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The Band Envelopes of Unsymmetrical Rotator Molecules.

I. Calculation of the Theoretical Envelopes *

RicaARD M. BADGER AND Lrovp R. ZuMwALT
Gates and Crellin Laboratories of Chemastry, California Institute of Technology,
Pasadena, California

(Received June 14, 1938)

Since the majority of molecules of chemical interest are too heavy to permit resolution of the
rotational structure of the infra-red bands, it is of interest to find what information can be
derived from a study of the band envelopes. Considerations of the type which Gerhard and
Dennison have made for symmetrical molecules have been extended to the unsymmetrical

rotator.

By the use of an approximation method the envelopes of the three elementary types

of band have been calculated for nine different sets of molecular parameters.

INTRODUCTION

HE number of molecules with moments of
inertia small enough to permit the resolu-

tion and analysis of the rotational structure of
the infra-red bands appears to be rather limited.
In the majority of cases of interest to the chemist
it is an idealization to speak of the bands as con-

sisting of lines, since the spacing of the theoretical
lines is less than their breadth must be under the -

conditions of experiment. Gerhard and Den-
nison! have considered the unresolved bands of
symmetrical rotators and have shown that useful
information can be obtained from the separations
and relative intensities of the maxima. They have
calculated a number of band envelopes which we
“have found very useful in qualitative compari-
sons. However, the majority of molecules are
unsymmetrical and their calculations are inap-
plicable since with even moderate asymmetry
the appearance of the bands is materially modi-
fied, especially near their centers.

* Contribution from the Gates and Crellin Laboratories
of Chemistry, California Institute of Technology, No. 653.

1S. L. Gerhard and D. M. Dennison, Phys. Rev. 43, 197
(1933).

We have recently observed the spectra of a
number of moderately heavy unsymmetrical
molecules and have found that the bands may
vary considerably in appearance and frequently
exhibit distinctive features. For example: In
some cases there is only one broad maximum, in
others there may be as many as five peaks of
unequal intensity. The significance of these

‘features has not always been immediately ob-
“vious but their variability suggests that useful

information may be obtained from the shapes of
the band envelopes alone. To make this possible
the theoretical envelopes for various types of
molecules must, of course, be known.

The discussions of the unsymmetrical rotator
bands which have been given in the literature
are quite inadequate for our purposes. Both
Dennison® and Nielsen® have presented diagrams
giving'the positions and intensities of a few lines
as functions of asymmetry, but these plots can
give no idea of the intensity distribution in a
band since only lines of very low J value are
included. Aside from this fact they are restricted

2 D. M. Dennison, Rev. Mod. Phys. 3, 2 (1931).
3 H, H. Nielsen, Phys. Rev. 38, 1432 (1931).
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to planar molecules. The elaboration of such
diagrams to the point where they would be of
general use is not practical owing to the amount
of labor involved in calculating every line of
appreciable intensity. Since we are not interested

at all in individual lines it seems more sensiﬁ%.'

to follow a procedure similar to that used by

Gerhard and Dennison for the symmetri'(':al"—x.'

molecule. Even this is difficult in the unsym-
metrical rotator case, but we have devised a
method for calculating the intensity distribution
in a band which can be carried out with a reason-
able amount of labor. The method involves a
number of approximations but the errors should
not be excessive and the results are indeed jus-
tified by satisfactory agreement between cal-
culated and observed band envelopes.

In the unsymmetrical rotator case one finds a
number of complications which are not present
in the symmetrical molecule. Two of these
concern us at this point. In the first place it is_
comparatively seldom that the bands are of any
simple type. If symmetry elements are entirely
lacking the electric moment or change of moment
may have components along all three principal
axes of inertia. It is convenient, however, to
consider any band as being built up of the three
elementary types of structure which would be
expected if the electric moment were parallel to
the minor, intermediate or major axis in turn.
We shall follow Nielsen in designating these
structures by the letters 4, B and C, respectively.
There has been no consistent usage followed in
the literature but it is convenient to adopt the
convention that the three principal moments o
inertia shall be designated by the same thre
symbols and always in the order A <B<C. T
reciprocals, designated by small letters, will con-
sequently be in the reverse order; a>b>c¢. An
“A” band shall be one in which the electric
moment or change of moment is parallel to the
minor or 4 axis, etc.

In the second place the energy levels of the
unsymmetrical rotator are arranged in a most
inconvenient fashton and it is not possible
accurately to represent the positions and in-
tensities of the rotation lines by simple functions
of the moments of inertia.
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Fi1G. 1. The energy levels of an asymmetric rotator for
J=8 plotted as a function of S, with (¢—c) and b kept
constant. The continuous lines represent the levels given by
the exact theory and the dashed lines indicate those given
by approximate Eqs. (1) and (2). A horizontal line through
the center of the figure would represent the energy
We=J(J+1)h2/8x2.

CALCULATION OF THE BAND®ENVELOPES

Our first step in the calculation of the band
envelopes was to find approximate expressions
for the energy levels of the asymmetric rotator

are sufficiently accurate for our purposes
it the same time of a convenient form.
re obtained by an approximate solution
sSecular determinant of Wang* using second-
ler perturbation methods.

In any particular case the secular determinant
may be written in three different ways. To obtain
reasonably accurate values for the energies with
only second-order perturbation methods, it is
necessary to use different forms depending on the
energy ranges with which one is concerned. For
levels with energy greater, or less, than Wy _
=J(J+1)h% /87> the appropriate forms are
those in which the diagonal terms are the sa




BAND ENVELOPES OF MOLECULES
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as they would be for symmetrical molecules with
the reciprocals of the two like moments of
inertia equal to the mean of 4 and ¢, or of @ and b,
respectively.

If one makes an approximation regarding the
interaction terms by replacing (J—o)(J—0o+1)
X (J+o)(J+o+1) with [J(J+1)—0*]?, one
obtains general solutions for the two cases men-
tioned above, which may be written as follows:

p(5=35)(1+ )"

W = (h*/8x?) [ J(J+ 1)[1 ——m—-;—

Kmp(17—145+52)

E f w by
- }( a. (1)) for W>W

p(5+35)(1—5)]

’ Wz(hzb/8w2)IJ(J+1)[1L i

PAT+145+5)
8(3+S)

where p=(a—c)/b and S=2b—a—c)/(a—c),
and K’ and K" are integers with maximum
value J.

We prefer to take S as a measure of the sym-
metry of the molecule rather than Wang’s b,
since the latter quantity is not uniquely defined
but may take three different values dependmg on
how the determinant is written. It will be noted
that S takes the values +1 for the symmetrical
planar molecule, —1 for the symmetrical spindle,
and O for those molecules which as regards
arrangement of the energy levels we may regard
as least symmetrical.

In restricting Eqgs. (1) and (2) to their appro-
priate domains we may make use of an approxi-
mation suggested by an equation given in the
second paper of Kramers and Itt '
lower limits of K’ and K" we
s"'J, respectively, where

s’=(2/m) tan"1 [(b—c)/(a—b) ]}

and s”’=1—5s’. The upper limit in each case is of
course J.

As may be seen in Fig. 1, our approximation of
the energy levels is entirely adequate except for
a small “‘intermediate’” region where the energy

} (Eq. (2)) for W< Wy,

5 H. A. Kramers and G. P. Ittmann, Zeits. f. Physik 58,
217 (1929).

sj "‘?

713

is not greatly different from ;. On thé scale to
which the figure is drawn the levels calculated
from Egs. (1) and (2) cannot be seen to deviate
from the actual ones up to the point at which the
splitting becomes appreciable. From this point
on they diverge along the dashed lines. For-
tunately the failure of both equations in the
transition region is not very serious. In the first
place,only a small fraction of the energy levels are
concerned. In the second place, the transitions
rolving levels in this region are the weakest in
: ﬂaﬁes where the predicted frequencies are

_most sertously in error, namely in the AJ=+1

branches of the B type bands and the AJ=0
branches of the A4 and C type bands. In the
remaining cases where the transitions are strong
the approximation is not so poor.

In a rough first approximation of the band
envelopes we have assumed that the transition
probabilities are the same as those of the sym-
metrical rotator, using of course the rules which
will be appropriate for the levels given by the
two equations, respectively. This will lead to
considerable error only in the “‘intermediate”
t%on as has been discussed by Dennison.®
St'" e our energy expressions are of the same
“form as those for the symmetrical rotator the
procedure which Gerhard and Dennison? have
worked out is directly applicable and it does not
seem to be necessary to give further details of
our calculation except to mention two modifica-
tions which must be introduced. In the first
place, two sets of calculations have to be made
in each case taking account of the two regions of
energy levels separately. In the second place,
some changes have to be made in the limits of
integration to take account of the fact that the

er limits of K’ and K" are s'J and s"'J,

is first approximation just de-
easonably satisfactory represen-
e mtensxty distribution in either the
AJ=0 or the AJ==+1 branches of a band, the
envelope obtained by combining the two may
be considerably in error. It is easy to show that
the sum of the transition probabilities between

6 Randall, Dennison, Ginsberg and Weber, Phys. Rev.
52, 160 (1937)

7 The expressions given by Gerhard and Dennison con-

tain several typographical errors and should not be used
without careful examination.

Pl



R. M. BADGER

===

NONEXISTENT

1.5 . 05

The absorption coefficient is plotted as a functio
For further description see text. i

levels of a given J value is independent of the

symmetry of the molecule. Consequently this
sum for any unsymmetrical molecule is the same
as for the symmetrical rotator. A similar rule
applies to transitions between levels which have
J values differing by unity. In our approximation
these rules are violated, though the ordinary sum
rules are obeyed. This has the result that in the
B type bands the branches with AJ=0 are
robbed of a considerable fraction of their intensity
while the AJ= =1 branches are augmented by
the same amount. In the 4 and C type bands the
errors aré the opposite direction and are less
serious.

‘the symmetrical rotator intensity ex-
on must hold fairly well for transitions

F16. 2. The 4 bands (electric moment parallel to the minor axis of inertia) for eight different sets of parameters.
One-half the band is shown, with the origin at the left.

e highest and lowest enew to apply a simple correction #
s it 1 T ; -

ly, it is evident that these errors must
om a serious failure in the intermediate
region. Besides the failure with respect to the
normal transitions there are of course additional
transitions which have no analog in the sym-
metrical rotator case. We have found it difficult
to estimate the total contribution of these,
though general considerations seem to show that
it cannot be large. We shall assume that it may
be ignored, which seems to be justified by the
observations on the rotation spectrum of water
vapor. Out of a total of well o o hundred
lines of sufficient intensity to rved
eight could be identified as dx
transitions, and none of these was

Considering this assumption to be ju

»
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F16. 3. The B bands (electric moment parallel to the intermediate axis of inertia)

band envelopes which takes into account the
errors resulting from our approximation regard-

ing the intensities. Actually of course we must
expect that the symmetr

fit fairly well for the hig
fail more and more ba

“intermediate” region. compensate for this

precisely would be difficult but it is simple to
calculate two limiting envelopes between which
the theoretically correct one should lie. In the
one case one may assume that the intensity ex-
pressions are adequate except in the very center
of the “intermediate’’ region where they abruptly
fail, in the other case that they fail uniformly
throughout.
In the former case the deficit or excess of the
sum ?f probabilities for any set of transmons
{J—)J’) may be accounted for by attrxbut o it

15 <] 0S5

all to one transition in the very center of the
“intermediate’’ region. Correction envelopes may
en be calculated in a very simple manner,
‘ added to or subtracted from the
1ed in our first approximation.
- case the correction may be made
by multlplymg the probabilities of any given set
of transitions by a constant factor. Since this
factor is independent of J, one needs merely to
multiply the ordinates of the AJ=0 and the
AJ= +1 branches by the appropriate constants
before adding them to obtain the total envelope.
It turns out that the corrected envelopes ob-

tained by these two different procedures do not

differ materially. This is, of course, to be

expected since in any given set of transitions the
probability changes rather rapidly from one

next and a small part of the t
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F1G. 4. The C bands (electric moment parallel to the major axis of inertia).

responsible for a large part of the intensity. Con- the nonrigidity of real molecules and other fac
sequently we have been satisfied to calculate the which we have not taken into account.

envelopes by the second method and believe that In Figs. 2, 3, 4 and 5 will be seen the three
they deviate less from the ideal theoreti { f band envelopes for nine different sets of
than observed bands will normally do, parameter save space only one-half the
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F1G. 5. The bands for'a molecule with S=—3 and p=4.




NONEXISTENT MOLECULES

PLANAR MOLECULES

SYMMETRICAL SPINDLE MOLECULES——
L

Y e X - 3 0.25 53

F1G. 6. Lines with constant .S and with constant p plotted in a field with the dimen-
sions a/ b]and ¢/b. The scales provided are in units of 4/B and C/B rather than of the
reciprocals.

wband is shown in each case, with the 6rigin at the and seemed to us most interesting. The envelopes
~ left. The absorption coefficient has been plotted of spindle-shaped and slightly unsymmetrical

inst x, where x=(v—r))w(2B/kT)?}, so that
e figures are adaptable to molecules wi n
bsolute moments of inertia and to any m-
ture. The frequencies are to be exp d in
ciprocal seconds and B (the intermediate
oment of inertia) and % in the usual units. The
conitinuous lines represent the total envelopes
while the dashed lines indicate the AJ=0 and
the AJ= 4-1 branches from which they are com-
osed. In the 4 and C type bands the area of the
‘dashed rectangle at the left represents one-half
the amount of intensity in the collected “Q"
branch. In the approximation to which we
worked this branch should appear as a line of
zero width. Actually this will not be the case, but
in our experience the observed central branches
have a width which is mainly due t (
ing of the molecule and to the diffe
tional constants in the normal a
and is much greater than would
a rigid molecule with no interac el
rotation and vibration. In most cases

central branch can be well represented by a

Gaussian function with width about 0.166x at
half-height. e

~ Our calculations have been confined to highly
unsymmetrical and consequently little elongated
molecules. These have been least eg:tigated

molecules have become familiar through the
i igation of several good examples.
e may wish to compare our curves witl
1e envel the “‘perpendicular’” bands of
the symr rotator calculated by Gerhard
and Dennison it may be worth while to call

pendicular bands, which is likewise true of t
B and C types when .Sapproaches —1. In bo
limiting cases when S= =1, pS= —8, where g is
the parameter which Gerhard and Dennison
have used to describe the symmetrical molecule.

Figure 6 may be of some assistance in the
rapid estimation of the parameters S and p in
any actual case. The lines of constant S and
nstant p are represented in a field with the
_a/b and c¢/b. For convenience the
d have been given in units of 4/B
her than of their reciprocals. Some
‘whose moments of inertia have been
determined with some precision are located on
the plot. It is of interest to note that in the
extreme right portion of the figure the parameter
S varies rapidly with the moments of inertia.

In a paper to follow we shall show how our
calculated band envelopes have been of assistance
in the interpretation of some observed bands.




An Absorption Band of Formaldoxime at A 9573.
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- The third harmonic of the O—H band in formaldoxime vapor has been found to lie at
9572 (10,444.1 cm™) and under high dispersion has been resolved and found to resemble a
parallel band of a symmetric rotator. Owing to the weakness of the lines near the center of the
band a definitely unique rotational analysis could not be made but the harmonic mean of the
two larger moments of inertia appears to lie between the limits 73.3 and 76.6 X 1074 g cm?. The
hydroxyl hydrogen does not rotate freely and indeed its torsional oscillation appears not to have
a very low frequency. It is not possible to locate this hydrogen uniquely until other parameters
of the molecule have been determined by electron diffraction. The possible effect of resonance on

the O — H frequency is discussed.

HE trimer of formaldo:
the manner recommended
heating the substance to around 100
the monomer in the vapor state.
doxime vapor was confined in a ten-foot Pyrex
absorption tube at about 100° and one atmos-
phere. Exploratory spectrograms were first taken
with a glass spectograph of moderate dispersion
to locate the O—H band. In the resolution of the
rotational structure a 21-ft. grating was employed
mution from the Gates and Crellin Laboratories
of Chemistry, California Institute of Technology, Pasa-

fornia, number 681.
ll, Berichte 24, 573 (1891).

lispersion of about 2.5A per mm in
astman 144Q) plates sensitized
ere used and the wave-length
"made by means of iron lines in

EXPERIMENTAL RESULTS

As may be seen in Fig. 1, a single O—H band
was found at N9572 (10,444.1 cm™') with a simple
structure apparently identical with that of a
parallel band of a symmetrical molecule. In
Table I are given the frequencies of the observed
lines. These are the average of two independent
sets of measurements. In the case of some of the
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F16. 1. Microphotometer curve of the O
The water vapor spectrum in

1
10420

weaker lines the error may be as large as 0.1 cm™.
The separation of the maxima of the P and R
branches is 31.0 cm™—.

DiscussioN or THE RESULTS

Formaldoxime (H,CNOH) appears1
rather little from being a symmetrical
both from considerations regarding its structu
and from the appearance of the band here
described. Consequently the spacing in this band
will, for all practical purposes, be determined by
the harmonic mean of the two nearly equal and
larger moments of inertia. It should be possible
then to evaluate this mean moment of inertia
for both upper and lower vibrational states by
making the same combinations which would
appropriate for a parallel band.

With the help of a Fortrat diagram
were assigned to the lines. It was not j
do this uniquely and in both P and
there are two assignments which appea
" equally plausible as shown in Table I. The
* combinations can consequently be made in four
different ways. In obtaining the rotational con-
stants from the combinations AyF'(J)=R(J)

—P(J) and AJF(J)=R(J—1)—P(J+1), it was

found convenient to plot A:F”(J)/2(2J+1)
against (J+3%)? since the effect of the stretching
of the molecule with rotation is quite appreciable,
and the extrapolation to the rotationless state

‘ﬁ?‘;’m otherwise have been difficult .

1%

cMm™

T
10460

—H band at \9572 in formaldoxime vapor.
the same region is shown below.

The extreme values of the means of the two
larger moments of inertia are those given by
assignments 1 and 2 of Table I. They are, re-
spectively, as follows: D"’=73.3X10* and
76.6 10~ and D' = 73.6X 10— and 76.8< 10748
Théfe is a slight uncertainty in making the

xtraj fions but it appears very unlikely that
stual values of the moments of inertia
l lie much outside the limits given.

ABLE 1. Frequencies of lines in the formaldoxime
band at N9572.

ALTERNATIVE J ALTERNATIVE J

ASSIGNMENTS ASSIGNMENTS :
No. 1 No. 2 v (cM™) No. 1 No. 2 :
P branch P branch ;‘ 3
43 10,435.66 11 188
42 36.44 10 10
41 37.21 9 1
40 _— — —%
39 -
38 Q branch
37 3
36 44.13
35
34 R branch
33
32 5531 15 16
31 56.00 16 17
4 30 56.64 17 18
— 57.27 18 19
26.88 22 22 57.92 19 20
27.67 21 21 58.58 20 21
28.46 20 20 59.18 by | 22
29.23 19 19 o —_ =2
—_— — — 61.41 25 26
3145 17 17 62.01 26 27
31.86 16 16 62.65 27 28
32.61 15 15 63.28 28 29
33.42 14 14 63.88 29 30
34.21 13 13 je— — —
_ — — 66.12 33 34
66.67 34 35
67.28 35 36
67.91 36 37
68.50 37 38
69.07 38




THE STRUCTURE OF FORMALDOXIME

Although it is not possible to determine the
struct of formaldoxime from the data at
present available, some interesting conclusions
can be drawn. One of these is quite certain; the
others may be somewhat in doubt and await
further investigation for their confirmation. The
appearance of the band at A9572 seems to exclude
completely the possibility of the free rotation

of the hydroxyl hydrogen. The band appears £o.s

be simple in structure, and 1f

Braional vibration is not extremely low.
When hydroxyl hydrogen, though not free to
~ rotate, may be found in more than one position

of potential minimum, the O—H frequency
%appears to be considerably different in the
2 drfferent positions unless they correspond to

observed at N\9572 may
that in the great majority ¢
the hydroxyl hydrogen is

expect to correspond to a rather deep potentlal
minimum. Since the molecule is most probably
lanar, it is of interest to speculate as to which of
e two geometrically possible plane con-
L B urations is the more probable.

" In both models the O—H bond makes a
siderable angle with the minor axis of the
nolecule and if the change in electric moment is
re or less parallel to this bond it is a httle

; as the one observed. Ho
- sented in Fig. 2 in which the
s farthest removed from the
" definitely to be more probable.
The moments of inertia of the molecule would

be of assistance in locating the hydroxyl hydrogen

if the other parameters were known. Some of
them can be estimated with sufficient accuracy

but since there seems to be some possibility of
resonance in formaldoxime one hesitates to make

BAND OF FORMALDGOX

IME 237
a guess as to the C— N and N —O distances. The
latter is particularly uncertain, and the assistance
of electron diffraction measurements must be
awaited.

F1c. 2. Possible configurations of the formaldoxime
molecule. The less probable location of the hydmg}’l §
hydrogen is shown by dotted lines. ST <

If the N—O bond does have appreciable @lﬂ@le
haracter, one should expect the G"'PH
o be somewhat affected, probably
effect of this sort may well be
t least a part of the lowering of
juency in the carboxylic acids and
' . Indeed it is possible that the
frequency lowering might serve as some measure
of the importance of the resonance and it is
unfortunate that internuclear distances are not
available in any cases which might serve for
calibration. However, it is doubtful whether any
simple relation exists owing to the presence of
numerous other complicating factors. i
The third harmonic O—H band of formal-
doxime has nearly the same frequency as the
ous one of phenol. In the latter molecule
nce of resonance has already been
oth cases the frequency is indeed
han in the primary alcohols but
be regarded as well within the normal
range. Consequently it appears unlikely that the
N —0O and C—0O distances in the two molecules,
respectively, will be found to be much shorter
than the normal single bond distances. Electron
diffraction measurements will, however, be
awaited with interest.

2 L. Pauling, J. Am. Chem. Soc. 58, 94 (1936).
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investigation of the Third Harmoni

Eands ok Substituted diccholgs

Freiatony Hesark

in the folloving paragrazbs will be &@&criﬁed G BUECirow
graphic éﬁv&atigatiﬂn whiieh definitely comee in the doma.n of
enomistey ratuer than physics. - The moleculss studied mgpe&r‘
to be wmuch too complicated Lo Le given 4 quantusm mechai:ical
treatment in order to correlate the detsils of the cheerved
spectra with the loymaliss of phys.ce.  However, the results
of the experiments onn Le at least partially understood in
terme 0f the concepts oF structursl chemistyry and add e little
more Lo our acowliedge concerning intr solecular hydrogen bond

Tormatione

introeduction

In the last few years the O-H harmonic Lands ol alcuhols
anc phenols have Leen studied ard it k.s bien ab&%rv&é thuat
the, may Le split up IR0 WO OF HMOoI'e Cumponellse ?muliagl
has oflered a satisdactory explanation of the gplitiiog of the
D=i frequency in the ¢ass of g-chlorophencls The e olberved
tande are gaid to earraégaﬁd to two difierent Topms of ihe
o-chiore;hencl noleculen in one form the hydrox;l hysrogen
lies in th. plane oi the bengene rigg wwl le & Lhe distaice
of closest approach to the ortho chiorine aloms In the other
form the hydroxyl hydrogen lies in the plane o lae ring but
18 on the eide away Irom the chlorine atode The lreguency

of the O-F valence vibration in the cuge ol whe latter Lorm



is about the esame as the O«F frequency of phensl while in
the case of the Iirst cunfigeration the O« Ireguency is Bodge
wiat lower. Fagiing podnle out thet the hydrosyl hyarogen
aton when near the electronegative chlorine atom will undergo
an attractive iuteraction,; l.e. form o hydrogen Lond, aad this
has the effect of l@%&ring the O-H vibratiocnal frequency s
hadger and Eau&rg in coneldering ihe doubletl Dand character-
istic ol the OeH hargonic bands of the wvapore of normsl alcow
bols huve suggested Lhatl the slcohol moleculie amy exist in
two Lorme which corresyond to slightly divierent O=H frequencies.
The spiitting ol the Ol frecusuncy Grifang from the pre-
sence o1 an adjacent halogen group in the casz. 6f alechiols was
obeerved Ly Barchewitz and ?v&yw&nmﬁa These workers obtained
the absorption spectra of ure liguids andtheir solutious in
inert selvents. Dimee in the liguid state wne will have
hydrogen Londs Pormed bebtwewn alcubol wolecwiea nd sisd intere
activn with the iﬁ&ft golventy it has bien cuneidered wuth
while o investigetle the infrared absorption epectra ol the
vagara.af subetituted alocholes The swalior nusber of fag -
toreg baving s vearisng on the absorptlon specira ol a vapoy
as coumpared Lo 4 liguid allowsus to obtain sore delinite knowe
ledge reliating Lo intrasclecular hydrogen bond foruation if
we study the absorpiion spectra of substituted alochols im
the vapor state rather than o the 1liguid stales

ordinarily the different furms of the aleohol and phenol

‘molecules will have sowewhat Gifferent energied. Under lhgge

¥ g e Lk e of 4he euoenent Ol
circumetances the relutive inlens.t.ed o Lhe Couga



bande which correepond to the different solecu iuar condigurations
should chauge with teaperature. An investigation oi thais

point forme an Lapyertent part of thie study.

The propyl aleohol studisd was obtained by fractional

distillation Irom sastgen Ypractical? normwl yr%g;& et
The bolling polnt of the purilied product was ©7.2°C (corrected
Lo TO0 mn. Hge)s LAStwAn elhylene cLIOPORYUrih wab redietilled
the product huving a boiling peint of 1R8.8°C {(corrected o
TO0 ne ) » Trimethyleny clhiloprobydrin prepared Ly @e e dJe
Dehlatier in *&a&@ Laboprstories was ased withoul furiher treal-
mente  Fropylene ehlorohydrin, etlbylene Lrosohydrin ané trie
methylene bLroschydrin, all Pastman products wers investigated
without furtbher purifications. Their refractive ndices were
found to be N Z ga.ﬁa

. E¥] )
l.4880 respectively.  IZymeglycerol dichlorehydrin (Lastuan)

Diae e o b o @b
=hih = ledu28 ang N5 &
il

= 10437ﬂ,r‘

which was of the pw&&tica%grad@ hd an saxdex ol relraction of
n gi)‘&ﬁ & ‘5‘”‘ £ ey < N, s oy T < BRI =d & &% Y g &7 FAEE G 478 B g R L i
1y = L4830 This cogpound wad dcagtilied under reduced

preseure and the wmiddle raction was used in the spectroscopic
investigations The metiyl cellosolve (Z2-methoxy-ethancl),

a product ol the Nefford Chemsical Cos, wase dlsbilled snd had

o

& toiling point of I8d4.1 (corrected to 700 el  The O=cliorow
" - % x gy SO g & ¥ g —rr 5ol . Jol P NPT e P Pl '}o 4 4 o
phenol (Lastuun) used in the exqeriments boiled at 174.3 (74v
e Be ) A Anvestigation of the bollang pointe ol O=Cilorow

phenol under reduced Preseures gove the enwropy ol VAPUlizae



tion at the boiling point as 21.8 cal./deg- Fnole

Apparatus and Ixperimeuntal Procedure

 Thie investigation wae carried out with the use of a
Littrow glass gpectrograph with 8 dispersivn of amouﬁ 70 A per
mm. at A 9000, Lastman 1447 and 17 infrared platles wefe
used. These plates were hypersensitized witllh aguecus amavnia
and dried using methyl alcokol. A goaparison spectrum of
barium lincs was pléce& on each plate. The values foung for
the frequencies of the centers of the absorption bands are
accurate to about § cm™te Some uncertainty arises in the
estimation of the true maxima of the bands in muking couparator
mewsurementsa.

A three meter Pyrex aﬁsur;ﬁien}cell which was hela in &
resistance lurnace consisting of a sheet metal tube wraiped
with asbestos and iron wire was employed. The res.istance
furnace was ol somewhal greater length than the cylindrical
absorption cell and had one lens at each ené placed intermediate
between the end of the furnace and the cell. The pressure
of the vapor in the cell was regulated by fixing the temperature
of a tra; which held an excess ol the liquid and which wusg

connected to the bottom of the absorption cell st one end.

x liotes uging the same apparatue the entro.ies ol vapopri-

at the Loiling point, of phenol (reagent guality) and p-chloro-
vhenol (Bastman) were evaluated as 24.7 and 244 cal./desemale
reapectively.



The &E@GYgtkun spectra 0& the &ﬁb&t&ﬁ@%ﬁ were obtained at
breﬁ&a¢&u of aboul coe atousihers.

%iﬁrbyh@%@m@t&r curweg for the Lands of each alushol
were obtained as well as the curves for plates &xgaﬁ&ﬁlwh@ﬁ
the abeorption ¢ell was Lilled with water vapor ﬁmﬁ ﬁﬁ@m the
aﬁﬁwrptiwﬁ cell was emplye The latter were tehen Lo get
the positions and shapes ol the water absorpltion bands (winich
might be superimposed on aleshiol O=H bands) and Lo gel the
CUrve cawreﬁgnm&img'ta Lackyground Dlackenlng. The sensitivity
0l the 4= plates chunges very markedl, witlh wave -i&ugt& in
this region and thus the Lackground blackeniag chuligis Coim

saderably with wave lengthe

uddes on the Substituted Alcobo

The absorption mesima of the substituted wicchole studied
are listed in Table Y. Figare 1 giv¢¢ the microphotometer
curves of the O« third harmoenic hguda of ithese alcuholss
The mwicropnotometer Ccurves wee stcorvected for changes i plate
sgneitivity wath wave~length. The dushed lloe Delow the
curves waticates the trend of the background blackening.  The
difterent obeerved trends correspund to dddferent batcles of
plates useds The only appreclable water va, o abeorption
eecurs always at lrequencies & little hagher than toese of
thie aicohold O« vilaablicns. The ordinetes ol the @icrophotow
meter curves du not have any absolute signiflcance ag they
were cbtained with dilfering zicrophotometer setiinge, plate

blackeniugs, and concentrationg of the sbeorbing subslaiCe.



Table I

Abgorption maxiwa Iln the O-H third harmonic

bands of the vapors of seven substituted alcohuls

Substance

Synonys

Formula

Abgorption
WAX Lpne
Lem )

- Ethylene
colorohydrin

Ethylene
bromohydrin

Hethyl
celiosolve

Irise tz;@'l,&m
chiorohydrin

Telisethyleue
bromohydrin

fropylene
chiorobydrin

Symmiiycerol

gachdorohydrin

Gechlopo~ethancl
Zebromo=ethancl
Beme thioxy=-ethanol

Aeehloroelepropaiod
Belromo~lepropancl
l=lhiloro-d-propancl

LyB=dighloron
Bepropanol

CLOHa CHy TR

EpCH CHa OH

CHaOCH, Cldg S

CACH CH, CH G

ErCHy CHy CHag O

CACH, CHOtICH

ClCHa CHOEUE, L1

10,485
10, 646

10, 918
10,470

10452
10y 204
10,478
10,688
10,467
10,688
105470
10y 528

10,925

10,243
10,325



T I ! 1

/
ng\f [

T | | | I | I I [ I [
2 -CHLORO - ETHANOL 1,3-DICHLORO-2-PROPANOL 3-CHLORO- | - PROPANOL
CH,CICH ,0H CH.CICHOH CH,CI CH,CI CH,CH, OH
V\/'
r N
9 /
156 ¥ N"/:
W 7/ 7
v 4
258° 7 < 176°
4
7 “] / 7
S \\'* il V
2- METHOXY-ETHANOL 1-CHLORO-2-PROPANOL 2-BROMO-ETHANOL
CH3OCH, CH,OH CH,CICHOHCH; CH,Br CH,OH

. /
257 )]
/
N\ /
\\. . iy T
D 1 \ e g b -t v
10,200 10,600 10,200 10,600 10,400
10,400 10,400 10,200 10,600

Figure 1. Microphotometer curves of th

e O=H third harmonic

absorption bands in the vapors of six substituted alcohols.

The temperature of the vapor is marked on the curves.

ey
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Figure 2. Microphotometer curve of the O-H third harmonic
absorption band of n-propyl alcohol. The dashed line indi-

cates the trend of the background blackening.



Subetituted ethanocls

If we cowpare the above data on ethylene ehlof@hy@rln,
ethylene bromohydrin and 2-methoxy-ethanol with th§ data of
&adg@f angd ﬁaﬂ@rz‘wa find that ve @tillvhave thé doublet vand
characteristic of noymal alcohols (displaced to wllghtly
higher fr@@u@ﬁéiﬂgki however, we alsc have a new band appearing
at a ;r&@uaney of arcund a hundred wave numbers lowers. This
new band would geem to arise from a situation amalogsué to
thiat occurrling in orthochilorophencls

Zet ug congider ethylene chlorohydrine Here,we have a
hydroxyl grouy and a ehlerine’atam attached to different bLut
adjuining carbon atoms as in the case of orthochioropbenols
The géome%vic&l gituation i a iittle different In the two
cases on account of someuliat diiferent angles and Llaternucicay
distances, but it wuuld seem probable that an iutrasolecular
hydrogen bond could be Yormed Letween the chlorise atua and
the oxygen atom in ethyiene chlorohydrine In such a case
there would be a chelation to form a Live-meabered Pinge Al
explanation for the cccurrerce of the obeerved bands can Le
that the new low frequ@méy biarkd, which appesrs in the cuse of
the substituted alcolioly eorresgonde to cuudiguraticis ol toe
molecule wherein the hydroxyi hydroegen forms a hydrogen bond
with the chlorineg atome The U=} frequency Ior these Cord Lgurae
tiong of ethylene chlorohydrin is lover than the norgal Oeld
freguency because of the atiuractive interactlion ol the Liydroxyl

‘hydrogen and ehlorine atoms. The higher Ivequency duubrlet



band corresponds to cundigurationg of the swlecule in which
the bycroxyi grodp le in a situation simdliar to that in shich
it Tinde liself in the unsubstituted alceohicle

The nature ol the O«iH bamda‘in the cuases of etlylene
bromobtydrin and S-metioxy~ethanol is thought te be gite the
same as in the c&se;éf ethylene chlorohydrin. The low free
guency band corresponds,in each inetuance 1o a Lorm of the
molecule which ie chelated. In ethylene bromohydrin a hydrogen
bond jeine the oxygen and bromine atoms. In 2-metiivxy~ethanol
a hyﬁregen“baﬁd Jolne the two oxygen atous 0 the wolecules

Ag is shown in Fige. 1 the ruiative intengities of the
bande of the three substituted ethancle change amrkedly with
temperature. The intensity of the low Ifragusncy O=i band
decreages with temperature,while the intensily ol the doublet
band increases with temperatures According to Boltzmann's
praneiple the high energy stoteg Lecome mere populated as the
temperature 18 ralseds This principle when applied to the
above mb&&rv&tiwn iﬂﬁiC&t@s that the m@molecular Lorns cope
responding to the lov Irequency O=II band have a lower potential
energy thun the wolecular forms corres onding Lo e cdoublet
vand, The chelated form ol the substiluted alcohol [thus,
has the .owest energy of wil the molecular conligurutionse.
We mlght well expéct thig Lor in generad,the Lopaation of a
hydrogen bond invalves & potential energy decresss of several
Kilocalories per H50le.

The change with teamperature, in the rel.tive intensitlies



ol the bands ol these three subetituted ethanols would rule
DUl bhe Ldes that the new band dypesring in the subsitituted
aicchol spectyum is w coublination or harmemic band other thai
the third hﬁrm¢nic Qeli band, for if ihese¢ bands all involve
trangations Irom the ground state,one would observe no effect
of temperature on the relative intensities of the bLauds. if
the new band originated Lroam a low lying exciteo state of the
molecuie, the inteneity ol this band would ineresse with teme
perature, towever, the intensity of this band actually decreases
ith temperature.

Sometimes,in aclecular spectroscopy,one obﬁérvéa wehker
Largde on the low i?egu&ncy side ol n» mmin band which are due
1o Wansitivis I which,in Goth the upper and the lowér state
corresyonding to the main band,a low frequeney vibration is
exciteds  ethyl &c&tyl@ﬂé¢quﬂiEh&ﬁ an exssple ol thils
FLRENVIMENON. in such a case, however; the intensity ol e

band
low frequescy/incresses witi tempersture,and Lurthermure a

series of equally spaced low frecuency Lands appeurs The
ratio of intensities of the first low freguency band and the
main Land is about equal 1o the ratio ol intensitice of the
second and Lirst low frequency Lavkdis. The bands LeCime SuCw
ceseively less intense. Consideration of the olterved bands
of the substituted ethancls quickliy rules oubt this lest weli
tioned possible explanation Zor the obeerved nww low Ireguency
band.

It Lo perhaps worthwhile to note that the ratic pf



intensities of the compuonents of the doublet band in the case
of these substituted ethancle ie almost the inverse of the
ratio in the cuse of @th&ﬁwlga So obviocus reuson for this

has suggested iteelf.  One further notices that the baad
c&rrﬁﬁganﬁimg o Q chelation cccurs at a lower Irve uency in

whe case of ethylene browohydrin than in the case of @t&y&&ﬂ@
chilorehydrins This brings to aind the studies of Wwull, Liddel
'amd,%ﬁnﬁrickaﬁ who observed that the intense band corresponding
to the cis form of the orthohalogenophencls occurred at proe
gressively lower frecuencies in the order O=cLlorom, o=bromno=,
and o=-icdophencls The increased frequency separations can be
at%ributéé Lo preater hydrogen bond interaction wlich ie poge-
gibie on account of the imrensed size and thus cloeer apyroach
ot the halogen atom when huleogen atums ol progreseively increags~
ing molecudar welight are placsc on the opthio positions  levers
theless, L1 i not ilmpoesible to have a situsbion su which
cigoer approach o the Llogen atum would le.d W 4 decreade

W dTequenty abilt on accouwnt of & repulsive inleractionh Setw

ting ine Presumably this 1o not the cude.

Substituted Decondary Alcohols

Praopyiehe chiloronydrin ha&'th@‘r¢\der sboad band with &
gingle maxioum, which is charscteristic oi unsubstiluied
secondary alcubols,and ifn addition a parrover bLand st & somne=
what Jower IDequencys Thie ie snalogous o e paenoLenon

observed in the case of the substituled ethumnvls, lees, s uew

low frequency band appeasrs in the absorption specivram ol Lhe



substituted alochol. Dimilariy the low Irecuency band is
thought to be characteristic of # molecular Lorm of proyyliene
enlorehydrin in which there is an oxygen-chliorise latrasview
cular hydrogen bond.

Syueglycerol dichilopohydrin possesées o 8harp absorps

tion bands with maxima at 10,243 and 10,886 em © and perhaps,

a trace of absorytion in the region characteristic of unsube
stituted secondary slcoholss We suggest that the 10,380 cafl
band, a8 in propylease chlorolydrin, corres vis 1o & Cuondiguras=
tion where the hydroxyl group forms a hydrogen bLond wilh one
of the chiorine atums eshiile the 10,243 cm’l band corrgsponds
to a corfiguration where the hydroxyl hydrogen is able to
interact with Loth chlorine atous. In the latter @itu&tion}

we have a double ring chelations

ceimethylene Chilo

Let us riedly consider the possible three dimensional
configurations of trimethylene chiorobydrin. Fresent knowledge
of structural cheuisiry indicates that rotation about the Care
bonecarbion single bond is restricted. The equiliibrium orientae-
tion of one curbon with respect to rotation about the bond joine
ing it to ancther is, however, ublENOWN There are two plausible
gtructural arrangenents with respect 1o relstive rotation about
the C«C bonde) so in discussing the structure of a wolecule
whick conte.ns carbonecarbon bonds,it is necessary to consider

both arrangementss The two plausible forme will be here, denoted



Ly h ané d« The h-configuration corresponds to the situation
where the orientation of each carbon atom is such that a plane
pasesing through the bond connecting a pair of carbon atoms and
passing through one of the rema.ning tetrahedral bonds of one
of the carbon atoms will pass through a tetrahedral bond of
the other carbon atom. The d-configuration corresponds to
the moleculiar fora obtained from an h-configuration by making
a rotation of 30° aboutl each carbon-carbon bond.

The distance bLetween the oxygen and chlorine atom for a
given configuration of trimethylene chlorohydrin should have
an lmportant bLearing on the strength of a hydrogen bond between
these atoms. For example chelation is eutirely impossible in
the case of the h-cordiguration of trimethylene chlorohydrin
vhere the oxygen, chlorine and the three carbon atoms all lie
in a plane because the oxygen-chlorine distance (1.¢8 A¥®) is
so small that only a repulsive interaction could occure The
oxygen=ciilorine distance for other forms ol the wolecule which
cuoniorm to the h-configuration is too great for une to expect
nydérogen bond formation. A twigting about the C~C bonds,
which supposedly leads to a potential energy increase, would
Le required to bring the chilorine and oxygen to a distance
more favorable for hydrogen tond formation. In the d-configu-
ration,the oxygen~chilorine distance (2.53 A" would secm to

be a little small for hydrogen bond formation. The distarce

X Internuclear distances calculated assuming the tetrahedral
bond angles and the normal single bond covalent distances.



in the case of o-chilorophenoly where we have a reiatively
_strong Iydrogen bond, is 2.98 4. One would certainiy expect
the oxygen-oxygen distance for a stroag hiydrogen bond to be

lese than the oxygen-chiorine distance for an egqually stroig
hydrogen bond since the chlorine atom hig a greater radius

than the oxygen ataum. In dimeric Tormic acid,where we have
strong hydrogen bonding, the oxygen-oxygen distance is 2.87 AP,
It would seem that an oxygen chlorine distunce of 2.53 4 1is

too small for a good hydrogen bond. A twisting about the
carbton-carbon bond will lead to a more ravorable oxygen-ciilorine
Gistance ,but this may have the effect of counter balancing the
decresse in the potential energy ol the molecule due to forua-
tion of a stronger hydrogen bond by tending to imcreace the
potential energy on account of rotation about the carbon-carbon
bonds. The increase ol energy due to twisting would not

amount 1o more than three or four kilocalories per molej hence
such a "strained" chelated configuration should not have an
energy much higher than that of other poscible configurations.
The chelated molecules should thercfore have an appreciable
existance at ordinary temperatures and should shiow ugp 1n.the
absorptiocn spectrum provided the Iraction of chelated conliguras-
tions relative to all possible configurations 1s not too small.
Although there will e & greater nuaber ol conligurations
wherein there is no chelation relative to the nuuber ol configura-
tions where there is chielation in the cuase of the trimethylene

hualogenohydrins than there will bte in the cuse of the substituted



alcohols
/previcusly discussed, it would seem that there should be an

appreciable fractlion of chelated forms in the former case.
According to the above it might be anticipated tnat one
would obtain spectroscopic evidence oi chelation tou fora a
six-membered ring in the case of trimethylene chilorohydrin
scid trimetiiylene DLrunohiydrine The microphotometer curves,
however, do not give evidence of an additional co.aponent
O-} band of somewhat lower frequency than the normal duublet

tand.



feaperature Fiiccy Investigation

A photometric investigation of the effect of change in
temperature on the bands of normzl propyl alcohol, ethylene
chlarehydrin, and orthochlorophencl was mades The experi=~
mental procedure is the following. The temperature of the
absorption cell was held constant by fixing the voltage across
the resictance furnace and the temperature was read from a
thermometer inserted in a well at the midsection oi the
absorption cells It is estimated that the corrected theimo=
meter reading gave the temperature of the absorbing vagor
within three or four degrees.

Having fixed the temperature of the vapor of the absorbing
substance,the absorption spectrum of this compound wae taken
at a series of different vaipor densities ol the substance.

The pressure of the vapor was‘f;xed by maintaining the tempera=
ture of the trap connected to the absorption tube at a constant
values This temperature was always lower than the temperature
of the absorption cell and an excess of licuid was held in the
trap. With this arrangement whenever equllibrium is establisiied
one knows that the pressure of the vapor in the absorption

cell is equal to th: vapor pressure of the liqulid iun the trap.
The systenm was ailowed to stand at a fixed temperature for

over an hour bLefore an exposure was made in order to iusure

the attainment of equilibrium. In the case of the o~-chloro=-

phenol experiments the temperature of the liguid in the trap



was fixed by employing a well agitated oil bath which could
be kept at a temperature which was constant within two~tenths
of a degree.

The first part of the series of exposures, each of which
corresponded to a definite vapor density, wis takeﬁ with the
temperature of the vapor in the absorption cell a littlé above
the temperature corresponding to the boiling point of the
gubstance. Then exposures were taken with the temperature
of the vapor seventy~-five or one hundred degrees higher. All
of the exposures were taken with an equal exposure time and
with equal intensity of the light source. VWhen the tempera-
ture of the absorption cell wus brought from the lower temperaQ
ture to the higher temperature, there was a tendency for tie
purt of the optical system which was held in the resistance
furnace to become slightly displaced on account of thermal
expansione. This necessitated a compensating adjustment of
the mirror directing the beam of light to the slit ol the
spectrograph. All exposures of any such series were taken |
on the same photographic plate. This is important because
then all exposures of a series are made on a photographic plate
of the saue sensitivity and are subjected to identical condi-
tions of photogra hic developm.nt. The equal exposure times,
equal intensity of il.umination of the slit, eqgual c.iditions
of sensitivity and development lead to a unifurmity in the
photographic image oi tue spectrum which is essential for the

photometric method employed.



Hicrophotometer curves of the absorption specirum corre-
sponding to each of these exposures were bbtained.keeping the
microphotometer sensitivity and zerce settings th. same thraugh -
oute The microphotometer employed was a Krhss inetrument of
tlie Koch=Goos typee The goal of uniform exposure was not
completely attained,as the background blackening was shown
by the microphotometer to vary somewhat. Thig was probably
largely due to the fact that in reacgjustment oi the mirror
after the Deam had been.alightly displaced the slit was not
iliuwninated exactly the same a: before. It i¢ believed that
the difference in background blackening in a given series of
exposures is not great enough to invalildate tue photometric

metiod whiech will be described in the next scetion.

Photometric Studies

Figure 3 gives a typical pair of microphotosmeter curves
which show the effect of change in temperature on the intensity
of the third harmonic O-H absorptien bands of o-chlorophnenocl.
We will now describe the photometric method of gtudying the
eifect of temperature on these bands. The photometric experi-
ments are carried out as described above, Fach exposure on
the plate corresponds to an absorption spectrum of o~chiloro-
phencl vapor which is at a given pressure and at a given tem-
perature. The microphotometer deflectionscorresponding to

1 ang

each of the two absorption bands (A band at 10,443 cm™
E band at 10,188 em'l) are measured frum the micropholometer

trace of each absorption spectrum photographe The measure-
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Figure 3. WMicrophotometer curves of the O-H third harmonic
absorption bande in the vapor of o-chlorophenol at {wo different

temperatures.



- ment of the microphotometesr deflection consists of MEABUring
on the microphotometer trace the heighth of the peak of the
absorption pand above the line corresponding tovbaekgrbund
glackening (no absorption). The migrephetameter'deflections
(E'DA)Tl and (DE)Tl‘carrasponding respectively to the A and B
bands, for all the exposures made whgn.the o~ch lorophenol vapor
was at the temperature T; are plotted on the same graph against
the pressure of the vapor. An example of such a plot is given
in Figure 4.

Let.(DA)Tg and (DB)Ta be values of the mieraphotométer
deflections for an exposure taken when the o-chlorophenol vapor
wag at the temperature Ty andi let P, be the pressure which
corresponds to the value (DA)Ti = (DA)Ta on the (DA)TI-pressure
curve plotted from data obtained at Ti. Likewice let 3y be
the pressure which corresponds to the value (Dp)y = (EB)Tz
on the (DB)Ti-pressu?e curve plotted from data obtained at Tie

If certain reasonable assumptions hold then it follows that

A EP x?;o ‘.E%‘a‘.j.-.].?.a ey X (l)
: A_ Tp =Ty ™ P}f

where A E° ig the difference in the thermodynamic molal internal
eEnergy at standard conditions of the two molecular foras cor=
responding to the A and B bands and where Ik ie the molal gas
constant. By finding the values of P, and Py from the micro-
photometer traces corresponding to exposures taken at T; and
Tg and using formula (1), A E° was evaluated.

The principal assumption upon which the abeve foramula
is buased ig that the microphotometer deflection corresponding

to either one of the bands for a series ol exposures taken on
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Figure 4. Plot of' the microphotometer deflections correspond-
ing to the A band (10,443 em™1) and the B band (10,182 cm’l)

in the vapor of o-chlorophenol versus the total Pressure of the
vapor. The data was obtained from a series of exposures taken

on the same photographic plate and during each exposure the

vapor was at a constant temperature T;.



the same plate is solely a function of the number of molecules
in the absorption ceil which are in the configuration correspond=
ing to the band under coneideration. The microphotometer
deflections should be independent of the intensity of the
source of radiation, length of path of absoﬁbiﬁg vagsor, illumina-
tion of the 8lit and the exposure time since these possible
variables are held constant throughout a series of exposuress
Eince all exposures are taken on the same pholtographic plate,
there should be uniform sensitivity of the emulsion and uni-
formity in the gevelopment of the photographic images copre
responding to the absorption spectra. Furthermore,in obtain~
ing mierbphotometer traces of the absorption bands the zero

and the sensitivity of the microphotometer ié{kﬁpt constant
while obtaining the records of bands fér the eniire series of
exposures on a given plate. As a résult,the behavior of

the aicrophotometer should be unchanging and the position of
the recorded image of the qguartz fiber of the microphotometer
electrometer should only depend on the density of silver in
the photographic image of the absorption spectrume A quantity
which can affect the observed microghotometer dellection is
temper-ture, for, if an absorption band becomes broader at a
higher temperature of the vapor but retainsg its original
intensity, it #ill have a smaller microphotometer deflection,
i.e. the vertical distance on the microphotometer curve from

foot to the peak of the band will te less. It is believed



thit this effect is small enough in our expeiriments to be
ignored. The situation being as described, the.only guantity
which will determine the magnitude of the microphotométer
deflections corresgonding 1o a given bénd is the number oi -
molecules in the absorption cell at the time of exposure which
are capable ol absorbing light of the freguency corresponding
to the band.

A mathematical justification of eguation (1) will now be
givens

Ho. of molecules per cc. in state A (trans form)

U

Let'nA
ol o-chilorophenol.

o« of molecules per cc. in state b (cis form)

H

Ny
of e=-chiorophenocl.

D, = microphotometer deflection correspondiig to
the A band

D, = ﬁicrophotometer deflection corresponding to the
E band. |

By assumptions:

Ny = Iy [DA]

Ng = 5 (0]
These expfeesienﬂ mean that for a given sgeries of photo-

graphs of the absorption spectrus there is an unchanging func-
tional relationship tetween the microphotometer deflection

-and the concentration of molecules which correspond to a given
absorption band. This functional relationship depends on the

Lehavior of the photographic plate at the freguency in question,



upon the shapge and width of the bund and wpon the transition
probability corresponding to the band. Other factors such |
as the lotensity of the iight source, illumination of the slit,
setting of the microphotometer arce held constant.  Dependence
on the photographic procecs ie eliminated by the usze of a
single photogra hic plate for a given series of exposures.
Let P = total pressure of o-chlorophenocl va,cr. To

the approximation that o-chlorophenol vapor obeys the perfeci
gas lawe we have, at the temperature Ty, that:

M, = c Pl where c, and ¢ g are constants at the given

r}E.: cBP temperature
Suppose (ﬁA)Tz,Pa ané (EB)TQ,Pg are the anicrophotometer deflections
for the A and B bands corresponding to an absorpticn spectrum
of the vapor taken at the temperature Ty and the press&re Pye
Then using the curves ebtained from absorption g ectra piioto-
graphed with the vapor temperature was T; (see Fige. 4) one
Tinds the pressure P, at which (DA)Tl,Px = (DA)TQ,PQ‘ Since
N, =1, [DA]thén (YjAyTi,Px = (rWA)Tz,Ps’ That ie, the number
of molecules in the absorption cell in state A when the tem-

perature is T; and the pressure is P, is equal to the number

X
of molecules in state A when the exposure is made at the tem~
perature Ty and the pressure Pg. The concentration of mole-

B

cules in the absorption cell in configuration B 4t temperature

Ty and pressure Py is given by (N = e Py where PYis

BV Tq,Ps
the pressure corresponding to the value (DB)Ti = (DB)Tg P
E R

on the Dy~pressure curve (Fig. 4). The concentration of



molecules in form B 4t the temperature T; and presgure P is

%
C'”: Fer 1 x4 ~ = -..."J
given by ( b)T;,P}, ¢.P
(04
B
05 72,P2 - <)o, pe . S8 _ Fx
) o) T
("R"““’A) ( nE)Tg s Py Ent 5 ‘y
B P i
Tas?y
Let us ccnsider the reaction
H H\O
O ¢} cl
A
—_—
o~chlorophenol o-ciilorophenol
cis form trans foma
(corresponds to (corresponds 1o

£ band) "A bangd)

Employing the thermadyi}:amic syubols uged Ly lewis and handall
vie can write

AV =0
thus it follows that

AB® = AE®

also
in K NA
(Q-—..—-..—.) L= 0 where K = (-—.——.)
I P T Ng
Furthermore

,0in ¥ Aze
VYT /P R

thus



in &2. = 1 (ﬁ%) ™ o ”x- = o ‘
KT = 1n 3 Taa¥a -ln?- = AEC(Tg = Ty)
3 ’YJA J R T17z

iﬁ;)‘i P
E 3 ] x
AT Px

AE® = (2i3&-c 1 In =~ (1)
Ta=T1) 12{

In the employment of the ulove described methe& for the
evaluation of A E° there are qguite a few places where errors
can creep ine The illiumination of the slit may not have been
guite the same for all exyuosures, the photographic plate may
not have been sensitized or developed quite uniformly or the
microphotometer may have shown a slight change of behavior
~with time. A large hncertainty arises in tie measureament of
the wmicrophotometer deflection on the microphotometer plates.
On account of the irregulsr nature of the microphotometer
curve, due largely to graininess and irregularities of the
photographic Plate, it is difficult to decide upon thé true
height of the peak of an absorption curve above the oot of
the curvee This is particularly true in the case of the weak
A band. The accuracy of measurement of iﬁé microphotometer
deflection carresponﬁing to the A band is decisive in deter=
mining the accuracy of evaluation of AE°. The error may bve
as much as twenly percent. A

The difference in the free energles of the two forms of
o-cilorophenol may alsc be evaluated if, for the series of
exy osures previously describted, the funqtional relationship

between the microphotometer deflection and concentration of



molecules corresgonding t0 a given bandis identical for the

A and B bande This ought to be true il the following con-
ditions hold: (1) the behavior of the photogra.hic plate

is the sane at both band freguencies (2) the shape &nd.WLdth
of each band i: the sawe (3) the transition probabilities of
both bands are the sgames The first condition is fairly well
satisfied because Z plates whose sensitivity is pract.cally
congtant with wavelength in this region, were used. A consie
deration of the microphoctomeier curves of the third haraonic
O-H band of o-chlorophenol obtained by Badger and Hauer® indi-
cates that the second condition holds to a fair afpréximation.

The studies of Wulf and Liddei’

on the second haramonic O-H
bands of o-chlorophenol dissolved in CCly seenm to'inuicata
that the transition probabilities for the A and B bands are
about eqguals If thie also holds for the third harmonic bands,
then,the third coundition is satisiied. It is seen that we
have reasons for believing that the functional relationship
between the microphotometer deflection and concentration of
molecuies corresponding to a given band ie approximately iden-
tical for the A and B bands of o-cilorophencls In the ideal
situation,where the functional relationships are identical,
suppose & equals the factor by which the abscissa of the D,
curve must be reduced so that the D, curve will coincide with
the Dy curve (see Fig. 4), then s will equal the ratio of the
concentrations of the two moleculzr species.

Let us consider a mathematical justification of the last



statement, i‘zoﬁz
[ ] (2)| vhere ' in each equation denotes
[DE] (3)| the same Ffunctioun.
Let
| NAlz inole Lfraciion of molecul:gs in the trans form

mole fraction of moleculeg in the cis form

{i

on the DA“

DV = 1y &S 3 e > 139)] 2 4 e i f = “!
2a pPressure corresponding 1o DA 7\

preseure curve (Fig. 4)

'
i
e
s
(53]
{_‘_I\
[43]
»~
s
6]

-corresponding to DB = D} da the DE—

'
'f[ +
PrESESUre Cul've.

Suppose DA = D&,y then according to equatious (Z) and (3)
% At

| ng = Ng
according
but/to the perfect gas lawe

P} A
n, = ~§ N, _ k = Boltzman's constant
A £Ty7A _
and T; = absolute temperature
. P!
T
= = H. of vapor wihen absorp-
I]B le 5 £ : P
tion spectra were
photographed
thus
o8 | ‘.‘\x“
E A fam,p
tut
PI
.—“.."..l:‘a L4 n};
5 =p . 8= (3-
A TZ’P

Now accordirg to thermodynamics



n
AF® = - KTy In K = = RT, In (=)

B Ty P
but
| (Eﬁ, = &
nl Ty.P &
' AFe = KTy In 8 (4)

e repeat that s is the factor by which the abscissa ofvth&
curve corresponding to the 10,443 cm'l band must be reduced

in order that this curve coincides with the éurve corresponG=
ing to the_10;189 cw'l band (see Pigure 4). A F° is the

Gifference in standard free energies of the trane and cis
forms of o-chilorophenol and K is the gas constant.

mploying equation (4) one can easily calculate AF°

from the photometric data plotted as in Figure 4. This method
of calculating A¥F° involves additionmal assumptions besides
ithose made in the calculation of A E° but the previocusly men=

tioned unceritainty in the vilueg of the microphotometer deflections

probubly outweighs any of the other uncertainties.

Lxperimental Lesults of the Photometric Study of Orthochloro-

Three preliminary photomeiric exyperiments I, II and IIT
and two mbre extensive experiments IV and V were muaGe on o=
chilorophenol. The data and experimental resulis are given in
Table II.

An average of several exper.imente gives for o-chlorophenocl



Table IT

Photometric situdy of orthochlorophenol

A = Eo | am mge | Gesd 1( al)
o : e Lt 1 me Hge, keal) ¢ (kcal
R | mole | mole

ixperiment I

G S
t " .
QBT |} S70C 453 410

0.70 | 2.88 5AZ 443

Qoo | 5408 | 543 Ze2

wxperiment II

- .l S = ] A P AT R s P g oA e 2 A e e { St - -
078 4,22 459 l ina |
§
|
0.83 5e24 45y | 162 !
! i
1 i ! : ‘
Qe84 | 8416 ABG ! 281 ;
H i '
! , : : {
i 2 | . ! i = a2
et ! DeHQ : 538 { : S8 260
; ; ) SRR, S
Experiment III

0.50 % 4430 457
0.78 i beRE

Qe8Y P Ue4Y

N
[é7}
(9]

[
.
o

0,90 1 5.20 | 540
4

1.0+ 587 5 ;

wxperiment IV

040 | 1e99 460 | R2.6

ST .

0,43 % 2,41 40 é 7603 | |

08l | 4.37 461 | 10 | |
i §

0.98 | G.42 | 431 R01 ?
i ! ;

1.63 | % 4672 638

0.82 | 4.3 | s34 4.3

Qe

Qe ti’? i 4«50 L bBY =

3.0
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i

ble II (continued)

oA % % s % | w8z | kesl | Jeol
citle cite % * o, 58 mg?e Eﬁ%@
bxperiment V
0420 176 | 450 | 6.7
0.50 3,10 450 78.5
0.62 4.42 451 166
0.81 6439 250 314
1.60 451 676
| 0.70 9,95 527 | 4.5
% a0 2.87 527 4.6
| 0.58 2,14 537 2,6
5.7

By

o
Y
i3

1

H

t

Microphotometer deflection corresponding to band at
10,443 cm™*

lo’ Y& CA‘JL =

dicrophotometer deflection correspondlig to band at
7z be BT o P .-1

10,189 c¢m

Temperature of o-chlorophenol vapor in absorption cell

Pressure of o-clhlorophenol vapor in absorption cell




AE® = 3.v keal./mole and A F° = 2.8 kcal./mole (at 180°C)
where these are energy differences between the cis (chelated) -
and trans (non-chielated) forms of the molecule. As previgusly
discussed,the accuracy in measurement of D, is not very great]
consequently the uncertainty in the sbove values m&y/ag much

as twenty percent of their given value.

Photometric Study of Engopyl Alcohol and kthylene Chlorohydrin

It was found in the study of n-propyl alcohol that the
change in the ratio of the intensities of the doublet band
was within the uncertainties imposed by the nature ol the
experiment. From this it may be estimated that the upper
limit for A E° for the two hypothetical cw;figur&tionsz is
about 0.8 kecals/mole.

Ethylene chlorohydrin was studied in a manner gimilar to
o-chlorophenol. In this case,one must couslider thre¢ micro-

. which correspond respecw-

photometer deflections fA’ DE and DC
tively to the maxima of the doublet band at 10,540 cm’l and
10,485 cm’l and to the band at 10,387 cmfl. The difference

in the energy of the molecular configurations corresponding

tc the normal doublet band and the configuration corresponding
to intramolécular hydrogen bond formation was calculated.

The data and results of two photometric experiments on etoylene
dhlorohydrin are listed in Table III. An average value of

A E° is 2.0 keal./mole. This value is subject to an uncer-

tainty of,perhaps,twenty percent.



Photometric study of etnylene chlorohydrin

| D. D, T P E°
e I et ° X ame  Hg | keal
@mole

pxperiment I

1.00

ot
*

(93]
}..4
oo
[ 2

[54]
~3
s
AW
<

490

1.22 1489 3628 AQ{D S4A4S
' 3
205 ARSI 4 450 425 ' 1048

1.42 2.22 200 i 531 | Le¥

pxperiment II

1.00 172 2.87 420

psd
)
Y]
(&)

2429 3.42 B.k2 | 421
2

0.87 Le3¢ 1,70 | 516 | 2.1

D, = Milcrophotometer deflection correspoudiyg to abscrption
. -1 '
maximan at 10,046 cm

Microphotometer dei'lection correspondiing to abgorption

!
§

trl

. g -1
maxiaam at 10,485 cm

o
i

dicrophotomeler deflection corresponding 10 absorption

. 5 A g -1
maximumn at 10,207 cm

i

T = Temperature of etiylene chlorohydriun vapor im absorption cell

o
4

Pressure of the vagor in the absorption cell.



Discussion of the HKesults of the Temperature bfﬁ&ﬁt studles

The value of A E° for o-chlorophenol ,wiich corresponds
to the energy of the intramolecular hydrogen bund formation,
appears to be related to the freguency difference o the two
ohserved/fgngﬁe manner which one would expect frdm the rela-
tion between frequency shift and interaction energy pointed
out by Badger_and.Bauerg. This relation algo seceme 1o apply
to case of ethylene chlorohydrin,although A E° in tin s case
involves thie difference in the L Cl and C-0 dipole interactiions
as well as hydrogen bond energy.

Tt is a little difficult to be certain concerning this
p (int but it appesrs that the oxygen-chlorine hydrogen bond is
in the case of o-chlorophenol than it is

stronger/in the case of ethylene chlorchydrin. One might
expect the hydrogen vond to be stromger in the furmer case
Lecause in o-chlorophenol we have a guantum mechanical resonance
which tends to increase the ionic character of the O-H bonds

Conmtribution from the resonance form
+O/HC‘

- should especially enhance the electirostatic interaction between
the hydrogen and c¢hlorine atoms.

The vaiue of ‘AF = 2.8 kcal/mole (180°C) is to be compared
with AF = l.4 keal/mole calculated by Pauling® from the data
of %Wulf and Lidd316 on the second harmonic bands of o-cliloro-
phenol dissolved in carbon tetrachlioride. Since the O-i in

the trans position will have a slight interaction with the



golvent molecules one might expect the A Fofor o=ciilorophenol
in solution to be a little less than in the vapor, however
the difference in the two values seems a bit large. According
to microphotometer curves of Badger #nd Bgaerz the A band appears
to be a little broader than the B band. This should have the
effect of making our estimated value of A F a little highe

The vilues of N E° = 3.9 kcal/mole and A ¥° = 2.8 kecale /mole
for o-chilorophenocl give the entropy difference as 2.4 entropy
units. This means that the trans configuration of'o~cnlor09
phencl has the higher entropy value. When one coneiders the
plot of the potential energy of the molecule against rotation
of the hydroxyl hydrogen around the C-0 bond,a shallower and
perhaps broader potential minimum compared with the minimum
for the cis form seems reasonable for the trans form of the
molecule. Applying the ideas oi statistical mechanics in af
gqualitative way,we cecide that we would expect a greater entropy
1o be assoclated with the trans form of the o-chloroghenol
molecdle. Purthermore the interaction oi the hydroxyl hydro=
gen with the chlorine atom may increase the C-(1 ben&ing
frequency. Thie would tena to further increase the entropy
of the trans form w.ith respect to the cis Torm.

Sugmary of Important Pointe

Points of lumportance or interest arising from this research.
1. ividence for intramolecular hydrogen boands has

been found for several substituted alcuhols.
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Swanary of the dain Fesulis of Regearch

In the paper entitled The Band Envelopes of Unsyuumetrical

Hotator lolecuies. Lo Calculation oi the Theoretical Enve-

lopes. the envelopes of the three elementary types of band
have been calculated by an approximation method for nine dif-
ferent sets of moleculur parameters. This work constitutes
the first calculation of the theoretical envelopes ol unsym-
metrical aolecules. The calculated envelopes are of as&istanee‘
i interpreting the observed band: of heavy unsymmetrical
molecules.

A rotational asnalysis of the third harmonic O-H band in

formaldoxime vapor was made in the publication An 4Absorpition

Rarnd of Formaldoxime at A BL72. The information ,thus oblained,
regarding the moment: of inertia of the molecule when coiabined
with data obtained from electron diffraction measurewerts will
probably be of agsistance in locating the posiition ol the hydroxyl
hydrogen in the molecule. The appearance of the absorpiion

band indicates that the hydroxyl hydrogen does not rotate Ireely
abiout the N-O bond.

The Investigation oi the Third Harwonic O-H bBand oL Sub=

gtituted Alcohols gives spectroscopic evidence for intramolee-

cular g¥wes hydrogen bonds in the case of several substituted

alcchols. A change with temperature oi the relative intensi-



ties of the two bands of o-chloroyhenol was observed for the
Tirst time. ‘The direction of ine changé i€ in mgr&emenﬁ with
the explanation (bu) L.inus Pe‘mlimg) for tnese twoe bands. The
photometric study oi the eiiect of temperaturce on the O-E
Lands of ethylene chlorohydrin and o-chlorophencl gives the
corresponcing c¢nergies of intramolecular hydrogen tond Iormas
tion and alsc the entro.y difference ol the ¢is and raus

forms of o-chlorophenol.



Propositions




?r&ﬁ&si&iagg

1. The assertion™ that the carboxyl hydrogen nuclieue ie held
dese strongly in the halogenated acide of enbanced acid strength
than in e non~halogenated acids is Inc.upatible with experls
mental evidences. | |

ie T. Langaulr, Chems Heve 6, 485 {(1lvdw).

1 state that the absorption coellicisut

e Plyler and Williasms
for the fundamental band of HC1 disscived in benzene i approxi-
amately ithree or four times grester than the sume Lor HCL in

the gaseous stale. A slight extension of Fatrbrother 16°
treataent indicetes that ir (epM/ar),, is negative® for gaseous

BCL then (4

Ze Fadrivother, Traus. Faradey So¢s 33, 1007 (1ed7).

Bell anc Coop, Trans. Fapraday Soce 34, 1808 (1836).

G Intramolecuiar hyﬁragﬁﬁ vord formation which i lidicated
by spectroscople studies of subslituted alevhols and phenuis
is alec iuddeated by 2 conparidscn of the hests or entropies

of vagorization of these substances wath the covrespondiinyg

guantitlies Sor the uwisubstituted compoundsd.

4. A perhaps over-simpiifled conelderation of the eflect

of the iiqudd state on vibrational Frequdncies guch ae the



O-i valente vitration of alcchols le.cs one to conciude thad

,lZliﬁ - W/gﬁg is in the {iret order lincariy de.endent on
V gas
a x; a “6{} - Tew i B B A g S B i i s ;. .“- A% W e
d 3, “ and &W} vhere both of these derivalives have pudie
€

tive c@eiixgw@ﬁtﬁ. b rejresents the potential eneryy of lntwr
action of thie molecule of interest aitk ite neighbors md is
cunsidered a8 bLelng expansible in terms of ry, Lhe norasi coordie
nate corresponding to the valence wibratione A7V /v will
‘ba>y£w§mrtianai tc thie energy of interaction for a special

form of & vut in gea@rax need not be.

He  Tuking ihe Qurney and ottt theory of latent luage Lormae
tionm as a working bypothesie it le proposed that in the process
ol growth of silver specks, during which silver iong in inter-
dattice positions are atiracted to the chorged sliver (on the
surface of the grain), the hydrogen ions from ihe comtiguvus
geiatine will Le altracted Lo the silver speck, Lecouwe nedtirde
lized and interfere with the growth of Lhe &pecke Hyversensim
tizatleon which seems to involve the replacement o hydrogen
iong on the gelatine YLy eilver ione® would reduce this inters
fering eifect and thus muke the erulision WOre seuBilive.

le Gurney ﬁ%$wm4?m%.dwu;&a.wﬁf,.Ml(hﬁm,

2» Carroll and Hubbard, furs Stand:rce J. fess 1O

211 (1u33).

Do In the caleulntiva of presswre-cuk,ofition roothezus of



binary mixtures oi hydrocuwrbons such as propane and butane
frop the dat: on the purée ¢omponcnts where .ne applies ideal
gviution lsws the Lest approxisation to actusl data sveus 1o
be obtained when ome euploys fugscities and Dugeeity/pressure
ratios which are intersedlate between those Tor the substances
at the given temperature and pressure and thuse Ior the CLOrires~

ponding ssturated Liqulid or gas.

7o Gasecus @MINtures even at low densities ars Hoty strictly
Epeakilg, ideal soiutiocns. The following equation le jroyosed
for an approxisate evaluation of the fugucity {(at ilos censities)
ol a compounent of a binary gase oug miXtures

T4,

j 5 2
: i 3 ‘:‘i—i & :a;” ’3’ Wi &
mg;-” -3 :{?a}"‘ - M -+ - m»—:-;“ }‘6
*
g

fagacity oi cemponint in mixture

[N
i

fugacity ol Jure ges at saue tenperature «ud preasure

3
&
H

7 s PV/ET

Now omole fraction

He  The Clawde Dernard theory revived by E&;:;crui‘tl [sELITE
that the reversibie cosgulation of pruteln coelloids or the
BENECYry NEIrves produces o ac. owpanies anestliesifie it is
bere suggested that the native protein in the nerve cells may
only Le reversilbly denatured with temporary losc ol certawn
gpecilic properties necessary Iop the functlonal behavier ol

these proteing. One notes that ainosl all direct anesthetics



or nuxrcotics are capable of taking part in hydrogen bvond fopumation
thus according to the Ei?%hﬁ*?&%iiﬁgﬁ picture of desusturation
these gubstances could induce dematurastion.

1. Baneroft, J. Fhyse. Chem. 36, 216 (1831).

2+ dirsky ang¢ Fauling, Droc. Hot. Acads Scie 82,
438 (1538).
Ga Thire ig a grest variety of evidence in the literature

“

whick indicates that a "hydrogen® bL.nd involving deuterium 18

gtrongeyr than a bydrogen bond involving hyGrogélie

iQe  The case of breskinmg the cwrbon-curbon bond whon the o
adjacent carbun atoms are loaded with negative atoums like
ehlopine and oxygen, os evidenced by the decumposition of tri-
chloromcetic acid, trichlioropheromalic acid, ete. when these
substances sre bolled with wsater, i8 to be thought ol as due
to the increased lonle charascler of the carbou-carbon Lond ratier

than due to & decresse in the stresngth of this bond.

il pxperimental evidence sedns tw.iﬁﬂicatﬁ it the satedllite
Land on the low frequency side of the j,ricle <l bond srisces
gelther from a situstion wherein the efiesctive eleciric moment
of the N-H group is divided Letween twe noroal modes of vibrae
tion nor froa two solecul.r species of pyrirolet Lut that ithe
sateclite 1s the Virst member of a seguence of trausiticns in
which in: Loth the upper and lower states,corresponding to the
Hall b&ﬂﬁ)& low frecuency vibration is excited.

le l.e Pau :&.iﬁg $ .’Q « Bo Do Sy ﬁg, o5 (l‘b‘z ¥ ) .





