, but at the same time decreases the
probability of association.

The formation of a hydrogen bond by methanol with aromatilc
hydrocarbons indicates that there is a concentration of negative
charge on the hydrocarbons, probably at the center of the benzene
ringe. Methyl groups on the benzene ring apparently increase the
negative charge at the center of the ring, but also make it more
difficult for the alcohol molecule to approach this hydrogen
bonding site.

Mesitylene exhibits stronger assoclation than its unsym-
metrical lisomer pseudocumene. The symmetrical addition of methyl
groups would cause the greatest increase of negative charge at
the center of the aromatic ringe The unsymmetrical addition, as
in pseudo-cumene, would show the greatest concentration of nega-
tlive charge at a point away from the center of the ring. These
facts further suggest that the 0-H bond of the alcohol assoclates

with the aromatic molecule at the center of the aromatic ringe
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Effect of Temperature on the Hydrogen Bonde

The effect of temperature on the O~H assoclation band was
briefly investigated. An 0;4 volume formel solution of cyclo=
hexanol in pseudo=-cumene was investigated. The absorption
spectrum was taken at various temperatures, as shown in Fige. III.
As the temperature is increased the broad, shifted band reverts
to the narrower, less-shifted band, similer to the 0-H band of
cyclohexanol in carbon tetrachloride solution.

This observation serves to substantiate the idea that the
alcohol molecules are assoclated with the aromatic ring, as
assoclation would be expected to decrease as the temperature

i1s raised, as observed by Fox and Martin (7).
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Flge I1I. Absorption spectra of 0.4
volume-formal solutions of cyclohexanol

in pseudocumene at different temperatures.



PART II
INFRARED SPECTRUM AND MOLECUIAR STRUCTURE
OF .NITROUS ACID



Introductione.

Nitrous scid 1s a rather weak and unstable acid, which un=
fortunately cannot be isolated. To maintain an appreciable con-
centration in the vapor phase a large excess of nitric oxide 1s
necessary, as well as appreciable amounts of nitrogen dioxide and
water vapor. Thus its structure does not lend itself to electron
diffraction investigatione In studying the ultravioclet absorpe
tion spectra of mixtures of nitric oxide, nitrogen dioxide, and
water vapor, Melvin and Wulf (8) observed bands which they at-
tributed to nitrous acid. E. J. Jones (9) observed absorption
in the near infrared, between 7000 and 7025 em™l, which was attri-
buted to the first overtone of the O=-H vibration in nitrous acid.

Prior to this investigation little was known of the molecu=
lar structure of nitrous acid. If the valence formula for
nitrous acid is H-0=N&0 it is expected that its structure would
be similar to that of formic acide Formic acid approximates a
symmetric top well enough to give characteristic parallel and
perpendicular type bands, with regular fine structure from which
the effective moments of inertia in the ground state have been
calculated (10, 11)s It was hoped that the spectrum of nitrous
acld would exhibit absorption bands with similar rotational fine
structure. Indeed it was found that one band exhibits character=-
istic structure from which the large rotational constant in the
ground state has been calculated.

After a brief description of the experimental procedure, the



)

observed spectra are presented. There follows a discussion of
the rotational structure of one of the bands. In order to aid
in assigning the fundamental vibrational frequencies a normal

coordinate treatment of HONO 1s presentede

Experimental Procedure.

Nitrous acid was prepared by introducing nitric oxide,
nitrogen dioxide, and water vapor into the absorption cell.
NO was used 1n large excess; NOp and NpO4 were kept low as they
contribute several intense absorption bands. A typlcal mixture
was 600 mm NO added to 40 mm of an NOg, N0y mixture at 26°C,
To the resulting mixture water vapor was added to saturation at
259C. As shown in Appendix II, this procedure gave an equili-
brium mixture with a pressure of about 21 mm Hg for the nitrous
acid present, calculated on the basis of equilibrium constant of
Verhoek and Danlels (12), Wayne and Yost (13), and Forsythe and
Giaque (14)e A few drops of water added to the cell dissolved
most of the NOg and NoO4 as well as some of the nitrous acild.
Indeed this procedure decreased the nitrous aclid absorption,
but also caused the NOg and N204 bands to almost disappear.

Abgorption cells with pyrex windows were used for mapping
the spectrum out to 2.7 microns, and cells with sllver chloride
windows were used for longer wavelengths.

The vacuum spectrograph designed by Badger, Zumwalt, and
Glguere (15) was used for mapping the spectrum from 1 to 3.2

microns. Thls spectrograph employed a replica grating of 7500



lines per inch, and a lead sulfide photoconductive cell to measure
the intensity of light transmitted. This instrument will resoclve
water lines slightly more than one wave number apart at 2 microns.
The spectrograph was cellbrated with argon lines (16) emitted
from a sodium arec, and with water vapor ebsorption lines as re-
ported by Re C. Nelson (17)e It was found possible to use the
lead sulfide cell out to 3.2 microns by cooling it to dry 1lce
temperature. Cooling the cell greatly increased its sensitivity
throughout the spectrums The photoconductive cell rested in a
hollow end of a solid copper rod which was projected about a
foot outside of the vacuum spectrograph. The external portion
of the rod was completely immersed in a dry ice-methanol bath.
The temperature of the lead sulfide cell under these conditions
was believed to be between =50°C and -60°C. Special Army Navy
low temperature O=rings were used to maintain a vacuum seal
about the copper rod. Of several lead sulfide cells investigated,
only a few showed marked response to coolinge

The spectrum of nitrous acld was also mapped from 2 to 15
microns using a Beckman IR-2 spectrometer, with a sodium chloride
prism. This spectrograph has a resolution of about 3 em~l at
9 microns. The wavelength drive and slit control are coupled
in such a fashlon that the intensity background is reasonably
constant.

For each eof the spectrographs described above a Brown re=-

corder glves a continuous plot of wavelength versus transmission.
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S1lit widths are given with the high dispersion spectra.
These are the effective slit widths - the width of an absorptlon
line at half-height calculated from the geometry of the spectro-
graphs, assuming the grating 1s perfect.

In the absorption spectra shown, the broken line represents

the background intensity, including water vapor absorption.

Experimental Results and Interpretation.

Ao Recorded Spectra

The low dispersion spectra of nitrous acid and deutero=-
nitrous aecid, from 2 to 15 microns, are shown in Filg. IV.

The two hydrogen stretching fundamentals were observed also
with the grating spectrographe. Thelr spectrum is shown in
Flge Ve

The high dispersion spectra of HONO and DONO were also ob=
served from 1 to 2.7 microns. The complete spectra will not be
shown here but the frequencies, relative intensities, and charac-
ter of the observed bands, together with those of Figs. IV and
V, are given in Table II.

In Table II the relative intensities given are only quali-
tative but give the correct order of magnitude. An intensity
of 100 1s assigned to the strongest band in the HONO spectrum
and also to the strongest band in the DONO spectrums. These

bands are of approximately equal intensity. The character of

the bands listed in Table II refers to their appearance as
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Table IIe

Observed Infrared Absorption Bands for HONO and DONO

from 1 to 15 Micronse.

HONO DONO
Assignment »em™t Int Character JLcm™t Int Character
V4(v-0) 794¢1 100  parallel 739sl 40 parallel
2/5(Q-N=Q) 85681 100 "" 8l6el 100 * *
Vz(g-0-y) 127081 50 1018¢1 60
/5(N=0) 169631 20 169085 20
2V 2505410 2
yz % 21/4 or
2Vz &)y 32573l 1 .
2Vp 337281 1.5 "mom 3361el k3
//1 cis

(0-H) 34268.3 1.5 hybrid 2530810 1
}ﬁ trans

(0-H) 3590¢1 5  bparallel 2650010 3

(2/z¢/p) 412481 L,0005 " "
ﬂ{ + /,  4378¢1 .001 k=
VY o Vg asz0el  L02 woo
3V, 503881 4002 499941 hybrid
/i w2 605081l L001 "
2435 666448845 403 hybrid 496381 " .
2/% 701541 0.10  parallel 5212l

parallel
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compared with parallel and perpendicular bands of a symmetric
top molecule. The hybrid bands appear to have both parallel and
perpendicular structure.

Asslignments of fundamental vibrational frequencles were
.mado on the basis of a normal coordinate treatment, presented
in section II-De The assigmments given in Table I are character-

ized as follows:

1/1 0=-H stretching

Jyé -N=0 stretching
A~

1/5 H X bending

e N =0m= stretching
N

A 0" Yo bending

lﬁfis attributed to the hydrogen stretching vibration of a
"trans" form of nitrous acid. 4{® 1s attributed to the
hydrogen stretching vibration of a "cis" form of nitrous acid.
The reasons for these assignments are discussed in section II-B.
Netther 4 ° nor 4 can be attributed to combination or over-
tone bands as they both exhibit overtones, 2&&0 and zbit. These
frequencies give the expected isotoplic shift for hydrogen stretch-
ing frequencles when deuterium i1s substituted for hydrogene
Furthermore, they both exhibit the usual degree of anharmonicity
found in 0-H stretching vibrations.

Be Molecular Structure of Nitrous Acid

As mentioned above, at both 3 microns and l.5 microns two
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bands appear which it seems necessary to describe as hydrogen
stretching fundamentals and overtones respectivelye In each
region one band has P,Q, and R envelopes whlile the other shows
rotational structure from which we can obtain the largest rota-
tional constant of the molecula.

Figure VI shows the high dispersion spectra of Blic and
ZIit for HONO, and Fige. VII shows the hlgh dispersion spectra
of 244° and 24 % for DONO.

These bands will be treated as perpendicular bands of a
prolate symmetrlc top, assuming the maxima in the bands to be
Q branches arising from transitions withdK = & 1,47 = 0« 1In
Appendix III we shall consider the more exact enargy expression
for the asymmetric top, and show that the error introduced by
using the relatlons for the approximate symmetric top is negli-
glbles Table III gives the measured frequencies of Figs. VI
and VII. The band 24° for DONO has indeed poorly resolved
structure, however, the recorded maxima were observed on several
different tracings of the same band and are thus believed to
be real.

For the approximate symmetric top, neglecting centrifugal

stretching, we use the usual expression (18) for the energy

levels:

w:%(Bv&Cv)J(JQZL)o[A.v-%-(BvocvﬂKz#G(v) (1)

h
A>B>C, A = E?_E;’ otce
(]
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Table IITI.
Observed Frequencies of Vibration-Rotation Maxima In

Hydrogen Stretching Bands of Cis-nitrous Acid

K" HONO HONO DONO
//10 cm 1 2 Vlc cm-l 2 l/lc cm 1
9 3470486 6709.98
8 3486454 6705419
7 346169 67004 51
6 3456486 6695463
ﬁ 5 3452429 6691418 4083444
%) 2 3447 424 6685490 497988
3 3442,71 6680484 497,23
2 2437411 6675446 4972411
Ll Z432,84
0
I
2 6658419
3 3414409 4953465
4 3409452 6648406 4949.68
5 3405417 6644,08 4945,43
QK 6 3400419 6638498 4940499
" 3395417 6633459 4936465
8 3390453 6628450 4932452
9 2385456 6623464
10 2380, 97 6618467
1 3375470 6613470

K" refers to lower vibrational state.



Letting [hv - %-(Bv + cvﬂ = Xy we can make combinatlons to solve

for Xy as:
Q = &
Kj v Klv

R P
Q = Q = 4KX
K=l|v Kel|l v o

Xy i1s the rotational constant in the upper state and X, is the

%,

rotational constant in the lower state. The subscripts on Q

in the above combinations refer to the value of the rotational
quantum number K in the lower vibrational state. The superscripts
R and P refer to transitions for which AK = ¢l and AK = =1
regspectively. From the data of Table IIT and the above combina-
tiong, values of Xj, Xg, and X, have been determined for HONO,

and Xpo and X, for DONO. These results are glven in Table IV,



Table IV.
Experimental Rotational Constants for HONO and DONO

HONO DoNo__
¢ §21§§§:ted from 2 W et R e e
/e 2l ¢

1

2

3 2430 2.28 2,39 1.87  1.88
4 2,35 2430 2.36 2437 1,92  1.89

5 2435 2,35 2,36 2.36 1,904  1.90
6  2.38 2440 2,36 2436 1,95

7 2.37 2.40 2.38 2439

8  2.38 2440 2,38 2.40

9  2.38 2440 2,37 2.40
10  2.38 2441

Since HONO 1s a slightly asymmetric top the ¢ and = K
levels of the symmetric top are split. This splitting increases
with increasing J but decreases with increasing K. Since the
most populated J levels for HONO will be fairly high (between
15 and 20), the leveéls of low K are widely split and are not
expected to even approximate Equation (1)e However, for higher
K values Equation (1) becomes better. Indeed, for HONO for levels
K = 6 and higher, Table IV shows qulite constant values f;r Xoe
The value for Xo from the band 4“1 °® isslightly lower than that
from 2JP1° - probably because half of the band .ﬁ&c coincides with
half of the band 2.L%°, which displaces



the TQ branches. Therefore, the value of 2.40 cm * 1s probably
the more reliable value for X, obtained from Equation (1). Since
Xo varles very little from K m 6 to K = 10 1t seems that our
neglect of the centrifugal stretching was justifiable and that
we should assign 2.40 ¢ .02 em™1 to Xo for the nonrotating
molecule.

For DONO the data is rather poor. We have not observed
sufficlent PQK and RQK maxima to determine X, for K>6 where
Equation (1) 1s more accurate. For HONO the value of X, calcu-
lated at K = 6 1s the correct value so the value for DONO calcu-
lated at K = 6 1s probably close to the correct value. Thus X,
for DONO 1s probably between 1.95 and 2.00 cm'l. We shall report
1t as 1.95 & +05 cm™1,

We have determined that Ao, - %(Bo $ C,) = 2,40 & 402 em~1
for HONO and 1.95 & «05 em~l for DONO. Before attempting to
interpret this constant we shall discuss the possible structures
for nitrous acide. Four structures must be considered, all have

ing an equal number of bondse These possibilities are indicated
in Fig. VIII, with probable resonant structurese.
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Structure I we shall call thé "eis" structure, structure II the
"trans" structure, and structure IIT the "nitro" structure. Struc-
tures I, IT, and TIT are all planar to gain the indicated reson-
ances. Structure IV is non-planar and cannot gain the double
bond resonénce energye. Furthermore, if the hydrogen is not held
in the trans position we should expect the terminal oxygen atom
to pull the hydrogen atom into the plane. We belleve that struc-
ture IV need not be considered further.

The frequency of the hydrogen stretching vibration,.b&c, is
3426 em™l. This 1s normal for an N-H frequency but is indeed
quite low for an O-H frequencye This fact favors structure III.
Therefore, we shall investigate first the possibility of the
nitro structure glving rise to the band at 3426 em~ls Due to
the double bond we expect the nitro model to be planar. There-
fore, the largest axis of inertia must be perpendicular to the
plane of the molecule. The least axis of inertlia will be paral-
lel to the line though the two oxygen atoms unless the 0-N=0
angle is below 65°, Actually we expect the 0-N=0 angle to be
in the neighborhood of 125°; Brockway, Beach, and Pauling (19)
found an 0-N=0 angle of 127 & 3° for nitromethane. Due to the
complete resonance of the equivalent structures, ITI-A and
ITI-B, the nitro model wlll have Cy, symmetry and the N-H bond
will be perpendicular to the least axis of inertias. Therefore,
the N-H stretching vibration will be along the intermediate *
axis of inertia and the alternating dipole moment must lie on
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this axis. From the selection rules for such a transition, given
by Herzberg (20), we find that for transitions having AJ = O the
subscript € must change by ¢ 2 ( D is the subseript on Eqo»
the exact energy levels of King, Hainier, and Cross (21) for
the asymmetric top)s. Thils corresponds to AK = # 1 for the approxi-
mate symmetric tope Thus, we can have no QQ branch (no transi-
tions having AJ =.0, and AK = 0)s More precisely, from the
exact energy levels, E?‘, given by King, Heinler and Cross (21),
and the selection rules for ® we should find no absorption mexi-
ma near the band center for the N-H absorption band of the nitro
model. The presence of the falrly strong qq branch, es indi-
cated in Fig. IV, is strong evidence against the nitro model.
Further evidence discrediting the nitro model is the experi-
mental rotational constant, A, - %(BO ¢ C,) = 2.40 em™t. We
shall attempt to assume reasonable bond distances and calculate
the 0=N=0 angle to give the correct rotational constant. Elec-
tron diffraction results of Brockway, Beach, and Pauling (19)
for nitromethane give a normal C-N distance of 1.46 & .02 R,
N-0 distances of 1.21 & +02  (similar to that in NO, (22)), and
an 0-N=0 angle of 127 & 3%, For the nitro model of nitrous acid,
we chose the upper limit for the N-0 distance, 1:23 R, and a
slightly long N-H distance of 1.02 £ (1.014 in ammonia) and cal-
culated rotational constants for different 0-N=0 angles. The

results are given in Table V.



Table Ve
Rotational Constants for Different Parameters in

the Nitro Model of Nitrous Acid

o N
N 1 -l

M R ok o Yo A, - 5(By ¢ Co) om
1.02 1.23 120° 2,51
1.02 1.23 118° 2437
1.02 1.23 116° 2.25
1.02 1.23 114° 2.13
1.02 1.41 125° 2,40

Observed 2440

Slightly long N~C and N~H distances were chosen as they
allow a larger O-N=C angle to agree with the observed rotational
constant. However, even with these long distances, the 0-N=0
angle cannot be much greater than 118° and agree with the observed
rotational constant. In arder to have a nitro model with the
expected 125° 0-N=0 angle and the observed rotational constant,
the N=0 distance would be about 1l.41 i, as teabulated in Table V.
This 1s close to a normal N=-0O single bond distance, and thus
very unlikely for a plenar nitro group. Since there is no appar-
ent reason for the 0-N=0 angle to be much less than 125° in a
nitro group, the above facts substantiate our rejection of the
planar nitro model.

A further argument against the planar nitro model 1s the
observed rotational constant for the deuterium analogue, 1l.95 cmfl

Thus the observed ratio of rotaeational constants, XO(HONO)/
Xo(DONO), is 1423+ For the planar nitro model the calculated



ratio of these rotational constants 1ls 1l.43.

None of the above arguments cen rule out a nonplanar nitro
structure. However, a nonplanar nitro structure is very unlikely
as 1t sacrifices the double bond, andwe are left with three single
bonds instead of two single bonds and a double bond.

Consequently we are left with the "cis" and "trans" forms
of nitrous acld to explain the two hydrogen stretching vibrations.
We expect a lower frequency for the cis form than for the trans
form, due to intremolecular hydrogen bonding, as indicated by
the dashed line in I-A and I=-B of Flgure VIII. Therefore, we
have assigned the frequency 3426 cm'l to the cls form and have
labelled it ;,c. In the following paragraphs we shall discuss
the pros and cons of the cls model.

The resonance indlcated in Figure VIII gives the terminal
oxygen atom an appreciable negative charge, and increases the
positive charge of ‘the hydrogen atom. Therefore, the hydrogen
atom 1s probably pulled strongly toward this nearby terminal
oxygen atom, forming an intramolecular hydrogen bond. As a re-
sult of this hydrogen bond, the hydrogen atom would have less
attraction for the oxygen atom to which it is bonded, and thus
the strength of the 0-H bond would be decreased.

The Qq maximun 1s compatible with this cis-HCNO structure
as the 0-H bond is no longer necessarily perpendicular to the

least axlis of inertia.
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We shall now assume bond distances and the H-0-N bond angle
for cis-HONO and calculate the 0-N=0 angle to give the correct
rotational constant. Using Badger's rule (23), from the frequen-
cy for the N=0 vibration we find that the N=0 distance should be
1.21 £. Prom electron diffraction work, Rogowskl (24) reports
the 0-N and O=N distances in methyl nitrite to be 1.37 & .02 R
and l.22 & .02 X respectively. The Schomaker-Stevenson (25)
value for the N-0 single bond distance 1s 1l.43 X. The resonance
indicated in Figure VIII should decrease the distance somewhat,
so 1,37 R is a reasonable value. From the low frequency of the
0-H stretching vibration, Badger's rule indicates that the 0-H
bond distance 1s 0.98 g. We assume that the H=-0=N bond angle
i1s about 909, as the hydrogen is probably pulled strongly toward
the terminal oxygen. From the above considerations we assume

that the most likely values of the parameters are:

Tiso = 1e22 %
rn-o - 1.37 R

x
O=H
£ H=0=N

6.98 R

90°

Using these parameters an 0-N=C engle of 113° is required to give
the correct rotational constant, 2.40 em~l, The rotetional con-
stants were claculated for several models, having slight varia-

tions in the parameters, in order to investigate the sensitivity

of the rotational constant to variations in the parameters. In
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Table VI are listed the results for various models.

mable VI.
Rotational Constant, A - %(BQC),

for Various Models of cis-Nitrous Acid.

1
HONO DONO
1.228 1.378 .08k 90° 113° 2.40 am™l 2.02 em™t
1.22 1.7 .98 90 115  2.54
1.20 1437 <98 90 117  2.68
1.22 1.37 .98 90 112 2.33
1.24 1.37 .98 90 113 2.38 2,01
1.22 1.45 .98 90 115  2.44 2.04
1.22 1.37 .96 90 113 2.42
1.22 1.37 .08 105 117 2.57
Observed Value 2.40 1.95

It is seen from Table VI that an increase of 1° in the
0-N=0 angle leads to about the same change in the rotational
constant as decreasing any one of the distances by .07 ﬁ, or
decreasing the H-0-N angle by 10°. Thus the rotational constant
is far more sensitive to the 0-N=0 amgle than to the other
parameters. We are confident that the bond distances assumed
are not off by more than 0.05 X and that the H-0-N angle 1s be-
tween 90 and 105°. Thus we report the 0-N=0 angle as 113 & 2°.

This angle of 113° is indeed much lower than the 125° ex-
pected for an 0-N=0 angle, but for this cis model the strong
hydrogen bond probably decreases both the H-0-N angle and the
0-N=0 angle.
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From the data of Table VI we find that for the cls model
the calculated ratio Xo(HONO)/Xo(DONO) is about 1.19. This com=

pares favorably with the observed ratio, l.23.

Thus the qq,maximn of 2;&° for HONO and DONO, as well as
the ratio of rotational constants of HONO and DONO, rule out the
nitro structure. However, both of these facts are compatible

with the cis-HONO structuree.

Ce Cis~trans Equilibrium and Intensity Relations

From the foregoing arguments we have decided that the band

1

V. at 3426 om~

1
the band 44" at 3500 om~l arises from the O-H vibration of

arises from the O=H vibration of cis-HONO, while

trans=HONO.
The spectrum of nitrous acid was taken at different tempera-
tures, but between 10 and 65°C there was no appreclable change

in the relative intensities of 2lic and 2ﬁ’t. A change of great-

er than 10% in the cis-trans equilibrium constant would probably
have been detecteds. At higher temperatures the equilibrium con-
centration of nitrous acid was too small to render the comparison
slgnificant. Due to the formation of the st?ong intramclecular
hydrogen bond we might expect cis=-HONO to have a lower energy
than trans-HONOQ.

If we allow a maximum value of 10% for the change in equi=-
libriun constant from 10 to 65°C, we can calculate the maximum
energy difference of the cis and trans forms, assuming this heat

of reaction is not appreclably different at the two temperatures.
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For the reaction,

trans=-HONO - cls=HONO

KT = Pcis/Ptrans

Integration of the van't Hoff equation assuming AE is constant,

glves
AE 1 1

An (Kpo/Kpq) = =% -

Kpo KT]. R TE T,

If T, = 283°K and Tp = SSBOK, and KTz/kfl = 0.90 then AE =& =330

calories/mole. In order to calculate the equilibrium constant,
we must know the entropy change, AS, for the above reactlon,

as
Kn we: AE/RT _AS/R

The trans form might be expected to have a higher entropy than
the cis form as the oscillation of the hydrogen out of the plane
is not hindered by a hydrogen bond. However, if the entropy
were very appreciable in the trans form there would be a signifi-
cant concentration of trans molecules in excited states of the
low frequency torsienal vibration, which would cause the absorption
bands of the trans form to be not a single band but rather a
band sequence containing members arising from transitions from
the excited states. Since, however, the band 2.&&t has a sharp
QQ branch and no observable satellite QQ branches, it appears
that there 1s not a large percentage of trans molecules in an
excilted state at room temperature. Therefore, 1t is reasonable

to assume that AS for the reaction, trans — cls, is very small.



35
If wo assume AS = 0, K = e -AE/RT, with AE = =330 cal/mole,
Kogg = le74. Thus, the experimental evidence indicates that
for the reaction,
trans-HONO —» c¢is-HONO
0 £ =AE £ 330 calories/mole
1€ XK £ 1.74

We are now confronted with two problems. PFirst, since
cis~HONO appears to form a strong hydrogen bond, why 1is the
energy difference of cis and trans forms only 330 calories/mole?
From the relation between the energy of hydrogen bonds and the
frequency shifts of 0-H bands presented by Badger (26), we should
expect the energy of the hydrogen bond in cls-HONO to be between
6000 and 7009 calories per mole. A possible explanation of these
observations may lie in the abnormally small O0-N=0 angle which
suggests that the decrease in energy resulting from the forma-
tion of the hydrogen bond is largely compensated for by the energy
required to distort the molecule.

The second problem 1s that the intensity of iit is about
three times as great as that of‘ﬁic, though we expect the cis
form to predominate. This can be explained by a consideration
of the changing electric moment during the 0-~H vibration in the
two models. Fig. IX pictures schematlically a possible represen-
tation of the changing electric moment.

There are two structural differences in the cis and trans

models which cause the trans form to have a smaller angle between
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Trans HONO

Cls HONO

Flg. IX. Schematic Representation of the Changing
Electric Moment in Nitrous Acid.
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the 0-H bond and the least axis of lnertia. First, the least
axis of inertia is not parallel to the 0- - - -0 axis but is in-
stead tilted about 2° toward the hydrogen atom. Furthermore,
the H-0-N angle is probably about 105° for the trans model, which
makes the O-H band more nearly parallel to the least axls of
inertia than it is In the cis form, unless the H-0-N angle 1is
considerably less than 90° in the cis form, which 1s unlikelye
From the above discussion we expect the 0-H vibration in
trans-HONO to have more parallel character than that in cis-HONO.
More important than this, however, is the effect of the resonance
indicated in Flge. VIII. As the hydrogen atom moves away from
the oxygen atom resonance to structure II-B of Fig. VIII is
favoreds Thlis gilves rise to an increased moment, mlt, in the
direction indicated in Fig. IX. When this is added to the in-
crease in the 0-H dipole moment, mgt, due to the bond stretching,
we should have the total change in electric moment during the

¢ and met are roughly equiva-

0-H bond stretching. If we assume my
lent we find the resultant MY which is nearly parallel to the
least axis of inertia. If we assume similar effects of similar
magnitude for the cis form, adding mlc and my® gives M® which

1s nearly perpendicular, as indicated in Flg. IX. The resultant
M® 1s much larger than M®. Remembering that the intensity of
absorptlion 1s proportional to the square of the changing electric
moment we see that even though there is more c¢is-HONO than trans-

HONO the 0-H vibration for the trans form can give rise to much

greater absorptione



Of course the above assumptions are pure conjecture but
they are not unreasonable and do offer a likely explanation for
the observed phenomenon. Actually the resonance effect may be
less important for the cis form as the hydrogen atom is already
about .02 R farther away from the oxygen so the change in reso-
nance during the O«H vibration is not as great.

De Analysis of Normal Vibrations of HONO

In the preceding sections we have shown that there are two
forms of nitrous acid in equilibrium, c¢is-HONO and trans-HONOe
There 1s probably a little more cis than trans present at room
temperature. There remains the problem of assigning the fre=
quencies at 1696 ecm™t, 1270 cm"l, 856 cm'l, and 794 cm-lo Since

there are two forms of nltrous acid and one form is not in great

predominance, we should expect to observe two sets of fre-

quencles, not greatly different. There may be two bands near or

i

at 1696 cm — - the envelope of absorption in this region is not

distincte The absorption at 1696 em™L is undoubtedly due to the

N=0 double bond stretching vibration. The band at 1270 cm™+

is
probably due to an H-0-N -~bending vibration, though its 1sotopilc
shift, to 1019 cm'l, 1s less than expected. It 1s surprising
that there are not two bands in this region, one due to cis-HONO
and the other due to trans-HONO. However, there does appear to
be a second, weaker band in the HONO spectrum at 1314 em™t (see
Fig. IV). Either one form exhibits much stronger absorption than

the other, or the frequencles in both forms are practically

identicale
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1 and 794 em™ might be thought

The two frequencies at 856 em™
to arise from a similar normal mode of vibration in the two
isomers of HONO. However, thelr great similarity in appearance
and equal intenslity of absorption (See Figure IV) suggest that
they arise from two vibrational levels of the same speéecles which
have mixed their eigenfunctions and repelled each other through
Ferml resonance. This suggestion is further substantliated by the
spectrum of DONO in this region. Two bands appear, at 816 cm™t
and 739 cm'l which are further apart than the two corresponding
bands of HONO, and the band at 816 c;m-1 has twice the intensity
of that at 739 cm-l. Thus it appears that there are two vibra-

-1

tional levels at approximately 825 em ~, which repel each other

through Fermi resonance, and one of them borrows intensity from

the other., In DONO one of these levels 1s at 816 cn-l while the
other 1s shifted to 739 cm'} or perhaps the levels lie in between
these two frequencies, still somewhat repelling each other.

A comparison with the spectrum of formic acid may be of value.
The strong perpendicular character of the 0~H band in formic acld
(10,11) indicates that formic acid is predominantly in the cis
form. We might expect its spectrum to be simllar to that of cis=
HONOe. The spectrum of formlic acid monomer was observed in this
laboratory in the region 2-15/4. With an equivalent path length
of formlc acid monomer, suffilcient to give an 0-H band of similar
intensity to that of ¢is-HONO in Fig. IV-d, the only strong band
observed below 1600 cm™t is at 1109 em~l. V. Z. Williams (11)



reports a strong band at 1105 em™1, This band does not correspond
to any of the bands observed in nitrous acld and may well arise
from a C~-H bending vibration of formic acld (compare with 1167
em™' for the out of plane bending vibration of formaldehyde (30)).
Thus, 1f cls-HONO has a spectrum similar to that of formic acid
we are led to believe that the bands at 856 em™+, and 794 ot

are from the trans forme To be sure this is not a strong argu-
ment, but 1t does offer some support.

Furthermore, since the electric moment of nitrous acid is
mainly determined by the distance of the positively charged
hydrogen from the negatively charged terminal oxygen atom as well
as by the amount of double-bond resonance, the trans form 1s ex-
pected to have a larger electric moment than the cis forme There=-
fore, the change in amount of resonance during the normal vibra-

tions will cause a greater change in the electric moment of the

trans form than of the cis forme Thus we might expect the trans
form to show greater absorption than the cis form throughout the
spectrum, as all the normal vibrations probably affect the amount
of resonance somewhat.

Due to the above conslderations we believe that the spectrum
of the trans form of HONO exhlbits the frequencles 3590, ;696,
1270, 856, and 794 cm'l. The first three are the 0-H stretching,
N = 0 stretching, and H-0-N bending respectively. For the bands
at 856 cm~l and 794 cm™! there are three remaining vibrations to

choose from: (a) the hydrogen oscillating out of the plane,



(b) the bending of the -0-N=0 angle, and (c¢) the =0-N- single
bond stretching. The out of the plane vibration should be pure,
but the other two may be mixtures of =0-N=0 bending and =0=-N=-
stretching. If one of these bands did arise from the oscillation
of the hydrogen atom out of the 0-«N=0 plane, its isotoplic mate in
DONO should have approximately 0.77 times its frequency, accord-
ing to the Teller-Redlich Product rule (3l1). The greatest pos=-
sible shift observed is from 856 em™l to 739 cmfl, which is a
factor of about 0.86. Thus, 1t 1s very unlikely that any of

the observed vibrations is the out of the plane vibration.

We conclude that the bands at 856 cm~l and 794 em™ involve
mainly the 0-N=0 bending and «0-Ne- stretching vibrations, repel=-
ling each other from about 825 cmfl. For the two bands at 825 cm'l
there are three possibilities: (a) an -0-N=0 bending vibration
at 825 em™1 and an -0-N- stretching vibration at 825 em™1; (b)
an 0-N=0 bending vibration at 413 em~l and an -0-N- stretching
vibration at 825 cm’l; (c) the reverse of (b)e In order to choose
from these posslibilities it was decided to attempt a normal co-
ordinate treatment and try to choose a set of force constants to
give the correct frequencies for HONO. Then, using these same
force constants, the frequencies for DONO were calculated for
comparison with the experimental observations. Since the trans
form is favored as causing the observed absorption bands we have
first made the normal coordinate treatment for a trans model.

To write out the secular equation the method of Wilson (32)

was used. Following Wilson, if Ry represents an internal
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coordinate, and xi a cartesian coordinate, we can write
3n
R = 2 BpyXy (k 1, 2, ~=== 3n=6)
i@ 3
A matrix G is defined such that

3n
G = 2_ _ BeaPar (x,£-1,2,-----3n-6)

1 - i
= mi
The potentlal energy is gilven by

3n=-6
2V = k?g L FkﬂRkRﬂ in which Fkgis a force constant.
X =

Wilson has shown that the secular equation may now be written

out in algebralic form as

3n=-6 3n=6=8
> (=N > > Crr Gy [ Faggm=-
S=0 k<< =~-= 1< j<=== (2)

Gp 1 ij === [Ep ¢ Fbj-"

where the sum is over all different sets of S letters k, 2, etec.,
with k<f, ¢<m, etc., and over all different sets of S letters
i<j<¢==~=, these to be chosen from the 3n-6 possible values.

For planar HONO the out of the plane vibration 1s of a different
symmetry class than the other five, and so may be separated from
the secular determinante This leaves us with a fifth order
secular equation. Using a model as iIn Figure X, we can set up

the determinant G. Here our internal coordinates are;



m,, m, Rl =AYy
Rg = AT
Ry = rlrzA(2(!)
R4 = AI'2
Rg = rorg A(2%)
Figure X
my + m, -2r. 8, C c . S -
1 e 0 1% "¢ E 4 -21'31 cp
m] Mo Ry o m
¢+ m 2 2 2 o
Mz ¢ My -2r.8.c, O = 8, -2rzs ¢
My .- my mz
-2r_8,C
- 2¢"¢ -
mo
e * -2708, 2,
Mt m
GSS
G 1s a symmetrical determinant.
o M) & o me 3 m5 erqr o o
G g B | r——— 2(s c
1Tz  rorz, o r1r
35 mo me(@ cp)‘—-" iy (s = Cpe)
2 b 2r,r
G55 = rz(MS * rs(m2 mﬁ) * 2 3(32 - 02)

4 o=z msz o< o<



c_ = COSpe, S, = sin oc, °(9 = cos(.i, s@ = sin(?.

We have chosen our internal coordinates in accordance with a
valence force system. We must now evaluate one fifth-order, five
fourth-order, ten third-order, and ten second-order determinants
from the elements of matrix G. Therefore, at this point we must
assume a model and set up a numerical matrix G to use in Equa-
tion (2)e In discussing the cis-nitrous acid, an argument was
presented far assuming an N=0 distance of l1l.22 A, and an N-0
distance of 1.37 A. The O0=N=0 angle arrived at was 113°, For

the trans model the 0-N=0 angle should probably be larger as there
is no hydrogen bond to decrease this angle. Arbitrarily, we have
chosen for the trans-model, rq = 0.96 R, ry = 1.37 2, Ty = l.22 x,
2@ = 100° and 20z 120% Also, my = 1, mp = my = 16, and my = 14

(all in atomlic weight units)e. We can now set up G in numerical

forme
+l.062 0 -o 059 -,011 =0.75
*.134 -+ 060 -+ 036 -+ 076
G = *2.119 -+ 085 *.227
tel34 -+ 085
+.580

At thls point we shall note that for cis-HONO with the same
values of rq, ro, otc., the only changes in the determinant G
are the signs on Gy5, Goms G35' We do not have enough information
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to include interaction force constants so, in writing out the

secular equation, we wlll assume F 0, if k#1i. TUsing the

ki =
above numerical matrix for G, we can then write out the secular

equation.

22
¢ 0.580Fg5) ¢+ A° (0.1423F11Fpy ¢ 20248F)1Fz3

$ 0.071Tpgly & Osl76ED, Py ¢ Le2TTgely & 0NOTORFLFeg]

2
= A" (0.2973F F, Frq ¢ 0.OLTTF F F, & 0.0758F) Fy Feo

11¥22 11522744

¢ 0.2935F  F, F,, ¢ 1.237F) F  Foo & 0.07T41F))Fy,Fyq

+ 0s0334FppFaaF,, ¢ 0s1451F, F . Fso ¢ 0.00738FgoF, ,Fer
¢ 0.1420F35F14F55) ¢ A (0e0354F 1FpoFr,, ¢ 041520F) 1 FooFanFec

¢+ 0,00774F, ;FooF F55 * 0.1490F11F33F44F55 * 0.014‘7F22F35F44F55)

1l 44

The units of Fy;, Fgp, and F,, are dynes/am. The units of Fay
and Fgg are (R)"‘z(dynos/cm.). Ais related to the frequency

by the equation

| 2.2
6,023 x 10°° A = 47T

where 2 1s in reciprocal seconds. This converts to

//cm'l = 4,12 ra—_



Now it is necessary to choose appropriate force constants
to give frequencies corresponding to the observed frequencies.
In order to do this, a fifth order algébraic equation was set

up by expanding the following equation:
S5
TTCA- Ax) = 0 (4)
k=1

where Ak are the numerical values of A corresponding to ob=-
served frequencies. In order to give the correct Ak’ the

force constants in the secular Equation (3) must be chosen so as
to give the same numerical coefficients of different powers of

A as appear in Equation (4)s Actually the frequencies for
infinitesimal vibrations should be used, but we do not have
enough experimental data to determine the anharmonic constantse.
However, the observed frequencles are probably close to the zero=-
order frequencies in all cases except for the hydrogen stretch-
inge We are somevwhat better off if we use the W;° from the

expression

0 o 2
Vlyl = wl 'Vl * X llvl

where vll/l is the observed frequency for the trensition from

vy = 0 to vy = vq, all other vy remaining equal to zero (18).

v4 1s the vibrational quantum number for frequency l/'i. Using
this expression, from the experimental data we find for the 0-H
stretching vibration, W,° = 3672 cm™! and for the 0-D stretching
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in DONO, w1° = 2694 cm"l. Now we have three possibilities to
investigate, (a), (b), or (c) in Table VII.

Table VII.
Possible Assignments of Observed Vibrational

Frequenclies for HONO and DONO

HONO DONO HONO DONO HONO  DONO
w,° 3672 em™t 2694 3672 2694 3672 2694
7 1696 1690 1696 1690 1695 1690
Ve 1270 1019 1270 1019 1270 1019
Vs 825 816 825 816 825 739
Ve 825 739 413 370 413 408

(a) (b) (c)

Force constants were chosen to give results corresponding
as well as possible to the frequencies of Table VII for HONO.
Then the secular equation was set up for DONO in the form of
Equation (3) with different numerical coefficients. This was
arrived at from Equation (2) using the matrix G for DONO which
1s the same as for HONO except that Gll = 0,562 instead of 1l.062,
and Gzz = 1.192 instead of 2.119. Then using the force constants
giving the best results for HONO, the frequencles were calculated
for DONO. Table VI gives the calculated results for three dif-

ferent sets of force constants along with the observed resultse.



Table VIII.
Comparison of Calculated Frequencies with Observed
Frequencies. (a), (b), and (c) are Calculated Results Using

Indicated Force Constants. (d) Gives Observed Frequencies

Y
3t _ HONO/
1 Fyy x 10° dynes/em  Hono m Hoyo ™t #Hono
(a)
1 7e5 3690 2700 1,37
2 1% 1680 1660 1.01
3 0. 44 1270 1037 1.227
4 Be3 827 744 1,112
5 0.26 419 415 101
(b)
1 7e5 3670 2690 1.37
2 11.7 1690 1665 1.01
3 0.248 1290 1292 1.00
4 4,34 859 (700)* 1,23
5 1.31 802 (700)* 1.15
(e)
1 7e5
2 11.7
3 0.44 1275 1040 1.23
4 Ta1 427 444 0.96
5 0478 837 730 1.15
(d) (observed)
1 3672 2694 1.365
2 1696 1690 1,002
3 1270 1019 1.249
4 825 739 1.119
5 825 816 1.010

#* Solution is imaginary, but close to 700 em™L.



Case (a) in Table VIII agrees quite well with the observed
results, (d) of Table VIII. Case (b) does not agree at all well
with the observed results. This 1s unfortunate as for case (a)
the strongest band in the spectrum of DONO (at 816 cm'l) must be
the first overtone of the 0-N=0 bending vibration. For case (c)
this band at 816 cm'l must be from the first overtone of the
=0=N= stretching vibration, which is even more unlikely as 1t
requires a very low force constant for the =0=N=- bond stretching.
Many unsuccessful attempts were made to arrive at better solutions
with the band at 816 cm™> in DONO attributed to a fundamental
vibration. A large interaction constant for the interaction of
the 0-N=C bending with the -0O=N- bond stretching was included.
The results of including the interaction constant are given in

Table IXe.

Teble IX.
Frequencies Calculated for HONO and DONO Including

Interaction Constant F45

Yyono #Dowo #ono/ #ovo
Fzz = 0440 1273 1130 en™t 1.13
Fag = 324 840 cm~1 (715)" om™* 1.18
Fgg = 1.07 315 cm~t (715) ™t 1.14

* Tmaginary solutlon =-- near 715 cm —
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An attempt was also made to include F34;60 and F35¢ 0.
These attempts did not contribute to the situation.

In all cases of Table VI and Table VII, in going from HONO
to DONO the frequencies around 825 em™t are decreased well below
750 cm™*. The experimental results indicate that one frequency
1s shifted very little (825 em~! to 816 em™*, or at most 856 to
816 cm™l). This is then probably the overtone of 413 cm™t or
arises from another species.

Indeed, it seems unreasonable to attribute the strongest
band in the observed spectrum to an overtone vibration. However,
oextensive investigations failed to arrive at a suitable solution
In which the DONO band at 816 em™L arises from a fundamental
vibrationes Assuming Ferml resonance occurs in DONO also and the
bands at 816 and 739 em™t arise from vibrations around 780 cm“l,
we still could not find a suitable solution.

The normal coordinate treatment does not depend critically
on choosing an exact model. Another model was treated, having
an 0-N=0 angle eight degrees smaller, and similar results were
obtained, except that a slightly higher force constant was nec-
egsary for the 0~N=0 bending. A cis-model was also treated
using the same frequencies, except for the 0-H frequency, and
the results show only slight variations from the treatment of the
trans forme

The calculated force constants are presented below, all in

(dynes/cm. ).
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Coordinate Force Constant, dynes/cme
R(0-H) 7e5 x 10°
R(N=0) 11.7 x 10°
R(N-0) 3e3 x 10°
L 0-N=0 0426 Tarz x 10° = 4435 x 10°
L §-0-H O.44r 7, x 10° 2 0.58 x 10°

Since we did not use the frequencies for infinitesimal vibrations,
the force constants should probably be a trifle higher. There

is not much to compare these force constants with except for the
0-H stretching and bending force constants in water (7.76 x 105
and 0,69 x 10° respectively)e. The =N=0 stretching force constant
1s close to the C=0 stretching force constant, 1l2.1 x 10°, As
expected 1t 1s higher than that of N=0 in NOg, Q.13 x 105. The
0~N=0 bending force constant of 0.44 x 10° is low compared to

the 0-N=0 bending force constant of the nitrate ion, 0.64 x 109

dynes/cme The above force constants are quoted from tables in

Herzberg's Infrared and Raman Spectra of Polyatomic Molecules,

pages 170, 174, 178, and 193.

The excellent agreement of solution (a) of Table VIII with
the observed spectra may be fortuitous. However, it 1is supported
by the fallure to find other suitable solutions. There 1s the
possibility that the two bands at 856 and 794 ecm™! arise from
two difference species, cis-HONO and trans-HONO. However, a
third band appears in this region in the DONO spectrum, at about

845 em™ (see Fig. IV), which may arise from the other specles.
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An Investigatlon of the spectra of HONO and DONO in the region

of 25 microns would no doubt be of value in solving this problem.

E. Comparison of 24/ o of Formic Acid with 24 of
cis~-HONO.

The band 24%_y of formlc acid is shown in Fig. XI. This
i1s similar in appearance to 2496_H of ¢is-HONO shown in Fig. VI,
except that cis-HONO has a much stronger QQ branch indicating
more parallel character, 1n agreement with smaller bond angles
for cis-HONO than for formic acid.

For the spectrum of Fig. VI the pressure of nitrous acid
is believed to be about 21 mm Hg, as calculated in Appendix II.
If we assume slightly more than 50% of this nitrous acid is the
cls form, the pressure of cis-HONO i1s about 12 mm Hge. The formic
acld exhibiting the spectrum of Fig. XI was at a temperature of
120° and thus belleved to be almost completely in the monomeric
state. The pressure of formlc acid was about 45 mm. The absorp=-
tion in the formic aclid spectrum at the maximum of the band 1is
about 50%. The absorptlion for cis-HONO at the maximum is about
15%. Using these percentage absorptions and the pressures of
12 mm for cis-HONO and 45 mm for formic acid, from Beer's Law
the absorption coefficient in the two cases 1s about the same.
This 1s a very approximate use of Beer's Law, but it indicates
that these two 0-H bands exhiblt a similar amount of absorption
and thus lends support to our assignment of this band of nitrous
acld to cis-HONO.



There 1s no indicatlon of a dimer of nitrous acid, analogous
to the dimer so prevalent in formic acid at room temperature.
This may be because the pressure of cis-~-HONO is much lower than

that of formle acid in the observed spectra.
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Fixe XI. Second harmonic of the 0=H

stretching vibration of formiec acld.



PART III
INFRARED SPECTRA AND MOLECULAR STRUCTURE OF
ISOCYANIC ACID, AND ISOTHIOCYANIC
ACID



Introduction.

It 1s often stated that cyanic acid is a tautomeric mixture
of HNCO and HOCN (33). However, thereis apparently no chemical
evidence which demands the existence of HOCN.

Herzberg and Verleger (34) observed the third harmonic of
the hydrogen stretching frequency of cyanic acid in the photo-
graphlic infrared at 9700 em=1, They reported that the band was
much more complicated than the analogous band of hydrazoic acld
observed by Eyster (35). Due to the complicated structure of the
band they concluded that the cyanic acld molecule is probably
a strongly asymmetric top but that its smallest moment of inertia
is quite small (as shown by the large extent of the bhand).

Eyster, Gillette, and Brockway (36) investigated the struc=
ture of HNCO by electron diffractlon and reported a linear NCO
group wilth N-C and C=0 distances of about 1l.19 R eache They
pointed out that these distances are compatible with resonant
structures of HNCO, but not of HOCN. That is, iIn HNCO resonance

is favorable among the three structures,

1

+ $
N cC_0 N=C=0 B -_C=0
/ / /
H H H

3 il 5 i o ’

simllar to the resonance 1in COye For this structure we should
expect N-C and C=-0 distances which are not very different.

However, for HOCN, the resonant structures are



- B --
N =C~—-N
/

i II i v B 5 )

the third structure being very unstable due to the double charges.
If we had equal resonance between structures I and II of HOCN,

we should expect the 0-C distance to be considerably longer than
the C-N distance due to the large amount of single bond character
in the C~0 bonde The HNCO structure is expected to be more
stable than the HOCN structure because of the increased possibil-
ity of resonance.

Goubeau (37) studied the Raman spectra of cyanates and of
liquid cyanic acid. He observed three bands in liquid cyanic
acld - a weak band at 1204 ecm™! and strong bands at 1307 cm™t
and 3320 em™l., He interpreted the weak band at 1204 em™! as the
first overtone of one of the NCO bending vibrations of the mole-
cule. The band at 1307 cm™l was assigned to the symmetrical
stretching of the 0 and N against the carbon atom, while 3320 ana'
was assigned to the hydrogen stretching vibration. The antisym=-
metric NCO stretching vibration, expected to be around 2200 cm™ T,
was not observed. Goubeau explalned the absence of this band
by the approximate symmetry of the molecule; that 1s, the N-H
group apparently acts approximately like an oxygen atom, and
thus the absorption bands of the NCO group resemble those of COge
For COp the antisymmetric vibration is lnactive in the Raman

spectrums The strong band at 1307 cm~l was presented as evidence
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for the structure H=-N=C=0, for if the structure were H=-0-CRN
Goubeau expected to observe a CsN frequency around 2300 cm“l
and a C-~0 vibration around 860 cm'l, as he found in solutions of
metallic cyanates. It should be pointed out that the frequency
3320 cm'l, though in the region of N-H frequencies, could also
be attributed to a hydrogen bonded 0-H frequency, which one
would expect In liquid HOCN.

Goubeau and Gott (38) investigated the Raman spectrum of
thloecyanic acld as the liquid, in solution in carbon tetrachloride,
and in golution in carbon disulfide. For the liquid they report-

ed, Raman shifts of 735, 980, and 2120 em™l while in carbon tetra-

chloride solution they found 848, 2038, and 3590 cm-l

, and in

carbon disulfide solution they found 870, 2099, and 3430 em™t,

These results were linconclusive and appear inconsistent.
Beard and Dailey (39) calculated the structure of HNCS

138.

from the microwave spectra of HNCS, HNC1®S, DNCS, and DNC
They reported that an HSCN model would not fit their data, and
that HSCN could not be present at more than 5% of the concentra-
tion of HNCS. The configuration they reported for HNCS, in the
ground vibrational level, and assuming a linear NCS group, is

re.g = 1.57 & 0.01 §

(o}

rN_C = l.21 * 0.01 A

ryg = 1.2 & 0.1 K
£EC = 112° ¢ 10°
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We should expect a much shorter N-H distance, around 1l.00 g, and
a larger HNC angle, around 125°, from normal bond distances and
bond angles (40).

Prior to the present investigation the N-H bond distance
and HNC bond angle of HNCO had not been determined. The N-H
distance and HNC bond angle found by Beard and Dailey (39) for
HNCS are quite anomalous. From an investigation of the infrared
spectrum of HNCO and HNCS we have been able to assign the vibra-
tional frequencies of HNCO and HNCS as well as to locate the
"effective" position of the hydrogen atom with respect to the
NCO group and NCS group respectively, in the ground vibrational
state.

After a brief discussion of the experimental procedure for
this investigation, the expected forms of the normal modes of
vibration are presented schematically in Fige XITI. Following
this the results of our investigation are presented and discus=-
sed. First the vibrational spectrum of isocyanic acid 1s treat-
ed, then the rotational fime structure found in several of the
bands is analyzed to determine the H-N-C angle. Finally the
vibrational spectrum of thiocyanic acid is treated, and the

H-N-C angle 1is estimated from the rotational structuree.

ggperimental Procedure.

The spectrum of HNCO was observed under high dispersion
from 1 to S.Q/u'and under low dispersion from 1.8/;4 to lﬁ/ﬂ',
using the previously described vacuum grating spectrograph for



the high dispersion work, and the Beckman IR-2 spectrograph for
the low dispersion work. (See page 13 for a description of
spectrographs). As in Section II, s8lit widths given are effect=-
ive slit widths (see page 15).

The HNCO was prepared by heating cyanuric-acid to around
300°C and rapidly cooling to dry ice temperature, causing the
colorless liquid HNCO to condense. The HNCO was then allowed to
evaporate iInto the absorption cell at room temperature. The
vapors slowly polymerize but can be kept in apprecilable concen-
tration in the monomeric state for several hours at room tempera-
ture.

HNCS was prepared by mixing H3P04 and KSCN at room tempera-
ture - as suggested by Beard and Dailley (39).

A mixture of about 80% DNCO and 20% HNCO was prepared from
cysnuric acid which stood overnight with a slight excess of heavy
water.

In studying the spectrum of HNCS in the region 2-154 it
was found necessary to use rock salt windows as HNCS readily

attacks silver chloride.

Normal Modes of Vibration of HNCO and HNCS.

The approximate normal modes of wvibration of HNCO and HNCS
are shown schematically in Fig. XII. There is only one element
of symmetry, the plane of the molecule. There will be five
normal modes of vibration taking place in the plane of the mole=

cule, of symmetry class A', and one in which the atoms move out



of the plane, of symmetry class A''. The five frequencles of
class A' are numbered 1 through 5 in order of thelr frequenciles
as assigned in the next section, 1/1 being the highest frequency
and 1/5 the lowests The order 1s the ssme for HNCO and HNCS.

Syrmmetry
/’——0—' l/l Hydrogen stretching Al
L — . j/2 Antisymmetric
stretching Al
.—-)
7—.—‘* )/3 Symmetric stretching Al
R
/—"—' /, Hydrogen bending At
3 $
/I ' 1 j/s CNO bending Al
= e L
/+ — /e CNO bending A
+.
Figure XII

Normal Modes of Vibration of HNCO and HNCS

Presentation and Discussion of Results.

A. Vibrational Frequenciles of HNCO and DNCO

In Fige. XIII are shown the observed spectra of HNCO and
DNCO from 2-15/{ , under low dispersion. J/l is the sharp band
of medium strength at 3534 em™l. The strong band at 2280 an™t
is without a doubt the antisymmetric stretching vibration, //2.
Apparently the symmetric stretching vibration, //3, is very
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weak and shows up only with considerable pressure., We must
assign the weak band at 1340 em™t to //3, as 1t is expected to
be close to 1307 cm +, as found by Goubeau (37). If the HNCO
molecule approaches COp in 1its normal modes //3 should be strong
in the Raman and weak in the infrared, while 1/2 should be
weak in the Raman and strong in the infrared. Thus since Gou-
beau did not find 1/2 in the Raman spectrum of HNCO we are not
surprised to find J/s very weak in the infrared.

The longer wavelength spectrum is not very clear. There
is only weak aebsorption out to 10 microns but from 10 to 15
microns there is much absorption. With the aid of combination
bands in the high dispersion spectrum we have attributed the ab=-
sorption in the region 10 - 15 microns mainly to the hydrogen
bending vibration, 1/4. The several narrow peaks are believed
to be the PQK and RQ maxima of the perpendicular structure of
this band,. £

The complete spectra of HNCO and DNCO between 1 4f and
2.5 /(4 are not shown here. Several of the HNCO bands are shown
in Figs. XIV, XV, XVI, and XVII. In Table X are listed the ob-
served frequencies for HNCO and DNCO, together with estimated
relative intensities of absorption for HNCOe. The assignments for
V4, Vs, and WYy were made by noticing the trio of bands on the
short wavelength side of Vl duplicated by a trio of bands on
the short wavelength side of 21/1. Thus,
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Table X.

Observed Vibrational Frequencies of HNCO and DNCO

Assignment Frequency, em™1 Relative in-
HNCO DNCO tensitles for
HNCO
Ve (yCo, a") (651)* (622)*
Vs (§bo, A1) (549)* (470)*
v, (ENG) 779 ?
Vs - Vs (1) 790e1 751el 30
2V (?) 1045¢10
Vs ¢ )% (e 1150410
¥z («NCO—) 134045 130545 3.0
34 189545 173745 0s5
¥, (7NCG”) 228045 2255¢5 100
2V 2620410 «05
3000410 3003410 0.1
Yy vy () 3105410 2880410 0.4
4, (H-N, D-N) 353481 2640810 30
Y AR YA 408345 3110 02
Rz 418345 3262410 0.2
R 432741 1.0
24, 451642 44592 «02
R L 486642 39202 +05
VARV L 579545 485945 08
2/, 691641 519342 0480
RSP < 746545 5653#5 « 004
2V, ¥ 757045 004
2y, vy, 772445 +008
BY, YW =Yg 594085

* These frequencies were not observed directly.
at from combination frequencies.

#* perturbed by at least two other levels.

Values arrived
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. 4327 - 3534 = 793 ; 7723 - 6916 = 807

4185 - 3534 = 651 3 7570 = 6916 = 654

549

4083 - 3034 m 549 ; 7465 - 6916

The agreement in these differences 1s striking. In a following
section on the hydrogen bending vibration a value of 779 cm~1
is calculated for 402 from the rotational structure of the band:
at 800 ecm=l, So we have made the assignmenta,

2 A

Y, =79 em™1, Y = 549 em™L, and 4 = 651 om e

779 cm-l 1s indeed quite low for a hydrogen bending frequencye
This in itself suggests a large HNC angle - as in HCN the hydro-
gen bending frequency is 712 em™t (41).

650 cm™! was assigned to J% as this 1s close to the bend=-
ing frequency in COy, 667 em™T, #g 1s the out of the plane
vibration and thus depends only on the distortion of the linear
NCO groupe JVE, however, i1s of class A' and can no doubt inter-
act strongly with the nearby hydrogen bending vibration. Thus,
it can be pushed down somewhat to 549 em™1,

The peak at 790 em=l is not easily explained as part of the
hydrogen bending vibration. It may be a difference band,
4y - Vg, corresponding to a similar band found at 721 cm™l in
the spectrum of COp by Barker and Martin (42).

The spectrum of DNCO is not particularly enlighteninge
The high dispersion spectrum from l.5 microns to 2.7 microns

is not shown here, but the observed frequenclies are listed in
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Tgble X. The low dispersion spectrum, from 2 - 15 microns, is
shown in Fig. XIII, curve A. The amount of HNCO contaminating
this spectrum is about the same as the amount of HNCO in the
spectrum of curve B, as evidenced by the similarlity in intensitles
of the N-H bands. The long wavelength spectrum, from 10 to 15
microns is not very different in the two spectra, A and B of
Flge XIII, suggesting that most of the absorption in this region
arlises from HNCO even for curve A which 1s the spectrum of a
mixture of about 80% DNCO, as estimated by the intensities of the
N-D end N-H bands. However, there is a band at 751 em~l in
DNCO. It is unlikely that this is the deuterium bending fre=-
gquency as 1t is not strong and furthermore, we should expect
to find it at a much lower frequency, being shifted considerably
from 780 em™l. Perhaps 1t 1s the difference band &g = e

The evidence of a band at 470 em™! suggests that the NCO
bending vibration at 549 em™! in HNCO does interact with the
hydrogen bending vibratlion, and therefore is considerably shift-
ed in DNCOe.

Be Rotational Structure of the First Overtone of the
N-H Stretching Vibration
The high dispersion spectrum of the first overtone of the
N-H stretching vibration in HNCO is shown in Fig. XIVe. The
band center is at 6915.7¢0.3 cm™l, |
The HNCO molecule 1s very nearly a symmetric top and the

top axis is very nearly parallel to the linear NCO groupe The



selection rules for the infrared vibration-rotation spectra of
a symetric top molecule are given by Herzberg(43).

(a) Parallel band - If the change in electric moment of
the vibrational transition is parallel to the top axlis, the

change in rotational quantum numbers must be;

AK =0 AJ
O K

1}

0, # 1 if K#0
AT

n
o

4 if X =0

n
I»

J 1s the quanftum number of the total angular momentum and K is
the quantum number of the angular momentum about the top axis.

(b) Perpendicular band - If the change in electric moment
of the vibrational transition 1s perpendicular to the top axis,
AK =¢1, AJ =0, & 1.

In HNCO, since the HNC bond angle is probably less than
180° and greater than 90°, the stretching of the N-H bond should
give rise to a hybrid band having both parallel and perpendicular
components. The strong absorption near the center of the band
of Fige XIV arises mainly from the parallel component for which
KmO AK=0, AJ = # 1o Thus there should be an absorption
minimum at the center of the band corresponding to the forbidden
transition having K = 0, AK = C, AJ = O¢ This minimumn, how=-
ever, 1s partlially obscured by the parallel R branch for which
Kel, AK=0, AJ = ¢ 1 The parallel branches for higher K
values are displaced to the low frequency side of the band center
because of the difference in rotational constants in the upper

and lower vibrational states. This will be evident from
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Equation (7) for the frequencies of the QQK maxima, to be dis-
cussed belows The sharp QQK maxima arise from transitions for
different K values having AKX = 0, AJ = Oe

The PQ and RQ maxima arise from the perpendicular com-
ponent of tﬁe chan.gl:fng electric moment, for which AJ = 0 and
4K = ¢ 1. Each QQK, PQK, and RQK maximum is the observed maxli=-
mum of an envelope of unresolved lines of many different J values.
For Q’QK and PQK maxima, J 2 K. For RQ‘K maxima, J2 K 4 1.

The perpendicular branches involving transitions for which
AJ = 21 and AK a # 1 are too broad and too weak to form
observed maxima.

The measured frequencies of the observed vibration-rotation

maxima of Fige XIV are listed in Table XI.

Table XI.
Frequencles lMeasured from Fig. XIV for the First Overtone

of the N-H Vibration in HNCO. (& 0.10 cm~l)

Kl!

R P Q
K" Q Q Q

- K K X
0 6940.74 cm~t ‘

1 6983,40 6885.18

2 7015.16 6822,19

3 7036 ¢ 32 6753403 6873456
4 7049451 6681447 6845496
5 6608427 6813489
6 6534, 67 6779424
7 646326

Quantum number for angular momentum about the figure axis

in the lower vibrational state.
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We may express the total energy of vibration and rotation by

T = G(vl’ v2’ ----- ) * F(J,K,Vl,vz,---—-).
Slawsky and Dennison (44) showed that the rotational energy of a

non-rigid symmetric top of the ammonia type, C can be represent-

3v’
ed by

F(J,K) = BI(Jel) ¢ (A-B)K® - DJJz(Jol)2

- 2 - px*
D, J(Jel)K* - DK (5)

i h
B = gnZeIy + A " gwZeI,

!

IB = moment of inertia about the other principal axes.

= moment of inertla about the figure axis,

HNCO is very nearly a prolate symmetric top and we shall attempt
to fit its vibration-rotation spectrum with a rotational term
similar to Equation (5)e. However, we shall use the notation
adopted by Zumwalt and Giguere (45) in discussing hydrogen perox-
ide, and by Eyster (35) in discussing hydrazolc acid, and write

the more general relation:

o0
i
G(Vl, 72:"'"'"') * F(J:K"Vl’Vz;""') - z xj(-;)[J(JOl)] sz (6)
1,J=0

Vigss Wy v are the vibrational quantum numbers of the

vibrational level.
The superscript (v) represents the vibrational level

(vy,vg,====).



(v)
Xoo = G(Vl,v ,-"'")

(v) (v)

1 1
Xy = A - BBy ¢ 0y, Xy @ 5(ByC,)
K, 1 i
=z 8(3 ) o By = s(r)v, Cy = g(TE)v
g = —
" 8w%e

Ips IB’ and IC are the three principal moments of

inertia.

A, >>B, > Cv for a spindle molecule as HNCO.

(%Qv = time average of %-1n vibration state v.
R P Q
From Equation (6), for the Q@ , Q , and Q maxima observed we
K K

K
may write for the absorption frequencies;

RQ :}"-f ()(Kol)zj-x 2] J(K)(J(K)ol
k< 1;1 T R R

13330

e J/-Z ( 13 (K-1)2:1.x K } { J(K)(J( )o}i (7)

1,3=0

Q Y= Z (Xij 1_-;)21{(1{) K)ol)]i

1,3=0

K
Jé ), JgK), and Jé#’ are the J values of observed maximum
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| R ¥ Q
absorption In the Q , Q , and @Q maxima respectively. These
values depend on theK;atrgx elanen%s of the transition electric
moment, on the spacing between lines of different J, and on the
resolution of the spectrometer.
For hydrazoic acld (35) Eyster was able to represent the

(K)
energy levels quite well by neglecting differences between J ’

R
K K
J; ), Jé ), J(K'l), etc., and also by neglecting any cross term
v
coefficlients, xij s where both 1 and j are unequal to zero. Further-

more, he was able to neglect coefficients having j> 2. Neglect=-
0

ing these small quantities Eyster was able to determine xOl and
0
x02 from the combinations
Q P R Q
AF"'(K) = @ -Q = Q-Q
K Kel K Kel
(8)
R P
A F'(K) = @ ~-Q
2 K-1 Kel
L R
In the absorption band of Fig. XIV, the Q@ and Q maxi-
K K

ma are very widely spaced indicating that xgl is very large.
Also, these maxima are quite narrow indicating that the temms
in Equation (7) with 17# 0 are very small, otherwise the lines of
different J value would broaden the maxima more. Therefore, we
shall attempt to find xgl and xgz from the combinations P"(K)

making the same approximations Eyster made (35). Thus, we are

Q
and neglecting xgj having j >2. From Equations(7) we arrive at

»

for the present neglecting differences in Jéx) , otc.,
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R P 0 2 2 0 4 ‘ﬂ
A F"(K) = QK_I- le = xm{(ml) -(K-1) }. xozf(xm.) -(K-1)

AF"(K)

0
Define f% = r = Xo1 * 2X02‘(K201) (9)

Using the data of Table XI we have tabulated these combinatlons
in Table XII with the calculated values of ng.-

Table XII.
0
Combinations from Table XI for Determining on.

0
" "
K A F"(K) £ Xoo
» ¥ 118.55 29.64
T =el40
2 250,37 28480
' ; =0.99
3 333469 27.81
\j ""0076
& 428,00 26,75 -
T, =e056
5 514.84 25.74
The values given far xgz are those calculated from Equation (9)

for the +two indicated adjacent K states. Obviously Equation (9)

is highly inadequate, and 1t 1s necessary to include coefficients

0
X havi 2e
o3 ng j>

In Appendix IV it is shown that the centrifugal stretching
of HNCO should give rise to a power series in K2 with appreciable
coefficients, more of which must be included as we consider

higher and higher K levels. Therefore, we must write for
P o9

R 0
oF" (K) QK_l QKol ngo Xo3 {(Ktl) (K-1) } (10)
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In Table XII we have A 2F"(K) tabulated out to K=5. Therefore,
we can solve for the first five coefficlents, ng, neglecting
all xgj having j» 5« The coefficlents xgj for > 5 will be ;ery
small and not important for small K. These coefficlents, xOJ’
which we determine will be more and more accurate as j gets smal-
ler, so the value for x° and Xo are believed to be quite accur=-

ol 02
ate. The calculations yleld:

0 . -
Xgy = 30.40 om 1 X0, =-02256 om

X0z = 9.05 x 107° cm”
340 x 1076 em™t

1

1 x0 - -2.,6 x 10°¢

04

%0
056

In arrlving at the above coefficlents we have neglected differenc-
es in JéK), JéK), and JéK) and we have also neglected ng having
both 170 and j# Os We wish now to attempt to learn the magnitude
of these neglected terms and make corrections for them if neces=-
sarye.

It was found that an investigation of the other combination
of Equation (8), A& F"(K), helped to make the corrections discussed

, Q P
immediately above. From Equation (8), AF"(X) = Q@ - @ =
R

- @Q « These values may be obtalned from Table XI aﬁglare
11§ted ig'%able XIII. The data 1s meager, but for Ke3 and K = 4
we have values for both combinations in Table III. Unfortunately
they do not agree and thelr difference, LSK, is much greater than
can be accounted far by experimental error. 'If we go back to the
general Equation (7) we note that the reason for this is, no doubt,

that J&K), JﬁK), and Jé?) are by no means the same. At this point
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Table XIII
IODF"(K) for the N-H Stretching Vibration

Q P R @

K Q-0Q Q-Q A g
K Kel K Kel

1 1
o y 141.60 au” -
3 192.09 cm” 190. 46 165 ou
2 23759 23562 1.97
5 279.22
6 315.08

we shall introduce a simpler notation:

K -
o » J}g )(Jf(th) 1)
p - (K)(J(h) . 1)
. q(K) ;(E)
xh = JQ (JQ ¢ 1)

Now, from Equa‘d.ons (7):

ERCTEDIE S SAR

Lj-

* A (KH)“F:;' -X KX

Z X (KH) (c(i-x;'

K kﬂ Lise K k“}

FXG ) g, = K
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- Q P R Q
Then, letting AK = Q-Q =-Q¢ Q
K Kel K Kel
— (v) a4 ¢ ' w! 23 !
- . ¢ ¢
Ak = Z xii K {XK - (3K+|} * xC.i (k1) {XK-H- ¥ }

Lizo

- X‘_.: Kzs{o( X } +X (Kfl) {P

<+ R+t}

First we notice that all terms having 1 = O are identically zero.

Also it 1s obvious that &, = 0 if - - =
K XK PKtl thl xx*

All terms having both 1>0 and (1 ¢ j)>2 are no doubt negligible

compared to the others. Thus we cen simplify AK’

= Ux = xe G =xe T Ohr BB~

- X(:’(zuw){ XK-«K} 4 "n(z"”’{e K+3

{ xZO}[X +‘6’ +1 (3K+l D(‘:}

(11)



In determining XO we used Equation (10) which was derived

0l
from Equations (7) by neglecting differences in JéK'l) and
é,K'l). A more exact expression is,
ad ]
A_F"(K) = Z ‘[(Kel) - (k=1) jJ S (12)
J = 0 K

{X'ﬂ -x“’ +( (VI ) )Kl} {o(u-.- Fuw}

Pxn@fs v ] v K {p, %)

(13)

t {X;:)— x:o} {dk-lf —@u:l}

In writing the above expression far SK we have neglected all
terms having both 1 >0 and (iej)> 2.

In Equations (11) and (13) we have expressions for AK and
"

8K' In Appendix V approximete values of O(K and PK are calcu=-
lated. 1In Appendix VI an approximate value of X:(Lg) - Xgo is

calculated from xo]_and Xc()i), the superscript (2) designating the
second exclted state of the N~H vibration of HNCO. In Appendix
VII an approximete value of xgl is calculated. From the data

of Appendices V, VI, and VII, and the data of Table XIIT for 'AK’
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"

an approximete relation for S as a function of K 1s cg.lculated
K
in Appendix VIII. It is shown in Appendix VIII that é < 0.10

- K
(4K) om 1. Since S is approximately proportional to 4K, we

have merely to su‘otract it from the previously calculated value

of Xgl, which 1s the coefficlent of 4K in the expression for

A2F“(K), Equation (11)es Therefore we report xgl
-1

cm o

b 30.30 .‘!'_ 0.10
To determine X(()lz by which we mean the rotational constant
Xo1 in the second excited vibrational level of the N-H stretching

vibration, we employ another combination,

R P 23 23 '
AN - - - (K=
oF'(K) = Q= Q Z x {(Ktl) (-1)""] SK (14)

Jj=0

(xS e - x2 )k ot - B

+X:T'(2‘K) {q/K+€l<} t x’(‘v}{o(u-@xi |

t (v) n
The largest term in 8 involves X, « The largest term in s
K

| 0 v K
involves X, (see Equation (13). x{l) is approximately propor-

tional to Vx v) x4%) (see Appendix VII). Both x(") and ég)

will be smaller than ng and X20 respectively, as in the excited
state both moments of inertia will be increased and thus the
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1 "
angular velocity will be decreased. Therefore é 4.8 « Since
" K

K
é < 0.2LO(-'=‘=K)<;=::1'l we shall say, somewhat arbitrarily, that
K
1
¢ € 0.06(4K).
From Table XI four combinations, A:ZF'(K), have been calcu~-

lated and are listed in Table XIV.

Table XTIV
A F1(K) for 2 ¥ o

1 -1 4 1
X AQF (K)em A2F (K)/4K
i 98.22 24,555
2 192697 24,18
3 283.29 23,61
4 368404 23.00

From Table XIV and Equation (14) we have calculated that

(2) (2)

Xop = 24475 an™l, Xpo' = -.065 cm™L
(2) 5 .(2)
- o e -5
Xoz = +5.6x10 Xog = ¢ 1.4x10

The last two coefficients are probably not very accurate since

we have neglected the higher coefficients. In fact Xéi) should

be negative if it were possible to include all terms in the
series. However, 1t is believed that the value for Xéi) is quite
accurate, within 0.10 em=1, Thus, in going from the ground vi-
brational state to the second excited state of the N-H vibration,
Xoy; has changed by 5.55 em~l, or 18.3%.

From Table XI and Equations (7) it is found that }6 -
6915.720.3 em=1l for the band center of the second harmonic of the

N-H stretching vibration.
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In Appendix IV, the theoretical values of Xpg ,Xng,0tCe,
are considerably smaller than those found experimentally. The
probable reasons for these discrepancies are discussed at the end
of Appendix IV.
0 (2)
A rough check on the above values of X.. and X

03 03
(v) 0
from the QQK maxima. Assuming (xij - Kij) is negligible for
oo

Q (v) 071,
1>0, from Equations (7) = 16 + El {XOJ -XOj ng Using the

values of xgj and xég) and Jb found above it is found that
QQS = 6873.8. The experimental value for Qqs, from Table XTI,

can be had

is 6873.56. The agreement is quite good considering the approxi-
mations involved. For higher K values the agreement 1is less
satisfactory as the coefficilents of powers of K higher than ten

become important, and we do not know these coefficientse.

C. Molecular Structure O0f HNCO
As mentioned previously Eyster, Gillette, and Brockway (36)
made an electron dif fractlion investigation of HNCO. They reported

two possible structures for the linear NCO group,

(a) N-C 1.21 % (b) N-c 1.18 &
c-0 1l.18 & -0 1.20 &
N-0 2.39 £ N-0 2.8 %

For CH3N00 they reported the distances N-C = 1l.19#.03 R and
C-0 = 1.184.03 R. These results favor structure (a) for HNCO,
which is also favored by the fact that nitrogen usually has a
larger atomlc radius than oxygen, and the N-C and C-0 bonds

should be similar in character (essentlally double bonds)e
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Therefore, we have assumed the N-C and C-0 distances labelled
(a) above.

The N-H distance and HNC angle cannot both be determined
from the rotational constant Aje One must be known to determine
the other as we have not been able to determine A° for DNCO. The
N-H stretching frequency is higher than that in ammonia, indicat-
ing a shorter N-H bond. Through the use of Badger's rule (23)
we have assigned a distance of 099 X for the N-H bond.

Schulman and Shoolery (47), in this laboratory, have found
the rotational constant %’(Bo ¢ C,) from the microwave spectrum of
HNCOs They report.%(Bo ¢ Co) = 0.367 em™l, In the pr eceding
sectlon we have shown that A, = %(Bo ¢ Co) = 30430¢0.1 em™t, There-
fore Ao m 30.67 & Osl cm~l, From this value for Ap we have cal=-

culated that (I,) = 0.9125 x 10740 gm cm®, (Ip), 1is the effect-

ive least moment of inertia in the ground state.

By making the approximation that the least axis of Iinertia
1s parallel to the NCO group, from the above value for (IA)° we
calculated an HNC angle of 130%441, Actually the least axis of
inertia will be slightly tilted toward the hydrogen atom, require
ing a smaller HNC angle to give the experimental moment of inertia,
(Ip),+ In Appendix IX we have assumed an HNC angle of 129° and
calculated the value of I, as a function of small changes in this
angles Ip 1s now the moment of inertia about the true least

axls of inertia. As above we have also assumed ry.c = l.21 R,

ro.o = 118 R, and rp_g = 0.99 2. The results of the calculations
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of Appendix IX show that

-40 2
(IA)a 40 = 0.8946 x 10 gm cm

© 1s the value of ( o< =-129°), where o¢ 1is the HNC anglee.
It is also shown in Appendix IX that

T - 2
(d A) s -1.506 x 10" gn com"/radian
d © [e=0

We wish to calculate © to agree with the experimental value

=40 T
(Ty)o = 0.9125 x 107, (T3), = () _ = (ileA o o

0.0179 x 10~ *Ogmen®

From this we find that © = ~0.0119 radians = =-4l'. Therefore
o = 129° ¢+ © = 128°19!.,

An error of 0.01 R in PNeH leads to an error of 40' in of «
An error of 0.10 cm™t in A, leads to an error of only 7' in of .
It 1s believed that ry_g = C.99 ¢ 0.01 K, thus we have determined
an effective HNC angle of 128°19' & 40' for the ground vibrational

statee.

D. Rotational Structure of the N-H Fundamental Absorption
Band
The fundamental of the hydrogen stretching vibration was

also observed under high dispersion. Its spectrum is shown in

R
Fig. 15 The Q maxima are superimposed on the strong water
K
band at 2.75 microns. Moreover, aspparently two of the X levels
in the first excited level of the hydrogen stretching vibration

are perturbed by another close-lying level, possibly ( Jpe Jj).



The frequencies of the

in Table XV.

R
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P

Table XV.

Q
Q, Q, and Q maexima are tabulated
K K K

Observed Maxima in the N-H Fundamental of HNCO

R

Q
K

3560694

3614451y
3608 .96

3652491

3691 6 3648
3683.84

3716.82

P

Q
K

3507 ¢ 46,
3494,72

3442425

33844294
337842

3319.60

3263458,
3255, 32

Q

Q
K

3511.45

35004624
(3494.72)

3480.84

3468404

# These levels are apparently doubled by perturbations

from other levels.

The usual combinations for the ground state are tabulated

in Table XVI, and the data of Tables XII and XIII from 2 &,

are included for comparisones

N-H
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Table XVI

Combinations rrom.l/n;H and 2,»&;H of HNCO for

Rotational Levels in the Ground Vibrational State

R P R Q Q P
K QR -9 R -Q QR ~-Q
K-1 Kel k-1 K K=1 X

Yy 2 Hyen Hen 24 a.m * J/N-H

1 118.69cm™L 118.55

2 230224 230,37

230454

3 333,31 333,60 141,46 141,60

4 igg:gg* 428.00 (iggzzg 190446 191,85 192,09

5 235,98 235,62  237.04w 237.59
(239.40)

6 279.22

# These combinations result from levels which are apparently

doubled by perturbation from other levels.

Considering the fact that a much wider slit was used for
#y.g than for z/N-H the agreement is quite good, with the ex-
ception of the values in parentheses. These values in error both
involve QQ4= 3494,72 cm™t and thus it 1s believed that the assign=-
ment of QQ4 may be in error. The high intensity of the band at
3494.72 em=l suggests that 1t 1s more than a QQK branche A prob-
able explanation is that the qu band 1s split up by a perturbing
level into two maxima, one at 3507.46 cm™ and the other at
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Q
3494.72, obscuring the other component of the Q4 transition.
Due to the perturbations of the upper state we were not able

to calculate the correct rotational constants of this first ex-

2 8

0 -
cited level of the N-H vibration. Since X01 = 30.30 cm and

2
Xél) = 24,75 em™1 we would expect x(l) to be halfway between

o1
these two, so probably Xéi) = 27.5 cm™t, (8o far In this thesls
the superscript on xOl has designated the vibrational quantum
number of the N~H vibration, all other vibrational modes being une-
excited).
We can determine an approximate wvalue of <IG from Ral, assum=-

1 - 1 -1
ing xél) = 27.5 enm 1 ana xég) = =0.1 com (between xgz and xog)).

R
- xtl) (1)

-1
s, = Qi o1 * X2 -== = 3533.5 & 0.5 cm

Using this wvalue of .&% we can solve for the expected frequency
of quo

P 0 4%
Q]- - yo - x01 L 3 x02 ----- = 3503.4

P
This value for Qi substantiates our argument that PQ1 may be
split up, by perturbation from another level, iInto levels at
350746 and 3494.72, as pictured below

3507 « 46

Energy above SB0Sek e
ground state

& 349847
havisg X =3 T 3494.72

The level at 3498.7 represents the perturbing level.



«87=

E. Rotational Structure of the Combination Band,
4 « ¥, of mico

The high dispersion spectrum of the combination band, /i-r
‘; of HNCO is shown in Fig. XVI. There are several maxima
which have not been identifled, some arising from the comblnation
band, (#4 ¢ #5), and others perhaps from a level lying close
to (4] ¢ /4), as (4] ¢ ‘/3» - /5) for example. The rotational
lines of the combination band (44 ¢ #) have been ldentified

and are listed in Table XVII.

Table XVII
Observed Maxima for the Band 44 ¢ &/
R P Q
K Q Q Q
K K K

0 4369, 37
1 445289 4296, 97
2 4536418 4250.87 | |
3 4615,78 4223,19 4394,02
4 4683.12 4202455 4424,47
5 4757.83 4187.29 4446,97

From the data of Table XVII the usual combina tions for the
ground state are given in Table XVIII.

Table XVIII.
Combinations for the Band }ﬁ_t Jﬁ, for the ground state.

R P R Q P
K 1™ e Q1" % QQK-l- QK
1 118,50 em~1
2 229,70
3 333,63 142,16
4 428,49 191.31 191.47
5 236,15 237,18

These combinations agree well with those from 2 /.y,



“08=

In Table XIX are listed combinations from which the rotational

constants in the upper state have been calculated. We have used
(2)
0J
cited level of the N-H vibratione. For this comblnation band we

11
shall use the symbol Xéj )

the symbol X for the rotational cons tants of the second ex~-
for the rotational constants of the
upper level.
Table XIX
Comblinations for the Band )ﬁ_e- )Z, for the Upper Level

R P R Q Q P

K QR - Q Q - Q QR - Q
K K K K Kel Kel

1 155,92
2 285,31 170.83
3 392459 221.76 221,92
4 480,57 258,65 250,68
5 570454 310,83

From Equations (7) 1t is seen that the second and third
columns in Table XIX should agree, in the approximation that we

JéK), JéK), and JéK). The agreement

neglect the differences 1n
is fair.

From the second column of Table XIX, using Equation (10),
we have calculated the rotational constants of the upper level

of (J/l * }/4). The results are presented below, together with

o ]
the values of XOJ'
11 "
x3t) = 42,63 @l X0 = 30.30 em™t
x{31) 2 -1.14 » %y = -.224
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x11) - 6.6 x 102 , Xgs = © x 1073
xtt) @ 2a1x10% , x3, = -2.6 x 107
' & 25 x20% , X0 = 5x10°°

The transition qu has less intensity than RQE, whereas it

should have more than Rde (See Fige XVI)e This suggests that 1t
has perhaps been perturbed by a nearby level, and thus lost in-

tensity. If the perturbation is small it will not have much
(11)

ij .

However these rotational constants are unusually large, and a

effect on the validity of the above rotational constants,

check on their validity is desirable,
We can determine the value of ‘be for this transition from
4
the value of Ql. From Equation (7), if we neglect

(v) 0 0
[= =]
P 0
Ql - y * Z- b S
o j=1 0j
The values of xgj are given above and believed to be quite
accurate., The value for PQ1 is given in Table XVII. From these
1

we calculate that ,Lé = 4327.1 cem .

From Equations (7), neglecting (K{E) * Xgo) and xiz)’

(= ]
oz Mo 2 g

0 0 j=1 xoj '

11 R
Using the values for xéj ) listed above, and the value of Q
0
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from Teble XVII, J/o = 4327.8. The difference of [, calculated
from qu and #% calculated from RQO is probably partly due -to
the neglect of Xgl and x{%l) » Which come in with different signs

in the two cases. This calculation substantiates our calculation

= 4L
of 42,6 cm 1 for xél ) o Thus the perturbation of the upper
level of qu does not greatly affect the calculation of xéil),
but we should allow for an error of about 0.5 em™1,

From the above calculations we report xéil) = 4246 & 0.5 an'l,

and 4] = 4327.5 ¢ 0.5 ™! for the combination band (4] ¢ 4).
The above results indlcate that there is a large increase

in Xp; when the hydrogen bending vibration 1s excited. This is

to be expected as, even if 1t performed harmonic oscillations

about the equilibrium position,X(11) would be considerably larger

ol

than XQ;» The anharmoniclty of the vibration would be expected
to 1ncreasexéil) even more. The magnitude of xéil) serves to
substantiate the assignment of (.I& + }i), as no other vibra-

tion than one involving //4 could have such a large effects

Fe Calculation of Xg5p for Hydrogen Bending Vibration.
It is generally possible to represent the rotational constant

as a linear function of the vibrational quantum numbers, as

6
(v) (e)
Xop = Koy ¢ 12_3;_(1("1 .3

where x(e) is the rotation constant for infinitesimal vibrationse.

01
Wo have calculated values for X0j, XS5, end x{1) - for tne
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ground state, the second excited level of the N-H bending vibration,

and the upper level of (/] ¢ 1/4) respectively. Thus we have

the relations

e
X(()]_) L §(°<l tolp # Oz * O * o ro(a) 30430 cm =+

(e) X

+ 2-“1 E‘ (0(2 fo( foi "‘o( fo(e) 24,75

(e) 3 3 1
Xo]_ ® g“l + 5 0(4 L g(“a ’“3 "0(5 ’0(6) = 42,6
From these equations we find that o-(l = =2,78 cm"l, and

(o1) .
o1 = 30430 ¢ 0(4 = 45,30 cm ™",

0l
X(Sl ) is to represent the rotational constant in the first ex-

X4 = ¢ 15.0 em™l. Therefore, X

cited level of the HNC bending vibration.
In Table XX are given some possible assignments for the sharp
maxima of absorption in the HNC bending band, }{1, of Fig. XIIT.

Table XX
Observed Maxima in 4/ at 800 cm™1

R P R P R P

K Q Q Qe = Q QR - Q
K K %} Kel K K

0 831 cm~1

1 931 749 117 182

2 714 230

3 701

From the figure in the last column, neglecting centrifugal
0ol
stretching, X(()]_ ) is calculated as 45.5 cm™L., The agreement

with the above predicted wvalue is fortultous. It will actually



be larger as we certainly are not justified in neglecting the

centrifugal stretching. However, the fact that the value 1s close

1s gratifying.
We have calculated JVB from

P

!

4

82 ¢ --- , glving

0
JVB * x01 + X

T79.2 om—t.

Ge. Perturbations in the Upper Level of the Band at
5790 em™t, ( A ¢ Vo).

In Fig. XVII is shown the spectrum of the band at 5790 em™L,
The most likely band of sufficlent intenslty to give the observed
absorption in this region is the combination frequency, ( Pi_#
//é). This band at 5790 em™! 1is apparently perturbed by one or
more additional levels. However, we shall refer to 1t as
(/G_l',bé).

It was found possible to assign the frequencles as indlcated
in Fig. XVII. Each RQK and PQK transition 1s split up into four
maxima. In Table XXI are listed the frequencies of the transi-
tions. In Table XXII the combinations A F"(K) = RQK_l .

PQKol are listed for each of the four maxima. The values of
A F"(K) for 2 PﬁAH’ from Table XII, are included for comparison.



-95-

Table XXI
Frequencies of the Vibration-Rotation Transitions of ( //1 > //.2)

K A em™t . P . em™t " em™1
(3 5957470 5062400 5970440 597554

Qr )2 5912.02 5915434 5916.88
1 5853470 5862.46 5878411 5881.11
\o 5810478 5812426 582985 5835.26
1 5757 4112 5761463 5763466

Qk 2 5692 .39 569382 5711.48 5716470
3 5623+44 5631474 5647.99 5650474
4 5574414 5578430 5581485 5582.94

Table XXII

Combinations AQF“(K) = RQK -PQK for (//1 * //2)
-1 el

AgF"(K) em™L
K A B d D ?Ken
1 118,39  118.44 118,37 118456 118455
2 230,26 230,72 250,12  230.37 250437
3 353,72 333,49 333,94  333.69
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The results of the comparison with the ground state of 2 /gy

are quite favorable as shown in Table XXII, indicating that we

have made the correct assigmments, and that this trensition at

5790 cm™ arises from the
ground state of HNCO, having
the rotational constants cal-
culated in the section on

2 #j.ge From these rota-
tional cons tants and the
data of Table XXI, we have
cong tructed the energy
level dlagram for the upper
state of (44 ¢ /) in Fig.
XVIII. The energles given
are the respective energies

above the ground vibrational
state with K = O.

623603 cm~t

6222.52
6218.22

6035.45
s 6034.14
6030470
6026453

5911.26
o 5908.38
5892.43
5883.90

5835425
1 5829496
5812.31
5810.86

0 5793.81
5791.78

5787.80
K!

Fig. XVIII

Energy above rotationless
ground state for the upper
level of the band at 5790 cm™
(not to scale).

1
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These quadruple levels could arise from Coriolis perturbe-
tions or from Fermi perturbations. The frequency shift due to
a Coriolls perturbation 1s proportional to J(J ¢ 1). Since each
RQK and PQK transition involves many different J values, a Corio=-
lis perturbation would cause the resulting levels to be conslder-
ably spread out. The maxima of Fig. XVII are relatively sharp,
so it is more likely that the perturbations in this band are
Fermi perturbations, which do not increase with J.

Each RQK and PQ'K "group" of Fig. XVII gives a similar pattern -
two strong bands within two weaker bands, as

R

___}e .

The spacing 1s unsymmetrical, that is d#e. If the spacing
were symmetrical, this patterm could be obtained if two levels
interacted and the » and - K levels interacted differently.

It is shown in Appendix XI that three close-lying, inter-
acting levels can give rise to the unsymmetrical pattern shown
above. This is presented as a possible cause of the appearance
of the band at 5790 cm .

There are several combination levels having frequencies
close to 5800 em™t, Four examples, all of the same symmetry,

A', are



T

5814 cm™1

o

e

1

4 *

5820
2

AN

* 43/%

21/2’2;/6_ 5816
R &g Vo 5856

Where these levels should fall exactly is not known as the an-
harmonlic constants in the potential energy expression are un-
knowme Several other combinations can be made to glve similar
frequencles, but the fact that there are at least three levels
near 5800 em™l 1is sufficlent to offer a possible explanation of
the structure of the band (44 ¢ 445), as shown in Appendix XI.

He Vibrational Frequencies of Isothiocyanic Acid

The spectrum of HNCS was mapped from 2-15 mlcrons with the
Beclkman IR-2 spectrometer. This spectrum is shown in Fig. XIX.
The spectrum of HNCS was also observed under high dispersion from
1-2.,7 microns. The bands 1n thls latter region are not shown
here, with the exception of 2 bi in Fig. XX. However, all of the
observed frequencies attributed to HNCS are listed in Table XXIII.
The frequencies Lﬁ, kg, and pé were not observed. Instead
they were cal culated from the observed bands assigned to
2H, Mo v Ko 28 MLt Fsr FL* Fo 2] ¢ K5,
2V & Vg For Vo Fi v 44, md 2#] ¢ /4. These combin-
atlions are quite consistent with the observed frequencies of

Table XXIII.
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Table XXIII
Vibrational Frequencies of HNCS

Observed Relatlive Calculated
Assignment Frequency Intenslty Frequency
e =1 em=1
/(§bs,a") 616 cm™l
Vs(nCs, A') 543
¥, (m¥g) 660
Va( «NCS ) 100021 25
Vol «NGS, ) 19725 100
V41 (N-H) 353085 50
2 Vs 1086e1 5
Fs v Vg 1154¢1 10
2V 1251¢l 10
6 —
Vo v ¥, 264085 10 2632
2 . 395085 042
2 —
K K 407545 0e5 4073
ot H 4155¢5 2 4146
HrH 419025 4
H o Fs 45105 0.1
ot H 550345 0.2
2/, 6914¢l 5
2V, ¢ ¥g 745585 0.1 7457
N SR A 7545¢5 0.2 7530
2V ¢ ¥, 757345 