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11 - Introduction

The proulem of molecular structure is one ol Jundamental
importance in phyeiesl chemlstry, snd aliboush the subiject iz
primarily of theeretical intereat, the vresults of thle btype ol
study sre bound to have their reverheratlons in the Iileld of
arnlied chenistry so well.

The orsanlic chemlst bhas deviesd cerialn methods of debernmining
melecular structure through the srocesses of symbthssizing and
desrading cerialn wolecules., This method, although o) fundsmentel
importance, ic limited to the determination ol the conllywration of
oo individual solecnle, vhose atoms are held together Ly ordinary
cherteal bonde vhose strengih sre of the order of 100,000 calorics.
Fowever, in order to study the structursl phenomens Involwving:

Londs whose strensth 1s of & smaller srder of messniinde, the methods
of the organlic chomlsd fall, and new toolr of resecsrch mast Lo
applied to sitain s solution,

A rield of investlisatlon which has alded greatly in
elucidating molacular structurs has becn spectroscopy. Uhe study,
in pensral, is based upon certaln fundsmentsls developed through
guantws mechanies, 1tz prizary sssumptlion being that the ener.y
of & pgiven molecule can only essums certeln dlscrete velusa, Instead
of a continuous rangs of values., The outcome of this 1s thet Lhe
molecule can only abaorb or transnmit radistion of certain definite
wave=lengthe. Yhe [lelds of moleculsnr spectroscopy have bLeen
divided accerding $o the weve-lsnshth of the radlation into three
main clasres, snd their corresponding spectra include the

ultra~violet spectrum, %the near infra-red specte~
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rum, and the far Infra-red specltrum, sach spscirunm ls sssoclated
with a perticuvlar kind of change withln the molsculs.

This indrne-red spectrum of 8 molecule lg intimetely connected
up with the motions and wmedes of wibrations of ﬁmleculeg, ang Ly
nowing thepe, we cen make some conelusions regurding the wore
intricate structure ¢of the sboms comprising the moleculs. Thils
gtudy 1g still in its early stage of development, snd ao the
study ls sbill 8 mattor of correlating certeln strucinres or
functional sroups in mwlecules with certslin akzorptlen spectra.
When the functlonglly slwple molecules have besen thorourhly treated
by this methed, then 1t will bLe pozrlble te o ilnte the realm of
more comnliceabed and &t?uctuvallywuncarﬁ&in melecules to ind out
what is heppening ln these caaes.

The wors undertaien in the study hereln swpwmrired deales with
the vibration spectrum of thres claszes ol compounds. The irst
¢lass Includes carboxylic aclde, toth the mono- and the dl-baslc
acidas, the second class Includes a serles of glycols and glyeol
derivatives, and the third clase includes sore compounds known
to undergo ketoe-enol tautomerlsm,

The otject of the study of the aclds was primerily to verify &
cortalin predietion concerning 4 shilft In waveslengtih due to
change in mass In deuteriume-substituted eelds, and, in the cage of
the none-deuterated acids, the genersl work of wave-lengilh asslyne
mont was carried on to various other homologues of the serlies.

The glycols were studlied for the purpose ol okeerving the role
played Ly the hydroren~bond in thelr high assoclatlio . Another

cless of compounds related to these glycols is the ethoxy-slecohols,
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in vhich one of the hydroxyl groups of the slycol molecule 1o tied
up in the Jorm of en ethers A apsctroscopic comparison of these
two clasces of compounds wees bthousht Lo Lo we Sl e iy 1IPOMm
whence other nhyelesl snropertles couls then e petionalized.

Since so suceh valuable inforswtion anncerﬁim; hydrosen had
already been found Ly weane of Inlres-red aspectroscopy, LU was
vrousht that esoms definlte conclusions could bLe evinced concerming
thet clase ol molecules in whiclh there wue sp sclive, moblle

hydrag Yherelore tho study of keto-enol tavtorerism wae taken

15
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II1 - Hstoriceal

Infro-red radlation was first studied in connection with
abgorption late in the last century. This line of research
started in the region of the speetrum which wes pensitive to a
photographic plate. By this technigue the sbsorption bends
ztudled were only those of mecond and third harmonics of the fundae
mental ebsorption bands, and these were, therefors, necesssrily
vory weak, As technique in the meaguring of the intencgity of
radlation advanced, as knowledyge increazed in regard to the
absorption of radiation by vasrious kinds of prisms, and ae better
sources ol radlation were dlscovered, rvore of the infra-red spec-
trum was capable of investigeition., Yow we are able to study even
partes of the far Inflra-red spoectrum.

Hany molecules heve been studied, snd in particular, the
vibration-rotation spectra of molecules containing hydrogen have
been cbserved, & large pert of the data verifying the concept
of hydrogen bond formaticn has been due to lufra«red spectroocopy.

The history of the hydrogen bond haa been s short and an
exclting one, and the applicatione of this bond in explaining
various phenomens seem to be almost endless. Thle concept of
bonding scems 40 have been In direct consequence to Lewls's theory
conesrning electron theory of valence (11}, and Werner's theories
concerning coordination compounds,

In 1920 Latimer and Rodebush (10) proposed & hydrogen bond
to explain how the lonizgation of aclds In certain solvents depended
upon the baslclty of that solvent, They advenced the proposition

that the mors baslc soivent would have, structurally, an unshared
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pair of slectrone whlch could be shared by the active hydrogen of
the scldy or, in more conventlonel parlance, the basic solvent
would act s the donor of slectrons, while the active hydrogen
of the acld would nct as the receptor of electrons. This point
of view, which sccepts as an hypotheslis that hydrogen can assume
a coordinate valence of two, was firsﬁ thought unreasonabile by
certaln workera {(14,15), but now the experimental evidence has
proven definlitely that hydrogen c&n assume such a volence,

The experimentsl evidence pointing toward hydrogen bwonding
hoe been obtalned through the study of tiw infre-red spectra of
molecules, ag well as through solubllity messurements (22,04),
heats of mixing (£3), dlelectric dets (7), and ecryoscoplc data.
The {irst workers (U,20) to utllize infrae-red spoctroscony to
study hydrogen tonding were handicapped, sines their instrument
could get only the first harmonic of the hydrogen vibration,
Fowever, moré recont work has besn done with o rockesalt prism
specirometer in our leboratory snd elsevwhers, Dala on the funda-
mental hydrogen Ifrequency has detected bondlng between halogen
aclds and ether (4), Londing between chloroform and etler or
acotone (4), aa well ms aszoclation of alcohbole (1}, amides, and
oximes (3). Intra-moleculsr bonding, (l.e., bonding within the
molecule,) has been described in mclecules capsble of forming &
chelated ring (1,5,20),

The dimer formula for the cerboxylic aclds Las been mown for
some time (1€}, and the spectra of these acids and thelr corresponde
ing deuterlum-pubstituted acids have been shudied (2). However,
this latter work was Incomplete In that certain absorption peeks

at a Iaﬂgﬁr'wuvanlength had been misged, The spectrum of the free
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hydroxyl of the aclde was also obaarved, and 1t was noted that

as the scld strength 1lncreased, the wave-length of sbsorption also
increased,(21).

Forsulas secounting for assoclistion of amldes heve besn
proposed (24), sand the assoccliation present in these compounds may
be compared to that of glycols and related compounda. Catochol,
a die-nhydroxy compournd, has been studied (20), and its doublet
structure hes been rationalized by Peling (13) in terms of
orientation of the hydroxyl groups.

Porrulus for molscules Involving ketc-enol tautomerism have
beon written, and tautomerlsm haa heen explained in terms of
six-merbered rings, hydrogen bonding, and rescnance (18,19},
Hilbvert and others (8) studled ditenzoyl methenc, mcetyl acetone,
and benzoyl scotone spectroscoplcally and found no band due to
hydrogen bending in the reglion of its {irst harmoniec of the

hydrogen vibrstion,
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III - Theoratical,.

secording to concepts which heve been developed through
guantum mechunics, radlistion is absorbed or emitted by a molecule
in definite small packets or quantes, and the stze of these guants
iz related to the frequency of the radlistion. Hethemstically,
the relation is

NAE=hV
where AE ls the chenge in energy in the molecule, h 1s Planck's
constant, and ) ls the frequency of the radiastion,

The spectrum is usually divided into divisions characterized
by the energy cof the radletion assoclated with the Lrsnsitlon.
Where large energy transitions of the corder of a hundred thousand
calories sre involved in molecules, 8 hipgh frequency of radlation
in the visible or the ultra-violet reglon 1s associnted with the
chenge. These trensitions involve the excliltatlon of electrons.
Chﬁﬁgaé in the vibratlonal energy of a molecule lnvolve several
thousand calories, end the radlstion asszocleted with 1t is
in the nsar infree-red reglon, with wave-lengths varying Ifrom
lu to about Bou. Changes in the rotational energy involves only
seversl hundred calories, and the correspondling radlatlon occurs
in the far infra-red reglon, whose wave-lengths vary from about
25u to as high ss 50Qu. Witk the vibrational absorption band,
there 1g sometimes associated soms fine structure, which 1s slso
attributed to the rotational phenomens, end which 1s therefore
known ss the vibrational-rotational spectrum.

8t111 another type of spectrum ls known as the Raman spectrum,

whose origin is in the seattering of radistion LYy molecules. This
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phenomenon also deals with the vibrations of molecules, but ite
ephere of applicaeblility 1s somowhat dlfferent from that of the
infra-red spectrum,

This naturally brings ue to the guestion of selection rules,
wiich define for us which type of vibration les.sctive in the one
spectrum and which 1s sctive in the other. This has been udequately
treated elsewhere, and so only s briefl statement will be glven.

& freguency is said to be metlive In the Infre-red 17 in a glven
traneition there 1s s net dlsplecemsnt of cherge. On the other
hend & {requency will be active In the hamen spectrum 1I there
is a net change in polarizablility for a glven transltion. The
result of these selectlon rules iz that gqulte frequently a ire~
guency will be active in one specirum and inactiva in the other,
end vice verss. In thls way one seems to Le the counterpart of
the other, and both heve been used by previocus lnvestligators Iln
the ptudy of molecular atructure.

Infra-red spectroscopy is partlieunlarly valuasble in the
study of structure of orgenic molecules, because only the spectrum
of the functional groups appear, All vibrationa involving two
carbon stoms are inactlive berause of the selectlon rules mentloned
shove, Infra-red spectroscopy gives us, in perticuler, the
vibrational-rotetional spectrum of the hydrogen atom atteched to
another atom, provided of course that there is a dipolc moment
sagoclated with the bond., Since the hydrogen atom is so small,
the remaining lerge psrt of the molecule has very little effect
on the pure hydrogen vibration, Therefore the sbsorption pesks
due to hydrogen all occur in & rather nerrow reglon of the spectrunm,

and any small shifts in it are attributed to force constants (21),
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and inter-atomle dlstances. For this reason this method of re-
search has beon perticulsrly valuable Iin eluclideting certsin
problems connected with the hydrogen bond,

As stated previously, hydrogen bonds have been found to
ocecur in & great vsriety of compounds. The guestion naturally
arises es 1o which hydrogensare capable of forming these Londs.
in empirical rule states thet all hydrogens attached to nltrogen,
oxygen, and fluorine fall in this group.(l7). However, there sre
to be expected some exceptions., Ammonis sand amines have not
been found te be assoclisted. Halogen seldas, though not associated,
have been found to form bonde with ethers, resulting in s type
of compound wirtich hss been termed Ly organic chemiants oxonium
compounda,. The hydrogen of chioroform has slao been found to
form bonds to variocus oxygen-containing nmolecules, while most
other aliphatle hydrosens are lnactive in thls sense,

The nature of the hydrogen bond hag been the subjsect of
some controversy, and Rodebush (17) has shown that it is not a
phenomenen of dipole interaction bubt rather s coordination of
the hydrogen resulting in & more fonic charzecter of the atom.
Some workers {5) have sitempted a guantum mechanical treatment
of the hyﬁrcgen bond, btut the results proved to te In not too
cleose agreement with experiment. The bond must, however, have
some lonle character eand also some covalent character. In other
words, o methoematical deseription of ths hydrogen in the bonded
stato mugt include wave functions representing both lonile end
covalent hydrogen.

Thé fundamental sbegorption pesks due to the dimers of

carboxylic acids cen be ascribed to modes of vibration arilsing
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from e quantume-mechanical treatment of the motlionz of the active
hydrogen « £ & resuli of dimer {ormmbion, esch active nydrogen
hog two ejullibriws positlons, or twe positlioneg of nminlsum
potentlial suergy, In terme of the potentiasl ensipy curve. ¥Wave

£

Dunetions, Loth ayrewirice and nntisyrowiric, can Le nel g for
# x 3

L]

el Iypdeopen, aond corbinetions of these tewo wave [uvnctlions will
descrive the vibration sdeguately. el Yo wnd Yo rofer Lo syme
metric and snblsyrmetric wave lunctions resposiively. Llso

let ?9(1) und $ull) refer to the symmetirle vibratlons of the [lrset
and the second hydrogens regpectively. Then combinabtions of

these wave Juncilong regult In tle foliocwing four wesve Dunciions

{%) for the molscule:

=
=
"

Pell) Ye(l)
Ta = ys{1) ya(2)
ft 2 yall) ys(2)

" Ja oz ya{l) ga(2)

L 3]

The subsgeripts, =, 4, and a, refer to symmeiric, degenerste, and
nbieyomebric wave lunctions respectively. 'Thﬁ result on the
energy levels of the vibrating hydrozxen 1s thet instead of two
levels, one unexclted level and one excitsd level, each of thesc

1s 8plit Into three as {ollows:

3 &
Exeited 8
Level 4

1 2 J~ 4
Unexcited 2
Level 8
¢

Then, instead oi one abgorption band resulting from a single

possible transition, the result should be four, &g shown in the
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drawing. These four wmodoz of vitratlon are:

¥ode 1. Uegenerate to sntleymoetric levels.

Hade 2. Leganeraie $0 symuetric levels.

dode Se  Symmietric to Cegtnorate levels

voide 4. Antlaymmetric Lo degenerate levels,
A11 osher poesille teransltlons are lnsctive,

In the Investigation of isu;bpie sflect concerning hydrogen

and deuberlum, the predletiom ol wave lbﬁﬁtha weo nede by the use

af the well known expresslon for a harmonle oscillator,
= (&)

whareﬁ& 1s the wave-lengih, ¥ 1z the reduced mass of the systenm,
{ ie the force constant, end I is & constant, The reduced mess

is éelinsd by the expression:

1.1 .1
5 iy Tig (4)

where my ls the mmsg of one part of the vivrating systen, and mp
is the mass of the other., In the case of the aclds, my was taken
to be the mase of the oxygsn stom and mp wae btaken Lo be the mesa
of the hydrogen or the deuterius abon.

In going f{rowm the hydrogan acid to the deuterlum acld, the
specing betwesn the antlsymmetric and the symustric energy lovela
decroapes exponentislly as the msss incroases. Therefors the
difference between I[requencies will also decrexpe, but it should,

theoretically, still be possibls to resolve them,
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mlirror were mounted on & rotsting tabls which wes connected to
& nuebered wheel, .y bturning thls wheel, cillerent portions
of the spoctrum could be observed. ihe wheel resdin:s were
callbrated to well-unown abgorptlon bendes, and after esch run,
the whesl waes recallirsted Lo the susorptlion pesk st Z.070u
e o water vapors

Greal cure wag isken to supply conatent source ol radlistion.
& Nernat~slower was used for thie purpose and & congtani aource
of electric current wes supsplied to 1t by & sultable clreunit.
(bee Ilgurs 2, page 185.) Ballast (ubes were placed In series
in order to malntalin sitesdy current, although small fluctuations
aover & period of hours still existed. 4 veriable resistance In
the elrecult afforded the possibliliiy of changing the current to
the glower, thereuy chungling the Intensity ol radistlion. rom
two to {four tenils of an smpore were ususlly used,

The therwsocouple was constructed of twoe alloys, bilawuthe-tin
and bismuth-antimony. Yhis Juncilon of the two alloye wae pluced
in evacustsd epystsm commected to a tube conbeining ectivated
carbon. The latter wes pleced in e liguide-alr trap so as to
remove nmost of the residusl gasss of the system. In this way
the greatest possible efilciency was obbtained from the thernocouple,

The current from the thermocouple was taken Jireeily to a HS
high-voltage sensitivity galvanometer constructed by Leods and
Horthrup., 7For some work the Intensity of radiatlion was not grest
enough to get proper galvanometer deflections, and therefore an
emplifying system had to Ve used. ror this purposs an amplirying
gyatom known as the FolleHelay (12) proved guite efficlient,

4 technique was employed whereby cellas of different lengihs
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could b reasily pleced ILn the spuchrometer, ‘hms, the thlckness
and, of couree, the concentratlon of the solutlon throush which

the radistlen passed, could be varled, The cells are nambered

on Lhw graphs, 2nd the correcponding lengths are ;lven In Table l.

Table la
Lell Ho. Length {cm.)
1 10.318
2 5.070
& 2,532
4 leéE
8 540
G $GED
7 158
Leer'ls law was siployed to study the effects of concsniratlion

upon the absorntlon spectrum. Hathemstlcally, this lew takes the
Tormy

¥ gy los T

#here Io is tle trensmlsslon ol radlistion through rure sclvent,
meagured as the defiection {in millimeters) by the galvenometer
connected to the thermocouple; 1 le the trensmleslon through
gsolution; 8 ls the conceniration in moles per liter, and ¢ is th
length of the cell, It can be shown that the absorption due to the
coll windows and the solvent csncels out in each camse., rollowing
from this, K would Ve deilned ss the molel abgorptlon coefiiclent.
A Qiffleculty arose, however, In its applicetion., It was found

thet X was not & constant unless C x d was kept constsnt lor the

entire serles of runs, The difficulty lies not in the lew, which
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has beun developed [rom sound opiical principles, but rather in
1ts sprlication teo our spscirometer, whe I'sei thet the resolving
power of the ingtrument was not perloct wouls srobably scoount
for most of the deviatlong observed.

The apectrs of &ll the substances studled were talen In
carbton telrachlorlde solutlon. Thls compound has proved thw best
polvent for thie use althoush i1 Ime also peveral dlsaaveanisescse.

The ldesl solvent sor use in Infra-reod spectyoscopy should
meet the Tollowin; requirements:s (1) It must be transparent to
Infre-~red radlation. {8) It muet be insert towsrd the solute.

(3} It magt be eesily obieined In a high degres of purity and in
large gquentities. (4) It must afiord e hich solublility of the
compound to Le studled,

Carbon tetrachloride mecte these rsguirenmsnte (airly well,
and for the studles whieh were pursued, 1t wes wostly satisfactory.
In the region of the apectirum In which the Investizabtlion was
carried oub, carbon tetrachlovide has very little sbasorptlon,
owever thils solvent would fell in the reglons of the spectrum
where great sbsorptlon occursd.

This solvent lg Inert toward moat organic compounds, bubt with
some compounds & resction does take place. If no intersction took
place between solvent and solute, then the spectrum of thils solutlon
ahould bhe the same e thﬁtvof the compound in thoe vapor state.

The elight shift of the spectrum of acetle seld In golng ifrom the
solutlion to the vapor state {See figure 3, papge }, can be atirivue
ted to the small intersction between the solvent end the acid.

This inertness of carbon tetrachloride 1s very probatly carried

over Lo the similar compounds studled in this investigation.
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Some evidence han ﬁriﬂ@n*reeantly in connectlon will: curpound
formation bLetween carbon tetrachloride and Hemethyl ncetsnide.
aow Tar this ohencmena gpoes with other conpounds ls a matier of
{further investigeilon. “his in now belng carried on in ithis
leboretory snd is ms yobu, theroiors, angubliah@ﬁi

“he greatesi diffieunlty, perheps, srises in the surliiicstion
of this solvent. -+ochnical carbon tetrachloride is svaillable in
conmerclal qu&n?iti&s, but 1¢ has twe iopurities, weler and chloro=
form, which are very hard to eliminats, “‘he most prectical
devide lound in our laborstory to remove theese was simple
distilistion, & six-Yoot distilling coluwn, whose pacling consiste
od of esplrals of nichrome wlre, removed wost of the chloroiorm
and weter. The water remaining in the solvent is estimeted to Le
less than LO01 ., but the concentration of the chlorofors i
atill problemsticel. An ebsorption bend in the reglon of that of
chloroiorm s4ill remsined, although it waes congiderably dlminished
after distilletion. wore work is beins done on the problen st the
present btlue by Nr, ¥aycock, sand & publicatlon of the resulis
will probably be mede within a few months. +f chloroforn is
prepent to any concentratlon above 01 ., 1t is bound to cause
somé error in the spoctrum, since chloroiorm doss form hydrogen bonds
with various oxygen-containing mclecules (4).

Another dlsadvantege in using carbon tetrachloride as &
solvent lies In the fact thet very polar molecules are only
s8lightly soluble in it. %his difficulty thereby limits the number
of compounds capable of being studled by ordinery technique. In
the casse of any solvent which might afford greater sclubllity,

bonding between the solvont anc asolute would undoubtedly take plece,
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therely intreoducing & complicating factor In the resulting spectrum.
This difilenlty of solubility is {herelore en inherent one, snd

can only Le solved Ly loproved technlque with very dilute solutions.
Be Preparatlion and Purificetlion of Compounds.

Certalin of the compounds studled demanded specisl puriileation,
and certaln ol these had (o be Lirst synthesized, & few of which
had not btesn wmentioned in the literature.

The deutero=~scides were prejared LY resctlons of some acid
derlvatlive with deuterlus oxide in one step. The heevy scetlc
acld wes prepared Ly hesling Ior several hours equlmolar guantitles
of scetic anhydride and heavy water In a sealed tube. he bensole
acld resulted from an addltlon of on excess ol heavy water to
benzoyl chloride. After heating for seversl hours, the excess
water and the bLy-product, hydrochloric acld, were pumped off.

The deutero-proplonlc scid was prepared Ifrom the corresponding

Frecautlon was used to keep the deuteroc-acid away {rom the
molsture of the atmosphere, since the exchange resction to ordinsry
acetic acld would procecd reedily in the presencs of this noisture.
The deutero-acld wae cdlssolved in carbon tetrschloride, and the
spectrum was taken. “ubseguently, the same solutlon was allowed
to come in contasct wlth small amounts of light water. The sxchenge
reaction which converted the hesvy to the light scid was ellowsd
to proceed for sbout two hours, after whieh the spectrum ol the
light anc the heavy sclds could not be due to impurities.

Almost all of the glycols were avallalle either in large

guantitles ror solvent uss, as for example ethylene :lycol, or
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were avellslle in emaller guantitlies in ile Freupsrstion Stock Hoom
ol the Qrga ie Ulvislon wl the Chenleatyy separivent. srom the
latler source were outuined wriuethylens glycol, tetraumethylene
glycol, lersaeliplene jLlycol, and psniuseilylene glyeol. votae
decnmoingyloene plycol wes spocially prepared under Lhe dlreciion of
Frofosaor L. Se Harvel,

The pentumetliylene glycol was prepared by vl hydrolysls of
penbamethylene cibromide in an slialline wnbar-alcohol solublon,
aiter pefluxing Jor 40 houres, potsaslum ecarbonube was added to
saburation and the layers were aoparated. “he glyeol ccmtﬁihing
Jeyer was fyactionully J4istilled,

some physloal constants of the glycols used are herewith

ilinted,

Table & "

Lompound LIhysleal Constant

Ethylene glycol BePe  88°C/10mm,
Propylens glycol E.Ps  108°C/10res.

futylene plycol Bele 124°C/ Vnmu,
Fentamothylene glycol BoPs 104°C/ 4drrn,

Hoxemethylens zlycol HePe  42°C.
Decamethiylene slyecal Hels 7070,

Uctadecamethylens glycol %ePa 0170,

The ethoxy-alcohols wers sll preparsd in this lasboratory,
with the single exceptlon of ethyl-cellosolve, which is aveilable
In commercial quantitlies.

S=fthoxy-propancl-l was syntheslzed from propylens cyanoe

hydrin and sodlum ethylate. One hundred and twenty five prems
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of the cyanoliydrin wes run slowly into 500 ce. eboolute oihyl
elcohol containing 4€ g. of sodiem. The mixture wes veflured for
twelve hours, vhercuzon 1t was neutrel to lltrwme. After removing

the godlum chloride by {iltratlon, the sloohol wes Glstilled from

o
3

the solutlion, “he residue was Irectionally <ilstlilled, ylolding
thwe nroduct.

d=tthexy-n-butanol«l wae prepared fron the monoe-sodlum salt
of tetremethbylene glycol and ebhylens lLyomide, MNinety .rews of
the glycol was diseolved in 300 ce, dioxane, and to this, while
refluzing, & g. of sodium wae sdded, ihe sodium salt precipltated
from the solutlon, but this did not secnm to hinder the subsoguent
resctions 4 slight excess of 125 g, of ethyl bronide was sdued,
and the resulting mlxture reifluxed for forty-elipht hours. Sodiun
tromide was separated from the solutlon by filtratlion, and Lhe
dloxene was removed by distlllastion. ‘Il remaining resicduc was
frectlionally distilled, ylelding the flnel preduct.

S-Lthoxy-n~pentanclel was prepered by trsatling pentamethylene
dibromide with en equimolar quantity ol sodiun etlhiylate, and
subsequently hydrolyzing the mono-bromide compound. (ne hundrad
and twenty-Iive grams of pentameithylens Sibromlde was Sissolved
in 200 cc. mbsolute ethyl aleohol., in squimolar quantity of
sodlum was dissolved in 400G co. abgoluts slcohol, and the
resulting solution was slowly added te the solution of pentemethyle
ene &ibraéid&; The mixture was refluxed for twenty [lour hours,
after which several hundred cubic cantlimetors of aslcohol were
distilled from it to decresse the large volume of solution,

The precipitated sodlum bromlide wae separated by riltration.
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FITEy groms of sodlun hydroxide and 200 ce, 0f water were added, snd
the mixture was refluxed for twenty~four hours. 7The produci was

fractlonully dlstilled,

foar

extracted with sther and
“he cobserved Lioiling oolntes for the sthoxy-uleohols used are

herewith 1llsted. v

Table S,

¢ ompound Fhyslical constant
Ithyl cellosolve De¥e 138 C.
E=tthony~pronanol-1 Lete  155=1589° ¢,
4-ithoxy~tutanol=1 CePs 18T C.
S=lithoxy-pentancl=1 Ueke TO=B0" Cof4 rna

The compounds, dibenzoyl methsne, benzll, snd diphenyl
methsne, were gurliled by erystellizetlon from sleohol end their
melting polnts were checked with those in the literature.

The azo~comnpounds woere preparsd by the well known coupling
rogction of diazonium compounds, snd the meliting pointe of the
products were alsto checiked wlth those in the llterature.

‘he melting points obgserved for these compounds are &s

follows:
Table 4.
Compound Ehysicel constant
Utbenzoyl methane WaPe  TT°C.
Henzil BJPe  95°C,
Iiphenyl methsne fePe  RC°Ca

S-Phenylaso~4-hydroxy-azobonzens ,P, 128°C,

l-Phenylazo-naphthol-2 KePo 131 C,



4-lyiroxy-arcoencens LePe  185°C,
Zelydroxy-5 wmethyl-srotenzensl.Pe  106°C,

f=-hydroxy~&=-nothyl-azobenzene V.P, 185 C,



VI - Experimental Hesults.

Le Carvoxylic lcids,

poth mono-basic and Ci-beslc acids were studied, tut, as
stated previously, ibe study of ihe latier wap ié@edﬁd by thelr
very slizht solubility in carbon tetrsehloride,

The mone-baslc sclds siudled were venzolc acid, scetic acid,
angd propionic acld, the ectlve nydrogen of these aclds was sub-
stitutesd with deuteriuwn to deternine which part ol the spectrum
was due cireetly to the Lydrogen or, In turn, Lo the deulerium.
“his deta 1s glven &0 fipures 4 - 8, snd, for the sake ol convenl-

"ence, the essentlsl data ls tmbulated in Yable &.

Qﬂblﬁ'ﬁa
{ ormmourned Absorptlion Peaks

Crdinary acid reutero-acld
Acetlc acld BoBlu BeBYu ToTLU TTHh  4e4B4 4BTH
froplonic acld 34824 3,304 3.7Hu 5.6 4440u 4,004

vengolc acid 3&2%& 5&4%# 3;7%“ 509%“ Qw%%u 4.8%#.

The dlbasic-aclds studled were only two, dlethyl malonic

acid and azelmic acid. The resulting data is in [lzurs 9.
e Glycols and glycol Derivatives

The spectra of elght ylycols wers determined, all in carbon
tetrachloride, of course, and in saturated solutlons. The sxzact
solubllity of these compounds was not accurately determined, Lut
it 18 of the order of .00l b., Jjudglng from the amount of absorption

observed., The essoentilal dats on these compounds 1s found in the
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form of graphe in Cigures 10 and 11, end aloo in Yeble G.

Fable &,

Compound iree OU Londsd OO
Ethglene plyccl 2a70u -
Propylene glycol 2+70u B;@Qﬂ

C 1,3 SLhenylepropylent glycolemws 270
utylens glyool BeTCu 2eliiu
Penimmethylens glyeol S0 u Dalidu
e thylene glycol 2.?6# ReliTp
wseanethylene glyeonld 2870 pu F2UE 4
vobadessmethylene slyool Q.76 o

A serilep of compounds was studlod, In which wne of thes hydroxyl
croups of certain glycols was sulstituted by an 2LH0XY Sroups
“his dota ls found in figures 18-14, and for the sake of unity in

comparin: thoem, in Yable Te.

Pable %

| LI g intere
Compound irse 0B molecular HOlsculay
S«ithoxy~othanolel A 77/“ — 24874
3-Fthoxyenmpropsnol=1 g,75, 2eBE p @+ BoA
dmEtholylen-tutenol-l g,76u 2,894 2.914
Selthoxy~-nw=pontenoclel 2,75, 2,874 200

C. #Holecules exhibliting keto-enol tautomerism,

The compounds in this group fuiled to give definlte sbsorption
peaks, but insteed they displayed rather broad stsorpbtlion bandsa,
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The nawe of the compound studled with the corresponding figure

nuriber of the abeorptlon curve is as followe:

Divenzoyl methane Mgure 1s
S=Phenylazo=4=-hydroxy-anobangene ? le
l-Phenylago~nashthol-2 k 16
d=lydroxy-azobenzens " 16
e-lydroxy-S-nothyleazobonrone » 17

de=liydroxy-Semothyl-azoliengene # 17
&
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¥I1 - Discussion of Results

£ Carboxylic iclds.

fadd

The carboxylic sclds exhibilt e rather cumpli%ated abzorption

- spectrum 1n)m0myarimon to simple hydroxy compounds such as alcohols.
The clue to this intrieabe structure iies, probably, In the fact
that the mono-tuale wcids are, to & very large extont, associnted in
the rorm of dimers, while, in the cese of dibesic solds, ther are
capable of forming large nolymers {(9),

The simplest of the acids, from Lthe point of view of its sbectw
™, soems bengole acld. I & solution of the gpectrum of this
geld can be obtalned, then, perhaps, wo night also obtain solutions
for the atill more complex specirs of some ol the other aclds,.

After we have proven that there are ifour possiile sctlve
Irequoncios (Cee page 18-13), it becomes & simple task to gaslizn
them correctly. Transitions 1 and 2 involve the sreatest oneryy
change and therelors will involve radlation of the shortor wavee
length, while the remsinling two trensitions will involve radiation
ol ﬁhe lmﬁg@r wave-length. The assignment of wave-length to o
mode of vibratlion in the case ol the mono-basic scids investigated
is, therefore, as shown in Table 8., . It might be mentiloned thaet
difficulty was encountered in sscertalning the exact wave-length
for Kode 1 in scetic and progiohia sgelds, slnes the absorption
due to cerbon-hydropen vibration comes very close to 1t,

In order to show conclusively that the sbeorption so assligned
above 18 due t¢ the mctive hydrogen of the acid, the deuteriume

substituted acld wes studled. <There should be, thareby, & 4isspm
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pearance of the orizinal hydrogen absorption withy ¢ resppearance of
the deuteriurm absorption st & longer wave-longth (See page 138.)
Using rerimles (37 anc {4), page 13, thebd@atarﬁmwnvanlaﬁgths
were calenlsted, using the mean of each doublet as the originel
wave-length, and the rollowing table sives the coleulated and the

ougerved values,

Table B.

Compound  Hode 1 lode 2 é,zgrzgfe; 1{2;}%21 ;)g H?ﬁggx:?
tenzole acld 5.2k S.40x  S43TH 4.631  4.48u

Legtie acld Sellp SalOu Ba38Bu 4.0600 4.484
Proplonic acld S.00k 3,380 Jaldu  4a5Tn 4.404

bhode U Hode 4

Denzole acld TaT4p S4914 T.83p Ba20u .87
Leetic acld SeTlp GaT8u  BaTOu  DelBu  4,87T0
Propionic acld 3.604 3,79u 3.70¢  5.00u 4,364

Although the caleulsted and the G‘baerifﬁ@ veluer ave somewhat
Glflerent, ithe order of mepnlitude is correct, and a nore perfect
golutlon can only be obtalned Ly overcoming aome of the previously
made sssunpbtliong. The assumptlions entertalned hy'thﬁ use of
formula (3) in thiz problem are (1) that the vivrations are strictly
hermoniec, snd (2) that the Torce constant does ramain
constant in soing from ordinery acid to deuterium-subetituted
acid, The Aifficulty invelved in the uso of forswla {4) is
correctly selecting the messes of the two vikbrating compounds.,.

Por sowse modes of vibration the effective mess of the remaining

part of the molecule, my, might be greater, and for some modes the
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mese mlght Be less. In this ceso, the sssumpition of a lower
effective mess would result In & mars“aaanr&ta »redictlion of
wave~1eng%h for the deulero=compound.

It would e & Gifficunll task 4o attempt en assiynment to the
remaining observed absorption pesks, end for the ﬁre&ent one can
only say that they sre provably due sither to combineation freguene
clse, Lo overtone frequencies, or, more probably, to both. This
coneclusion is resched by the cbgervation that, while bensole scld,
which conleine only eromatic hydrogens, hes & comparatively simple
spsttrun, scetic and propleonic aclds, which contaln sliphetic
hydrogens, have characteristlcally modilfied spectra.

Conclusions with regerd to the structure of dl-basic acilds
beeome even more complex, and the ofiects of smell lmpurities
become mors pronounced with those less soluble conmpounds, Sowe
evidence hag been found that the sbsorptlon due to water bondsd
to acids ocours Iin the region of a,gﬁ, tut conflrmetion le stlll
neaded, lowever, the trend seeme to Le toward grester absorption
due to carbon-hydrogen vibration, which ausorption tends to blot
out part ol the probable dounblel structare due to the active
bydrogens, Une positive result can be obtained by & compsrison of
the 2.884 aisorptlion peak of dlethyl melonic acid and azelalc
acld., Ulnce less absorpiion 1e observed in the latisr, the natural
conelusion is that 1t has less of the unsacsoclated or unbondsa
acld than has dlethyl melonle acld, Yhls cubcoms 1z not hard to
rationelize whon one conslders Lhe respective structures of the
two molecules, oLlethyl malonic scld is & very short-chalned
dibasic ucld, while azclalc scid 1s a rather long-chained acid,

acld
having nine carbon stoms. ©his [feact offers azelaic/the pegsibility
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of forming & ring structure, with the carboxyl proups bonding
miren in the same way In which & dimer 1s formed in benzole acid.
Zdnee this vring structure lz & phyelcal Imposelbility in the caee
of the melonle acld, more frec carboxyl grouns sre the result,
ané a greater absorptlon for free O is observed. Some rin:
structures night be possible in the case or dlethyl malonic melq,
{Sec figure 18, page 45), but these would result in an entirely

, . comparison to )
different spectrun in/thet obeerved in the mono~-baslic aclids.
fny structures In the spectrum of melonlc scld which ere conparalble
to those of dibesie acld are probably due to dimer formatlon
{ See figure 18, no. III, page 45.) or perhaps long-cheln polymer

rormaticns (9).
T Glycols and Glycol verivstives,

ihe plyeols werc studied in solutions of very low concentration,
and therefors, it was assumed that very lltile sssocimtlion was
baking plece betweon moleculss. 211 of these compounds hed an
abgorption pesk ail 2476u, wnd this was attributed to the fundamental
oxygen~hydrogen vibration., Alcohols in very dllute solutions
heve also bLeen found to have sirllar absorption in this region,

The eignilicant polnt about the glycols is the socond pesl,
which appears at‘a slightly longer wave-lensth. 4he lnmedlate
thought on thie observation s hydrogen %onﬁing, gince 1t alzo has
a parallel in the slcochols,s Dut in thls very dllute solution,
1t probebly is not bonding betwe:n moleculer, but rather bonding
within the molecule (see Flgure 18, no, IV, page 45). This
point of view 1mm@dia£aly c}@arﬁ up the question why a second

pesak does not appear ior the first and the last of thle series of
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glycolss In ethylens glycol, bonding cannot take place Lecauss
the atomlc distances and the Lond awngles sre not sultable [or
ring forsation, Although the five-memiered rin: should be the
one involving the leumet atrein, the hydrogen atem is so small in
comparlson to the other atome that the ring in atﬁylana glycol
would virtuslly spprosch the character of & fourw-merbered ring.
In the case of cctedecamothylone glyeol, the hydroxyl croups are
too far apart to heve much effect on sseh other, iwre one nipght
compare the glyeol to two meparate alcoliol molecules in & very
dllute solutlon, ‘lthough they do emme topether end Lond lor a
ghort perlod of time, they soon break By the {orce of collisilon
wlti other moleculos, with the result that most of the time they
are in en unbonded state.

& peculiay belmvior ls to ve noted In the case of 1,1-diphenyle
wropylene plyecls. It hms s single avsorption pezl ab 2.79%4 In
eontrast to the two pesks of propylene plyeol, A possitle
explanation mlght be that Loth hydrogene ere Londed intra-molecularly
£ tertlary hiydroxyl osroup mey heve grester bondlng properties than
& primary hydrozyls. Another explsnation night Le tlat there iz
an actusl shift in the unbonded hydrogen, However, this is unlikely,
gince triphenyl carbinel hams been fouwnd in this lsborstory to have
a fundamental absorpilon pemrk at 2,764, 4nother explanstion might
be that the compound was not asctnally & glycol, but some lsomer of
it.

In order to ind out something aboul how the glyecols werc
sasocinted, some compounds were prepared in which one of the
hydroxyls of some glycols was substituted Ly an ethoxy group,.

These compounds were completely misclble witli carbon tetrachlorids,
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indleating that they were not nearly as associnted ar were the yly-
cols.

Iue to the .rester solubllity of these ethoxy-compounds, 1t
was poszible Lo study the effect of concentration on the absorption
spectrum., As hipher concontretlions were used, it.was noted that
a dlfferent type of u bonded absorptlion peak than that of (he
aleohols came into the plelure. <“he Firet conclusion s that the
other ether oxysen le playing soms part in this act. It 1z also
to ba noted that, as in the shorter glycole, itlhsre was some
hydrogen bonding even at the lowsst concentrstions.

It wag thought profltable to plot ihe molal absorptlon
coefflicient ol the hydrogen bond of the ethoxy-aleobols ayzsinst
concentration for the varlous cthozy-aleobols to show wore clearly
what is happening la these compounds (See igure 14, page 358).

It will be noticed that at hipgher concentrations, the absorption
is approaching a more or less constant value, while at lower
concentratlions, conslderable differences are pressal in the
various compounds. Ly extrapolating to rero concentrailon, ithe
resuliing nmolal abeorption coefflclent shionld be that due only to
Intrae-molecular bonding, since it 1z sscured that sll assoclation
beotween nmolecules hag cesssd., Shus, E-athoxy-ethenclel shows
evidence of no intra-melecular bonding. Yhis s in syrecment
with steric considerations in the melecule. & rive-menbered
ring, sccording to organic chemiste, ls & very stable alfair, Lut,
wa stated previously, beesuse the hydrosen atom is so small,

wh,t we really have le s psoeudo-four-membered ring. S-ithoxye
propanpl-l was found to heve for the molal alisorption an extra-

polated value of 24, while {-ethoxy-n-buteanol-l and S~ethoxy-
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a-pentancl-l had values of &3 and ¢ respectively. “n the case of
the propanol derivatlve, the pseudo-five-membered ring is posvilble;
but the greatest vonding was found in the bubanol derivative,
where & peoudo-six-menbered ring 1s poseivle. In the rentancl
derivative, the eaitrapolsted molal absorption coefrlcient dropped
because 0f increased dlstaner between the hydroxyl mnd ihe etherw
ORFIEN STOuDE.

iut bow does inter-molecular bonding take place, and to
what extent does associstion occur? Copley hes proposed o
meehenism of asgocliation ror smeides, Loth un-substituted enc
subetituted (24), and also for glycols, which mechanism would losd
to dimers, In the case of slkyloxy-compounds, end polymers in the
case of the glycole. (See [igure 18, no. VI, page 45) If dirers
sre rormed In the case of the glycols, there #3411l remein in the
structure twe unboended bydroxyl groups, which are capeble of
further bonding, In thils wey en unlinlted pumber of molecules
tould Joln togetlior te form a polymer of high wolecular welohb.
On the other hand, 15 one of ihe hydroxyl groups in the zlyeol
molecule ls tied up in the lorm ol an ether, the assccistion
would, according to mechanism, have to stop at the d'mer ateie.
These dimers would stlll be solulle In carbon tetrachloride, anc
while the zlycol polymers would be insoluble.

It might also bLe neked how much effect this ether oxysen has
on the association as 1t becomes farther away in chain length
from the hydroxy group. Of courge the molecule nust then Lecome
more and wore like an ordinery alechol melecule, with its Increasing
molecular woight maliing it lese soluble in carbon tetrachloride,

The effect of increased chain length is shown in the wave~length
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of the abseorptlion duc to the Intre-molecular bLond. +n Lhe compounds
of longer chelinsg, the wave len th incresscs, indicsting b wealene
ing of the bond, & srester averase distance between the two

oxypen atoms, and in pensrel,

g

typs of Londing: found bLetween tw
alcochol molecules at hipgh concentrations. ‘

“hese speculations concerning oilner formation in the GLLIORY =
alcohels should be capatle ol wore definite euperimental prooi,
other than that glven in terms of spectroscony. Cryoscoplic
dete and vapor pressure date mipht be used. Mo the equlilibrium
congbtant for the assoclatlon reaction nipsht beo studled to see
in what order the reaction muy be classed. oome rough celeuletions
had been made using the esguation

82 A .ﬁ?’a
Concentretions of the two forms present were cdeuleted from the
relative hieight of the absorption peaks of thelr infre-red speotrun.
The resulte indlested a second order resction lor Lo thoxy- .
ethanol-l and Sw-ethoxy-n-propanol-l, while considerable devietion
from second order wag noted in Sesthoxy-n-pentancl-l. Those
resulis, thererore, scemsd to gualitatively arres with tle HypO-
thesls that dimer formetlon was present, and thut, as the digbance
botween the oxygens incressed, the resulilng ﬁaﬁpaand approaches

that of sn ordinary alcohol,
Cs Joleculss Lxhlblting Feto-Iuol Tautomerism,.

Compounds centaining keto-snol teuntomeriswm which were
studled spectroscoplcally with the hope of finding out what isg
happening in these molecules with respsct %o their active hydrogens.,

In the cuse of dlbenzoyl methene, (See figurel5, page 39), a



diffuse absorptlion band was found tveyond the 8.2 reglon, uhich
absorption was not found in the case of the somewhat sinllar

molecules, benzlil and diphenyl methane, It was therefore concluded
s P

7

that thils absorption was due In some way to the sctlve hydrosens in
divenzoyl methene and not o some other structure .in the molecule.
on comparison of the enolic structure of this wmolecule with thet

oL the dimer ol bonzole acld, snd on comparlson of lts absorpitlon

spoetra with that ol benzole aclid, a striking similerity is found

-

e

in each case, Loth moleculen contaln hydrogen bonds in & ring

structure, and Loth specire contaln ihls abgorptlon, althourh in
the cape of benzolc acld more delinlte pesks sare obperved,

snother ¢lass of compounds, slthough not stricily of the
ketowenol type bLut very closely releted to them, containe those
moiecules In which an active hydrogen 1s eapsable of miirating
from an oxygen to z nitrogen atom. (Bee flgures 1¢ end 17, page
40«41) This migration must be intlmntely connected with the
pogsibillity of Intra-moleculsar Lydrogen bonding. Upon snalysing
the absorptlion gpsctra of thls clesr of molecules, it 1s found
that they alge have en unusual sheorption in the rezlon beyond
CeOus A contrast In spectrum is also to be noticed in the cege of
duhiydroxy-arobenzene and 4-hydroxy-S-methyl-azolcngzene. (Bes
figure 16 and 1%, page 40-41) 4 lack ol slsorption in the SeSu
region and the pressnce o the free hydroxyl absorption bang at
2477p colncldes with the melecular siructure where hydrogen bondlog
iz n physleal Lumposeilfllty. Thils data, therefore, tonds to confirm
the 1ldes that this dlffuse absorption s due in zome way to the
migzrating hydrogen atom.

It might also ve pointed out that theso compounds, aside from



-

fow]

- 3
the poasibillity of bydrogen vondlunz, are known 10 exist in two
tavtomeric lorms. II the hydrogun is attached Lo ihe nitrogen
aton, resultin in & quinoid structures for tho Lenzene nucleus,
there should be some evidence of & nitrogen-hydrogen sbsorpbion
peait, &L smell absorption peslt hes been found in the resion of
.9, which night very well ve atiribwuted to this vilbration.

This type of e bond haes been found to have this absorption in

Attemple to Ceubterate thesc molecules wers unsucosssirl,
and for the time Lelng the absolute solublon Lo the rroblen con not
be piven, Uhe setusl asslignmoent of the abgorpilon pesaks to portice
uler modes ol vibration would bte a £t111 more J1f0leult tau& and
for the present we awell Jurther Information on the general structw

ure of mnolocules,
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The work hore swwarized seems to me like a single link in
a long chaln of events that which may ultimstely explain structurel
phenomens nore completely. Certsin acids have veon studled snd
cortaln modes of vibration have been azsigned to particular
sbgorption Londs. The shift in frequency due to mass effect has
besn observed and agaln verified through the substitution of
hydrogen by deuterium.

The plycols were studled from the point of view of association
and the ethoxyesleohols aided in thls study, DNoth were found to
contein certalin simllar hydrogen bonde while at the samo tine
certelin digsimlilaritles were observed. 4 formule was found which
could account for assoclation in these compounds oné which asreed
with the observed data, Intra-molecular Lvondéing was obgerved in
the sthoxy-sleohiols mnd glyeoles, which bonding, I believe, 1s the
firgt to be observed withlin a molecule whose structure d1¢ not
Involve & ehelated ring.

An agnomalous behaviour was observed in the case of molecules
exhilblting keto-snol tautomerlism, snd thls can probably be ascribed
to the aeetive hydrogen present. However, no definite conclusions
could be reamchiwd on the subleet, and future work will probably
decide the muttor.

This research ig of course not closed, and rnore dats from
Infra-red spectroscony and mlso probebly from othey sourees will
be necessary to cerry the work to completion, Better technique
with the laegs-solubls conpounds will bring forth the desired Llre

formation concerning such compounds as dlbasic aclds, hydroxye
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aclde, and poly-functional molecules in general. Inproved tecinique
with thin f11ime of pure subsitance would also afford informatlion
concerning the state of these molecules in the highly sesoclicted
forme. An exaect satudy of the infre-red spectrum of water bonded to
an acld is stl11l needed. A problom of sterso-chemlistry might be
developead in the ethoxy-aleohols, Changes in hiydrogen bonding
with the variatlion in size of other attsched inactive proups in
the woleonle might be signilicant,

The guestion naturally arises in sclentific work s %0 whnt
is the practicel value of the investlgatlion. More frequantly thean
not, & ziven plece of work is only one step cloger to something of
greater benefit, Thle work in infra-red apsciroscopy night be
spplied to annlysis of organic compouands or 1t may develop in such
& way to eald technologleally in the solution of an entirely differe
gent problem. It can only be pald that theoretlical work should not
be demanded an lmmediste Justification inbterms of dollars snd cents,
for, as experlence has tanght us, many of our modern convenlences

due to sBelence sterted as inslgniflcant theoreticnl hobbles,
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