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PART I. STUDIES CF SCME ABSCRPTICH SPECTRA IN

THE PHOTOGRAPHIC IITFRA-RED.



ABSTRACT

Absorption of formaldehyde and difluoro-methane uvnder low dis-
persion in the photographic infra~red region is described, and ap-
proximate vibrational assignments made. An attempt was made to
study some of the bands of difluoro-methane under high dispersion,
but does not yield much information. The C-H band of formic acid
monomer photographed wnder high dispersion is discussed. It has
the same rotational structure as the O-X bands. The small moment
of inertia is calculated for the third C-H vibrational state, and

the band origin located.
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STUDIES OF SCOME ABSCRPTICH SPECTRA IH THE PHOTOGRAPHIC INFRA-RED.

1. Formaldehyde.

The spectrum of formaldehyde vapor has heretofore never been
photographed in the infra-red region. It was the purpose of this
investigation to do this, and it was further hoped that the third
harmonic C-H bands might be obtained and photographed under high
dispersion, thus possibly yielding data of interest regarding mole-
cular constants in the excited state. The third harmonic bands
lie at too long a wave length to accomplish this, however, as will
be described below.

The infra~red spectrum in the fundamental region and some of
the ultra-violet spectrum have been obtained under high dispersionl
and analyzed. The fundamental C-H stretching frequencies are at
2875 cm.—l for the perpendicular vibration and 2780 cm.-l for the
parallel. These are markedly low as cﬁmpared with C-E frequencies
in other molecuvles, but if the anharmonicity constant were normal,
it was thought that the third harmonics might lie in the photo-
graphically attainable region.

Experimental Procedure.

The main concern in working with formaldenhyde vapor is the pre-
vention of polymerization to solid products on the walls and windows

of the absorption tube. By having the walls very clean and the for-

- e s e e e oe e wm e

(1) Infra-red: Ebers and Mielsen, J. Chem. Phys., 6, 311 (1938).
Ultra-violet: Dieke and Kistiaskowsly, Phys. Rev., 45, U (193L4).



maldehyde very pure, it is possible to keep the material for several

' - “hours without polymerizing. The procedure followed in preparing

pure formaldehyde was that of Spence and Wilde. The absorption
tube and preparation apparatus were well cleaned with cleaning solu-
tion before use, and baked out to remove oxygen. The preparation
system was sealed directly to the absorption tube, and no stopcocks
were used. This treatment did prevent polymerization in the main
part of the system, but where the vapor came into contact with mer-
cury, as in the manometer and liguid air trap to the mercury pump,
nolymerization occurred. This was not rapid enough to cause any
trovble, however.

The pressure was regulated by the temperature of a cold ace-
tone bath on the trep containing liguid formaldehyde. During the
exposure it was kept at fifty centimeters. The absorption tube
was ten feet long. A Bausch and Lomb Littrow glass prism spectro-
graph having a dispersion of 7O A per mm. in this region was wused,
with a slit of .1 mm., and Eastman 1 Z plates hypersensitized with
ammonia solution. The source was a 500 watt tungsten projection
lamp. The wave-length calibration was obtained from Na, X, Ca, and
Ba arc lines, from the salts on a carbon arc. A background expo-
sure using the empty absorption tube was taken alongside the ab-

sorption exposure.

(2) Spence and Wild, J. Chem. Soc., 338 (1935).
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There was no absorption found in the third harmonic region strong
enouzgh to be seen, although the plate was darkened to about 11,900 .,
the limit of its sensitivity. Two weak higher harmonic bands were
observed, at 10,355 & and 9590 & (9654 o B 10,425 By P
pectively). The' latter of these had a doublet structure. Neither
0f these wias> attempted with high dispersion; because of their
weakness, a much longer absorption path would be reguired.

Discussion.

The doublet nature of the 10,425 cm.—l band is indicative of a
parallel-type band; this band is also in the correct region for a
fourth harmonic C~H stretching vibration band. Hence, it may be
either the 4¥, or the 2Vy + 2V, overtones. Aséu.ming it is 4,
one calculetes an anharmonicity constant w  x _ of 58 cm._l, which
is abnormally high compared with C-E vibrations of other molecules,
where it is 35 cm.—l on the average. This together with the low
fundament al frequ.enc.ies explains why the third harmonic falls at
such a long wave length that it could met be found with the photo-
graphic technique; it would occur at 12,500 A, Indeed, the absorption

3

curves from 1 to 5}4 published by Patty and Nielsen” show a band

P T SO

(3) Patty and Nielsen, Phys. Rev., 39, 957 (1932).
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at 1.2% » Which is therefore one of the third harmonic C-H

stretching vibrations.
bend

The 9654 cm.—lhis undovbtedly a combination of a third har-
the
oy |
monic C-H stretching vibration with one ofA15QO—1700 cm. — fre-

guencies.

2. Difluoro-methane.

This molecule was investigated to determine its general ab-
sorption in the vhotographic region, and particularly to obtain
the fine structure of the third harmonic C-I bands, since the moments
of inertia are sufficiently small so that this might be accomplished.
It was not found possible to do this, however, because of the over-

lapping of a strong atmogpheric water absorpntion band.

e

Experimental Procedure and Results.

A small cyliﬁder of difluoro-methane was obtained through the
courtesy of Dr. A. F. Benning of the DuPont de Nemours Company.

The boiling point was given as -51.7°, and the sample was substantially
pure. The sample was held in a trap in a dry ice-acetone bath,

and the absorption tubelwas filled by warming the trap wntil a suit-
able pressure was obtained.

A low dispersion photograph was taken, with the gas at a pres-
sure of fifty centimeters in a six meter absorption tvbe. The low
dispersion spectrograph, photographic materials gnd wave length cali-
bration were as described previously. Several bands were observed,

whose wave lengths and probable assignments are given in Table I.



The four third harmonic bends were fairly strong; the two low fre-

quency ones of these are in the low sensitivity region of the plate,

Table I. Bands of CHpFp in the photographic infra-red region.

-A(i.)'V(cm.—l) Assignment

11,790 8,480

11,620 8,610 Third harmonics of

11,410 8,760 C-HI stretching

11,250 8,890

10,350 9,660

10,200 9,800 Combinations of above

10,080 9,920 with 1000-1300 cm. =t
9,740 10,270 frequencies.

8,970 11,1k0 Fourth harmonics of
8,890 11,240 C-H stretching

nowever. The 11,410 4. band had an envelope of the perpendicular
type; while the 11,250 4. band had one of the parallel type, with
a well-defined douvblet structire. Figure 1 shows thevappearanee
of these envelopes, as idealized from a microphotometer trace and
visual insPeétion. The combination and fourth harmonic bands were
extremely weak.

Several attempts were made to obtain high dispersion photographs
of the 11,&10.3. band. A six meter absorption tiube was first used,
with a 32-32 candle power headlight lamp as source. The spectro-
meter used was the twenty-one foot gratingVSpectrometer, having a
dispersion of about 2 A per mn. in this region. The slit width was

.2 mr. Hypersensitized Eastmen 17 plates were employed. Third
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Tigure 1. Bands of CHpFp, 11,000 & tq,12,00 &, Envelopes
of two low frequency bands are not known.

Figure 2. Axes of inertia and CH stretching vibrations
for CHaFg.




order iron arc lines were used for calibration. During absorption
exposures, the slit was covered with a red glass filter to cut out
higher orders than the first.

With this armangement, twenty-four hour exposures gave fairly
good pictures. The water band with origin at 11,360 A. overlies
this whole region, however. The structure of the difluoro-methane

a
bands stands out so little from the backgrouwmnd that the water lines
precluded any further analysis. There was a strong sharp § branch
observed, whose sharp edge lay at ll,2h7.7 E., just at the center
of the band measured in low dispersion, and which converged rather
unusually to the red. The only other structure that could be de-
tected was an occasional weazk line between the water lines.

Efforts were made to improve the difluoro-methane absorption
by using a 500 watt lamp and a seventy-five foot steel absorption
tube. The inner surface of this had béen corroded by previous use
with acids, however, and not enough light could be gotten through
to expose the plate sufficiently before fogging occurred.

Yo attempts were made to photograph the other bands under
high diépersion, because of their weakness o£ unfavorable situvation.
Discussion.

If one accepts the assignments of the four bands in the 11,000 3.
region as the four third harmonics of the symmetric and antisym-

metric C-H stretching vibrations y  and v, then two of the bands,
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3 Yy and Ve * Z'Ua,will arise from electric moment changes along
the intermediate axis of inertia, and the other two, ZZ/S +-Va and
3 va, will have electric moment changes along the axis of greatest
inertia (see fig. 2). The former two (intermediate moment) should
have no § branch, while the latter two (greatest moment) éhouldu.
From this criterion we would make the following frequency assignments,

. n 3 . - ©
on the basis of the presence of a § branch in the 11,250 A. band:

3y, 11,250 &
2 )' L
v, v, 1,401
- -]
=
v, tay, 11,620 A.

3v, 11,790 &

This agrees with the rule that an antisymmetric frequency is higher
than the corresponding symmetric one. Another argument for this as-
signment is that the Q branch converges to the red, and the intensity
distribution of the P and R branches indicates a similar convergence
for them. Thus the moments of inertia decrease in the upper state.
For a symmetrical vibration, an increase would surely be expected.
Lodking at the molecule as an almost - symmetrical spindle
rotator, both of the types of vibrations involved here are per-

pendicular to the pseundo-symmetry axis, and so should appear in

(4) See in this connecticn the envelopes given by Badger and Zumwalt,
J. Chem. Phys., 6, 711 (1938).
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general like perpendicular - type bands”’. This is not true for
the 11,250 ) band, however; it has the parallel - type envelope.
There is really no anomaly here, however; it is very probably a
breakdown of the approximation of considering the molecule to be a
symmetric top.

The interpretation of the four 10,000 L. vends as combinations
follows from the Raman fregquencies of the 1iquid6; there are four
frequencies there between 1000 and 1300 cm.~1 which might be in-
volved in such a combination.

3. Formic Acid.

A partial analysis has been made of the rotational fine structure
of the third and fourth harmonic C-H bands of formic acid monomerY.
In this work, the third harmonic C-H band was similarly investigated
under high dispersion. It was originally hoped in studying this
band that it would be possible to find the intensity of the QQ
branch relative to its intensity in the O-E Dands. In the C-X vi-
bration, the change of electric moment is almost parallel to the in-

termediate axis of inertia, and the QQ branch should be small. The

0-# bands, on the other hand, involve a change of eleciric moment

(5) The momentg_of inertia calculated from a likely model are 92, &1
end 1621070 g. cm.?

(6) Glockler snd Leader, J. Chem. Phys., T, 382 (1939).

(7) Baver and Badger, J. Chem. Phys., 5, 852 (1937).

Thompson, J. Chem. Phys., I, 453 (1939).
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with components along both intermediate and minor axes of inertia,
and consequently have a noticeable QQ branch. Because of background
unevenness it was impossible to decide to what extent a QQ branch
was present in the C-H band, but it surely was not very prominent.

T 1od reported this band at 11,700 & . from low dis-

Thompson
persion photograpns. This was confirmed, and the rotational analysis
described below shows it to belong to the monomer, so it is un-

doubtedly the third harmonic C-X stretching vibration.

Experimental Procedure and Results.

The formic acid used was Baker and Adamson's reagent grade.
Distillation from a sodium formate -concentrated svlfuric acid mix-
ture8 in a one-foot column further removed water. The fraction
used came over at 100.4 - 101.4° (wncorr.). The distillation system
was protected from moisture by a Ps0g tube. The formic acid was
then transferred to a trap on the absorption tube under conditions
wnich excluded water.

The absorption tube was of glass, ten feet long, surrounded with
a heating coil of iron wire, and asbestos wrapped. During exposures

the tube was kept at 110 - 120°, and the trap containing the acid at

(¢) Hamel, Chem. Zent., (I), 1701 (1905).



9% - 105°. This gave about one atmosphere of pressure (normal

boiling point is 101.8°). Under these conditions, the formic acid

9

ronomer pressure is about 400 mm.”.

A 500 watt tungsten projection lamp was the light source. The
twenty-one foot grating spectrometer was used, with slit at .2 mm.,
and other experimental details as described previous ly.

Because the band occurs in a very insensitive wave length re-
gion of the plate, it was found that plates fozged before being suf-
ficiently exposed. Recourse was had to the use of a plano - convex
cylindric lens which had been obtained and mouwnted for this pur-
pose by Professor Badger. This has a focus of 25 cm., an aperture of
M.B cm. , and is six inches long, enovgh to cover the region of in-
terest. The image is compressed vertically by a factor of three or
more by this lens, allowing correspondingly shorter exposure periods.

The lens was placed with the plane side towards the grating.

It was adjusted perpendicular to the beam from grating to plate by
interposing a small mirror between the grating and lens, and setting the
lens so that the light reflected from the plane surface came back to-
ward the grating. The cylindric axis of the lens was adjusted paral-
lel to the plane of dispersion by tilting until the yellow mercury

arc lines as viewed from the plate position were vertical. The

(9) Coolidge, J. Am. Chem. Soc., 50, 2166 (1928).
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focus of the grating is not greatly changed by the introduction of
the lens. The focus was adjusted by trial, the grating carriage
being moved until a focus plate of iron lines showed sharp focus.
When_finally adjusted, the iron lines were vertical, and self-
rsversal could be clearly seen. The lines were slightly broadened,
the result of an aberration introduced by the cylindric 1ens10.
The aberrstion is negligible compared to the slit width used here.
Since the cylindric lens made it impossible to place an iron
arc reference spectrum alongside the absorption spectrum, calibration
was effected in the following way. Some sharp atmospheric water
lines which were off to one side and had mt gone through the lens
were used as references, and absorption maxima of the formic acid
band measured relative to these on the corparator. A plate was
taken of atmospheric absorption, using the cylindric lens, and an
iron arc superposed on this. The arc lines that had gone through
the lens and lay in the same region as the formic acidé band were also
measured relative to the same water lines, and the calibration thus
accorplished.
Several formic acid plates were taken with the cylindric lens,

of wnich two were sufficiently good to show some band structure,

(10) Bowen, Astropiys. J. , 88 (2), 113 (1938
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namely, several PQ and RQ branch maxima. The exposure times re-
quired were about 13 hours. TUnfortunately, the backgrounds were
extremely irreguvlar, which made it difficult to measure the maxima
accurately and impossible to tell about the presence or absence of
a QQ branch. Figure 3 shows the microphotometer trace of the band,
obtained by superposing the two plates exactly and running them
through the microphotometer. This removes some of the background
irregularity and grain.
Discussion.

The formic acid monomer is almost a symmetrical top molecule,
the two largest moments of inertia being nearly egqual and much
greater thaﬁ the small. Thus the levels might be fitted by the

¢

exXpression:

el §J(J +1) + (+-8)%* |, K&J

where A and B are the large moments of inertia and C the small one.
This expression was found by Bauver and Badger7 to fit the O-II bands
P 1 R\ Q({ P\ = b A
very well, for K>»3. The "¢, ¢, and & branch maxima are the tran-
sitiors AK = +1 with AJ =0, AK = 0 with AJ =0, and AK =

-1 with &aJ = O respectively.
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Since a %Q branch could het be picked out, there would be
ambiguity in the numbering of the maxima according to X values in the
lower state. The assignment of K was therefore made by choosing
that numbering which gave the best agreement of Y- § for the ground
state as determined in the more accurate O-E band analyses. This
is most consistent, furthermore, with the intensity distribution.

The constants for the ground and upper states are calculated from

the combination relations,

R. P
QK) - "Q(x)
y' - gl = IR

Y" _ S" - RQ(K-l)W* PC{;(K +1)

,
where single and douvble primes refer to upper ané.lower states
respectively. The guantities &' and 8" can only be evaluated from
P or R branches, i.e., where transitions AJ = +1 occur. Since
these have not been resolved in this band, we can again use the fact
that for the O-H band, §' = §" = 0.3L8 s> Then we obbain

y"' =254 (cf. 2.559 of Bauer and BadgerY) and ¥Y' = 2.509, giving

40 Lo

small moments of inertia of 11.02:107 ' g. cm.?® and (L1.16+10)10°
g. cm.? is the ground and third C-H vibrational states respectivelr.

N : -1
The band:origin is at 8507.7 cm.
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Table II. Frequencies and combinations of maxima

in formic acid band at 8507.7 e

R, ) R P, R
X Q Eg Qx) - "qx) "Q(x-1) - ?9&K+1)
Lx UK
0 8509.98¢
1 §513.67 8504.81 2215 2.170
2  8518.29 8501.30 2,124 2.256
3 ghpe.72  8U4%s.e2 2.258 2.202
L gre5.89 2Loel. g7 2.126 2.219
Fogn29.77 gugr.e2 2.128 2.165
6  8535.06 8lg2.59 2.186 2.177
7 8538.66 8477.5 2.183 2.21k
g gshe,ug gh73.07 2.169 2.188
9  8546.80 8U4LS.63 2.171
10  8550.04

avg. y' -8 for K>3 2.161 ; avg. dev. .022

avg. y" -8 for K>3

1

2.193 ; avg. dev. 019
The valves are believed to be better than

the average deviations indicate, since the de-

viations are less for the more accurately measure-

able higher K maxima.
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Abstract

Experiments on the freezing point depression of solvtions of
eth1l alcohol in carbon tetrachloride are described, and the as-
sociation data derived therefrom are comparéd with spectroscopic
measurements by others. It is concluded that the narrow O-H

band in dilute solutions is due to monomers only. The O-H frequencies
in the polymer are discussed. lonomer-dimer equilibrium constants

for ethyl alcohol, benzyl alcohol, and phenol are corpared. Yidths

of association bands of hydroxyl compoivnds are discussed, and the
temperature effect on the frecuency of association bands described.

An elementary theory is given to explain these features of the

association bands.
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STUDIES OF THE HYDROGEN BCND

Although the phenomenon of hydrogen bondingAhas been recog-
nized for several years and the spectroscopic study of it has brought
forth a large number of papers, there are several questions concern-
ing it about which little is known. The work described below is
an attempt to further elucidate the questions of internal and free
energy of hydrogen bond formétion, and the interpretation of some

of the spectroscopic details.

1. Freezing Point Depression of Solutions of Ethyl

Alcohol in Carbon Tetrachloride.

Much work has been done on the study of hydrogen bonding by
physical means (freezing point depression, distribution coefficients,
etc.). It has generally been done with complicated molecules, how-
ever, and almost invariably in solvents such as benzene, vhere there
is a large iﬁteraction with the solvent. Tﬁis makes interpretation
difficult if one is interested in hydrogen bonds themselves.

It was undertakenn by Professor R. li. Badger and myself to
measuvre the freezing point depression of solutions of ethyl alcohol
in carbon tetrachloride, since here the results should be much

less ambiguous.



FPigure 4. JFreezing

point apparatus.

rubber cylinder




Bxperimental Procedwe.
Commercial absolute ethyl alcchol was used, and further dried

for several days over anhydrous sodium sulfate. The carbon tetra-
chloride was reagent grade, A one-tenth normsl stock solution was
made up, and dilutions of this used in the runs. A copper-coated
Dewar flask was used as container. A large diameter test tube for
holding the solution wés supported through a hole in a rubber stop-
per which fitted over the mouth of the Dewar, and theBeckmann ther-
mometer and stirring rod introduced through another stopper into the
test tubef Different methods of stirring and cooling were originally
tried. ‘The technique described below was finally adopted as giving
a good rate of cooling and efficient stirring. The stirring rod
entered the apparatus through a glass sleeve; water vapor was pre-
vented from entering by fastening a cylinder of sheet rubber to the
sleeve and to the stirring rod (see figure 4). The stirrer was
driven in a reciprocating motion by an eccentric attachment to a small
motor.

In meking a run, the solution was cooled almost to the freezing
point, and the Dewar separately cooled with cold acetone from a dry
ice bath. The Dewar was emptied, and the tube containing the solu-
tion and thermometer placed in it. This resulied in a cooling rate
which was sufficiently slow té give a good cooling curve. The tem-

perature was read after 15 sec. intervals, using a telescope and
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reading to .00l degree. Cooling curves were constructed from the
readings, and the freezing point read from these. Supercooling of
about one-tenth degree was observed in nearly every case.

Results.

The results are given in Table III. Those on pure carbon
tetrachloride and the dilute solutions are more discordant than the
concentrated solutions, probably because the stirrer stuck due to
the formation of larger crystals in the former case. The freezing
point valuves are averages of from two to four good rums. The errors
are estimated from the deviations.

The value of the freezing point lowering constant for non-as-
sociat ing molecules is taken from other sourcesll, since it cannot
be obtained with any certainty here by‘extrapolation. This quantity
divided by the observed lowering per unit concéntration gives the
polymerization number, n, l.e., the average number of CHs0H groups
per molecule. Figure 5 shows the experimental values of n plotted
against the formal concentration Q, with the estimated limits of
error, and a smooth curve drawn throuvgh to represent the dependence.
Discussion.

It is readily shown that the limiting slope g% is equal to the

equilibriuvm constant of the reaction,

(11) Beckmann and Vihtig, Z. Anorg. uw algem. Chem., 67, 17 (1910).



Table III.

Freezing point depression measurements

on solutions of ethyl alcohol in carbon tetrachloride.

formal freezing ,
conc. point ** AT )
q _.T _.AT e_ _"at

0 3.760+.012 © (18.7)* 1.00
.0103  3.607+. 014 .153+.026 14.8 1.26
.0258  3.425+.010 .335+.022  13.0 1.44
L0517  3.292+.004  .46g+.016  9.05 2.03
.1033  3.028+.001 .732+.013 7.08 2.64

* Value for K, the lowerinz constant for non-associating mole-

cules, from reference 11.

**Freezing point on the arbitrary scale of the Beckmann thermometer;

the true freezing point of pure carbon tetrachloride is -22.9°C.

Table IV.

for CpHg0H

Some of the association equilibr%pm constants

in CCl,, as calculated by Lassettre's method.

-239 +200 +20°
E = 6000cal. _E = 7000 cal.
K2 29.5 L. 99 3.72
Ks 1,006 28.8 16.00
Ky 37,000 Ti8.7 74.0



b

b




20oH0H =  (CpHg0H),.

Evaluation of this slope leads to a value of 23 + U for the constant,
making allowance for the uncertainty in the curve.
One can go further and calculate a whole set of equilibrium
constants for the continued association, using the method of
) )

12
Lassettre™ . This method is based upon the fact that if the poly-

merization number can be expressed in the form,

(1) n=1+gQ +8N,
where N(:%) is the true total concentration of all polymeric species,

then the equilibrium constants KZ can be expressed as functions of

a and 3.  Here,

=
Olo
[T £

is the constant for the particular association,

LCoHs0H == (CoHs0H),

and CZ is the concentration of thg polymer (CZHSOH)z. Over the range -
of concentrations studied here, n can be approximately fitted by an
expression like (1) above with « = 9.10 and B = 20.4. It is of course
to be recognized that many other sets of equilibrium constants will
represent the data to within the experimental error; the individual

constants obtained from this treatment may not have much validity in

(12) Lassettrz, Chem. Rev., 20, 281 (1937).
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themselves, but taken all together they very likely give a fair
representation of the process of continued association.

Unfortunately the results of the freezing point measurements
can not be directly compared with data obtained from other types
of measurement made at room temperature. A correciion of the equili-
brium constants to room temperatuvre has conseguently been made as
follows. Ve make thé very reasonable assumptions that the association
is completely due to hydrogen bond formation, and that the hydrogen
bond energy is constant, irrespective of polymer size. However, we
do not have a precise value for this energy. Estimates have been
made from the heats of vaporization and sublimation of liquid ethyl
alcohol, giving about 6800 calories ver molelB. In solution in an
inert solvent, we might expect about the same. Hydroxyl groups are
capable of forming weak hydrogen boads with carbon tetrachloride
molecvles, however, so in this solvent the energy should be reduced.
Another estimate of the energy in solution can be obtained from the
spectroscopic transmission curves published by Errera, Gaspart and
Sacklu. Curves are given for etayl alcohol solutions in carbon

tetrachloride at 20° and at 55°C. 3By finding a concentration at one

temperature which has the same absorption curve as another concen-

(13) Badger and Baver, J. Chem. Pnys., 5, 851 (1937).
Pauvling, "iature of the Chemical 3ond," Cornell University Press
(1939)’ - 28”—.
(14) Errera, Gaspart and Sack, J. Chem. Phys., 8, 63 (1940).



tration at the other temperature, the ratioc of equilibrium constants,
and hence the energy, is approximately given by the ratio of these
concentrations. The energy calculated in this way is Ttetween 6000
and 7000 calories. In Table IV are given some of the association
constants as calculated from Lassettre's method, at -23° and also

as corrected to +20°, assuming energy (héat content) values of 6000
and 7000 calories per mole. From these constants, curves have been .
calculated giving the monomer concentration versus formel concentration
at +20° for each energy, and also true total concentration, N, versus
formal concentration for each energy value. These curves are used
later in the interpretation of spectroscopnic resuvlts.

The estimation of the monomer-dimer constant from the limiting
slope is valid, and makes no assurptions about the rest of the con-
stants. The Lassettre treatment gives a somewhat different value
for this constant because of the approximations inherent in it.
Correcting the true constant from -23° to +20° using an energy of
6000 calories, we get 3.9 as the monomer-dimer constant at room tem-
perature, with a large error possible due mainly to the lack of
precise knowledge of the energy of the bond.

If one could measure the association by non-spectroscopic means
at room temperature, one could obtain information about the energy

ventities, and also have results that would be directly comparable



with spectroscopic observations. 4 method is being developed to ac-
complish this by measuring deviations from Henry's law, but so far
no resuvlts have been obtained.

It is to be expected that for aliphatic alcohols, association
as measured by physico-chemical and by spectroscopic methods should
be identical. TFor phenols, however, this might not necessarily
be the case, since other tyves of association than by hydrogen

toads might occur.

2. Calculations on Suantitative Srectroscopic

Measurements and Their Interpretation.

Perhaps the most direct and usefuvl way to study the energy
relations of hydrogen bonds is that of infre-red spectroscopy. In
order to obtain reliable data by this method, it is necessary to
be able to make accurate quantitative intensity measurements, to
have good resolving power if narrow bands are being measured and
to go down to very low conceﬁtrations. Such measvrements should rive
equilibrium constants at one temwerature, and if carried out over a
temperature range, should yield the energies of formation of the
bonds. Only a very few papers have appeared in which many of these
conditicns are fulfilled. The lower aliphatic acids in the vapor
phase have been studied over a temperature range by Hofstadter,

- 1
Herman and co-workers

Wt

,» and the monomer-dimer energies determired.

(1%) Hermen, J. Chem. Phys., 8, 252 (19u0).
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l. 7
On solutions, there have appeared vapers on ethyl alcoholll, phen0110’17’18

and bengzyl alcoholl9, all in carbon tetrachloride.

Comparison of Freezing Point and Spectroscopic Data.

In defavlt of beingz able to make exact absorption intensity
meastrements on ethyl alcohol in carbon tetrachloride to compare with
the freezing point data, some of the published transmission curves
of Errera, Gaspart and Sac}:ll'L in the 3 M region have been used for
this purpose. These curves seem adequate for a rough Quantitative
treatment, although they were not so used by the authors. They cover
the frequency range 3100 to 3750 cm.-l, and concentration range from
-125 to 8 volume per cent. They show the usuval narrow band at 3640 i
which is attributed to free hydroxyl grouvps and the very broad band
extending from 3100 to 3600 o~ whigh $ dhsvnseberlabie of the
hydrogen bonded hydroxyl. In dilute solutions the narrow band is
stronger, while in concentrated ones it is weaker than the broad
association band.

The calculations presented below are on the narrow 3640 cm.'-l
band in dilute soluticns at 20°C. The change of this band with

concentration is compared with association data derived in the last

(16) Fox and Martin, Proc. Roy. Soc. (London), alo2, 419 (1937).
(17) Kempter and liecke, Haturwiss., 27, 583 (1939).

(18) Vulf and Jones, J. Chem. Phys., 8, T45 (1940).

(19) Fox and Martin, Trans. Faraday Soc., 36, 897 (1940).



section. The spectral slit width was about one third of the half-
width of the band, so that there should not be much falsification of
the value of minimum transmission. The measurements made from the
curves are given in Table V. The transmissicn coefficients

for several frequencies were talken, and the formal absorption coef-

ficients & calculated from the usual relation

1 I
@=-g 181,
vwhere & is as before the formal concentration and £ is the path
length in centimeters. The absorption coefficients were plotted,
and small background correctiont estimated. Since the shape of
this band does not change noticeably with concentration, it is suf-
ficient to take the maximum absorption coefficient minus the back-
ground correction as a measure of the strength of absorption, rather
than the integrated area under the whole band. Fox and L%rtirlg
have investigated this procedure in detail for the sharp benzyl al-
cohol band, and found it to be valid. The valuves of corrected qﬁax.
so calculated are given in the next to last column of Table V.

Errera et al. gave two sets of curves covering the concentration
rance of interest heres one set using a 1 rm. cell for the more
concentrated solutions, and one set using a 5 mm. cell for the dilute
solutions. One solution, .5 volume per cent, was run in both
cells and there is a discrepancy between the two values of Q .

which is too large to be accounted for by errors in transmission

measurements. It is in all probability due to errors in measuring
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Table V. Calculation of absorption coefficients of maximum of
3640 cme > band, ethyl alcohol in carbon tetrachloride
(from transmission curves of Errera, Gaspart and

Sack, J. Chem. Phys., 8, 63 (1940).)

formal

volume conc. transmission

percent o) T=%, £ _o _a* o Sk
.125 .01y . 238 .5 582 56 56
.25 .oy .110 .5 uh.g U3 43
.5 . 0854 L0275 .5 36.5 3k 3hs
5 . 0854 o5 10 b3 Hi.s 0 3h.m
.75 .1282 .31 .1 38.5 36,5  30.5

1«0 .1709 276 .1 32.7 30.5 25.5

*  Corrected for background

** Corrected for cell discrepancy



the cell lengths; indeed, correcting the %ox values for the 1 mm.
cell by a multiplicative factor so that the .5 volume per cent solu-
tions match makes all the amax values fall on a fairly smooth curve

(see last colum of Table V).

The & ox. SO calculated is not constant, ss it would be for
substances wﬁich do not associaste, but is related to the concentra-
tion of absorbing groups, Ca’ thus:

c
&l oz, T 2 %

where Qg 1s the true absorption coefficient of absorbing grouws,
and is a constant independent of concentration (assvming the Lanbert-
Beer law, of course).

As to the identification of the absorbing groups, two ways of
interpreting the 3640 cm.'1 band have been suggested. Either it is
due to all the hydroxyl groups vhich have not acted as the donor of
a hydrogen bond (free hydroxyl groups), of which there are one per
polymer irrespective of sigze:

free hydroxyl group
Ay
...g_H...g_H. ...g_H

or else it is due to the monomers only, the frequency of the free
hydroxyl groups on the polymers being changed simply because the
oxygen has become the acceptor of a hydrogen bond. In the first
case, the guantity C_ in (2) is W, the total concentration of all

polymers; in the second case, Ca is C;, the monomer concentration.
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Now by choosing an appropriate value for a, and knowing the
dependence of N and C3 on § from the freezing point datéd we can match
the spectroscopic data. In figure 6 are plotted the five spectro-
scopically measured points that fall in the concentration range
covered by the freezing point measurements. There are also shown
calculated curves, which were constructed from the curves mentioned
on p. 87 giving the dependence of Cy and Il on § assuming the two
values for AE. 4n q, was chosen in each case to give the uest fit.
Two of the curves shown are on the assurpition that only monomers
absofb, and two that 211 pol mers absorb. It is seen that no one
of the curves fits well, although the 6000 calorie one fits best:
the inaccuracy in the spectroscopic points is one or two wnits of «,
so too good a fit is not to be expected. It seems reasonably clear,
however, that the asstmption that all polymers absordb gives too flaig
a curve to Fit the points; i.e., the rate of falling off of ebsorbing
groups with increase in concentration is too slow if we assume all

: -
polymers absorb. Hence we can conclude that the narrow 3640 e T
band is dve to monomers only.

16,17,15’ fhe

In all three papers on nhenol referred to above
authors made the assumption of regarding the absorption at the nar-
row band as due to monomers only, and fitted their data fairly well

by choosing appropriate equilibrium constants and absorption coef-

ficients. The procedure described above, however, which uses eguili-
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brium constants derived from non-spectroscopic measurements, removes

the gratuitous character of this assumption.

Frequencies of the Polymers.

The gquestion naturally arises as to what becomes of the free
hydroxyl frequency of the polymer. One explanation would be that
there are no such free groups, the polymers closing up in rings.
This would require the dimer to be something of the type,

(3) CQHS—O(H\\O-CQHS .

\H/
This hypothesis has in its favor firstly the fact that it explains
the absence of free hydroxyl group polymer absorption from the re-
gion of monomer absorption, and secondly that if such dimers as (3)
occur, the hydrogen bonds in them might be somevhat weaker because
of steric conditions. Now the association band is actually found

E
15,16,19 having a moderately broad band (A band)

to be composite,
at about 3500 o kol 18 stronger in very dilute (4.1 molar)
solution than a very broad band (B band) at about 3350 e, Mhe

B bend increases rapidly in higher concentrations ( 2.1 molar), and
swarps out the A band. From this behavior, the various authors have
postulatedlthat the A band is duve to dimers, and the B to higher

polymers. If one uses the relation between Ifrequency shift and

o
energy suggested by BadgerLO, then the energy of the dimer bond w-iuld

(20) Badger, J. Chem. Phys., 8, 288 (1940).



raononer association bands
_bond A 3.
Ethyl alconol (Errera, Gaspart -1
and Sack 3640 cm. 3525 3305
Phenol (Fox and Martin) 3610 3470 3370
s 3620 _
Benzyl alcohol (Fox and lartin) 3640 3490 3350

be less by a factor of about one-half than that for higher polymers,
as would be expected for the weaker bonds of a dimer such as (3).

The presence of two such bonds ner dimer would, however, make the total
energy of dimerization about the same as that of an ordinary bond,
i.e., aboui 6000 cal. Regarding this hypothesis of the cyclization

of polymers, however, one is a little inclined to question the
stability of such complexes as (3), and, on grouwndsof entrony, the
stability of larger cyclic polymers. However, some apparently very
strong evidence in favor of dimers of the form of (3) can be adduced

21
s~ (SN 1
from dipole moment calculations made by Wilson =~ on ethyl alcohol

in n-hexane solution, from the data of Srythe and Stoopszz. It is
found that when M2/ Mgz is plotted against concentration, vhere
M Hg is the ratio of dipole moments in ;olution and in vapor, the
curve first decreases, going dowm from unity at zero concentration

- ew sm wm me e aw s ee e

21) Wilson, Chem. Rev., 25, 400 (1939).
22) Smythe and Stoops, J. Am. Chem. Soc., 51, 3312 (1929).



37

to 0.0 at O.U4 molar, and then rises uniformly to the very high values
characteristic of the large polymers. The initial decrease indicates
that the dimers have a smaller electric moment than the monomers.

If one assumes that the monomer moment is identical with that of

the vapor and the dimer moment is zero (as Wilson suggested), and
uses the equilibrium constant 3.9 of monomer-dimer association of
ethyl alcohol in carbon tetrachloride, then a curve of ,uz/ Hgg

can ve calculated wnich fits the Wilson curve fairly well in the
region of small concentration, where trimers and higher polymers

are wnimportant. The deviations from perfect £it are such that if
one vsed a larger constant, as would be anticipated in passing from
carbon tetrachloride, which bonds slightly to the hydroxyl group,

to hexane, which has very little interaction with the alcohol, then
the fit would be better.

There are other possible explanations for the A and B bands,
however. For instance, the A band might be the shifted free hydroxyl
frequency of the polymers, assuming they do not form rings, while the
B band is dve to the hydrogen bonded hydroxyls in the polymer. A
priori, we would expect these iree hydroxyls of the polymers, 1f
they have their frequency shifted at all, to have it shifted to lower

23 ; oo
frequency“). This exonlanation of the A and B bands suffers from

(23) The band in aliphatic alcchol and acid liquids and concentrated
solutions at ca. 9100 A (to the high frequency side of the third
harmonic monomer band) found by Badger and Baver, J. Chem. Phys.,

5, 839 (1937), must be attributed to some sort of an overtone in th
nigher polymers and 1s not the shifted free hydroxyl frequency as as-
sumed by Pauling, "lature of the Chemical Bond," v. 307. o such

band has been renorted in the fundamental or second harmonic regions.
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the disadvantage that from the great deal of work that has been
done on intra-molecular hydrogen bonds it 1s known that the acceptor
oY

oxygen does not have its hydroxyl frequency changed . This might
conceivably be duve to some difference between inter- and intra-molecular
bonds.

In any case, it should Dbe possible to distiﬁguish experimental-
ly between these two hynotheses, since the A band is in the first
case due to dimers, and in the second to all polymers. Careful
spectroscopic measuvrements might decide whether it increases with
concentration as the dimer does, or as all the polymers. Noune of
the work so far published is adequate to make a decision in this
manner, however.

It seems most probable that the true state of affairs is be-
tween the two extremes of corplete cyclization or none. The explana~
tion of the A band as duve to the dimer in the form (3) seems to fit
all the facts and does not contradict the evidence from intra-mole-
culer bonds, as an open dimer would. In the higher polymers, there
are probably both chain and ring configurations, with the number of
free hydroxyls from polymers corparatively small so that ia dilute

solution they are negligible cormared to the monomer.

(24) e.z., compare the curves for catechol and phenol given by
Tlf and ILiddel, J. Am. Chem. Soc., 57, 6L (1935).
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Free Energy of Hydrogen Bond Formation.

It is of interest to compare the kmown eguilibrium constants
of monomer-dimer associat ion.
18 e s o 5 ;
Wulf and Jones obtained a value of 1.7 for the association

constant of the phenol reaction,

at 25°C. Correcting this to 20°, using an energy of 6000 calories,

g % (o) T 17 q LYY
we obtain 2.0. Kempter and Mecke ' found this constant to be 2.3
at an unspecified room temperature.

PR . -19

From Fox and lartin's work on benzyl alcohol™, the constant
for this monomer-dimer eguilibrium has been calculated from the
published values of Q of the A band. Usinz this band as a
neasvre of dimer concentraticn, which is valid in dilute solution
regardless of whether this band has contrivutions from higher polymers
at higher concentraticns or not, the equilibrium constant can
be obtained from the limiting first and second derivatives of the
formal absorption intensity « with respect to concentration.

The relations are,

Uax
- o = ao K
% =0
deamax
. 2
~I0% = & QoK
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where Q, is the true absorption coefficient of thedimer at the
maxirmum of the A band, and K is as usuval the censtant for the
association,

2
3 1]

C
K = ==
C
The valuve obtained in this manner for benzyl alcohol is .U6G.
Tabulating the values {for monomer-dimer constants in carbon

tetrachloride, that have been obtained so fars

K(CCl, solution) AT® of association

Ethyl alcohol %% 9 -800 cal.
Phenol 2.0 =410
Benzyl alcohol U6 +150

The inaccuracies in the constants are not believed great enough to
change the order. If the energies of the bonds are about the same

in the three cases, then the free energies follow the order one

would expect from the relative entropies: the larger the radical,

the greater the probability of dissociating the dimer.

3. Widths of Association Bands.

One of the most striking features of the - infra-red absorption
band associated with the hydrogen bond is its great width as compared
with other vibrational bands. The band of methyl alcohol in liquid
or concentrated solution in the third harmonic, for example, has a
bl fomhdth (width of Balf of meximom jnbensity) of srowsd 700 om. -

Two rough empirical generalizations concerning the width of

association bands have become evident from some studies made by the



auvthor and from absorption curves published dy others. One of these
is that the width of the association band formed by a given molecule
bonding itself to various other molecules is roughly proporticnal
to the freguency shift. TFigure 7 illustrates thiélon methyl alcohol
in the third harmonic region. lNethyl alcohél monomers form weak
hydrogen bonds with carbon tetrachloride, as mentioned previously;
this is indicated by a shift of the monomer frequency of 25 cm.—1
in this solvent from its fregquency in the relatively inert solvent
petroleum ether25. This shift is accompanied by a slight broadening,
as indicated in figure 7. Furthermore, dilute methyl alcohol solu-
tions in benzene show the hydroxyl band to be shifted very consider-
ably and correspondingly broadened. This rather large effect is
undoubtedly due to the high polarizability of the aromatic ring.
These two cases together with the ligquid alcohol band are shéwn in
figure 7, and indicate the trend of the width with the freguency
shift.

A second generalization which can be made regarding the width
of association bands is that the width increases by a factor of two

or more in the second harmonic and of three or more in the third

P T e —

(25) This frequency shift might be explained in other words as due

to the increased electrostatic interaction of the hydroxyl dipole
with the more polarizable chlorine over the less polarizable hydro-
carbor molecules. This is just what we understand as a hydrogen bond
in cases where the interaction is more pronounced, however, so it
seems not unjustified to call tiis a wesk hydrogen bond.
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over that in the fundamental. Table VI shows the available data on

a few molecules.

It will be noticed that the data given are rather meager; this
is because the disPersion used in most of the published hydrogen bond
work is too low to obtain reliable estimates of band widths. HTever-
theless, the figures given indicate roughly the relation between
width and harmonic given above.

A gimple theory to explain the widths of these bands can be
based on the idea, suggested by Professor Badger, that the bands
are due to transitions from excited states of the very low freguency
bending and torsional motions between two molecules (or clusters
of molecules) which are held together by'a.hydrogen bond. - Assuming
there‘are m of these vivrations, and the fregquencies are so low
that we can treat them classically, the distribution of the systems

over the energy in thgse m degrees of freedom is,

(W) dn = 0B* ' e TV gm.

At a certain value of energy corresponding to dissociation of the
roups held together by the bond, the distribubtion is cut off. For
each of the upper O-E vibrational levels there will be a similar set
of low frequency levels, and a dissocistion limit. Anvenergy level
diagram would appear as shown in figure 8. An association band is

now to be understood as due tc transitions from the whole group of

lower levels to a group of upper ones. If we neglect any variation



Table VI.

H{ethyl alcohol
Ethyl alcochol
Prenol

Benzyl Alcochol

Half-widths of some associaticn bands

5
(half-widths in cm. )

Fundamental &nd harmonic  %rd harmonic

180% 700°
200° 500% 700°
310°
o0

a, - -
Buswell, Deitz and Rodebush, J. Chem. Phys., 5, 501 (1937).

bBa,dger and Baver, J. Chem. Phys., 5, 839 (1937).

®Errera, Gaspart and Sack, J. Chem. Puys., 8, 63 (1940).

OBrrera and Sack, Trans. Faraday Soc., 34, 728 (1938).

®Fox and lartin, Proc. Roy. Soc. (London), 4162, 419 (1937).

*Fox and lartin, Trans. Faraday Soc., 36, 897 (19%0).
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in transition probability among the group of lower levels, then the
band intensity distribution will be entirely determined by the
pdpulgtion distribution in the lower group. To discuss the transitions,
it is necessary to know how the two sets of levels interact, i.e.,

how a level corresponding to a certain set of quantum:members of

the low frequency vibrations changes as we change the O-E vibrational
quantum number. From the fact that the bands do get wider as we

go to successively higher harmonics, we can say that the low fre-
guency levels must spread apart in the wpper O-E vibrational states,
the more so the higher the state.

This is illustrated by the transitions shown in figure 8. Be-
cause of the spreading apart of the levels in the third O-H vibra-
tional level, the absorption arising from molecules in the energy
regions indicated at the bottom of the transition arrows occurs at
different frequencies; hence the association band is broad, since it
inclvdes contributions from the whole lower grouvp of levels. The
main part of the intensity will undoubtedly come from transitions
in which the low freguency vibration guantum numbers do not change:
contributions to the intensity from transitions in which these change
also will not affect the main argument, but wiil resvult in some ad-
ditional broadening.

This spreading apart of the levels must increase with harmonic,
as remarked above, to explain the increase in width with harmonic.

In order to mske rovgh numerical calculetions, it will be necessary
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to introduce further simplifying assumptions. Ve assume that the
spreading apart of the levels is linear, and is governed by the dif-
ference in levels represented by the Dn of figure 8; i.e., a given
level in the lower group whose ener above the ground is a certain

fraction of the dissociation energy of the lower group, D,, will

o?

occur in an vpper group with an energy above the "growmd" of the

el

upper group which is the same fraction of the "dissociation energy"

Dn' This assumpbtion leads to a linear relation between freguency

shift from bonded to non-bonded molecuvles and energy regquired to
dissociate the bonded molecuvles, and we know that this relation is

only very roughly true.
This assumption mentioned in the above paragraph was used in
Y : : 27 .
constructing figure & from the data on methyl alcohol ', since
xperimentally the only frecuvency that we can measure about the
polymers is that of the absorption maeximumn. Assuming that the

F1-m
L

maximom population in the lower group occurs at Bk 1020cm.

above the grownd (as would be true if all six degrees of freedom

(27) The freguencies used are (cm.-l):

fundamental 2nd harmonic 3rd harmonic

polymer  3,380% 6,690° 9,930%
rononer 3,630% 7,110° 10,440%

%Buswell, Deitz and Rodebush, J. Chem. Phys., 5, 501 (19 37).
bCalculated from quadratic term value expression
“Wulf and Liddel, J. Am. Chem. Soc., _5_7_, ek (1935).

1 Ty "’V
QBadger and Bauver, J. Chem. Phys., 5, 839 (1937).
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in the bond were of low emough frequency to be classically excited),
and taking the dissociation energy in the ground state as 6000 cal. =
2100 cm."l, we can construct the polymer levels corbining with the
level of maximum population in the lower group from the known polymer
frequencies. These are the levels LUOO, 7710, and 10,950 e
The "ground" of each upper group is then calculated from the relative
positions in the lowest group.

How if we assume, as mentioned before, that molecules in levels
of energy E in the lowest group make transitions principally to
levels in the upper groups of the same low frequency vibration

guantum merbers, then the principal absorption for these molecules

will occur at a frequency,

(5) v = 3150 + -2%193 E in the fundamental,
[+]
=Ty
v = 6290 + -Q%—i“ E in the second harmonic, etc. Further-

(=]

more, molecvles in the lower grovp which are separated by an energy
AL give rise to absorption freguencies to an upper group whicr are
separated by a frequency difference,
b -D
n_ e
D

AE .

(-]

Since we assume intensity is governed only by the lower grouvp popu-
D ~Dg
o . 5 s n < :
lation, this means that the quantity, —x— , which we obtain from
~o
freguency data only, should be a measure of the relative widths of

4

tme harmonics. The calculated relative widths turn out to be,



fundamental 150
2nd harmonic &20
3rd harmonic 280 .

Cormaring this with Table VI , it is seen to give an increase of
only two from the third harmonic to the fundamental, against the
experimental factor of more than three. The fact that a large
change is predicted is satisfying; considerin: the assumtions made,
not rmuch better agreement could be expected.

The theory also accouwnts qualitatively for the relation between
frequency shift- of one ty»ve of molecule bonding to various other
types, and widtl: of band. In terms of figure 8, this means that
the intervals between levels of the dissociated molecules remain

constant from one bond acceptor to another, but those of the associated

molecules move closer together the stronger the bond formed, cavsing

+

the quantities Dn to become large, and consequently produce a wide

e

Aroter effect which the theory accounts for, roughly is that

of the increase of frecuency of maximuaz absorption of the association
vand with temperatuvre. 4According to the picture given above, this

is duve to the chan. e in po ulation distribution ian the lowest group

of levels. The fregueacy of maximum absorption in the third harmonic

is given, according to (5), by,



w50 +2La g

; = QUR0 + =770

V=0 Dy max.

Ve have teken E _ to be HkT, so that

NaXe

"

dv  _ Dg-Dy ;4 - CH.
a7 = Iy e = L3 degree .

.
This can be compared with the experimental valve of 1 cm. — per

degree, obtained from vhotograrhs taken in this laboratory over a
temerature range ol -80° to +71° C. Again, considering the assumm-
tions, the agreement seems to be satisfactory.

An attemot has been madeg6 to explain the breadtn of association
bands as due simply to 2 swerposition of combination bands from
low-lying states of low frequency vibrations to an upper grovp of
such states. The breadth is presumably due to the combination fre-
guencies only; thishowever, does not explain the change in width
with harmonic, or the temperature shift. The necessary thing is
the interaction between the O0-H vibrational levels and the low fre~
quency levels, so that the &sfferens spacings in the lower and upper
groups of levels is different and thus accounts for the breadtn.

In conclusion, it night be worthwhile to summarize the nre-
sent satus of our knowled e regarding hydrogen bonds. TFor the com-

pounds that have been studied most exhaustively, namely the hydrexyl-

(26) Davies and Sutherland, J. Chem. Phys., 8§, 755 (1933).
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containing molecules, a rather good qualitative idea can be had of
the process of hydrogen bond formation and the spectroscopic
chan@es‘associated with it. Precise quantitative data are, however,
noticeably lacking. Xnowled:se about bonds formed by other than
hydroxyl groups is still in a rather empirical stage; in the case
of bonding by amino grouns, whicih 1s of prime importance, this is

o

due to the increased complexity introduced by the presence of two




PART IIT. THE Rallall SPECTRA CF CC1.F-CClF, AMD

CO1F5-CO1F .



THE RAMAN SPECTRA OF CC1.F - CC1F, AND CC1Fp - CCIF,.

In connection with the question of the configuration of
ethane-like molecules, some information might be exvected to come
from the Raman spectra of halogen substituted ethanes. Several
of these spectra have been publishedgg. Flvorine derivatives have
not oveen stuvdied so extensively, because of their unavailability
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unt il rather lately. The spectra of CHz - CFz 7 and CCl,F - CCl F
have appeared. This series has now been further extended by the
author and Mr. R. A. Spurr to inclvde CClzF - CClFg and CC1P, -
CClF5. The corpounds were obtained through the courtesy of Dr.

A. F. Benning of the DuPont de Wemours Company. They were used
without any further purification. The boiling points are U7.7° and
3.55° respectively. For the hignh-boiling compound, the licuid was
poured into the Raman tube, in which it was kept from evaporating
simply by a cork. The low-boiling one was distilled iato the
Ramen ttbe, and the tube sealed oif.

The spectrometer used had a dispersion of 7 mm. between the
4OUE and Y4358 %. mercury lines. The mercury arc was of glass, and

water cooled. Eastman D-C ortho plates were used. Exposure times

(¢8) See the bibliography given by Hibben, "The Raman Effect and its
Chemical Applications," Am. Chem. Soc. Monograph Series, Reinhold (1939).
(f9) Yost and Hatcher, J. Chem. Phys., 5, 992 (1937).

’20) Glockler and Sage, J. Chem. Phys., 8, 291 (1940).



were of the order of 12 %o 24 howrs. The svectra were calibrated

from an iron arc reference spectrum, employing a quadratic dispersion
equation and a correction chart. Wave lengths are accurate %o
better than on: ﬁngstrom.

For the CClpF - CC1lF,, no filters were used; this was the first
compouvnd Iun aﬂd showed no decomposition on exposure. Scattering
was measured from all three mercury 1lites, UOWH, U077, and U35g R,
Some subsequent compounds, however, were decomposed, so on the
CClF,; - CClFy a saturated sodium nitrite solvtion was used as filter.
This cut out nearly all of the 4OU6 and 4077 i mercury lines, so
that the only scattering line used was the U358. The plates showed
very little background.

The observed frequencies are given in Table VII.
We have available séveral other fluorine and mixed chlorine-
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fluorine derivatives of ethane, which will be done in the future.

So far no analysis has been made of the spectra obtained.



Table VII.

CClgF - CO1Fp

li(cm._l

171
208
2ug
290
%18
352
394
443
ue1
508
532
654
902
1048
1102

L1312
1211

CCl¥, -~ CClFp

170
255
31l
seT
o
403
43
500
SN
679
702
1058
1117
1170
1250

Abbreviat ions:

) intensity exciting lines
vwb a'y, ¢
VW at, ¢
w a, at, b, ¢, ¢!
w a; als ey ot
w a, al, b, ¢
v a, ¢
w a, b, ¢
m a, b
m a, b
w as b ¢©
w a, b, ¢
s a, b, ¢
wb a, b, ¢
w. &y B; ©
vvw a, ¢
vw a, b
w a, ¢
(all excited by U358)
w
m ant i
m anti
m
VVW
vV
s ant i
m
w
s
)
w
W
m
m

b (under intensity) = Rroad

a scattered from HOME 4.

b scattered from LOTT A.

¢ scattered from 14358 &.

prime - anti-Stokes line measured.

anti- anti-Stokes line measured.

ol

Raman frequencies of CCLgF - CClFp and CC1F, - CC1F,.
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SULLARY OF THESIS

In Part I, the absorption of formeldehyde and difluoro-methane
in the photographic infra~-red region is described and discussed,
and the third harmonic C-E band of formic acid under high
dispersion is described and partially analyzed, yielding the small
moment of inertia and the band ofigin.

In Part II, a study of the association of etryl alcohol in
carbon tetracﬁloride solution by the freezing point method is pre-
sented. The results are compared with published spectroscopic work,
and conclusions drawn as to the interpretation of the spectra.
Eguilibrium constants of monomer-dimer associatbtion are presented
and cormpared. Widths of association bands and the temperature
shift of trese bands are described and interpreted.

Part III gives the Ramen spectra of CCLl_F-CClF, and CClF¥p-

CC1F,.
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Propositions.
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1. Dry gelatin saturated with heavy watfr will exchange its
hydrozen for deuterium in a period of Y8 hours a2t room temerature.
This leads tc doubt about the interpretation of infra-red bands of
gelatin +D,0 given by Ellis and Bath, J. Chem. Phrs., é, 727 (1938).

2. 31 solutions of KC1, KiC3; and KCiiS in water do not have any
effect measurable by photogranhic methods on the frequency or intensity
of the water band at 97CO K. This behavior is different from that
reported for some other bands.

3. A nossible way of malring correlations between force constants
and internuclear distances for diatomic molecules night Tte to assume
a sinple notential function with only a few constants, to calculate
these constants for a large number of known molecules, and to look
for regvlarities in the way the constants change with the constituent
atoms. Such constants would have more physical significance than
the constants of empirical relations such as Badger's rule, and

might lend themselves more readily to use with polyatomic molecules.
L, e theory of symmetry groups can be used to obtain rather
sirply some of the infra-red rotational selection rules for molecular
svectra. For example, it indicates the absence ol a § branch in
parallel vibrations of linear molecules.
5. Lave photograpns of phenol crystals show that they are

e e - - . ~ e ., [T TUSE g
morozlinic, and not orthorhorbic, as stated vy Groth, Chemische

Krrstallographie, " W. Engelmann, Leipzig (1917). Vol. 4, p. 72. In view
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of the fact that no monohydroxy alcorlols have been done, this crystal
should have its complete structure worked out. The results will
have an important bearing on the theories of hydrogen bonding, on

the exmlanation of dielectric nroperties of alcohols, and on entropy
calculations on alcohols from celorimetric data.

6. The vapor absorption spectrum of trimethylene glycol
(CHoCH-CH,-CHaOH) in the photographic infra-red shows that it does
not form an inmra~molecular hydrogen bond, whereas ethylene glycol
(CT 0505 05) does.

7. A great deal of evidence has accumulated showing that
molecules with permanent dipoles, or even molecules with no vermanent
dinole but with high polarizability, interact strongly and form
cormmlexes with aromatic rings. Therefore the continved use of
benzene as a solveant in association studies, spectroscopic work,
kKinetics studies, etc., seems ill considered, since it makes the
problem of theoretical internretation more difficult. Carbon
tetrachloride, or better a saturated hydrocarbon, is preferable.

8. Some confusion has existed in the literature regarding the
definition of the energy of a hydrogen bond (e.g., see Fox and Martin,
Trans, Faraday Soc., 36, 908 (1940).). This is unwarranted, since
the eneryy is naturally defined as that required to pull two bonded
molecules apart from their position of minimmum energy to infinitys

the relation of this energy to other energy quantities of the system
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is clearly shown 1f an energy surface is drawn, using as coordinates
the distance of the hydrogen from the atom to which it is chemically
bonded, and its distance from the atom to which it is hydrogen
bonded.

9. A simple theory of hydrogen bond formetion can be based on
the assumption that the attractive potential between a hydrogen
atom on one molecule and a polarizable group on another molecule

i
follows an R~ law (which is the law for a free charge and a
polarizable body). The dependence of the frequency shift 87 on

the bond energy E then comes out,

J

V]

AV = kE 5
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for bonds to atoms of the same polarizability. This is very closely
the shope of the empirical curve given by Badger, J. Chem. Phys.,

g, 288

~~

19%0).
16, In the scheme of correlation of statistical and thermodynamic
guantities proposed by Tolman, "The Principles of Statistical

llechanics," Oxford (L938), ch. XIV, the three correlations made are,

statistical thermodynamic
E . E
avsg.
1{/ A
o] kT

where E , \[/ , and © are the statistical quantities of a Gibbs

avg.
canonical ensemble; E, A, and T are the thermodynamic internal energy,
work function and temperature respectively; and k is the Beltzmann

constant. It is sufficient, however, only to make the first two.



It then follows that,

@ = CT, where C is a function of volume
satisfying a certain differential equation. C =k is a

particelar solution of this equation.



