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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
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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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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
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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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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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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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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
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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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Figure 4
Crystal Siructure of Methanol
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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
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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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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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Figurs 8-

Ei?fect of Temperature and Conesniraticn on Hydregsn Bonding
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s
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
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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
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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
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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








































































































































































































































































































































































