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II introduction

The problem of molecular a true t uro is one oi fanamwntal 
importance in physical chemistry, and although the subject In 
primarily of theoroticol interest, the results of thin ty^ of 
study are bound to have their reverberat ions in the field of 
applied chemistry a a well#

The organic chemist has devised certain methods of determining 
molecular structure through the processes of synthesising and 
degrading certain molecules. This method, although of fundamental 
importance, is limited to the determination oi the configuration of 
an individual molecule, whose atoms are held together by ordinary 
chemical bonds whose strength are of the order of 100,000 calories# 
However, in order to study the structural phenomena involving 
bonds whose strength is of a smaller order of magnitude, the methods 
of the organic chemist fail, and new tools of research must be 
applied to attain a solution#

A field of investigation which has aided greatly In 
elucidating molecular structure has been spectroscopy# The study, 
in general, is based upon certain fundamentals developed through 
quantum mechanics, its primary assumption being that the energy 
of a given molecule can only assume certain discrete values, instead 
of a continuous range of values# The outcome of this is that the 
molecule can only absorb or transmit radiation of certain definite 
wave-lengths, The fields of molecular spectroscopy have been 
divided according to the wave-length of the radiation into three 
main clashes, and their corresponding spectra include the 
ultra-violet spectrum, the near infra-red epact-
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rum, and the l'ai' infra-red spectrum* iach spactruri Is associated 
with a particular kind of change within the molecule*

Tills infra-red spectrum of a molecule is intimately connected 
up with the motions and modes of vibrations of molecules, and by 
knowing these, we can make some conclusions regarding the more 
intricate structure of the atoms comprising the molecule * This 
study is still in its early stage of development, and so the 
study is still a matter of correlating certain structures or 
functional groups in molecules with certain absorption spectra. 
%hen the functionally simple molecules have been thoroughly treated 
by this method, then it will be possible to go into the realm of 
more complicated and structwally-uncertain molecules to find out 
what is happening in these cases *

The work undertaken in the study herein Bm%nari&ed deals with 
the vibration spectrum of three classes of compounds * The first 
class includes carboxylic acids, both the mono- and the di-basic 
acids, the second class includes a series of glycols and glycol 
derivatives, and the thlrü class includes some compounds known 
to undergo keto-enol tautomerism.

The object of the study of the acids was primarily to verify a 
certain prediction concerning a shift in wave-length due to 
change in mass in deuterlum-RUbstituted acids, and, in the case of 
the non-deuterated acids, the general work of wave-length assl^n- 
ment was carried on to various other homologues of the series.

The glycols were studied for the purpose of observing the role 
played by the hydrogen-bond in their high associatif . Another 
class of compounds related to these glycols is the ethoxy-alcohols,
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In which one of the hydroxyl groups of tlie glycol molecule is tied 
up in the form of en ether. A spectroscopic comparison of these 
two clasps of compounds was thought to be worthwhile, from 
whence other physical properties could then be rationalised.

Since so much valuable information concernin- ïiydro-en had 
already been found by means of infra-red epeetroccopy, it was 
thought that some definite conclusions could be evinced concerning 
thp.t class of molecules in which there was an active, Mobile 
hydrogen. Therefore the study of keto-enol tautomerism was taken 
up.
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radiation waa first studied In conneotlon vlth 
absorption late In the last century. This lino of resoaroh 
started in the region of the spectrum which was sensitive to a 
photographic plate. By this technique the absorption bands 
studied were only those of second and third harmonies of the funds- 
mental absorption bands, and these were, therefore, necessarily 
very weak. As technique in the measuring of the intensity of 
radiation advanced, as knowledge increased in regard to the 
absorption of radiation by various kinds of prisms, and as better 
sources of radiation were discovered, more of the infra-red spec­
trum was capable of investigation. 17ow we are able to study aven 
parts of the fur infra-red spectrum»

Many molecules have been studied, and in particular, the 
vibration-rotation spectra of molecules containing hydrogen have 
been observed, A large part of the data verifying the concept 
of hydrogen bond formation has been due to infra-red spectroscopy.

The history of the hydrogen bond has been a short and an 
exciting one, and the applications of this bond in explaining 
various phenomena seem to be almost endless. This concept of 

bonding seems to have been in direct consequence to Lewis1s theory 
concerning electron theory of valence (11), and Werner's theories 
concerning coordination compounds.

In 1920 Latimer and Rodebush (10) proposed a hydrogen bond 
to explain how the ionisation of acids in certain solvents depended 
upon the basicity of that solvent. They advanced the proposition 
that the more basic solvent would have, structurally, an unshared 
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pair of electrons could be shared by the active hydrogon of 
the acid; orin more conventional parlance, the basic solvent 
would act as the donor of electrons, while the active hydrogen 
of the acid would act as the acceptor of electrons* This point 
of view, which accepts as an hypothesis that hydrogen can assume 
a coordinate valence of two, was first thought unreasonable by 
certain workers (14,15), but now the experimental evidence has 
proven definitely that hydrogen can assume such a valence#

The experimental evidence pointing toward hydrogen bonding 
Ms been obtained through the study of the infra-red spectra of 
molecules, as well as through solubility measurements (22,24), 
heats of mixing (23), dielectric data (7), and cryoscopic data. 
The first workers (8,20) to utilise infra-red spectroscopy to 
study hydrogen bonding were handicapped, since their instrument 
could get only the first harmonic of the hydrogen vibration, 
however, more recent work Ms been done with a rock-salt prism 
spectrometer in our laboratory and elsewhere, Data on the funda­
mental hydrogen frequency has detected bonding between halogen 
acids and ether (4), bonding between chloroform and ether or 
acetone (4), as well as association of alcohols (1), amides, and 
oxiws (3). Intra-molecular bonding, (i«e«, bonding within the 
molecule,) has been described in molecules capable of forming a 
chelated ring (1,9,20),

The dimer formula for the carboxylic acids has been known for 
some time (16), and the spectra of these acids and their correspond 
ing douterlum-substitutod acids have been studied (2), however, 
this latter work was incomplete in that certain absorption peaks 
at a longer wave-length had been missed. The spectrum of the free
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hydroxyl of the acide vas also observed, and it was noted that 
as the acid strength increased, the wave-length of absorption also 
increased»(21)•

Formulas accounting for association of amides have been 
proposed (34), and the association present in these compounds may 
be compared to that of glycols and related compounds. Catechol, 
a di-hydroxy compound, Ms been studied (30), and its doublet 
structure has been rationalized by Pm ling (13) in terms of 
orientation of the hydroxyl groups.

Formulas for molecules involving keto-enol tautomerism have 
been written, and tautomerism has been explained in terms of 
six-membered rings, hydrogen bonding, and resonance (18,19), 
Hilbert and others (8) studied dibenzoyl methane, acetyl acetone, 
and benzoyl acetone spectroscopically and found no band due to 
hydrogen bonding in the region of its first harmonic of the 
hydrogen vibration.
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III - Theoretical,

According to concepts vhlch have boon developed through 
quantum mechanics, radiation is absorbed or emitted by a molecule 
In definite email packets or quanta, and the size of these quanta 

is related to the frequency of the radiation. Mathematically, 

the relation is
△ E = A X

where 6g is the change in energy in the molecule, h is Planck's 
constant, and V is the frequency of the radiation.

The spectrum is usually divided into divisions characterized 
by the energy of the radiation associated with the transition* 
Where large energy transitions of the order of a hundred thousand 
calories are involved in molecules, a high frequency of radiation 
in the visible or the ultra-violet region is associated with the 
change. These transitions involve the excitation of electrons. 
Changes in the vibrational energy of a molecule involve several 
thousand calories, and the radiation associated with it is 
in the near infra-red region, with wave-lengths varying from 
lyu to about 85/4. Changes in the rotational energy involves only 
several hundred calories, and the corresponding radiation occurs 
in the far infra-red region, whose wave-lengths vary from about 
25yu to as high as 5O^* With the vibrational absorption band, 
there is sometimes associated some fine structure, which is also 
attributed to the rotational phenomena, and which is therefore 
known as the vibrational-rotational spectrum.

still another type of spectrum is known as the Haman spectrum, 
whose origin is In the scattering of radiation by molecules* This 
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phenomenon also deals with the vibrations of molecules, but its 
sphere of applicability is somewhat different from that of the 
infra-red spectrum.

This naturally brings us to the question of selection rules, 
which define for us which type of vibration is active in the one 
spectrum and which is active in the other. This has been adequately 
treated elsewhere, and so only a brief statement will be given. 
A frequency is said to be active in the Infra-red if in a given 
transition there is a net displacement of charge. On the other 
hand a frequency will be active in the Kaman spectrum if there 
is a net change in polarisability for a given transition. The 
result of these selection rules is that quite frequently a fre­
quency will be active in one spectrum and inactive in the other, 
and vice versa. In this way one seems to be the counterpart of 
the other, and both have been used by previous investigators in 
the study of molecular structure.

Infra-red spectroscopy is particularly valuable in the 
study of structure of organic molecules, because only the spectrum 
of the functional groups appear. All vibrations involving two 
carbon atoms are inactive because of the selection rules mentioned 
above. Infra-red spectroscopy gives us, in particular, the 
vibrational-rotational spectrum of the hydrogen atom attached to 
another atom, provided of course that there is a dipole moment 
associated with the bond, Since the hydrogen atom is so small, 
the remaining large part of the molecule has very little effect 
on the pure hydrogen vibration. Therefore the absorption peaks 
due to hydrogen all occur in a rather narrow region of the spectrum, 
and any small shifts in it are attributed to force constants (21), 
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and inter-atomic distances» For this reason this method of re* 
search has been particularly valuable in elucidating certain 
problems connected with the hydrogen bond.

As stated previously, hydrogen bonds have been found to 
occur in a great variety of compounds. The question naturally 
arises as to which hydrogens are capable of forming these bonds. 
An empirical rule states that all hydrogens attached to nitrogen, 
oxygen, and fluorine fall in this group.(17), however, there are 
to be expected some exceptions. Ammonia and amines have not 
been found to be associated. Halogen acids, though not associated, 
have been found to form bonds with ethers, resulting in a type 
of compound which has been termed by organic chemists oxonium 
compounds. The hydrogen of chloroform has also been found to 
form bonds to various oxygenic ontalning molecules, while most 
other aliphatic hydrogens are inactive in this sense.

The nature of the hydrogen bond has been the subject of 
some controversy, and Bodebush (17) has shown that it is not a 
phenomenon of dipole interaction but rather a coordination of 
the hydrogen resulting in a more ionic character of the atom. 
Some workers (5) have attempted a quantum mechanical treatment 

of the hydrogen bond, but the results proved to be in not too 
close agreement with experiment. The bond must, however, have 
some ionic character and also some covalent character» In other 
words, a mathematical description of the hydrogen in the bonded 
state must include wave functions representing both Ionic and 
covalent hydrogen.

The fundamental absorption peaks due to the dimers of 
carboxylic acids can be ascribed to modes of vibration arising 



from & quantum-mechanical treatment of the motions of the active 
liydrogen . As & result of dimer formation, each active hydrogen 
has two equilibrium positions, or two positions of minimum 
potential energy, in ter^s of the potential energy curve. %ave 
functions^ Loth symmetric and antisymmetric, can be set up for 
each hydrogen, and combinations of these two wave functions will 
describe the vibration adequately. Let and ya refer to sym­
metric and antisymmetric wave functions respectively. Also 
let y@(l) and ÿs(8) refer to the symmetric vibrations of the first 

and the second hydrogens respectively» Then combinations of 
these wave functions result in the following four wave functions 
($) for the molecule:

Js s ^Bd)

I'd . ^d) ’fa (2) 
Çd - ^d) fs(2) 

■ = vad) 9» (2}

^ho subscripts, a, d, and a, refer to symmetric, degenerate, and 
antisymmetric wave functions respectively» The result on the 
energy levels of the vibrating hydrogen is that instead of two 
levels, one unexcited level and one excited level, each of these 
is split into three as follows:

«- > K Jr. .
. a

Level

Unexcited

< .... 8

1 2 z 4
- u

&
---------- d

Then, instead of one absorption band resulting from a single 
possible transition, the result should be four, as shown in the 
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drawing, rhese four modos or vibration &ra:

Xodo 1* Zfogenorato to antlaymuotrie levais.
2, loganorato to sympatric levels*

^ode 3# Syametrio to do^enor&te levels.
^ode 4» Antlë^uætriG to degenerate levels.

All otlior possible transitions are inactive.
In the Investigation of Isotopic effect concerning hydrogen 

and deuterium, the prediction of wave lengths was made by the use 
of the well known expression for a harmonic oscillator,

A : (5)

where X is the wave-length, 3^ is the reduced masp of the system, 
f is the force constant, and X is a constant. The reduced mass 

is defined by the expression:
i s 1 - 1 . *

where %% is the mass of one part of the vibrating system, and mg 
is the mass of the other. In the case of the acids, was taken 
to be the mass of the oxygen atom and mg was taken to be the mass 

of the hydrogen or the deuterium atom.
In going from the hydrogen acid to the deuterium acid, the 

spacing between the antisymmetric and the symmetric energy levels 
decreases exponentially as the mass increases. Therefore the 
difference between frequencies will also decrease, but it should, 
theoretically, still be possible to resolve them.
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i'pectror^ter aziù Its application.

Iha spectrometer üeoû mas o_ a prism tyi^o built lu 

laboratory in Ivbo. 11^ tiro 1 below * anu I taro 3, pa^e lü» 
The foremost comer on the picture corresponds tn the lower Icit* 
band corner on the drawing of the optical system.)

The optical system is ee^^tloll^ t:iat us s: own In the

r ''

i 
; 
8Mi

: inure l. : pcctro^etor.

figurée. Iwo fore-olrrors were used to iocus ween on the 
slit wliose width was apyro^l^toly .01 allll^ter. Another concave 
mirror reflected the resulting Lean on the uln'or^pris/a.
beea was tlwn taken by neans of anotl%r net ol mirrors throu/.l, 
anottw slit of width .01 millimeter to the thermocouple which 
measured the intensity at radiation. ;11 of tl# mirrors were 
properly silvered to avoid as much absorption as possible.

The prism used was of rock salt in order to overcome the 
dra&t absorption found. In a quarto prism which has been used 
by sons other investigators (6). Che prism and a reflectin
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mirror wore mounted on & rotating table which was connectée to 
a numbered wheel# vy turning thia wheel, different portions 
of the spectrum could be observed* ihe wheel readings were 
calibrated to well-lmown absorption bands, and alter ecch run, 
the wheel was recalibrated to the absorption peak at 2.673/x 
due to water vapor#

Great care was taken to supply constant source of radiation. 
A Bernat-Flower was used for this purpose and a constant source 
of electric current was supplied to it by a suitable circuit* 
(See figure 2, page 15.) Ballast tubes were placed in series 
in order to maintain steady current, although small fluctuations 
over a period of hours still existed* A variable resistance in 
the circuit afforded the possibility of changing the current to 
the glower, thereby changing tM intensity of radiation. :rom 
two to four tenths of an ampere were usually used*

The thermocouple was constructed of two alloys, biamuth-tln 
and blsmuth-antlmony# This junction of the two alloys was placed 
in evacuated system connected to a tube containing activated 
carbon* The latter was placed in a liquid-air trap so as to 
remove most of the residual gases of the system* In this way 
the greatest possible efficiency was obtained from th# thermocouple. 

The current from the thermocouple was taken directly to a hS 
high-voltage sensitivity galvanometer constructed by Leeds and 
Korthrup. For some work the intensity of radiation was not great 
enough to get proper galvanometer deflections, and therefore an 
amplifying system had to be used, For this purpose an amplifying 
system known as the Koll-Helay (12) proved quite efficient,

A technique was employed whereby cells of different lengths
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could te readily pieced In the spectrometer, ï'huei, the thickness 
and» of course, the concentration of the solution through which 
the radiation passed, could be varied, The cells are numbered 
on the graphs » and the corresponding lengths are ^Iven In Table 1,

Table 1*
Cell ko,

1
2
5
4
5
6
7

jgaesa.jÆB.tl
10.18
5.070
2.552

1.202
.640
.525
.158

heor's law was employed to study the effects of concentration 
upon the absorption spectrum* Mathematically, this law takes the 
form:

K = log $

•here To is the transmission of radiation through pure solvent, 
measured as the deflection (in millimeters) by the galvanometer 
connected to the thermocouple; JL is the transmission through 
solution; 6 is the concentration in moles per liter, and d is the 
length of the cell# It can be shown that the absorption due to the 
cell windows and the solvent cancels out in each case * Following 
from this, K would be defined as the mold absorption coefficient.

A difficulty arose, however, in its application. It was found 
that X was not a constant unless £ x d was kept constant for the 

entire series of runs* The difficulty lies not in the law, which 
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has beun developed from sound optical principles, but rather in 
its application to our spectrometer, '/he fact that the resolving 
power of tlie instrument was not perfect would probably account 
for most of the deviations observed.

The spectra of all the eubatancoB studied were taken in 
carton tetrachloride solution. This compound has proved the best 
solvent for this use although it lies also several diBadvantages, 

The Ideal solvent for use in infra-red spectroscopy should 
meet the following requirements: (1) It must be transparent to 
infra-red radiation, (13) It must be inert toward the solute. 
(3) It must be easily obtained in a high degree of purity and in 
large quantities, (4) It must afford a high solubility of the 
compound to be studied.

Carbon tetrachloride meets these requirements fairly well, 
and for the studies whioh were pursued, it was mostly satisfactory, 
in the region of the spectrum in which the investigation was 
carried out, carbon tetrachloride has very little absorption» 
however this solvent would fall in the regions of the spectrum 
where great absorption occured.

This solvent is inert toward most organic compounds, but with 
some compounds a reaction does take place. If no interaction took 
place between solvent and solute, then the spectrum of this solution 
should be the same as that of the compound in the vapor state. 
The slight shift of the spectrum of acetic acid in going from the 
solution to the vapor state (See figure 5, page ), can be attribua 
ted to the small interaction between the solvent and the acid# 
This inertness of carbon tetrachloride is very probably carried 

over to the similar compounds studied in this investigation.
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Some evidonoe haa RrlBcn recently In connection witl: compound 
formation between carbon tetrachloride and 3-methyl acetamide, 
bow fai* thic ol^enwmna goes with other compounds is a matter of 
further investigation. This in now beln^ carried on in this 
laboratory and is us yet, therefore, unpublished^

yhe neatest difficulty» perhaps » arises in the purification 
of this solvent. Technical carbon tetrachloride is available in 

commercial quantities, but it has two impurities, water and chloro­
form, which are very hard to eliminate» the most practical 
devide found in our laboratory to remove these was simple 
distillation. A six-foot distilling column, whose packing consist­

ed of spirals of nichrome wire, removed most of the chloroform 
and water. The water remaining in the solvent is estimated to be 
less than .001 M#, but the concentration of the chloroform is 

still problematical. An absorption band in the region of that of 
chloroform still remained, although it was considerably diminished 
after distillation. ^>re work is bein^ done on the problem at the 
present ti^e by &ir. Aycock, and a publication of the results 
will probably be made within a few months. *f chloroform is 
present to any concentration above .01 %«, it is bound to cause 
some error in the spectrum, since chloroform does form hydrogen bonds 
with various oxygen-contalning molecules (4).

Another disadvantage in using carbon tetrachloride as a 
solvent lies in the fact that very polar molecules are only 
slightly soluble in it. This difficulty thereby limits the number 
of compounds capable of being studied by ordinary technique. in 
the case of any solvent which might afford greater solubility, 
bonding between the solvent and solute would undoubtedly take places 
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thereby Introducing & complicating factor in the resulting spectrum. 
This difficulty of solubility is therefore an inlierent one, and 
can only be solved by improved technique witlx very dilute solutions.

B. Preparation and Purification of Compounds, .

Certain of the compounds studied demanded special purification 
and certain of these had to be first synthesized, a few of which 
had not been mentioned in the literature*

The douter o-adds were prepared by reactions of some acid 
derivative with deuterium oxide in one step. The heavy acetic 
acid was prepared by heating for several hours equimolar quantities 
of acetic anhydride and heavy water in a sealed tube. The benzoic 
acid resulted from an addition of an excess of heavy water to 
benzoyl chloride. After heating for several hours, the excess 
water and the by-product, hydrocliloric acid, were pumped off. 
The deutero-proplonic acid was prepared from the corresponding 
anhydride in a similar manner as was acetic acid.

Precaution was used to keep the doutero-acid away from the 
moisture of the atmosphere, since the exchange reaction to ordinary 
acetic acid would proceed readily in the presence of thia moisture. 
The deutero-acid was dissolved in carbon tetrachloride, and the 

spectrum was taken. Subsequently, the same solution was allowed 

to come in contact with small amounts of light water. The exchange 
reaction which converted the heavy to the light acid was allowed 
to proceed for about two hours, after which the spectrum of the 
light and the heavy acids could not be due to impurities.

Almost all of the glycols were available either in large 
quantities for solvent use, as for example ethylene glycol, or
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were av&lleblü in ailler quantities la the rrop&ratlon Stock Room 
Di' the livlalon of the Ch6%l«try L#part^ent« .rora the
latter source were obtained triuethylene alycel, Wtr&wethylene 
glycol, glycol, and p&ntc^ethylcnc glycol, Jeta-

decanthylone glycol w&& specially prepared under the direction of 
froie&aor c$ 3. larval.

The pwntanethylone glycol was prepared by the hydrolysis of 
pcntazaothylene dibromlde in an alkaline watar-alcohol solution. 
After refluxing for 48 hours, potassium carbonate was added to 
saturation and the layers were separated. %hc glycol containing 
layer was fractionally distilled.

Some physical constants of the glycols used arc herewith 
listed.

Table 2.
Compound physical Constant

ethylene glycol ,B*P* 88* C/lttaa.
Propylene glycol 2.P, 105" C/10nta.
Butylene glycol B+P, 124" C/ %m.

P entame thy leno glycol ?.F. 104"0/ 4mm.
Hexamethylene glycol %*?* 42*C.
regamathylene glycol %*r. 70"C.
Octadecamethylcna glycol %.p. orc.

The ethoxy-alcohols were all prepared in this laboratory, 
with the single exception of ethyl-cellosolve, which is available 
in cower c ial quantities*

3«Bthoxy*propanol*l was synthesised from propylene cyano­
hydrin and sodium ethylate* One hundred and twenty five grams
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of the cyanohydrin was run slowly into 600 cc. absolute ethyl 
alcohol containing 40 g. of sodium, Ihe mixture was refluxed for 
twelve hours, whereupon it was neutral to litmus. After removing 
the sodium chloride by filtration, the alcohol ^as distilled from 

3 » 
the solution, ^he residue was fractionally distilled, yielding 
the product.

4~kthoxy-n-but&nol-l was prepared from the Mono-sodium salt 
of tetramethylene glycol and ethylene bromide. Ninety ^rams of 
the glycol was dissolved in 500 cc* dioxane, and to this, while 
refluxing, 2b g, of sodium was added, fhe sodium salt precipitated 
from the solution, but this did not ae^m to hinder the subsequent 
reaction. A slight excess of 125 g» of ethyl bromide was adeed, 
and the resulting mixture refluxed for forty-eight hours. Kodiu^ 
bromide was separated from the solution by filtration, and the 
dioxane was removed by distillation, ^he remaining residue was 
fractionally distilled, yielding the final product.

5-Lthoxy~n~pentanol~l was prepared by treating pcntamethylene 
dibromide with an equimolar quantity of sodium ethylate, and 
subsequently hydrolyting the mono-bromide compound. One hundred 

and twenty-five grams of pentamethylane dibromide was dissolved 
in 200 cc, absolute ethyl alcohol* An equimolar quantity of 
sodium was dissolved in 400 cc, absolute alcohol, and the 

resulting solution was slowly added to the solution of pentamethyl­
ene dibromide. The mixture was refluxed for twenty four hours, 
after which several hundred cubic centimeters of alcohol were 
distilled from it to decrease the large volume of solution» 
The precipitated sodium bromide was separated by filtration.
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rlfty gr&ns of sodium hydroxide and 200 cc. of water vure added, and 
the mixture was l'Ofluxed for twenty^four hours. The product was 
extracted with ether and fractionally distilled.

The observed boiling points for the ethoxy-alcohols used are 
herewith listed.

Table 3#
Compound

Jithyl cellosolve
3-ithoxy-propanol-l
4-Kthoxy-butanol-l
5-bthoxy-pentanol-l

Physical congtant 
L.y. 132* C.
b.r. 1&&~159'C.
:,P. IBl'C.
b.f, 73-60*C./4 mm.

The compounds, dibenaoyl methane, tonsil, and diphenyl 
methane, were purified by crystallisation from alcohol and their 
melting points were cheeked with those in the literature#

The aso-compounds were prepared by the well known coupling 
reaction of diazonium compoimds, and the melting pointe of the 
products were also checked with those in the literature.

The melting points observed for these compounds are as 
follows:

Table 4.
Compound 

bibenzoyl methane 
Benzil 
Diphenyl methane

Physleal constant
%.P. 77*C#

95*0#

2G"C#
3-Phenylas o-4-hydroxy-azobenzene M*P* 123* C•
l-Phenylazo-naphthol-2 B.P. 131*C*
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4-Kydroxy~a&ohenz ene 15b'C.
2~^ydroxy-5 wyæthyl^rottn&eno^ #P $ 106"C #
4-Hydroxy~5<Bethyl~a%obcnzen0 K,P, 1B8'C*
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VI - Experimental Result*.

A, Carboxylic Acide.

Both mono-basic and di-basic acids were étudiée, but, as 
stated previously, the study of the latter was impeded by their 

very slight solubility in carbon tetrachloride.
The nono-basic acids studied were benzoic acid, acetic acla, 

and propionic acid, she active hydrogen of these acids was sub­
stituted with deuterium to determine which part of the spectrum 
was due directly to the hydrogen or, in turn, to the deuterium. 
This data is riven if figures 4 - 8, and, for the sake ol' conveni­

ence, the essential data is tabulated in Table 5.

Table 5.
Compound Absorption Peaks

Ordinary acid..  .. heutero-acid

Acetic acid S.31^ 5.^^ 5*71^ 5,7^ 4*42/r 4.8^
Propionic acid 5.22^ 3.3Q^ 3.79^ 3,8^ 4.4Q* 4.85^
Eensolc acid 3.2^4 3.4^ 3.7^ 2.9^ 4*4^/ 4.87/^

The dibasic-acids studied were only two, diethyl malonic 
acid and azelaic acid. The resulting data is In figure 9.

B. Glycols and glycol Derivatives

The spectra or eight glycols were determined, all in carbon 
tetrachloride, of course, and in saturated solutions, The exact 
solubility of these compounds was not accurately determined, but 
it is of the order of *001 judging from the amount of absorption 
observed* The essential data on these compounds is found in the



form of graphe In figure* 10 and 11, and aloo in Table 6.

Table 6.
Compound ,i^ee 0%i tended on

rthylone glycol 8.76f WWW*.

Propylene glycol 2.70/« 3.8ü/<
1,1 ;}lphenylwpropylane glycol’**"*** 2.76/
butylene glycol 8.76/4 2.00/
Pentamethylene glycol 2*76/( 2.04/
Axwaetolane glycol 2 $76/A 2.67/
became thylenc glycol 2.70.» 2.03/1
Octadec&methylene glycol 2.76/,

A aeries- of compounds was otudlod, in which one of the hydroxyl 
groups of certain glycols wa «ubetitutM by an ethoxy group. 
This data la found in figures 13M4, and for the sake of unity in 
comparing them, in Table 7.

Table 7.

Cwapound pg s$a- molecular
Inter- 
mleculw

2^tthoxy-4»thanol#l &#77/A 2.67/f
3wp;thoxy*n^prop5nol^l % ,7^ 2.82/ 2.85/
4^%tholyl^nwbutanol*»l g,78^ 2*89/ 2.91/
5^thoxy^n»pontenol»l 2*7^ 2.87/ 3,90/

C. Noleculea exhibiting keto^nol taut<%%eriam#

The compounds in this group failed to give definite absorption

peaks, but instead they displayed rather broad absorption bands#
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The name of the compound studied with the corresponding figure 
number of the absorption curve is as follows:

Dlbansoyl methane figure 15
3*?hBnyla&o*4~hydro%y~&2Oban8en8 16
l-Phenylaso-n&phthol-B k 16

4~hydroxy~a%oben3ene « 16
g^l^droxy^S^metliylwggobenzone h 17
4~hydroxy-3~methyl~&KObansene « 17
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Vil - Dissuasion of Résulta
A# C&rboxyllc Acids#

The carboxylic acid* exhibit a rather complicated absorption 
spectrum in comparison to simple hydroxy compounds such as alcohols. 
The clue to this intricate structure lies, probably, in the fact 
that the mono-basic acids are, to a very lar^e extent, associated in 
the form of dimers, while, in the case of dibasic acids, they are 
capable of forming large polymers (9),

The simplest of the acids, from the point of view of its s^ect- 

rum, seems benzoic acid. If a solution of the spectrum of this 
acid can be obtained, then, perhaps, we might also obtain solutions 
for the still more complex spectre of some of the other acids.

After we have proven that there are four possible active 
frequencies (See page 12-13), it becomes a simple task to assign 

them correctly. Transitions 1 and 2 involve the greatest energy 
change and therefore will involve radiation of the shorter wave­
length, while the remaining two transitions will involve radiation 
of the longer wave-length. The assignment of wave-length to a 
mode of vibration in the case of the mono-basic adds investigated 
is, therefore, as shown in Table 8. . It might be mentioned that 
difficulty was encountered in ascertaining the exact wave-length 
for Kode 1 in acetic and proptonic acids, since the absorption 
due to carbon-hydrogen vibration comes very close to it.

In order to show conclusively that the absorption so assigned 
above is due to the active hydrogen of the acid, the deuterlum- 
substituted add was studied. There should be, thereby, a disap­
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pear&nce of the original hydrogen absorption %lth & reappearance of 
the deuterium, absorption at a longer wavelength (See page 13«) 
Using formulae (3) and (4), page 13* the deutero-w&ve-lengtha 

were calculated, using the mean of each doublet as the original 
wave-length, and the following table gives the calculated and the 
observed values*

Table 8.

Compound Mode 1 %ode 2 Average beutero beutero
Teale.)' TcaToTT “W».7

benzoic acid 3.29^ 3.45/1 3.3^ 4.0^ 4.49/
Acetic acid 3.3^ 3*39^ 3,3^ 4.42^
Propionic acid 3*30^ 3.38/ 3.34/ 4.57/ 4.40/

bode 3 Mode 4
benzoic acid 3.74^ 3.92/ 3.83/ 5.26/ 4.87>
Acetic acid 3*71^ 3.78/ 3.75/ 5.15/ 4,87/
Propionic acid 3,GO/; 3.7S^ 3.7Q4/ 5*08^ 4*83^

Although the calculated and the observed values are somewhat
different, the order of magnitude is correct, and a more perfect
solution can only be obtained by overcoming some of the previously
made assumptions. The assumptions entertained by the use of 
formula (3) in this problem are (1) that the vibrations are strictly 
harmonic, and (2) that the force constant does remain 

constant in going from ordinary acid to douter turn-substituted.
acid. The difficulty involved in the use of formula (4) is 
correctly selecting the masses of the two vibrating compounds• 
For some modes of vibration the effective mass of the remaining 
part of the molecule, might be greater, and for some modes the
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&&8S might be leas. In this c&so, th# assumption of a lower 
effective mass would result in a more accurate prediction of 
wave-length for the deutero-cotspound»

It would be a difficult task to attempt an ascignœnt to the 
remaining observed absorption peaks, and for the present one can 
only say that they are probably due either to combination frequen­
cies, to overtone frequencies, or, more probably, to both, This 
conclusion is reached by the observation that, while benzoic acid, 
which contains only aromatic hydrogens, has a comparatively simple 
spectrum, acetic and propionic acids, which contain aliphatic 
hydrogens, have characteristically modified spectra, 

Conclusions with regard to the structure of di-b&slc acids 
become even more complex, and the effects of small impurities 
become more pronounced with these less soluble compounds. Some 
evidence Ms been found that the absorption due to water bonded 
to acids occurs In the region of 8,4%, but confirmation is still 
needed, However, the trend seems to be toward greater absorption 
due to carbon-hydrogen vibration, which absorption tends to blot 
out part of the probable doublet structure due to the active 
hydrogens# One positive result can be obtained by a comparison of 
the 8,8^ absorption peak of diethyl malonic acid and azelaic 
acid, since less absorption is observed in the latter, the natural 

conclusion Is that it has less of the unassociated or unbonded 
acid than has diethyl malonic sold, This outcome is not hard to 
rationalize when one considers the respective structures of the 
two molecules, giethyl malonic acid is a very short-chained 
dibasic acid, while azelaic acid is a rather long-chained acid, 

acid 
having nine carbon atoms, This fact offers azelalç/the possibility
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of forming & Mac structure, with the carboxyl groupa bonding 
nuch In the emao way in which & diner in formed in benzole acid. 
Since this ring structure is & physical l^poselbllity in the cage 
of the malonic acid, more free carboxyl groups are the result, 

and a greater absorption for free 0% la observed. Some ring 
structures might be possible in the case of diethyl malonic acid.no. I,IX, '
(See figure 18, page 45), but these would result in an entirely 

comparison todifferent spectrum in/that observed In the mono^b&elc acids. 

Any structures In the spectrum of malonic acid which are comparable 
to those of dibasic acid are probably due to dimer formation 
( See figure 18, no, III, page 45«) or perhaps long-chain polymer 
formations (9), 

r. Glycols and Glycol derivatives.

The glycols were studied in solutions of very low concentration, 
and therefore, it was assumed that very little association was 
taking place between molecules. All of these compounds had an 
absorption peak at 2.76^, and this was attributed to the fundamental 
oxygen-hydrogen vibration# Alcohols in very dilute solutions 
have also been found to have similar absorption in this region.

The significant point about the glycols is the second peak, 
which appears at a slightly longer wave-length, fhe immediate 

thought on this observation is hydrogen bonding, since it also has 
a parallel in the alcohols, but in thia very dilute solution, 
it probably is not bonding between noleculee, but rather bonding 
within the molecule (see Figure 18, no# IV, page 45), This 

point of view immediately clears up the question why a second 
peak does not appear for the first and the last of this series of
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Glycols* In ethylene glycol, bonding cannot take place because 
the atomic distances and the bond angles are not suitable for 
ring formation, Although the rive-æmbered ring should be the 
one involving the least strain, the hydrogen atom is so small in 
comparison to the other atoms that the ring in ethylene glycol 
would virtually approach the character of a four-menbered ring. 
In the case of octadecamothylone glycol, the hydroxyl groups are 
too far apart to have much effect on each other, here one might 
compare the glycol to two separate alcohol molecules in a very 
dilute solution, Although they do come together and bond for a 
short period of time, they soon break by the force of collision 
with other molecules, with the result that most of the time they 
are in an unbonded state.

A peculiar behavior is to be noted in the case of 1,1-dlphenyl- 
propylene glycol. It has a single absorption pack at &.7&W in 
contrast to the two peaks of propylene glyool. A possible 
explanation might be that both hydrogens are bonded intra-molecularly» 
A tertiary hydroxyl group may have greater bonding properties than 
a primary hydroxyl* Another explanation might be that there is 
an actual shift in the unbonded hydrogen# However, this is unlikely, 

since triphenyl carbinol has been found in this laboratory to have 
a fundamental absorption peak at 2*76^# Another explanation might 
be that the compound was not actually a glycol, but some Isomer of 
it,

in order to find out something about how the glycols were 
associated, some compounds were prepared in which one of the 
hydroxyls of some glycols was substituted by an ethoxy group, 
These compounds were completely miscible with carbon tetrachloride,
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Indio&tinü that they Mere not nearly as associated ar mere the 
cola»

hue to the greater solubility of these ethoxy-compounds, it 
was possible to study the effect of concentration on the absorption 
spectrum, As higher concentrations were used, itlwas noted that 
a different type of a bonded absorption peak than that of the 
alcohols came into the picture* *ho first conclusion is that the 
other other oxygen is playing some part in this act# It is also 
to be noted that, as in the shorter glycolo, there was some 
hydrogen bonding even at the lowest concentrations,

it was thought profitable to plot the isolai absorption 
coefficient of the hydrogen bond of the ethoxy-alcohols against 
concentration for the various ethoxy-alcohols to show more clearly 
what is happening in these compounds (dec figure 14, page 38). 
It will be noticed that at higher concentrations, the absorption 
is approaching a more or lesa constant value, while at lower 

concentrations, considerable differences are present in the 
various compounds, by extrapolating to %ero concentration, the 
resulting molal absorption coefficient should be that due only to 
intra-molecular bonding, since it is assumed that all association 
between molecules has ceased, i'hus, E-ethoxy-ethanol-1 shows 
evidence of no intra-molecular bonding. Zhis is in agreement 
with steric considerations in the molecule, A five-membered 
ring, according to organic chemlats, 1@ e very stable affair, but, 
as stated previously, because the hydrogen atom is so small, 
whpt we really have is a pseudo-four-membered ring, 3-bthoxy- 
propanol-1 was found to have for the molal absorption an extra­
polated value of 24, while 4-athoxy-n-butanol-1 and 5-ethoxy- 
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n-pentanol-l had values of 33 and G respectively, the case of 
the propanol derivative, the peeudo-five^aembered ring 18 poezlble; 
but the greatest bonding was found in the butanol derivative, 
whera a peeudo-slx-membered rinj is possible. In the pentanol 
derivative, the extrapolated molal absorption coefficient dropped 
because of increased distance between the hydroxyl and the ether­
oxygen groups,

but how does inter-molecular bonding take place, and to 
what extent does association occur? Copley has proposed a 
mechanism of association for aicides, both un-subatituted and 
substituted (84), anu also for glycols, which mechanism would lead 
to dimers, in the case of alkyloxy-eompounds, and polymers in the 
case of the glycols, (See figure 18, no. VI, page 45) If direr* 
are formed in the case of the glycols, there still remain in the 
structure two unbonded hydroxyl groups, which are capable of 
further bonding, in this way an unlimited number of molecules 
could join together to form a polymer of high molecular weight. 
On the other hand, if one of the hydroxyl groups in the glycol 
molecule is tied up in the form of an ether, the association 
would, according to mechanism, have to stop at the dimer stage. 
These dimers would still ba soluble in carbon tetrachloride, and 
while the ylycol polymers would be insoluble,

it might also be asked how much offset this other oxygen has 
on the association as it becomes farther away in chain length 
from the hydroxy group. Of course the molecule must then become 
more and more like an ordinary alcohol molecule, with its increasing 
molecular weight making it less soluble in carbon tetrachloride. 
The effect of increased chain length Is shown In the wave-length 
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of the absorption duo to the intra-molecular bond# in the compounds 
of longer chains, the wave length increases, indicating a weaken- 
in^ of the bond, a greater average distance between the two 

oxygen atoms, and in general, a type of bonding found between to 
alcohol molecules at high concentrations#

These speculations concerning ciæer formation in the othoxy- 
alcohols should be capable of more definite experimental proof, 
other than that given in terms of spectroscopy* Cryoscopic 
data and vapor pressure data might be used. Abo the equilibrium 
constant for the association reaction might be studied to see 
in what order the reaction nay be classed# home rough calculations 
had been made using the equation

2 A w A g *
Concentrations of the two forms present were cAculated from the 
relative height of the absorption peaks of their infra-red spectrum. 
The results indicated a second order reaction for 2-ethoxy- . 
ethanol-1 and 5-ethoxy-n-propanol-1, while considerable deviation 
from second order was noted in 5-ethaxy-n-pentanol-l. These 
results, therefore, seemed to qualitatively agree with the hypo­
thesis that dimer formation was present, and that,as the distance 
between the oxygens increased, the resulting compound approaches 
that of an ordinary alcohol,

C, Molecules Exhibiting xeto-Ihol Tautomerism#

Compounds containing keto-enol tautomerism which were 
studied spectroscopically with the hope of finding out what is 
happening in those molecules with respect to their active hydrogens.

In the case of dibenzoyl methane, (See figure 15, page 59), a 
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diffuse absorption band, was found beyond the 3,2 re&lon, ^hich 
absorption was not found in the case of the somewhat Binilur 
molecules, benzil and diphenyl methane# It was therefore concluded 
that this absorption was due in some way to the active hydrogens in 
dlbenaoyl methane and not to some other structure in the molecule♦ 

On comparison of the enolic structure of this molecule with that 
ol the dimer of benzole acid, and on comparison of its absorption 
spectra with that of benaolo acid, a striking similarity is found 
in each case, both molecules contain hydrogen bonds in a ring 
structure, and both spectra contain this absorption, although in 
the case of benzoic cold more definite peaks are observed.

Another class of compounds, although not strictly of the 
keto-enol type but very closely related to them, contains those 
molecules in which an active hydrogen is capable of migrating 
from an oxygen to a nitrogen atom, (See figures IC and 17, page 
40-41) This migration must be intimately connected with the 
possibility of intra-molecular hydrogen bonding, Upon analysing 
the absorption spectra of this class of molecules, it is found 
that they Also have an unusual absorption in the region beyond 
5,0^, A contrast in spectrum is also to be noticed in the case of 
4-hydroxy-$&obonsene and 4-hydroxy-3-metbyl-asobensene, (Bee 
figure 16 and 18, page 40-41) A lack of absorption in the 3*5^ 

region and the presence of the free hydroxyl absorption band at 
2.77/1 coincides with the molecular structure where hydrogen bonding 
is a physical impossibility, This data, therefore, tends to confirm 
the idea that this diffuse absorption Is due in some way to the 
migrating hydrogen atom.

It might also be pointed out that these compounds, aside from
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the possibility of hydrogen bonding, we known to oaist in two 
tautomeric forms* If the hydroma is attached to the nitrogen 
atom, resulting in a quinoid structure for the benzene nucleus, 
there should be some evidence of a nitrogen-hydrogen absorption 
peak, A small absorption peak has boon found in the region of 
2#^, which very well be attributed to this vibration. 
This type of a bond has been found to have this absorption in 
other molecules,

Attempts to deuterate these molecules were unsuccessful, 
and for the time being the absolute solution to the problem can not 
be given, actual assignment of the absorption peaks to partic­
ular modes of vibration would be a still more difficult task and 
for the present we await further information on the general struct­
ure of molecules.
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The vork Mre Boens to ne like & single link In
B long chain or events that which may ultimately explain structurel 
pMnomena more completely# Certain acids have been studied and 
certain mode» of vibration have been assigned to particular 
absorption bonds, The shift in frequency due to mass effect has 
been observed and again verified through the substitution of 
hydrogen by deuterium*

The glycols were studied from the point of view of association 
and the ethoxy-alcohols aided in this study* Both were found to 
contain certain similar hydrogen bonds while at the same time 
certain dissimilarities were observed. A formula was found which 
could account for association in these compounds and which agreed 
with the observed data# Intra-molecular bonding was observed in 
the ethoxy-alcohols and glycols, which bonding, I believe, is the 
first to be observed within a molecule whose structure did not 
involve a chelated ring.

An anomalous belw&vlour was observed in the case of molecules 
exhibiting keto-enol tautomerism, and this can probably be ascribed 
to the active hydrogen present* However, no definite conclusions 
could be reached on the subject, and future work will probably 
decide the matter*

This research is of course not closed, and more data from 
infra-red spectroscopy and also probably from other sources will 
be necessary to carry the work to completion. Better technique 
with the less-soluble compounds will bring forth the desired in­
formation concerning such compounds as dibasic acids, hydroxy- 



acide, and poly-functional molecules in general, improved tee Inique 
with thin films of pure substance would also afford information 
concerning the state of these molecules in the highly associated 
form# An exact study of the infra-red spectrum of water bonded to 
an acid is still needed* A problem of stereo-chemistry might be 
developed in the ethoxy-alcohols. Changes in hydrogen bonding 
with the variation in sise of other attached inactive groups in 
the molecule might be significant,

The question naturally arises in scientific work as to what 
is the practical value of the investigation, ^ore frequently than 
not, a given piece of work is only one step closer to something of 
greater benefit, This work in infra-red spoctroacopy might be 
applied to analysis of organic compounds or it may develop in such 
a way to aid technologically in the solution of an entirely differ­
ent problem. It can only be said that theoretical work should not 
be demanded an immediate justification interms of dollars and cents, 
for, as experience has taught us, many of our modern conveniences 
due to science started as insignificant theoretical hobbles.
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