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SUMMARY

The ngtnra and properties of the hydrogen bond are discussed with
special reference to the sthynyl hydrogen bond. Preof is given of the
ele_ct;jon“gccepting sapacity of the C-H group and of the electron donating
capacity of the "i;i" é‘iectfbn system of aromatic rings. The theory of
the calorimetrics spectroscopic and diffraction methods of studying the
hydrogen bond are discussed in detail especially as it applies to the
investigations discussed in this thesis.

An investigation of the ethynyl hydrogen bond was conducted in
which the chisf acetyienie sioctron acceptor used was benzoyl acetylene,
Instruments wors scnstructed for a calorimetric study of the ethynyl
hydrogen bond, the apparatus being checkad for accuracy “y detormining
the heat of sclutiun of potassium chioride in water., Heats of mixing
of bengoyl acsiylene in a wariety of solvents were gbtained and from thess
the enthalpy ¢f hydrogen bond formaticn betwsen the bensoyl acetylene and
the active solvents was cbiained,

An infrared ivvestigation of benzcyl acstylens and phenyl acetylens
in a wide variety of scivents was carried cut, the frequensy shifts, hal?
barnd widths end maximum intensities of the bands being noted. This
indicated the wide range of compounds capable.of hydrogen bonding and also
provided evidence of bonding te the "»i" electron system of aromatlc compounds
as distinct from bonding teo bpar‘!;iculaﬂ siscctronegative atoms. A4
quantitative study of benzoyl acotylens in benzena, varinus me‘lshjrla‘%ed

bengzenes and in n=-bubyl éther was carried out allowing the determination



of association constants and degrees of association* This was
repeated at a variety of temperatures allowing the calculation of
hydrogen bond strengths* Results obtained using the infrared
technique were found to be subject to- considerable error*

A' quantitative study of benzoyl acetylene in the same, solvents
as above was carried out using the nuclear magnetic resonance method

This provided a very accurate method of determining association
constants and degrees of association* It was intended to carry out
temperature studies using this technique but this was impossible due
to non-delivery of equipment-* This method was ale®© applied t© the
study Of Xs4 {3ichXorCbut«2”na and propargyl chloride in ben zone «
eyelohaxane mixtures and indicated the probable existence of hydrogen
bonds between the methylene protons of these iaoXecuX.es and the ,pi,!
electrons 4t benzene*

An X*ray diffraction investigation of the ethynyl hj sn bond
was carried cut with Dr* G* Ferguson* .For this purpose ortho-
bremebeiisoylaeetylene was prepared —-and photographed. A two*d&mené&ioi
Fourier muw of the molecule is shown and the first accuratg.measures*©*

of a known G«H *«*«** 0 hydrogen bond is given.
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SUMMARY

The nature and preperties of the hydrogen bond are discussed with
speciél reference to the ethynyl hydrogen bond. Proof is given of the
electron accepting capacity of the C-H group and of the eleetron donating
capacity of the 4?1” electron system of arcmatic rings. The theory of
the calorimetric, spectroscopic and diffracticn methods of studying the
hydrogen bond are discussed iwn debail espsciaily as it applies to ths
investigations discussed in this thesis.

An investigation of the ethynyl hydrogsn bond was conducted in
which the chisf acetylenic slectron acceptor ussd was bemzoyl acstylens,
Instruments were constiructed for a ealorimetriec study of the sthymyl
hydrogen bond, the apparatus basing chsckad for accuracy Sy determining
the heat of scluition of potaseium chloride in water. Hsa%s of mixing
of benzoyl acstylene in a wariety of solvents were cobiained and from thase
the enthalpy of hydrogen bond formation betwsen the benzoyl acstylens and
the active selvents was gbiained.

An infrared irvestigation of benzoyl acetylens and phenyl acetylens
in a wide variety of solvents was carried oui, the frequenay shifis, half
band widths and maximum inbtensities of the bands being noted. This
indicated ﬁha!wide range of compounds capable.of hydrogen bending and also
provided svidence of bonding te the *»i" elsctron system of artmatic cempeunds
as digtinct from bonding to pardicular electrenegative atems. A
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of association constants and degrees of association* This was
repeated at a variety of temperatures allowing th® calculation of
hydrogen bond strengths* Results obtained using the infrared
technique were found to be subject to considerable error®

A quantitative study of benzoyl acetylene in the same solvents
as above was carried out using the nuclear magnetic resonance method®

This provided a very accurate method of determining association
constants and degrees of association® It was intended to carry out
temperature studies using this technigue but this was impossible due
to non-delivery of equipment© This method was also applied to th®©
study of 'i.sA dichlorebufc*»2~yne and propargyl chloride in bengene «
cyclohexane mixtures and indicated the probable existence of hydrogen
bonds between the methylene protons of these molesul.es and the Ipi¥
electrons of benzene®

An X**ray diffraction investigation of the ethynyl hydrogen bond
was carried out with Drc Ga Ferguson® For this purpose ortho®
bromobetasoylacetylene was prepared and photographed® A two-dimensional.
Fourier mao of the molecule is shown and the first accurate measurement

of a known OH @B®eao 0 hydrogen bond is given®



I. INTRODUCTION

Ie 3. GENERAL

 The works deseribed in this thesis,; on the ethynyl hydrogen bond
was carried out by the author as the rosuli of an interest, exprossed
by Drse J.CoD. Brand and G. Eglinten of this university, in the
quantiﬁaiive nature of the athynyl hydrogen bond ﬁheré the slaciren
doncy was an arcmatic melscule. The initial results cbtainsd by Brand
and Eg}inton ueing a rock-sait prise infrared spectrometer wers
commnicatsd to a meeting oF the Irfrared Diswsussionm Group heid in
Bdinburgh in March 31358:. A fuller discusaion of the dbonding of
acetﬁanes to ethera was given by Brand, Eglinton and Mormanl in
1960. At that point the author was asked to carry out a study of

acotylsuns=donor « solvent asseciation,

L2 2. THE HYDROGEN BOND - HISTORICAL

The remarkabie development of investigations inte the nature and
proportiss of the hydrogen bond in the past decads has been due parily
to the inoreasing understanding of the importance of this form of bonding
in both blolegleal and non-organic systems and partly to the ready
availability of spectroscepic and cther physical teehniques which have
been used to determine the presencs and properties of the hydrogen bond.
One of the earliest reviews of this subjeet was carried cut by Lassettreg
and there have alsc been various symposia onm hydrogen bendings of wahich
the most allesubracing was the 1957 Ljubljana Sympesium en Hydregen

Bonding. The papsrs presented at that syspesium have besn collecied



by HasJzi3* There have* however* been few taxfc books devoted t© a
critical and comprehensive review ©f the hydrogen bond ihcu”i both
Cowls@n4 and Paulinjg,Jhave given short accounts of this topic* The
most recent and most comprehonsive text book on the hydrogen bond has

been that of Pimentel and McClelland

The existence of those physical effects which have now been shown

to be the result of hydrogen bonding was known well in advance of the
first mention of this form of bonding* The wide spread nature of this
form of association was observed by numerous workers towards the end ©f
the 19th contury® Nerast? explained the distribution of bensoio acid
between water and bensone m th© basis of the dimerisation of th® acid
in bensene® Auwers® © showed that this form of "polymerisation" was
not'confined to molecules containing hydroxyl groups and was probably
the first to observe that this "polymerisation” was hindered in ©riho“
substituted phenols® It was also noted that the most readily formed
"polymers" were those in which the monomer possessed hydrogen containing
functional groups* Wernerl® proposed structures for afflttonita salts
in which a hydrogen atom was placed in a position now usually associated
with a hydrcgen bond i*eb

\ HgN ®*aaoca il / =X
Oddo and Puxeddull and Pfeifferl2 proposed configurations for as®
derivatives of Gugenol and for l«*hydrexy anthraquinone respectively
which contained intramolecular hydrogen bonded configurations®
However? th©® first workers to actually recognise the hydrogen bond

a®© the cause of certain forms of association mid to name it as such

were Latimer and RO©debushl55® They used the concept of th©® hydrogen



bond to explain the properties of associated molecules such as hydrogen
.#luoride and acetic acid but more particularly to interp’z‘e*ﬁ the wnique
properties of water. This concept of the hydrogen bond ‘ai:so helpad teo
corrolato and explain many of the facts mentiored by eari.iar xéurkerse

The proposal of LaZimer and Recdebush was that under suitabie conditiens
a proton could form a bond beiwsen twe abtoms the hydrogen, however, being
mogd firmly ettached to one of the atems than to the other. This form
of bonding inveolved twe functional groups which could be in the same or
in different molecules, In the former case the resuli was .'dascr:?,bed

as “intramolecsular hydrcgen bonding” and in the latter case as

‘*intermolecular hydrogen boending'. Onse of the two functional groups
had to act as a proton densr such as the hydrexyl group in phenols eor the

hydroxyl group in carboxylic acidss and the cther had Nto aet as an
elactron d-sncr‘such as oxygen in sthers or nitregen in amines,

In the firet decade after the publiication ¢f the abeve thaecry the
. hydrogen bend was studied by iuvastipgating the physical affscts of hydrog::
bonding on melee:ulas,sizch as vapour pressurss molecwlar weipghts ard
dielectric constants., Howsvowr: by the wmid-thirties these techniquas
wors sup,pilema?&ea by tho vastly aers powsrful foois of vinfrarad and
raman spestrescopy wihtich allowed a dircet study of the hydfegen bond ts
be carried out14+35 At abvout the same time the technique of Xoray
- diffraction was'alec; applied to hydregen bending studles. These

spectrescopic and diffraction metheds were themsolves supplementsd in
the early fifties by noutron diffraction which enabled the sxact

dotermination of hydroger pesiticns and by nuclear megustic rasonance
vhich aliowed of very sceurate quantitative treslment of hydrogen bond

asgociation. AL tho proseant thero exists a very large quaniity of
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Table 1

‘Asidic Groups ‘ . Basis Groups

C-{ ¢ N=H 3 FH ; | :,:(3:0;' ,}');
C-H § S<H 3 P=H, : -;gn s "pi" electrons
Tabls 2
Estimated energy conmtributions %o each hydrogen bond in iee{in koals)

a) Elestrostatic 6.0
b) Delocalization 8.0
¢} Repulsive Overiap -804
d) Dispersion : 3.0

Total Theoretiosl Enexgy 8.6
Experimental Energy 6.1




~exporimortal data wmuch of it etill cnly qualitative though increasing
attempts have bea:m~ nade to obtain ax accurate quanf&;:'i:&a‘tive. ?ie;tur'e of

_this form of asscciation. The importance of hydrogen bonding, especiaily
in biclogieal systéms, has become incrsasingly obviocus and mwueh work rewsing

40 be done on & wide variety of hydregen bonded systema. ‘

. Ig S, THE HYDROGEN BOND - THECRY

Despite the considerable smount of work, both experimentaa angd
theoretidal, which has besn carried cut an hydrogen bond..ng ne sound
theorys c¢n which quantitative prediciions can roliably be baseds has
as yot been devolcped., There have besn a considerable number of
raviews on the subjoet of the theery of the hydregen bondl6-20, g
etéted earlier the hydrogon bond consists in osgsenceg of two functional
groups onro of waich, the acidie groups containg the active hydrogen and
the osther, the basic group, ssiso as the sloctren donor {See Tabls I).
Though ne definiticu of ths hydrogeu bond has been wmiversally accopiod
the ono giver by Pimentel and MeCleliland has been used bj “he anther as
4t provided a ressonable and neusssarily vagus dsseription of the
phenomeiwm Their defimiticn was as follewss a hydrogen bond sxists
betwoen a functionsl group A=H awd an atom or group of atoms B in the
sama or in a difforent moleculs when
a) There 1s evidence of assceiation or bond formations .
bd) There is evidencs thet the bond which linke A-H and B gpecifically

involves the hydrogen ztom already linked 4o A, |

The original viow of tho hydrogen band as bding- the result of

slectrostatic attraction was derived frem the emplcical observation



that the sirongest hydrogen bonds wore formod wher the twe groups,
joined through the hydrogen of the bond, w ere strengly electronegative
as in the case of hydrogen ﬁuoride 1.6
eosH = F seue He F woos He

The principle expoment of this view was Pauling®l:22, Hig theorstical
interpretation of the nature of the hydrogen bond was bassd on the
knowledge that s hydrogen atom with only ono gtabie srbiial could not
form more than cne “pure" covalent bond and that, therofors, the hydregen
bond itseif must have boen the yosult of ionmic forees. This view—imint
was supported by the dislectric properties3d and by the specircacepic
propsrtiesa‘l' of variocus hydrogen bonded matoriais. The elestrostatic
theory of the hydrogen bend is still held by a Jarge number of workers
though it has bacome movrs scphisticated than the esrlier point - chargs
salculations. Modern slecirestatic theoriee of the hydrogen bond have
employed the ecemeept of erbital hybridisation in dsciding the cherge
distribution in the hydrogen boud and specificaily in determiuning the
position of the wnpaired slscirvens of the basic group in the bond?5,
However cmﬂser@e has peinted out thet the slectrusistic medel could not
acecount for a nmumbor of phsonomens asgeciatsad with hydrogen bond formatisa.
For instance, it could net axplain why the A-H siretching vibration

inereases in inteunsity by a facter much greater than would be pradicted
by tho slectrostabic model. In addition there was no apparent
correlation betwesn the strongih of the hydrogen bond and the dipsle
m@em of the base. The eloctrestatic theory of hydrogen bonding was
alge uneble %o explain why the A-H beonding vibraticn deersased in

intousity ¢n hydrogen bending.



The present view of the hydrogen bond has been detailed by Coulson2C
and he has indicated that, though the hydrogen bond was predominantiy
electrostatic, it did involve a certain smount of covelent character.
Coulson20 gave a list of forces which coﬁ'&ribu'&ed to the formation of the
hydrogen bonds-

a) Electrostatic interactien,

b) Delocalization effects.

¢) Repulaive forces.

d) Dispersion foroes. "

In subdividing the phencmonon of hydrogen bonding into the four groups
noted above Coulsen recognised that the forces mentionod wers, to a
considefable oxtent, merely extongions ¢f the electrostatic force.

The electrosiatlic interastisn was taken te¢ ean the forces vhich would
have arisen if it wore pessiblie to bring the tvm systens tegethor wiﬁhom‘:
any deformaticn of their charge cleouds. Sinée this was; in pmq%ieag
impoesible distorting foress arcse as tho twe sysiems polarized ene
another. The delocalisation forces were the resuld of tho permansu’
distortion of the charge cleouds while tho dispsrsion ferces wsre regarded
ae tho result of smail seals moticns of the elscirous in the twe halves
¢f the system. Tho actual overlapping of the charge clouds wiich: by

placing toc wany electfens in & partieular volume cf spases violates
the Pauli Exciusion primeiple led tov the cencept of repulsive forces.

Within rather wids 1imits it was pessible te calculate the individual
affects of those forces and thoir contributicn to bond energies,

vidrational fraquenciss and dipele noments?®, {Seo Table 2)e
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Flgure 1
Molseuvlar Orbitals for Hydrogen Bemd Formation
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It is of some interest to net®© the degree of similarity between the
theoretical result &t Coulson and the value obtained for the hydrogen benu
in -ice by Bernal and Fowler”/& It appears unlikely* however? that * in
the near future? there will appear a reliable quantitative theory of the
hydrogen bond sine® tfee standard errors in bond energy calculations are
much in excess of the hydrogen band energies themselves*

Pimentel”® adopted a molecular orbital description of the hydrogen
bond which gave a fairly good qualitative picture of the hydrogen bond

in both the symmetric and unftjjwatric instances (See Fig® 1).
In each of the orbitals the coefficient b decreases froia unity to aero

as atom B is moved away from the symmetrical positions ' On th® basis

of the above picture it would seem that hydrogen bond formation results

fro® participation of p# in MA * the bonding orbital® This theory
v

did not involve any violation of the Pauli principle though only th©

Is orbital of hydrogen was used since the bonding Orbital eiraply extended
to the region on either side of the hydrogen atom giving bonding on either
side® The necessity far A and B to be electronegative .appeared in thoO
nonbanding orbital %tg;#s@re the second Bair of electrons must bo kepi
since if A and B were electronegative é#ﬁ}then represent—-©*! a favourable
rspositc>ry f@r these electrons® She above theory therefore;represented
th© electronegativity of A and B as playing a passive role in th© hydrogen'
bond* This theory also permitted an explanation of why a form of hydrogen
bond could exist between atoms of low electronegativity as well or between

those of high electronegativity® in the former case* of which the

electron deficient bbranes are a good example* the number of electrons



in the sysiem did not require that the Y, orbital bs docupied whereas
in the latter case the )bz erbital is usually occcupied as in the scase of
HF5™
Another approach ¢ wnderstanding the formation of the hydrogen bond

involved an attsmpt to cbiain an empiriesl pgten%ial function which weuld
express the energetics of the vibratiocnal degrees of f‘reédsm of the hydroge:
bend. In this form of $reatment an axplicit form was asswmssd for tha
potential function asscciated with the movement of the hydroegen atom within
the hydrogen bond. A fairly complete potential funci:ioniaudel has been
developed by Lippinzett and Schroeder2d=3l, The model addpted by thess
awthors was a one~dimevaional syuter based on the potential function

VI Do {3 -exp {=n{re=-ry2 f2r)) cvssnss (1)
whers D, ie tho A-H bond disscclation energy; r is the A-H internuelear
distance; 1, is the squilibrium A-H internuclear distance in the absence
of & hydrogen Sozxd aad 1 ie a pare;;’siev‘;ez‘ ralated te -hhé %.can:i r;a‘%ion
potentials of the stoms forming the bend. {See Fig; 259 ‘
A number oé assumptions wers invelved in this theery. These worsse
1) The hydrogen aton was locaisd é;leug the 1ine of centres bheitwacn the

twe electronsgative atoms making wp the bonde.
2) Bond I was equivalent %o a s‘iilga%ly etretched typioal covalent bond

the smount of streiching being {r - r,).
3) Bond II was a wosk boud equivalent te a highly siretched bond of

the type H-B the amount of stretching being (r** - rj) where r¥ =

R =t
4) There was a Van der Wazls repulsion between the two elaectronepgative

atoms A and B which could bs desoribed by sn exponential function.
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11
5) Theors was an electrostatic aiiractive potential botweon ctoms A and

B.
6) Tho potontial energy of the stretching of both bonds could bs obtained

through tho appiication of the potential function given in equation (1.
Of these assumptions,the last was wmdoubiedly the most fundawental and any
disoropancies beiween the theoretical and the experimental rasults would &=
due to the inadequacy of the poteniial funciien. In addition the first
gasumption presumes The 4 = H ... B bend ¢ bo linear, and as will be show:

later,a coungidorabio number of hydrcpen bouds show a reiatively hiph degr:-

of noneliinearity. Hewever, tho preponents cf the sbove theeory have
claimed that it was adeguate fer both lincar and nens=linear hydrogen bonds .

This appreach, accerding to Lippincott and Schreeders alicwsd the
pradiction of the £-H bonded distawces the A-H stretching vibrational
frequencys tha A=H ... B hydrcgen bond onsrgy and the A o.. B force
gonstant from a knoviedgs of the & ... B bond distance shilch sculd bo
obtained from Xersy diffsgection studies. They would appear‘;ag hava
obtainad reascnable agresmant For their pradiction of a c@frzfala‘&i@n
batwosn the A ... B distance and the A-H vibratienal fraquency.

" There is as yst no gensrally accepisd theory ef hydrogen boud

formaticn, all of the propesals menticnsd above having been subjested

‘%o sowe waild eriticism. Sc fer it can be said that the slectrostatisc

model of the hydrogon bond has enjoyed the mest substantial suppert

“though this has been due mainly tc the nebure of the historical

dsvolopmort of theo subject and not to auy svervaeliming é’u'pariuri‘by cf

" that modele The eariiest doiailed studies of the hydrogen bond wers

" sarried oult on wmoleculss such as thse HFj jon or the water mieculg



where the hydrogén bond involved highly elecironegative atoms and this
hae tended to bias cbseirvore in favowr o?; the electrostatic appreach.
In addition the clussical theory of the chemical bond allewed hydrogen
only on¢ veloncy and the slscirestatic modol was, e} _'the' tima. ths ouly
way around thai difficuliy. Tﬁe elecirasiatic modal élsz) allswsd

 quantitative calculadions of hydrogen bouding and was favoured by the fac
that most hydrogen bonds A-H WW‘B wors known te bs Bginaam The
disadvantages of this model have already been mobed andg in addition, modery

- sloctrostatic modelisc have invelved sxtremsly complex éhaéga”diatribuﬁiem
which have detractsd from the criginal simpliclby ef that approach. The

":Lether general appraach ras been fram the ztand-peind gxf‘ sovalency and vwas
of more recent origiu =8 it was indraduced in an ai:t_ﬂégiﬁ te éxpttain tha

-~ problems Jeft umselved by the elsctrasiatic model. ‘Heowa*}arithe valencs
bond theory of the covelent bond created the problem of ﬁow te £it ancther
valoncy oats hydregen. For that reason it may be nacsseary te appreach

" the thoory of hydvrogon band fermaticn from ths moelssular orbidail viewpelwt.
At the prasent the uaturs of the hydrogen bond would appaﬁf $o iis
somovhere botwaen the concepts of an elesirestatic bond and a dativse

covalent bond.

I, 4, THE HYDROGEYN BOND - FUNCTIONAL GROUPS
It has been pessiblie tc distinguish Tour hasic types of hydrogen

bond, Those wore as folliowote
a) The intermelacular bond which extended over many melesunles forming
e polymerie siructurs as in the case of water,

b) The intermolscular bond vhieh extended cver two molecules forming
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Examples of Hydrogen = Bonded Struoctures
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a dimer as in formic acid*

c) ThO intramolecular bond in which th© hydrogon atom linked to other
atoms of the sams molecule as in oie»srtho*»ehl©ré&phenol*

d) 1lii®© particular case of HFg in which the a”“ion of the crystal KHFg ms
shown to exist as a distinct charged unit in the solids This anion
had to be distinguished from the hydrogen bended liquids hydrogen
fluoride” “hieh forms a polymeric structure*,

(See Fig* 3) *

In determining which groups could fora a hydrogen bond it wvms necessary
to state exactly «“hat was meant by such a bond® Firstly? of course? it
specifically .involved a hydrogen atom already bonded to sobs other stem?
Although s. definition has already hem givenfor the hydrogen bond it is
as v?ell to give it here again and to amplifythe reasons for that
definition® Tfaa definition given was based entirely on exporimsntal
criteria and was as follows *w»

A hydrogen bond was said to exist «hen

(1) There was evidence of association®

(2) There was evidence that this association specifically involved

a hydrogen atm already attached to another atom®
The evidence fcr the first of these criteria has been obtained from
nearly all the chemical methods tsoced for detecting association such as
molecular weigpat determinations® Those methods hoover have onlybeen
capable of indicating that a bend does existnot wvdiai type of bond it was®

A number of techniques are available} however# which provide one with a

means of satisfying both criteria and these techniques are those which

come under the headings of spectroscopic and diffraction methods* of
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Tebls 3

Examples of Molecules containing Aeidic Groups

A Example A Example
F Hydrogen Fluorids Cl Hydrogen Chloride
0 Carboxylic acids c Halogenated ﬁkmas
Water Hydrogen ocyanide
Alechols Acotylenes
Fhenols Aldehydes
Oximes 5 Mereapians
N  Amides,
Pyrrols
Amines
Amponia
Table 4
Examples of Moleeules containing Basls Groups
B Examples B Examples
F F,HF c Aikenes
0 Carboxylie acids ) Aikynes
Water, Aleohols Arémafica
Phenols, Amides 8 Thiocamides
Ketones, Aldshydes Thiocarbamie aclids

Ethers, Esters
N Aminess Pyridines
Ammouie, Pyrrole




these X«*ray diffract!ons neutron diffraction and electron diffraction

indicate the positions of the individual atoms and thus allow an accurate

determination of their distance of closest approach*. Infrared and
raman spectroscopy have enabled the observation of the specific involvement
of the hydrogen atom due to changes in the vibrational degress of freedom
of the system and thus changes in the vibrational frequencies of the
moleculdo High resolution nuclear magnetic resonance has been able to
indicate the existence of hydrogen bonding duo to its sensitivity to any
change in the electronic environment of the hydrogen atoms.

The hydrogen bond can be written generally as «*e B whore AH3
is considered to be an acidic or electron accepting group and B is a basic
or electron donating group* It is broadly true to say that the group
A tends to attract electrons away from the hydrogen atom cither because

of its electronegative character or because of inductive or mesenteric

effects within the molecule of which A is a part*, Examples of this type
of group are given in Table $ and? in addition? the active atos A for the
molGculas is givewo

As there have been many hundreds of examples discussed in “lieh the
acidic group was either fluorine? oxygen or nitrogen and relatively fsw
investigations of systems where the acidic group was chlorine? carbon
or sulphur it was considered to be to the point to concentrate attention
on the latter syst” which are incidentally pertinent to the work

described in this thesis* The case for hydrogen chloride acting ee
a hydrogen bonding acid has been studied by Gcck* Lupisn and Schneider3®”*3

using freesing point diagrams which have confirmed the existence of a

Isi oomplex between the hydrogen chloride and the various bares studied*
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Investigations of' systems involving C¥H hydrogen bonds have been
relatively meagr©83*34 thou”i recent work has provided detailed evidence
of the existence of this form of hydrogen bond® Of all the compounds
Tsfcieh are capable of forming this type of hydrogen bond the one most
intensively studied has been chloroform* By comparison with the commoner
examples of hydrogen bonding the bonds of the type formed by chloroform
are relatively weak and seao workers have classified these interactions
not as hydrogen bonding but as “polar solvent effecta*15**36 xt ms
obviously of some importance from the point of view of this thesis to
clarify any doubts ?&ieh may exist as to whether C-S groups form hydrogen
bon<, The evidence as provided by the infrared frequency shifts of the
C«H stretching vibration is rather ambiguous ,particularly for chloroform
in the presence of oxygenated ba-sesST,but with nitrogen bases such as
pyridine3” and triethylamine” distinct frequency shifts were recorded#
Since the iwo nitrogen bases mentioned above wore the strongest bases used
in these studies of chloroform it would appear that either chloroform only
forms hydrogen bonded complexes with very strong bases or that the small
frequency shifts produced by the weak hydrogen bend were masked by other
solvent effects*. However the sharp increase in intensity of the CHI
stretching vibration in these basic solvents as compared with aa inert
solvent is indicative of the presence of a hydrogen bonds More rigorous
evidence for the hydrogen bonding capabilities of chloroform has been
obtained from nuclear magnetic resonance investigations”, Oreewell and
Allred” have also shown that fluorofcrm can bond to the oxygen of
teirahydrofuran using nuclear ©agnatic resonance techniques¥* There has also
been a number of classical approaches such as that by Scwlte"'-' which has

shown the existence of association between chloroform and acetone*
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Tan Xeray diffraction resulis have shown the existence of hydrogen
bonds in hydrogen cyanide resulting in tho existence of infinite chains
and a schert carbon - ni%fagen disbance iw the ban& Col coe E45,
V‘Evidenes for nydrogen bonding by aldehydes through the fégmyl C=H group
has been obtzined from infrared studios?? and from nucleaerﬁagnetic
‘resonance investigations?58sb,

Inveatigations of systems in which ths sthynyl hydroéen acts as a
hydrogen bonding agent have multiplied in the lasst féa‘yeaﬁsg Early
ovidence of this ferm of hydrogon bending was obianined by Stanford end
Gordy46 vho found systematie feeaguency shifis of the sthynyl C-H
giretching vibration of vhanyl acetylens vhen it was dissolved in a
variety of bases, Howsver moest of the regearch vhich has been carrisd
out on the sthynyl hydrogen bond has besn dons using infrarsd aund
nuclear magnﬁtié ragonatcs tochniques en solutions cf the acstylenic

gompound in 2 base, Much of the work hae boen of a pemi-gualitative
naturs in thait, while measuring ths froguency shifis or the chemical
shifis in variocus sclivonis, the m@rﬁgrg have maée‘liﬁtléFg? ne attenpt
to estimate sither ths degres or the sivensgth of the hydregen bonding
which has cecurrea™ ¢48, Wajtkowiak and Remanotdd aﬁ%@ép%ad %o relato
the fraguoncy chifie af sobyne=l in varieus sclvents fe the refraciive
index of the seclvent. Those suthors divided the salvsnté inte thres
elnases a) those in vhieh they considered the assceiztion to be dus de

dipois interactions; b) these solvonts which they considered were asting
as hydrogen bondivg agents and ¢} ihese soivonta, oither arcmatic ar
unsaturated aliphatic, whore the aestylano bonded to the “pi" clecten

eloud, Muors detailod studies of sthynyl hydrogen bonding havo been
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conducted by Brand?. Eglinion and Mermanl and by West and KraihansoX50

which have provided quantitative estimations ©f the extent of hydrogen
bonding® The application of nuclear magnetic resonance by Hatton and

Richards53*rt© propargyl chloride? phenyl acetylene and benzoyl acetylene

and by Nakagowa and Fu”iwara52 to phenyl acetylene in a variety of solvents
has indicated that the above technique is specially suited to the study

of the ethyayl hydrogen bond* It would appear? therefore» that though
hydrogen bonds involving a Q%! group tend to be much weaker than those
involving an (MI group there is nc longer any doubt as to the ability

of the CHI group to form a hydrogen bond*

Considerable evidence has also been accumulated to show that
S-H groups can also form hydrogen bonds* Gordy and Stanford53 have
shown that aercapians fern hydrogen bonds with strong bases such as
pyridine? the S«H stretching dibration in the infrared shifting to lower
frequency? broadening? and increasing in intensity,all these features

being specific to hydrogen bonding* Infrared investigations of hydrogen

bonding involving S~H groups have also been carried out on hydrogen

sulphide5”* and benseneihiol55* Thd hydrogen bonding capacity of
bensenethiol has also been studied by Copleyi Marvel and Ginsberg”
using heats of mixing data®

So far in this section the greu“sstudy lieve been those \diich act
as the electron acaptor and also supply the proton in hydrogen bond
formation® The groups to be looked at next are the basic or electron
donating groups which comprise the other half of the hydrogen bond®

The most coasaca examples of these are the groups in which the electron

donating centre is a hi”“ily electronegative stem such as fluorine* oxygen
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or nitrogen. It can be shown, however, that the basic group need not

be a partictﬂaz- atom nor need it be a highly eleoctronegative group.
The basic group in hydrogen bouding need only be am atom or group of
atoms which can act as a good elcctron denor. With this in mind 1%
is possible teo add %s the wormal list of bases, molecules pessessing
a "pi" olectron sysiem. Table 4 gives a list of compounds which can
act as hydrogen bonding bases.

Ammenivm filusride has provided. prebablys the commonest example
of the flucrine anpicm acting as bage with each nitregen atom in the
structure hydrogen bended to four tetrahedraliy arrangsd fluorinesd,
Hydrogen fluoride cn the other hand has been shown %6 form e polymeric
structurs in the liguid stated, Though fluerine is the sirongoest bass
avallabie for hydrogon beonding the comnonest bases are those invelving
an oxygen abom, the most ebvicus oxample of wnich being 1027 and water®”
in vhich poliymeric units ave fermed as a result of the hydrogen bonding.
Alcchols have alse bsen shown te form long polymaria cheins in the erysial
state as in the cass of methanoi®B, {See Fig. 4). However inm the ligquis
and vapour states it has been shown that the zlcchels tond Yo form
cyclic structures. For instance in the cass of methancl Weliner snd
Pi'bsersg have shown that the molecule oxists as a hydrogen bonded
tetramer {CHgOH)4 in the vapour state as indicated in Fig. 5. Ethers
as bases in hydregen bouding have bsan studied by Jeesten and Drazcso
using phonol as the eleciron acceptor and by Brands Bglinton and

Morman® using acetylenes as the acceptora, Barrowdl and Reeves®?

have conducted sxiensive studies of carboxylic aocids both as electron



acceptors and as electrom donors. Bacause of their strong basic
| properties nitrogencus bases have been used te test the hydrogen bonding
cepabilities of weak olectren acceptors such as ohloroformo8s59,

0f more spavific iunbterest tco the present work is the bonding of
olectron acceptors to “piY electrm; syotems ag found in alkenes, alkynes
and in aromatic ring systems. With regard to hydrégei: bending invoiving
upit electron clouds in alkenes and aikynss the data is relaiively meagre
though Reeves and Schneider8d nave studisd complex formation botween
chlorcform and varicus clefins using nucleoar magnebic resonance techniques.
Cooks Lupien and Sehnoider®?® have aiso studied the femation of hydrogen
bonded complexcs boiween hydrogen chloride and alkenes and éf.‘ikynsa using
Freozing point diagrams and have confirmed the existenée of 1:l compioxes

. of the hydregen chicride ané the vapaturated compound.

The svidence relating to the study of arematic "pi' elestron systems
as oleutreon douocrs ;w‘.n hydrogsn bouding iz fairly substantial., A rsevisw
by Androws®? has cevered much of the early work dens.on this aspoct ef
hydrogenr bending. ?i‘eii‘feres was probably the first te aﬁampt an
explananticn of vhy aromstic "pi® gieotron sywsbtems can act as centres for
agssociation when he postuisted the sxistonce of gsecendary raleuncs forces
within arematic nuciel which he cousidored wers susceptible %o
gaturation by interaction with other wmelecules. M11ikenb has
deveioped a moro up-to-date s.ppmaeh i¢ thiz prediem wifh spocifio

- referance to charge transfer complaxes which are gbvicusly ciosely

rolated to hydrcogsn bonded complexes invelving aromatic “pi" electron

systems. A mmber of reports en infrared studies cof this type of
hydrogen bonding have beon published by Jesien and her collaberators§?



and Oki and Iwamura%8 bave studied intramolecular hydrogen bonding betwesn
aromatic "pi" electrons and pheneiic groups inm the same meleculs again
uging infrared techniques. Baker and Shulgin®® have alsec s’%udia&
jintramelecular hydrogen bouds imvolviug “"pi" eleciron systems: The
hydrogen bending of chlereform $¢ arcematie plectron doncrs hag bosn
gtudied by Reosves and Sehneiderd? using nuclear magnstic resonance and
Cooky Lupien and Sehneidero2? pged Froezing peiut diagrams te study the
formation of complexos between hydrogen chleride and arematis olociron
donors. ‘The bonding of aceiylomnes o arematic eleciron denocrs has been
gtudied, using infrared spscirescepy: by Wejtkowiak and RemanetéY and,
uging muclear magneiic resenanece spoxiroescepys by Helion and Richards®,
Tho roferences given cniy indicate a small fracticn of the werk dono on
this particulariy interesting ferm of hydrugen bonding.  The special
intereat attached te this form of base lies in the fact thaﬁ it suggestis,
in accordance with %}13 molesvlar orbiisgl descrip'bim of th_e hydxjegea bend
and in epposidion e tho slsetresiatic theorys that tho base invelved in
hydrogen bending nueed not be g highiy olectronsgative atom but nsed oaly

be a geed eloatron Gonsrs

I, 5. THE HYDROGEN BOND - STRENGTH OF THE BOND

The fermation ¢f any form of chemical bond normally results in soms
stabilisation of thoe system invelved and this new stability is usuelly
sxprossed in terms of the energy of the bond formed. It is to be expeciead

that tho formatiecn of = hydrogea boud would also result in an inoreased
gtabiiity of the system imvolved aud iu a lewering of the &saitrepy of the

systert.  This would ba expecied to mwake iiself evident in the energy



attributed to the hydrogen bond ands in addition, the energy of this
A‘bond can bo axpected fo vary depeadin; ozé the systom iuvc;lvedo In
gontrast to the sirengihs of covalent or electrevalent bonds which sre
normally in the region of 50 - 100 kcais/fxole it has beon shown that
in genoral the hydrogen boud streongths iie in the range 1 = 10 keals/moie.
in othor words hydrogon bonds have about ahse'&en'&h the otrength of a
normal covalent or sieetrovalent bond. It iz this small bond energy
and the small activation energy invelved in tho formation #nd -fiasion
of a hydrogen bond that makes it so impertant in blologlcal systeme vhere
3% is of considerabis importance in chemical and physieal ehapgas taking
‘place at normal body temperabures. ‘ A‘

Much of the data obtainad on hydrogen ﬁond strenéths has rosulted from
a study of equilibrium data obtained for the systom 3=

A-H 4= B :;:: A«H ascess B |

at 8 varioty of temperatures and is usually oxpressed iu terms of the
enthalpy of assocletion, AHy or of the fres cnergy of aesociétion,&&
As a result of this, thess physical technigues whaich can supplf ons with
the equilibriwm or azsceiation vounstants for hyérsgen bonding are also
capable of being used to determins hydropgen bond strengths. A mumber of
early moasurcments in this field were umnde with partieular regard to the

dimerization of carbexylic acids which wes known to be due to hydrogen
bonding. Coolidge’Q stndied the dimerivation of formic acid using heats

of dissecietion and obtained a vaiue of 7-063 kcals/mole for the hydrogen
bond strength whils uacncu@nﬂ uped vapour density measurements to
detormine the hydrogen bend energy in the acetioc acid dimer obtaining

a value of 82200 kcals/mols for the hydrogen bond energy. Considerable
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Hydrogen Bond

Type
0¢=H°°°°°°

Naﬁ°’°°’o
NejfecocoN

Fallocseol
G,,Hooooo“

Table 5

Hydrogen Bond Strengths(Kecals/mole)

compmmd. Dimer in Dimer in

Gas GG,
Gi3COoH 7.0 5.4
Hy0 5.0 -
GHg(H 4.5 4,6
CeHg0H - 4.3
Gz 0ONHGHg - 3.9
My 4.4 -
CHMNH, 3.4 -
HF - ; 6.8 -
HON 3e3 -

Tabls 6

Pure
Liquid

5.8
3.4

4.7

4.6

The Effest of Mixing Different Types of Hydrogen Bomded Compounds

Typas Mixed

1) AB+N
2) B¢+ A

3) AB+A

4) AB+ AB

$) ABtB

Changs in Hydrogen
Bonding on Mixing

Hobonds byroken only
Hobonds formed only

Hobonds broken and
formed

Hebonds broken and
formed

Hobonds broksn and
formed

Tmpemture
Change

Always a Fall

| Always a Ries

Mostly a Fall
Mostly a Fall

Mostly a Fall
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doubt has beon cast, however, on the validity of much of the sarly work

' on hydrogen bond strengths due to difficul‘é:iaa with the experimental
t{echniques and aiso és 4o waat was actually being messured. Though thers
1>s still some doubt about certaig aspects of the moasurement of hydrogen
ﬂ bond strengths acceptable determinatiens of tho enthslpies of hydrogen
‘bonds have become more numercus. The wethods used to determine these

- include celerims‘&ryg' infrared speciroscepys nuclear megnotic resonsncs
and vapour density measuremsants to mention only the most common ones.
Table 5 gives a list of selected values of hydrogen bond strengths

. measured in kealsfmoie. Muckh of the trouble which lies behind the
uncertainty invelved in the measurement ¢f hydrogen bond strengths is
due to the weakness of this form of bond whaich has allowsd considerabls

. confusion with cother forces acting on the molecule. In other words.
moleoular forces other than hydrogen bonding can and do complicate the
slusidation of thé strength of the hydrogen bond. Very few systems have
been studisd by wore than one techmique and even in those cases whore a
number of approaches ¢ the preblcom have been attempted the resulis ars,

t¢ say the least; unsatisfactery.

1. 6, THE HYDROGEN BOND - PHYSIGAL PROPERTIES.
As it was initially the pecullar physical properties of certain

" gompounds which led to the discevery of hydrogen bonding it is obvious
that this form of complexing has 3 unique effect on the molecules taking
part. These physical effects are most easily cbserved where hydrogen
bonding has resulted in a molecule asscciating with itself to form a

dimer or a polymsr. This shows itself in the apparent molecular weight
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of the substance and much of ¢he sarliy work cm hydrogon bond assoclation
was based on methods invelving melecular weight determimations. In
addition since this form of bonding res*‘orie.ts the freedom of individual
moleculies it should show itself in changss in boiling peints and in
melting points of the compounds studised. Agsin, since the moleculies
taking par®t iu hydrogen bonding have a specific chargs distribution and
gince the dislectric constawt is known to dopend directly on the number
of molecules per uwait volumes the condensed nature of hydrogen bonded
substances would tend te iﬁcrease the dielectric censtant of the material.

A study of melocuies such as water; hydroger finoride and awmonlas
which are known %o bs hydreogen bonded, in relation to similar substansces,
has shown that the beiling point and the molting point o¢f these hydrogew
bonded compounds are ecnsﬁ.&erably higher than would otherwise be sxpected.
In the case of waters from au oxirapclaticn ef the beiling peiwts and
molting peints of hydrogen tallurides hydrogen selonidd and hydrogen
sulphido. ezmo wight oxpect those for waber to bo - 809C and » 100°C
respectively. - That they are in Pfact 100°C and 00¢ respoctively iundisates
firstlys that the wmolecule i pelymeric. It alse indlicates that in the
golid states as icos the moleculss ars hydrogen bonded togother and thats
though many 62 the hydrogen bonds are broken on melting. more than half
of them are retzined in ithe liquid stato and are only ruptured on the
vapourisation ¢f tho water. The same infterpretation holde for ammonias
and for hydrogen flueride though in the latter there is still svidence
of hydrogen bonding in the vapour stats,

Latimer and Redebushl® in their paper on the hydrogen bond
postulated that the pelymerisation of moleculos such as water and ammonia



by thie typs of bonding explained the hipgh dielsciric constant values
obtained for thege substauces. I has izs £act been possible te¢ carry
out a quantitative theérstical troatment of the dislestric constent of
water in terms of hydrogen bond formation’2, The high diclectrio
constant ch hydregeﬁ oyanide has aliso been oexplained in torme of hydrogen
bonding betwoen the cyanids welecwles gilving a linear polymer whose
dielectric comstant is directly propertional to the mumber of units in
tho polymer. Hydrogen bond formation has also boen shown %o affect the
golubility of organic liquids in water and cthor solvents, fhe viscesity
of liquids and tho choice of orystal structure which itself dstermines the
cleavage and hardness of the crystal.’

Py
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1. PHYSICAL METHODS OF STUDYING THE HYDROGEN BOND

I, 1o
In the last chapter a whole variety of physicsl techniques have besn

ﬁentioned which haves at some times been appii.ed to studying the phenomenon
of hydrogen bonding. These ‘methcds can bas classified into those which,
though they prove that assceiation is taking places de wet specifiocally
point out the hydrogen as being concerned in their association and inte
those mothods vhich, as well as indicating thse presence of assosiation,
point decisively te the active partieipatioen éf the hydrogen in the comple:.
The former group have boen describsd as the olassical mothods and wers the
first to be applied to the study of hycirogen bonding. Thair moethod of
approach tc the preblem is rather indirset since by their nature they are
applied to studying thess properties thrust upon the moleeule as a resuls
of its hydrogen bending. The latisr group consist of the spscirescople
and diffraction techuniques 'am'i these toeud o eoncenirate attantion cn the
hydrogen bond itsol? and in particular on the hydrogen taking part in that
. bonds ‘The work presented in this thesis has involved ths applisation of
methods from both groups of Lochniques though particularly from the latier
group and the purpose of thié' chapter is to show how these methods have
been adapted for hydrogen bonding studies and to give a short theoretiocal

~ background tc the mstheds thouselves.

Hydrogen bonde are known to oceur in all threo phases of mtter

though they tend tc break down as the temperature increases and are



26

therefore ‘found only occasionally in games, Most classical
physicochemical methods of studying association have been shown to be
applicable to the study of hydrogen bonding and most of these methods

have been applied ¢tc the hydrogen banée& subgtance in the liquid state,
Theugh that state ¢f the waterial is usually the owno of wost pracilcal
interest it is unforiunately alsc the one which prosents the greatest
thearetical disadvantages mainly because of the lack of an adequate theory
of liquide. An imporiant factor in quantitative studies of hydrogen
bonding is that the oxtent ¢f such bonding can be drastically alterad by
a variation in either the solvent or the temperature. If one wishes to
eliminate all poasibility of sclute ~ sclvent interaction {i.e. hydrogen
bonding) thon it is essential %c chocse a truly inert selvemt, If
howsvers onc wiches to study solute - solvent hydrogen bondings as in thie
thesisy tho only ssericus preblem remaining is the ascurate conirol cf the
temperatura. For accurate physicechemical woerk it is sgzsentiel to use
soms form «f apparatus which will allow the maintenances ¢f a sonstant
tempeorature in the systens I this apparatus is tc be ussd to study
changes in towperature dus te¢ the wixing of %wo substauces then the
instrument neyamlliy wused is known as a calorimsior.

Most chomical processes are accompanied by a measurable absorption
or evolution of heat. It fellews from the First Law of Thermodynamics
that the magrnitude of the hest change is preporticnal to the quantity
of tho gubstancs invelved and depsnds alsc en the physieal state of the
reactants and the produets. Tho heat chango accompanying a physical
or chemical process is measured by some form of calorimeter, the measured

rise or fall in the temperaturs mmitipliied by the total heat capecity



of the ealorimetor giving the quantity eof heat in calories which has
been absorbed or released, The calorimeter is most often used to
measuro hosts of dilution or heats of mixing. Therec ars two principal
difficulties in the practical application of calaz*@natry; these are the
problem of deterwining the tolal hent capacity of the calerimeter and
all its contonte and the soxchange of heat betwesn the calorimeter amd its
surroundings. The former can be cvarcome if the calorimeter and its
contents are weighed separateoly and if the specific heat of each object
is known., This is usualily extromely difficult, if not impossible, and
the problem is overcems by obtaining ths “water oquivalent' of the systom,
This is done by supplying 2 kuown amount of heat te the system and
dotormining the rise in temperaturs which it preduces. This heat is
usually supplied slectrically and is moeasured inm Jeules where
Joules = Veolts =x Amps x Seconds secs {B)

The abave ina’che-dg to bo accurate, must invelve a high degroe of precision
in the measuremsout of the elssivical quantities and therefors usually
involvee the use of a pe‘faem";::’r.cﬁo‘i:z*:ic tochniqus. The sscond problem in
the use of a calorimeior s west readily evercome by the use of a
Dewar vessel as the calerimster. Since the temperaturs changes iwmvolved “
in calorimstyy sre usvally emal) a seusitive mothod of determining thia
temperature change is required and this is ususlly done with a Beckmann
. thermomotor or with a sensitive themccoupla. ‘

The enthalpy of the sgstem is derivsd thermodynamically in the
following mauner, No mechanical work is done during the proscess

earried out at constant volum& aud it followss therefere; that the inereass
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in energy AE of the system equals the heat g, absorbed at comstant volume
i.00 AE T q essses (3) -
If the pressure is #l,ae constant as in experimenis carried ou"b under
atmospheric pressure then -
AE Z B - B = g - vig M-V
Hence ap = (B 4 FVy) - (By + PVp) csesse (4)
where ap is the heat absorbed at constant pressure.
On this bacis it is possible to defins a new function called the emthalpy
in the i’ollowiug WANNGT § =
HZ E+ PV
" Therefore A H = Hg -Hy = Y casess {5)
The increase in eui:halpy oquals ths hemst abserbed st constant pressura.
' ’I‘he enthalpy (H) iiks the snergy {E) is = function of tho state of ths
pystem alond and is independent of the path by which that sizts 1s reached.
Moat chemical changes invelve hoat chawnges sud thess are knewn as |
oxothermic if <the heat is evcived and sndothermic if the hest is absorbed.
Sincs most chemical processes take place wunder constaat pressure
{atmeospheric conditions) the outhalpy changs (D H) iz used te oxpress
the heat change in the precess. This is bsst rspressnted by writing down
the chemical squation for the process; spscifying the states of all the
initial and fiual compounds and then apponding the hest change. noting
the temperaturs st which it was msasurad.
When a solid or a liquid compounds which is known to be hydrogen
bonded in thet stgte, is added o & solvent in a calorimeter there are

a number of physical procesaes which tan take place. In a naive way if
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‘the hydrogen bonded solid or liquid is added to an inert solvent and the
final solution is diiute encugh to separate all the solute molecules from
one another then the heat of miiciug of these two compounds should be a
measure of the sirength of the hydroger bornd in the solute. If however
the solvent used is noi inert then the problem beoccmes more complex bssause .
the heat of mixing will be the result of the break:lng of the hydrogen bonds
within the soluts and the fermation of hydrogen bonds between the soluts
and the solvent. Table 6 gives a iist ef a variety of effecis which can
rosult on mixing different types of mclecules,

In a system whore hydrogen bonds ars only broken thers is bound %o be
an increase in entropy dus to an» increase in the disecrder of the systems
coupled with a drop in the temperaturs ¢f the whole system due to the

nocessity of acquiring energy for the break-up of the hydrogen bonds,.

In a system where hydregen bends ars only formed the reverse situstion will
 apply vwith a &rap in entroepy and an increase in the temperétura of the system.
Where hydrogen beands are both formed and broken the two processes compete
with one ancther and 1%t is usuxlly impossibie te predict the final resuli.
Madgin and Briscae’d doterminsd the heat of mixing of a number of binary
mm@es without stiempting to explain them and on the basis of that paper
4t was possible to verify axperimantallj the predictions as to temperature
change oxpressed for the various gystems in Tadble 6, There has, howsvers
been relatively fow attempts madse t0¢ determine hydrogen bom:i strengths
using heats of mixing. Von Elba’% found the hydrogen bond strengths of
methanol, n-propansl and tert~butanol to be 5.8 keals/hulé by determining
their heats of mixing in hexane or heptane as solvent. The hydrogen bond
strength of chloroferm in cther was claimed by Barp and Glaéatone"s to be
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about 6-7 kcals/mole while Vinogradov and Linnel’6 obtained a walue of
38 kcals/inble Zor the hydrogen bond strength of pyrrole in pyridine.
Rocently hydrogen bonded complexes of chieorcform in acetona’ and in
dioxan’® have beown studied uging caiorimeiric techniques glving a hydrogen
bond strepgth in the Pormor case of 27 kealafwole.  In the latter case
it was shown that both a - 111 and a  1:2 complex of dicxan-chloroform
was formed and the equiliwiuvm coustants for their Pformation were given,
Joasten and Drage0 in an attempt %o correlate the infrared frequency
phift of the phanolic hydroxyl stretching vibration with the enthalpy

of the hydfoge&a bond listod a considerable number of .sathalpies for

complexes of phensl with nitregon and exygen donors.

I, 3. INFRARED SPECTROSCOPIC TECHNIQUES

Tacugh hydrogen bonding was aeriginaily s‘buéied using the classical
physicochemical techniques such as calerimetry these are being rapidiy
suporgsded by wmore pigerous motheds. This is the roesult of the fact
that the clagsieal msthods wers oenly capable ef debectiug the existence
of apsociation and Woro not abis ¢ show thal hydregen was specifieally
involved in that assceiatien. Because of this limitation it is impoasible
to¢ deduce dirscily the existence of hydrogen bonds using‘classieal tochnique:
A methed of studying hydrogen bending was therefers required which would
gpndicate both that assosiaticn was ftaking plaecs snd that hydrogen was
directly invoived in the associstien. The application of infrared
spectrescopy te the study of hydregen bonding was found to fulfill these
requirements., This technique hass for scme time, provided the most
sonsitive and characteristic test of the existence of hydrogen bonding
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and is the appreath most used by those who study this phenomenon,

' . Tho'enargy required to produce molecular vibrations is of the same
order of magritude as that supplied by infrarsd radiation . and this
provides, thorefore; a conveniont weane of studying the vibrational
motions of molecules. A1l molecules have 3N degress of Preedom where
N is the number of atcems in the molecule, These degrees of freedom
are of three types, trancliational, vibrational and retational. In the
case of a non-linear molecule there are thres translational and throe
rotational degrees of freodom leaving (3N ~ 6) vibrstional degreés of
froedom. Bach of thesse vibrational degrees of fresdom correspends to
either a stretching er a bending vibration between atoms in the molecule,
Since these vibrations involve differén% aspocis of the molecular
geometry they will require differing quantities of ensrgy and will
therefore absord infrared radiastion of difforing froquemecies. Theso
frequencles are censiderad to be characteristic of particular molesular
vibrations and depend cn the masses of the vidbrating atoms, the molecular
geometry and the force constanis of the bonds imvelved. As a result of
this correlation between ths infrared vibrational frequemcies and the
bond force comstants which are themselves directly velated to the chemical
bond order, infrared spectirescopy ls particularly valuable as a scurce of
informetion on the subject of chemical bonding and molecular structure.
There a?e, in esssnce; twe ma;n types of molecular vibration these being
the stra£ching vibrations vhieh invelve a linear displacement of two
neighbouring atoms with respact t¢ one another and deformation or bending
vibraﬁiona waich involve an angular displacement of twe or more neighbouring

atoms. Obvicusly if the form of asscciation being studied invelves
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hydrogen bonding then the molecular vibrations most affected will be thoss
involving the hydrogen atom which is taking part in the bonding. In
gther words the streiching and bending vibrational ?.’reqiieucies partioular
to the A-H bond will be tho ones most affected by hydrogen bonding of the
type A=H oee B- ’In Fig. 6‘ are chown thome vibrations which are most

indicative of hydrogen bonding ‘wi%h the approximate rogion of the spectrum
in which they ocour. It should bs noted that the vibratioms listed here

do not include any which wight involve the bond joining the eleciren

" domating group (B) te the rest of the melecule to which it belongs.

Though these bonds ars knewn to be affacted by hydrogen bonding
comparatively iittle work has been carrisd cut on them. It should also

be noted that English subscripts have .been used for th;me vibrations which
existoed prior te hydrogen bond formation and Greek subsdz‘ip‘l‘-s for those
vibrations which have resuiied from hydrogen bonding.

The effeot of hydrogen bonding on the A-H siretching vibration was
 pirst observed for the case of intramolscular hydrogen bonding by Eliis?®
" in 1929 who moticed that tho O-H stretching vibratiomal freuency in
acetylacetons was shifted to lower froqusncy., FroymannSC who studied

solutions ef alechecis found the same kind of effect and in addition
ncticed that both the intensity ef the O-H stretching vibratiom and its

frequensy appeared to depsend on the concentration and teuwperature of the
golution. As a result of thase obrervations he atiributed this

behaviour to molesular agsociation., However, the most comprshensive
evidence of the sensitivity of the A-H stretching vibration to hydrogen
bonding was shown by Hilbert, Wulf, Hendricks and Liddel8l, For the
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reasons already siated the application of infrared spsciroscopy to the

study of hydrogen bording expanded rapidly and a number of empirieal
rolationships ware estabilished reparding the effect of thias form of
association en the infrarad spocira of tho molsculss taking parte It
was shown that the speciral changss cbssrved wers generally the same for
all types of compounds both organlec aud inorganic and that there was in
addition similar effects $o¢ ba obiained for solids, liqui.és and gages.
The A~H stretching vibration (4} 4) shows considerable shifts to lower
frequency and the halfwwidth of the band {"U%) is comsiderably inereased
on hydrogen bond fermation. I% has also beon shown that the integrated
absorptien coefficiont ef the A-H stretching vibratien increases
censiderably on hydrogen bonding. The tomperaturas concentration and
polvent used have alsc beon shown to affect the froquency and intensity
of the stretching vibratica. OFf the othor vibrational modes noted in
FPig. 6 the new vibrations forwmed as a result of hydrogen bonding have
beon little studisd and the informstion available on them is as yet meagre
and comparatively uureliabls. Tho effecta ef hydregen bonding on the
A-H bending vibratien (4)y) are censiderably weaker than for the
stretching vibration. Hewover with the bending mede the fregquency shifis
te higher values while the data fer hal? band widths and inteusily changes
is somewhat unreliabls. The foiloving discussion will contern itsel?
sololy with thae A-H stretching vibration.

As hag previously been noted infrared spectroscopy can be used to
study hydrogen bonding in solids, liquids and gases. Those divisione

of the topic can themselves be further subdivided into the study of pure
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compounds and the study of wmixtures or solutions of one compound in
another, Hydrogen bonding studies in gaaeé uging ianfrared spectroscony

.-are comparatively rare betause: firstly. in order tc study a substancs

in the gas phase the vapour prsessure ¢f the ccapeund must be greater then

a few millimetres at a reasonables tempsraturs, The low pressures cns
normally obtalns ars only suitable for ths study eof strong hydrogen bonds
as in dimerized carboxzylic acidsB2 whersas with tho woalker bonds found in
alcchols and amides it is extremely difficult ve¢ obtaim sulizble conditions.
The other preblem in studying hydrogen bonding in the gasz phase by infrarsd
spectrascopy results from the overlapping of the rctabtional envaelopes of
tho bands which walies interpratation rather diffieuli, espscially in thoss
jow molecular woight compounds like hydrogon chleride wheroe the ro%ational
envelope tovers & largs vangs of froqusency. The mejerity of hydrogen
bended aystoms have boen studied inm the liquid state though even here
there van arise cemsiderable dovbis as te thoe ivtorprotation of the resuvlis
due to unseritaiuly concorning tho number and reighive importance of the
_hydrogen bonded spezies present in the Jigeid. This is beecauss liquidss
-which hydregen bond in their purs siates teond te fere a varisty eof differant
polymeric uniis all pessossing their cwn particular vibratiomal frequency
and band intensity. ‘Thess pelymoeric bands ususlly merge together to give
one broad featureless band whese vibrational frequenocys in go far as it can
be measurad, is the average of all the iadividua:t vibrational frequencies
presents This makes tho problem of obtaining quaniitative information
from such spectra excesdingly difficult. The most offedtive way of
cvercoming this problem is %o study the hydrogen bonded substance in

dilvte selution., This mothod allown ens to cownbtrols t0 a comsiderabls
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extent »the actual species present® At higher concentrations %solute”
eolui® interactions interfere and interpretation becomes increasingly
mors Oomplexo When om is studying solutions it is important to specify
three conditions»the concentrationutha temperature and the solvent as
all three can seriously affect the type and degree of hydrogen bonding
occuring in the solution* As a result of the low energy involved in
hydrogen bond formation”ii is to be expected that a change of a few
degrees in the temperature of the solution will seriously affect the
position of the equilibrium in the hydrogen bonded system

A « H-f-8 A « H5®®600*B
In addition it is important to nct*e that many solvents which were once
thought to bs inert such as chlorofom and hensene ar® now known to act
as proton or electron donors in hydrogen bonding as has been shorn by

D>
West 4 for solutions of phenols in olefinio and aromatic solvents where

there ie a two or three per cent downward shift in frequency of ih©® 041
vibrational frequency in the presence of these solvents® Sine®© much
solution work involves the study of soluieesoivent interactions and is
therefore carried out at low concentrations it is essential to remove

all traces of water which may have bG©an absorbed as this can considerably
alter the results obtained*

Hydrogen bonding in the solid state has also been studied by infrare
spectroscopy and her© the problem of interpretation arises as a
consequence of crystal interactions which produce frequency shifts*
intensity changes and band splitting and which hinder the assignment of
purely hydrogen effects. A variety of methods have been used for the
study of hydrogen bonding in solids but all hate bsso shosa to have

disadvantages end it is usually necessary to employ all of these
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tochniques in conjunction. Low melting soliids can bo stﬁdied by
melting a sample of the solid on a scdium chioride plate ahd'. after
placing tho other plate on top of this, allowing the emom to
s.ol:ldify. This preduces a thin orystalline 2ilm which can' then be
studied. Unfortmaﬁely the molecule in this case has a fixed orientation
with regard to the infrared radiation causing considerable changes in
the intensities of the molscular frequencies, This Pfixed crientation
'of the molecule in the solid state is cvercome by having in eésénee a
large number of tiny crystals all randemiy oriented and this is achieved
by the use of a “mull" or of a "potassium chloride pressed disc". The
former wpthed consists of mixing thoroughly the solid with a liquid
paraffin (Nujel). It has the disadvanbage that the C-H stretching
vibrations cf the parafin tend te cbscure those of the hydrogen bonded
s;lid. The latter methed consists of grinding a small amount of the
solid compound with dry potassium chloride and pressing the resultant
mixture to give a transparent dissc, This mothed suffers from the
disadvantage that different grinding or preheating treatment and the use
of potassium bromide iwmstead of potassium chloride can have a drastiec -
effact on the spoctrumSé, |

A more recont appreach to the infrared study of hydrogen bonding

has the advantage that the stroteching frequencies c¢f the A-~H bond are
relatively parrowSo. This is the “Matrix Isolation" technique which

jnvolves the freezing of a gasecus mixture of the hydrogen bonded substance
in a large emount of an inert gas at a temperature low encugh to provent
aiffusion in the matrix. Van Thiel, Becker and Piment6186 have shown,

using this tachnique, that the hydrogen bonded dimer of water does not
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have an open chain or bifurcated structure but is almost certainly cyclic
and that under these circumstances the hydrogen bond is non-linear* (Fig*7)
This technique offers a number of important theoretical and experimental
advantages as in the narrowing of the hydrogen bonded A—H vibrational bands
but it requires rather complex low - temperature apparatus and very careful
temperature control to avoid diffusion in the matrix©®

So far this discussion has concentrated on the various techniques used
in infrared spectroscopy and on the precautions which must bs taken in
applying them to the study of hydrogen bonding® The effect of temperature®
concentration and solvent on the infrared spectra of hydrogen bonded
camplexes has already been mentioned and will now be dealt with in more
detail*
a) THE EFFECT .OF TEMFERATORE

For both pur® liquids and solutions the raising of the temperature by
20 - 5Cp0 considerably redtteee the intensity of the association band of
the stretching vibration® This is particularly obvious in, the spectrum of
benzyl alcohol in carbon tetrachloride over the temperature range X1°~82SQ
(FigoSa)3-« The sensitivity of th© A«H stretching vibrs&tionfUg) to
temperature changes has been explained for pure liquids and for highly
concentrated solutions on the following basis 3®
1) Hydrogen bonded systems involve monameric ad. polymeric species in
rapid equilibrium®
2) Each polymer has a characteristic ARH stretching frequency and the
higher the polymer the lower is this
3) Each polymer has a character!stio absorption coefficient A and the
higher the polymer the higher this is®

4) A small shift in the equilibrium produces a considerable spectra! change®©
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in vhese circumsiunces the temperature sffect eppears to bs dus chiefly
to a shift in the equilibria invelving a wumber of pelymers sach with its
own frequency and absorption intensity. Although thie effect is
undoubtedly important ancther temporature offect of even greater significance
in the quaniifative study of hydrogen bending has besn proposed by Finch
and Lippinﬁg%%gaa These workers showsd that both the A=H sirstching
froquency and the zbserpiion inteusity of each hydrogen bonded spesies
could change with temperature. This offest is particviarly netiseable in
dilute solutions and has besn used hy Jole and Ea&ﬁitchiegg t¢ determino
hydrogen bond sirengths in scluilicns of trans-dihydrocryptol in dioxan.
By determining the equilibrium counsiants for hydrogen bending at
different tempsratures it is pessible to obbain the enthalpy of ths
hydrogen bond. The most significant results are undoubtedly obtained

at low concentraticns since thers is then only %wo spesises presexnt ths

monomer and either ths dimer or a soluis-solvent complexs
b} THE EFFECT OF CONCENTRATION

The sams notisous which were usged to explein the effest of temperaturs
on purs llguids or highly cemesutratsd solulions san also be applied to
explain the effect of c@ﬁ@eﬁﬁraéiuﬁe This type ¢of offect wae first notad
by Froymann80 35 un investigation of the effsct of temperaturs snd
concentration on soluiions of alcchels in carbon tetrachioride and in
henzere., Fig.8b illustrates ths offest of altssing ths consentration of
benzyl alechsl in carbon isivachloride as B@l?@ﬁtggo As in most exsmplss
of hydroger bonding the infrarsd spestrum in Fig. 8b shows the presonce
of two peaks,one a sharp band at high fragqusnoy vwhish rspresents the
unbended A=H sirstchiung vibraitiorn and a rather broad peak at a scmevhad

lower frequersy representing the bonded A=H stretching vibration. A



change in the concentration produces considerable changes in the relative
intensities of the {ffrse" and "bonded" peaks©® At low concentration th®
spectrum consist© mainly of the “free" peak with only a trace of the "bonded®b
this corresponding to a solution in which the benzyl alcohol exists mainly
as monomer*only a small proportion being hydrogen bonded® At hi*i
concentration *fecwbver?tho\.t"j both peaks are still present the dominant on®
from th© point of view of intensity is the "bonded" peak indicating that
th©® equilibrium has swung in favour of hydrogen bonded bsnsyl alcohol as
against th© monomeric alcohol® Since tbs carbon tetrachloride is wvirtually
inert the hydrogen bonding indicated in Fig® 8b must be eolui®"Solute
bonding® Th© control of the extent of hydrogen bonding by concentration
effects is the most coaaaonly used method of obtaining quantitative data
such as association constants® Th® nature of the cos”lex can be determined
by taking spectra for the solute at a snsaber ©f different concantrations
and different path Xengfckts such that th© number of molecules in the path
is kapt constant® If no change in intensity is noted then th©® complex
must involve only on® molecule of the solute®
c) M1iAMJSf1MBBE

From the point of view of hydrogen bonding there are two olaesee of
solvent sihose which do not form hydrogen bands with the solute and are
considered to be inert jand those which can interact with the solute®
Originally many solvents such as chloroform and benzene were thougit t© b®
inert but there is now clear evidence that there are in fact very fow
solvents which can be so described® This solvent interaction can be shown
in the following way® At hi“i concentration it has been shown that the
environmental influence of a particular solvent can exert considerable

influence on the distribution of monomeric and polymeric species© However



even at low solute concentration when ho polymer exists it is still evident
that different solvents produce different spectra for the same 9olutee It
would appear that every feature of the A«H stretching vibration”®)®} is
sensitive to solvent effects© This effect is more clearly understood if th©
solvent can be regarded as a potential proton or electron donor to which the
solute molecule can bond?thus producing a soXuie»solvent hydrogen bonded
complex© Although this solvent interaction ©an complicate the interpretation
of the spectrum if on® is studying polymeric species at higjh concentrations
of solute it becomes of considerable importance in quantitative studies at
low solute concentrationo This is because a dilute solution of»say>a proton
donating solute in an electron donating solvent produces a well defined
species T$iich ie relatively easy to interpret and provides the most accurate
and informative data on hydrogen bonding equilibria in solutions©® Much of
th© hydrogen bonded studies of solutions have been carried out using binary
mixtures of solvents as in the investigation of hydrogen bonding in
carboxylic acids using a carbon tetrachloride * triethylamine solvent”®©
However the anthers of th© above work noticed that the spectra obtained V
under these conditions were those of hydrogen bonded complexes between th®
triethylamine and the carboxylic acid® This type of solute-solvent interaetio
undoubtedly invalidates much of the earlier work done with supposedly inert
solvents® It is now adapted that very fm solvents can be considered to fee
truly inert and much effort has recently gene into attempts to find a
satisfactory theory of solute«solvent effects”® However the principal
eolute®solvont effect of interest here is where the solvent acts as an
electron denar in hydrogen bonding® This aspect of solution studies of
hydrogen bonding is becoming increasingly important *the most comprehensive

studies having been carried cut by HucaigtLasecmb® and Josien”2©® These
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workers attempted to explain the "selvent shifts" on the basisg of a theofy
developed by Kirkwood?® and Bauer and Magzat23 vhich will be dealt with later,

8o far this discussion has dealt with the vars,ou; physicﬁi factors which
oan alter the appearance of an A<H stretching vibration in the infrared
spectruome The pariicuiar changes in the vibrational band itself will now be
diecussed end an atitewpt will be made to chow that they provide a means of
determining the extent and the sirength of hydrogsn bondings The two most
prominent effests of hydrogen bonding en the A-H stretching vibration{)y) are
the chifiing of the vibratiomal band %o lewer frequency and an increase in
the intensity of the baud, Ancther effect which has besn related to hydrogen
bonding has been the inersase in the haif-band width{ly) which is of course
a moasurs of the broadening of the band. The drop in frequeney of the
_ vibrational band&¥,) on hydrogen bonding hes besn the effect most studied
and numercue atianpis have besn wads 4o use this effest as a quantitetive
estimate of the hydrogen bandings

The chengs in ‘!.);j vhich can be ohbiainsd by albering the temperatura,
cbncentra‘i;ioz; or selvernt hac besn ehewn %o have at least a rough coerrslation
 with a nuwmber of ths physical properiles of hydrogen bonded systems. The
attempt to reiats A'Ug to the physical propsriies of such sys'i:e'ms betomss
extremoly diffiiuli when the sysiem consisis of a series of polymers in
equilibrium since all thess polymsra will have their own distinct physioal
properties, For this reaser attempts to useAl) for quantitative purposes
has been resiricted almest entirely te very dilute solutions whers one is
usvally dealing with a single hydrogen bonded spscies such &s a solute=
. solvent eomplexs ‘ |

Befors going on to discuss the relationship botwaenAl, and the
physical properties of hydrogsn bonded systems it is advisable to note that,
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in gemeral;all vibrational stretching wodes move to lower frequencies in
going from the vapour state to the iiquid state and this phenomenon has
been studied by Kirkwood®3 and Bauer and !;ege.tzs. On the basis of rather
fragnentary svidence the ahovs authore founded their theory on the rotion |
of a simple diatemis vibrator .sima%esi within a hollew cavity in a sclvent
medivm of macrescopic diclestric eoustantS ., They comsidered that the
frequency shift resulisd from am iwnsiavtansously induced polarization of
the surrounding medium by the vibrating dipole and derived the expressicnse
AV 2 O« DA2E+1) ceecrnse (6)
where C is a corstant which dependes on the dimensions of the solute
molecule and on the detailed nature of the dipole model. Josien and
Fuson®4 have shown that except Zor a few non-polar solvents such as
oyclohexane this theory was quite iradequate, A more recent investigation
by Bellamy,Hallam and Willdams?S inveived a direct comparison of the
relative frequency shifis of twoe different solutes in the same seriss of
solvants,the soivents ussd ewering a whols range of polarities. Using
ihis mothed ens finds that there is a smosth transition in passing from
highly poler solvents ouch as iristhylamine through te non-polar selvents
such ag sarbon teiraghioride and this served %o indicate that the type of
interaction observed was fundamentally the same in all cases;differing
only in the magnitude of the interacticw energies involved.

Relaticnships have bsen obtained.by a variety of workers betwoen the
fraquency shiftsAU, of the A-H streiching vibretion and the onergy of
the hydrogen bond{dH), the half b;md width(ﬂé.), the intensity change(BB),
the bape strength of the sclvent or the acid strength of the solute and
the AeseecsB distances Badger and Bauer?S,for instancesclaimed to have
discovered a direct relation betwssn the ;E'equancy shiﬁ{ﬁ‘l!a) am; ths
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enthalpy or strength of the hydrogen bond{dH), Mors precissly they stated
that there appsared 4o be a direct rolationship bet‘:éan“‘,{ﬁ‘ and the energy
of the hydrogen bond. Thers has,howsversbsen aonsiderable doubt as to the
validity of this reletion and Pimentel and 'Ilcc'lallane wers MQ to obtain
a linear relaticn for the case of phenel in a variety of bases. Recently
Joesten and. Dragaao have obtainad such a iinear roslationship for phenol in
certain mitrogen and oxygen basss. It would appsar from th;ir work that
this r_ovlaticn oﬁly helds for very resiricted systems. In :&her words a
1ingdr relationship is only cbserved for a rumber of systems in vhish the
proton and elestyrsr dorors ars very similar.

Lord and Merrifie1d®’ obtained a lineirdcorrelaﬁen betwsen the frequency
implie .
ehift(AY)) and the A *seco B distance aud that this relationship was general

A
in that 1% could be appiied to all AseccsB hydrogen bonds. However
Nakamoto,Margsshes and Rundie?8 have shown that there is a distinet
;"olat:lonship betwaan the fragquency shift{aly) and the length of the A°°**B
i)ond(a) for each typs of hydrogen borde They have also shown that
intramolecular hydrogen bonds do not show the same kind of &U«R relationship
as do the intermolecular hydrogen bonds. Tt would appear that ag the A=eB
distance increases then the frequency shift approaches ters asymptotically

and this fits in with the "covalent™ deseription of the hydrogen bond ae

" " postulated by Lippincott end Schrosder?®, Attempis at deriving relstions

between the fraquency shift and acid or bass strengths have only been
euccessful whers the systems studied havs besn wery similar.

The inerease in the band uidthwi) was obgserved to be a featurs of
'hydrogen bonding in a number of the preliminary investigations of this foram
of bonding by infrared spectroscopy but it is only recemtly that it has
‘been eystematically studied. Huggins and Pimentel®® have found a very good



linear relationship between the frequency shift*t”) and th© half hand
widthCte|.) © Though this correlation holds for iniermoXemilar systems
it does not appear to d so for intramolecular hydrogen systems and may
therefor®© be used as a method of distinguishing between th© two types of
hydrogen bond® There is also a relation between the frequency shiftfkty
and the change in the integrated absorption intensity of the band*&B)® Tho©
results dbtained by those workers attempting to cbtain such a correlation
have tended to vary quite considerably»partly because of th© extreme
sensitivity of the intensity to temperature changes and partly dm to the
integration of th© intensity being carried out over different limits® Th®
data obtained by Huggins and Pimentel®? indicated that there is a direct
simple relationship betweenAtlg atid&B and also showed a considerable
difference in th© behaviour of intrasioleoularly bonded campounds a® campared
with the Int@mmole@ularly bonded anes®©

Despite the fact that the shift of the vibrational frequency on hydrogen
bonding has received th© most intensive study it is by m means the most
sensitive indication of hydrogen bonding available to th©® infrared
spectroseoplsio It has already been noted that the integrated absorption
intensity of the A®H stretching mods can increase by as much m an order of
magnitude m hydrogen bond formation® This change in the intensity(6B)»
whichi%s we have already seengbears a linear relationship to tho frequency
shift jyw ) ,appears to ba Just as much a characteristic feature of hydrogen
bonding as is tho frequency shift itself® The intensity ©hang® of the
absorption band on hydrogen bending was neglected in much of the earlier
work because th© increased breadth of the band on hydrogen bonding tended to
mask th© change in intensity of th© band® Any small change in th© hydrogen

bonding equilibrium caused by either temperature *concentration @r solv
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effects is immediately paralleled by a change in th® integrated absorption
intensity of the band® This remarkable behaviour of th© intensity of the
A-H stretching vibration appears to be regulated by the charge distribution
In the hydrogen bond and its movement during vibration® Huggins and
PimenteT™ "% have studied the ratio of the absorption intensity after
hydrogen bond formation to that of the monamer in &n inert solvent and have
shown that except for those eases in which the interaction is very weak th®
intensity ratio is at least fiwve,which ssakes th® intensity effect by far
the most sensitive of the infrared effects©® The integrated absorption
intensities of the A~H stretching vibration have been used by BrasiigSglinton
and MormarP to determine the association constant for th© bengoyl acetylene
« ether camplex and by Ogle and MaeRitshie0” to determine the strength of
the hydrogen bond formed between irans”dihydroorypt@l and dioxan©

Many of the early workers in this field neglected the intensity ©hang®
©f the stretching frequency because of ihe> simultaneous broadening of
the band® This broadening of the infrared absorption band is denoted by
an increase in*the half band wi dt hand #along with th® frequency shift

and th®© increase in absorption intensityf”B), has come to be regarded

as definitive evidence for the presence of a hydrogen bond® Th®© broadening
of the B stretching vibration is observed in liquids*solids@yases and
solutions on hydrogen bonding® Ihe wide degree of correlation between the
frequency shift and the band broadening is indicative of th© fact that most
if not all hydrogen bonded systems show this type of behaviour© This band
broadening also appears to bO unique to hydrogen bonded systems and is
important giterefora?in determining not only th© presence of a hydrogen bond
but also th®© detailed nature of the bonding® A number of reasons have been

put forward in an attempt to explain this umswml, broadening effect and



three of tfoema will b®© discussed here® Tho first explanation of this effect
was proposed by Badger and Baer'*'@ and this was that th© broadening was &u1©
to interaction between tho A«H stretching vibration and th© low frequency
deformation vibrations of th© hydrogen bond® Bam® support has bean lent to
this view by work on th© earboxylie acids which showed constant intervale in
tho fine structure of tho© broad band® However, though this theory is still
widely held, there is considerable uncertainty with regard to the value of
the intervals dbserved and in aasy eases the selection of thee®© values appears
to be quite arbitrary® F&lant” has postulated that the broadening is due
to the superposition of a number of sharper bands belonging to a variety of
hydrogen bonded spciese Though it is possible to explain game of the
broadening in pure liquids and highly eoneentrared solutions by this effect
it has been noted in dilute solutions*where only one hydrogen bonded species
is known to existtthat the bonded ARH stretching vibration is still very
broad® Sheppard*®" considers that there are two- factors contributing to the
broadening of the A*K stretching vibrations, Th© first contribution arises
fro® a strong enharmonic interaction between the AHS stretching vibration
and tho stretching vibration {%*) with th© latter wvibration varying
over a considerable range*due to thermal effects on th® hydrogen bond*thue
creating a wide range of frequencies© ThO®© second contribution is considered
to can® fro® Femi resonance of th© A«H stretching vibration with various
overtones and carbination bands of similar frequency.* Sheppard considered
that the carbination of these two factors gave a workable method of
understanding the broadening of vibration bands on hydrogen bonding and also
listed a number of mechanisms which have been put forward to explain the
smooth contours of many of these bonded &H stretching vibrations® There 1l&

as yetghowOv@®r*re completely consistent explanation Of the broadening of S



A«H stretching vibration on hydrogen bondings

The only vibrations discussed till now have been those involving th©
proton taking pari in the bond but it is cbvious that there will also be
changes in those vibrations of the base mostly involwved in the bonding
ihough the effects will be samewhat There is fairly substantial
support for th© belief that spectral changes in the base occur on hydrogen
bonding though of- course most of the work has involved a study of tho
A»H vibrational modesG Most of this information comes from results obtained
with carbosylie acids»kstones and esters© In all these eases it has been
shown that the carbonyl vibrational stretching frequency shifts to a lower
frequency and increases in intensity on hydrogen bonding® These effects
are however much weaker and less conclusive than these observed for th®
A«H stretching vibrations®

In conclusion»iherefore*tha infrared stretching vibration of the A«H
group has been studied in considerabls detail and can bO© strongly indicative
of tho presence of a hydrogen bond® Shifts to lower frequenciestisoreasee
<;in the intensity and half band width are together a definitive criterion of
hydrogen bonding end are all known to be sensitive to changes in the
temperaturegconcentration @r solvent® All three criteria have been need
to cbtain qualitative and quantitative evidence of th© hydrogen bonding
equilibria th01\.19h there is as yet considerable difficulty in understanding
their true physical significance® The most specific and sensitive of these
criteria is thO©echange in the integrated absorption intensity of the A«H
stretching vibration on hydrogen bonding and it provides the best
quantitative estimates of the equilibrium constants of hydrogen bonded
systemso The measurement of these association constants at a variety of

temperatures provides one with a method of cbtaining thermodynamic parameter
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for the hydrogen bond®

4~ NUCLEAR, U&Mmi G RESONMCB TECHNIQUES

As has already been notedx»thtug$i there are a msabOr ©f techniques
tihish can be “ased to indisat® th©® presane® of association ther© are very
few which will also show th® spa@ifi® involvement of hydrogen in that
association and therefore verify that @ne is in&aed studying hydrogen
bonding® Infrared spectroscopy which is ma such technique ha© already
been dealt with in tfea preceding section and has been used as a specific
test of hydrogen bonding for almost thirty years® Nuclear magnetic
resonance can also be used as a specific test for hydrogen bonding and,
although its application to this field is much acre recent” than that
of infrared spectroscopyyit has proved to be as useful a tool as the latter
for the investigation of hydrogen bonding®

For a detailed account of th© theory behind nuclear magnetic resoeane®
th© standard text of Pop!©*Schneider and Berastein”M is available and that
book also provides a discussion of th© application of nuelear magnetic
resonance to hydrogen bonding® In infrared spectroscopy th®© basic
phenomenon is the vibration of th© atoms in the molecule with respect i©
on®© another® In nuclear magnetic resonance however th© basic phenomenon
is the reorientation of th® axis of nuclear spin® Sine® all nuclei are
cbarged?th® combination of this charge and the spin allows the assigtMeni
to each nucleus of a definite angular momentum and magnetic mccsant©® Th©
total angular momentum of a nucleus is quantised into a number of component©$
this number being related to the nuclear spin quantum snamber (X)d It should

be noted however that this quantisation only takes place in the presence of
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an exteornal magnetic £ield sc thet the resonancs ef the nusleus depends
on the magnetie moment of the nuclsus and on the sirength of the external
magnetic fisids This rescnance effeci.whsn chbiained for individual or
isclated nuelal.ls of 1itils iwmlersst to the chemist, Iis indsrest and
usefulness liee in the fact that.in the meliscule,the elestronie envirsymert
of the nuoleous modifies the magnrsiie £isld “ceen™ Wy ths nucleus and this
elestronic envirorment roflecks the chemieal bonding of the molecule. The
influence of the siasirovie or tho pesition of resonance ¢f the rusleus is a
phenomencn known as the Chumieal Shift and is proporiional to the applisd
£i61ld(Hy). The chemical shift ie usually obiained from measurements sarrisd
out on high resolution squipment with wegrslis flelds of 10:000 or 14,000
gauss and radicfraquercies of 40 or 80 megasyeies for ths case whsre the
nucleus being sindied is hydrogen. Sincs the magnetie field applied to the
sample must bs vory homogenscus the size of the sample used is limitod and
'inveaﬂmﬁom ars usually carried cué om purs liguids or on solutiocns,
The sensiiivity of the aquipﬁmz% 3% present available usually places a
lower limit on ¥he consewiration of abosut Oel melar.

Chemical shifts ars gsleulatesd on the basls cf the foliowing equationi~

§ 3 (Hg -wpict/ug oavsacassoal?)

where § 46 the chemical shifts

Hy is the £ield rsquired for rascnance of the samples

Hp is the fisld roquired for resonance of a refererco ccmpound,
In actual practice resulis are often expressed in terms of cydles per essond
to vhich the shomieal shift{{) in the sbove aquetion oan be comverted by
dividing the right-hand side of squabtion {7) by the radiofrequercy exprassed

in megaeyclos per ssconds The referenss siandard wsed is of conmsiderable



50
importance and a variely of compounds have bson used in the past as a
standard. The standard rsfersnce sompound now used for ormih compounds
in which one is studying the hydrogen nuelei is tetramethylsilans and the
soaie used in conjunstion with this reforence is the T seale defined as
followss=
T ° 0= 4%, ass 1’1058/ Ogciliater frequency in of/s .....(8)

whefé AV, a5 e the differsmce betwesn the proten sigal of the compound
being studied and that of tetramothyleilars measwred in cysles per seconrd.

The parameter T is given in parts per million{pepom.) and is such
that absorption at a higher field corresponds 4o a more pesitive T valua,
However other referanse standards have basn used and, in the study of
hydrogen bording will soniimue to be used pursly for comveniencs. In many
cases cyolohexens has been used as g voference standard and.being ar insri
solvent,is pariicvlarly suitably for hydrogen bonding sbudies. Other
standards used have boon bsurevasmder and chioroforam but beeause ef their
proton or elesiron dousting capaeity they are unsulted for hydrogen bonding
problems, Theze ramarks refor particulariy to internal roferencesithet is
roferente compownds whish are acbtaally disselved in the sample. Vhen
external refersnces ars used the referavees coupsund is cortained in a
gealed ocaplllary tube within the sawmple tabs, Though this sliminates any
pessible interacticn bstwoen the rsforenss and the sample the fast that ths

bulk suscepiibiiitise of the sample aund the reference are not the sems
means that the fieids ssen by them ars differeni and a corrscilon for the

bulk susosptibility must be introeduced.

As with infrared spectroscopy the choioge of solvent is extremely
mportanfr. In ruolear mapgnetic rescmance spestroscopy it is particularly
important %o choose a solvent which has the minimm number of hydrogen
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atoms as the prssoncs of such atoms tends %o shsoure part of the spestral

range. If this is impossible it is then important to choose a solvent whose
proton signals will not interfers with the solute proton resonance sipgnals,
In hydéogon bonding studies wnless cne is ceondusting a study of s&i\rte -
solvent hydrogen bonding it ie impertant %o pick an inert solvent whioch
will not interfers with the assceiation boing studieds. OCarbon tefraehmride
and cyciohemna ars th2 most sulieble sclvents though ever thess two have
diaa&an%ages as in the sireng proton ressnance signal of cyciohexane and
in fﬁe apparent participation of carben tetrashlerids in soms fox;m of
association,

Mdenea of hydrogen bonding using vuslear magneiie resonance is
supplied by the change in the chemical shift of the proton involved in the
hydrogen bond. As has alrsady besn indicated the chemical shift is related
to the extéu*%; $0 which the proton is shielded by the elecirons in ite
vieinity. The greater the degres of chielding then the greater must bs
the e:rﬁemal magnetio ﬁéid if the proton is to achisve reaonauée and as a
reauli ,tha proton rosonance signal woves %o higher field. Where the
shielding supplisd by ths electrens is small ths extornal magnetic field
nesded to make the proton resenate is eswaller and the protorn rescrance
signal moves te low fields Proton roscnanco sigrals are normelly displaced
to lowsr fieids on the formatlor: of & hydrogen ’oondms. However
invoatimtions of ths hydrogen bending of chloroform to arcmmiic solvenis |
in vbioh the “pi® elegtrons acled as olsolron donors chowsd a shifé of the
proton resonancs sigeal of the chloreform %o high fi01d5° Thie displasement
of the proton resomance signal to high or low fieid on hydrogen bonding
nas been investigated by Poplsl08 who claims thatyin the system A-Heee<B,
the B system will dicturb the elestronic structurs of the A< bond and
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coensaquertly modify the currenis imfiwesd in that bond by the pfimary magnetiec
fieldpand thus produée a change in tho scrasning of the prEi”dne If the
hydrogen bond is thought of as being péri;ly sovalent thén eieetrona will bs
denated frem the lons pair of the B sya'&@ jnto the A-H bond. This would
jead to ar inorsass in the elsestron dansity arcund the hy&bg@n and therefors
%.o an inerease in thée ssrseningsvhich iz opposiie to the expsarimental
obgsrvations. I howsver the hydrogen bond ie considered %0 'ba glegtrostatic

in rature then ‘the siring tleciris £ield thus created wcuid ivhibit the

| diamagnetic surrent of ths proton ard thias dsereass the shiolding., This

&oee not mean that the slectren density at the proten is lese since the
nuslear magnetic resonanse mebhed dees noi measurs that quantity directly
and it is thersfore pessible that thars may bs an incrsase in the slactron
density at the pré%an and alsc a decrsass in shielding on hfdrogan bond
formation, Ramseyim has a‘i:&smp'i;eé te provids a ﬁheore%ieai trsatment of
this effect and has deseribed the dismagrstic shieldiug in terms of am
expansion involving the invsrse péfrer- of @ whera @ is i‘g';ﬂei.f the inverss
of the distanss of the sleatron from its nusisus. The expi;ession is of the
form 3= .

£ = Hitfe) - i‘g(lfé‘;)-{-’ S— sesesas{d)
If this aquation was demiwnatsd by the first torm then tﬁe magnetic shielding
wonld be determined by the eleslron d:}?\arihx?siw in maoh the sams say as is
the energy and this weuld imply that one oould ¢biain a gbéd'c.’orrelatﬂ.on
betwosn the chemieal shifisg ard a number of physieal properiiss such as
the elec‘brcneg;%:ivi'&y; This is Pound not %o bs the case for protons, From

the negative sigr of the socind term % oan bo seen thai a higher elestron
density {weightad by ihs 1/?3 torm) wonld prodice a shiﬂ: towards lowsr

fie1d. Despiiec the appsrent similavity of the irsatments of Popls and



S3a
Figure 9

S
o g |
\ ' !

f
LY

Ring Currents in the Arcmatic Ring

Figure 10
Complex of NN Dimsthylformamide in Benzene




Ramgey “he dirscticn of the dispiacoment of the proton resonance signal
cannot be said tv provide dofinits evidenecs in favour of the elestrostatic
nature of the hydrogen bond, Sinee the ghislding of the oxternal mg&etie
field depends nct wo wuch on the density of the electrons as on their
dis‘tribax"bicn round the nucleus a satisCacteory thesry ef thse proton chemical

shift will probabiy depend on a more sxacting deseripticn of the elssiren
distri.ﬁ\rtion in the hydrogsn bond,

S8o far tha type of dispiacement of the proton resonancs signal which
has been discussed is a displasement to iow field resualting from the bonding
of the hydrogen to a particular atom, There is however ancther form of
hydrogen bonding in which the hydrogen bonds to "pi" electron sy‘efems such
as that in benzene and in these cases the shift is to high field, Of course.
if the aromaiie molocuia possessss an sleciren donating suwbsitibtuent Qﬁch
as & hydroxyl group,the A=H group will tend to bond %o that substituewt and
will therefora approach the aromaties ring from the side. IFf howaever {Eare
is no such substituent atiached 4o the ring the astive hydrogen bonds to the
"pi" electrens of the arsmatic riug and thersfore ferms a bond perpendicular
to the plane of the rirg. Waat is of intersst is that,vhere the bonding
ie to a subsiilussnt attached te the ring.the proton resonance sigral moves
to low fieid wnils if the bonding is to the “pi* slactrons then the protern
resonance signal is displaced to high fisld. These different offecis can
be explained in tarmé of the large sniseciropy in the magnetisc suscepiidility
of arcmatie molecules which is commerly raferred to as the " ring current
o7200t108, In order %o illusirate how the ring current effect infiuences
nuclear magnetic resonance measursments one oan oonsider a very simple

model as shom in Fige 9o |
In this model ths aromatic ring is regarded as a simple cireular
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conducting loop, A magnetis field H, applied normal o this loop induces
a circuler current which generates a secondary magnetic field opposed in
direction to that of the applied field, This secondary field osn be
approximated very erndely by a dipeie plasced at the cenirs of the ring.
This dipoles has magnetic lines of force as illustrated by the broken linse
in the diagram. Suppese ono is measuring the proton resonance position of
thekhydrogt'm atoms in henzenesons of which is shown hers. The component
of the secondary f£isld is thex in the sams dirsction as the applied fisld;
in other wards it erhancss the applied fisid Hyo Thersfors to bring this
proton into rescnance will require an extervel field B which ie less than
Hy and the resonance is shifted %o Lowar applied fisld. Om the other hand
protons which find themssives in pesibtions Immediately above or below the
plane of the aromatic ring will have their resunénees shifted to higher

app?,ied fisld, This is bacause hers the componert of the secondary field
is opposed to¢ that of the appliad f£isld and henss, to bring such protons
into resonancescne has to apply a field H graater than Hoe Omly one
orientation of tho arcmatie ring with respsst i¢ the external fisld has
been comsidersd., If the eﬁarnal f£iold is applisd parailel to the piane of
the ring there will be no induced ring surrent and no rescrance shifts,

éo vﬂm after averaging over all dirsctions the net effect observed will
gtill be as indicateds

| 'ﬁ:is simplified theory allows ons %o explain why protons which

hydrogen bond to groups stiached to the bensens ring have their rssonance

signal shifted to jow f_'iél& whtreas those wvhich bond themselves to the
"pi* oleotron oleud of benzeme,sayshave their resonance gignal displaced

to high field. With regard to the latter phencmenon,the ring ourrent
theory has been applied by a mumber of workers to the problem of determining
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the distance of the proton frca the plane of the rings The most rigorous
treatment has been that of Johnson and Bovoy~-33 tshe considered the "pi¥*
electron system as consisting of two dou”mut shaped rings above and below
the plane of the molecule and obtained an equation as follows*e
$ S (ntymaPa) $tJ/Ux+C) 2* e8)$) » (K-»(1 -t2 - s2) B/ (
where # ie tha eheaisai shift in pO{Masf k is the cumber of free "pi"
electrons} m and a are the mass and charge of an electron} & is the radius
of the benzene ring and K and £ are complete elliptic integrals* £ is a
measure of the distance of the proton from the centre of the benzene ring
in that plane end g measures the distance from the benzene ring in a
perpendicular direction* On the basis of the above equation one can obtain
the distance of the proton from the benzene ring and it is foundfrather
surprisingly»that the values obtained are remarkably similar to those
obtained by Beeves and Schneider»3 using a much simpler approach®

Nuclear magnetic resonance spectroscopy»in so far as it has been
utilised in the study of hydrogen bonding»has been concerned”mainly»with
the weaker forms of hydrogen bonding* For instance much of the evidence
given previously for the assertion that Chloroform could act as a proton
donor or that aromatic solvents could act as electron donors in hydrogen
bonding has come from this soured* Huggins»Pimentel and Shoolery”O net
only showed that chloroform could act as a proton donor in hydrogen bonding

but also obtained values for the association constants of chloroform *
cacetone and chloroform ¢ triethylamine complexes at different temperatures
and were abletiherefore*to give an estimate of the hydrogen bond strength
in these complexes* (See Table 7)

The hydrogen bonding of chloroform to a variety of aromatic molecules

and to a number of defines was studied by Beeves and Schneider+3 who found



a shiffc in the proton resonance signal to high field in those aromatic
solvents such as benzene and toluene where the bonding was to the "pil*

electrons and a shift to low field in the case of nitrobenzene where the

proton bonded to the nitro group end in the case of the defines inhere
the bonding was again to the “pi** electrons of the double bond* These
workers measured the shift in the proton resonance signal relative to
eyolchexane as an internal reference and as an inert solvent* Korinek and
Schneider***s have shown that the following solvents reduced the shielding
of the proton in chloroform in the order shcwns-
EtgN > Me2CO > MgO > FpCU > PrF
This could be regarded as a measure of the electron donating capacity of
these solvents in hydrogen bonding* Recently Oreswell and Allred309 have
studied the system chloroform - benzene - oyelehexane and have obtained
the following parameters i-
K250c s io06 £ 0«30(a.f*)~X*AH® » -1*9? £ 0*35 kcals”olej
AS|5c ¢ -6°5 J 0*5 cals* mole*"5 deg?*o
In a later paper the same authors” investigated the association between
fluoroform and tetrahydrofuran and the association between flu®©rofora®%
and tetrahydrofuran obtaining the parameters noted in Table 8%

Both investigations employed the following theoretical treatment* The
association constant K was expressed in terms of an equations-

K Z C{S*A+B - C)/{A~C){B~C) K. (U)
where G is the number of moles of complex formed) S is the number of moles
of inert solvent) A is the initial number of moles of the halide end B is
the initial number of moles of bensene or tetrahydrofuran* The shift in

the proton resonance signal was equated with the amount of complex formed
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as follows

& observed ~ ~ & complex * A A3 A & free eeeeee (3. 2)
or ~ observed B8 {'&)$* &free eecccce(]3)
whereAis the hydrogen band shift (& gemplex * “~fraa”0

For asetaaed values of th©® association constant K th© fraction C/A was
evaluated fro® equation <X1)o The plot of S observed as a “notion of
C/A was a straight lino only for the correct toilue ©f K® After Kms
determined to within o*10 (»©f*)~3 theA and £free were obtained from th®
slope and intercept respectively® Though nuclear magnetic resonance ha®
been used chiefly for the study of hydrogen bonding in solutions it has also
been applied to pure liquids though this involves more complex problems
of analysis due to the variety of hydrogen bonded forms often found in
these pure liquids® Feeney and SutcXiffe”” postulated a monoaer”*i®tramer
equilibrium for diethylamine on the basis of proton resonance studies at
rgoai temperature and at the melting point of the diethylamine and obtained
a value of 1*7 kcals/kole of tetramer for the heat of formation of th®
tetraxaer itself® Hydrogen bonding in carboxyli® acids has been investigated
by Reeves~2 and del and Xwamura”“33'have applied nuclear magnetic resonance
to the study of intramolecular hydrogen bonding between hydroxyl groups
and *pi“ electron systems in tertiary unsaturated alcohols®

These hydrogen bonded systems in which an eihynyl hydrogen acts as
the bonding proton in hydrogen bonding have also been investigated by
nuclear magnetic resonance® Nakagom and Fujiwarae2 noted that the proton
resonance signal of the ethynyl hydrogen in phenyl acetylene was shifted
to low field in the presence of solvents such as trtethylamlne«ether or
acetone and concluded that this shift was due to hydrogen bonding between the

acetylenic proton and the oxygen or nitrogen atoms of the solvent; They



also noted that where benzene me the solvent the shift was to hi*b field
and postulated thatyin that, oase“bonding was to the “pi** electrons of the
benzene* Phenyl acetylene was shown to be self associated in the pure liquid
from the fact that in the inert solventstoyelehexane and carbon
tetrachloride*the ethynyl proton resonance signal shifted to hi$* field as
comp&red with the pure liquid® This self bonding is between the ethynyl
proton of one molecule and the “pi“ electrons of the triple bond of another
such molecule* A study of propargyl chloride*phanyl acetylene and bensoyl
acetylene in a variety of solvents has been conducted by Hatton and
Hichards51 using cyclohexane as both inert solvent and as internal reference¥*
The results obtained were similar to those given by Hakagowa and Fujiwara2
in that in aromatic solvents where the bonding was to the “pitt electrons
there was an upfield shift of the ethynyl proton resonance signal whereas
thbse aromatic solvents in Which the basic group was an electron donating
substituent produced a shift to low field* Witm thiophene was used as a
solvent the shift was again to higi field indicating that the bonding was
to the "pi" electron system of the ring and not to the sulphur atom in the
ring®

Another important point noted by Hatton and Richards” was that in
propargyl chloride the shift to higb or low field by the ethynyl proton
was not only imitated but was exceeded by similar Shifts in the methylene
protoh resonance signal* This led the authors to doubt the validity of
ibeir results as a true indication of hydrogen bonding particularly between
the ethynyl proton and the aromatic ‘pi” electron systems* In such oases
they postulated that the shifts were more likely to be due to the greater

anisotropy of the solute as compared to cyolohexane in the solution* Work
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carried out by Abrahams”2 on methyl iodide and iodoform in various
aliphatic and aromatic solvents would however suggest that the methylene
protons could themselves take part in hydrogen bcndingo This author e
considered that methyl iodide and iodoform formed solute»solvent complexes
with the aromatic molecule in which the dipole axis of the solute lay along
the hexagonal axis of symmetry of the aromatic ring with the solute protons
towards the ring* The following table (Table 9) lists the results obtained
for methyl iodide and iodoform in tolwenaa Abrahams also investigated the
solvent anisotropy effect by comparing the shifts a*r low concentration of
a ncn-polar solute in an anisotropic solvent with that of the same solute
in an Isotropic solvent of identical balk susceptibility® Taking oyclohexana
in bensene and eyelchexane as solvents an anisotropy shift for besnese of
+0*42 p«po»o was obtained® Abrahams also noted that solvent anisotropy
effects were largely eliminated by the use of aw internal reference of
similar molecular dimensions to the solventQ Hatton and Richards” have
applied nuclear magnetic resonance methods to an investigation of the
shape of the complex formed between N«M dimethylfermaiaide and aromatic
solvents such as benzene® These authors found that there was a distinct
difference between the high field shifts of the two methyl groups to
aromatic solvents and explained this result on the basis of a preferred
orientation of the N«N dimethylformamide with respect to the aromatic B
solventfthe two molecules being parallel to one another as indicated to

Figdb 10© xha bonding was attributed to the nitrogen with its fractional
positive charge thus placing the &Cmethyl group near the centre of the
ring and the/? methyl group scm distance from the centre as shown® As a

result a strong induced diamagnetic mcment at the centre of the ring would
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than produce a bigger shift vxpfield for the ® methyl then for the >3methyl
group ae was observed*

In the study of hydrogen bonding by nuclear magnetic resonance
techniques little information of value will be obtained if the concentration
of electron donor relative to electron acceptor is kept fixed* It is
essential,as was recognised initially by Huggins»Pimentel and ffiioolsry™O
that a range of concentrations must be studied* Though some work has been
carried out on the measurement of association constants at different
temperatures much remains to be done and this method of investigation of
hydrogen bonding will not be fully effective until this has been done¥*

This technique probably rivals infrared spectroscopy as a means of studying
hydrogen bonding and will probably provide much new information on the
redistribution of the electrons on hydrogen bond formation® At the present
however it has a number of disadvantages as compared with infrared
speotroscopyi-

1) Different hydrogen bonded complexes cannot be individually examined¥*

2) Higher concentrations are necessary*

8) Gas and solid samples are not easily studied¥*

The last two of these disadvantages are however gradually disappearing
with the advent of more advanced instrumentation* It is undoubtedly true?
however»that the combination of nuclear magnetic resonance and infrared
spectroscopy afford considerable scope for the development of the study

of hydrogen bonding*

II, sk ff1gMBBBLaBBgB

So far attention has been confined to the hydrogen bend in pure liquids
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and in solutions and little attention has be$n paid to this phenomenon

as it exists in the solid state though all three methods so far discussed

can be applied to sueh an investigation® The hydrogen bond is of
considerable importance when present in crystalline solids since it is
possible to predict; that a molecule containing both acidic and basis groups
will tend to crystallise in a lattice whose structure involves and is
determined by hydrogen bonds” “a There have been a mmsber of reviews
concerned with the hydrogen bond in the crystalline state of which the on®
by Denohue11A dealing with results obtained using X“ray diffraction
techniques and tbs one by Hand . 1 t dealing with neutron diffraction
results are probably the most comprehensiveo Ilia importance of the
hydrogen bond;particularly in organic solids” lies in the fact that organic
crystals are usually held together by weak Van der WaaXs interactions and
the formation ©f a hydrogen bond can strbilise the crystal structure to
the extent of a few kiloeaXsries* This extra stability of tbs crystal
makes itself fait in a number of physical properties of whi<sh the most
obvious is the melting point of the solid* This ie perhaps most
noticeable in the difference betm m the melting point of waier ( STsSk)
and that of hydrogen sulphidef 190°iC) which can largely be attributed to
the extra stability conferred on the lattice as a result of the strong
hydrogen bonds in ice*

A number of important techniques exist for the investigation of aioswl®

positions in a crystal lattice and all of these are Important in the study

of hydrogen bonding because of their ability to fix the position of the

hydrogen atom relative to the other atoms in the molecule* This gives

one an indication ae to Whether hydrogen bonding is securing and*if it is?
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information as to the strength and the length of swob a bend® The

methods most commonly weed are X«ray diffraction and neutron diffraction
the latter being the most important and definitive method available for
actually loeaiisagitee hydrogen position© Though neutron diffraction
is the mast efficient method it has tho disadvantage that it requires a
powerful neutron source which is not generally available and as a result
the X«®ray diffraction technique is the on© most ccmmohly used though it
usually .cannot be used to determine accurately tha hydrogen position&e
'The difference in the ability of the two teehniquae to detect hydrogen
atoms lies in the fact that in X«ray diffraction the scattering amplitude
of ah atom depends on the number of electrons surrounding it and therefor©
the bigger the atom the greater is its scattering factor whereas in
neutron diffraction?the neutrons?although scattered by the nucleus do no4
depend?in any regular manner*on tbs sis© of the nucleus itselfo(Se* Table 10
The following tabla (Table 11) abstracted from the review by -
HaaiXtoc115 proridiw a Utr& of rtjg* RA...B ard 9 AH, .B for (ttffarwrt
types of hydrogen bond which have been studied by neutron diffraotioae
It is particularly noticeable from the above table (Table 11) that"by no
means a ll the hydrogen bonds studied t/sre linear and that in fact many
of them depart some my from linearity© There also appears to b®© a rougt
correlation between the strengths of the hydrogen bonds and the og
dis&sKoea In addition the shorter iha rAs4eog distant© the more ... =
eycsaeirioal is ih© hydrogen bond® TPrm this we sea that though ii 10
obviously of some importance to determine the exact position of the

hydrogen atom in the bond and though fw X~ray measurements have been

able is aebieve this jit is e-bill passible is aaasure tha sAooll.b dl8ia»ae
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using X=ray diffraciior msthods and thus obitain a measurs of the strengih
of the hydrogen bond. It is perhaps significant that hydrogen bonds of a
particular type are found to possess very similar Ppo0seB distancee so that
this distance appears to be characierist £ the wvype of bend formed,

The method of siruckural deoiermination known as Xeray diffraction was
begun by the discovary of von Laws in 1012 that Y-rays wers diffrasted by
orystals. Thoe subjoct has long been ¢n a scumd theerstical bdasis ard the
advent of computing faellifics has enablied the tackling of shructures wshiech
could not have been studled previcusly bossuse of the labour invelved and
has also alliowad mors iwtemsive rofinement of the information available o
smaller moleculon. The major problem vhich still oxists issef sourse,the
“phase probiem” and metheds fer overaeming it have been preposed by
numerous workers,ths most well know being the Patierson msthod. The
most importart method vhich allows one 4o determins the phases is that iw
which there is au atem in the sirnchurs which has an atomie number high
compared to cther atoms in that sirusture. The hoavy etem esordinates
can be foumd fairly readiiy by Pallcroon mebtheds sineo the heavy atom will
tond to dominats the phasss of tha diffraciod spesirs, Strusburs faster
oaloulations baged en ths heavy atem seatribulion alons provides e sct
of phase engles which can bo applied %o the observed sirusture amplitudss
in the summation of a Foupisr series, In the rasuléing eleotron density
distridbution sons or all of tho lighter atoms may be distinguished. Thess
atoms are then includsd in the noxdt struciure facter caleouiation whilch
provides an lmproved set of phase angles; successive rounds of Fourier
sumations and structure fastor caleulations serving to roveal the positions
of all the atoms in the structure.
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The first information one obtains from X-ray diffraction data are
the unit cell dimensions and possibly the space group of the systesio If
the positions of the atoms in the crystal unit era knows it is possible
to calculate structure factors to compare with those obtained from th®
experimental data® The structure factor expressions can be derived from
considerations of a primitive lattice defined by the lattice vectors a¥*
b and c® Each lattice point is assumed to be the site of an electron as
for example and Ag in Figo 1X« The itre lattice points are related by

the vector»e

If & parallel beam of X®rays of wavelength }(falls on the lattice in a
direction specified by a vector of magnitude 1/ X *nd after diffraction

travels in the direction defined by the vector s of magnitude 1/X the

path difference between th® two scattered mves is*®

$ N®Agtt Z (g*© * gOjg,) 2Z £*%£ «*«...*0 (X5)

where 8 « £ * So

For the waves scattered by &j and Ag to be in phase the path difference
must be a whole number” in other words r© must be integr&Xo Therefor®
from equation (14) (“«f*vb” wc)S is integral and»ai&ce w,v and w are'
integral, each tern must be integral* i0e9

i th 9 M A s 3 P« <»« «»(X6)
where h»k and X are integers®
These are known as the Lame equations! the integers h»k and 1 are the
Miller indices of th© diffracting plana*

The structure factor equation ies®

F “ fyj 208 9Kp8W'i{hx» 15K 1%,)
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whero N is th® auasbar of atoms in th© unit eellf (s”y”s*,) as*© th®
coordinates of th® atom md S is th® atomic scattering factor ©f th®
r*1l atCES®

Th® quantity F is called th® structure factor and its modulus Jfj is
the ratio of th® amplitude of radiation scattered in the order h*fe#l by
the corxijexts of one unit cell to that scattered by one electron under the
sane conditions and is kncun as the structure ao&litudsa Sine® the phase
of the scattered save is not an ebsermble quantity \*hai is Cbserv'edsth®
intensity of the scattered ua?©*is proportional to F |
Then if F 5 AfiB

F®F* S F2 « A2* 8?
uher® F* is the complex conjugate ©f F
and A a X! fK ©Gos aiTClu*-f ky” + 1ltg)

8 = ~ {#n ete S1?{to% + figH * leb)

These are the equations used in practice for calculating structure factors*
Since a crystal is periodic its electron density could he represented by

a Fourier esries uhieh is a sum of sines and cosines* Th© appropriate
equation is as follows*®

(*(Jeyl) * (i /*) XX X|*(Wa) | 000 (2TT (hx*Mcy«f Ik) » «C hV1l) (W)
chorep i® the density of scatteringmttsr at a point nith fractional
coordinates (ssys) in th© unit cell* ¥ is the rotm* of the unit cell and
**hkl phase angle associated fdth the amplitu&s Ffhkl)® It the

crystal contains a csatre of aynttatrytt. is limited to the mines 0° or 180®

and equation (19) reduces*«
«©
f {ssys) s UAMLXCS F(hkX) cos gif (hf£*ky*1ls) ooeoooc (20)

Again if ©nly the projection of the electron density of a oectrasy«trle
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««*i) = d/v)rrtb(wa)f ~ exp®2*i{kvt*1*} ocse®sO(23)
which can b® computed without eabigaiiy sine® the |F(hkl| & are
direct5y related to the observed intensities® There are $®HOus methods
of refinesaont emas the Difference Fourier synthesis and th© least
squares refinement 'ahich H11l not be dealt with hero®©

ThO® first X«r&y diffraction study of a hydrogen bonded system as meh
was carried out by Bernal and Fowler” in “hieh they assumed a particular
tem of open lattice structure to account for th® physical properties of
ice® Sine® then there has been a considerable amowrt of work carried cut
on hydrogen bonded compounds and this can bs subdiHded into “aHoue

©lasses depending on tha type of hydrogen bond i0e® on th® nature of th®

atone or group* A and B in th©® hydrogen bond

a) (hqrgess M W .Qmspp

Tlesl®&sappeadyOmpesierathbononuer s It ispreside
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to classify this type of bond into three groups depending on th© position
of th© oxygen atcaso
1) Those involving a carboxyl grmp and its acidic hydrogen tdier® th®
length varies from about 2®SO £ in oxalic acid to about 2*65 % in th®©
oarboxylio acid disease
2) Those involving hydroxyl groups as in th©® alcohols and phenols where
th® length of th® bond varies from about 2*1 I to 2*8 JL
3) Those involving water molecules as in ice and certain hydrates “ier®
the length varies trm 2«?6 1 to abevg 2#*9 t*

This type of classification is however rather arbitrary and is still
Bcaswhat uncertain*
) Hlirogon Careen

Thos© are the type of hydrogen bonds on® finds most cemonly in
amino acids and proteins and they therefore play a fundamental part in
protein structure* These amino acids usually exhibit three strong
intormolecislar nitrogen **e eoxygen bonds resulting in a very eeaspact
grmpé& The typ©®© of resonance structure shown in Figo 12 ie stabilised
by hydrogen bond formation as shown in £1* « alanine-*»
c) Garbos >«»»» Oxygen

Th® information available on this typo of bond is almost negligible
there being only CmM measured value as such for the 0 e*eeee 0 distance
in a complex of diethyl ether and br&a® « diehloroaefchane studied by
Hassel”8* *~ in two dimensions* Th® vain® given in that instance for
th©® 0 - H eeeee 0 hydrogen bond distance was 5®1 S© ReeeastXy Sntor”2®

ha©® reviewed the carbon ® Oxyg©« distances in a number of organic

strae&urss and has postulated that those trXoseet distances0 say wall
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Table 12

Possible CsH®*****0 Hydrogen Bond Disiances

Compound (G °°**+0)( ﬁ) Group involved
Cagfein® 3,18 CHe*+2~( (keto)
Theophylline 5022 Glioseves0 (keto)
Glysyl=Lstyrosina
hydrochlcride 3,07 CHpe*<+*0 (water)
Ethylene carbonats 3:11 CH,o*22*0 (keto)
13837 39=Tetramethylurie

acid ' 3.00 CHge w00 (xeto)
Asetylcholine bromids 3,00 CHgoo*+0 (acstyl)
Caffeina 3.24 CHz°*°**0 (keto)
Tabis 13

- Iufrared Spestrum of Benroyl Acetylene (In Nujol)
A em,l Aseigment A em.=1 Aseigmvent

3195 AN = C=H) 1595
Aromatic Substituiion

1640 — {Cc=0) 740 Aromatis

720

)
)
2067 4 {C=0) 1583 )
)
3 Monosubstitution

L




be due to hydrogen bonding® (See fable 12) It is of sea® irterssi that
the value given by Setor”® is casparablo with that given by HasseX*” and
there is some reason to believe that the groups indicated in fable 12
may be joined by C « H °*®°* 0 hydrogen bonds® A farther paper by Sutor”
containing detailed evidence to justify her postulate has recently been
published®

There la as yet no X«ray diffraction work on the measurement of
hydrogen bonds in systems where the electron donor is an aromatic *pi”
electron systems the only information about hydrogen bonded distances
in such complexes coming from the ring current a&preach in nuclear

magnetic resonance spectroscopy®©
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IIT* EXmifiEHTAL

ITI. 1* GENERAL

In carrying out a detailed quantitative study of that comparatively
weak form of association known as hydrogen bonding it was important to
ensure that all impurities which migit compete or interfere with the
association were removed® All compounds used in these investigations
had to be pure and free from moisture® All the solvents used were
spectroscopically pure or were "AaalaR” or were dried and then
distilled before 'asee Where solids were used these have been
recrystallised and sublimed to analytical puritye As hydrogen bonding
is extremely sensitive to changes in temperature» concentration and
solvent all throe variables have bean indicated®

In this work the hydrogen bonding properties of the acidic
group have been investigated®© In particular the ability of Otfeyny!
hydrogens to form a hydrogen bond with a basic group has been studied®
Ilia acetylenio compounds used in this investigation were phany!
acetylene and'benzoyl acetylene® The former was obtained commercially
(B* D. Hi Ltd.) and distilled under reduced pressure (S2°G/8Ctetto Kg) *
The benzoyl acetylene was prepared by the method of Bowden? Heilbron?
Jones and Weedor/~~ from phenylethynyi carbinol (supplied by L. Li%it &
Co» Ltd,) as follows8-
To a stirred solution of phenylethynyl carbinol (Sg«) in acetone (5c«c.)
a solution of chromium trioxide (1*T5g«) 1in water (5c*cf) and
concentrated sulphuric acid (1*5c«c») was slowly added® This operation
was carried out under ico cooling and in an atmosphere of dry nitrogen

over a period of on®© hour® After the contents of the flask had been
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stirred for a further thirty minutes tho mixturs was diluted with watoer

and the product was oxtracted with ether. Evaporaticn of ths

othereal sclution gave a yellow solid whiech was recrystallisad firow
aqueous mothanol to give benzeyl asetylene (1-79g). This pale yollow
s01id had s melting point of 480.499C (Literature value 509-519C)., The
Bolid was then subiimed under reduced pressuroc (3500 at 0+2 wn. HE)
giving.a white soliid with 2 malting pelnt of 48Y.48.500, The infrared
gpectrum of s “muli" of this compound with Najol was ruan on a Perkin -
Elmervls infrared spectromster over the rsgion 650-3600 cm“l; Tho
following infrared bands characterise the comwvound (See Table 13).

The ultraviolet speetrum of bonzoyl acebtylene in n-hexane (spectrescepic}
was recorded on a Perkin-Himer 137 Ultraviclet recording spectrophotometer
over the spectral range 190-390 m/uaﬁsing i, 2, 5, 10, 40 mm, cells,

Tne following bands were obtained -

201 mpu (& 18,525, 213 m 1 (& 14,300) 260 o g4 (£ 18,850)
287 m g (£ 2,307); 299 o A {& 1.,040).

I1I, 2. CALORTMETRY

.

In this series of expsriments the proten donor was bengoyl
acetylone propared and pwrified as detalied sbveve., The solvents used
wore cyclohexano {spsctroscopic), benzens and toluene (AnalaR) snd
pxylenos mesitylene and n-bubyl ethor

)
and distilied bofors use, As a wmeans of testing the accuracy of the

the latter three being dried

oquipment used; potassium chlerids was dissolved in distilled water and
its heat of solution was measursd. The potasgiua chloride used was

an “AnalaR" roagent.
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The apparatus used in these eoxperiments consisted of the following
itomptw

- a) The Calorimeter and the thermomcter
The calorimster ussd was a 500 c.c. silvered Dowar flask having s tightly

fitting rubber bung. Holes wero bored in this bung to accommodate the
various pieces of apparatus used in the sxperimonts. The temperabturs
changes in the calorimeter wore measured ueing a Beckmann thermometor.

b) The Heater (Fig. 13)

This consisted of a pyrex glasé tube 10 wmn. in diameter, flattened at

one end with a small glass Tormer 25 mm. by 37+5 mmn. sealed on to it

at that ends Round this glass fermer was coiled approximately one yard
of Nichrome wire (Rosistance approximately 7 ohms per foot) sach end of
this wire having besn attached to separate picces of platinum wire by
spot welding. The two pisces of platinum were passed through the closed
onds of the pyrsx tube intc twe separato thin glass tubes using a glass
$0 metal seal and wore spet welded 4o coprer wires which led 'Eo +the
heating circuit. Due %o = variety of wechanical failures it was
necessary to retuild this pisce of apparsztus more than onoce and the
resistance of the hester was found te altor for sach model, However
the resistance of tho heater was determinad very accurately for each cass
as will be nocted later,

¢) The glass phial and the stirrer
The phial counsistod of a plece ¢f glass tubing blown out to a thin

walled buld at one snd, The stirrer was of the vibro-rotatory type.
d) The Heating Circuit (Fig. 14)
This was similar 3o that of Pitzerl23 and was as shown in Fig. 14.

The current in the circuit was supplied by three two « volt accumulators
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linked in series {A). Also present im the circuit was a standard

one ohm resistance (B) maintained in an oil bath at constant temperatura.
Linked in parallel with this standard resistance was a Direct Current
Potentiomoter which was used in c'cz:nj\mcticu with 2 galvanometer {G) %o
measure the current passing through the circult. A small switch box
was constructed se that, by means of a cne pole = two way switoh, ths
heater or the substituto resistance could be put intc the cirewdt. The
- "dummy” rosistance was an ordinary 22 chm resiatence { approximately the
same resistance as that of the heater). In use the curront was aillowed
4o flow for over cms hour bsfors oach rums; with ithe dwmy resistancs in
the eircuits to allow the six velt accumuialor suppiy %5. settle, The

roesistance of the heater was determined by ueing a circui‘t in which the

standard one ohm resistauce:; the dummy rosistanco and ;the heater wers
in series and noting the readi;ag en the petentiomster é.croas the sne chm
resistanco and then acrcss the hester. The ratio of the potentiemsier
reading acrcss the hester {o that obtained across the standard
rosistance gave 2 measurs of the resistanse of the heater.

The Dirsct Current Potcmiicmoter has a twe disl ay'a*-h'am for measuring
voltaées. One rangoe of the insirument extsunded f‘rnm 0~1+4 velts in stepa
of O+1 voits while the othor rangs cxiended from 0~ﬁ;1 v&lﬁa in stops of
0001 volts. It was pessiblo to msasure the voltage to the fourth
deoiwal place. The insirument was pewered by g twa volt accumulster
and etandardised with a 1.018 volts Westen Standerd Ceil (BEg) |

To chock the accuracy of this squipment it was declided teo determine
tho heat of solution of potassium chleride in water and to check the

value obtained against the known results. In this experiment 400 ¢.c.




of distilled water* which had been allowed to equilibrate overnight in
the constant temperature room* wore placed in the Dewar and one gram of

"AnaiaR” potassium chloride was placed in the glass phial* The apparatus
was set up as shown in Fig* 15 with the vibro-mixer and the electrical
circuit on* the current passing through the "dummy” resistance* Th®
system was le ft thus for over one hour to allow the temperature in the
calorimeter to equilibrate and the electrical apparatus to settle down*
Temperature readings woro then taken every thirty seconds for the next
thirty minutes during which time the actual experiment ma conducted*®
After the first ten minutes the glass phial was broken* allowing th©
potassium chloride to mix with the water* Approximately sixteen

minutes after the run was begun th© potentiometer was standardised using
th© Weston cell and at twenty minutes the heater was switched into the
circuit for either one or two minutes during which time th© voltage drop
across the one ohm resistance (equivalent to th© current passing through
the circuit) was measured on the potentiometer® Tho heater was switched
off after a fixed interval* this period of time being measured with a stop
watch accurate to 0*5 seconds* Temperature readings were stopped after
thirty minutes and were then plotted against time giving a graph of th©
type shown in Fig. 16* Sine®© tho resistance of th© heater was known and
th© current passing through it was also known* it was possible to determine
the number of joules produced in a given time and therefore the number of
calories equivalent to the rise in temperature* Knowing this it was
possible to equate the fall in temperature on mixing the potassium ohlorid©
with the water to a specific number of calories® Pollowing tho method

of Caro and Staveley12*. tho data for the heat of solution of potassium

chloride in wrter havo toen calculated and corrected to a dilution of



one male of potassium chloride in 160 moles of water* The results
obtained are given in Table 14 the error being approximately *£ 0»08
kilocalories per mole* The fact that the average of the two results
obtained gave a value almost exactly the same as Stavel©y*s was almost
certainly fortuitous*
Table,14
Hoat of Solution of Potasaim Chloride in Water

a) Current (X) throu# heater 0*2919 amps

Resistance (R) of heater 21*5223 ohms

Time heater in circuit (t) 126 seconds

No. of cals. produced (I%1t/4®X8) 55*%*02 cals.

A rise in temperature of 0*X23°C is equivalent tc 55*%02 cals.

A fall in temperature of 0*X34°C is equivalent to « 55*60 calc»

But number of moles of KCi equals 001341 moles

No. of calsc produced par mole equals « 4294 cais./acXe*

Moles HgO/koles KOI equals 1656*7

Correcting to a ratio of 160 requires subtraction of 30 cals®

No. of cals. produced per mole equals - 4264 cals*./mole
b) Current (X) through heater 0*2527 amps.

Resistance (R) of heater 21*5225 ohms.

Time heater in circuit (t) 120 seconds

No. of cals. produced (1%it/4»XS) 39*2f cals.

A rise in temperature of 0«<100°C is equivalent to 39«2T oals®

A fail in temperature of 0*141°C is equivalent to - 55*37 cals.

But number of moles of KOI equals 0*01341 moles

No. of cals produced per mole equals ~ 4128 cals/flicle

Moles HgO/Moles KOI equals 1656*7
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Table 14 (Cont'd).
b) Correcting to a ratio of 160 raquires subiraction of 30 cals.

No. of cals, produced per mole equals ~ 4098 cals/fmole.

-G O T3 O CF W N D O 6 SO R S b €

For the investigation of the heats of mixing of benzoyl acetylens
with a variety of solvents a fixed walight of the benzoyl acetylens,
corresponding to either 0-01, 00075 or 0°005 moles of that substanse
was placed in the phial, 400 c.c. of the sclvant were placed in the
calorimetor and the experiwment was conducied as dotailed aboves, It was
then possible to equate the f£all in temperature on the cddition of benseyl
acetylens te the sclvent with a specific nuwber ¢f calories absorbed from
the system ands by corrscting this for ths wnumber of woles of benzoyl
acatylene prosent,; it was possible t¢ obtain the heat of mixing per mole
of benzoyl azatylens in that paréiculer balvenﬁg {Ses Table 15)

The heat ef mixing of ths bewnroyl acstylens in gyclchexsne was taken teo
ba due to the breakdown of the hydregen bonds proaent in the selild stabe
ands when this correction was appiied te systems where benzoyl asstylens
was added to an electron donating selvent, a measure of the enthalpy
ef thahydrogen bond betwsen benseyl acetyléﬁa and the selvent was
obtained. {Sea Tablu 16)

Table 15

Heats of Mixing of Ben:oyl Acetyiens in variocus solvents

Solvent Moles of Rise in Fall 4in Heat of Mixing
Beuzoyl Acetylene Temp.%C  Temp.°C  Kkeals/mole
a) Cyelo- 1) 0-0100 00453 00447 o 7240
hexane
2) 0°0075 0°245 00343 = Te42

3) 0-0050 0:246 00229 « 740




Table 15 (Cont®d)

Solvent

b) Benzene 1)
2)
3)

¢) Toluene 1)

2)
3)
d) P=Xylene 1)
2)
e) Mesityl- 1)
ene
2)
f) n-butyi 1)
ether

Enthalpies of Benzeyl Acetylens in varicus selvents

Moles of Risa in

Benzoyl Acetylene Temp. °C
00100 0-456
00075 00216
0-0050 0113
040075 0-228
0-0075 00233
0-0050 0327
040100 00228
00050 0+133
0-0050 06137
0-0050 0136
000050 00316

Tablse 16

Fall in
Temp, °C

0-279
00201
0+129
0°210
0+211
0+145
0-292
0°149
0+152

02146
0122

Solvent

1) Cyelchexane
2) Bsnzene

3) Toluene

4) PeXylens

5) Mesityleno

6) N-Butyl Ether

Heats of Mixing

keals/mole

e Fodi}

4049
4+78
4.87

4¢72
453

b B i 2 S

Heat of Mixing
keals/meols

= 455
o 4ol
4048
o 4,74
o 466
= 4093
o £4:82
= 4:91

481

o= 4063
s 4053

Enthalpy
keals/mole

= Fedf

292

2°63

2654

2069
288




I11*, 3* INFRARED SPECTROSCOPY

All infrared measurements wer© carried out on th© Unlearn SP100
double beam recording infrared spectrometer which is capable of
recording over the region 375 to 8000 However* it acts as a
prism grating instrument only ever the region 650 to 3650 em» this
region being covered by two cams giving a linear wavenumber scan over
the ranges 650 to 2150 ea*4 {A cam) and 2150 to 3650 (B cam)®
For the present work the instrument was only used on B cam and then
normally only over the region 3100 to 3400 cm®** £n all cases where
temperature effects were not being studied the samples were run at
the temperature of tho cell well in the instrument which was
thermostatted within tho temperature range 28®«29°0* The spectra were
calibrated for frequency using ammonia vapour over tho spectral rang®
covered* For all th® quantitative spectral runs logarithmic chart
paper was used« Liquid cells were used with sodium chloride windows
and path lengths of 0<*52ssas** 0% linens* and OOfes3Q

For the variable temperature infrared studies tho equipment was
as follows s«
a) Two infrared heated colls with heating jackets of path length O«3$ssiso
supplied by Research and Industrial Instruments Go* Ltdc Each cell
was fitted with steel plugs and it was found that the steel plugs were
unable to prevent leakage from the cell on heating® This defect ms
overcome by fitting the plugs with Teflon washers®
b) Two variacs which were used as a moans of controlling the cell
temperature* These were calibrated over a range of temperatures®

a) Two thermometers which were used to measure the cell well



Fipyre 17
Circuit for Temperature Measurements in Infrared Studies

Cell  Cell Cell  Cell
Vell Well




temperaturs during the run. I% was noted that the tempsrature of the
coll well rose slightly while the cells were boing heated,

d) A galvancmeter which was calibrated %o measure temperature
differences between the cell well and the coll of from 00C to 60°C with
an accuraasy of £005°C. A resistance of 2700 Qhﬁs vas placed in parallel
with the galvenometer te decrsase its sensitivity and this was linked
to thermocouples aviached t¢ tho sells asg indiecated in Fig. 17. A
1500 ohm resistancse was placed in scries with the gelvancmeter which was
connected through twe, two pole ~ twe way swikches to a pair of
thermocouples. This allowsd end to swilch eithor ¢f the cells inte
circuit with the galvancmeter at any time while keeping the other esll
out of circuit. |

The benczoyl acetylens and the phexnyl acetylens used in these
investigations were obtainsd as indicated sarlier. All the solvents
ueedf;ere sither of spsstrescepic or "AnzlsR" guality or were drisd end
distilied boforo use. All solutions wers made up in graduated f£laske
and the mixed solvenbts wers msds up accurately by weight, all weights
being determinad t¢ 00001 grams.

A prelimivery investigaticn of bemzoyl acetyiens and phenyl
acotylone In a variety of solvents was carried out and the frequencles,
intensities and half band widths of the sthymyl hydrogen siretching
vibrations wors noted, Of the eclvents used all were avallable
commorecianlly except for tert-buiyl other which was propared by the methed
of Erickson and Ashton’25 from freshly preparsd silver carbonate and
tortwbutyl shlaeride. The samples wors all run with a similar esll
containing the pure solvent iwn the refersyce beam and the vibrational

mode studied in all eases was the ethyny! hydrogen stretching vibration,




It was found %o be impossible to study beuzoyl acetylene in solution
with pyridine ox ite methyl derivatives owing tc the formation of highly
coloured complexes. However it was pessibls to study phenylpacetylena
in thess solvenis. Benzoyl asetyleous presented a wuch éieane§ ethynyl
hydrogen stretehing vibration thap did phenyl aeetylené- due '6& the
presence of a Fermi resomante between the othynyl hydrogsn étretching
vibration and a combination band in tho phenyl ace*%ylene; " For this
reason it was preferable 4o use the banzeyl acstylene in guantitative
studies, 1In Table 17 is glvon a iist of rosulis cbtained for bsnzoyl
acotylene and phenyl acstylens in a varisty of sclvents. In some cases,
as with the ethers as solvente, the “frsa" and "bonded" peaks could be
observed and measursd separately vhile with a number of the solvents only
one broad peak vas obsorved. The significance of these results will be

discussed in the fellowing chapier.

Pabls LT

a) Benzoyl Azetviene
Solvent U frep ’chnggd £free £ bonded V3 em.=2

Glile om, ™
N<hexane 3308 - 250 © 9 (£)
Cyclohoxane 3303 - 250 - 745 {£)
Ethyl Ether 3304 3219 30 70 70 (b)
Ieopropyl Ether 3305 3215 52 75 68 (b)
tert-Butyl Ether 3306 . Be2y 55 48 70 {b)
Aniscle 3267 9309 48 (£+ 1)
235 Dimethyl 3272 : 943 49 (f+b)

Furan
Thiophone 327345 100 41 (£+D)




Table 17 {Conitd)

a) Benzoyl fceiylens

Solvont A) free A bonded
om,=1 om.t

Benzene 3277

b) Phenyl Acstylene

n-Hexans 3323 -
Cyalchexans 3320 -
Ethyl Ether 3320 3250
Isopropyl Ether 335215 3247
tert-Butyl 332105 32545

Bther

Pyridine 3204 3204
6¢~Picoline 3294 3196-5
236 Lutidine 3294 319605
Tetrahydrofuran 3299 3235-5
Furan 3293
2«<Methyl Furan 3292

215 Dimethyl 3289

Puran

Taiophsene 3291
Bengzene 3292

Toluene 3292
P-Xylens 5293
Mositylens 3292

136 Dimethyl 3291

Nepthalene

£ free

125

80

€ bvonded U _é.cmg"’l

95.4

98¢ 4

55
66
€8
55
56

144
115
75
1076
108

GB8e5

93

75

53

41 (f+b)

22 ()
31 {f)

44 (b)

44 (b)
111 (b)
111 {b)
110 (b)

59 {b)

36 {24 D)
41 (4 0)

62¢5 (£4 b}

43 {f¢ b)

42.5 {£¢ b)

49 (£+b)

55 {£+b)
6205 {£+ 1))

50s5 (£+ D)
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Ryjtiseftlratiott of Association Constants

For th© quantitative investigations bensoyl acetylene was used as
the electron acceptor with the solvents bensene, toXuenej; p*»zyXo»©?
mesitylene and n~butyX ether as the electron donors while phenyl
acetylene was taken as th® electron acceptor with th© solvent n»butyX
ether® All aromtie solutions were run at a concentration of 0*05 mo3.es
bensoyl acetylene per litre of solvent in liquid sells of path length
0*052 css® at a temperature of 28°*-29°G* For 6ash aromatic solvent
system a series of runs ware carried out* th©® actual solvent ranging from
the pure aromatic solvent through various mol®© fractions of that solvent
in cyclohemn®© to pure cyclohesana itself® Where n«butyX ether me the
solvents due to the much greater separation of th©® "free" and the "bonded*1l
peaks* their maximum intensity was rather low and* for th© purpose of
throwing th®© broad "bonded" peak into greater relief* the concentration
of bensoyl acetylene was taken to be 0*1667 soles psr litre of solvent
over iho solvent range 0*40 to 1*0 mela fraction a-bu$yi ether in
cyeloh©3cane® Due to tbs relative Insolubility of bensoyl acetylene in
cyclohemna tho concentration of the former had to be lowered to 0«CS53
moles pax* litre of solvent over the solvent rang® 0 to O0®3 mole fraction
n-bufcyl ether in cyelohesjane* In tha phenyl acetylene * n«*butyl ether
system iho concentration of tha former was taken as 0*1351 moles of
phenyl acetylene per litre of solvent® ThO n«btiiyl ether systems wor®
run in cells of path length 0*03 «a®* at a temperature ©f 28C«29CG®
The spectra were run over the range 5150-3400 for the bensoyl
acetylene - aromatic solvent systems but* because of the greetCp spread

of peaks in the ether solvent, th® range covered in the bensoyl acetylene

** n«butyl ether and tha phenyl acetylene - s«buiyl ether systems ms



B
3100 « 3400 em.~%, The spasira shown in Figs. 18 (a, by ¢) are a
gselection of those found i‘:f,z' benzoyl acehbylions in benzene, toluens,
p~xylene; mesitylene, n-bulyl ether and in chlersbsnssene.

In ealeulating the aszseclation coustanis .far ths hydregen bonding
between the acetylenss and the seivent it wan necsssary to kauow the
integrated =bserpiion intensity (A) and this was ebtained byvmeasuring
the area under the peaks bstween ceritalm firequsncy iimits and ecorvesting
“this value for the concenitration and path leongths at which it was obdiained.
The limits of the intsgration for the aromniie solvent eystems”%arg talkan
as 3190 - 3370 cu.~} and,for the u-butyl sther as selvent, the liuits wers
3110 ~ 3370 om.“', 'The arca moasursd was that onclesed by the péale: and
tho straight 1line joining the upper and lewer fraqusncy limits of tho
curve, Ordinates wers draws ovory 205 am.”' within this avsa and the
optical dsnsities at thoss ordinztes measured. The values cbiained were
summed using Simpsens Rule giving an intsgraied area in terms of tho
optical density and ths wavemmbop {Alcma“l)«, The integrated abscrpliion
intensity was thea given as

A = 2.30% Ay jel  Jitres moles™} ame"2 ceee {24)
whare Ay = f leghg I0/T «day
and ¢ is the concentration of the seluticn in woles per iilire and ) is the
path lengith in ceabtiwmetzas,

I one assumes thel,in a gystem cenbaining an ethynyl cmpnmiﬁ {A)

and an elsgtron donnting sclvent (B),theﬁ'e are three species A, AB and
B in xﬁ!xtua.“x sqitilibrium and that thelr solvbions in an inerd selvent S
form an 3deal mixtura then A+B+ 8 f8 alweys dilubs with raspect ke &

and {xg+ xg) 1s approximately squal tc unity (xB and xg ropresent the

mols frasticne of B and S ras;;sa?z-ively}@ Under these aorditions
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the equilibrium constant ,i;n terms of mgl@ fractions,for '&he‘ system,
A+ B == AB
can be writéens~
Ky = myp/my xg socsesesss {25)
in which myp and m, ars the actual molarities of AB and A respestivsly and
xg is the stolchiometric mole frackion of B. From considerations of Beers
Law'l-%’lzv one can obtain a ralation commecting the trus integrated
_abserption inteusity of a mixturs contaiming both A and AB {A) with the
active solvent mols fractlon xy (Eguation 26).
xp/flA e &) B xpflagg = 8)) + 1K (Mg = &)  ecoccaad(26)
In the abeve sguation AA and AAB rapresernt the absorption intemsity of
the spssiss A and AB the formsr being measguvabls in soluwtion in the sure
inert solvent 5. If xpf{A « AA) was then plotted egaingt xp one should
obtain a sﬁraigh‘%; line frow whose slope end interespt one can obtain K,
énd A,~o The agtual sxpsrimental poinis shen geaphed in the above fashion
showed scme degres of seatisr and ths mothod of lsast squares was applisd
f@ ocbiain ths @ztr@r‘ in the resuits. The graphe ars as shown in Fig. 19
and the resulis are given in Tabies 18{a=f) and 19,

Tablie 18

a) Benzoyl Asetyleps in Benzens = Cyslohaxans

:ff ® 2%9"1 léioi,es“lmfal@é‘ wa = &)
G 6088 0% 609 -
0-1 7227 0644 030
Qo2 T84 0c694 2250
03 8° 27 é°“f35 2053

04 8248 G=751 291




Table 18 (Cont®d)

9746
968
9°81
10-19

1fﬁolassicme'2104 XB/KA e1AA)
02802 2066
02821 2290
0°838 3012
0-887 3029
0°869 852
0°903 3045

A oD e Ot B ROED

2%@ 1 lomgiea"lgmg
6°84 Q=614
783 0-694
7294 0704
8e41 02745
8267 02768
9017 0812
9°31 0825
1011 60896
Q05 0-882

00614

<2304 /(A -

(-]

1026
2023

2229

2060
252
2085
2:84

373

Ap)

84



Table 18 (Cont’d)

0°1 7096 02707 1907
0°2 8054 0°759 ' 1038
03 868 00769 1494
04 9037 00830 | 1985
05 931 00824 2038
06 9065 0855 | 2049
07 9263 0853 | 2002
0°8 10082 00903 2077
0°9  10°02 00887 3029
10 1049 0929 518

xg Mo A x /(4 = &)

mefs om. 1cmolee=tom,~210%

0 Tei2 00614 ' -
00l 793 0702 1014
02 8232 00737 1063
0°83  8°93 02788 | 1e78
004 8091 00789 2028
05 9015 00813 2051
0<6 933 00824 286
0%7 1004 00889 3054

08 9°48 00838 .. . gesy



Tabls 18 {Cont®d)

A
l.molea‘lcm."zz.o4

0°836
0908

01
0°2
0°3
04
0°5
06
07
08
009
1¢0

A
1omoles™lom.“210%

00614
0°747
04832
00933
00996
10032
12081
10091
1¢152
103.47
10181

025

A
Lomoles"tam,~210%

00840
0977
12024

86



Tabls 18 {Cont®d)

:?fa 2{'1 1.301e3°1cm.“2104 A=)
06  17¢07 12021 3031
0°7 18963 10058 3020
008  18°79 10067 38
009 19018 10078 8077
100 19°81 10111 3069
Table 39
a) Benzoyl Acetylens
Bolemt ::;gg: o8 1?%1;232? 4 (:Ei‘.)“j* 1:%5108"1
em.“10%  cm.?m.£,10 en. 2104
Benzeme 0080%0°34 2058¢ 0016 0o3120013 1086% 0052
Toluers 2010 20057 1051 0015 103920028 3009% 0008
PeXylono 2040 20°21 1:0020°10 20432003 100520004
Mesitylene2089 % 0035 Go08¢ 0055 2996 $008] 0096¢ 0°04
peBubyl 1913 20708 0064£00D2 1e772000 1o50% 0003
sther
b) Phemyl Asotylens
neButyl 1064 $0°53 201580022 Go76F Q17 Jod5 0012
ether
. I

Degrea of
Assooiation
0024% 0210
0°58% 0014
071 £ 0013
00752 0026
0064% 0004

0045 30011

In this ssries of runs ths apparatus wae as illusirated previously,

the cells used having o path length o2 003 omse The concewiration of

benszoyl acetylens in the aromatic solvents was 000833 moles per liirs of



solvent®© .In n*»hutyX other as solvent the eoneeatra&ion of bensoyl aeetylen®
was 0®1667 moles per litre of solvent© The temperature range eevered ms
from approximately 2f°0 to around ?0°C*8p8etra being run at tho two
extremes of the temperature rang® and at an intermediate value in the
region of 50®C& For ©aeh mini® « solvent system a series of runs at
different temperatures ms carried out for two different mole fractions
of the active solvent; in eyctloiiex&aeo 1Isa addition bensoyl acetylene ms
rm in pur® ©Oyelohexans at all three temperatures and m apparent ©hang®
in the integrated absorption intensity ms observed® ms therefore
considered to be temperature independent over th© temperature range aovered®
ThO Integrated absorption intensity of th© band»if association between the
bensoyl acetylene and th© active solvent ms ecispXota*(A”g) ms also
assumed to remain constant over tha temperature rang® covered® It is
possible to rewrite equation (26) &j follows
s (A - Ao~ aaB “ AA> *B

Using ih© above aquationelf on© knows the integrated intensity la tho
inert solvent{A”) fthe mol® fraetion(xg) of th® active solvent and the*
integrated Intensity of the band if the association between th© bensoyl
aeeiylen® and ih3 active solvent ms oompleteCA”g) gthen all that is
required to determine the association constant at a particular temperature
Is th©® integrated intensity of the band at th® particular mol® fraction
of active solvent being studied(A)o ThO integrated absorption intensity
(A) ms determined as before® Oss osua thus obtain values for the
association constant”} at various temperatures® Thon?if the Xoglc* 3
was plotted against the re©lproeal of the absolute temperature}l/T) &frstt

the Clausius « Clapeyron equationi®
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10@101{,2 bed "—‘AH/ZQS RT 4 @/205 Mn“.ww(za)

the slope of the straight line obiained is equal %o the term eAH/Q@ﬁR
whers R is the gas eomsbant. From this slops it is therefors poseible 40
obtain the enthalpy(d H) of ths asscciabion whioch is & measurs of the
strength of the hydrogen bond. The applieation of the least squares
techrnique to the ezxporimental points enablsd an esbimation of the srrop
in the enthalpy to be made. Fig. 20 shows the effest of temperature on
the ethynyl hydrogan siretching vibration in the selested solvents. The
results obteined ars listed in Tabls 20 (a = &) end Tabls 21,

Table 20

A, = 00614 lomoles™tem.“210% g Ayp #1286 1 moles=lem."210~¢ ,

;:Efo 2’,;1 1emoles"1cmleoé (&= %)/( Aap" ) K lomoty (/110
0s5 8983 0-814 05197 00381 =0°419 30333
0°5 8°06 001742 00115 00229 <0639 3:086
0°5 786 0705 02079 00159 0799 20935
100 987 0°910 0311 00511 «Co§08 3oL
1°0 9°2§ 0°852 0°236 00236 =0°627 3006
10 8044 0°778 00151 0oL51 =0082i. 2907

Ay ¥ 0°614 lomoles=tom.210% 3 Aup © 1009 L.moles"lem,"2107% .

xp M A (A= a)/A0g A)) Ky logygn (1/7)30°
mefo €me=) Lemoles=lem,=210% |
008 9047 0872 10189 10486 00172 30322

008 Be78 00809 00693 00866 =0-06% 30086




Tabl® 20 {CcnniOd)

b) Beiaaoyl. AeatylgBE»—-.in.Tolg|Ba» y Qy”*lofaexaaa

5f. «o ;t iioi88-W2io« {A” *)/tA«r V *«

0*8 8®06
X«0 9*73
1*0 9*18
1*0 8°41

0s743

03896

0*848

0°775

0*370

I*454

0®950

0*511

tiwoaa<=Stooa«sai»»e«scitso(?uc.ti‘rses

o) Bgaaaaj*gt”*iBBLteJBsStei ?

AA « 0a6l4

Ax * W
SBefo <@« 1

@ 85
05 8%

s KB
07 957

0%/ 8%
Gy &/

d) BoBgoyl,Acetylg«» iBjSfe.Plt.Yloste « Cy&lohexema

AA e 0*614 XoKolas?cffi*JXr4d

A -

(6,75

A

10*uft»

0*463 «*0®335

1*454 0*163

0®950

0*511

~0*022

~0®220

« X°G3 XMBK>Xes*<sme~2xo~4

AAB*

lo?1(Pn

| AAB a 0*959 loEoXser”m* ~ IXT4*

slsle Ko X 1*HD168~-1w-210% U "

0*5 9®33

0®5 8®28

0*5 7°74

0*6 9*36

0*859

0*763

0*713

0*862

2*432

0*757

0*399

28530

a5 .
4*86 0*687
1®53 0*180
0*80 «0*098
4°22 0*625

90

(i/xr)io*

28916
3*311
3°096

2*907

3*096

(i/r) tc

Si-328
3®096
2=924

3=322



Table 20 {Cont’d)

d) Bsnzoyl Acetylene in Mssitylene « Cyclohexane

x, A A (& = A) AR e A TogoK.  {1/1)36%
m?fo c%’:.,"l Lemoles~lem, “210% A / a5 ) 106 /1)
0°6 8062 0794 1088 1e81 00258  3°106
0°6 777 0716 Qo417 0°69 =058 20915

L g -

e) Benzo o ene in n-Butyl ether « Cyslchexene
A, < 0614 1.moles"lem,~210"% App % 1°50 Lomoles™ em. *210%%,
o (A= a)AA - A) K, logyok, (1/7)10%

A
:?fl ;Q -1 1 oﬂDlGB'Imc .2104

0°5 22093 1+056 0997 1:99 00300 3-328

05 19959 0-902 0~482 096 «02016 3-096

0¢5 17034 0799 00263 053 =0-279 2&24

006 23406 1062 1024 171 Q0232 30511

026 19423 0-886 , 0-443 0289 =0<053 3-096

008 1769 0°815 00293 049 (o312 20918
Table 21

Enthaipies of Berxoyl Acstylene « Selvent Hydrozen Bonds

Solvent Slepe Enthalpy
keals. mole

Benzene 084+ 007 39 £003

Toluene 1217 +0-08 Sel%0-4

P~Xylene 1029 ¢ 007 5094 003

Hesitylene 19410208 8:940-4

peButyl ether 1030 + 0006 Godt 03

L g L J -
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XXX*4® PROTON MQSOmG R1SOMMG1 SPECTROSCOPY

Much of the wé&rk carried out using thie technique was camplimentary
to that done using th© infrared method® For th© quantitative part of
this work the benzoyl acetylene was studied in the same solvents as were
used in the infrared investigations* The consentration of the bensoyl
acetylene was taken as 00. moles per litre of solvent and?as before?,the
actual solvent ranged fram th© inert solvent through various mole fractions
of the active solvent® As eyeXohexane was used both as inert solvent and
as aa internal reference from which to measure the chemical shift it was
impossible to dbtain results for the shift in the electron donor solvent
itself® The instrument used in these investigations was an Associated
Electrical Industries R®P S« 2 nuclear magnetic resonator*the samples
being studied at roam i€srperaiure(25aC) using a 60 Megacycle prabe® To
detect the eihynyl proton resonance signal at the low concentrations used
it was necessary to operate at high attenuation an® at a fairly high
filter esttingp Calibration was cbtained using an audiofrequency unit
in the spectrameter and side bands were taken fro® the intermal, reference?,
grelah%%aiiéf>over the range 54 to 114 cycles per secondf cBp«s0) fram the
main signal® For each solution®usually at least ten runs“alternately
sweeping upfiald or downfieldUwer© taken over th© spectral range being
studied?the final result being taken as th© average of these©® The actual
ehe&ieal shifts on hydrogen bonding were measured relative to the position

of tho eihynyl proton resocnance signal of benzoyl acetylene in pure
cycXohCxane»this being found at 983*FJ 0*3 cOp®ea downfield fram the rein

eyclohexsme signal® In all cases where aromatic solvents were used the

©thynyl proton resonance signal mowed upfiald relative to the value in

pur®© cyclohaxane”whereas when n-butyl ether wao the solvent the signal



(1=l

{s%

was found $o move downfield. If the chemisnl shiftsin SoPeBe frém
oyclohoxane,of the sthynyl proton resenanes signal in purs eyclchoxzna
ie denoted by §, and the chemical shifts in the mixed solvemts by &; ,then

the chemical Jhifé dus to hydrogsn bonding ean beo taken aus (8 = 81 © 5 A) o

In addition if *p ig ftaken as the mols frastion of ths astive solvent and

S :

AB
is possible to use the following aquation to determine the associstion

is taken to bo the chomical shifi if asscciation is complets.then it

constantt-

XJS - xB/SAB + 1&8% ooooo»oo-oooa(zg)

The position of the ethynyl proton resonance signals was obtained with
considersble acsuracy by plasing sids bande of known frequency on either

side of the proten signalo Waen xp/ § was plotted against %y & straight
1ine graph was cbiained from whose slops and intsrespt it was pogsibls te
obtain vaives for K, and § ape  T06 method of leasi squares was empioysd to
obtain the limiting srrers in the resulis. Figs, 2L {(a « e) indicets the
plots obtained. The numerieal resulis ars noted in Table 22{a = 5) and iw
Table 23.

Tablg 22
a) Bsngoyl Acetylens in Bengens « Cyslehexans

so%pos.. ' 2Bz, a.§uae :(‘g té')( €oPosa)=t
9807 03 0 0 0
9108405 01  69% 006 0:0145% 0-0012
8623103 002 123+ 04 0201624 020005
8107 $06°4 0°3 17:0% 0o S 0°0177+4 00005
7309 404 0°5 . 24T 005 0-0202 % 0+0004

784 002 0+5 242314004 0-02063° 000003




Table 22 {Cont®d)

a) Benzoyl Acebvlene in Bsuzone = Cyslchexane

&

CoPoBe

6911 0.3
6464 0°3
6534 004
64024 004

Mefe
Ge7
009
0.9
0+9

§

CoPeBa
2954 004
3401 404
33034 005
3424 4005

-

?g{ff)( CoPoSa )t
0402374 0+0004
020264+ 00003
0-0270 4 0-0004
0402624 00003

b) Beyzovl Acetylene in Toluens = Gyclohexane

§,

GauPelo

9807 003
9094 0°3
85°0% 0-2
7725403
74204 0°2
7106 $0-4
6783 003

b ¢
m?f.

0

Oe1
02
024
0°$
06
Cc8

§

CoPsBo
0

TeTR 004
1364 004
21le14 004
2406 40-4
271 008
30° 8¢ 004

&l o

(xﬂhfo)( CoPoBo )1
0
020130 £ 00006
000147+ 00004
00189, 0-0004
020203 ¢ 00003
00222 4 0-0004
020260+ 0=0003

¢) Benzoyl Asetylene in P-Xylens = Gyclchexane

51

CoPe8o

98¢74 003
89¢5¢ 002
8304 0.4
748403
72°040°2

XB
Mmoo

0

0-1
0.2
0-4
05

§

SoPebo
0

9¢) +003

157¢ 0 5

25.8% 0-4

- 2674 004

{gff)( GoPeBe)™}
0
00110 020004
0.0128 £ 0.0004
0 -0168 4 0-0008
0-0188 +0.0003
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Table 22 {Coni®d)
¢) Bengzoyvi Asetviene in PeXylens = Cyclchoxans

Sc).“pma. :x?f.g mgmsg (Mafo)(0opene )=
6947 % 02 026 2899 4 0-3 020208 0-0002
67°94 002 001 3008 40,3 0.0228 00002
66.440,3 0.8 32.240,4 0.0248 $0,0003

d) Benzoy) Acetylene in Mesitylens = Cyclohexans

S&p.s. g, c.p&; 8¢ ?gé Y eeposo)=t

98,7403 0 0 0

88.410.2 0.1 10,3% 0.3 0.0098 + 0,0003
82,340.2 0.2 16044 0.3 0-0122 ¢ 0.0002
78.0% 002 0.4 28,64 0,3 00165 40,0002
71.1%.002 0.5 2o540.3 0.01824 0,0002
68.9% 0.4 0.6 29.7% 05 0.0202¢ 0.0003
6741 +0.7 07 106§ 007 0,02224 0,0005
65062 0.3 0.8 35,34 04 00242 0.000%

w

o) Benzoyl Acstylene in n-Butyl ether = Cyolchexame

S Xp G P
proﬂo mofe SaPeBe (!a‘g a )‘ CoPelio )'1
9847 0.3 o ) o
123.7! 04;7 003 '( 24, 6 3: Ga?) “*‘{ 600128: Oa.m‘)
127,24 0.2 004 «(28.6+0.4) «{0.01441 0,0002)
131,0 $0.5 0.5 (32,4 +0. 6) "(0-015‘3 0.0008)

133,35 $0.2 0.6 ={34.6% Co3) ={0.01¥310.0002)
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pedle 22 {Contd)

e) Benzoyl Asstylens g neButyl ether = Cyelohexane

sc'}p.,sa ;Efa Gageﬂg m{f{)( GoDPo8s )1
136.440.5 0.7 ~{ 37" £ 00 5) «{0,0186+ 0,0003)
137,82 0.3 0.8 ={3%.2% 0o4) «{0.6204 +0.0002)
140.0 4 0.2 0.9 «(41..3% 0.4) <{0,0218+% 0,0002)

No measuremenie were teken on solutions with mole frawtions of nebutyl
other below 0.3ssince the «Cf,~0~ proton resonancs signal of the ether
then covered the ethynyl proton rasomsncs signal.

Table 23
M e (oupose)t (Bedo)oepese) ™t
Bensene 0.01494 0.0003 0.01314 0,0002
Tolusne 0.,0186+ 0.0004 0.0111 4 0.0001
PeXylene 0,0199 ¥ 0,000} 0000894 0,000
Mositylene 00204+ 0.0002 0.0079 4 0.0001
n=Butyl other «{ 00075 +0,0002) ={0.01.60 4 0.0003)
b)  Solvemt K, &z Degree of Aseosintisn
(mafe)™d  copeso viaen xp is 1.0
Benzene 1o14% 0,03 67,04 1.5 0053 £0,02
Toluens 1,672 0,04  53.84+1.1 0.632 0,02
PXylene 2.2740:02  500.4$0.5 0,694 0,01
Mesitylene 2,574 0,04  49.030.6 0,724 0.02
nvButyl ether 2,122 0,06 «(62.6% 1.2) 0.681+0.,02
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investigate the activating power of substituents m Belabouring
methylene groups*a amber of campounds ware studied in carbon tetrachloride

and in beaseae with tetramethylsiXen© a© the reference standard® Th®
chemical shift ©f th© CGethylene proton resonance signal on going fram
carbon tetrachloride to bensene as solvent is indicated in Table 24® The
prepargyl chloride’methylene ehXoride and ehloroaeetonitrile were all
ocamrereiaX products which were dried and distilled before use® The is4
diehlorcbut~2~yn®© was supplied by Dr® Go Eglinton®

Table 24

Meihylsne Proton .Rescance.. Signals ~ Solvent Effects

Solvent Carbon Tetrachloride Bengen®©

- - _ Shift
Solute IT » PePeMo V » pomn« pePeVe
Propargyl

Chloride 5.91 0958 0®6T
1*4

but-2-yne 5*83 65? 0*74
Methylene

Chloride 4*65 5055 0090
Chioro™

acetsnitril® 5%05 7<,16 X.23

2™ *8ec»> ADANES A CBOCHOAXSES ™™« Pec8uccc

A mere detailed study of 1s4 didhlorabut®2”yns in bensene « ©yeXchexans
solvent mixtures was carried out at a concentration of 0*1 moles of the
acetylene per litre of solvent® The peak studied was th© methylene proton
resGnance signal at furious mole fractions ef bensene* ThO result®
cbtained were fitted to equation (29) but gave*instead of a straight 1im
graphs a curved line a¢ indicated in Fig® 22(a) showing the prabable
existence of mors than one carplex® On the assumption that a 1*1 and a
1*2 camplex of the acetylene in bensene ms being formed*an equation was
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set tgp (equation V) in which Kj and Kg were tfis association constants for

the 111 and tha 1*2 camplexes respectivelyo In addition vakl assumed
to be tho same for both camplexes®

A /XB*~ KB # W AL dextadhifc(beso] SO}
Using the above equation a straight line graph was dbiained(Fig« 22b) G
Using simultaneous equations involving Xp and S for values of Xg equal to
0r27006 and 008>equation (SO) was solwved giving the following resultss-
SAB3 438,5 ~p+g+ 3KL " 185 (m.fo0)”1 ' Kg S go0g (mof,,)-1 .

The empirical results obtained ar© listed in Table 250

Table 25
* &QF@&? X . 8 xB £ .
o So (mofQ) (s<,pusSo) “x £S5

153*7 0 G 0 0

1476l 0*1 606 Oc.0152 10789
14103 002 12 06 0*0X59 2<028
13605 0<s3 17¢ce 0«0X74 2®X85
13169 0«4 21a8 GoG184 2c 508
12506 006 280l 0e>0214 So028
123e7 0,V SO0 06G233 3-180
12106 008 32eX 0*0249 S0 526
12001 3306 000268 3*750

Both the methylene and the sthynyl proton resonance signals of propargyl

chloride are known to shift upfield in bengen® solutions® It has in fact
been sho”n by Hatton and Richards” that?in going frca eyeXcheacane to

bensene as solvent ?the methylene proton resonance signal moved upfield by
0045 campared with a shift of 0»31 for the Gthynyl proton sigml, under



piwilar conditiomac A study of ths chemieai shift of the %O serts ef
protens at concsutrasions of 0.2 aud 0.5 moles of propargyl chleride psr
litre of solvent hag becn carried owb., The rosulis oblained ars illustratsd
in Figo 23{a,b) and in Table 26{a=1), Thess resulis givei
a) For the methylens protons, K, 5 %.0040.02 3 8,5 % 63,84 1.3 ;

Degree of azsociation (g 5 1} = 0.50% 001
b) For the sthynyl proton, K, ® 0,964 0.06 3 & ,o & 57.0% 244 ;

Degree of assosiation {xg 8 1) = 0.49 $0.04
Table 26 .

a) 0,2 moles/iitre Propargyl. Chloride in Benzens - Gvclo}ie&_ e (CH, protoms)

scl.p.se | ;gi‘. c.psos. Tg{é)(c.p.s.)"l
150.3£0.2 O 0 o
144,42 0.2 0.1 5:9¢ 003 0.0168% 0.0008
135.440.2 03 15,04 003  0,02004 0.0004
128.6 £0.2 0.5 217 $ 0.5 040230 £ 0.0003
123.640.2  O.7 26083 Co3 050262 0.0003
120.04002 009 3004+ 005 00296 4000003

S0 WrBE A LY < &Y OR 4 3 63 TPEB WD P i SV GT

b) 0.5 moles,/itre Propargy) Chloride in Bentens - Cyslchexsne (CHa pretons)

Sc?.'p.s. :3:‘. c.:suso ?m.f.)( GoPeBo )i
151,340.3 O 0 0
145,44 0.3 0.1 5.9% 0.4 001714 0.C012
136.920,5 0.3 14,44 0.4 020209 £ 00006
120.0% 0.2 0.5 21.o34 003 0.0235% 0,000&

124,7¢ 0.2 0o7 26,63 0.3 0.0263%0.,0003
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Table 26 {Cont’d)

b) 0o5 moles/iikre Propargy) Chloride in Bensens = Cyslchexane {CH protons)

A= R A, Dt

§, *B § x X

CoPeBe i P S CePaBo (g{fo)(copeﬁe)"l‘
122,838 0.4 0.8 28,54 05 0.0281# 0.0004
121.,1% 0.4 0.9 3024004 0.0298 T 0.0004

o) 02 moles/1itre Propargyl Chlorids in Banrzens = Gyslohexane (€CH proton)

Soz'p.sc :?t. ' Gegsau ?g{f.)(c.p.a-)“l
48.8% 0.2 0 0 0
45,5001 001 3.3+ 002 0.0300+ 00017
40044 002 0.3 8054 0.3 000355+ 050011
56024 0.3 0.5 12.6% 0o ¢ 0003974 0,0031
33.34.0.3 0.7 1505 %004 0.0452% 00011
32,1 £0.2 0.9 167 $0.2 0:0540 % 00008

d).

5 moles/iitre Propargy) Chloride in Benzeme = Cyclohexans (£CH proton)

S

GeDatie
49,94 0.3
46.9 $£0.1

41474003
8747 £0.2
34,5202
34,0 £0.3
33,1 £ 004

X3
Maio

0

0.1
0.3
005
0.7
0.8
0.9

§

SoPsBe
0

3.0 $0.4
8.1t 0.5
12.240.4
15,38 0.4
15.94 0.4
16,84 0.5

zp/ £

(ma i‘o)( ﬁopwso)al

0
0,03324 0,004
0.03704 00021
0,0411 ¢ 0,001.4
050457 & 0.0011
00504 #0.0014
00536 0,0017
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m>» §8 ZsML diffraction

To study the G«H° °*o0al0 hydrogen bond in the erysiaXlin® state it me
necessary to prepara a derivative of benzoyl acetylene which would contain
a heavy atoms The derivative prepared ms the o“bromfeensoyl acetylene<
This ms especially suited for investigation by X“ray diffraction due to
its structural similarity to o”bremobenssoic acid which had already been
studied in ibis department”2”u This aeetylenie compound had not been
prepared previously and the method of preparation was as follows3®

The preparation was carried out in two stages*ih© first, being the
preparation of c”broaophenyXeihynyX ©arbisol following the method of
Jones»Skatiebol and Whiting329& This earbincl was than oxidised t© the

o-brotaobenzoyl acetylene using the method of Bowdan™M®ilbron?0'ocaes and

Weedon522*
Stage Xo
T K IT
c2H5Br * » GgH”*SgBr
C2idMgBr * HOB CH ~ -V HOs CHgBr ¥ Ggiig
HCs*gBrtOgHABrOHO —_ A CgHaBrGHaiGHCH

Tha £»*brcEobsngaldehyde used ms a ef«ercial sample 2204 g© of this
material eventually yeildad X3G4 g®{ 52*,) of the oarbinolo The infrared
spectrum indicated the same essential features as that of the phenylethywy”

earbinol and also showed an ortho substitution pattern©® The product, was

purified by vacuus distillationgihs main faction boiling at 8X05®&C at

Q«25 mmo Hgo
Siage,20
CrQs
CsHABT SIOHGs GH GeH4BrCOG«®
Acetone

The oarbinol was oxidised i©® the ketone?408 go ©f the fomer yeilding X«>14



102
g» of the latter® ThO© ketone ms purified by two sublimations at 43@C
and 0032 msg® Hg giving a light green solid which analysed as followsj~
G 51*SGIS$ » H 20601% «£Theoretical G 51s¥05$ $H 204X3$|© ThO isel'tfing
point of g”bromohensoyl acetyls&m was 45Q5@®1605°CK,

This product ms studied in carbon tetrachloride and in carbon
disulphide by infrared techniques verifying that it was the o-broaocbenzoyl
acetylene* It ms also studied in a Uujol mullein a potaseitsa chloride
disc and as a crystalline film using infrared spectroscopy todetermine
the existence ©f hydrogen bonding in the solid state® ThO presence of

hydrogen bonds between the ethynyl hydrogen and the carbonyl oxygen was

indicated®

(1) 0*0420 g® acetylene /5 ml* CGl” in ©e5 im* cell

(2) 000420 go at&tylene/S ml« GGI4 in Cell ms* call®

(3) 0*0320 go acetylene/5 ml* CSg in Ge5 asa* eello

b) In Solid Phase

(X) KOI disc - approximately O0.Q0XS go/0*3 g© of KOI® A large degree of
scattering ©ccmred but hydrogen bonding in the solid state ms indicated-,

(2) Hujol mull « the compound ms not dissolved in the wwjot but rather
fomed a paei©* Hydrogen bonding in the solid ms again indicated*,

(3)\ Crystalline film « this ms obtained from a melt of th® pr.:oduct and
evidence of hydrogen bonding in the solid ms obtained®

Th® frequenciessshalf band widths and intensities of the ethynyl hydrogen

stretdiing vibration”*the CSC stretching vibration and th©® CSO stretching
vibration are given in Table 2?* The changes observed for these vibration®

were indicative of hydrogen bonding in the solid state of the 04I*#»0 type®



‘Vibrational.

llode
V(S c-H)

A(c=c)

4 (¢20)

"~ Table 27

Frequeney
oite =1

3302
3220
3220
3225
Moo
2007
2097
2100
1673
1645
1645
1662
1649

10
30
22

15

13

10
15
1n

21

wm n &2 o U »wm m <]

Half Bang Width Intensity.
ome”

8
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Stats

Selution

KCl dise

Najol mull

Crystalline
Saiut:l.on
KCl dise
Nujol mmll
Crystalline
Solution
KCl1 dise
Nujol mull

Crystalline

With ths assisiance of Dr. Go. Forguson of Profeszor Robartscn’s Xeray

analysis groupsan Zerap srystal struchurs investigation of the go

bromobengoyl assitylens was wndsriaken,

The material was erystallised

from & msthanol - watsr mixbure;srystelliising in the orthorhombic eystem.

The spasce group of the erysial was found %o ba P 23242; and the orysial

contained four molseules in o wnit 6xli of dlmensions a 3 3.94 2,b = 7.30 &

and o % 27,43 i, Frem aquiwiﬁ@limaiga Weissenberg photograrhs 559

independent sirusturs emplitudes wers evaluated. Initlally the strusiurs

was solwed in $te {300) projsciion by using the Patisrsen and Fourier

techniques dissusssd eaviier. An slestron dsnsity projestion on {100) »
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computed cm @ciapleiion of the two-dimensional work is shown in Fig® 24
indicating the positions of all the atoms other than hydrogen®

This structure is being refined using three-dimensional data and
least squares procedures® Refinement ie not yet complete?lut after six
cycles of three“diaensionaX least squares refinement the residual R ha®
become 8c2%, The G*4distance ie 3®2607000X5 S and ihie represent®
one of the first measorassents ©f an authentic hydrogen bondo
All other distances in the structure do not differ from the accepted valuesn
As ie evident from Fig0 24 the molecule makes use of the hydrogen

bond in building up a chain of o-bromobeneoyl acetylene moleculesc
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IV DISCUSSION

IV, ). GENFRAL

As has already besen indicated, sows work has been ecarried out on
hydrogen bonding invelving C-H groups as the electron acceptors. Thsss
investigations have been almost entirely carrisd out using infrared snd
nuclear magnetie resonance spectroscopy. The same technlques have been
applied to the study of thosze systems in which the "pi* electrom cloud
of unsaturated substances zeted as the elsciron donor. There has,
however ; been cemparatively few investigations of hydrogen bonds
involving the ethynyl hydrogen and no detailed study of hydrogen bonding
betwaen such aw acldic group and aromatic systeus, Nakagawa and
Fﬁjiwarasz have lovked at phenyl acetylens in a variely of seclvents
including benszons and Hatbon and Richards®: studisd propsrgyl chlorids,
vhenyl acetylens and bensoyl acetyisens in both arcmetic and aliphatic
solvents. Both of the above groups noted that a form of assceiation
existed batween the ethyayl hydrogen and the “pi'" olsctrom cloud of the
aromatic ring but ne detailsd iavestigatlon of this phenomenon was
sarried out.

The peculiiar advawbtage of wsing acetylemic compounds is thats

owing te the nature of the sthynyl group, the ethynyl hydrogen, as well
as being acidie, is relatively urhindered by other groups. This alleows

the ethynyl hydrogen to approach an elestron - donating group with

comparative eass. The work described here 1s a eortinuation of that
begun by Brand, Egiiunton and Morimnt. These workers used infrarad
gpectroscopy to study a muuber of aestylenic cempounds posseszsing

othynyl hydregens in nehowans and in athyl sther. Baazoyl acetylens



s
o
o

was Pound to associate Lo the greatsst extent with the sthyl siher.
The complex formed betwsen the hemzoyl acetylens and tbe ethyl ether
was studied using a methed already discussed in this thesis. The
association comstant for the cowplex benzoyl acetylene - ethyl other
was found to be 1

K, (299C) = 2.020.2 (m.f.) 7!

As in the present work aill measurements wers carried out on the ethyayl
hydrogen stretching vibration.

The principal form of hydrogén bonding which will bo discussed here
is that bvetweeu the othywyl hydrogen and the *pi" elsctrom cloud of
aromatic molscules, The arcmatic solvents; benszens, tolusne, pexylene
and mesityléna wers chnosen with the idea that the methyl substituents
would increase the electrorn density in the arowatle ring. Or this
basis one would therefores sxpect that the strength of the hydregen bond
between the acstylenic compauné and the aromstic solvent would increasse
from benzens to mesitylens., For comparison the hydrogen bonding of
benzoyl acetylens and phsuyl acelylens to the n-donor,; n-butyl ether,

- was also investigated.

IV. 2, CALORIMETRY

In this serises of experiménts the heat of mixing of benzoyl acetylens
with a number of solvents was measured. The apparatus uwsed was checked
by determining the heat of sclution of potassium chloride in water,

A comparisen with the literaturc valus suggested thalt the apparatus was
accurate to ¢ 0.1 koalsfmole. Te relate the heats of wmixing %o the

hydrogen bond strengihs it was sssential e know the heal of wixing of



107

bensoyi acetylene in an inert solvent* cyclohexane® Gyclohexane does
not complex with the benseyl acetylene and* at the dilutions used the
infrared spectra indicated that no self association was present. The
drop in temperature observed when benzoyl acetylene was mixed with
cyclohexane was interpreted on the assumption that the only contribution
to the heat change came from the dissociation of hydrogen bonds present
in the solid* The heat of mixing was independent of the concentration
over the range 0,005 to 0*01 moles of benzoyl acetylene thus indicating
that the heat of dilution was negligible. on the further assumption
that* in the solid state* there was ©as hydrogen bond per molecule of
benzoyl acetylene - an assumption tfoich was supported by the X-ray

structure of the O~bro:to derivative - the heat of mixing of benzoyl

acetylene in eyelohexane# -7.41 kcals/mole> was identified with the

strength of the hydrogen bond in the solid. It was assumed# thereforei

that on dissolving bonsoyl acetylene in any solvent part of th©® heat
of mixing# equivalent to ~7.4X kcals/mole# would be due to the breaking

of th© hydrogen bonds in the solid state.

On dissolving benzoyl acetylene in cyelohexane two thermodynamic
processes take place® Firstly# th© hydrogen bonds are broken? this being
an endothermic process which is described by the enthalpy of association
(AH) . This enthalpy is a measure of the strength of the hydrogen bonds
in the colid bsnsoyl acetylene. Th©® second process ie due to the change
in order of the system ©n breaking the hydrogen bonds and is described
by th© entropy cf association (%S)« In calorimetry the heat change is
due solely to the enthalpy tern since the change in order of the system

does not involve a change in the energy needed to break the bonds. The

entropy term helps to determine the position of equilibrium of the system,



On wmixing benzoyl acstylene with the electron donor solventsy a heat
of mixing was ¢obtained which was compounded from the following processes,
Firstly, the hydrogen bonds in the gselid bensoyl acetylene were bvroken
in an endothermic process to waich a value of -T,41 keals/fmols has been
attached. The second conitribution te %he.heat of mixing arese fron
the formation of hydrogen bonds between the individual bemsoyl acetyliane
molecules and the selvent molesules. | From & knowledge ef the hesat of
mixing and of the portion of it dus to the breakdewm of ths hydrogen bondo
in solid benszoyl acetylene it was possible to obtain a value fer the
enthalpy of the association in tho selute -~ solvent complex. It was
known from infrared and nuclear msgnstie regonance spscirescopy that the
degres of association beuwesn the bonysyl acstylene and the active solvent
was not unitye Teo obiain a trus reasure of the enthalpy of the
agsociation it wae necessary %o correct ithe calorimetric results for the
degree of association. The values for the degree of asseclation in the
yarious complexes were taken from the wore accurats nuclear magnsbice
regsonance results and the true snthnlpies of assoecistion are noted in
Table 28.

From the values for the association cengtants obtained by auciear
magnetic resonance methods it was pessible to obtain the free energy ef
association (A G} from the squation 3-

A G = - RMxK,
Knowing both the ewthalpy and the free energy of the association the
entropy could be calculated and these thermodynamic quantities ars given

in Tabls 28.
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Table 28
Solvent ~4H A s 2980
kcals/aoXe cals/mole cals/deg,mole
Bensene 5»48 7705 3801
Toluene 4c21 305 13a
P—xylsne 3*68 485 10*7
MesityXene 3*73 558 10*6
n-Butyl ether- 4023 444 12%7

The first point of interest relates to the strength of the hydrogen
bond in the solid bensoyl acetylene* From the distance
(3*¥280” 00015 % in the solid o-broasobenzoyl acetylene it would be
expected that the hydrogen bond in the solid bensoyl acetylene would ba
comparatively weak¥* In fact the salorimetric evidence suggests that
it is rather a strong hydrogen bonoL Though sight expect the
hydrogen bonds in the solute - solvent complexes to become stronger as
association increases * the enthalpy tends to fall off in going from
bensene to mesitylene as electron donor.* However* all the values are
reasonably close to one another and are in the range expecré&edo The
entropy change on association is seen to be greatest for bensene and to

fall off aamethyl groups are added to the ring* This suggests that
the formation of a camplex with bensene produces a higher degree of order

in the solution than that dbtained by any of the other solwvents usedo
It has been suggested that the entropy tern reflects the muber of ways

that the two camponents A and B can be oriented with respect to one
another® On that basis bensene has many more possible orientations

relative to benroyl acetylene than has mssity3ene0



iV, 3. INFRARED SPEGTROSCOPY

Infrared spectroscopy can be applied to the detection and esitimation
of hydrogen bonding in arnumber of ways. The vibrational meds
investigated in this report was the ethyuyl hydrogen strstching
vibration of benzuyl acetylsne and phenyl acetylens. The fraguancys
half band width and the iwitemrnied nbsorption intensity of the sbove
band all change on hydrogen hond formation. OFf these three sffects
the latter is the most promiment and the wmost suitable for quantitative
treatment.

The two acetylenic compounds, named abovo, wers studied in s wide
variety of solveniss the freguoney, half band width and the mazimum
intensity of the ethyny! hydrogen siretching wibration being notsd for
each solvent. In the inert solveniss n-hoexane and cyclohexaus, ths
vibrational mede studied gave a relatively narrow band showing no trace
of any bands which could be atiributed %o ccmplex formation. The
appearancs of the band in phenyl aceiylene was somevhat more complex
than that of the similer band in benzoyl acsitylens éwing to a Fovmi
raeseonance botwesn the sthyny! hydroegen 5twéﬁching vibration and & weak
combination bend. Howevers 3t was comsidersd, that in the bwe aolvents
mentibued the acetylenice compounds wors present only as monomers. The
spectra of bennoyl acetylene and phenyl acetylens in these solvents wers
therefors taken as the standard frem shich all deviations, due e hydrogow
bonding, were uessured.

In the solvents ethyl, isepropyl aad tart»hu?yl ether it was
expacted that the degrse of asseciation botwoen them and the acsiylenes

would decroase, through the series, owing to gteric hindrance. It wass
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in fact. cbsorved that thers was a2 decroass in the intensity of the
"bonded" pealt accompanied by an ineresse in the intensity ef ths “fresv
peak in geing from ethyl teo fert-butyl sther as esolvents A similar
effect was also observed for phenyl acotyiene in the solvents pyridine,
el- picoline and 236 Iutidine vhere the bonding vwas to the nitrogen alen
of the ring. It was alse of some intersst to compare the spseira ef
phenyl acotylene in itstiabydvofurar and in furan. In the formor molvent
where the ethynyl hylregsn was undovbtedly bonded vo the oxygen in the
ring, the "free" and the “bendsd" peaks were well sgeparated as in
ethereal solutions. In the latter sclvent, howsver, the ethyny) hydrogen
could bond to either the oxygen in the ring oé to the "pi® elsctron cloud.
In fact one observes a single bread peak similar to those found vhere
bonding is definitely te a "pi" slestron system. This was further
confirmed by ‘the appersnt incroease in association. as evidencaed by an
increasing half band width, i;’z geing te 2-methyl furen and thsu to
235 dimethylfuran as goivenis, If the bonding had bean o the cxygmm
the methyl groups would be sxpscted to reducs the agsceiation dus %o
steric hindrance. Thiophene also acted ag an elestron donor Through
its Ypi" alectron system piving resulis which compared well with thoso
obtained for benzent.

The most sensitive mothed ¢f detecting hydrogen bonding using the
infrarsd technique involves studying the chkange in the integiated
absorption inteunsity of the band. Hest quantilsiive approaches te
hydrogon bonding havs used the intonsity of the “free" or the "bonded”
peak at the abserption maximum & wex. s This method is not very
satisfactory oince it dess wet take inte account the contributions te

the inteusity resulting from band broadeningy itself symplematic of
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hydrogen bondings . Also?. where the "free" and the "bonded" peaks
overlap or coalesc@y as in the present works it is impossible to determine
the intensity of th© "free” or the "bonded'l peaks accurately* A more
accurate and generally applicable method ms to determine the true
integrated absorption intensity (A) of the band which is defined thua*<=.
A (52)
the integral being measured over the limits of the absorption fesmd.
70 and I are the incident and the transmitted intensities of
monochromatic radiation of frequency*!) ? c¢ is the concentration of the
solute in moles per litre of solvent and 1 is the path length in ses.
In actual practice* owing to the use of finite slit widths* one measures
the apparent integrated absorption intensity (B)« Ramsay-“® has shorn
that* for peaks with a half band width approximately five times greater
than the slit width? the difference between the true and the apparent
integrated absorption intensities is negligibleo It is therefore
possible to use the measured intensities as though they were in fact
th©® true integrated absorption intensities* The base llna from which

the area under the peak is measured is normally obtained by running a

solvent % solvent spectrum* Petrash”®! has shown that this was necessary
only when other absorption bands were situated in the neighbourhood of
th© spectral region being studied,. If the band envelope ms allowed

to fall to practically S%ero intensity* then it ms possible to take as
the base liaet a line joining the integration limits of the curveo The
equation used in determining the association constant has already been

dealt with by other workers*** *127f



When the experimertal resulis ware plotted as indicated in tha
previous ssction (Fig.1%) a considerable seatter in the points was
observed. To obbtain the best straight line through the poimis the
teshniqus of Jenst squsres reofinement was smployed. Cne then oblained
values for the associstion coustant (X,), the integrated absorpiion
intensity when asscciation was cownlets (AAB) ard for the degras of
association. Sinmce tho term /A « Ay) involves a difference botweon
the integrated absorption inmtenaity at & pardicular mele fyaciion ef ths
active solvent (A) and in purs cyeloherans {24} éha greatost errers ars
for these solvenis in which the woels frastion of the active solvent (ug)
is small, Vhen the degres of sesseociation was small as in the came waere
chlorobenzene was the elestren denory the eeror was also largé. This
was dbecause the chlsrinoe dray slectrons swny rom the ring thus lewaring
its elociron donating capacity. As s result, when the system bonneyl
acotylene = chiercbenzsne « cyclehoxzns vwas investigated, the errer was
such as to ronder the pesulis meaningless. Alse: in ths arematic
electron donating sglvenis phudied, the resulis most subject to svror
wers thoge ob%ainedbfér bonrens. The experimenial points obialnsd for
that solvent sghowed considerable seabiory in parkicular the resulf
obtained for 0.1 wmole fraction of bennens in cyclohoxanse is»definitely
dubicus. This vwap emphasised by the fact that if this point was
neglected the value of the asseciation constant was doubled.

a) Where all poinis were considered:-
K, T 0.5140.15 (mfe)™Fs Ay 51,863 0.52 L.moles~ am,"?;
Degrae of Association I 0.24%0.10,

b) Where the point at xy Z 0.1 is neglected
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b) K, I 0.6140.08 (m.£.)"%; S 1.36% 0,09 l.moles~l em,~2,

AM -
Degree of Association = 0.38% 0.05.

It was of interesi to note that the above change brought the benzene

result much more into line with the value cbtained by nuclear magmetic
rescnancs speciroscapy. The results obtained for,the‘othér solvent
systems, though they also showod scatier; werse accepted as belng reasonable.
In the seriss benxzsns to mesitylens the assecciation constant and
the degree of associstion both inecreased. This fitted in with the
expaectation that the methyl substituents iucreased the elestron denating
capacity of the “pi" eleciren eloud. The relation betwesn the degres
of hydrogen bonding and the number of methyl groups waa.not lineayxr
rising sharply at first and thén wore slewly. This would appsar o
indicate a form of sompetition between the indastive effect and the
steric effect of the methyl groups, the former assisting and ths latier
oppesing assesistion. The integrated abserption intenaity when
association was complese {App) tended te fall in going from bensens to

mesitylene. The results cbitained for bensayl aceitylens and vhesuyl
asetylene in n-butyl ether couparsd ressonsbly well with those cbiained
for the same slsciron accephors in abhyl sthort

 Phe position of squilibrium in the systems studied, as exproessed
by the asscciation consiants. was such that baiween ono half and two
thirds of the benzoyl acstylane was assseciated with the solveni. The
values of the association constants ranged from 1 « 3 (mefa)"l and a
ecmpariaon with those cbtained recently by Cramstsd32 for pherol in
tribubylamine (K207 29.2 (m.fa)*1) and in pyridine (KE0° 59.8 (m.f.)~})
indicatad that one was dealing with a wsak ferm of hydrogen bonding.
A point of intersst was that bensoyl acetylene complexes through the
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"pi" electron systems of aromatic rings as readily as through the lone®
pair electrons of ethereal oxygens* Bensoyl acetylene actually complexes
to a greater extent with p-xylene and mesityleae than with n-butyl ethere
Similar results were found for chloroform in acetone” (K|s® 1*8 (nuf.)"1)
and in bengone”* 1008 (ra*f*)**)e It thus appeared that the
position of equilibrium was determined mainly by the nature of the electron
acceptor* the electron donor playing a subsidiary role¥* In other words
the degree of hydrogen bonding depended primarily on the acidity of the
A-H group¥* The ability of the electron donor t© alter the degree of
association is strictly limited by the willingness oOf the acidic hydrogen
to accept its electrons”® However the electron donating capacity of the
ethereal oxygen is similar to that of the "pi" electrons of an aromatic
ring* This px-obably results from the ease of access to these electrons
and the ability of the "pi" electron system t© become polarised¥*

The similarity in the association constants for bensoyl acetylene
in the ethereal and the aromatic solvents was belied by the frequency
shifts of the "bonded" peaks in the two types of solventc In n~butyl
ether as solvent the "bonded" peak was shifted by as much as 50 cm**
to lower frequency and was easily distinguished from the “free" peak¥*
In the aromatic solvents the "free" and "bonded" peaks were bo close
together as to be indisiinguiahabie« This further verified the belief
that the frequency shift cannot be related to the degree of hydrogen
bonding over a wide range of solvents* Only vhen the electron donors
and acceptors are of similar type will the frequency shift indicate the
degree of hydrogen bonding* It would appear to be indicatiwve of hydrogen
bonded systems* in which the aramatic "pi" electrons were the donating

group* that the frequency shift is very small*
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In calculating the association constants at different temperatures
the principal assumption made was that the integrated absorption intensity
of the ethynyl hydrogen siretching vibration* if association was complete?
(Am ) did not change with temperature. It was shown experimentally
that thO© integrated absorption intensity in pure eye!Chexane (a”) was
invariant with change in temperature® Equation {27} permitted tho©
determination of the association constant at a known ©ole fraction (xg)
of the electron donor and at a known te®per&turel Using the standard
Clausius - CXé&peyron equation a linear relation was obtained between the
logarithm of the association constant and the reciprocal of th© absolute
temperature* Considerable scatter was observed in thO experimental
points and a least squares refinement was required to ©Main th® best
straight line through the pointsa The slop© of the line gave an estimate
of the enthalpy of association *&ich was taken to be the strength of thoO
hydrogen bond in th© complex* The results appeared to indicate that the
strength ©f the hydrogen bond increased from bensen®© to ©esiiylensn

The results obtained by this method were suspect owing tO the
inherent'inaccuracy of the method and to their magnitude* Grasistad”™”
obtained enthalpies & about ¥ kcals/bole for phenol in nitrogen bases
and Jeesten and Drago60 found enthalpies ef 6 keals/Wie for phenol
in various ethers* However*; in complexes involving ch3@reform Huggins*
Pimentel and Shoolery” cbtained enthalpies of 2&5 kcals/iacle in acetone
and 4*0 kcals/kole in irieihylamine® Creswell and Allred determined
the enthalpy of chloroform in benssn©* £$ pe 137 kcals/mole and of
fluorofona in ieirahydrofuran”®, to be 2,59 kcaXs/focoIe* The above
results would lead one to expect values for the enthalpy of association

in a camplex of benzoyl acetylene with an aromatic solwvent to lie in the



rsngo 2 & 4 kcaAs/sioX©" In fact *che only result to lie in that range
is the enthalpy of the benzene 4 feensoyl acetylene complex which is
probably sé&r®©liable, The results obtained undoubtedly suffer from the
inherent inaccuracies involved in the method of obtaining the association
constants¥

Though the results do not cougare as well as could be hoped with the
enthalpies obtained by colorimetric means they are at least- of the same
order of magnitude* It is to be expected that the results obtained
calorimetrically will be the most accurate. The greatest, deviation
between the results obtained by the two methods is found for the bensoy3
acetylene ¢ mesitylene system. It is also of interest to note that the
infrared technique claims that the lowest enthalpy of association is that
for the system bansoyl acetylene - ben&ene while it is given the highest
enthalpy by the calorimetrio methods fihile the enthalpies obtained by
the infrared method agree with the expectation that the strength of the
hydrogen bond in the complex, would become greater on going to more high!y
methylated hessenes* the caloriastric results appear to disagree with this
expectation. The position with regard to the comparison of hydrogen
bond strengths obtained by differing techniques is? as a result? rather

unsatisfactory,

T.W MOCLBAR WAFFIiEf10 RESOURCE SPECTROSCOPE

Huelear magnetic rbeosance was applied to this investigation of
hydrogen bonding partly to supplement the data obtained by infrared
techniques and partly to confirm that data. The chemical shift of
the ethynyl proton resonance signal i?i various solvents was used as a

means of estimating the degree of association of bensoy! acetylene in



that solvent. Tt has besn cuggested by Buckingpam, Schasffer and

Schneiderl33 that the chemical ghift of the solute molecules iz affected

by a number of factoers i,.e.
§ =8¢ o5 16,6, ¢ gc T $E seevce (33)
whereSG is the chemical shift measured in the gas phasse,
£5 is the chemieal chift due to the bulk diemagretic suscopbibility.
§, is the chauical shift arising from the solvent magnetic
anisetropy.
g g 18 the chemical shift due Yo Van der Waals interactions between
solute and solveui molecules,
The above eaﬁtr:}.butions are important fer all solute moiecules in
golution but if, in addiiion, the golute wolsculeds polar then twe
further terms have %o be inciudeds-
sc which is the shift due to speeific interactions between the solute
and the solvents 1.0, comphlsesn formstieon,
And SE %he shii;% arising from the rsaction field of the seclvent. Ths
latter effect arises from usighbouring polarized solvent molecules
producing an eisetric field at 'zhe;s poleyr selwbs woleonis gssulting i
a change in the slectronic Qmi‘iguvéﬁ:im and the e:cremzing. of ths esoluts.
In all gystems studied cyclohoxand wos vsed beth as an inert solvent
and as ths internal refersnce. Siuce the chaps, molar volume aud the
dielectric constant of cyelehexans and the aromabic golvents are similar
the coniributions te the chemical shifts from the Van der Warls forces
and the reactiocn field can be ignored. The use of an internal reference
alse oliminated the centribwhiou of the bulk diamagnetic susceptibility
of the svlvent. ‘This left only 4wo voutributions to the chemioal shifs

arising from the presencs of the selute in the solvent. These were
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Sas oho shift due to the solvent magnetic anisotropy and S c» the shift
arising from complex formation* If 2c were sero* implying complete
randoamisaiion then & a should also be sero since both the solute and the
cyclohexane in the active solvent would experience the same magnetic
environment * If* however* £ {l were not sero* in ether words there was
a specific interaction between the solutes and the active solvent
resulting in preferred mutual orientations* then SR would not equal gore¥*
£0* which arises from small pert-urbaiions of the electronic charge
distribution of the solute molecule due to the electric fields ©f
neighbouring molecules $ was usually negative® £ a* due"to the magnetic
anisotropy of the active solvent* was* especially in aromatic solvents¥*
large and positive* In aromatic solvents the ethynyl proton resonance
signal shifted upfield indicating S& te be much greater than £$* This
suggests that small chemical, shifts of the solute proton arising from
complex formation in aromatic solvents are effectively amplified because
of the large magnetic anisotropy of the active solvent® Schneider3#
has also shown that the differing shapes of the solute and the solvent
molecules cannot account for the chemical shift observed® It was
assumed that the shifts obtained were due entirely t© complex formation
between the bensoyl acetylene and the active solvent*

In a solution of bensoyl acetylene in en active solvent an
equilibrium of the following type exists!*¥*
A* B

Tha association constant for the equilibrium being given by

K, " [ ... (34)



whers ( ) 2 the concentration in moles/litre
' [ J = the concentration in mele fractions.
In the solution the total amo'tmt of ethynyl compou#rﬁ added (A), was made
up a8 followas~ |
{(A)g = {(a) ¢ (aB) scaccs {35)
If one assumed -hhatg = 0 for the ethynyl compound in pure gyclohewane
and that & Ap ¥as the shift if association was complete then 3-
| M, 8§ = W, v )y |
and since SA =0
§ - s An), " becese (36)
Combining equations {34) and {36)
(8,8 = x(0]B)é,
and soubining equations {34) and (35)
(M), = (D k(AL B] 5 (a) (1ek,{B])
Tgéré’i‘ore o |
(8,6 2 58,1 8] 8 g1 2k, (8]
and [B }j £ 1/“(21& m EBL@‘AB
i.00 xp/f = xB/éAE? 1/1{3;51;33 sonsee {29)
. The gbove eguabion will give a sbraight line graph from vhich the

[

qg

associantion congtant K, and the term g AB can bo obtained.

Owing to the relative inssnsitivity of the apparatus the
concentration of bencoyl acetylene (0.1 moles/l.of solvent) was grsater
than that uped for the infrared investigations. However an infrared
study of beuzoyl acstylens in syclchexane at concentrations up to 0.3
moles/i.of solvent showed ne trace of oelf associations The siraight
iine graphs obtainsd using this technique woere superior to those obtained
by infrarsd methods. This could be sitribulted pa~tly to the fact that



chemical shifts can bo cdtained much more gquickly and accuratsly thawn
band areas and partly %o obtaining al least ten experimental valuas oy

aavh point. The rosulis obtained by the two tschniques are listsd in

Tabls 29.
Table 29
Solvent Iufrarad NeMoRe
K, {mefs)=2 Dogs of Assocs K, (mef. )=} Deg.af Assos.

Benzene# 0.31¢-0.138 0.24% 0,10 1,14%0.08 0,.55F 0,02
Toluene 1,394 0028 0,584 0s34  1.67%0:04 0.3+ 0,02
P-Xylene 2443 % 0,531 0sT1# 01l 2,274 0.02  0469% 0,0).
Mesitylene 2096 % 081 0754 0a26 2579 0,04  0.724:0.02
n-Butyl ether  1.77% 0,09 0:642 0,04 2,128 0.06 0,68¢ 0,02

# Alternative valuas for bensene -

K, = 0063 % 0.08 (maga)<t;

Degroeo of Agsociation & 0.38 ¥ 0,05

The asseciation constamts wers dotsrmined mush more assvrately
by nuclear magnetic rescuames spestroscopy. In thess systoms, mg;’les‘h:ingg
the bengens system for the wmoments therse was a reasonable comparison
between the resuiis obbained by the two metheds. This sorrenponionas
between the twe seis of rssulis curuess one that both welhods are
measuring the sams physical propsviies of the systame The disercpavay
in the resuits obiained for the bentoyl acetylens - benvens systeam by
the two motheds has already bosw: explaived in terms of the inacocurasy
of the infrared resultss The Justifiecation for nogilscting the
experinental resuit ab 0.1 mele fraction of bangene iu the infrared
resulis is that this brings them mors into 1ins with those cbiainsd by

nuclear wagnetic resonnnse spoctrostopy.



Both th® infrared and th©® nuclear magnetic resonance results show
an increase in the association constant as the aromatic solvents become
more hi$ily methylated® This increase is not linear however and there
is probably a steric effect competing with the inductive effect of the
methyl groups* It was also noticeable that# es the number of methyl
groups attached to the ring was increased the terms Agg andf“g both
decreased. Both methods indicated that a 1*1 complex was formed between
the benzoyl acetylene and the active solvent® In all cases the electron
acceptor ms the ethynyl hydrogen of the bensoyl acetylene ©r of the
phenyl acetylene* In the n«butyl ether solvent both the appearance of
the spectrum in the infrared and the direction of the shift in the nuclear
magnetic resonance treatment indicated that the ethynyl hydrogen was
bonding to the ethereal oxygen* The upfield shift obtained for the
solutions in the aromatic solvents indicated that bonding was to th® “pi”
electron system of th©® ring® In those investigations the nuclear magnetic
resonance method ms found to be superior, both with regard to speed and
accuracy* to the infrared approach»

A rather different form of solute « solvent interaction has been
investigated using nuclear magnetic resonance spectroscopy® This
resulted from work carried out by Hatton and Richards5* on propargyl
chloride in a variety of solvents® They observed that both the ethynyl
and th© methylene proton resonance signals ishi.ft.ed, usually in the .same

direction® Table 30 gives a list of the values obtained by the above

authors®
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Table 30

Propargyl Chloride = Sclvent Effects

Solvent Ethynyl Proton Methylene Proten
T popems T popeto
Cyclohexane ' 7.81 6,13
Acetone - 6.94 | S5 T7
Dicxan 7.07 5,87
Acetonitrile 7420 5,83
Nitrobengene 7.10 ﬁ - 579
Nitromethane Ta27 ls;az
Thiophene 7,92 : | 6,38
Bengene 8,12 6.58
Toluene 8.16 6,62

Both the sthynyl and the methylens proton resonance signals ares seen to
ghift in the same genss in going from cyclohexane to some other solvent,
Where the bonding could be clearly attributed to lone pailr electrons of
strongly elsctronegatives groups the sthynyl protew resonancs sigral was
always shifted to lower fisld to a greater oxtout than wes ths wethylens
proton resonance signal. In sueh casss the shift in the msthylens
proton signal was probably dus pursly to a solvent effect, the bending
group being the ethyryl hydrogen. The most interesting effects wers
observed in the aromatic solivents wheres both proton rosonance signals
moved upfislde In particular, the methylene resonance signal shifted

upfield to a greater extewt than did the ethynyl resonance signal

{Table 31).



Solvent Ethynyl Proton Mothylene Proton

Shift peop.m. Shif% pepeme
Thiophens 0.11 0425
Bengene 0.31 0.45
Toluene 0.35 0.49

Hatton and RicherdsS! stiached no significance to this difference,
assuming the formation of a weak complex in which the axis of the

propargyl shloride was parallel to the plans of the aromatic ring.
However it was c¢onsidersd fezsibis %o explain the differences in terms
of a complex in which the me;%hylens protons, owing to aetivation by
noighbouring groups; bonded to the eromatic ring.

I%{ was shown that when methylens protons were involved im a complex
with benzens the chemiecal shift obsetrvod depended on the naturs of the
neighbouring groups ..

c=c g0 € C=N
Whether the éseacia%ion rosultn from hydrogsn bonding or from dipels -
induced dipcle effecte preduced by the sclute dipole is dlfficuit to
determine, Both forms of association would be strongly influenced by
temperature.  Abrahams’1? investigated the formation of eomple;ées
betweer toluens and wethyl iedide o iodoform. In both vases hs
soncluded that the dipeols axis of ths solvie wolscule lay along the
hexngonal axis of the ring with ths protons criented towards the ring.
Iodoforms like chioroform vas believed to bs hydrogen bonded to the ring
as was methyl iedide. This boliaf was baced on the observation that the
high f:iald shif¥s of the protons in ths methyl halic}a wers not
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significantly affected by varying the halogen atcm (i2e& varying the
solute dipole moment) a This fitted in with th© fact that hydrogen
bonding is not ©imply related to the solute dipole ElementQ

However Sehneider”” has related the proton resonance shift of a
number of alkyl halides to the dipole moment and the molecular volume
of the solute* He also postulated that bonding between alkyl halides
and bensen® was due to a dipole ~ induced dipole attraction between the
two molecules* The correlation between the chemical shift; experienced
by the methyl protons in going from nsé&pentane to betisene and the dipole
moment and molecular voltsae is somewhat poor®© In particular the fact
that the shifts of methyl bromide and methyl iodide wore almost identical
does not fit at ail with Schneider’s postulate® ThO© methylene protons
may therefore form a legitimate hydrogen bond to the aromatic *piK
electrons in bensene¥*

Xw 1*4 dieh'»orobut”“yne there are two identical methylene groups
and the results obtained and graphed m the basis of a 1*1 edigpltm. give
a curved linso  VThen the equation was extended to include a Is2 complex
of the acetylene and bsnssne a straight line was obtained* Im this
modified equation was assumed to be identical* for both complexes
and this appeared to be justified by the results obtained*

The results obtained for propargyl chloride indicated that th®

~*r ~ 3 ©@ethylene protons was nearly twice that observed for the
ethynyl proton* The results for the methylene protons gave a straight
line graph indicating the presence of a Isl complex but the graph obtained
for the ethynyl proton was slightly curved* This curvature ms not
pronoutscad and ms probably due to the low values of the shift being

measured® At low chemical shifts the difference between the shift of
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the UEampXexed solute protons and those of the cyclohexaiMi ie no longer
negligible and could account for the deviation from a straight line®
The association constants obtained for both types of proton were
identical within the limits of experimental error indicating that only
one complex existed in solution® In this eoaplax the methylene protons
were closer to the ring than the ethynyl proton* the molecule lying at
an angle across the ring®

Using the ring current theory it was possible* using the chemical
shift? to detercdne the distance of th©® sthynyl proton from the plane of
the ring* The method on #iieh the calculation ms based tms due to
Johnson and Bovey”** The value of the chemical shift used in these
calculations ms that of theCj© iers? rspré&ssiting th© additional field
seen by the solute proton in the complex as compared with th®© unocnplexed
solute proton* Sine® this shift- was measured relative to cyeXefeexwi*
in the aromatic solvent and since th® gqydshoxaK® protons war© also shifted
in the bengsn©* the high field &iff; of the eydlohexan® pr&tmB in

aromatic as compared with isotropic solvent®© had to be added® Abrahams*

obtained a value this high fiold shift far cyolchexand in going from
cyoXohexano to bensen® as solvent s.f 0043 pOpflo As a result the truo
chemical shift of bensoyl acetylene in bmt &m as compared with
eyclebaxan*? was i»55 p«psac This gave a distance for the ethynyl
pr.Ptoa from the ring of 3019 A if it lay on the hesasgonal axis of the
ring® This distance was greater ihar: th© Vism dar ¥Yaa?s contact of

2*9 g and therefor®© cannot be ta&osa tec seriously* The error may haw
arisen from positioning the ethynyl hydrogen w the centre of th® rings
Sine®© the ®iM electron cloud forms a circular Imp of electron density

round th© edge of th©® ring the proton might be expected to lie above th®
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edge of the ring® Assuming this position* the distance of the ethynyl
proton of benzoyl acetylene from the plane of the benzene ring m found
to be 208 This result can only be considered as being of a semi*®

quantitative nature*

XV* 5c X-RAY BXFFRA-gTION

The C-H *»*«o hydrogen bond was studied in the crystalline state*
partly to verify that it did exist and partly to determine the average
number of hydrogen bonds formed per molecule* The latter faster was
Important in understanding th© ealorisetrie results* Little work has
bean carried out on this form of hydrogen bond in the solid state and
as a result its length was not knzsm with any accuracy* Hassal”~8»13$
studied the complex of ethyl ether and bromodiehloraniethane in two
dimensions and obtained a value for the CMS*®*® 0 distance of 3®1 %,
Thou$i StrtoP”OtXSl1l has published a list of molecules containing short
C-H e¢¢+®0 contacts no confirmatory evidence has been given t® indicato
that these were in faet hydrogen bondsc The X“ray study of ©-
bromobsnioyl acetylsne indicated that the molecules were linked by
hydrogen bonds to form a sig-gag chain¥* Th© individual molecules were
linked throu”i a hydrogen bond between the ethynyl hydrogen and the
carbonyl oxygen* The two « dimensional Fourier map (Fig*24) indicates
the nature of the linkage* The molomsle itself m & almost planar and
the hydrogen bond was linear¥* The final value obtained for the
CMH «**°0 hydrogen bond dietasses was 3*26070*015 1 which? if on® takes

the ethynyl C-H bond length to b® 1*06 I* gives an actual hydrogen bond

X

length of 2*20 3. This was considerably less than the Van der Waais
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contact distance of 2*6 SQ The data; also indicated that therems £

on average* one hydrogen bond per molecule* The length of the bond
(3®26 l) indicates that it should lie comparatively weak being comparable *
at least mi the basis of Xengfeh* with the N*H «eee!! (3®35 32) 3 the

0-H e*ee(Ql {3*18 £) and the SNS *»>Cl (3®20 £) hydrogen bonds® In
addition* the value obtained compared well with that of

and those postulated by Sutor***~%*a

IV, 6» CONCLUSION

Benzoyl acetylene is capable of hydrogen bonding through its
ethynyl hydrogen to a variety of electron donors® Of most interest
ms the bonding to the <pi” electron systems of aromatic molecules®
Infrared and nuclear magnetic resonance measurements were carried out
to determine the association constants ©f bensoyl acetylene in a series
of methylated benzenes® Though both methods gave comparable results
the nuclear magnetic resonance method was both faster and more accurate®
The more methyl groups attached to the ring the greater was the degree
of association with the bonsoyl acetylene® This increase ms not linear
possibly ©wing to competition between the inductive and the sierie effects
of the methyl groups, It was also noted that the degree of association
of bcmsoyl acetylene with the aromatic solvents and with n«butyl ether
ms quite similar® This suggested that the electron donating capacity
of both type8 of molecule was approjdiaately the same®

The strengths of the hydrogen bonds studied ms determined by
infrared methods and by ealorimeirie means® The results obtained by
the two methods were of the cam®© order of magnitude but were not

otherwise similar® The colorimetric results tended to oppose the
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idea that the more methyl groups attached to the benzene * then the
stronger would he the hydrogen bondsf whereas the infrared results
appear to agree with our expectations., The most accurate results were
those obtained by calorimetry., Also determined were the free energy
and the entropy of association? the latter indicating that association
in bentsene as solvent produced the hipest degree of order®

A combined infrared and X-ray investigation of o«*bromobenzoyl
acetylene indicated that the molecules in the solid were linked through
hydrogen bonds* A value for the O«*H eee¢*0 hydrogen bond distance of
3*260*0,,015 $ ms obtained this being the first reliable measurement
of a definite hydrogen bond of that type®

Propargyl chloride and 1*4 diehlcr@bui~2«yne were shown to
associate with bensene through their methylene protons? the latter
forming both a 1*1 and a 1*2 complex with the bengene® The methylelneOt°’ns

were considered to be activated by neighbouring groups in the molecule®
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APPENDIX

1) Figure 16 s TmpQVé&tvéEe r&rsaa Tim for mixing Potassaim Chloride

\yith Water®

2) Figure 18 i (a - 1)

(a & 2)

{b »» 1)

(b « 2)

Benzoyl Acetylene - Bensene « Cyfé&ofcexane Infrared
Speofcra at 2aP~29°C*

In pore eyelchesane

Iw GO4 i3ofo bSnSPS29 »«—»e«w»«— 5

In 06f fflof® bsnsene .

In 1lo0 *ScE» benssno .. 0

Bensoyl Aeetylene » Toluene & Gyelohesan®© Infrared

Spectra at 28&*29%00

In pure oy”“lohexcine mmm—mmmm* *

In 0«3 Kef© toluene .

In 006 Oof« toluene 0eO«*«*®« «

In 1«0 sjaf® toluene

Bensoyl Aocetylene - P>“1lssd ® Gycl©hexane Infrared
Spectra at 28°~29°0o

In pure ey«iekC@Ké&ne — — -3

In 0*3 2Sofo p**syXens «dQ&&ke>bxd» |

In ©Gof SO p»sylene »*««é*«*« §

In 1*0 maf« p*>xylene mf=vmaghfif *

Benzoyl Aeetylene - Cé&Xorabenses?© - Cyclohex&ae
Infrared Speofcra at 28°«29°C«

In pure eyelcbexana BN *— B

In 004 mofe cblorobansene #IwHLRS |

In O0*f ffieo chlorcbencene eee«*¢eu* §



137
2) Figure 18 (b + 2) 2h 1*0 &»f« ehlorobsnsea® #
(0 < 1) Benzoyl Acetylene & Jfeaitylene <« CyeXohoxan®
Infrared Spectra at 28°»29®8G«
2n purs cyclohsssscs O»w»*wo>(«*» o
In OoS aof® sissityleae «o«o0«0-.0~ |
In ©«7 Sef(0 mesiiylene »*«. **x**x ?
In I®0 aofe mesiiylea® -
(a2 - 2) Benzoyl Acetylene ¢ n**Butyl ether ¢ Cyolohoxane
Infrared Spectra at 28°»290Gt
In pure cydohoxane »e««sawCoa»» *
In QeA a®fc n-lnrtyXether  (m!I«O9arOL¥
In 0*7 ffiadb n*bwtyX ether exceccccces
In 1*0 erf® n«butyl ether B> Emn>,
5) Figure 19 Graphs of x%/(A « aa) against xg ©
(a) BensoyX Acetylene « Bengene « CycXchexsne®
(b) Bensoyl Acetylene » Toluene « Cyclehexane.

(c) BenscyX Acetylene « F*»Xylene « Qydohexane®

(d) Eensoyl Acetylene *Mesiiylene - Qyclohexaneo
(e) BsRscyl Acetylene * n»Btstyl other « Oyclehesane®
(f) Phenyl Acetylene « n«ButyX ether « Cyelohexanso
4 Figare 2) Infrared temperatures studies of hydrogeh bonded complexes*
(a - X) BensoyXAcetylene in G©5 benzene®
At 27°C -——— -—==5 At 508C ~ — j At 70°C eeeeee
(a & 2) Bentcyl AcmyIm® in 0*8 xa®f© toluene®

At 28°G — - * At SG°G S At 70°C eececee



4) Figure 20 s (b ¢ 1) Bemoyl Acetylene in 0&B m»f® p”“styleneo

At 29e0 ..:i- o At O'C 828> ¢ At 70" ®EAO®
(b - 2) Benzoyl Acetylene in 0®5 m«£® mesiiylene®
At 27e5°C — | At 5Q°G — - j At 70°C'**"x
(o) Benzoyl Asstylene in 005 m«f« n-butyl ©ther®
At 2Y«50G g At 50@G «-«*» § At 70°C 'e9ee®
5) Figure 28. . Graphs of Xg/£ against so
(a) Benzoyl AeetyXene » Bengens ® QycXohexane®
(b) Benzoyl Acetylene ® Toluene ® CycXohexane®
(o) Benzoyl Acetylene « P-Xylene « Cyelohexaneo
(d) BengoyX Acetylene - Mesitylene - CycXohexane®
(e) Benzoyl Acetylene ® n”Butyl ether » CyeXohexane®
6) Figure 22a ? Graph of ~ /S against Xg for the systemi
1*4 DichXcrobut-E*yna ® Benzene ® GyoXehexane®
7) Figure 22b s Graph of “~/3bC*abs * against Xg for the system#
1*4 Dieh!ercbi) t®2@y»e * Benzene ® Gyeloh©sane®
8) Figure 23 : Graphs of Xg/g against
(a) Methylene protons of PropargyX Chloride in Benzene
(b) Ethynyl proton of Propargyl Chloride in Benzene®
9) Figure 24 i Two ® dimensional electron density projection of

£®bromobenzoyl acetylene®
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