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Self assoelation of alcohols is an interesting phmooiincm 

resulting from hydrogen bonding. As the OH groins can act as a 

proton donor as wall as an acceptor, H-bondlng of alcohols in 

nonpolar solTonts gives rise to a variety of self associated species 

such as op«i and/or closed dimers, trimers, tetrcwers etc. Alcohols 

containing an additional proton acceptor such as halo-ethanols, 

diols, diol mono ethers etc. can also exhibit intramolecular 

H-bonding when the hydro:x7l proton lies at a distance of 1*4 - 2.6 i 

from the additional proton accaptor. i>ue to their small str«ngth 

('^O .l  - 60 kJ mol*^) and frequent intermolecular collisions, the 

H>b(mds in licjuids and vapours are constantly breaking and refoxaing 

resulting in rapid, dynaanic equilibria between the free and various 

types of H-bonded molecules.

The literature on H-bonding in alcohols is quite extensive. 

The self-association of alcohols capable of intraaolecular H-bonding 

1 b  however little studied. This would be specially Interesting 

because of the additional proton acceptor in them, %Aiidi can lead 

to different types of self-associated species not possible in simple 

alcohols. Mith this view the association behaviour, i«e. the nature 

of self-associated species of a number of diol monoalkyl ethers 

in carbon tetrachloride solutions, has be««i investigated in the 

present work. Infrared spectroscopy is used as the analytical tool 

since this is the most versatile tec^ique enabling the observation
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and stud^ of Individual types of species l)y their eharaeteristie 

absorption Issnds. The method of integrated absorption intensities 

has been adopted for estimating the required concentrations• The 

e<{uilibrium constants for the equilibria between different types 

of H-bonded species and free monomers have been detennined to 

estimate the thermodynamic quantities %^ch are further analysed 

to arrive at the most likely associated species In the concentratloc 

range studied. The subject matter in the thesis is presented in 

eight chapters as outlined belov.

The present state of understanding of the self-association 

of alconols is briefly reviewed in Chapter I. The relev«it theory 

of infrared spectroscopy is outlined in Chapter II. 3om» of the 

iBporteoit aspects of H-bonding such as its theory| effects, 

thermodynamics etc» are summarized in Chapter III. The <ucperlmentQi| 

procedure for preparation/purification of the compouiids studied, 

spectroscopic measur^ents and the method of calculations are 

explained in Chapter If,

The results on the self association of ethylene glycol 

■onoalkyl ethers B0 (CHg)20H are discussed in Chapter Y. The effect 

of an additional ether oxygen on the association behaviour ms 

investigated by studying the H-bonding in diethylene glycol 

monoalkyl ethers BO{QE^ t h e  results of which are 

presented in Chapter ?I. The alkyl group H was varied from CHg to 

® A  finding the effect of its chain length on

H-bonding b^aviour of these systems. The H-bonding in tri- and 

tetramethylene glycol monomethyl ethers, CH^0(CH2)30H and
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CH^OCCHgj^OH, was investigated for understandinc th« effect of the 

number of mtthylene groups between the ether and hydroxylle oxjgmi 

atoms and the results are discussed in Chapter 711. A general 

discussion of the spectroscopic and thermodyniuaic properties 

associated with H-bonding in the differoat types of systems studied 

together with the conclusions are presented in Chapter V III. This 

is followed by a collective list of all the References in the order 

of their occurr^ce in the text. The results on the study of 

ethylene- and diethylene glycol monoalkyl ethers have been 

published as two papers, the reprints of whidi are presented in the 

form of two Appendices.
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XI. fciiaagifgtaai: aygganaa ijMidtoe *
^trosoly dilute solutions of aloohol^ in non^pol«r 

solvents (C eo xo"® aol exbltxlt a single b ^d  in the

3640»3<3L0 region due to the hydroxyl stretching vibrations

of the ffionocser̂ *̂  unite* 'fhe oorresponding hma in aleohol 

vapoure at very low pressure occurs in the 3690-364D 

region^. Xhe ttonoLierie OH bands of a nucaber of alco!u>ls, ol^er 
«

thâ i methaDol and tertiary but«inoly are found to be asyas-etrie^* '̂*  ̂

Xhis has been attriteited to eonforoational isotaerinst, i«e. 

eKistenee of &oleoule@ in different configurations in vhich the 

OU groups Tfibrate in slightly different force fields* »/ith 

increasing o<mcentratlon, additional OH bands appear) first at 

3600 oo*^ and th«a in the 3300 ob*^ region, while it is

accepted ttiat the 3300 bands are due to polyiaeric species^|

the type of species giving rise to the ^ 0 0  bands is not 

vell-established. Xhus this bana has be^  ascribed to open 

diaers^*^*^^^ closed d la e r s^*^  or to a mixture of b o t h ^ ^ .  

In some cases trl«ers^^»^»'^*^  and/or tetrsaers^®"®^ are also 

considered to contribute to Uiis band.

£kU.losy and Face^y using the cancellation technique, 

hare shovn that the disers of aethanol (v » 3634 and
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phmol (5 « 3481 CB*^> in CCX  ̂ are of m  op«a typa* ^tudy of

23
ovartond bands lay rl«teh«r and rieller and th« thaoretieal 

oaleulations by Hurthy et and tboso by Hoyland «nd Kiar^ 

ara in agra«a«nt idth m  opon diaar struetur* Ibr aethanol*

Xha iralU9 of ^/6 Keal mol*^ tor tba diisar of othanol in CCI^, 

obtained by Cotum and Orunwald^^i is attributed to a slngl*

hydrogm bona ij&plying the diser to be of open type. Ibbitson

22
and Moore 9 from dieleetrie polarisation study of ethanol in 

Q d^  hav'e show that at lov eonoentrations (weight fraction ^  O.OOfl 

open dicers are the absorbing speeies at ^ibilarly

i^rdevijic et a l ^ ,  from statie dieleetrie ecmstitftt aeasuremcntst 

have coneiuded the dlaiers of n-hept^ol in CCl^ to be of open 

type, aames ^ d  ooworiters^^*^ from i .r . study of methanol, 

ethanol and hexafluoro propan*d»ol in Argon matrix and later froe 

a siftilor study"  ̂ of setheyciol) ethanol, isopropeynol, tertiary 

butanol and trifluoro ethanol in vapour phase have ooncluded that 

the disiers of these aXcotols have an open ehain structure*

Liddel and ^ e k e r " , using the method of li&iting slopes

of apparent extinotion ooeffioi«at vs oono€»tration curves, have

obtained <jiT* values of /v 5-7 keal aol*^ for the diaer^mcmoeer

ecjuilibriudoi in methanol, ethanol and tertiary butanol. CcHisidering

tnis value of to be q(uite h i ^  for a single hydrogen bond,

they have proposed the ii&ers to be eyelie, containing tvo bent

li*bonds« The cydie structure for dimer of ethanol has besn 

29
supported on the basis of the chemical shift «nd equillbrli»
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oonstanta oaleu4.&tod from the Xialtlng slopes of p«ia«r« fr9qu«ac7

no
tn ooaecntration our^es* /an IhisX ®t al t uslni tb« statrlx 

isolation teolmi(^«t have that aethanoX dimers ar« eyelio

in solla nitrogesi at & as wall as in solutions at rocnn

3R
toBperature* Fblloving bld^d^ and ^ei(«r « a am  bar of othsr 

0%̂
»«ricsr3 also have pro»)oa«d cyclic diaers for various

alooholJi froiE the obserred m *  values, Qold and Perrine , fpoo

dieleetric polarisation study have eoncluded that cyclie dimers 

and/or oyelic trlaers are favoured in dilute solutions.

several other woricers*^*^* ,̂ froa i .r . and n«i8,r* study of 

a Variety of aloohols sueh as methanol, ethanolj isopropanol, 

tertiary butanol, pwtanol, eydohesanol, dltertiary butyl

earbinol ete* have proposed tix9 dia^rs to be the associated species

responsible for the 3600 oo*^ bands. However in tt»« absaice of 

a definite evidence for either the open or Xh& cyclic struc^re, 

they have concluded that diiaers of either type or a sixture of 

bo^i Eiight be present.

£he infra red fre.^eni^ shifts for polymers ( 260*4CMd os*̂

are found to be considerably larger than t^se  for d is era

( 100*160 m*^)rn this has been explained by Liddel, jieoicer
r j f l 30

etc* * by assmlng tihie atons in polymers - tt^ether

open or elosed •  to bo nearly oollinear giving rise to nomal 

hydrogan bonds* The bent and hence weaker hydrog«m bonds in 

oy<d.ie diaers %j0uld then explain the s&aller frequency shifts than 

tiiose for polymers. The res%ats for metiiaaol are explained on



this basis using the matrix isol&tion toehni<|ue • M l m y  and
of

ir'seo on tAe oth«r hand proposad tbat tb« diiziers ar« op«n ohAin 

systoss vlUi ooxmal hydrogen bonds* Th«y further argued ^ a t  

th« ox^gmi atoBi of an OH group proton is engaged in bydrogen

bonding would tm taore basic than that of Uia free OH group «nd 

si&Uarly th« !i9rdrog«i atoe of an OH group i^ s e  oxyg«i is ang&gad 

in hydrog«i bonding would b« more aeidio than that of the free OH 

group* fhe polys&ers would therefore t«id to be oyolio due to the 

oooperati^o interaotiona giving rise to stronger hydrogen bonds 

{tfia honoe larger frequency shifts than those for the dis^ers. The 

siKall frequency shifts for triaers ( 200 are attributed^^

to the eyelie structure with b«nt hydrogen bonds and the constant 

frequency shifts for tetrasiers and all higher polymers 

( f\j 2&0o4^0 wT^) are supposed to indicate that the hydrogen bonds 

in tetrs«cers have become nearly collinear so that an increase in 

polyiaeric sise produces no further change in the hydrogen bond 

energy.

It has been proposed by Mecke^ that there are practically 

no disseric species in alcohol solutions and the association begins 

with tri^ers-presuBiaiay cyclic* The aetfi association i^ergy for
%

methanol and tertiary butanol in CCl^ has coasequently been 

reported to be (v 4»7 and ro&,3 Kcal mol*^ respectively, Cohen 

and fteid , fre®i p«m*r* study of a series of alcohols in CCl^, 

found almost aero limiting slopes for the curves of the proton 

cheRical shift vs concentrationt concluding trimers and tetrtfeers 

to be Bore stable than dl»ers. <ij^ilarly -iaunders and iiyne $

30
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uaing th« and ourve fitting haro pTopostd oyeXic

triiaers for aiooiK>ls« Tu^er and cov«>r)t«rs‘̂ * ^  using l*r ,, 

n*B«r* and vapour p7«sstire siotnocis haY» aJLso shoun th&t th«

36oa tfsT̂  band ot aatoanoX acii tertiary butsnoX soXutiwis is

22
aseribabXe to op«a trimera* Ibbitson and Koore froo (ileXoetrie 

polarisation stu4y of aloohoXs in CCX  ̂ at high eone«ntration8 

{wmight fraction ? 0»007j hav& ooncludmd that the ^paoias absorbing 

at <v/ 36ao may be op«ii triisers in ad<lition to opm diaara*

46
^aXtnor and Fltsor from Tapour prasaura study hava

dataxminaci oyoXio tatrs^ar 2 koaX «toI*^> as tha stabXa

47
spacias in raet̂ ianoX v»pour, atudy of reXationships' and

<ay«&x
n«s«r« studiaa of «athanoX in CCX  ̂ ara in agraament witr̂  this*

mQ
ana and Murray i studying tha ovartona bands X*42 m> of

feathanoX, athanoX, iso-butaiioXf tartiary emyl aXeohoX and oetan-3-oX

in CCX  ̂ ovar a vide eoneaatrati<m range ( 'n/0«X*7 soX hava

auggastad tha foxmation of oycXio tatra&ars* Inskaap and 

18 1.9
ooworlcara * , frota vapour phase i*r, study of mathanoX and

doutaratad m«thanoX haira oonoXudad that tha a(|uiXibria

eonsiat of tha monoaars, opan dliuars (AB* 3*& koaX aoX*^} and

cyeXic tatraears ( ^ *  rv X4-X8 keal «oX"^n aetchar and tiaXXar^’**̂  

hatre eriticisad tha *a priori* assignsant of the 3600 oa*^ band 

to diiaars* fhay hava shorn that the first ovartona bands 

(a (V X«4-X*6 Mi of n-but«tfioXt n*oetanoX and dautoratad athanoX

in n-dao^a ean be axpXainad (MiXy in tarms of mcmoKiarsi 

opan tatrai&ars (^H* KoaX atoX*  ̂ bond*^) oycaic tatramars

(toU* <N. 4 ,8  koaX »oX*^ bond*^>} the saaXXar vaXua of M *  for the
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eyellc struetiir#^ being a3crib«4 to bent hydrogwi bonds* Ha»si«ker 

et a l ^  agree viith Fletcher al̂ d Heller In tiiat 3600 band 

sliottld be eareftOly oonsidered for each systea separately as it 

Bay not always be due to 0H»—OH dicerd only* they have hovever 

oonfimed that In the oase of sethanoli etiMnol and ditertiary 

butyl carbinol this band is due to dieers cmly* Later study by 

n. etcher and Holler^ on sethanol in OCl^i using the overtone 

bands ia in agre^ent with this*

^  intr—QlflflUlar Hydrogen B(»din» t

the i«r* fre<iueneies and p*jB«r« ohecieal shifts for a 

Variety of oompounds oontaining introKoleoular bonds are 

extensively reported (of* e»g« the review by K, Tiehy^ and the 

references sit«d Uiereini* lk>vever the themodynanic properties 

( ^ *  and vhieh are more useful in understanding the extent 

of tt-bonding md interaotion energies are estimated in a few oases 

only* the ther»odynai&ic and structural aspects of aloohols capable 

of intrsnolecular H-bonding such as d-substituted ethanols 

JtCa^caj^H (JL « f , Cl, iir, 1, CJI, ROg, Slllg and Cgi^), alkane diols 

and their monoallcyl/aryl ethers are suoiaarised belov because of 

their sifiiilarity vith the cooipounds studied in the pres«n't work.

Of the cis, trans and gauche rotaaers possible for these cooipoundst 

the gauche/cis conforaers are stabilized by intreeiolecular hydrog«Ei 

bonding.

6fi
Misushina et al » fma i»r. and Hman study, have 

detenained the skeletal frequencies and force eocistants of the
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stretohing tribratlons of 2»ohIoroeth«aoX. fh« msrgy diff«r«ne« 

&etw««a tne ii»t3ond«d non-bonded eonfomationa ol»tained bgr

thm ksal is oonsidarably mailer tlian that

detamined by ^ v a X t  and (2 koal aol*^i froet tha study

o £  orartone bands. Kruagar and Hattea^*®^*^i from i .r . study, 

hava astisiatad tlie Talu^ for gaueha-trand oonvarsion la 

various halo- as wall as eyano*, nitro* and affiino athanols toy 

assuming tha absorption eoaffieitmts of tha frea and 

intrspBiOleoilarXy ti»bondod OH*s to ba idwtieaL i^d Indapandmt of 

teiaparatura* lovairar, as tbasa assumptions ara not Talid, tbair 

yaluas are not roliabla* In tna easa of 0-and U«iaa^yl darivativas 

of 2r̂ smixio a^€tiaol| tuair results indicatad^ th@ IntraDolsoularly 

H-bonded gauehd eonformars to ba lass stable t&ami ti'ia non»bonded 

trans isoiEers utiioh they hare explained by oonsidering the 

repulsive forces betveen the H and 0 atoas to be greater than the 

attraetive foreea responsibla for ii«bonding« iiue^ey, Oiguere 

and Xiii&a«oto  ̂ t froca i,r* and s^mm study of 3»fluoroethanol in 

solid, liqiuia and vapour phases have shovn that these molaeules 

exist, almost entirely, in the gaueha fom (M * 3 .4  kcal aol*^)

«rid cmly in vapours at teaparatures above 60*C, weaif̂  bands due to 

trtfis isoEaers are ooserved. Similarly, 3-ehloro ^ d  2-broso ethanol 

are found^ to exist atainly as intrafioleeularly ^bonded gauehe 

isoaers vrith values of 1«46 and l.ao keal uol**^ respeotively, 

obtained fracs the saasurenants on earbon-nalogen stretching bands* 

Die corresponding M **s  derived trtm sieasurements on OH stretching 

bands ware 1«90 md l«6b sccal oiol*^} t h e  apparent discrepancy
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btttwecn seta of values tMiing asoritxsd th« preserve*

of ft seeoniy mm-bonded giaachd isomer* Ihe foree (^stants 

obtained frosa noinal ooordinate analysit of S^ohloro, a-broeo 

and 3-cyiaio ethtfiols are in egrecnoQt v ltt  the gaiaehe foins^*

The interaetion of tha OH group vlte the «*eXeetr<Hi3 in 3-phenyl 

ethanol is reported^^ to result in intrtfaoleeular l^drogen 

bonding with iUi* 1-1,5 keal ool*^ and 3-4 e.u* «ol“^ .

Krueger and M ettee^ from i*r« study of 1,2 ethane diol 

hare proposed a * box-type* structure for the 

intraaoleeularly E-bonded monoaer involviag two mutual hydrogen 

bonds between the two hydrojcyl groups, Hovover auch a structure 

would be h ig^y  strained and h«nae seeas unliicely, xiueicley and 

aiguere®* froa i .r , study of and in

the solid, liquid and vapour phases, have shovn that these 

soleoules exist only as gauche isc^iers^ Frosi a study of torsional 

frequencies, they have further esti&ated the barriers to internal 

rotation about the C*C ^ d  bonds as 10 tfid 3-4 keal £0l*^ 

respectively* Buc and covioriLers^ have determined the spectral 

eharacteristies of the free and intr^olecularly H«bonded OH 

bands of 1 ,3  propane diol ( free OH t 3635 oeq**̂ , ^ 1/2 * ^

B •  5 ,6  X 10^ a«^ aol*^ intra. 03 t 5 •  3667 ca*^,

^ 1/3 * ^  »ol*^ csB*® ) and reported

the for txinded-nonbonded conversion as 2-3«9 keal bo1*^«

Ihe different oonforKations and effect of substituents on the

0*C»0 bona angle in 1 ,3  propane diol have been investigated by

66 £7
iichleyer • Johansson and Koll&an have carried out *&b initio*
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molecular orbital ealoulatioas for tbo bonded ana fiiOn«bonded

coafoi&atlons of ly3 propon* diol* Tha 9n»rgy differsnee between

th« H»bond«d egad non-bonded cis eonforasatl^s Is esleulatod to b« 

• 1
0*9 keal mol i^ile that batvawi the old and trans ocmfoxnations 

l 8 4«8 kcal mol**^« Flshean and Ch«n^ found that the values 

for IntraiaQlemilar hydrogen bonding In 1*2» 1-3 and 1-4 butane 

dlols, W T 9  In the order t 1-4 diol > 1»3 diol > l^it dlol{ while 

tne distances followed the reverse order, v iz*  1«2« 1*8

and 2*1 4 respectively.

A nuBbor of woricers®®*^^ have studied diols

GQ
liito n s 2»6« Kuhn he^ proposed a correlation between

the frequency shift on intraaolecular hyarog«n bonding

and the distance (!• oca> as « 260 x  IO*^/L •7 4 . Kuhn

70
and ootnrkers* have detemined the intensity ratios for the free

a n d  U-bonded 01! bands of various diols froe whicii it is observed

that intrsi&oleeular association persists to a large ext«it in

l,2-ethan»^t3 propane- and 1 ,4  butane diols but falls drastically

71
in l,&o and higher diols* Yonezava et ol , frcKa laeasureaents of

proton chseical shifts emd noleoular orbital caloiulations, have

estiaated the dianagnetic shielding constants of the protons and

shielding due to par)«agnetic anisotropy of the oxygen atoms,

72
Horantx end <^aite » froe a study of the first overtone bands 

(at /s/7000-7100 of a nuttber of diols in COl^ (C ^  0*008-0.010

BOl d& i I have found that the mechanical enhaimcmicity of, the 

free and intretf&olecularly B-bonded OH stretching vibrations is 

nearly the sdae ( 0»08i suggesting the observed spectral changes
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( i .e . those in ^ 1/2 ^  dop«n<i mainly on the electrioii

7 3
anhamonleity* itusfield oovorkera have datermlned the

tnan&odynattle quaatitles for the equilibria between the free and 

iatraaoleeiuXttrly ti*bcmdod B<moaers for various diols and found th^

74fc «»
^adger-iiauer rule (l«e* llnerlty of and £»») to be obeyed.

Xha Intraaioleeular hy^roif^ bonding In mom>ali£yl/aryl

etnars of dlols has bo€tfk Investigated by several woraars^*^^*®®.

Thd larger fre<^«icy shifts of the Intrasolecularly H*bonded OH

groups of dlol aioiioeUiers as c»s.pared to those of simple dlols

have been attrlbuted^^*^^ to greater basicity’ of the ether oxyg«:i

than that of ^droxylle one. Infr&red study of 3-axyloxy 

7 A
^tnanols showed that electron donor substituents In a* and

p»posltlons favoured Intraooleeular H*bondlng{ the OH«.,ir bonding

7 0
and sterle effects were however found to be negllgibLe* K^lyake

o n  8 1
and •^rlnlvasan et al ’ t froa a study of CH^ defofftatlon nodes 

of Qonoallqrl ethers of nono*» <̂ 1* and trlethylene glycols have 

shown tiiat the uCH^Cli^ skeletons exist predominantly in the
go

gauche fom * i^uckley and x r̂ochu , froes slcrovave study of

d-netlK»xy ethanol have determined Its dipole nofsent (a«36 i))|

rotational constants and the dipole vonwit coeipcmeats along the

8 3
three principal axes, ituhn and Ures , fros. i#r# study of 

intracQleeular H-bonding in 3-sethoxy ethanol, 3~Bethoxy prop«fiol 

anu 4-tfkethoxy butanol have reported thati though the for these 

ooapounds varied as 66 and 180 cn*^ respectively ̂  the was 

practically ooastant ( ~ 2 .^ 2 * 7  iccal »ol*^>* the non«applicabllit|



} of tiia rvde has bean attrltiuted to oonfozmatlonaX

i intaraotlons. It  nay hovreyar be not«d tiiat th« r«8ults on

go 73
 ̂ lntr«KOl9ouIar b^iirogm  bonding In various diols ’ ara

i
t with dadgar-i^auar rula«

Xha 3636 and 3600 ok*^  bands of alkoxy athanols are

g«narally attributad to the fraa and intr«»olaouXarly H»bondad

OH groups respectively* flott^ hovever has ascribed both these

bands to *fr«a' OH groups resulting from  tvo different noleoular

oonflguratlons %dtb slightly different force fields* <^h^etko

84
et al on t}ie other hand have siK>wed the presence of 

IntrstfBOleeular H-bondlng in laethoxy ethanol froea the ehaaloal 

shift of the OH protons at infinite dilution* ^alto et al^^ did 

not observe the 3636 od*^ band of allcozy ethanols i^d have 

therefore ooneluded intremoleoularly H-bcmded mwomers (absorbing

at rs/ 3610 as the only species in dilute solutions*

86
Lodygina et al » who also did not observe the 3636 cm *  band of 

j ethoxy ethaaolf on the other hand, have considered intramolecular

H-bonding to be abs«it and only 'free* eoaoaers (v 3610 cb*^ 

band^ to be pres^it In dilute CCl^ solutions* Markevich et al^^ 

have reported three OH bands, vis* at 3 6 1 7 « 3b86 and ~ 3486 cib*^ 

in dilute COl^ solutions of dlelUiyleae glycol m<moethyl ether 

 ̂ and attributed thaia to the free and the intrefBOlecularly li-bonded

five- and eight aeabered ring monooiers respectively* Lodygina 

et a l^ t  in this ease also, did not observe the 3617 ca""  ̂ band 

I and have ascribed the latter tvo bands to the free and
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IntrsiiioIecularXy H»bond«ci aight mmbermd ring aonoiBers resp«ctl7«ly.

3« rfUiianrY <

froB the literature on interaolooular aasociation of 

aleohols, it Is thus observed that results obtained for diiffer«nl| 

systems are hardly ooGtperaî ile with <»ie another as t^e aloohol 

studied together vith tî e solvent and concentrations usedt sethod 

of investigation and nature of approxiations have varied videly.

^inbe no airect method is available for the identification of 

different types of hycirogen bonded species, thd interpretation of 

experiaental data rests heavily on the assooiati^ aouel proposed 

and the curve fitting procedure* Host of th<§ earlier i«r. vork is 

restricted to low concentrations where the first associated species 

absorbing at r o ^ Q  could, almost certainly, be the diners only.

Xn the wor«£ based on p«m»r«, i«r. overtone region, dielectric 

polarisation and vapour pressure methods, relatively high 

cMcentraticHis have been eeiployed* In such systeeis c<mtainine 

various types of polymers, it is obvious that diaers may not be 

the major assooieted species and toe species absorbing at 3000 coT  ̂

are likely to be triaers in addition to the diaers* l^iere is 

however no evid^ce for tetratsers or still higher associated specieg 

absorbing at ^  3£»00 cb*^* The struc1»ire of th& dtoer (open or 

closed) is also not well established* In th« case of intr^u>leeulfl| 

hyarogen bonding, there is relatively little controversy' as the 

nature of species is well defined* there is however little work on 

interaoleoular association of alcohols capable of intramolecular 

bonding*
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An n-atomlc molecule possesses 3n degrees o f freedom, out 

of viilch 3 each in general correspond to the translational and 

rotational motions of the molecule as a whole) leaving 3n-6 as 

the vibrational degrees of freedom. (Linear molecules fOim a 

special case as th«y have only 2 rotational and hence 3n-6 

vibrational degrees of freedom)• These indepaident vibrations 

a molecule can undergo are termed the 'normal* or ' fundafnental* 

mode^' of vibration. The apparently complicated vibrational 

motion of a molecule can be understood in tenns of its normal 

modes.

The energy l e v ^ s  of the molecule corresponding to each 

of the i (s  ly2y...ai- 6) normal modes are given by

where Vĵ  (»  0 , 1 , 2 , . . . ) )  and are respective/ the vibrational 

q[uantuffl number, natural frequency (in cm*^) and the anharaonicity 

(«v»10**^) corresponding to the i ^  normal mode. The force constant 

(kj^), t̂diich is a measure of the stiffhess of a chetaical bond, is 

related to the natural frequ^cy by the relation

c being the speed of light (3  x 10^® cm sec“^) and n the reduced
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mass of the system. The normal modes associated with a change 

of dipole moment are Infrared active and can give rise to 

▼Ibratlonal bands In the Infrared region. For a particular 

normal mode, the absorption frequency for a transition v ” — ^  v* 

(where the single and double primes refer to the upper ahd lower 

states respectively) Is given by

^v * ,v " “  ^ -(v*+ v* + l)xj^ cfsT̂

with the selection rule Hy « etc. At ordinary

temperatures, almost all the molecules are In the vibrational 

ground level (v"= 0) so that the transitions from all the 

higher ( i .e .  v * - l , 2 . . . ;  levels are of negligible intensity.

The transition from the ground level (v*= 0) to the first 

excited level (v ' b 1 ) ,  IcnovBi as the fundamental trahsltion, gives 

rise to the band at frequency (as «  Ij

Similarly the transitions from v*^: o to v* » 2,3y««. levels, 

termed as the first overtone, second overtone, • • •  etc. give rise 

to bands at frequencies , >v 3u)  ̂^.. .  etc. The intensities

of the overtone bands are 1«2 orders of magnitude lower than 

those of the funaamentals and therefore of l i t ^ e  use in 

quantitative analysis.

The interactions among different nomal modes give rise 

to a number of combination bands at frequmcies aw^ ± ±,

etc. (where a ,b ,c , . .*  are Integers 0 ,1 ,2 ,3  etc.; which make the 

i .r .  spectra very complex and characteristic of the molecules. 

f\irther^ various chemical groups are found to display absorption
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bands at essentially constant frequencies . e,g« All the iDoleculai 

containing an 0H>group consist^tly have an absorption band in the 

3600 region, iiueh empirical correlations between various

functional groups and their absorption bands have led to the 

concept of characteristic group frequencies, which also includes 

the bands arising from vibrations of multiple bonds. The unique 

nature of the i .r .  spectra of different molecules together with 

the approximate constancy of absorption frequencies of various 

functioma groups are of great help in the identification of 

different compounds. However it  must be realized that the concept 

of characteristic group frequencies is only a simplification.

The group frequencies are dep «id ^t  on several factors such as 

the r^ativ e  positions of different groups in the molecule) their 

polarities, steric factors, physical state of the system, ( i .e .  

solid, liquid or gaseous;, the solvent etc. These factors give 

rise to various intra~ and intermolecular interactions which 

in flu ^c e  the positions of absorption bands as well as their 

intensities. All such factors have therefore to be taken into 

account while using i .r .  spectroscopy for identification and 

analytical purposes.

11 .2 . fatggcatid >

Noimally an i .r . absorption band is characterized by its 

frequency at the absorption maximum or « half-band

width i.e . the width of the band at half the maximum intensity 

^ ^ 1 /2  i^i*ilarly when a certain group is present in
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different molecules, t^e Integrated absorption intensity (see

below) can help in characterizing the Isuuediate surrounding of

the group. For exs«nple, the integrated intensities of carbonyl

groups in certain steroid acetates, ketones and ^-lactones, all

of which absorb in the 1735-1746 region were found to be

90
appreciably different to enable their characterization •

Ihe fundamental absorption law (Beer*Lambert lav) is 

expressed as

I » I e-"^^

where and are ttie incid^t and transmitted intensities of 

monochromatic radiation of frequency is the absorption

coeffici(mt (or absorptivity) at frequency v; C is the 

concentration of the absorbing species and L is the path length 

in CD* The absorption coefficient is therefore gixrm by

^  « ( l /a )ln (I^ j /I )^

and is a measure of absorption of radiation of frequency v by 

the absorbing group, Ihe true integrated absorption intensity 

(A) of a band is defined as

A » Jo(;̂ ds) « (l /a ^ (I^ ^ /I )^ d o

and is a measure of total energy absorbed by the group over the

tfitire absorption region. The integrated int^sity is thus a

better criterion of band intensity than the maximum absorption

coefficient («C. ) as the former taJ£es cognizance of variations
»max

in bttid heights as well as in band widths. Further the
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integrated Intensity is related toother fundseientally Important 

(Quantities as noted below.

(i> The dipole ctoment derivative near the equilibrium position 

(cUi/drj^y i .e . the variation of dipole moment associated with a 

particular vibration is related to A as

A * (im^/3c)(djii/dr>^

3
where is the number of molecules per cm .

(ii) The matrix elements of spectral transition probability given

by expressions of the foim are related to

A through the expression

A * (8irVv/3ch)(M^ +
Q A /  Z

where the '^s are the wave functions of the states participating 

in the transition and v is the absorption frequency.

(iii) The molecular polarizability and the molar atomic

polarization * * Avogadro number) are related to A

through the expressions

^  * (c/4?r®n^v^)A and » (cVj^/3ir%^) A

where v« « is the molar volume,
m o

The integrated intensi^ of a band is thus a fundamental 

and hence characteristic property of the absorbing group which can 

therefore be used to distinguish between similar groups absorbing 

in the same spectral region.

The definitions of the absorption coefficient and 

integrated intensity given above are true for monochromatic
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radiations only. In practiee however, due to the use of finite 

slit width, the radiation cannot be strictly monochromatic*

Further, the (juantity recorded is not the intensity (I) of the 

radiation but the transmittance (T) ^ ich  is the ratio of 

transmitted and incident radiant powers (T « qUantitie

actually measured are therefore the apparent absorption 

coefficitfit (<K̂ ) and the apparent integrated intensity (B) which 

are given by

« (l/CL)ln(T^/T)^

and ^
B a (l/a)Jln(T^/X)^do

where and X are the transmittances (i .e . apparoit intensities) 

of the incidtfit and transmitted radiation wh«i the spectrometer 

is set at frequency v.

The values of apparent absorptivities dep^d on the spectra 

slit width. Increase in spectral slit width results in a decrease 

in pej^ height (  ̂ ^  increase in band width.

The apparait absorptivities therefore can differ considerably from 

the true values (byro 10-20%). The true and apparent integrated 

inttfisities are however found to differ only hy ^  3-5%, ttie 

decrease in peaK height being roughly coapensated by the increase 

in band  width. The integrated intensities therefore are more 

reliable measures for quantitative analysis than the absorption 

coefficients.

The infrared absorption bands of liquids are in general

X £2
much broader 10 -10 cm *) than those of gases and vapours
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The determination of integrated 

intensity therefore requires a imowledge of the band shape for
m-

evaluating the quantity InCI^/T^^dw, which can be treated as the

band area* There are mainly fbur factors which determine the

shape of an i«r . absorption band$ viz. (1^ vibration-rotation

structure, ( i i )  radiation danping (or natural line widt^>,

( i i i )  Doppler broadening and (ivj collision broadening* However

it  has been observed that the vibrational bands of liquids do not

91
show rotational fine structure except those of liquid hydrogoi,

liquid methane, anmonia in aqueous solution and water in CCl^ or

Ci>2* The band broadening due to radiation damping and Doppler

effect are shown to be of the order of 10 ahd 10 cm

respectively, which are entirely negligible in comparison with

the large half-band widths of liquids* The principal cause of

83 89
band broad«ilng in liquids is the collision broadwiing ’ 

resulting from perturbation of ©riergy levels of the absorbing 

molecules by close approach of others. This aspect of line 

broadening was first dealt with by Lorentz and later by 7an,\rieck 

and Weisskopf were primarily interested with electronic 

processes in atoms. The line shape derived by them can be 

expressed as

which is imown as the *Loreaitz shape'* The constants 'a* and *b* 

are related to the peak Intensity and half intensity width by the 

expressions

ln(I^,/I>- « a/b^ and « 2b
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The Lorentz shape has been widely assumed to apply also to the

profiles of Infrared absorption bands of liquids, dheshadrl and 

89
Jones have shown that for the l .r .  absorption bands of liquids, 

the absorption coefficient at frequaicy v Is given by

where K Is a constant for the absorption band under consideration. 

The shape functions given above are of the form

y *  a /(x ^  + b^)

and are more generally Icnown as the Cauchy functions. Band

w ld^lng  also results from the presence of different species of

absorbing molecules, different conformational forms of polyatoonic

89
adeoules and complex solute-solvit interactions . These 

factors Induce a Oaussian cc»aponent in the band shape which is of 

the form

y^ *  (a/b^>exp(-x^ In  2/h^) where x =

The l .r .  absorption b ^ d s  of liquids would thus be a 

superposition of the Cauchy and Gaussian forms giving rise to the 

so-called 'true band shape*. This is further modified by a number 

of Instrumental factors which cause optical, electronic and 

mechanical distortions while recording the band resulting in the

* apparent band shape*. These factors v i z . , the sptotraX slit 

width (s ) ,  signal-to-nolse ratio (R ) , filter time constant ('C) and 

the scanning speed (< ^/dt), are not entirely independent of one 

another. In practice the determining factor is the maximum
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obtainabiLe resolution vlth optimum signal to noise ratio and 

scanning speed* the instrumental operating conditions being 

regulated by the expressions

a < s^/(d5/dt)^'^^ and (dv/dt) < l A

Having k n o ^  the shape of an absorption band, its

88
integrated intensity can be determined by a number of methods ,

such as (i )  the method of direct integration, (l i )  the method of

wlilson and Mells ahd (i i i )  the method of absorption areas. There

are no universally accepted units for the integrated intensity

and hence a Variety of units having different physical significance

are observed in the literature* To curb the introduction of

still more units, the C(»iciission on Molecular Structure and

dpectroscopy of I,U «P .A .£ . has provisionally recommended the 

89
following units .

k

(i )  An absolute unit 1/n^I* InCI^/D^dw  %rtiere is the number of

3
molecules per cm , the path length in cm and the frequency in 

Hz. The dim««isions of this intensity unit are therefore 

molecule*^ sec“^*

I

( i i )  A secondary unit l/n^Llln(I^/I)^^dlnv with dimensions of 

molecule*^.

O’

(i ii j  A practical unit 1/CL log(1^ /1 )^dO with C in mole dm*^, L in

••1 3 »2
cn a0id V in cm • The dimensions of this unit are dm mol cm .

The chemical spectroscopists concerned mainly with

empirical or semiempirical applications of intensity measur^ents

93
commonly use the unit proposed Hamsay and Jones viz*
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•3 m \
with C in mole dm , L In an and 9 In cm • This imlt differs

from the IUPaC practical unit by a factor of 2 . ^ 3 .

11 .3 . (MLUtatrlta.jftnal,y?l? t

I«R« spectroscopy can be conveniently used for quantitative 

analysis when the substance to be analysed is soluble in sos&e 

organic solvent such as CCl^ with its components exhibiting 

characteristic and reasonably strong absorption bands that are 

relatively free frcwi others. The concentration of the desired 

componeat can t h ^  be estimated by either of the following two 

methods.

(i) The Ifse of Absorbance Measurements x The absorbance at the 

band maximum is g i v ^  by

•  eCj,a

The concentration of a particular species can therefore be easily 

evaluated by comparing the absorbance at the bsdid maximum of one 

of its characteristic bands with that of a standard solution of 

the same substance. This method is quite convenient i f  the bands 

to be used for analysis are free from overlap. In the case of 

overlapping bands however the estimated concentnation can be in 

error due to improper choice of the base line (X^ level) for the 

band concetned. Further in the case of systems involving 

intemolecular association! particularly H-bonding; this method 

becomes inapplicable since, due to the presence of various
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associated speciesy the linearity of the absorbances, of 

different bands and the stoioiometrio concentration as d^anded 

the above equation is not obeyed* A serious limitation arising 

from the depcsidance of pea^ height on the spectral alit width is 

that the data obtained by this mettod are not transferable fron 

one instrument to another.

( i i )  The Use of Integrated Intensities : The absorbance has little

theoretical significance when inherent oscillator str^gth  of a 

particular vibration is to be considered, for it does not 

differentiate between narrow and broad absorption bands. Obviously 

a broad band results from greater absorption of i .r .  energy than 

a narrow band of e(]ual peaK height. The integrated intensity 

fi on the other hand is a measure of the total mergy absorbed by 

a vibrational mode and as mentioned previously, is of much deeper 

theoretical significance.

Since fl « l /C L jln (T ^ /T )^ «  *  A/CL where A is the area of the 

absorption band, the concentration C can be evaluated from 

C » A/BL. Since the B value is effectively the area of the 

absorption band per unit o<mcentration and unit path l^gtii^ Only 

a single measurem^t (at the desired temperature) of a standard 

solution ia needed for the calibration. As the area beneath the 

absorption curve is indep«ident of the spectral slit function, 

the data obtained using the integrated intensity is transferable 

to other spectrometers of cospsurable resolving power. This method 

suffers from two main limitations viz. for obtaining accurate band 

areas, the base line chosen must be precise over the entire
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freqfiiency range of Integration which is sometimes difficult in 

practice; and a great deal of labour is involYed in resolving 

the absorption bands and measuring their areas. This method is 

however very useful in the study of systems involving 

intermolecular association i f  the overlapping bands oaXi be 

resolved satisfactorily and as such is employed in the present 

work.



OHAPXm III 

ffiCDHOGBK BOND IS Q
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i i i . i .  ^afarg of Hxatfigsg ..toaiai; »

H-bondlng is a type of inter- or intramoleciaar interaction 

that occurs because of an involvetaent of the H-atooi of a protcm 

donor group A-H with a proton acceptor group B, where A. is an 

electronegative atom such as 0 , N, F, etc. and B is a localized 

site of h i ^  (dectron density sudi as a Ion€ electron pair of an 

electronegative at(»i, a ir-electron orbital of an unsatorated or 

aromatic s y s t ^  etc* H-bonding is a distinctly directional and 

specific interaction vdiereby it  is more localized than any other 

type of weaK intermolecular interaction su<di as repulsion-, 

polarization-y dispersion- or diarge transfer interactions* the 

strength of H-bonds is small (0«6 - 60 kJ nol*^} in comparison 

with ordinary chemical bonds (300-800 toT mol"^). i)ue to 13ie 

veaioiess of the H-bonding interaction and frequent collisions of 

molecules in gases and liquids, the H-bonds in t h ^  are continually 

breaking and reforming resulting in a rapid dynamic equilibrium 

between the nonbonded and various types of H-bonded species so that 

at ordinary temperatures, only a fraction of molecules is in the 

associated form.

liarly att«apts to explain the phenomoion of U-bonding were

92
based on simple electrostatic models which considered the 

U-bonding interaction in a complex A-H...3 to be the sum of the 

interactions between the charge distributions associated with the
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unperturbed groups A-H and B. Xhese electrostatic Interactions 

Include the mutual Coulomblc Interactions of the diarges, dipoles 

and joultlpoles with one another. However the simple electrostatic 

models were Inadecjuate In e3Q)lalnlng several experlm^tal results 

regarding the energy of H-bond, Its l«mgth, band Intensities of 

H-bonded groups etc. It Is also Imown tiiat the formation of a

H-bond perturbs the diarge distributions of the donor and

acceptor groups as against the assiunptlon of unperturbed diarge 

distributions underlying the electrostatic model. It Is 

therefore an over-simplification to consider the U-bond to be a 

purely electrostatic Interaction.

there are several reviews dealing with tiie modem (I.e .

(juantum medianlcal) theory of H-bondlng notable of them being

d3 94 9B
those by Bra to z y Lin , Kollman et al . Ihe quantum med:ianlcal

treatmmts can be classified Into the Moleci;a.ar Orbital^-y Valency

B(md> and Charge Transfer Cieories. Since rigorous calculations

of energy of H-bonded systems are not possible and the errors

resulting from various approximations are very large (of the same

magnitude as the H«bond energy Itselfi); the quantum mechanical

treatments have generally beoi semiquantltatlve.

d6
Coulson has considered four distinct Interactions in 

H-bonding| viz.

(1) Electrostatic Interaction resulting from Coulomblc attractions 

between the positive charge on the H-atom and negative dharge on 

the acceptor atom) (11) Delocalization interaction due to the 

approadi of the proton donor A-H to the proton acceptor B
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resulting In mutual distortion and redistribution of their charge 

clouds; (ill )  Dispersion Interaction due to the coordinated 

motion of electrons in the donor and acceptor groups giving rise 

to a fluctuating dipole In former and an induced fluctuating 

dipole in the latter; and (Iv ; Repulsive interaction resulting 

from the overle^jplng of the dnarge clouds of At H and B vherel>y tOi| 

many electrons are crowded in a certain small volume* All these 

effects have a simple physical model associated with eac )̂ of t h ^  

and within certain limitations, the details of eadi of these 

effects and their contributions to the bond energy, vibration 

fre<^eaey, dipole moment etc* can be calculated.

iiasil(Quantitative models of H-bonds in A-H*..B systems

consider the potwtial function of the H-atom to be a combination

of individually analytical potential functions for the a-H and

H . . .B  bonds* The combined potential is substituted in tiie

Sdirodlnger equation for obtaining Uie vibrational energies of the

97
proton in the A«H**B system. Lipplncott et al , in their one 

dimensional potential function model for the H-bond, have expressed 

the complete potential (V) for the A-H..B system as made up of 

four terms, v iz .,  ® ^ ^ ^3 ^ ^4 functions 7^ to

correspond respectively to ttie covalent potential for the a-H 

bond, covalent potential for the H-bond (H ..B ) ,  Van der Waals* 

repulsive potwitlal between atoms A and B and the electrostatic 

attractive potential for the atoms A and B. ,dy choosing 

appropriate forms for these functions, these authors have shown 

that the proposed model agrees reasonably well with the observed



data for a number of H-bonded systems such as 0~ H ,.0 , N-H.,0, 

N-H..N, 0-H..N, N-H..C1, 0-H,.Cl etc. One important feature of 

this model Is tiiat only one empirically evaluated parameter is 

necessary to describe the H>bonding properties of various systems. 

Furtheri the model can also be used for bent bonds by introducing 

an additional parameter v iz , an angle between the normal A-H 

direction and the A. axis.

I I I .  2. delf-Association :

Ihe molecules capable of H-bonding can be conveniently 

classified into three groups sudi as those having 

(i)  <mly donor groups, e«g. acetylenes, halogenated compounds, 

haloforms etc.; ( i i )  only acceptor groups, e .g . ketones, ethers, 

esters, olefins etc«| and ( i i i )  both donor as well as acceptor 

groups, e .g . water, alcohols, phenols, amines, carboxylic acids etc.

Molecules in group (i)  can form H-bonded c<Mnplexes, 

generally in l i l  ratio, with those in group ( i i ) ,  the strength of

H-bonding being dependent on the acidity and basicity of the

groups ccmcemed. Molecules in group (i) or (i i )  can also form

H-bcmded complexes with those in group (i i i )  giving rise to 

several H-bonding equilibria depending on competing nature of the 

donor groups of (i)  or the acceptor groups of (i i )  and those of

( i i i ) .  Molecules in group (i i i )  can self-associate giving rise 

to inter- or intra-molecularly H-bonded species. Because of that 

donor and acceptor sites within the same molecule, the nature 

and strengto of H-bonding depends on the relative acidity and
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basicity of the donor and acceptor sites and in the ease of 

intramolecular H~bonding, on their spatial arrangement.

Intramolecular hydrogen bonding can occur ^ e n  the 

proton-donor and -acceptor sites on the same molecule are in a 

favourable spatial eonfiguration, i .e .  the distance between the 

acceptor and the hydrogen atom of the proton donor is between

1 .4  - 2.7 A and the angular oriontation of the acceptor site does 

not deviate greatly from the A-H bond axis. Typical molecules 

exhibiting intramolecular H-bonding are % I|2  dicarboxylic acids 

and their mono-anions, orthohalophenols, o-hydroxy Icetones, some 

diols tfid their mono-alkyl- or aryl etbers etc. A cis- or gauche 

configuration is necessary for intra-molecular H-bonding. 

fi^f-association throu^ intermolecular H-bonding can lead to a 

variety of species sudi as open and/or closed ( i .e .  cyclic) dimers, 

trimersy tetramers etc* The H-bonds that form part of a ring as 

in the intraJDolecularly or cy<dic intermolecularly associated 

species are generally stronger tiian those in the simple It l  type 

complexes between similar proton-donor and acceptor groups.

I I I .3 .  sii M-yggflgjUifi t

Intramolecular H-bonding affects only the shape and 

electronic strucitore of the molecule while intermolecular H-bonding 

(Ganges the number, mass, shape as well as eleetrcmic structure of 

the participants. The physical properties such as molecular 

w e i ^ t , melting and boiling points, heat of vaporization and 

Trouton’ s constant, viscosity, polarity, d l^ectric  constant and



dipole mom^t etc. for the intermolecularly H-bondad species are 

generally larger than those of the participants vihereas they are 

gaierally unaffected on intramoleciaar H-bonding. Similarly 

intreeiolecular H^-bonding gaierally does not affect the molar 

volume i^ereas intermolecular H-bonding in inorganic crystals 

shows an increase and that in organic compounds a decrease of

3
molar volume, the (Ganges being of the order of 2-10 ^  • Sudi 

dignges in physical properties however do not provide an 

unambiguous proof or a quantitative measure of H-bonding as other 

intermolecular interactions sudi as orientation and dbiarge transfer 

forces also result in similar effects.

Spectroscopic methods are powerful tools for investigating 

the nature of H-bonding as tiiey are capable of providing definite 

evidence regarding the formation of these bonds, the involvement 

of a specific covalentay bound hydrogen atom and the participation 

of a specific acceptor group, the spectroscopic methods useful 

in H-bonding study are (i)  Proton Magnetic Resttiance spectroscopy 

for investigating the effects on the (^emical shift of the A-H 

proton) ( i i )  ^ectronic  Absorption and Fluorescence spectroscopy 

for studying the changes in electronic levels of the participants 

and ( i i i )  Infra-Hed and Raman spectroscopy for studying the 

changes in the stretdiing and bending vibration frequ^cies of the 

A-H bonds and the acceptor group. Since the p re set  work is based 

on the use of infrared spectroscopy; the effects of H-bonding on 

the vibrational spectra are summarized below.
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(a) Since H-bonding as In veakens the force constant of

the A«U stretching mode, the absorption band due to ttie A-U 

stretching vibration is shifted to a lower frequency, the shift 

being o f  the order of 10^- 10^ Ihe anharmonicity and rate

of change of dipole mooient (d/i/dr) associated with the A-H 

3tret(^ing vibration increase on H-bonding resulting in an increase 

in the half band width (from a few to a few hundred cm*^) and the 

integrated absorption intensity (by a factor of 2 to 10 0 ), The 

extent of these ch^ges depends more or less directly on the 

strength of H-bonding interaction*

(b> Formation of H-bond increases the a-H defoxmation force constant^ 

by constraining the deformation modes tiiereby shifting the latter 

to higher frequencies, these shifts however are appreciably smaller 

than that for the A-U stretching mode. Ihe half band widths and 

integrated absorption intensities of the deformation modes, though 

not well investigated, show very little  changes.

(cj The vibrational modes of the protcm acceptor B are also shifted 

by H-bonding. Ihese shifts, \^ich may be positive or negative, 

are however mudi smaller than those for the donor a-H vibrations.

(d> New vibrational modes corresponding to the H ..B  bond stretdiing 

and bending are found in the far infrared region (at 100-200 cm~^).

X11.4 . Themodynamics of H-Bonding :

The extent of interaction between a proton donor and an 

acceptor can be understood fr(»n the thermodynamic q[uantities , 

etc. associated with the formation of the H-bond. There have
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been many efforts to correlate such therraodynaoiic quantities with 

the spectroscoplo properties su(^ as l«r. frequency shifty change

of intensity, p .m .r. ehemieal shift etc. A large variety of s u ^

93
correlations have been reviewed by Joesten and isSdiaad • Again^ 

because of the use of i ,r .  spectroscopy in the presoit work, the 

correlations of i«r» frequency shifts and changes of integrated 

intensities with AH* values are briefly considered here.

A linear relationship betwe^ the shift in i .r .  stretching 

frequ«icy caused by H-bondingQtw)and was first suggested by

7 a
Badger and Hauer fran a study of H-bonding of j^enols with 

Various bases, iiince depends on the extent of interaction 

between the prot(»i donor and acceptor^ it  is reasonable to expect 

larger frequency shifts for stronger H-bonds, i .e .  those with 

larger Xhis idea seems to be widely accepted because of its

simplicity. !£here have been attempts to provide some theoretical

•  99
basis for the linear relationships . However there are

also several systems where sudli linear ^-AH* relationships are

found to be inapplicable, ftao and co-workers^®® have observed

that tile linear relationship is approximately applicable for

^ * * s  in the range l2->a4> kJ mol**  ̂ only, with serious deviations

83
outside this range. Kuhn and Wires from their study of 

intramolecular H-bonding in 2-methoxy ethanol, 3-methoxy propanol 

and 4-methoxy butanol have reported that while £x5 increased from 

30 to 180 was practically the same. In the case of

phenol-cydohexyl halide systems^®^ as well as in orthohalopiiaiols^®^ 

a reversal of relationship has been reported; i .e .  dianges



in the order I > Br > Cl vdiereas AH* varies in the opposite order*

The nonapplicability of the Badger-iiauer rule is attributed to

83
special factors such as conformational interactions , differences 

in atcmic size and polarizability^®^*^^^ relative basicity and 

acidity of the proton acceptor and donor^^^ etc*

frequent shift correlations have been restricted

to the fundamental bond stretdiing vibrations only. Far less data

are available for the overtone vibrations as the band intensities

104
are much less than those of the fundamentals and the bands 

cannot always be located with certainty* In the case of bending 

vibrations, the frequency shifts are foimd to occur in opposite 

directions^®®.
I

106
logansen has proposed a relationship

where f » l/CL|ln(I^/I)-dliw?i 

and fg being the intm sities of the H-bonded and the free OH 

groups respectively* !Ihis relationship is apparently found to be 

obeyed by a variety of H-bonded systems such as phenol-ether, 

phenol-alcohol, self association of carboxylic acids etc. Accurate 

Beasurwents of T are however difficult because of a large width 

of the H-bonded 0H ..0  band and its overlap witii the neighbouring 

bands.

Because of the empiricism involved in such correlations, 

they are of little  use in quantitative analysis. A proper 

understanding of the interaction energy and the types of associated 

species present in an H-bonding s y s t^  is based on experimental 

determatloi of the thermodynamic quantities AH*, AB* and AO*, %iiich 

is e3(plained in the next (diapter*
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1V«1. PraDarfltlQn/PnrifieatiQn Qf Compounds and Fraparation

gI,.^,glaUgag >

isithanol (spoetrosol), ethylen« glycol monoeiethyly -•thyl 

cod -toutyl others (Herck, AnalaB grad«, purity > 98$) and 

dlethylene glyool monomethyl and -ethyl ethers (BDH, purity > 

uued in the present vork were freed from the traces of moisture 

by treating them successively vith anhydrous sodium

metal and LiAlH^. Xhe middle fractions of the final distillations 

were collected over activated A l^^  and stored in a desiccator over 

P^g* The final purity of the compounds, as checked by v .p .c ., 

was found to be > 99^,

Xri- and tetramethylane glycol monomethyl ethers were

1 D 7
prepared by the method of Smith and Sprung • ?or this a large 

quantity ( 'v 160-180 g) of the respective diol was heated to rs/ 120**C 

in a flask fitted vith a stirrer and reflux condenser and 6 g of 

soditm dissolved piecewise with vigorous stirring. The solution 

was cooled to 2Q*C and 30 g methyl iodide added dropwise. The 

reaction mixture was th ^  heated slowly and refluxed at 70*C for 

about three hours. During the addition of methyl iodide and the 

process of refluxingj ice water was constantly circulated through 

the reflux condoser. The desired monoether in eadi ease was 

separated by fractional distillation (yield rs> 10-11 g .} boiling 

points - H300CCH2>30H, 147*C and H3C0 (CK2)40H, 164*0 • These were
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further refractionated twice to obtain the final products of 995̂  

purity as checked by v*p .c .

AnalaR grade carbon tetrachloride (Merck, Pro-Analyst),

stored over p2®&* solvent. Before use, it was

filtered through a fine sintered glass. G«ierally a stock

•3
solution of concentration 0 .5  mol dn was first prepared, the 

solutions of desired <K>ncentration being then obtained by 

successive dilutions. Preparation of solutions and filling  the 

cells were carried out in a dry box maintained at positive 

pressure with a stream of dry air.

I V .2. j^pectroaeopic Keasureaents t

The spectra in the hydroxyl stretdiing vibration region 

(3700-3200 cm*^) were recorded on a Perkin-i£Lffler 221 spectrophotooet^ 

Calibrated with the atmospheric moisture-and COg bands. The 

spectral slit width at 3500 was determined to be 1 .2

standard settings of the 31it Programme (927 ), Attenuator bpeed 

(1100), Amplifier Oain (2) and Suppression (4) were used. To 

facilitate the resolution of overlapping bands*, the frequ«iey scale 

was expanded four times (12 .5  Ga^^/cm) and the recording speed 

reduced to 25 cm*Vmin.

Variable path laigth cells (Perkin-iSlmer) fitted with 

N a d  windows were used throughout the work. The cell-zero was 

periodically checked obtaining interferonce fringes and using 

the relationship h * vAiere h is the path length in cm

and n the number of fringes between the frequencies and Vg. The



Path length of the oells oould be varied from 0.01 to 1 .0  cm.

The solution cell was fitted with a nlchrome heating 

element the current passing through vAiich was controlled by a 

▼ariac. k copper-eonstantan theraoooupls inserted in one of the 

cell-windov3 was used to determine the temperature. Measurem^ts 

%rere made over the temperature range of 298 to 338 K at intervals 

of 5 K. No detectable <diange in the base line was observed by 

heating the sample cell upto 338 K against the reference cell at 

room temperature (298 K ) , both the cells being filled with CCl^ 

at equal path lengths. The spectra of solutions at various 

temperatures were therefore recorded against the reference cell 

at room temperature.

^ • 3 *  Of Area >

Ihe overlapping bands of the free and H-bonded OH groups
is

were first resolved} the procedure for which^described at 

appropriate places in the following chapters. The area of an 

individual band f  ln(T^/T)^d»  can be obtained by the method of 

direct integration if  its exact shape (Loretzian, Oaussian etc*) 

is imown. As the experimental bands were neither purely Lorentzian 

nor Gaussian due to several factors mentioned earlier (Section 11-2) 

their areas A* were evaluated graphical integration, i .e .  by

summing the respective ln(l^/T)-  values over the entire band and 

multiplying by the common frequency interval (generally 2.5 cm 

used. Ihus

A* *  Z lnd^ /T J^Sv  * 2.303 x 2 .5  x &o g (T ^ /T J-

-1
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ffiaiL .gffrrecUgn - as the absorption falls to ^ 1 ^ ,  the 

•xperlmental error becomes of t^e satue order of magnitude as the 

absorbance reading. The area of an experimental band can therefore 

be measured oyer only a finite frequency range 50-100 <aa“^

on botti sides of the band center. 3ince the band is considered 

to extend indefinitely, the residual area under the ‘wings’ becomes 

an appreciable fraction of ttie total band area*, for though the 

absorption is small, the frequency interval by vhidn. it  is 

multiplied is very large. Iha correction for this residual area 

called the 'wing correction* can be conveniently expressed as a

percentage of the measured band area and depends on the value of

•  •• 88 
(v-Vgi/b where b = 1 /2  ^^cwsay has deteitnined the wing

corrections for various values of (5-v^j/b. Ihe experimental band

areas (A*) were corrected by using appropriate wing corrections

^ OQ
(Table IV.1 ) derived from Rstnsay's tables •

Uensity Gorreotlon - The expansion of CCl^ at higher t«aperatures 

results in lowering of the effective concentrations of different 

species in solution and thereby diminishing ttie band areas. A 

correction to tiie measured band areas due to a <^ange in the density 

of C d ^  is therefore necessary. The density corrections 

(Table IV .2/  were determined using the relation^^®

d^ « 1.63255 - 1 .911 x 10"^ t - 0 .6 9  x lO"® t^

where d^ is the d ^s ity  of CCl^ at the t^perature t**C. The band 

areas so obtained i .e .  after applying the wing- and density 

corrections are denoted by A.

88
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The uncertainty In the measured band areas (A*) was

estimated to be This together with various instrumental

89 90
and experimental factors inrolved ’ results in an overall 

error of in tiie final band areas (A ). In the case of the

veak bands of the free OH groups of ethylene- and diethylene 

glycol monoalkyl ethers, this error might be somewhat larger (<n̂ 10^).

IV .4 . PetMmlnation of Concentrations and Integrated Intensities

•iince the free as well as H-bonded molecules are present 

In solutions of the present coaipounds at all concentrations, their 

individual concentrations cannot be determined by any direct method. 

The concentrations of the free and intramolecularly H-bonded OH 

groups were first determined from the respective band areas and 

integrated intensities as explained b ^o w .

The concentration of the free OH group was determined by 

ass\ming its integrated intensity to be identical with that of the 

free OH band of ethanol. This assumption is reasonable in view of 

the observed constancy of the position, half-band width and 

Intensity of the free OH band of a number of primary, unbrandied 

alcohols * 3630 - 3640 * 2 5 - 3 0  cm“^ and

e ® ^ ^ e O  at 300 To determine the integrated intensity,

the free OH band of ethanol in (C = 0 ,075 mol dm"^, L » 1 .0  cm;

was recorded at various temperatures in the range 298-338 K and its 

area determined as eaqalained above. The values of the measured and 

corrected band areas together with the integrated Intensities (By)
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calculated from the relation B * A/CL are given in lable IV .3. Ihe 

spectroscopic properties of this band measured in the present study 

(v^ » 3635 + 2 ,5  <sn“ ^ , ^ 3^/2 t  2 .5 cm“^ , Bp *  4 .7  x 10® dm®

mol"^ cm*^ and dfl/dl « -19 dm® mol"^ cm“ ^ are in good

o 28
agreemait with those reported in literature * .

t
The concentrations of the free OH groups in all the

systems at various temperatures were estimated from the respective 

band areas and the corresponding values of using the relation 

C s a/BL . The concentrations of the intramolecularly H»bonded OH

groups in very dilute solutions of ethyl«ie>, trimethylene-

and tetramethylene ^ycol monoalkyl ethers were obtained by 

subtracting from the solution concentration (C^)> i .« *

^OH(I) * ^3 "  S h (F )*  Integrated intensities of the

intramolecularly H-bonded OH groups (B^) were then calculated from 

the respective band areas. The method of calculations is

illustrated in Table 1V.4. Similar procedure has been used by Buc

and and by iiuhn and Wires®®.

Because of the presoice of two ether oxyg«is in diethylene 

glycol monoallcyl ethers, there are two types of intramolecularly 

H-bonded OH groups, viz. those in the five- and eight membered 

ring mcxnomers (Mg and Hg respectively). The spectral characteristics 

of the intramolecularly H-bonded OH band of Mg are id ^t ic a l  with 

those of the intramolecularly H-bonded (five mewbered ring) moncnaer 

of ethylme glycol monoalkyl ethers, viz. “ 3600 ^  2 .5  om"^ and 

^ 1 / 2  “ 32 .6  1. 2.5 cm“^ . The integrated intensity of the former (Bg)
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vas therefore assumed to be identloal with that of the latter.

The eoae^tratlon of the five m^bered ring OH group (Cg) could 

then be determined frc»n the respective band areas (Ag> as usual 

viz. Cg * Ag/Bgli %iiere flg » flj of ethyl^e  glycol monoalkyl ethers. 

The concentration of the eight m^bered ring OH group (Cg) i n  

dilute solutions was then esUmated by subtracting the Cp and. 

from the solution concentration Cg, i .e .  Cg » C^ - (Cj, + Cg). The 

integrated intensities of the eig^t membered ring OH band (Bg) at 

V a r i o u s  toaperatures were then calculated u s i n g  the c o r r e s p o n d in g  

band areas and conc«itratlons.

In very dilute solutions where only the monomers (free

and intramolecularly H-bonded> are present, their concentrations

(C^ and Cj respectively> are the same as the corresponding free

and intramolecularly H-b(Rided OH group concentrations, viz.

C^ *  S)H(F) ®1 *  *^OH(D* higher concentrations containing

intermolecularly associated species (n-mers), the group

concentrations and monomer

coneentrations C^ and Cj because the n-mers are also likely to

contribute to Cqjj^p  ̂ or CgHd) o*' their exact structure

such as open, closed etc. The procedure for determining the

concentrations of the n-mer and monomers is based on the assumption

of only one type of n-mer (such as dimer, trlmer etc.) making a

significant contribution to the self association over the

concentration range studied . This assumption is Justifiable

since the solutions used were relatively dilute. Similar method

43
has been adopted by launders and Hynet • concentration of the
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n-mer would th&n. be giyen toy

* n ‘ “s - J

vhere C,, is the concentration of the solution used. The values 

of Cpi Cj and are then determined in terms of C^, ^OH(F)

^OH(l) particular self-association model such as

opsQ or closed dimer, trimer etc. iiince the exact nature of the 

n>mer would depend on the type of ccHspound and the concentration 

rcoge studied, the method for determining the concentrations of 

the n-mer and the two types of monomers (C^ and is

separately explained at appropriate places.
"N

IV .& . ftetarmination of Xhermodvnmnic Juantitiaa :

Thus the systems under investigation exhibit multiple 

•(KUilibria involving free monomer (M^>, intranolecularly H-bonded 

monomer/s (M^) and intermolecularly K-bonded species (n-mer>.

As the temperature is increased} tiie concentrations of the H-bonded 

species decrease resulting in an overall increase in the 

concentration of the free moncmer. !Qie significant ec^ilibria 

are therefore represented as

n-mer n and Mj ■ Mp,

with the equilibritm constants defined as

*‘nF *  h f  '  V ° I  •

The hemodynamic quantities AO*, AH* and for each of the

equilibrium are then determined using the relations
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AO* = -RUnK » AH* - IA3 *

or alternatively

InK = - (^ •/H > (l/T >  +

The values of AH* and are oaXoulated respectively from the 

slope and Intercept of the graph of log K vs 1 /T , the best values 

together with their error limits being estimated the method 

of least scjuares*
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lABLg IV .l  t Wing oorreotions {%) for various OH bands

Compound
Free

Type of OH Band 
Intra. H-bonded Associated

ifithanol 20 *

iithylene glyool 
ffionoali^l ethers 28 20 26

i^lethylene glycol 
Btonoallcyl ethers 28 17^, 34**

Trlmethylene ^ycol 
moQOiaethyl ether 14 20

letramethylene glycol 
aonoDiethyl etiier 15 21 *

a and b : for the flve> and olght membered ring monomttrs resp.

* I Association band not resolvable*

TABi«g IY ,2  t Density corrections for CCl^

Temperature

t I s.

Density
correction

%

Temperature

t/ k

Density
correction

%

298 0 .0 323 3 .2

303 0 .6 328 3 .9

308 1*3 333 4 .6

313 1 .9 338 5 .3

318 2 .6 343 6.0
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tAMLH iy .3  : Areas and Integrated intensities of the

free OH band of ethanol

(C = 7 ,5  X 10 "^  mol dm"®, L » 1 .0  cm)

Temp. __________ Band area__________  Integrated intensity
Measured Corrected B « V C L

t / k  P  a  /dm® mol"^ x 10”®

2d8 29 .6 35 .4 4 .7

303 m - 4.6^

308 27.9 33 .8 4 .5

313 27.3 33 .2 4 .4

318 26.4 32 .S 4 .3

323 25.4 31 .4 4 .2

328 - - 4 .1

333 34 .2 30 .3 4 .0

338 23.6 29.7 3 .9

Obtained from the graph of Bp vs T (cf Fig. 7 II1 .2 )
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lAJUa; iy>4 I Ibe method of ealdilations - an illustration: 

isi^ylena Glycol Monooiethyl i&ther

v-3 -3

Free OH
Intramolecularly 

H-bonded OH

Measured band area A* 3.17 48 .9

Wing correction 2B% aojf

Area corrected for wings 4 .1 58.7

Density correction - -

Final band area A Ap ~ 4 .1 Aj a 58 .7

Concentratira 
C/mol dm*3 ®QH(F) ®

» 0 .87  X  10-3
S h (I)  *  * S h CFJ

« 9 .13  X  10-3

Integrated intensity 
m o l^  cm" 2

B* a 4 .7  X  10^ flj » Aj/CjL 

» 6 .4  X 10®

JSquilibrium constant
h F  ® *

9 .5  X  10“ ^

Free energy change A0|y = - 2.303RIlogK  = 5 .9  kJ mol’ ^

Froa Table IV .3
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HOMO ALKYL iitTHaR̂

v .i .  iftteaauttUon :

£thyleii9 glyeol monoalkyl tthers BO{0̂ 2) In Texy

dilute CCl^ solutions (C^ ^  0,01 mol dm*^) exhibit tvo OH bands

at rw 3635 and 3600 the relative Intensities of >^eh are

oonstant and independent of oonoentration. With increasing

(KMdomtrationt an additional OH band appears at a> 3476 aa"^, the

relative intensity and asynmetry of which Increase rapidly with

concentration (Fig. V«l). the 3635 and 3600 bandft are

attributed to the OH groups of free (trans or nob H-bonded gauche)

and intranolecttlarly H-bonded (els or gauche) Bon(Mners

respecUTely®®»’̂ ®»®°»®^ (cf Fig. V.3(a) and (b )). The 3475 cm*^

•3
band is symmetric in the concentration range 0.01 - 0.1 mol dm

and comparable with the first association band of simple alcohols

at 3600 cm*^. The asymmetry of the 3475 cm*  ̂ band above 0.1 mol 

•3
dm and the absence of any additional OH bands unlike simple 

alcohols (in the 3300 cm"^ region) thaa suggest the formation of 

closely similar associated species.

The symmetric 3475 cm*  ̂ band in the case of solutions 

having concentrations ^  0 .1  mol dm must be due to a single

type of intermolecularly associated species (n-mer). The free 

monomer (M|J, intr^olecularly H-bonded monomer (Hj) and the



ETHYLENE GLYCOL MONOALKYL ETHERS

r,o

FlG-V-i;OH BANDS AT VARIOUS CONCENTRATIONS ( T « 296 K
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n-ffior la the concentration range = 0 ,01 - 0 .1  mol dm \ipt2ld 

tiien be In a three way ec^lllbrlum viz*

—3

n-mer nMp, n-mer nMj and Mj Mp , ,  (1)

the equilibrium constants for vihlch can be defined as

vdiere Cp and Cj are the concentrations of the respective moncnners 

and that of the n-mer calculated as

iC^ -(Cp + Cjj ) . .  (3)

To determine C^y and C^, It  Is necessary to know the 

concoitratlons of the free and Intramolecularly H-bonded OH groups 

v ^ c h  were calculated from the respective band areas. The 

overlapping bands were therefore first resolved as follows (Fig. V.2J

The low frequency side of the 3475 cm“^ band Is free from

any overlap \ihX^ was reflected across the band maximum to generate

the high frequency side. The low frequency side of the 36Q0 cm*^ 

band was then obtained by subtracting the high frequen<^ side of the 

3475 band troai the experimental spectrum In the region

3<300<-3500 cm*^ which In turn was reflected across the bt^d maximum 

at 3600 to obtain the high frequency side. The same procedure

was repeated to resolve the 3635 band. At concentrations

^  Q.Ol mol , there are only two OH bands (at '>^3635 and 3600 

cm“ ^> which were resolved in the same manner by starting with the 

low frequency side of the 3600 <an“^ band.

The areas of the resolved bands were measured and corrected

by applying appropriate wing- and density corrections. Using very
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dilute solutions (C ^  0 .01 mol , the Integrated intensities

of the intramolecularly U>bond«d OH bands (B^.) were determined 

(Table 7 ,1 2 ) •  In more concentrated solutions (containing associated 

species)) the concentrations of the free and intramolecularly 

H-bonded OH groups (CoH(F) *^OH(I)^

corresponding band areas and integrated intensities using the 

relations

^OH(P) “ V V  ®OH(I) “ Aj/B jL (4)

13ie measured areas of various OH bands of ethylene glycol 

monoiaethyl-, -ethyl- and -butyl ethers in CCl^ solutions of 

different concentrations are given in Tables^V.1-3. A ccxnparison 

of the respective band areas of the three compounds at comparable 

concentrations shows that they are directly proportional to one 

another indicating the association b^aviour of these compounds 

( i .e .  type of associated species present, the thermodynamic 

quantities involved etc.) to be identical* The detailed treatment 

of the experimental data for ethylene glycol monomethyl ether only 

is therefore preseoited in Tables V.4-9, while the final results for 

all l^e three monoethers are summarized in Tables 7.10-13.

7 .2 . tflteaBfilgcviXar, Beading s

The spectroscopic properties of the intramolecularly 

H-bonded OH*s (Tables 7 .  13) as well as the thermodynai&ic (^antities 

associated with the Mj-M^ equilibrium (Table 7 . 11) are found to be 

the same for the three monoethers studied shoving little  effect of 

chain length of the allcyl group on intre^olecular H-bonding. The
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present values of ^ 1 / 2  ^ free and Intramolecularly

H-bonded oa*s are in close agreement with literature values^*®®*®®

The yalues of M J y '^ 1 4  kJ mol*^ and AOJp * 5 ,8  kJ mol*^ are

comparable with those of Kuhn and wires^^, v iz . XO ± 2 and &«4 kJ

mol**^ respectively, the differences between the two sets of values

being due to different procedures used. The frequency shift on

intramolecular H-bonding in ethylene glycol monoallQrl ethers

im  - 35 cm“^) is found to be larger than that for ethylene glycol

2b cm* ) * suggesting higher basicity of the ether oxygen

as a proton acceptor than that of the hydroxylic oxygen. It is

notable that this small difference in the basicity of the proton

acceptors in simple diols and diol monoalkyl ethers results in

an appreciable difference in relative populations of their free

and intramolecularly H~bonded monomers. 'Qius vdiile the

intramolecularly H-bonded monomer predominates over tile free

moncRner in the case of ethyl^e  glycol monoalkyl ethers (Table V.B )|

73
the reverse is true for ethylene glycol .

The gauche iscxoers are stabilized by intramolecular

B«bonding of the hydroxylic proton oriented towards one of the

l<me electron pairs on the ether oxygen resulting in a nonplaner

five membered ring. The OH .. .0  bond angle would be much less than

180* resulting in a bent H-bond. The 0 . . .H  distance of 2 .3  A

calculated using ttie relation proposed by Kuhn^^ (v iz . ZM 250 x lO 'jj

*74 , h in cm} is comparable with that of 2 .1  A in butane 1 ,2  diol

68
reported by Fishman and Chon . Thus the proton cannot get very 

close to the acceptor resulting in small H-bonding interaction.



The bent and weak H>bond so formed gives rise to an enthalpy change 

of a>14 IcJ mol*^ only. It  is however noteworthy that this small 

AH* stabilizes the gauche isomers to such an extent that only a 

small fraction of molecules ('v^8-10^ at 298 K) is in the free fom  

(Table V.8> , Miyake^® and iirinivasan et al®®, fr«Mn study of CHg 

rocking modes (at rvjSOO om*^) have found that the OCHgCHgO 

skeletons of various ethylene glycol monoalkyl ethers in the liquid 

state as well as in solutions exist, almost exclusively, in the 

gauche foxm.

V .3 . latgnaoIg.sMlag :

As mentioned earlier (iiection IV. 4  ) ,  it is reasonable to 

assume a single type of associated species predominating over 

others because the solutions used were relatively dilute. The 

possibility of different types of dimers (Fig. V.3(c)-(g>)as well 

as similar trimers and tetramers was therefore examined as 

explained below.

49
Feeney and Walker have suggested an open dlDtier for ethylene

glycol monomethyl ether from n .m .r . study (concentration range 

• 3
0.1- 1.3 mol K  At such high concentrations, more than one type

of associated species are indeed fonaed as shown by asymmetric

-1 »3
nature of the 3475 cm band above 0 .1  mol dm . To test the

possibility of any opeai n~mer, it can be seen that its free OB 

group would absorb in the same spectral region as that of the free 

monomer thus contributing to the 3635 <sn"  ̂ band. Therefore

^OH(F) “ ‘̂ F ^n ••
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and consequently

“ “n  ̂ ^OH(I)^  ̂ and Cj * ^q^ U )  • •

Ihese equations imply The concentrations of open

dimer, trimer and tetramer along with the values for

ethylene glycol monomethyl ether solutions at 298 K, as an 

Illustration, are shovtn in Table V* 6, from \^ich it is evident

that the requirement of is in general not satisfied

by the presait systems. iSquilibria involving op«i n-raers were

therefore ruled out.

77
■ iiaito et al have suggested a dimer involving association 

of a free monomer with an intramolecularly Unbonded monomer 

(Fig. V. 3(e) ) .  The intramolecularly H>bonded OH group of su<^ 

a dimer would absorb in the scone spectral region as that of the 

intramolecularly U-bonded monomer, contributing to the 3600 001*”̂  

band. Thus

^OH(I) * • •

and therefore

a -|*( Cjj -(CoH(P; S h (I>^  ̂ and Cp *  Cq H(F) **

(In  the case of dimer, here and hereafter, the letter 'n* has been 

replaced by 2 and/or h for convenience) •

Finally in the case of cyclic n<-mers, their OU groups (e .g .

W g . V. 3 (t )/(g ) ) would contribute neither to the 3635 - nor to 

the 3600 band and hence

^OH(F) “  ‘̂ F* % H ( I )  “ ^  ’ ^^0H(F)* ‘̂ OH(I)^
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The concontrations of various species calculated on the basis of

e<}Uatlons (7)-(9) are included in Table V. 6 . The corresponding

equllibrluin constants calculated using equations (2) are given

in Table V. 7 • As can be seal, the equilibrium constants for

cyclic trimersy cyclic tetramers and those for the dimer suggested 

77
by liaito et al exhibit wide variations eliminating these as the 

possible predcHninant species. The equilibrium constants for cyclic 

dimers (Fig. 7 . 3 (f ) / (g )  ) on the other hand show good constancy 

and the corresponding plots of log K vs 1/T  exhibit good l in e a rly  

(Pig. V.4> suggesting these as the possible predominant species 

in the presoit systems.

The concentrations of the two monomers and the dimer 

calculated on the basis of cyclic dimers as the associated spocies 

in d if fe r ^ t  solutions of ethyl«ie glycol monomethyl etdier at 

Various temperatures are therefore given in Table V. 8 . The 

corresponding equilibrium constants are presented in Table V. 9 

and the mean values of various K 's  over the concentration range 

studied in Table V. 10. The graphs of log K vs I /T  for the three 

equilibria are shown in Fig. V .4  , the good linearity of which

supports the association model considered. The thermodynamic 

quantities obtained from these graphs are presented in Table V . U .  

The integrated intensities of the dimer band at various temperatures 

were determined from Its areas in the spectra of 0 .10  mol dm 

c(mcentrated solution and are given in Table V. 12. As mentioned 

before, since tine association behaviour of the other two monoethers 

(•ethyl} and -tiatyl) was found to be almost Id ^t lc a l  with that of
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the monoaethyl ether, only the final results for them viz* the 

integrated in t ^ s it ie s , mean values of the equilibrium constants 

and the thermodynamic and spectroscopic properties are presented 

along with those for the mononethyl ether in respective tables.

The constancy of the equilibrium constants and the linearity 

of the log S. vs l /T  plots have shoiaa. cyclic dimers as the main 

associated species. The cyclic dimer however can be either a 

four- or a ten membered ring species depending upon the involvement 

of tho hydrojcylic or the ether oxygais in H-bonding (Pig. 7 .3 (f )  

and (g) ) .  As the thennodynamic quantities and would be

considerably different for these two types, the observed 

t^emodynamio quantities were analysed to arrive at the final 

structure*

The four membered ring (Fig. V. 3(f>> with the hydroxyl 

oxygens involved in 11-bonding will be considerably strained because 

of the unfavour^le 0-H..0 angle. The weak H-bonds of such species 

would result in small M** value. The value would also be small 

as the free rotations of only the OH groups are restricted leaving 

rest of the groups free to rotate as in the free monomers, tiuch 

dimers have been proposed for scMae alcohols with AH* and AS"

values ranging over 12-24 kJ mol“^ and 30-80 JK"^ raol"^ respectively• 

The observed values of Aligp ^  65 kJ mol*^ and ASJp =  136 JK"^ mol"^, 

%diich are considerably higher, therefore do not favour the four 

membered ring structure for the dimer.
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The ten m^bered ring (Fig, V. 3(gjJ is strain free and 

involves the more basic ether oxygens in H-bonding. The H>bonds 

in s u ^  a structure would therefore be stronger resulting in 

larger value* The Value will also be much higher due

to the larger ring size restricting rotations about various C-C 

and C-0 bonds. The observed values of and clearly

favour the ten m^bered ring structure for the dimer. The ten 

membered ring structure had earlier been suggested for ethoxy
QAW

ethanol by drinivasan et al from a qualitative study and by 

Lodygina et al from the shift of the ether absorption frequency 

from 1132 om“^ in pure liquid to 1125 cm**̂  in very dilute CCl^

85
solutions. Lodygina et al have reported the thermodynamic 

quantities for the equilibrium between the species represented 

by the 3470 and 3610 cm"^ bands, assuming them to be due to the 

dimer and *free* mon<»ier respectively, but not taking into 

account the 3635 cm*^ band due to the free monomer. (They 

probably did not observe this band). The present thermodynamic 

Values therefore cannot be compared vdth theirs.

Fomation of the ten membered ring dimer naturally 

requires the O-CHgCHg-O skeletons of tiie constituent monomers in 

gauche conformation. The intramolecularly H-bondod monomers with 

the OCHgCa^ group in gauche conformation are already present in 

large numbers. The formation of the ten membered ring dimer can 

therefore be understood in terms of an association of two gauche 

monomers, preserving their configurations. The stronger 

intermolecular H-bonding would stabilize the system by lowering
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the free energy. The probability of formation of such a dimer

would of course be small because of the requirement of a greater

number of bonds in suitable orientations resulting in larger

decrease of entropy than that for the intramolecularly H-bonded
in

monomer, the observation that C| »  (Table V, desp ite  of 

(Table V .U )  is thus explained. The larger values 

of ^ 2 . / 2  ^ dimer than those for the intramolecularly

H-bonded monomer (Table V,13> are consistent with the larger 

H-bonding interaction in the former, similarly tiie larger 

magnitudes of ^ j ^ / 2  ^ dimer are explainable on the

flexibility of the t ^  membered ring structure causing larger 

anhaxmonicity and change of dipole moment associated with the 

vibrations of the U~bonded OH*s of the dimer than that in the 

relatively rigid five m ^bered ring of the intramolecularly 

H-bonded mcmomer.



8

<p

5
ffl

u
o
m
'O
%
ja

aj
o

m
3
5
!3
>

o

%
% s
o •

h o
:3 a 
ot o
2 *3 o  o  
as B

H«
5>
aj

H

O  00
O. rH

0 0 C O
A

C O
A

C O lO

o
H
H
i H

0>

V

1 c ^
1 ^

lA

w

'

t o
A

CM 0 0 CM

ia
S

t o
'S> '  &

1 t o  
t o i ’  ^ 8

cO

t o
o

• • 1 •
■o

0>
p-

I •
1 0

(O
kO

•
t o

1 •
r ^

S  o

C\J
CO

8  o

o

o
o  •
H H

•  3  D4
'̂ JV. %  O  ^  H

CJ

IS 

^  ‘

00

4  '

CM
•
O  I
00

• IlO

0>

3  •

CO

o  o  
• •

CO CO
lO 0>I •
N  CM
t- c>»

00 If
• •

O  to 
• •

(N r-

& 't 
o  

• •
lO to

o  
• •

0>

• •
lO <0

CM
«0
ĉ
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C~ • 
T/K 

298 

303 

308 

313 

318 

323 

328 

333 

338 

(Cr Tab~e V . 8 ror the respecti.ve concen trati.ons) 

10 40 60 

K1rl02 K.lruO~ KDraO~ 23 
KD1xlO KI~O KDpXlO KD1xlO 

9 .49 9 .18 3 .tr1 4 . 35 8 . 95 3 . 31 4 .1 2 

ll.l 6 . 04 4 . 82 11.5 6 .11 6 . 04 

11.6 12.7 8 . 88 5 . 60 12.0 8 . 21 5 . 72 

12.4 1 2. 8 9 . 94 6 .07 12. 2 9 . 73 6 . 54 

13.6 14.4 15 . 4 7 . 43 

15.1 15.8 22. 4 8 . 95 15.7 21 . 9 8 . 88 

16.6 16.4 27 . 1 10 .1 

18.2 17. 2 38 . 7 13. 2 18 . 5 53. 8 15.7 

• -3 3 C;;i 1n mol dm x 10 • KOF and KOI 1n mol dm- 3 • 

80 l.()O 

1{U,xl02 KDru03 KD1xlO KIrI02 K;~03 KurU 

9 . 35 3 .14 3 . 59 

11 . 3 b . 85 4 . 61. 

11 . 9 7 . 47 5 . 28 

12. 9 9 . 86 5 . 91 

13. 3 1 2 . 9 7.26 

1S . 7 21 . 0 8 . 51 

17 . 9 31..0 9 . 65 

19 . 0 45.1 12. 5 

9 . 07 2 . 93 

9 . 35 3 . 70 

11 . 9 8.30 

13. 4- 13. 7 
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18 . 0 43 . 2 
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9 . 16 
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ASSOCIATION aBHAtflQim OF DliiYHYLfflt£ GLYOOL



A^oQ.C.XAHQ.N .giSHAyiQUfL QJg GLYCOL MONOAUgL m a R 3

v i . i .  j;n,iarg.dttctjign ^

Diethylene glycol monoallcyl ethers R0 (CH2) 20(CH2) 2*̂ H In 

dilute carbon tetrachloride solutions (C 4: 0 .03  mol dm“^) 

ejdiibit three bands in hydroxyl stretdiing region, at 3636,

3600 and 3470 cm*^. Xhe relative intensities of tiriese bands 

remain constant and independent of further dilution (Fig. Vl.lA}.  

indicating them to be due to three types of monomeric species 

(Fig. V I . 2; in equilibrium. The bands at 3635 and 3600 cm“^ can 

be ascribed to free monomer , and intramolecularly H«>bonded 

five membered ring monomer (Mg) respectively from their similarity 

with the corresponding bands of ethylene glycol monoalkyl ethers, 

(cf Tables V .13 and V I .7 K  The 3470 <3a“^ band is then 

attributable only to the eight meoibered ring monomer (Mg) formed 

l?y intramolecular H-bonding of the hydroxylic proton vdth the 

second ether oxygen. Bhie three monaneric bands were resolved 

like those of ethylone glycol monoalkyl ethers (cf Fig. V .2) .

The conjcentrations of Mg and Mg (C^, Cg and Cg respectively) 

were determined from the respective band areas as explained in 

Section IV .4 .

Cp » A / a ^ ,  Cg = Ag/BgL and Cg = C^ - (Cp ^ Cg) . .  (1)

The equilibriian caistants for the three equilibria (Fig.

r
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Mg :;:±  Mj. , Mg ^  and Mg :;=i Mg ,

were then calculated as

* Cp/Cg , Kgp « Cj/Cg and Kg^ a Cg/Cg . .  (2)

At higher ooncantrations (C > 0 .03  mol dm*^; t U l  rj 0 .5  mol

•3  •■1
dm , there are no new OH bands hut the band near 3475 cm

becomes increasingly asymmetric on the lower frequency side. Its

relative intensity also increases rapidly indicating the presence

of intermoleoularly associated species. Since these absorb nearly

in the same spectral region as the dimers of ethylene glycol

monoalkyl ethers, the major associated species in the concentration

-3
range 0 .03  > 0 .15  mol dm vei» assumed to be dimeric and the

equilibrium constants for the equilibrium D 2Hg, in the multiple
s

equilibria (Fig. VI,3B ) were calculated as

•*

The constancy of the calculated values (Table V I .5) supports 

the assumption of dimer as the main associated species upto 

conc^tration 0 .16  mol dm” •

The individual bands of Mg and D are not resolvable due to

extensive overlap* The c<^posite 3470 band was isolated by
- -wards

extending its high frequency side frcan rJ 3525 cm dowry(to zero 

absorbance at r-»3625 cm"^. The high frequency side of the 3470 cm”^ 

band so obtained was subtracted from the experimental spectrum in 

the region 3625-3625 to obtain the low frequ«rxcy side of the

3600 Gf&*  ̂ band. Similar procedure has been used by Fox and Martin^, 

Balcer and Teaman^^® etc. The 3600 cm’ ^ .band was then resolved in
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the usual manner and used for the estimation of Mg. Concentrations 

of Mg and Hp were then calculated from Mg using the equilibrium 

constants determined for dilute solutions as in equations (2 ) ,

Ihus

°5 '  W  > °P  = ®8 = V * % 6  • •

The dimer concentration was then calculated by subtracting the 

total monomer concentration Cg Cg + Cy) from the solution 

concentration and dividing by 2 viz,

Cq = ( Cg - (Cg + Cg + Cj.) ) /2  . .  (6)

The measured areas of various bands of diethylene glycol 

monomethyl- and -ethyl ethers (abbrivated as DKCad and DKJii, 

respectively, for convenience) are given in Tables V I .1 and 2 

viiich were corrected and used to estimate the concentrations of 

the corresponding species as usual. The calculated concentrations 

of different species in a number of solutions of DiSad and DSGfi at 

298 K and the corresponding equilibrium constants are shown in

•X*
Table V I . 3 from \Aich it is evident that the association behaviour 

of these compounds is identical. The equilibrium constants for 

various equilibria over the temperature range 298-338 K are given 

in Tables' V I .4  and 5. The thermodynamic and spectroscopic 

properties are summarized in Tables V I .6 and V I .7 respectively.

V I .2. *

For DEGM and DEG£, the equilibrim  constants in the 

triangular equilibrium (Fig. VI.SAy eq.(2) ) over the tonperature 

range 298-338 K and the respective thermodynamic and spectroscopic
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properties are found to be nearly the same (Tables V I .4 , 6 and 7) 

confirming their Intramolecular H-bonding b^avlour to be Identical* 

The spectral characteristics (v , ^ 2 . / 2   ̂ fv&e and

Intrfdolecularly H~bonded five membered ring moncMoer OH bands as 

veil as the thermodyn^lc quantities for the equilibrium Mg Mp

for the presoit compounds are observed to be nearly the same as 

those for ethylene glycol monoalkyl ethers (of Tables V . U ,  V .13 , 

^ 1 .6  and V 1 .7 ). This Is expected since the participants in 

H»bondlng as well as their relative positions are Identical In 

both the cases. The values of ^ and bands of

these compounds are In good agreem^t with those reported for

2 80 81 86 
similar compounds * * • Markevich et al however reported

someti^at different frequencies and relative Intensities for the

three OH bands of viz. a broad and strong 3617 cm**̂  band well

T OK
separated from a weak 3586 cm band. £>lmllarly Lodygina et al 

did not report the 3636 cm~  ̂ band In DiiGK and ascribe) erronouslyi 

the 3610 cm"^ band to free OH. (Probably they, as In the case of 

ethyl^e  ^ycol monoalkyl ethers, did not observe the 3635 cm*^ 

band). It  may be noted that as the free and lntrs«nolecularly 

H-bonded OH bands of the present compounds arise from groups 

Identical with those In etiiylene glycol monoall^l e'Uiers their 

relative Intensities should also be similar. All other reported

are in agreement with a strong 3600 cm*^ band 

(due to intramolecularly H>bonded 0H> with 3635 cm~  ̂ band (due to 

free OH) appearing as a shoulder in various ethylene- and 

dlethylene glycol monoalkyl ethers as observed in the present work.
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A comparison of the ZW, ^ x / 2  ^ values for the

intramolecularl^ H-bonded hydroxyl of the eight and five membered 

ring monomers shows that they are 3-4 times larger for the former 

(Table V 1 .7 ; .  Similarly the for the Mg- Mp equilibrium is 

nearly 1 .6  times larger than that for the Mg- Mp equilibrium 

(Table Y I.6 )«  This is understandable since the OH group can get 

closer to the second ether oxygen resulting in a shorter hydrogen 

bond and hoaca larger H-bonding interaction. The ^ 1 / 2  ^

values, in addition to being measures of H-bonding interaction 

also depend on the anharmonicity and the rate of change of dipole 

moment associated with the vibration. The higher values

of these quantities for the eight membered ring monomer arc 

attributable to its larger flexibility as compared to that of the 

five membered ring monomer.

Finally the larger value of for the eight membered 

ring structure is explainable from the larger ring size and 

increased restriction on rotation about various tends. This last 

factor results in smaller population of the eight membered ring 

monomer compared to the five membered one (Table 71 .3) because 

the number of favourable conformations and hence the probability
Q C

of fomation is smaller for the former. Lodygina et al also 

have reported the thermodynamic quantities for the equilibrium 

betweoi the species absorbing at 3460 and 3610 assuming

them, as m«ationed before, due to Mg and *Mp* respectively.

However as the assignment of the latter band is incorrect and the 

participation of the actual free moncxaer (absorbing at rj 3635 cm*^J
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in the equilibria unaccounted, their values cannot be cc»ipared 

vlth the present ones.

In both the five* and eight-membered ring monomers, the

gauche configurations of the OCHgCH^ groupings are stabilized by

intramolecular H-bonding. This is in agreement with the earlier 

81
observation of predominantly gauche conformations of the tvo 

OOHgCHgO groups of di ethylene gpLycol mono alkyl ethers in solution.

V I .3 . structure of the Uimer i

Xhe assumption of a dimer as the most likely associated
A

species in the concentration range 0 .03  - 0 .15  mol dm* is valid 

from the constancy of the ■‘d k  Values (Table V I.5 ) and linearity 

of the log vs 1 /T  plot (V I .4^. Aoaongst the three equilibria 

betveffli the dimer and the three monomers (Fig. \TI.3ii), the 

thermodynamic quantities for the D aij. equilibrium only are 

significant because of their direct implications on the structure 

of the dimer. Because of the presence of three proton acceptors 

(oxygen atoms) in these molecules, there are several ways in vhich 

dimerisation can occur (Fig. V I .5 (a )- ( f ) ; . Though it is rather 

difficult to decide on a unique structure from the thermodynamic 

quantities alone; a consideration of various factors enables one 

to arrive at the most probable structure as discussed below.

An open dimer (a) having a single hydrogen bond and very 

little  restriction to internal rotation would yield relatively 

small values of and The high values of and

of rv»58 kJ mol"^ and rJl63 mol“ ^ respectively (Table V I .6 )
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DIETHYLCNC GLYCOL MONOALKYL ETHERS

R0(CH2)2 0(CH2>20H • • .OCCHjjj 0(CH2>20H fW)(CH2)2 0{CH2)2 0H • • •''0{CH2>2 '^0

H^—CH2

R0(CH2)2 0(CH2)20H • • • 0

©
H2C--CĤ

0 _.0(CH2>2 0R

R0(CH2 >2 0 0̂

H2C--CHj

0

(D

H
/

R0(CH2)2 0(CK2)20 0(CH2)2 0(CH2)2 OR

0. 0 

>
.0

h:

\
CH2 >2 ( CH2 >2

©

A

FIG-VI-s; TYPICAL STRUCTURES FOR DIMER.
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therefore exclude open dimers. The dimer Involving Intermolecular 

association of a free monomer with a five m^bered ring monomer 

(b) also seems to be unlikely for the same reason. Further, If  

dimers of this type were present, the relative Intensities of the 

3636 and 3600 bands In the spectra of concentrated solutions

(containing dimers) vrould be different traex those of dilute

solutions (with no dimers). This possibility was tested by

recording tiie spectra of solutions of two different concentrations 

with the path lengths adjusted so as to have the 3600 cm*^ band 

Intensities same In both. Then the 3635 cm*^ band Intensities 

also were observed to be the same (Fig. V l.Ib ) showing the absence 

of such dimers. For the dimer resulting from H-bonding of a free 

moaoner with an eight m^bered ring monomer (c ) ,  the value

would be nearly the same as that for Mg since the latter is mainly

responsible for the entropy change. Actually

(163 vs 66 mol"^) which makes such a structure improbable.

The four membered ring structure (d) can be ruled out on the safae 

basis as for ethyl^e  glycol monoalkyl ethers. The present values 

of and are comparable with those for ethylene glycol

monoalkyl ethers for which the ten m«abered ring dimer resulting 

from mutual U-bondlng of two molecules via their ether o:qrgens 

(in 0-positlon) was found to be the most likely associated species 

(Section V .4 ) .  iuch dimer (e) would therefore be tiie most probabli 

associated species in DiiiQM and The somewhat larger

magnitudes of the present and as compared to those for

ethylene glycol monoalkyl ethers might b@ due to the sixteen



8?i

membered ring dimer (f> present in small ajnount. The population

of tills vlll| of course, be very ^ a l l  as compared to that of (e)

because of the larger ring size leading to considerably larger

decrease of entropy. These last two structures are also in

agreement with the earlier results showing the existence of the

81
OCHgOH^O groups predcttilnfiontly in gauche confomations .

The concentration of the dimer as compared to the two 

intreeiolecularly H-bonded monc»ners Is very snail (Table Vl«3>, 

which cah be understood as the former requires a larger number of 

bonds in suitable conformations (Larger decrease of entropy^. This, 

together with the formation of the eight membered ring moncsner 

having hydrogen bond strength c<Mnparable to that of tiie dimer 

(ef ^ 1 / 2  values) but requiring relatively smaller

entropy decrease, results in a smaller extent of dimerization.

This explains larger values of for the present compounds than 

those for ethylene glycol monoalkyl ethers (of Tables V.IO and V I.5 )

iince the dimer band overlaps with the Mg band very

extensively, its spectral characteristics (v , etc.)

could not be determined with certainty* In order to have an

approximate idea^a number of spectra at higher concentrations

•3
(upto 0 .&  mol dm ) were studied fron which the dimer band appears 

to have its maximum at 3440 cm"^ (zw«ol95 cm"^, om*^).

As the concentration of Mg was already determined, its equivalent 

area was calculated using the relation Ag = ^g^^« An approximate 

area for the dimer band was then obtained by subtracting the Mg 

band area from total area of the 3470 cm"^ band. The Integrated
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intensity calculated from the estimated values of band area and

4  3
concentration was thus found to be rj 12 x 10 dm mol cm at

H98 K. (Table V1 .8 ) .  The larger value of ^  for the dimer is 

consistent vdtii large value. Similarly the large magnitudes

of ^ 1 / 2  ^ suggest greater anharmonlcit^ and dipole moment

derivative associated with hydroxyl group vibration* This is 

understandable in view of greater flexibility of the ten membered 

ring structure*

32 .
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XA3LH Y l .l  : Measured areas (A*) of various OH bands of

diethylene glyool aonomethyl ether

10 80 100 125

L/cm .... 0 .25 0.2D

X/K
*F

298 2.34 34 .3 56 .4 64.7 76 .8 75 .4

303 2.60 34.0 60.7 66 .3 76 .4 7 6 .4

308 2.56 33 .8 47 .2 66 .6 77 .3 77 .6

313 2.76 33 .3 42.7 66 .4 77 .5 77 .4

318 2.91 32 .9 38 .3 66 .4 77 .5 7 7 .4

323 3 .06 32 .4 36.7 64 .9 77 .7 7 7 .2

328 3.20 32.0 31 .9 64.7 77 .6 76 .7

333 3.40 31.7 26.6 64.6 77 .1 76 .3

(solution concentration) in mol dm“ ® I  10^.
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XABLi; Y I .2  I Heasursd areas (A*) of various OH bands of 

dlethylene glycol monoethyl «ther

L /m

t/K.

12.5

1 .0

75

0 .28

95

0 .25

120

0 .20

A}.

298 2.86 43 .1 87.5 65 .6 73 .9 72 .5

303 3 .09 42 .5 81 .8 66.0 7 4 .4 72 .8

308 3.19 42 .1 74 .6 66 .4 7 4 .6 73 .7

313 3 .42 42.0 66 .4 66.8 74 .6 74 .0

318 3 ,63 41.6 60.1 66 .3 7 4 .6 74 .1

323 3.81 41 .1 64 .2 66.1 74 .3 7 4 .4

328 3.99 40 .6 49 .6 66.1 74 .0 74 .0

333 4 .23 40 .1 44 .4 65.9 73 .9 73 .9

I Q 4%

Cg (solution concentration) In mol dm*" x 10 .



n4»
Im
§

•H

O
S
m Qi « N 

*» O «
,

d o «
1̂ t3 
^  % 
4h

tn oI i
s
0 m

1  5

M

1<

n•p
•P«
§o

•H
g-
aa

CO
H
M

•  fc,

u>

w
s
M 
▻<

M
g•H
> n 
o « -8w
<0>H Ha ^ o 
o « a■H D, <
•p «co

2 a
9o

CO
e I
o

d  ^
<H fj O  
4* 4» a

H  ®eo
S ^ 2W S H

cyj

3
t*4

JP

o®

o®

o"

»*o

o,

87
H  00 <M CO <»

l l * * * l  • • •
to U3 (0 to to lO

H O  H
(>J Oi 03

SJ ^  I I 1 ^ 1  I I

o o
H  H  I

00

CO
(O

H  «>
iO to 
• •

CO lO

CO 0> CO CM
o  H  • •
CO (O <M ^

CO

d» (0 to  CO • • ^  c -

C» <0
• c-

00
<4 a  IS

w•HCO

iO O o t^ to  CO 5> H•NH
•<0 •tolO

•
<5<0 c : 3 i  &

H 00o  c^ • •
c- o

U)

'f 43 u>
CO
I

2 a S § ) S ^ ^ « B I
Ok

3
09



o
a

8

«

5

d
•H
T3I
S

9

is

>

■s

CM
I

nq
C5
G<q
o

0
1
o  H
H  I

X '

CQ eo

9

t

« f )

SI  
2 * r f

i d § H  

| i i : -  
H
Q a

>4
>» m n H

o

«
o ,

•i3w

I
U 3  

>? 

03

3
H

CM

S
X

c q
Q

CO

CM
1

g
1
o
i H

H
1

X O

00 a

cq C O

m  t )

fiio a 

®  H  
►

II
• H  _  
Q  E

I'-

vO

01

s
H

Cci

« «

0 }

3

H

& 4

H ( > i e o u 3 < O i > o O H
w c M c s j w o a w c S c )

00
• H ^ 0 1 c 0 ^ < 0 c ^

S3
CS)
CM si a  s  a  a  !3

H C M c0 ^ iO « > N 0 »

C M C M C M c S c M C M C M o l

^ S S I S 8 ? S S 8 9 g

a s a a a a s a

s § s 3 a a j?
<0 W  CO CO «  CO CO

8 8



TASl^ V I ,5 X iSquillbrlum constants K^p(x 10^/mol dm*®)

for the D - 2My equilibrium

89

T/K

Diethylene glycol 
Bonomethyl ether

Cjj X 10^/mol da"®

•
Diethylene glyool 
monoethyl ether

Gg X 10®/mol da“®

80 100 125 75 95 120

S f S f S f S f ^ F ^ F

298 6 .1 5 .7 6 .8 6 .2 5 .2 6 .3 5 .9 5 .8

303 9 .2 8 .3 10 9 .3 8 .1 9 .9 8 .5 8 .8

308 12 11 14 12 12 13 12 12

313 18 18 19 18 17 17 16 17

318 24 23 28 25 22 25 23 23

323 33 37 39 36 30 33 35 33

328 48 53 51 51 51 48 48 49

333 78 82 74 78 79 75 69 74
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Thermodynamio quantitids associated with the 

mxatiple equilibria in diethylene glycol 

monoalkyl ethers

Type of 
equilibrium

Thermodynamic
property

Q&(M DiSGiS

“ f
»S? *

10 ,1 9 .8

mol"^ 5.70 5 .8

AHgj/kJ mol*^ 11 .9  + 0 .4 1 2 .6  1  0 .3

mol*^ 21 1  1 .3 23 ♦ 0 .8

Kgy X 10^ 2D.3 20.8

LQ^g/lsJ mol"^ 3 .9 3 .9

AHgj/kJ mol*^ 19 .7  ± 0 .6 21 .2  ± 0 .6

mol*^ 53 1  1 .8 58 + 1 .7

* * 8 ^  «6
2*0 2.1

/^0|g /kJ mol*^ -1.8 rl .9

kJ mol*"^ 7 .8  + 0 . 3 B .6  1 0 . 4

iidgg/ JK~^ mol*^ 32 + 0 ,8 35 1  1 .2

D ^  2Mj, Kpp X 10^/mol dm*^ 6 .2 5 .8

A O *^kJ  mol“ ^ 12 .6 12.8

AH® jp/kJ mol"^ 58 ,4  1  1 .4 58 .3  + 1.7

mol"^ 163 1  4 .4 152 + 5 .3

K 's  and ^a* 's  at 298 K .



TAJBLî  Y I.7  * spectroscopic properties of different types of 

OU groups of dlethylene glycol monoalkyl ethers 

(T » 298 K)

91

Type of the 
OH group

Spectral proper^
D^OM DBQ£

Free V + 2.5 / 3635 3635

^ 1 / 2  - ^
25 25

Bj. X 1 0 "^ /dm^ mol“^ cm*^ - -

In tra
in olecularly 
H-bonded 
five- 
mem bered 
ring

V + 2*5 /  cm*^

^  i. 2*5 /  cm“^ 

^ 1 / 2  i  2 ,5 /  cib“ ^ 

Bg X 10"®/dm^ mol^^ cm-2

3600

35

32.5

3600

35

32.5

Intra- 
molecularly 
E-bonded 
eight- 
fflembered 
ring

V + 5 /  cm"^

^  ±, 6 /  cm*^

^ 1 / 2  ^  ^ ^

Bg X lO’ ^/dm^ mol"^

3475

160

100

23

3470

165

105

29

Dimerie V + 6 /  an“^ 3440 3440

t  b /  cm*^ 195 195

^ 1 / 2  - ^
160 160

Bjj X 1 0 mol"^ aa-2 12 .6 11 .3
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v i i . i .  totrftAttgUm }

Tri- and tetra-methylove glycol mon<Mnethyl ethers 

(CHgOCCHgigOH and CHg0(CH2)^0H) In carbon tetrachloride show two OH 

bands I one of them Is ccanmon at aj3630 cm*^ and the second at 

<n̂ 3&40 and 3460 cm"^ respectively. In very dilute solutions 

(Cg ..< 0 ,0 3  mol dm” ^ ) , the relative intensities of these bands are 

constant (J?ig. VII*1 and V I I , i n d i c a t i n g  them to be due to 

monomeric species in equilibrium. The 3630 band is due to the

free OH group whereas the 3640 and 3460 <an*̂  bands are attributable 

to intramolecularly H-bonded monomeric OH*s of CH2 0 (CH2) 30H and 

CHgOCCHgi^OH forming six- and seven membered rings respectively.

The free and intramolecularly H-bonded OH bands of these compounds 

are well separated from one another. Because of the asymmetry of 

the intramolecularly H-bonded OH bands (cf Section VII ,2> ,  the free 

OH band was first resolved by reflecting its high frequency side 

across the band maximum. The concentrations of the two moncaners 

and the equilibrium constants in the Mj Mp equilibria were

determined as before viz,|

Cy ® Cj * - Cp and ® ^F^^I **

At higher concentrations upto ^ 0  2 mol dm f there are no new OH 

bands but the relative in te n si^  and asymmetry of the lower frequeniQ



TRI -ANO TETRAMETHYLENE GLYCOL MONOALKYL ETHERS

9 ?

C/mol L/cm
0.005 I.O
0.01 1.0
0.05 O.i
0.10 0.2
0.20 0.1
0.50 0.04

3600 3500 3400 3600
..-1

3500 34003300 3200
F R E Q U E N C Y /  CM 

FIC-VUHOH BANDS OF CH30(CHj)jOH AT VARIOUS CONCENTRATIONS (T = 298K). B A N D  R E S O L U T I O N .

3200 3600 3500
f r e q u e n c y  /  c m '

F1G-YU-2;0H BA^CSOF CHjOlCH^j^OH AT VARIOUS C0NCENCENTRAT10NS( T=296K). @  B A N D  R E S O L U T I O N .
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bands increase rapidly suggesting the presence of Interraolecularly

H-bonded species. At still higher concentrations additional OH

bands appear in the 3350-3400 cm“^ region as in the case of simple

alcoholS) indicating the foimation of still higher associated

species. The solution concentrations were therefore restricted 

—3
upto 0 ,2  mol dm • Due to their extensive overlap, the bands of 

intra- and interraolecularly associated OH groups are not resolvable. 

Concentrations of only the free OH groups were therefore

estimated from the respective band areas, those of the free moncwiers 

and associated species (n-mers) being determined from and

Cg as follows.

Since the concentrations of the free and intramolecularly 

H-bonded moncaners are related by Kjy * Cj/Cj (equation (1) ) ,  the 

total concentration of these two monomers will be

Cp + Cj = Cp + Cj/Kjy *  K'Cy where K* * 1 + 1/K^y . .  (2)

The concentration of tiie n-mer (0^^) and the equilibrium constant 

in the equilibrium n-mer nMj, will be

Cn = (Os - V  = ••

To estimate and it is first necessary to determine

the type of the associated species (op«i/closed dimer, trimer etc.)

present. Since the solutions used were relatively dilute

•3
(Cg = 0 .02  - 0 . 2  mol dm ) ,  the ma^or associated species were

assumed to be dimer or trimers only. The possible structures for the

dimers and trimers along with those for the free and intramolecularly 

H-bonded monomers are shown in Fig. V I I . 3. The concentrations of
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Op on/cyclic dimers and trimors were determined as follovs*

In the case of any open n-mer, its end OH group would 

absorb in the same region as that of the free monomer ( a; 3630 

thus contributing to The concentrations of the free monomer

and open n-mer would t h ^  be related by the equations

■= COH(F)- =n ‘

In the case of closed n-mers, the 3630 cm*^ band results from OH 

groups of the free mononers only so that

“ S h CF) •  ^ ’<^OH(F)^''® ' •

Xhe measured and corrected areas of the free and

intramolecularly H>bonded OH bands in solutions of different

•k'
concentrations are given in Tables V I I . 1 and 2. The calculated 

concentrations and equilibrium constants in the systems

at Various temperatures along with the integrated intensities of

■M-
the intramolecularly H-bonded OH l^ands are given in Table V I I . 3.

The calculated concentrations of the free OH group free

mcaicmer (C^J and open ^ d  cyclic dimers and trimers in differm t 

solutions of the two compounds at 298 K, as an illustration, are

'fSf
showi in Table V I I .4 .  The calculated equilibrium constants for the 

equilibria D ^  2 Mj. and T 3 Mp (D * Dimer, T = Trimer) 

over the concentration and temperature range studied are presented

in Tables' V II .5  and 6 and the thenaodynamic quantities summarized

•ic*
in Table V I I .7 .  These are further ana3.ysed to understand the 

association behaviour of these compounds.

t>P. 104-- 1 f 1 .
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VII .  2. Intramolacular H-J3ondlng x

The assignment of the 3640 and 3450 bands of

CHgOCCHgjgOH and CHgO(CHg)^OH to OH groups of the respective

Intramolecularly H-bonded monomers Is in agreement with the

V6 83
reported literature on these compounds * and the related 

diols^**^®*^^. These bands are found to be asymmetric (Fig. V II .IB  

and VII,2B) which however has not been reported by previous workers, 

iiimilar asyicBietry has been observed^’^**^  in the free OH bands 

of a number of simple alcohols and ascribed to the OH groups of 

different rotational conformers oscillating in slightly different 

force fields. The asymmetry in the present case is therefore 

attributable to two or more conformational isom«rs of the 

intramolecularly H>bonded monomers with their hydroxyl protons lying 

at some^at different distances from tho respective ether oxygens.

The fre(juency shifts and half-bands widths of the 

intramolecularly H-bonded OH bands, (GHgOCCHgjgOH i * 90 cm“^ , 

^ 1 / 2  * ®  CHg0 (CH2>^0 H i » 180 ^ 1 / 2  *  cm“^) are

in good agreement with the literature^"^®*^^*^®*®^ values for 

similar bands. The apparent integrated intensities ( 19 and 39

X 10 dm  ̂ mol*^ cm*^ for tri- and tetramethylene glycol monomethyl 

ethers respectively) are comparable with those reported by Kuhn 

and Wires®^ ( 14 and3Axl(fcta^ mol"^ cm“ ^ respectively). The

differences in the numerical values might be due to the difference 

in procedures adopted for determining the integrated intensities, 

e.g* The B*s in the present work are determined by computing the 

actual band a?eas whereas those of Kuhn and <Afires are based on the
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fOTBiiIa B s 2,3 log (I^/D-  X vhlch Is applicabl* only

to single sysu&«trlo bands having Lorentz shapa.

The presont themodynaMlo quantities for the Mj -> Mp 

equUlbria [cHgO(CH2)30H i = 1.4 at 298 K, AH* = 16 kJ aol’ ^ and 

62 JK“^ «o1*^; CHgOCCHgj^OH * Kjy= 2.2 at 298 K, AH* = 18 kJ mol*  ̂

and AS* = 68 JK~^ are higher than those reported by Kuhn and

Wlres®^ [CHg0 (CH2)30H i Kjy = 0.7 at 293 K, AH* = 8 .4  kJ *ol"^ and 

AS*= 28 JST^ mol’ ^i CHgOCCHgi^OH i 1.6 at 293 K, AH*= 11.3 kJ

■ol*^ and AS* =r 44 mol*^J • These differences | like those in 

the ease of R0(CHg)20H (Chapter V) are due to the different est^ates 

of Integrated Intensities of the free OH groups and therefore/their 

oonoentrations. The presmt thermodynamic values are all higher than 

those for ROCCHgj^H viz. K^p=0.1 at 298 K, AH* =14 kJ mol’ ^ and 

A3* =  30 JK*^ mol*^. The ^ 1/2  ^ values for intrsnoleeular

H-bonding in the present oocpounds are also higher than those for 

ROCCHgjgOH, (of Chapter V ). The observed increasing trends in the 

themodyna&ic and spectroscopic properties in the series R0 (CH2)q0H 

are consistent with each other indicating higher H«bonding 

interaction and smaller extent of intr«aolecular H-bonding with 

increasing n. (ef Chapter V III, Section 2).

V II.3 . fotamolflgulflg Aggpclatlon *

The presence of two proton acceptors (i .e . the ether and 

hydroxylic oxygen atomsj in the present compounds can give rise to, 

as in the case of ethylene glycol monoalkyl ethers, several types 

of associated species. Thus the dimers, for example, can be 'open*
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with a free OH group, 'closed* resulting from H-bonding of a free 

monomer with an Intranolecularly H-b(mded monomer or 'cyclic' 

InvolYlng either the hydroxyllc or the ether oxygens In mutual 

U-bcndlng of two monomer units. Such possibilities are shown In 

fig. TI1.3* In the relatlrely dilute solutions used In the present 

work 0«02 - 0.20 mol dm ) the assumption of only dimers or

at the most trlmers as the major associated species present Is 

reas<mable. The thexnodyni^lc quantities (K, iiB* and calculated 

on the assumption of different types of dimers and trimers 

(Table V II.7) vere therefore analysed to decide the most probable 

associated species (Refer to Fig. 711«3).

The Values of AH* and for open dimers (c) would be 

small because of a single hydrog^ bond and very little restriction 

to Internal rotation. For the closed dimer resulting from H-bonding 

of a free monomer wlt2i an Intramolecularly H-bonded monoaer (d) 

there woiild be two hydrogen bonds resulting in AH* Talue nearly 

double of that for the intrsyoaolecularly H-bonded monomer alone.

The for such a dimer would however be nearly the same as that 

for the intramolecularly H-bonded moncnter (b) since the latter Is 

mainly responsible for the <mtropy change. The cyclic four membered 

ring dimer resulting from mutual H-bondlng of two monooiers Tla 

their hydroxyllc oxyg«i atoms (e) would be associated with ^  and 

Values comparable with those for similar dimers of simple 

alcohols, vi*. 12-34 kJ mol*^ and 30-80 mol"^ respectively^~^^< 

The ring size of the cyclic dimers resulting from mutual H-bondlng 

of two mononers via their ether oxyg«\s (f) would be very large



100

TW-ANO TETRAMETHYLENC GLYCOL MONOALKYL ETHERS

R R R 2^"^
R O ( C H 2 ) n O H  ^ 0  ^ 0 ( C H 2 ) „ 0 H - . . . > 0 ( C H 2 ) n 0 H  O l C H j l n O H .................0 . ^  , 0

© (D

>)(ch2)„o.̂  ̂ ■;o(ch2)„o^̂

'•h

0

©

.0-.

( CH ( CH2 )„

R R R
\ \ \

0(CH2 )nOH ••• 0(CH2 )nOH ••• 0(CH2 )nOH

0
/(CHzlnOR 

RO(CH2)nO H
•H— o; •'(CH2 )nOR

FIG-YII‘3; TYPICAL s tr u c tu r es  o r  monomers  ( o t  b ) .  DIMERS ( c to f ) AND TRIMERS ( q t  h )

FIG-Viu; PLOTS OF Log K,r ( I & 2 ) AND Loj Kgp( 3 j, i, ) AGAINST 1/T.
CD «■ (Di'CHjOCCĤ jjOH ■ (2)JL_® CHjOtCĤ ĵ OH.
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( twelre-mtfiiberad for CEj0 (CH2)^0fl and fourttfeii'riieinbered for

CH^0(CH2)^0H) . The AH* and AS* values for such associated species

would be comparable with (in  fact larger than) those for similar

t^-aenbered ring dimers of ethylone- and diethylene glycol

■onoallqrl ethers ( 5 6  kJT nol*^ and 140 JK”^ mol*^) • Op«i trlmers

with two hydrogen bonds and relatively small restriction to

internal rotation would result in small AH* and AS* values. The

cyclic trimers resulting from H-bonding via the ether oxygens

would give rise to large entropy dhanges because of very big rings

( eighteen-nembered for CH^OCCHgj^OH and twntyone-maabered for

CH3 0 (CH2)^0 H ) and as such the formation of such species would be

less probable. The six-membered ring cyclic trimers (h) involving

the hydroxylic oxygens in H*bonding would result in AH*

comparable with that for similar structures in alcohols for which

—I
a value of 22 kJ mol has been reported •

Irlmethvlene Glycol Monoaethyl iSther i (cf Tables V I1 .5 , V I1 .7  and 

Fig. V1X.4) t The e<{ulllbrium ccmstants calculated on the 

asstanption of dimers and trimers of open type showed large variatiOU 

The calculated AH* and A3* values of 94 kJ aol*^ and 266

mol*^ for open dimers and 61 kJ mol"^ and 164 JK“^ mol"^ for 

open trimers are too high to be compatible with such structures.

Open dimers and trimers were therefore ruled out as major associated 

species. The equilibrium ccmstants calculated on the basis of 

closed/cyclic dimers and trimers showed good constancy. In the case 

of closed dimers, the calculated AH* = 30 kJ aol*^ and AS* = 8 9  

rnol*^ cannot be ascribed to any single ^ p e  of closed or cyclic
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Structure. For the olossd dljoaer (d ), though the AH* =30 kJ bo1~  ̂

might be consistent with two hjdrogesi bonds, the A3* =  89 JK"^ 

is nuch higher than that for the intramoleeularly H>bonded monomer 

(AS*=52 JK"^ mol"^) %fliieh is mainly responsible for the entropy 

change. The present AH* and AS* values are somewhat hi|^ for the 

four membered ring dimer (•)  but considerably low for the 

twelve>membered ring dimer (f ) . The AH* =37 kJ mol"^ and 

A5* =  92 JK”^ mol*^, obtained on the assumption of cyclic trimer are 

in favour of the six membered ring structure (h) only since the 

other i .e . the eighteen membered ring structure would result in a 

much larger AS* value. Thus the calculated thermodynamic c^antities 

cannot be ascribed to a single association model. The calculated 

AH* and AS* values indicate tte presence of a mixture of the four* 

and twelve membered ring dimers with possibly a larger proportion 

of the former. Altemativelyi the six membered ring trimer seems 

to be ec(UcJuly possible. It is therefore (^ite likely that all 

these three species might be coexisting as an equilibrium mixture.

letriaethylme Qlyool Monomethyl flther < (cf Tables YXI.6, YII.7  

and Fig. V I1 .4 ) t The results for CH^O(CHg)^OH were analysed in 

the same way as for CH^0(CHg)20H. Thus large variation of 

equilibrium constants together with relatively very high values of 

AH* =: 57 kJ mol“^ and AS* = 157 JK“^ mol*^ for a single hydrogen 

bond exclude the possibility of open dimers. Good constancy of 

the K 's over the concentration range(0.02 - 0 .2  mol dm*^)together 

with AH* = ao kJ mol~  ̂ and AS* = 58 mol*^ for cyclic dimers

are compatible with tiie four membered ring structure rather than
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the fourteen-«ecibered «ia . For open trlmers the K 's  are reasonably 

constant over the concentration range studied; the AH* =  40 W  mol"^ 

and AS* - 96 JK"^ ■ol"^ are hoveTer eimsiderably higher. In the 

case of cyclic trimers on the other hand, though the M * - 2 6  kJ 

aol*^ and A3*= 60 «ol“^ are compatible with the six-nembered

ring structure, the corresponding K*s show vide variation. Thus 

no unique type of associated species can satisfactorily explain 

the calculated AH* and AS* values. The thermodynamic quantities 

suggest either tiie four moabered ring dimer or a mixture of op«i 

and six-membered ring trimers as the major associated species. A 

mixture of these three species is therefore equally likely.

The association behaviour of the present compounds is thus 

seen to be similar to that of simple alcohols vAiich exhibit a 

mixture of self-associated species in relatively dilute solutions. 

This is also evident from the additional OH bands vhich appear at 

rv/3460 and 3350 in more concentrated solutions of tri- and

tetra-methyl^e glycol mQn(methyl ethers respectively! like those 

of simple alcohols in the 3500<«3300 cm**̂  range.
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lABLa Y II .7  t Calculated thermodynanlc quantities involved in

Various equilibria in tri- and tetramethylene 

glycol monmethyl ethers.

Type of 
i (̂]uilibrium

Thermodynamic
Property

CHgOCCHgjgOH CHgOCCHgJ^OH

M,

opai 2 H
F

«y Clio’S—
2 M,

**

open
3 M,

**

cyclic
3 M,

1 .4 2 .2

mol~^ -0.8 -2.0

^ • /k J  mol"^ 15 + 0 .6 18 + 0 .7

mol*^ 5 2 + 2 68 + 2. 3

K^j/mol dm“® - 0 .01

AG*/lcJ mol"^ - 11

mol"* 94 ♦ 6 .6 57 + 6 .1

mol*^ 2 6 6 + 2 0 157 + 16

K^j/aol 0.25 0.37

A a j j /W  mol"^ 3 .4 2.5

^ / k J  mol-^ 3C + 1 .4 ao + 1 .2

j/JX*^ mol"^ 89 + 4 .4 58 + 3 .9

Kjj/mol^ dm"® 0 .002 0 .008

AG|j/l&T mol"^ 15 12

mol"^ 61 + 1 .6 41 + 1 .2

/JK"^ mol"^ 164 + 5 96 + 3 .7

Kj^mol^ dm"® 0 .02 0 .04

M «/kJ mol"^ 9 .7 8

AH®/kJ aol"^ 37 1  1 .1 26 + 0 .5

mol"^ 92 + 3 .5 60 + 1 .5

K*s and M®*s at 298 K.

D s Dimer .

I  a T r im e r .
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s s m m  v m ,

uX̂ CUiioIQN ATQ CQMCLUdlON^

V Ill.l. lA.tJMdUCttQn :

The spectroscopic properties of the free and various 

of a~bonded OH stretching bands of ethylene-, trimethylene- and 

tetrtf&ethylene glycol monoeakyl ethers H0(CH2)^0H (n - 2 ,3  and 4 

respectirelyj are summarised in Table V llX .l f  Similarly the

thermodynamic quantities associated with the conversion of
0

different types of H-bonded species into the free monomers are

•ik'%
represoited in Table V I I I ,2. It can be seen that all the 

spectroscopic as well as thermodynamic quantities associated with 

intramolecular H-bending in the series ROCCHg^jj^OH show an increase 

with the number of methylene groups in the chain. The plots of 

AH* and B against i»  are found to be linear (Fig, T i l l , ! ) ,  No 

such regularities are however found in the case of intermolecular 

association in these systems. The spectroscopic and thermodynamic 

quantities associated with intramolecular H-bonding in diethylene 

glycol monoallcyl «thers^ ROCCHg^gOCCHg) j^H, which are also in dud9  

in the same tables and figures, show somewhat different trends,

^ 1 1 1 * 2 .  Intramolaeular H-flonding i

As mentioned earlier (Chapter I I I )  the frequency shift is

& measure of the H-bonding interaction. Similarly the half band 

width ^ 1 / 2  integrated intensity B of the H-bonded OH groups,

i2.€. |o«̂ e 147.



n

which are related respectively to the anharmonicity and the dipole 

moment derivative associated with the vibrations of the groups 

concexned) both depend on the extent of H-bonding interaction.

The increasing magnitudes of these properties involved in 

intramolecular H-bonding in RO(CHg)j^OH then imply increase in 

H-bond strength vdth n. This is expected since with an increase 

in the number of methylene groups in the chain, the hydroxyl proton 

can get closer to the acceptor i«e . the ether oxygen atom 

resulting in a shorter and hence stronger H-bond. The 0 . . .H
Q

distances calculated using Kuhn's relation « 250 x 10“ /L - 74,

69
L in m ) y viz* 2 .3 , 1*6 and lA for intramolecularly H-bonded 

monomers of H0(CH2)j^0H with n = 2 ,3  and 4  respectively, are
g o

comparable with those obtained by Fishman and Chen viz« 2 .1 , 1*8 

and 1.2A for 1-2, 1-3 and 1-4 butane diols respectively.

The enthalpy change for the Mj Mp equilibrium is 

a measure of the energy difference between the free and the 

Intramolecularly H-bonded mononers which is therefore directly 

related to the H-b<wid strength. The shorter and stronger H«bonds 

in bigger rings are therefore consistent witii increasing magnitude 

of AH* in the RO(CHg)j^OH series. The increasing ring size 

(5-, 6- and 7-membered for n ® 2 ,3  and 4 respectively} which is 

associated with increasing restriction to internal rotation, explains 

the larger values of As the chain length increases in the

aeries RO(CHg)^OH, the relative number of rotational conformations 

favourable for intramolecular H-bonding decreases. Further, the
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CAPTIONS

Fig.VIII.l t Plots of (I) AH® and (II) B vs Ziio ftor 

Intreynolecular H>bondlng

1 . CHgOCCHgJgOH 2, C2i^0(CH2)g0H

3, C4HgO(CH2)20fl 4. CH30(CH2)30H

6 . CHgOCCHg^^OH 6, CH3 0 (CH2) 20CCH2) 20H

7 .  CgHgOCCHgigOCCHgigOH

(a) and (b) i fiv«- and eight membered ring monomers

(of (6) and (7) ) respectively.

Fig. Y 1 II .2  t Variation of integrated intensity with

temperature

It Free OH band of CHgCHgOH.

2, 3 and 4 t Intramolecularly bonded OH bands of

ethylene glyeol monomethyl^ethyl and 

-butyl ethers respectively.

6 and 6 < Intramolecularly H-bonded OH bands of tri-

and tetramethylene glyeol monomethyl ethers 

respectively.

7 and 8 s Intramolecularly H-bonded eight membered ring

m<maDerie OH bands of diethylene glycol 

monomethyl- and -ethyl ethers respectively.



l l f i

~I6-VIII-r.PL0TS 0 F (D  AH° AND @  B vs Al? FOR INTRAMOLECULAR H-BONDING

FIG-VIII-2;VARIATION OF INTEGRATED INTENSITY WITH TEMPERATURE.
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larger entropy decrease required for forming the bigger rings 

lowers the probability of intramolecular H-bonding. The increase 

in the equilibrium constant Kjp (» Cp/Cj>, which is a measure of 

the relative populations of the free and the intramolecularly 

M>bonded monomers, is therefore easily understandable.

The linearity of the AH*- Ziw plot ( H g ,  V I I I .l ( I )  ) for

intramolecular H-bonding in the RO(CUo).OH series is consistent
A n
74 83

with the well-kno’wn Badger-Bauer rule . Khun and Wires did not

observe the AH®- a ? linearity for these compounds and concluded

that the Badger-Bauer rule is ini^plicable to Intramolecular

73
H-bonding because of conformational interactions. Busfield et al, 

who have studied the intramolecular H-bonding in the corresponding 

diols HOCCHg^j^OH on the other hand have shown the applicability 

of the Badger-Bauer rule. Fishman and Chen also have found , 

that the Badger-Bauer rule is obeyed in intramolecular H-bonding 

in the series of 1-2, 1-3 and 1-4 butane diols. It is apparent 

that as the ring size increases, the attractive interaction due 

to U-b<mding should increase because of closer approach of the 

dtwior and acceptor groups whereas ttie repulsive interactions should 

decrease because of flexibility of the bigger rings. The AH*, 

which is the sum of all the interactions associated with the 

H-bonding should therefore increase as found in the present case.

Huggins and Pimental^^ also have found linear variation 

of ^ 2y 2  i^imilarly Becker^^^\as reported a linear

relationship betweai the integrated intensity of the H-bonded 

complex and the associated AH* and indicated a possibility of
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correlation lietveen and ^ ^ 3* increasing magpiitudes of

iiH*, ^ 1 / 2  ^ therefore consistent with an Increase in ^

since all these properties are measures of H-bonding interaction 

and should therefore vary in a parallel manner. The high 

intensities of U>bonded stretching modes are attributed to 

increased ionic character of the A-U bond •

In the ease of diethyl«ie glycol monoalkyl ethers 

R0(CH2>2*^(^^2^^^* spectroscopic and thermodynamic quantities 

associated with the intranolecularly H-bonded five membered ring 

monomers are comparable vltii those for ethylene glycol monoal'icyl 

ethers expected since in both the cases, the

respective H>bonded monomers are quite similar. The numerical 

magnitudes of various quantities associated with the 

intramolocularly H-b<mded eight monbered ring mon(»ner however do 

not follow the trends exhibited by the 5-, 6- and 7>membered ring 

monomers of R0 (CH2)^0U and the respective points do not lie  along 

the otherwise linear plots. This is evidently due to the fact 

that the behaviour of ttie ether oxygen atan is markedly different 

from that of the methyl^e group. The gauche configurations of 

two OCagCHgO units could constrain the eight membered ring in sudi 

a way that the hydroxyl proton cannot approach the ether oxygen 

as close as that in the 7>membered ring of R0(CH2>^0H resulting 

in a smaller ^  value for the foimer. The presence of the middle 

oxygoi atom (ether oxygen) however must be reducing the repulsive 

interactions i ^ c h  might explain the higher value in spite
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of the lower lito value.

V1I1«3. iQtermolecular Association :

In the case of R0 (CH2) 20H, the ^ 1 / 2  ̂ well as B

for the dimer band are appreciably larger than those for the

Intramolecularly H-bonded monomer vdilch in turn are larger than

those for the free moncmer (Table V I I I .1 ) . This Implies higher

Values of the H-bonding interaction, anharmonicity and dipole

moment derivative respectively for the dimer than those for the

intramolecularly H-bonded monomer. These observations are

consistent with higher value of for the dimer. In the case of

because of extensive overlap of the dimer and

the eight mesabered ring monomer bands, the ^^ 1 / 2  ^

former could not be determined exactly. The approximate values
are

determined as explained in Chapter VI (cf Table V 1 , 8 ^ found to be 

quite large in comparison with those for the intramolecularly 

U-bonded monomers and can be explained in the same way as for 

H0 (CH2) 20® dimer. In the case of tri- and tetramethylene glycol 

monomethyl ethers the bands of the inter- and intramolecularly 

associated species overlap so extensively that they could not be 

resolved. It is also found that there are more than one type of 

associated species present. Their spectral characteristics 

therefore could not be determined exactly.

•3
Simple alcohols at concentration of a - » 0 . 1  mol dm in 

non-polar solvoits are found to exhibit a number of infrared 

absorption bands in the 3500-3300 cm”^ region which are ascribable
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to a mixture of polymeric species. The monoalkyl ethers of

ethylene- and dletl^lene glycols on the other hand do not exhibit

any additional OH bands in the 3300 cm“^ region even upto a

■>3
concoitration of 0*5 mol dm • The thezmodynanic quantities

involved in their self-association have shovn that the associated

«3
species at concentration of rj 0 .1  mol dm are mainly the

ten-membered ring dimers (Chapter V and 7 1 ). This peculiarity

of the latter type of compounds is attributable to the ability of

their OCH^CH^O groups to exist predcxninantly in the gauche

configuration in dilute as well as concentrated solutions. The

CHg rocking mode studies of a number of mono-, di- and tri-ethylene

glycol monoalkyl ethers also have shorn that the OCHgCHgO groups

of these compounds exist almost exclusively in the gauche

79—8X
confomation in solutions as veil as in pure licjuids • The

tri- and tetra-methylene glycol monoalkyl ethers are found to

exhibit a mixture of self-associated species at concentrations of 

-3
0*1 mol dm (Chapter V I I ) ,  This shows that as the number of 

CHg groups between the two oxygen atoms is increased beyoiid two, 

the association behaviour of diol monoalkyl ethers tends to be 

similar to that of simple alcohols.

V I I I .4 .  *

In the case of the free and the intramolecularly H-bonded 

hydroxyl bands, the positions of the absorption maxima as

well as the half band widths were found to be practically

constant over the temperature range studied (298*338 K ) . The 

dimer band of ethyl^e  glycol monoalkyl ethers shoved a small
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Increasa (offv 6 -1 0  cm"^) in v and a small decrease (of r^^5 cm“^) 

in intimolecularly H-bonded eight membered ring

monomer band of ROCCHg^^C0112) 2*^  ̂ shoved similar variations.

In the case of the monoallcyl ethers of diethylene glycol as well 

as those of tri- and tetra-methylene glycols, the individual bands 

due to the inter- and intramolecularly associated species are not 

resolvable because of extensive overlap. The combined bands 

however showed similar variations as in the case of dimer band of

The integrated intensity B of various bands on the other

hand shows relatively larger variations. In the case of ethanol

a n d  e t h y l e n e -  a n d  d i e t h y l e n e  g l y c o l  m o n o a l lE y l e t h e r s  (cf Tables

IV .3 , V .12 and V 1 .4 ), it is observed that the integrated intensity

B decreases with increasing tanperature (Fig, V I I I .2) .  This \

trend is in agrecmoit with that reported by others?®"^

The decrease of integrated intensity of the OH band with Increasing

temperature is suggested to be due to a change in the polarisability

of the OH group and a decrease of the force field on the absorbing

114
molecules due to their neighbours with an increase in temperature

112
As reported in literature, the B's in the present case are found 

to Vary in a manner parallel to e .g . in the case of

R0 (CH2> ^ H , it is observed that > AH|j. as well as Bp > Bj > By.

(cf Tables V .1 2 , IV ,3 and V .1 3 ) . It is however interesting to note 

that over the temperature range 298-338 K, the fracti<mal decrease 

of the B*s with reference to their values at 298 K ( i .e .  AB/Bg^g ^  

where LB « Bggg ^  - ^3331^ follows exactly the opposite order.
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Thus ^  for tiie dlraer, Intramolecularly H->bonded monomer

and free monc^ner are found to be 8% and 16j( respeotlTely.

Similar trends have been observed In the case of the intramolecularly 

U-bonded eight- and the five-membered ring monomers of 

H0 (CH2) ^ ( C H 2)g0 H, Becker^^^^ also has noted that the magnitude 

of the temperature effect on integrated intensities decreases 

systematically vdth increase in AH® of H-bond formation. In the 

case of tri~ and tetra-methylene glycol monomethyl ethers, the 

integrated intensities of the intramolecularly H-bonded monomers 

shoved rather irregular variations, with a tendency to increase 

with increasing temperature* This discrepancy is attributable to 

the presence of more than one type of intramolecularly H-bonded 

species, the intensities of \Aiicli would not vary in the same manner* 

The observed effect which is tiis resultant of all the constituents 

therefore shows scnaewhat different trends those observed in the

other cases* The temperature variation of integrated intensities 

of the jjntermolecularly associated species of diethylene- and tri- 

and tetramethylene glycol monoalkyl ethers could not be studied 

because of extensive overlap of their bands with those of the 

respective intramolecularly H-bonded monomers.

V I I I .5 .  tfrnfilUglffiia, >

The results of p re set  investigation can now be summarized 

as follows :

The e t h y l e n e - ,  t r i m e t h y l o i e -  a n d  t e t r a m e t h y le n e  g l y c o l  

m o n o a l lE y l e t h e r s  i n  v e r y  d i l u t e  c a r b o n  t e t r a c h l o r i d e  s o l u t i o n s
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(C rj 0 ,01 mol dm ) give rise to equilibria between free and 

intramolscularly H-bonded monomers. As the number of methylene 

groups between the two oxygen atoms is increased) the extent of 

intr«aolecular H-bonding ( i ,e .  the relative population of 

intremolecularly H-bonded monomers with respect to the free speciesj 

is found to decrease whereas the strength of H-bonding interaction 

(e*g . AH** 14, 15 and 18 kJ mol*^ respectively) is found to 

increase because of close proximity of the H-bonding groups. The 

AH*- cio plot is linear, consistent with the Badger-Bauer rule.

Xh© diethylene glycol monoalkyl ethers give rise to 

intramolecularly H-bonded five- and eight- manbered ring moncwiers in 

equilibrium with the free species. The relative populations of the 

free and five membered ring moncxaers in* these together with the 

corresponding frequencies and M *  value are cosiparable with those 

for the ethylene glycol monoalkyl ethers. The five- and eight 

membered ring monomers are present in the ratio of about 2 :1  at 

298 K, the ^  and /yi** values for the latter being /v 3*5 and 1 .6  

times larger respectively. Ihe eight membered ring mon(»ner shows 

deviation in the ^  plot vAiich is attributable to structural 

difference of this species brought about by tiie presence of an 

additional ether oxyg^ atcMa,

At higher concentrations, these ccmpounds associate giving 

rise to intermolecularly H-bonded species in equilibrium with the 

free and intramolecularly H-bonded m(»i(»iers. The main associated 

species of ethyl^e- and diethylene glycol monoalkyl ethers in the 

conc^tration range of 0 ,01  - 0 ,15  are found to be ten membered

•3
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ring dimers resiHtlng frcm mutual H-bondlng of two molecules via 

their ether oxygen atoms in the ^-positions. The association 

behaviour of these compounds is thus marlcedly different from that 

of simple alcohols, which give rise to a mixture of different 

types of self>associated species. This peculiar behaviour of the 

etl^l«ie*> and diethylene glycol monoalkyl ethers is attributable 

to the ability of their OCHgCH^ skeletons to maintain gauche 

confoimations in dilute as well as concentrated solutions. The 

extent of dimerization in diethyl^e glycol monoalkyl ethers is 

smaller than that in ethylene ^ycol monoalkyl ethers. This is 

ascribable to the formation of the eight manbered ring monomer In 

the fom er having H-bond strength comparable with those in the 

dimer but smaller entropy decrease. The tri> and tetramethylene 

glycol monoalkyl ethers are found to give rise to a mixture of 

dimers and trimers of open and/or closed type. The association 

behaviour these compounds is thus similar to that of simple alcohols.

The frequency shifts ( ^ )  and half-band widths 

the hydroxyl bands of the free- and intramolecularly H-bonded five 

membered ring monomers are practically independent of temperature 

whereas in the case of the other intramolecularly H-bonded monomers 

( i .e .  the six-y seven- and eight monbered ring species) as well as 

the intermolocularly associated species, a slight decrease is 

observed with increasing temperature. The integrated intensities 

(B) also in g ^e ra l  showed a decrease with a rise in temperature.

The B*s and ZiH*'s for differait types of H-bonded species a r e  found 

to V a r y  in a parallel manner; i .e .  those with higher value of AH*
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have also a higher value of B. The fractional decrease of the 

B*s vdth respect to their room temperature values however followed 

an opposite order. A H  these effects arise due to the changes in 

force fields of the solute and solvent moleciiles with temperature.
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A n  i . r .  s t u d y  i n  t h e  h y d r o . x y l  s t r e t c h i n g  r e g i o n  o f  t h r e e  m o n o a l k y l  ( m e t h y l ,  e t h y l  a n d  b u t y l )  e t h e r s  
e t h y l e n e  g l y c o l  i n  C C U  s o l u t i o n s  ( c o n c e n t r a t i o n s  u p  t o  0 . 1  m o l  d m " * )  h a s  b e e n  c a r r i e d  o u t  o v e r  
; t e m p e r a t u r e  r a n g e  2 9 8 - 3 3 8  K .  A p p a r e n t  i n t e g r a t e d  i n t e n s i t i e s  o f  t h e  b a n d s  a t  ~ 3 6 3 5 ,  ~ 3 6 0 0  
1  ~ 3 4 7 5 c m - ‘  o f  t h e  f r e e ,  i n t r a m o l e c u l a r l y  a n d  i n t e r m o l e c u l a r l y  b o n d e d  O H  g r o u p s  h a v e  b e e n  
a s u r e d  a n d  u s e d  t o  e v a l u a t e  t h e  e q u i l i b r i a  b e t w e e n  t h e  m o n o m e r i c  a n d  a s s o c i a t e d  s p e c i e s .  V a r i o u s  
s s i b l e  s t r u c t u r e s  i n c l u d i n g  o p e n  a n d  c y c l i c  d i m e r s ,  t r i m e r s  a n d  t e t r a m e r s  f o r  t h e  a s s o c i a t e d  s p e c i e s  
i o r b i n g  a t  ~ 3 4 7 5  c m - ‘  h a v e  b e e n  c o n s i d e r e d .  A  c y c l i c  t e n - m e m b e r e d  r i n g  d i m e r  i n v o l v i n g  t h e  
le r  o x y g e n s  i n  h y d r o g e n  b o n d i n g  s a t i s f a c t o r i l y  e x p l a i n s  t h e  o b s e r v e d  r e s u l t s .  V a r i o u s  t h e r m o -  
n a m i c  q u a n t i t i e s  s u c h  a s  K, A / / ° ,  A G °  a n d  A 5 °  i n  t h e  t h r e e  w a y  e q u i l i b r i u m  i n v o l v i n g  f r e e  
m o m e r ,  i n t r a m o l e c u l a r l y  b o n d e d  m o n o m e r  a n d  t h e  c y c l i c  t e n  m e m b e r e d  r i n g  d i m e r  h a v e  b e e n  
i l u a t e d .  T h e  v a l u e s  o f  i n t r a -  a n d  i n t e r - m o l e c u l a r  h y d r o g e n  b o n d  s t r e n g t h s  a s  c a l c u l a t e d  f r o m  t h e  
p e c t i v e  \ H °  v a l u e s  a r e  ~ 1 4 . 1  k j  m o l ~ ‘  a n d  ~ 2 8 . 2  k j  m o l ~ ‘  r e s p e c t i v e l y .

I n t r a m o le c u la r  h y d r o g e n  b o n d in g  in  ^ - s u b s t it u t e d  e t h a n o ls  X C H 2 C H 2 O H ,  w h e re

is  a  p r o t o n  a c c e p t in g  g r o u p  s u c h  a s  C l ,  N H 2 , O C H 3  etc., is w e ll k n o w n  a n d

v e r y  d i lu te  s o lu t io n s ,  s u c h  c o m p o u n d s  e x is t  a s  e q u i l ib r iu m  m ix t u re s  o f  n o n -

d r o g e n  b o n d e d  free  f o r m s  a n d  in t r a m o le c u la r ly  h y d r o g e n  b o n d e d  g a u c h e  c o n -

rm e r s .  T h e  in t e r m o le c u la r  a s s o c ia t io n  o f  s u c h  c o m p o u n d s  is  p a r t ic u la r l y  in te re s t -

g  in  v ie w  o f  th e  p re se n c e  o f  the  a d d i t io n a l  p r o t o n  a c c e p to r  X ,  w h ic h  c a n  le a d  to

ffe ren t t y p e s  o f  s e lf - a s so c ia te d  sp e c ie s  n o t  p o s s ib le  in  s im p le  a lc o h o ls .  F o r  s im p le

: o h o l s ,  th e  f ir s t  a s s o c ia t e d  s p e c ie s  a b s o r b in g  a t  ~ 3 5 0 0  c m “ ‘ a re  u s u a l l y  c o n s id e r e d

b e  l in e a r  a n d / o r  c y c l ic  d im e r s . '® "^ ®  W h i le  t h is  a s s u m p t io n  is  s u p p o r t e d  b y  m o s t

cen t w o r k ,^ ''"^ ®  th e re  is  s o m e  e v id e n c e  t h a t  t h is  b a n d  m a y  be  d u e  to  l in e a r  a n d / o r

d i e  t r im e r s  a n d / o r  t e t r a m e rs .^ ’'-  T h e  re s u lt s  o f  s e l f - a s s o c ia t io n  s tu d ie s

L 2 - c y a n o e t h a n o l  a n d  2 -m e t h o x y e t h a n o l  h a v e  b e e n  in te rp re te d  o n  th e  b a s is

c y c l ic  a n d  o p e n  d im e r s  r e sp e c t iv e ly .  T h e  p o s s ib le  p a r t ic ip a t io n  o f  th e  a d d it io n a l

o t o n  a c c e p t o r  X  in  th e  / i- p o s it io n  in  s e l f - a s s o c ia t io n  h a s  g e n e r a l ly  b e e n  ig n o r e d

c e p t  f o r  2 -e th o x y e th a n o l. "^ ^ ' H o w e v e r ,  o u r  p r e v io u s  w o r k  w a s  o f  a  p r e l im i-

:ry n a t u re  a n d  in  th a t  o f  L o d y g i n a  et al.** th e  p re se n c e  o f  the  b a n d  a t  ~ 3 6 3 5  c m  ‘

le t o  th e  n o n - h y d r o g e n  b o n d e d  free  m o n o m e r ,  a n d  c o n s e q u e n t ly  its  p a r t ic ip a t io n

th e  e q u i l ib r iu m ,  w a s  n o t  c o n s id e r e d .  W e  h a v e  t h e re fo re  c a r r ie d  o u t  a  d e ta ile d

v e s t ig a t io n  o f  m e t h o x y - ,  e t h o x y -  a n d  b u t o x y - e t h a n o l  in  C C I4  s o lu t io n s  u s in g  in tc -

a te d  in te n s it ie s  in  p la c e  o f  th e  u s u a l l y  e m p lo y e d  a b s o r b a n c e  m a x im a  to  d e te rm in e

e c o n c e n t r a t io n s  o f  th e  a b s o r b in g  sp e c ie s .  T h e  d a t a  h a v e  b e e n  e x a m in e d  to  d e te r-

ine  w h ic h  sp e c ie s ,  o p e n  a n d  c y c l ic  d im e r s ,  t r im e r s  a n d  te t ra m e rs ,  a b s o r b  a t  ~ 3 4 7 5
1
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T h e  a l k o x y e t h a n o l s  in  v e r y  d i lu te  s o lu t io n s  ( C  ^  0 .01  m o l  d n i “ ^) in  C C I 4  e x h ib it  

t w o  b a n d s  at ~ 3 6 3 5  c m  '  a n d  ~ 3 6 0 0  c m - '  w h ic h  a re  a t t r ib u t e d  to  free  a n d

in t r a - m o lc c u la r ly  h y d r o g e n  b o n d e d  O H  g r o u p s  r e sp e c t iv e ly .  I n  o u r  p r e l im in a r y  

w o r k ,  the  re la t iv e  in te n s it ie s  o f  th e se  b a n d s  a re  o b s e r v e d  to  b e  in d e p e n d e n t  o f  c o n 

c e n t ra t io n  in d ic a t in g  th e  p re se n c e  o f  a n  e q u i l ib r iu m  b e tw e e n  the  n o n - h y d r o g e n  b o n d e d  

free  m o n o m e r  ( M ^ )  a n d  the  in t r a n io le c u la r ly  h y d r o g e n  b o n d e d  f ive  m e m b e r e d  r in g  

m o n o m e r  ( M , )  (fig. I).  A t  c o n c e n t r a t io n s  a b o v e  0 .01  m o l  d m '^ ,  a n  a d d i t io n a l  O H  

b a n d  a p p e a r s  at ~ 3 4 7 5  c m  the  r e la t iv e  in t e n s it y  o f  w h ic h  in c re a se s  w it h  c o n c e n t r a 

t io n  in d ic a t in g  it to  be  d u e  to  in t e rm o le c u la r  a s s o c ia t io n .  T h i s  b a n d  is  s y m m e t r ic  in  

th e  c o n c e n t r a t io n  r a n g e  0 .0 1 -0 . 1 0  m o l  d m a n d  m a y  t h e re fo re  b e  a t t r ib u t e d  to  a  

s in g le  a s s o c ia t e d  sp e c ie s  (« -m e r ) .  A t  h ig h e r  c o n c e n t r a t io n s  n o  n e w  O H  b a n d s  a re  

f o u n d  a s  in  th e  c a se  o f  s im p le  a l c o h o l s  (a t  ~ 3 3 0 0  c m ~ ') ^  b u t  th e  b a n d  at 

~ 3 4 7 5  c m " ‘ b e c o m e s  in c r e a s in g ly  a s y m m e t r ic  o n  th e  lo w e r  f r e q u e n c y  s id e  d u e  to  

m o r e  h i g h l y  a s s o c ia t e d  sp ec ie s.

R — O
\

C H j — C H j

I
O — H

CHj-CHj 
/  \  

R — O  O

■•••. /
H

I I

F i g . 1 . — F r e e  ( I )  a n d  i n t r a m o l e c u l a r l y  b o n d e d  ( I I )  m o n o m e r s .

T h e  th re e  sp e c ie s  in  s o lu t io n  ( c o n c e n t r a t io n  u p  to  0 . 1 0  m o l  d m " ^ ) ,  M p ,  M ,  a n d  n, 

w o u ld  b e  e x p e c te d  t o  b e  in  e q u i l ib r iu m  (fig . 2 ), w it h  th e  e q u i l ib r iu m  c o n s t a n t s  g iv e n  b y

K„y =  c”vlc„ a n d  =  c1lc„ ( 1 )

w h e re  the  s u b s c r ip t s  F ,  1 a n d  n d e n o te  th e  free  m o n o m e r ,  th e  in t r a m o le c u la r ly  b o n d e d

T a b l e  1.— Sp e c t r o s c o p ic  p r o p e r t ie s  o f  t h e  v a r io u s  O H  g r o u p s  a t  298 K
type of 

OH group spectral property ethanol mcthoxyethanol ethoxyethanol butoxyethanol
free v /cm " ' +  2.5 3635 3635 3635 3635

A i^ /c m - '± 2 .5 27.5 — — —
BpX  1 0 “^/dm^ m o l ' '  cm “ ^ 4.7 0 — — —
(dB ldTh I

dm^ m o l^ ' cm"^ K ~ ' - 1 9
- 1 6 .2 % — — —

in tra ? /cm -»  +  2 .5 _ 3600 3600 3600
m olecu larly A i^ /cm “ ‘ +  2 .5 --- 32.5 32.5 32.5

bon d ed B iX  1 0 “ ^/dm^ m o l~ ' cm~^ --- 6 .44 6 .26 6 .3 7
(d B ld T h I  

dm^ m o r '  cm~^ K “ ‘ - 1 2 . 4 - 1 2 . 8 - 1 3 . 5
( A B /5 „ 8 ) i* — - 7 . 7 % - 8 .2 % - 8 .4 %

inter- v /c m -‘ 3475 3475 3475
m olecu larly A v ^ /cm -' +  S --- 150 150 145
b on d ed B d X IO-“/dni^ m o l-*  cm^^ --- 5 .9 6 . 1 5.7

( d B /d D o /  
dm* m o l'^  cm “  ̂ K " ‘ - 5 0 - 8 0 - 5 0

(A B /B ,g s)D * --- - 5 . 1 % - 5 . 4 % - -  - 3 .5 %
* A 5 = B 3 3 S K -B298K -
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m o n o m e r  a n d  the  in t e rm o le c u la r ly  b o n d e d  /;-m er r e sp e c t iv e ly .  [ F o r  t h e  d im e r  (fig. 2, 

e q n  ( 6 ) a n d  ta b le s  1-4), th e  s u b s c r ip t  /? =  2  h a s  b e e n  r e p la c e d  b y  D  f o r  c o n v e n ie n c e . ]  

T h e  t h e r m o d y n a m ic  q u a n t it ie s ,  A H  \ AG°  a n d  AS° i n v o lv e d  in  th e  r e sp e c t iv e  e q u i l ib r ia  

w e re  t h e n  c a lc u la te d  f r o m  th e  m e a s u re d  e q u i l ib r iu m  c o n s t a n t s  (A ")  u s in g  th e  s t a n d a r d  

e x p r e s s io n s

AH^  =  -R  ; A G “ =  - R T  In K  a n d  A G =  =  AH ' -TAS=  (2 )
_ d ( l / T ’)_

w h e re  K  is  the  m e a n  o f  th e  K  v a lu e s  o v e r  the  c o n c e n t r a t io n  r a n g e  s tu d ie d .

2Mp
/

D  U  
%

2M|

t r i a n g u l a r  equilibrium  

F i g .  2 . — T h e  t h r e e  way equ ilibrium  c o n s i d e r e d .

T a b l e  2.— C o n c e n t r a t i o n s  ( x  10^) o r  v a r io u s  sp ec ies  in  m e t h o x y e t h a n o l  s o lu t io n s

A T  298 K

soluiion concentration (IO^c’t/itioI dm”-')
OH species 40.0 60.0 80.0 1000.

f r e e  ( O H ) 10’coH(F)/mol d m '^ 2.97 4 .i l 5.31 6.16
o p e n  d i m e r l O ^ c n / m o l  d m “ ^ 4.72 10.08 17.93 25.90
o p e n  t r i m e r l O ' V j / m o I  d m ~ ^ 2.36 5.04 8.96 12.95
o p e n  t e t r a m e r lÔ Ci/mol dm̂ ^ 1.57 3.36 5.98 8.63

l O - V p / m o I  d m ^ ^ 2.97 4.11 5.31 6.16
c y c l i c  d i m e r l O ' V i / m o l  d m ~ ^ 32.31 45.81 56.76 67.94

l O ^ c o / m o l  d m ' ^ 2.36 5.04 8.96 12.95

T a b l e  3 .- --E q u il ib r iu m  c o n s t a n t s  in  t h e  t h r e e  w a y  e q u il ib r ia  i n  m e t h o x y e t h a n o l

SOLUTIONS (A T  298 K )

solution concentration CT/mol dm-^
maximum

%
associated etiuiiibrium deviation

t’L! species constant 0.01 0.04 0.06 0.08 0 . 1 0 K from K

cyc lic ATi f X  10^ 9.49 9.18 8.95 9.35 9.07 9.21 3
d im e rs ATd f X  10'̂ — 3.67 3.31 3.14 2.93 3.26 12

r Koi X  10 — 4.35 4.12 3.60 3.56 3.91 1 0

cyc lic / f ip x  1 0 ^ 9.49 9.18 8.95 9.35 9.07 9.21 3
tr im e rs K ^ j : X  1 0 " — 1.66 2.06 2.50 2.71 2.23 24

K ^ i x  1 0 ^ — 2.14 2.86 3.06 3.63 2.92 26

cyc lic ^ T ip x  10^ 9.49 9.18 8.95 9.35 9.07 9.21 3
te tram ers K ^ p X  10'' — 0.66 1.13 1.77 2.23 1.45 54

K^ix 10^ — 0.92 1.75 2.32 3.31 2.07 58

d im e r " Kipx 10^ 9.49 10.38 11.49 13.68 14.66 11.94 22
type  I I ATd f X  10^ — 1.87 1.67 1.57 1.47 1.65 12

K u i x  10 — 1.73 1.27 0.84 0.68 1.13 A1
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T a b l e  4 . — T h e r m o d y n a m ic  q u a n t it ie s  a s s o c ia t e d  w i t h  t h e  t h r e e  w a y EQUILIBRIUM

ALKOXYETHANOLS
type o f thermodynamic

equilibrium property methoxyethanol ethoxyethanol butoxyeihanol

M i M p K i i - X  1 0 ^ / m o l  d n r ^ 9 . 2 1 9 . 7 2 9 . 4 5
A / / , ° F / k J  m o l  ‘ 1 4 . 7 0 + 0 . 7 6 1 3 . 8 7 + 0 . 6 3 1 3 . 7 8  +  0 . 6 2
A G , | r / k J  m o l  ‘ 5 . 9 1 5 . 7 8 5 . 8 5
A 5 , ° f / J  K - '  m o l - ' 2 9 . 2 2 + 2 . 3 8 2 6 . 9 5 + 1 . 9 8 2 6 . 4 0 + 1 . 9 4

D  ? ^ 2 M f X d f X  l O ^ m o l  d m “ ^ 3 . 2 6 3 . 1 3 2 . 9 5
A / / g p / k J  m o h ' 5 5 . 2 5 ± 2 . 4 2 5 7 . 0 3  +  2 . 8 1 5 6 . 9 3 ± 2 . 3 0
A C g p / l^ J  m o l - ‘ 1 4 . 2 0 1 4 . 3 0 1 4 . 4 5
A 5 g p / J K - ‘ m o l  ' 1 3 6 . 4 4 + 7 . 6 4 1 4 2 . 1 0 + 8 . 8 0 1 4 l . 6 5 ± 7 . 2 5

D  2 M i A d i X  1 0 / m o l  d m ~ ^ 3 . 9 1 3 . 1 2 3 . 3 4
A / / g | / k J  m o l ' ‘ 2 5 . 3 6 + 1 . 7 9 2 9 . 6 6 + 1 . 6 7 2 7 . 6 5 + 1 . 4 1
A C g ,/ k J  m o l  ‘ 2 . 3 3 2 . 8 9 2 . 7 2
A 5 g i / J  K - ‘  m o l  ‘ 7 6 . 4 1  +  5 . 6 5 8 9 . 2 2 + 5 . 2 2 8 3 . 3 4 + 4 . 4 5

K  a n d  A C °  a t  2 9 8  K .  A H °  a n d  A S ”  a r e  o b t a i n e d  f r o m  t h e  m e t h o d  o f  l e a s t  s q u a r e s .

E X P E R I M E N T A L

A n a l a F l  g r a d e  ( M e r c k ,  p i i r i t y  > 9 8 % )  a l k o x y e t h a n o i s  R O C U 2 C H 2 O H  ( R  =  C H ;  
C 2 H 5 a n d  C 4 H 9 )  a n d  e t h a n o l  w e r e  d r i e d  b y  t r e a t i n g  t h e m  s u c c e s s i v e l y  w i t h  a n h y d r o i i  
N a 2 S 0 4 , s o d i u m  m e t a l  a n d  L i A l H j . .  T h e  m i d d l e  f r a c t i o n s  o f  t h e  f i n a l  d i s t i l l a t i o n s  w e r  
c o l l e c t e d  o v e r  a c t i v a t e d  a l u m i n a  a n d  d r i e d  o v e r  P 2 O 5 . A n a l a R  g r a d e  C C U  ( M e r c k ,  Frc 
Analyst) d r i e d  a n d  d i s t i l l e d  o v e r  P 2 O 5 w a s  u s e d  a s  t h e  s o l v e n t .  O p e r a t i o n s  i n c l u d i n g  p r c  
p a r a t i o n  o f  s o l u t i o n s  a n d  f i l l i n g  t h e  c e l l s  w e r e  p e r f o r m e d  i n  a  d j - y  b o x .  V a r i a b l e  p a t h  l e n g t  
c e l l s  ( / =  O . O l - I . O c m J  w i t h  N a C l  w i n d o w s  ( c a l i b r a t e d  b y  i n t e r f e r e n c e  f r i n g e s )  w e r e  u s e e  
T h e  s p e c t r a l  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  o n  a  P e r k i n - E l r n e r  2 2 1  s p e c t r o p h o t o m e t e r  w i t  
a n  a b s c i s s a  e x p a n s i o n  o f  4 x .  T h e  s p e c t r a  w e r e  r e c o r d e d  o v e r  a  t e m p e r a t u r e  r a n g e  2 9 S  
3 3 8  K  a t  i n t e r v a l s  o f  5  K .

B A N D  R E S O L U T I O N  ( F I G .  3 )

B e c a u s e  o f  o v e r l a p  b e t w e e n  t h e  t h r e e  O H  b a n d s ,  t h e  a p p a r e n t  i n t e g r a t e d  a b s o r p t i o :  
i n t e n s i t i e s  (B )  o f  t h e  b a n d s  [ i n s t e a d  o f  l o g ( / o / / ) m a x  v a l u e s ]  w e r e  u s e d  t o  o b t a i n  t h e  c o n c e n l r a  
t i o n s  o f  t h e  a b s o r b i n g  s p e c i e s .  B  i s  d e f i n e d  a s

\ n (T J l \  d v  =  A jC l (3

w h e r e  A =  J l n ( 7 ' o / 7 ’ ) ,,  d v  a n d  c  a r e  t h e  b a n d  a r e a  a n d  m o l a r  c o n c e n t r a t i o n  o f  t h e  g r o u  
c o n c e r n e d  a n d  / i s  t h e  p a t h  l e n g t h  ( i n  c m ) .

F o r  d e t e r m i n a t i o n  o f  t h e  b a n d  a r e a s ,  t h e  b a n d s  h a v e  f i r s t  t o  b e  r e s o l v e d .  R e l i a b l  
r e s o l u t i o n  w a s  p o s s i b l e  i n  v i e w  o f  t h e  f o l l o w i n g :  (a )  i n  s o l u t i o n ,  t h e  a b s o r p t i o n  b a n d  o f  . 
s i n g l e  a b s o r b i n g  s p e c i e s  i s  s y m m e t r i c a l  a b o u t  i t s  m a x i m u m ; (b )  t h e  a b s o r b a n c e s  o f  t w o  o  
m o r e  s p e c i e s  a t  a  c o m m o n  f r e q u e n c y  a r e  a d d i t i v e ; a n d  i n  t h e  p r e s e n t  c a s e ,  ( c )  t h e  l o \  
f r e q u e n c y  s i d e  o f  t h e  b a n d  a t  ~  3 4 7 5  c m ~ ‘  w a s  f r e e  f r o n i  a n y  o v e r l a p  a n d  t h e  l o w  f r e q u e n c  
s i d e  o f  t h e  i n t r a m o l e c u l a r l y  h y d r o g e n  b o n d e d  O H  b a n d  w a s  f r e e  f r o m  o v e r l a p  w i t h  t h e  f r e  
O H  b a n d .  T h e  h i g h  f r e q u e n c y  s i d e  o f  t h e  3 4 7 5  c m " ‘  b a n d  t h e r e f o r e  w a s  f i r s t  g e n e r a t e d  b ; 
r e f l e c t i o n  o f  t h e  l o w  f r e q u e n c y  s i d e  a c r o s s  i t s  m a x i m u m  ( ~ 3 4 7 5  c m ^ ' ) .  T h e  l o w  f r e q u e n c ;  
s i d e  o f  t h e  i n t r a m o l e c u l a r l y  b o n d e d  O H  b a n d  w a s  t h e n  o b t a i n e d  b y  s u b t r a c t i n g  t h e  r e f l e c t e i  
s i d e  o f  t h e  3 4 7 5  c m ^ ‘  b a n d  f r o m  t h e  e x p e r i m e n t a l  s p e c t r u m  i n  t h e  r e g i o n  3 5 0 0 - 3 6 0 0  c m “ ‘ 
T h e  s a m e  p r o c e d u r e  w a s  r e p e a t e d  t o  r e s o l v e  t h e  i n t r a m o l e c u l a r l y  h y d r o g e n  b o n d e d  O l  
b a n d  a t  ~ 3 6 0 0 c m ~ ‘  a n d  s o  a l s o  t h e  f r e e  O H  b a n d  a t  ~ 3 6 3 5

T h e  a r e a  o f  e a c h  b a n d  A  w 'a s  e v a l u a t e d  b y  g r a p h i c a l  i n t e g r a t i o n  a p p l y i n g  a p p r o p r i a t  
c o r r e c t i o n s  f o r  t h e  a r e a  u n d e r  t h e  w i n g s  a n d  t h e  c h a n g e  i n  t h e  d e n s i t y  o f  C C U  a t  h i g h e
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i m p e r a t u r e s . ' * ' '  B e c a u s e  o f  v a r i o u s  i n s t r u m e n t a l  a n d  e x p e r i m e n t a l  f a c t o r s  i n v o l v e d ,  
l e  a c c u r a c y  o f  t h e  m e a s u r e d  b a n d  a r e a s  a n d  i n t e n s i t i e s  i s  e s t i m a t e d  t o  b e  ~ 5 % .

w aven u m ber/cm '‘

F ig . 3.— R esolu tion  o f  spectral bands.

v a l u a t i o n  o f  c o n c e n t r a t i o n s  o f  f r e e  a n d  IN T R A M O L E C U L A R L Y  b o n d e d  o h

G R O U P S  : (COH(F) a n d  fo H (I ) )

B e c a u s e  o f  t h e  p r e s e n c e  o f  b o t h  f r e e  a n d  t h e  i n t r a m o l e c u l a r l y  b o n d e d  s p e c i e s  e v e n  i n  t h e  
l o s t  d i l u t e  s o l u t i o n s  o f  a l k o x y e t h a n o l s ,  i t  i s  n o t  p o s s i b l e  t o  e v a l u a t e  t h e  c o n c e n t r a t i o n  o f  t h e  
e e  O H  g r o u p  b y  a n y  d i r e c t  m e t h o d .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  a s s u m e  t h a t  t h e  i n t e n s i t y  
F t h e  f r e e  O H  g r o u p  i n  a l k o x y e t h a n o l s  i s  i d e n t i c a l  w i t h  t h a t  o f  a  s i m p l e  a l c o h o l  ( e . g . ,  e t h a n o l ) ,  
h i s  a s s u m p t i o n  i s  r e a s o n a b l e  i n  v i e w  o f : {a) t h e  p o s i t i o n s  a n d  i n t e n s i t i e s  o f  t h e  f r e e  O H  
• o u p s  o f  v a r i o u s  p r i m a r y  u n b r a n c h e d  s a t u r a t e d  a l k a n o l s  a r e  f o u n d  t o  b e  a l m o s t  t h e  s a m e  
O H  ^  3 6 3 0 - 3 6 4 0  c m “ ‘ , £ ^ „  «  6 0  a t  3 0 0  K )  ;  ( A )  o u r  o b s e r v a t i o n ,  t h a t  t h e  f r e e  O H  
e q u e n c y  i n  a l k o x y e t h a n o l s  i s  t h e  s a m e  a s  t h a t  o f  e t h a n o l  ( ~ 3 6 3 5  c m ^ ' ) ,  i s  i n  g o o d  a g r e e -  
l e n t  w i t h  e a r l i e r  w o r k  ^ ; a n d  ( c )  t h e  p o s s i b l e  i n d u c t i v e  e f f e c t s  o f  t h e  a l k o x y  g r o u p  i n  t h e  
■ p o s i t i o n  o n  t h e  i n t e n s i t y  o f  f r e e  O H  g r o u p  a r e  n e g l i g i b l e .  T h e  i n t e n s i t y  o f  t h e  f r e e  O H  
b s o r p t i o n  (B p )  o f  e t h a n o l  i n  C C U  s o l u t i o n  (c  =  7 . 5  x  1 0 ^ ^  m o l  d m “ ^ )  w a s  t h e r e f o r e  m e a -  
i r e d  a t  v a r i o u s  t e m p e r a t u r e s  a n d  t h e  p l o t  o f  Bp a g a i n s t  T  w a s  u s e d  a s  t h e  c a l i b r a t i o n  c u r v e  
) e s t i m a t e  t h e  c o n c e n t r a t i o n  o f  t h e  f r e e  O H  g r o u p  ( < t o h ( F ) )  i ' l  a l k o x y e t h a n o l  s o l u t i o n s .  A  
m i l a r  p r o c e d u r e  w a s  u s e d  b y  B u c  a n d  N e e l  *’  a n d  a l s o  b y  K u h n  a n d  W i r e s . T h e  c o n c e n -  
a t i o n  o f  t h e  i n t r a m o l e c u l a r l y  b o n d e d  O H  g r o u p  ( c q h ( I ) )  i n  s o l u t i o n s  a t  c o n c e n t r a t i o n s  
: 0 . 0 1  m o l  d m “ ^ , w h e r e  t h e  a s s o c i a t e d  s p e c i e s  a r e  a b s e n t ,  v / a s  o b t a i n e d  b y  s u b t r a c t i n g ®  
) H ( F )  f r o m  t h e  s o l u t i o n  c o n c e n t r a t i o n  r j  ( < 0 . 0 1  m o l  d m ~ ^ ) .  T h e  b a n d  i n t e n s i t y  o f  t h e  
i t r a m o l e c u l a r l y  b o n d e d  O H  g r o u p  ( f i i )  w a s  t h e n  c a l c u l a t e d  a t  v a r i o u s  t e m p e r a t u r e s  a n d  
l e  c o r r e s p o n d i n g  p l o t  o f  Bi a g a i n s t  T  w a s  u s e d  a s  t h e  s e c o n d  c a l i b r a t i o n  c u r v e  t o  d e t e r m i n e  
3 H ( i)  i n  s o l u t i o n s  a t  c o n c e n t r a t i o n s  0 . 0 1  <  c t  <  0 . 1 m o l  d m ^ ^  w h e r e  t h e  a s s o c i a t e d  s p e c i e s  
b s o r b i n g  a t  ~ 3 4 7 5  c m ~ ‘  a r e  a l s o  p r e s e n t .  T h e  c o n c e n t r a t i o n s  o f  t h e  i n d i v i d u a l  m o l e c u l a r  
5 e c i e s  v i z .  c p ,  c i  a n d  c „  w e r e  t h e n  e v a l u a t e d  i n  t e r m s  o f  f o H ( F ) >  c o h ( I )  a n d  c p .

e v a l u a t i o n  o f  c o n c e n t r a t i o n s  o f  i n d i v i d u a l  m o l e c u l a r  s p e c i e s :

( c f ,C i  a n d  c„ )

A s  t h e  O H  g r o u p s  o f  t h e  a s s o c i a t e d  s p e c i e s  in )  w i l l  a b s o r b  i n  d i f f e r e n t  r e g i o n s  d e p e n d i n g  
n  t h e  n a t u r e  o f  t h e i r  a s s o c i a t i o n ,  t h e  v a l u e s  o f  cg, Ci a n d  c„ w i l l  d e p e n d  o n  t h e  c o n t r i b u t i o n s  
f  t h e  O H  g r o u p s  o f  t h e  a s s o c i a t e d  s p e c i e s  t o  c o h ^ f )  a n d / o r  c o h ( I )  i n  a d d i t i o n  t o  t h a t  o f  
3 H (» )-  T h e s e  p o s s i b i l i t i e s  w e r e  t e s t e d  b y  c o n s i d e r i n g  v a r i o u s  p o s s i b l e  s t r u c t u r e s  f o r  d i m e r  
5 s h o w n  i n  f i g .  4  a s  w e l l  a s  s i m i l a r  o p e n  a n d  c y c l i c  s t r u c t u r e s  f o r  t r i m e r s  a n d  t e t r a m e r s .
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I n  g e n e r a l ,  f o r  a n  o p e n  « - m e r  o f  t y p e  I  la  o r  h) ( f i g .  4 ) ,  w h e r e  t h e  e n d  O H  g r o u p  i s  f r e e  
a n d  w i l l  a b s o r b  i n  t h e  s a m e  r e g i o n  a s  t h a t  o f  t h e  f r e e  m o n o m e r i c  O H  ( ~ 3 6 3 5
c m ~ ‘ ) ,  i t  c a n  b e  s h o w n  t h a t  \ y

Cn =   ̂ _  I j [C x  —  (t'oH (F) +  <’0H( I))])  I =  Cq ik  I)- (4 )

F o r  c y c h c  « - m e r s  o f  t y p e  I I I  o r  I V ,  t h e  O H  g r o u p s  o f  t h e  a s s o c i a t e d  s p e c i e s  w o u l d  n o t  c o n 
t r i b u t e  t o  f o H ( F )  o r  f o H ( i )  a n d  h e n c e

c„ =  - [ c t  — (Con(F) +  ‘'o n ( i) ) ]  s in c c  c,: =  c’oh (F ) a n d  C| =  t 'o m i) ' (5 )

F o r  t h e  d i m e r ,  t h e r e  a r e  f i v e  p o s s i b l e  s t r u c t u r e s  i n c l u d i n g  t h e  tw'O o p e n  a n d  t w o  c y c l i c  
s p e c i e s  m e n t i o n e d  a b o v e .  I n  t h e  f i f t h  t y p e  ( s t r u c t u r e  I I ,  f i g .  4 ,  s u g g e s t e d  b y  S a i t o  el 
t h e  e n d  O H  o f  t h e  o p e n  d i m e r  i s  i n t r a m o l e c u l a r l y  h y d r o g e n  b o n d e d  t o  t h e  e t h e r  o x y g e n  a n d  
t h e r e f o r e  w o u l d  a b s o r b  i n  t h e  s a m e  p o s i t i o n  a s  t h e  i n t r a m o l e c u l a r l y  h y d r o g e n  b o n d e d  
m o n o m e r  ( i . e . ,  a t  ~  3 6 0 0  c m  ' ) .  I n  t h i s  c a s e  i t  c a n  b e  s h o w ' n  t h a t

=  CT— [f'O H (F )+<"O H (i)]. f'F =  <’OH(F) a n d  =  COH(I)— Cd - (6 )

%
R0(CH2)2 0 - H  ■ • 0(CH2)20R

R .

R0(CH2)20-H.....0(CH2)20H -

CHz— CHg ■
R0(CHo)2 0-H.....0 \

OR ‘

R0(CH2)2 0 - H  
\ \

'h — b(CH2)2 0R

^ " III 
R

I I
CH2̂  /C

^ 0 ^  '0

R
' IV ' ':b,r

F ig . 4.— Possib le structures fo r  d im er in a lkoxyethanols

............. j R E S U L T S  A N D  D I S C U S S I O N  , .

S in c e  th e  s p e c t r o s c o p ic  a n d  t h e r m o d y n a m ic  p r o p e r t ie s  o f  the  th re e  a l k o x v e t h a n o l s  

w e re  a l ik e ,  th e  d i s c u s s io n  w i l l  b e  c o n f in e d  t o  m e t h o x y e t h a n o l.
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T h e  b a n d  p o s i t io n s  (ii), h a l f  b a n d  w id t h s  (A v ^ ) .  in te g ra te d  in t e n s it ie s  (B) a n d  the  

Feet o f  t e m p e ra tu r e  o n  th e  in t e n s it ie s  {dB/dT  e tc.) o f  the  free  O H  a b s o r p t io n s  o f  

h a n o l  a n d  t h o s e  o f  th e  in t r a -  a n d  in t e r -m o le c u la r ly  b o n d e d  O H  a b s o r p t io n s  o f  the  

ree  a i k o x y e t h a n o l s a r e  g i v e n  in  t a b le  I.  T h e  v a r i o u s  v a n d  A v ^  v a lu e s  a re  in  g o o d  

're e m e n t  w it h  t h o se  r e p o r t e d  in  l ite ia tu re .^ -  ® O u r  v a lu e s  o f  Bp =  4 .7  x  10^ d m ^  

o l~ *  c m “ ^ a t  2 9 8  K  a n d  dB^/dT  =  —  19 f o r  th e  free  O H  g r o u p  in  e th a n o l,  u se d  to  

t im a te  th e  c o n c e n t r a t io n  o f  th e  free  O H  g r o u p  in  a l k o x y e t h a n o l  s o lu t io n s ,  a re  in  

)o d  a g re e m e n t  w it h  t h o s e  o f  L id d e l  a n d  B e c k e r , ”  4 .6  x  lO-’ d m ^  m o l~ *  c m ~ ^  a n d  

2 0  re sp e c t iv e ly .  F o r  th e  in t r a n io le c u la r ly  b o n d e d  O H  g r o u p ,  o u r  v a lu e s  o f  =  

43  X  10^ dm ®  m o l  ‘ c m “ ^ a t  2 9 8  K  a n d  dBJdT  =  —  12.4  f o r  m e t h o x y e t h a n o l  c a n  

t ly  b e  c o m p a re d ,  in  th e  a b se n c e  o f  o t h e r  d a ta ,  w it h  t h o s e  o f  K u h n  a n d  W ire s .®  

iie ir  v a lu e s ,  S ,  =  7 .2 5  x  10® dm ®  m o l  ‘ c m ~ ^  a t  2 9 8  K  ( c a lc u la te d  f r o m  t h e ir  v a lu e  

■ Bj a t  2 9 3  K )  a n d  dBJdT  =  - 5 0  a re  c o n s id e r a b ly  h ig h e r  t h a n  o u r s .  N o t e  h o w -  

e r  t h a t  t h e ir  v a lu e  o f  th e  in t e n s it y  o f  th e  free  O H  a b s o r p t io n  o f  b u t a n o l  6 p =  

4 x  1 0 ® dm ®  m o l “ * c m ^ ^  is  a l s o  c o n s id e r a b l y  h ig h e r  t h a n  th a t  r e p o r t e d  f o r  e th a n o l 

id  o th e r  a l ip h a t ic  a lc o h o ls .®  T h i s  m ig h t  b e  d u e  to  th e  u se  o f  A v ^  f o r  th e  free  O H  

b u t a n o l  f o r  c a lc u la t in g  th e  in t e n s it y ,  w h ic h  is  h o w e v e r  u n s y m m e t r ic a l  ^®- d u e  to  

^ e r la p p in g  o f  b a n d s  o f  t w o  r o t a t io n a l  is o m e r s .  T h e  v a r i o u s  O H  b a n d  in te n s it ie s  

u n d  in  th e  p re se n t  w o r k  d e c re a se  w it h  in c r e a s in g  t e m p e ra tu r e  a s  r e p o r t e d  in  the  

e ra ture .® - so. ss jj.jj.gg in t e n s it ie s  v a r y  i n  th e  o r d e r

3  >  5 ,  >  w h i le  in  th e  t e m p e ra tu r e  r a n g e  c o v e re d ,  th e  re la t iv e  d e c re a se  o f  th e  

v a lu e s  w it h  re sp e c t  t o  t h e ir  v a lu e s  at 2 9 8  K ,  i.e., A S / S j g g  f o l lo w s  e x a c t ly  th e  o p p o s it e  

de r, ( A 5 /5 2 9 8 )d  <  ( A 5 /5 2 9 8 )i <  ( A 5 /5 2 9 s ) f -  B e c k e r  a l s o  f o u n d  th a t  th e  m a g -  

t u d e  o f  th e  t e m p e ra tu r e  e ffect o n  th e  in t e n s it ie s  d e c re a se s  s y s t e m a t ic a l ly  w it h  th e  

c re a se  in  A H  o f  h y d r o g e n  b o n d  f o rm a t io n .

I N T R A M O L E C U L A R  H Y D R O G E N  B O N D I N G

T h e  e x p e r im e n ta l  v a lu e s  o f  th e  v a r i o u s  t h e r m o d y n a m ic  q u a n t it ie s  f o r  th e  v a r i o u s  

[u i l ib r ia  in  a l k o x y e t h a n o l  s o l u t io n s  a r e  s h o w n  in  ta b le  4. O u r  v a lu e s  o f  1 4 .7 0  k J  

o l “  ̂ a n d  5.91 k J  m o l~ ^  f o r  a n d  A G ip  at 2 9 8  K  f o r  in t r a m o le c u la r  h y d r o g e n  

) n d in g  in  m e t h o x y e t h a n o l  a re  c o m p a r a b le  w it h  t h o s e  o f  K u h n  a n d  W ire s ,®  10 +  2  

f m o l“ ‘ a n d  5 . 4 4 k J m o l ~ ‘ r e sp e c t iv e ly .  T h e  d if fe re n c e s  b e tw e e n  t h e ir s  a n d  o u r  

ilu e s  m ig h t  b e  d u e  to  t h e ir  u se  o f  log(/o//)m ax v a lu e s  a n d  o u r s  o f  b a n d  r e s o lv in g  a n d  

v a lu e s .

N A T U R E  O F  T H E  A S S O C I A T E D  S P E C I E S

T h e  p o s s ib le  s t r u c t u r e s  f o r  th e  a s s o c ia t e d  sp e c ie s ,  o p e n  a n d  c y c l ic  d im e r s ,  t r im e r s  

id  te t ra m e rs ,  w e re  c o n s id e r e d  s e p a r a t e ly  t o  d e t e rm in e  th e  m o s t  l i k e ly  sp e c ie s  a b s o r b -  

g  a t  ~ 3 4 7 5  c m ^ ‘ .

F e e n e y  a n d  W a l k e r  s u g g e s t e d  a n  o p e n  d im e r  ( w i t h o u t  s p e c i f y in g  the  t y p e )  f o r  

e t h o x y e t h a n o l  f r o m  t h e ir  n .m .r .  s t u d ie s  in  th e  c o n c e n t r a t io n  r a n g e  O . I - l  .3 m o l  dm ~ ® , 

)t c o v e re d  in  th e  p r e se n t  s tu d ie s .  H o w 'e v e r ,  f o r  a n y  o p e n  « -m e r  ( t y p e  l a  o r  \h, fig. 4 ), 

o b t a in  Cp, e q n  (4 )  r e q u ir e s  Cohcf) t o  b e  g re a t e r  t h a n  c„. I n  th e  m a jo r i t y  o f  c a se s  

th e  p re se n t  s t u d y  t h i s  r e q u ir e m e n t  is  n o t  fu lf i lle d .  A s  a n  i l lu s t r a t io n ,  th e  c a lc u la t e d  

ilu e s  o f  CoiHF) a n d  t h o s e  o f  c„ f o r  v a r i o u s  o p e n  « - m e r s  in  v a r i o u s  s o l u t io n s  o f  m e th o x y -  

h a n o l  at 2 9 8  K  a re  g iv e n  in  t a b le  2 ( A ) .  E q u i l i b r i a  i n v o l v i n g  o p e n  /^-m ers c a n  th e re -  

re  b e  r u le d  o u t.  F o r  c y c l ic  t r im e r s ,  c y c l ic  t e t r a m e rs  a n d  d im e r  t y p e  I I  (fig. 4 ), the  

. Ic u la te d  e q u i l ib r iu m  c o n s t a n t s  s h o w  w id e  v a r i a t io n s  o v e r  th e  c o n c e n t r a t io n  r a n g e  

u d ie d .  A g a in ,  a s  a  t y p ic a l  c a se  th e  v a r i o u s  K  v a lu e s  in  th e  th re e  w a y  e q u i l ib r ia
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t o g e th e r  w ith  th e  m a x im u m  v a r i a t io n s  f r o m  t h e ir  re sp e c t iv e  m e a n  v a lu e s  ( K )  a re  s h o w i  

in  t a b le  3. T h e  lo g  K  a g a in s t  1 jT  p l o t s  f o r  th e se  c a se s  a l s o  s h o w e d  la rg e  d e v ia t io n  

f r o m  l in e a r it y  t h u s  e l im in a t in g  th e se  a s  p o s s ib le  p r e d o m in a n t  sp e c ie s.  A f t e r  ru lin j  

o u t  th e  p o s s i b i l i t y  o f  o p e n  « -m e rs ,  c y c l ic  t r im e rs ,  c y c l ic  t e t r a m e rs  a n d  d im e r  t y p e  I I  

o n l y  c y c l ic  d im e r s  w ith  s t r u c t u re  I I I  o r  I V  (fig . 4 )  r e m a in  t o  b e  c o n s id e r e d .  H e re ,  thi 

b e tte r  c o n s t a n c y  o f  th e  re sp e c t iv e  K  v a lu e s  in  th e  e q u i l ib r iu m  o v e r  th e  e n t ire  c o n c e n  

t r a t io n  r a n g e  s t u d ie d  (e.g., t a b le  3 ) t o g e th e r  w it h  e x c e lle n t  l in e a r it y  o f  th e  lo g  K  a g a in s  

1 IT p lo t s  (fig . 5 ) a n d  t h a t  o f  A C °  a g a in s t  T  p lo t s  s u g g e s t s  th e se  a s  th e  m o s t  p r o b a b l  

s p e c ie s  a b s o r b in g  a t  ~ 3 4 7 5  c m  ‘ .

D

Q
1̂
euo

u.
Ik
00

F ig . 5.— Plots o f  ( I )  lo g  A 'i f > (2 ) lo g  A 'd f  and (3 ) lo g  A 'd i against I , T f o r  racthoxyethanol 
[cf. d im er structures I I I  and IV  and eqn (5)].

T h e  f o u r  m e m b e r e d  r i n g  s t r u c t u re  111 in  w h ic h  th e  h y d r o x y l  o x y g e n  a t o m s  a n  

i n v o l v e d  in  h y d r o g e n  b o n d in g  w i l l  b e  c o n s id e r a b l y  s t r a in e d  b e c a u se  o f  th e  u n f a v o u r  

a b le  O — H — O  a n g le s  ( ~ 7t/ 2  r a d ).  T h e  b e n t  h y d r o g e n  b o n d s  in  s u c h  r in g s  w ill  b( 

w e a k  g i v i n g  r ise  to  s m a l l  A / / °  v a lu e s . '®  T h e  A 5 °  v a lu e  w il l  a l s o  be  s m a l l  d u e  to  t in  

s m a l l  r i n g  s ize . S u c h  d im e r s  h a v e  b e e n  p r o p o s e d  f o r  s im p le  a l c o h o l s a n c  

c y a n o e t h a n o l  “  w it h  A/-/° a n d  ^S°  v a lu e s  r a n g in g  o v e r  1 2 -2 4  k J  m o h '  a n d  3 0 - 8 0 .  

K  '  m o l ' ' r e sp e c t iv e ly .  T h e  p re se n t  v a lu e s  o f  A / / d f  =  5 5 .2 5  k J  m o h '  a n d  A . S d f  

1 3 6 .4 4 J  m o h ’ ( ta b le  4 )  a re  c o n s id e r a b l y  h ig h e r  s u g g e s t in g  th e  s t r a in - f re e  ten  m e m



b e re d  r i n g  s t r u c t u re  I V ,  w it h  t w o  h y d r o g e n  b o n d s  i n v o l v i n g  th e  e th e r  o x y g e n s ,  a s  th e  

m o s t  p r o b a b le  s t r u c t u re  f o r  th e  d im e r .  T ire  la r g e r  r i n g  r e s t r ic t in g  th e  r o t a t io n  a r o u n d  

v a r i o u s  C — C  b o n d s  w o u ld  e x p la in  th e  la r g e r  A 5 d f  v a lu e  c o m p a r e d  to  th a t  in  s t r u c t u re  

I I I .  T h a t  th e  h y d r o g e n  b o n d in g  in t e ra c t io n  w ith  a n  e th e r  o x y g e n  w il l  be la r g e r  t h a n  

t h a t  w it h  a  h y d r o x y l i c  o x y g e n  is  e v id e n t  f r o m  th e  o b s e r v e d   ̂ la r g e r  f r e q u e n c y  

s h if t s  ( A i )  a n d  s m a l le r  O — O  d is t a n c e s  in  in t r a m o le c u la r  h y d r o g e n  b o n d in g  i n  d io l  

m o n o m e t h y l  e th e r s  a s  c o m p a r e d  t o  t h o s e  in  s im p le  d io l s .  T h u s  th e  a b se n c e  o f  s t r a in  

in  th e  r in g  a n d  th e  la r g e r  h y d r o g e n - b o n d in g  in t e ra c t io n  in  s t r u c t u re  I V  e x p la in  the  

la rg e r  v a lu e  o f  A Z / d f  c o m p a r e d  to  t h a t  in  s t r u c t u re  I I I .  A n  e th e r  o x y g e n  a t o m  

is  a  b e lte r  p r o t o n - a c c e p t o r  t h a n  t iie  h y d r o x y l i c  o x y g e n  s o  th a t,  i n  a  s y s t e m  c o n t a in in g  

b o th ,  h y d r o g e n  b o n d in g  w i l l  o c c u r  p r e fe re n t ia l ly  w it h  th e  fo rm e r .  S t r u c t u r e  I V  

n a t u r a l ly  r e q u ire s  th e  O — C H 2 — C H j — O  s k e le t o n  to  be  p r e d o m in a n t ly  in  th e  g a u c h e  

c o n fo rm a t io n .  E a r l ie r  s t u d ie s  o n  C H j  r o c k in g  m o d e s  a t  ~ 8 0 0  c m  ' h a v e  s h o w n  

th a t  O — C H 2 — C H 2 — O  i n  v a r i o u s  e th y le n e  g l y c o l  m o n o a lk y l  e th e r s  i n  s o l u t io n  e x ist,  

a lm o s t  e x c lu s iv e ly ,  i n  th e  g a u c h e  c o n f o r m a t io n ,  i n  g o o d  a g re e m e n t  w it h  th e  p re se n t  

s t r u c tu re  I V  f o r  the  d im e r .  T h e  s a m e  t e n -m e m b e re d  r i n g  s t r u c t u re  h a s  b e e n  s u g g e s te d  

fo r  th e  e t h o x y e t h a n o l  d im e r  b y  L o d y g i n a  et f r o m  a n  o b s e r v a t io n  o f  the  s h if t  o f  

Ihe  e th e r  a b s o r p t io n  f r o m  1 1 3 2  c n i '^  i n  p u r e  l i q u id  t o  1 125 c m ^ ‘ in  v e ry  d ilu te  s o lu -  

io n s .  H o w e v e r ,  th e  v a lu e s  o f  v a r i o u s  t h e r m o d y n a m ic  q u a n t it ie s  a s  d e t e rm in e d  b y  

h e m  fo r  a n  e q u i l ib r iu m  b e tw e e n  th e  3 6 1 0  c m  ' b a n d  ( a s s u m e d  d u e  t o  free  O H )  a n d  

. lim e r a re  s m a l le r  t h a n  o u r s .  T h i s  d if fe re n c e  m a y  o c c u r  s in c e  t h e y  ig n o r e  th e  3 6 3 5  

: m ~ ‘ b a n d  ( w h ic h  is  a c t u a l ly  d u e  to  th e  free  O H )  a n d  th e  th re e  w a y  e q u i l ib r iu m  w h ic h  

exists. T h e  p re se n t  d a t a  f o r  a l k o x y e t h a n o l s  t h u s  e s t a b l i s h  th e  t e a  m e n ib e r e d  r in g  

l im e r  w it h  th e  e th e r  o x y g e n  a t o m s  p a r t ic ip a t in g  in  th e  in t e rm o le c u la r  h y d r o g e n  b o n d -  

n g  a s  th e  m o s t  l ik e ly  a s s o c ia t e d  s p e c ie s  in  s o lu t io n s  u p  to  c o n c e n t r a t io n s  0 . 1  m o l  d m ~ ^ .

T h e  c lo se  a g re e m e n t  a m o n g  th e  v a r i o u s  t h e r m o d y n a m ic  q u a n t it ie s  ( ta b le  4 )  s u p 

ports the  p o s t u la t e d  th re e  w a y  e q u i l ib r iu m .  T h e  a p p r o x im a t e  c o n s t a n c y  o f  th e  

e sp e c t iv e  s p e c t r o s c o p ic  p r o p e r t ie s  ( ta b le  1 ) a n d  t h a t  o f  th e  t h e r m o d y n a m ic  q u a n t it ie s  

ta b le  4 )  f o r  th e  th re e  a l k o x y e t h a n o l s  in d ic a t e s  t h a t  th e  s iz e  o f  th e  a l k y l  g r o u p  d o e s  

lo t  a ffect t h e ir  a s s o c ia t io n  b e h a v io u r .  N o t e  t h a t  th e  in t r a m o le c u la r ly  b o n d e d  m o n o -  

n e r  a lw a y s  p r e d o m in a t e s  o v e r  th e  d im e r ,  i.e., c, >  ( ta b le  2B), i n  sp ite  o f  AH(p 

)e in g  m u c h  s m a l le r  t h a n  A / / d f -  T h i s  i s  d u e  to  th e  fa c t  t h a t  th e  f o r m a t io n  o f  the  

l im e r  r e q u ir e s  a  g r e a t e r  n u m b e r  o f  b o n d s  in  a  s u it a b le  c o n f o r m a t io n  ( la r g e r  d e c re a se  

n  e n t r o p y )  t h a n  t h a t  f o r  th e  in t r a m o le c u la r ly  b o n d e d  m o n o m e r  c o n s e q u e n t ly  r e d u c in g  

h e  p r o b a b i l i t y  o f  it s  f o r m a t io n .  F in a l l y ,  i g n o r in g  f a c to r s  s u c h  a s  c o n f o r m a t io n a l  

n te ra c t io n s  a n d  s o lv e n t  e fle c ts, th e  s t r e n g t h s  ^ f  th e  in t ra -  a n d  in t e r -m o le c u la r  h y d r o -  

,en b o n d s  i n  a l k o x y e t h a n o l s  a s  c a lc u la t e d  f r o m  th e  AHfe a n d  AH^p  v a lu e s ,  a re  

- 1 4 . 1  k J  m o l - ‘ a n d  ~ 2 8 . 2 k J  m o l ‘ r e sp e c t iv e ly .
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D i e t h y l e n e  g l y c o l  m o n o a l k y l  e t h e r s  i n  d i l u t e  C C U  s o l u t i o n s  e x h i b i t  t h r e e  O H  b a n d s ,  viz. a t ~  3 6 3 5 ,  
1 6 0 0  a n d  — 3 4 7 5  c m “ ‘  a t t r i b u t a b l e  t o  a  f r e e  m o n o m e r  ( M f ) ,  a n  i n t r a m o l e c u l a r l y  h y d r o g e n  b o n d e d  
: - m e m b e r e d  r i n g  m o n o m e r  ( M s )  a n d  a n  i n t r a m o l e c u l a r l y  h y d r o g e n  b o n d e d  e i g h t - m e m b e r e d  r i n g  
n o m e r  ( M s )  r e s p e c t i v e l y .  I n  c o n c e n t r a t e d  s o l u t i o n s ,  t h e  d i m e r  ( D )  b a n d  a p p e a r s  a t  — 3 4 4 0  

T h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e s e  s p e c i e s  i n v o l v e d  i n  t h e  m u l t i p l e  e q u i l i b r i a  a r e  o b s e r v e d  
X  i n  t h e  o r d e r  C d  C f  C s  iCs  a t  2 9 8  K .  T h e  t h e r m o d y n a m i c  q u a n t i t i e s  f o r  t h e  e q u i l i b r i a  

^  M f ,  M g  M f  a n d  D  ^  2 M f  a r e  A / / s f  ~  1 2  k j  m o l “ ’ ,  A 5 s f  ~  2 2  J  K “ ‘  m o l  ‘ ; A / T s f  ~  
k J  m o l “ ‘ ,  ~  5 6  J  m o l ~ ‘  a n d  ~  5 8  k J  m o l ~ ‘ ,  A j ’o F  ~  1 5 3  J  K ~ ‘ m o l ~ ‘  r e s p e c -
: I y .  F i n a l l y  a  t e n  m e m b e r e d  r i n g ,  i n v o l v i n g  t h e  O H  g r o u p  o f  o n e  m o l e c u l e  b o n d e d  t o  t h e  j8- 
' g e n  o f  t h e  o t h e r  m o l e c u l e ,  s i m i l a r  t o  t h a t  i n  a l k o x y  e t h a n o l s  i s  f o u n d  t o  b e  t h e  m o s t  l i k e l y  s t r u c t u r e  
t h e  d i m e r .

S t u d ie s  o n  th e  s e lf - a s s o c ia t io n  o f  a l k o x y  e t h a n o ls  ‘ in  c a r b o n  t e t r a c h lo r id e  ( ~ 0 . I  

)1 d m - ^ )  s h o w e d  th e  a s s o c ia t e d  s p e c ie s  to  b e  d im e r s ,  u n l ik e  s im p le  a l c o h o l s  w 'h ic h  

St a s  a  m ix t u r e  o f  p o l y m e r ic  sp e c ie s .  T h e  f o r m a t io n  o f  th e  te n  m e m b e re d  r in g  

n e r  p r o v e d  th e  p a r t ic ip a t io n  o f  th e  e th e r  o x y g e n  a s  th e  p r o t o n  a c c e p to r .  W i t h  a  

w  to  s t u d y in g  t h e  r o le  o f  a n  a d d i t io n a l  e th e r  o x y g e n ,  in t r a -  a n d  in t e rm o le c u la r  

d r o g e n  b o n d i n g  in  d ie t h y le n e  g l y c o l  m o n o m e t h y l  a n d  e th y l  e th e r s  ( D E G M  a n d  

E G E  re sp e c t iv e ly )  h a v e  b e e n  in v e s t ig a t e d  in  th e  p re se n t  w o r k .  E a r l i e r  s t u d ie s   ̂ o n  

; r o t a t io n a l  i s o m e r i s m  o f  t h i s  t y p e  o f  c o m p o u n d  h a d  s h o w n  th a t  th e  t w o  O C H 2 C H 2 O  

) u p s  p r e fe re n t ia l ly  a d o p t  gauche c o n f o r m a t io n s  in  s o lu t io n .

D ie t h y le n e  g l y c o l  m o n o a l k y l  e th e r s  R ( O C H 2 C H 2 ) 2 0 H  in  c a r b o n  t e t r a c h lo r id e  

u t io n  e x h ib it  t h re e  b a n d s  in  th e  h y d r o x y l  s t r e t c h in g  r e g io n  a t  ~ 3 6 3 5 ,  ~ 3 6 0 0  a n d  

3475  c m - * .  I n  c o n c e n t r a t e d  s o lu t io n s ,  th e  3 4 7 5  c m - *  b a n d  is  v e r y  s t r o n g  a n d  

'm m e t r ic  b u t ,  o n  d i l u t io n ,  th e  in t e n s it y  a n d  a s y m m e t r y  d e c re a se  v e r y  r a p id ly  u n t i l  

'3 m o l  d m ~ ^  [cf. fig . 1(a)]. B e l o w  t h i s  c o n c e n t r a t io n ,  th e  re la t iv e  in t e n s it ie s  o f  a l l  

: th re e  b a n d s  r e m a in  c o n s t a n t  a n d  a re  in d e p e n d e n t  o f  c o n c e n t r a t io n ,  in d ic a t in g  t h e m  

b e  d u e  t o  th re e  t y p e s  o f  m o n o m e r i c  s p e c ie s  in  e q u i l ib r iu m  [fig. 2  a n d  3(a )], A s  

lo r te d  e a r lie r ,^  th e  th re e  b a n d s  a t  ~ 3 6 3 5 ,  ~ 3 6 0 0  a n d  ~ 3 4 7 5  c m ' *  in  d ilu te  s o lu -  

n s  c a n  b e  a s c r ib e d  to  a  free  m o n o m e r  ( M p ) ,  a n  in t r a m o le c u la r ly  h y d r o g e n  b o n d e d  

: -m e m b e re d  r i n g  m o n o m e r  ( M 5 )  a n d  a n  in t r a m o le c u la r ly  h y d r o g e n  b o n d e d  e ig h t -  

m b e re d  r i n g  m o n o m e r  ( M g )  r e s p e c t iv e ly  {cf. fig. 2). T h e  a s s ig n m e n t  o f  th e  3 6 3 5  

1 3 6 0 0  c m ~ *  b a n d s  to  M p  a n d  M 5  f o l lo w s  f r o m  t h e i r  s im i la r i t y  t o  th e  c o r r e s p o n d in g  

i d s  in  a l k o x y  e t h a n o ls  {cf. t a b le  1). T h e  a s s ig n m e n t  o f  th e  3 4 7 5  c m “ * b a n d  to  M g  is  

t if ie d  in  v ie w  o f  th e  s t r o n g e r  h y d r o g e n  b o n d  p o s s ib le  in  th e  e ig h t -m e m b e re d  r i n g
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3700 3600 3500 3400 3300 32 00

frequency/cm -'
F ig . 1.— (a ) Spectra 1-7: c =  0.5, 0.2, 0.08, 0.02, 0.012, 0.008 and 0.004 m ol dm “ " ; / =  0.03, 
and 0.26 cm  fo r  spectra 1 to  3 respectively and 1.0 cm  fo r  spectra 4 to  7 ;  (h) (1 ) c =  0.02 m ol dm 

/ =  0.6 cm  and (2 ) c =  0.1 m o l dm~^, / - 0.14 cm.
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F ig . 2.— T yp ica l structures fo r  m onom ers.

2Mp^ 2M =

Me :M„ D ■2M.

(ff ) ( A)

F ig .  3.— Equ ilibria  in (a) dilute and (b) concentrated solutions.
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h e re  th e  O H  c a n  ge t  c lo s e r  t o  t h e  s e c o n d  e th e r  o x y g e n ,  t h u s  g i v i n g  r is e  t o  la r g e r  

/ d ro g e n  b o n d i n g  in t e ra c t io n .  M a r k e v i c h  et al.  ̂ a n d  L o d y g i n a  et al.* a l s o  h a v e  

ic r ib e d  th e  b a n d s  a t  ~  3 4 8 6  a n d  ~ 3 4 5 0  c m  '  r e s p e c t iv e ly  to  t h e  M g  s p e c ie s  in  D E G E .  

he a s y m m e t r y  a n d  in c r e a se  in  r e la t iv e  in t e n s it y  o f  th e  3 4 7 5  c m “ * b a n d  a t  h ig h e r  c o n -  

n t r a t io n s  t h e n  m u s t  be  d u e  t o  th e  p re se n c e  o f  in t e r m o le c u la r ly  h y d r o g e n  b o n d e d

T a b l e  1.— S p e c t r o s c o p i c  p r o p e r t i e s  o f  t h e  O H  g r o u p s  a t  2 9 8  K

type o f the OH group spectral property cthanoU EGM> D EG M DEGE

r e e v / c m - H ± 2 . 5 ) 3635 3635 3635 3635
A v , / 2 / c m - ' ( + 2 . 5 )
B p X l O - ^ / d m ^

27.5 25 25 25

m o l “ ‘  c m ~ ^ ( + 0 . 5 ) 4.7 — — —

t r a m o l e c u l a r l y v / c m - ‘ ( + 2 . 5 ) .— 3600 3600 3600
) n d e d  f i v e - A v / c m - H ± 2 . 5 ) — 35 35 35
e m b e r e d  r i n g A v i / 2 / c m - * ( ± 2 . 5 )  

B s  X  1 0 - ^ / d m ^
— 32.5 32.5 32.5

m o l “ * c m ~ ^ ( + 0 . 4 ) — 6.4 —

t r a m o l e c u l a r l y v / c m - ' ( + 5 ) — ____ 3475 3470
) n d e d  e i g h t - A v / c m - ‘ ( ± 5 ) — . - - - 160 165
e m b e r e d  r i n g A v i / 2 / c m - H ± 5 )

Ba X l O - ^ d m ^
— - - - 100 105

m o l “ * V c m ~ ^ — - - - 2 3 + 1 .2 2 9 + 1 .5

m e r i c v / c m - i ( + 5 ) ____ 3475 3440 3440
A v / c m - ' ( ± 5 ) — 160 195 195
A v i / 2 / c m - ‘ ( + 5 )  
B [)X  1 0 “ ^ / d m ^

— 150 160 160

m o l “ ‘  c m " ^ — 5 9 + 5 126+13 113+11

VBLE 2 .— C o n c e n t r a t i o n s  o f  d i f f e r e n t  s p e c ie s  a n d  e q u i l i b r iu m  c o n s t a n t s  in  s o l u t i o n s  

OF D E G M  a n d  D E G E  a t  298 K
solution 

concentration 
ompound x  lO^/moI dm"^

concentrations o: various species 
X 103/moI dm"̂ equilibrium constants

Cs Cp Cs Q Cd ATpsX 102 K s p X l 0 2 ^̂ 85 a:d fX103/ 
mol dm“ 3

D E G M 10 0.64 6.33 3.03 ___ 10.1 21.1 2.09 ___

20 1.26 12.6 6.19 — 10.0 24.1 2.03 —

80 4.63 46.0 22.3 3.51 — — — 6.10
100 5.63 56.0 27.2 5.56 — — — 5.70
125 7.01 69.7 33.9 7.21 — — — 6.81

DEGE 12.5 0.78 7.96 3.76 — 9.81 20.8 2.12 —

75 4.25 43.3 20.4 3.48 — — — 5.19
95 5.36 54.7 25.8 4.59 — — — 6.27

120 6.58 67.1 31.6 7.36 — — — 5.88

)e c ie s  w h ic h  a b s o r b  in  t h e  s a m e  s p e c t ra l  r e g io n .  T h e  s im i la r i t y  o f  th e  a s s o c ia t io n  

i n d  w it h  t h a t  o f  a l k o x y  e t h a n o ls  a n d  t h e  a b se n c e  o f  a n y  a d d i t io n a l  O H  b a n d s  u n t i l  

c o n c e n t r a t io n  o f  ~ 0 . 5 m o l d m ~ ^  is  r e a c h e d  s u g g e s t  t h e  a s s o c ia t e d  s p e c ie s  t o  be  

im e rs.  T h e  c o n s t a n c y  o f  th e  e q u i l ib r iu m  c o n s t a n t s  c a lc u la t e d  o n  t h i s  b a s i s  ( ta b le  2 )  

ist if ie s  t h i s  a s s u m p t io n .

E X P E R I M E N T A L  A N D  C A L C U L A T I O N S

T h e  expe rim e n ta l p ro c e d u re  is  the sa m e  a s  d e scr ibed  e a rlie r.‘ S p e c t ra  in  the 3 7 0 0 -3 2 0 0  

re g io n  w ere  re c o rd ed  o ve r  the tem p e ra tu re  ra n ge  2 9 8 -3 3 3  K  at in te rva ls  o f  5 K .  T h e



accu rac ie s  o f  c o m p u te d  areas a n d  the in ten sit ie s  o f  the 3 60 0  a n d  3475  c m ~ ‘ b a n d s  are  est 

m ated  to  be ~ 5 - 6  %  w h ile  a rea  u n d e r  the 3635  cm ^^ b a n d  is subject to  a n  e rro r  o f  ~  10 -12  ' 

a s  the la tter is  ve ry  w e ak  a n d  a p p e a rs  o n ly  a s  a sh ou ld e r.  A t  each  tem perature , the concej 

tra t io n  o f  the free m o n o m e r  (C p )  w a s  e va lua ted  u s in g  the c o m p u te d  area  o f  the 3635  cm " 

b a n d  a n d  the ap p a re n t in tegra ted  a b so rp t io n  in te n sity  {B) o f  the free O H  o f  e th a n o l.  T1 

c o n c e n tra t io n  o f  the in t ra m o le c u h ir ly  h y d ro g e n  b o n d e d  f ive -m e m b cre d  r in g  m o n o m e r  ( C  

w a s  likew ise  e va lu a te d  u s in g  its c o m p u te d  b a n d  a rea  a n d  the in te n sity  o f  the c o r re sp o n d ir  

b a n d  in  a lk o x y  e thano ls. T h is  is  ju st if ied  b e a iu se  the spectra l ch a ra c te r is t ic s  o f  these  banc 

a re  iden t ica l w ith  th o se  in  a lk o x y  e th a n o ls . In  s o lu t io n s  be low  c o n c e n t ra t io n  0 .( 

m o l d m ~ ^  c o n ta in in g  the three  m o n o m e rs  o n ly ;  the c o n c e n tra t io n  o f  the in t ra m o le c u la r  

h y d ro g e n  b o n d e d  e igh t-m e m b e re d  r in g  m o n o m e r  ( C s )  w a s  o b ta in e d  b y  su b t ra c t in g  C p -I-  (  

f r o m  the s o lu t io n  c o n c e n tra t io n  Cs. T h u s

C p  =  AplBpI, C s  =  AJB.l  a n d  C s  =  C s -  ( C p +  C s )  (

w he re  A, B a n d  I deno te  the b a n d  area, in te gra ted  a b so rp t io n  in te n s ity  a n d  p a th  leng i 

respective ly. T h e  e q u il ib r iu m  c o n sta n ts  in  the t r ia n g u la r  e q u il ib r iu m  [fig. 3 (a)] w ere calci 

la ted  as

A^5 f  ~  C p / C s ,  A 'gp =  C p / C s  a n d  Kss =  C s/ C g .  C

A t  h ig h e r  con c en tra t io n s,  the d im e r  ( D )  a b so rb in g  n e a r ly  in  the sa m e  re g io n  a s that o f  N

p ro d u c e d  a n  a sy m m e try  in  the 3475  c m " '  b a nd . B u t  s in ce  the p ro f ile s  a n d  characteristic

o f  the 3475  a n d  3 60 0  c m ^ ' b a n d s  w ere  a lre a d y  a va ila b le  f r o m  the d ilu te  s o lu t io n  spectra , thi 

c o u ld  be re so lve d  sa tisfa cto r ily . T h e  c o n c e n tra t io n  o f  the five -m e m b ere d  r in g  m o n o m  

(C s )  w a s  first o b ta in e d  f ro m  the 3600  c m ~ ‘ b a n d  a s  before. T h e  co n c e n tra t io n s  o f  the o th  

tw o  m o n o m e r s  ( C p  a n d  C s )  w ere then  ca lcu la ted  f r o m  C s  u s in g  the  e q u il ib r iu m  co n sta n  

X s p  a n d  Kss o b ta in e d  f ro m  d ilu te  so lu t io n s .  T h e  d im e r  c o n c e n tra t io n  (C ^ )  w a s  th< 

e va lu a te d  a s

Cd = -HCs-(Cp+Cs+Cs)]. (
T h e  e q u il ib r iu m  c o n sta n ts  fo r  the sy ste m  D  2 M p  [fig. 3 (b )] w ere ca lcu la ted  as

K„p = Ĉ /Cd. (
F in a l ly  the t h e rm o d y n a m ic  q u a n tit ie s  fo r  the v a r io u s  e q u il ib r ia  a s  d e fined  b y  e q n  (2 ) a n d  ( 

w ere d e te rm ined  u s in g  the s ta n d a rd  e x p re ss io n s

AG° =  ~ R T \ n K  =  A H °- m s °  (

a n d  the m e th o d  o f  least squa re s.

R E S U L T S  A N D  D I S C U S S I O N  

SPECTROSCOPIC  PROPERTIES

T h e  sp e c t ra l  c h a ra c te r is t ic s  (v, A v ,  A v ^  a n d  B) o f  t h e  v a r i o u s  O H  b a n d s  o f  D E G ]  

a n d  D E G E  o b s e r v e d  in  t h e  p re s e n t  w o r k ,  t o g e t h e r  w i t h  t h o s e  o f  e t h a n o l  a n d  e th y le i 

g l y c o l  i n o n o m e t h y l  e th e r  ( E G M )  f r o m  th e  p r e v io u s  w o r k , ‘ a re  g iv e n  in  t a b le  1. T1 

re la t iv e  in t e n s it ie s  o f  th e  3 6 3 5  a n d  3 6 0 0  c n r  ‘ b a n d s  in  D E G M ,  D E G E  a n d  E G M  a  

f o u n d  t o  be th e  s a m e  [cf. fig . I a n d  fig. 3, ref. (1 )], s h o w in g  lit t le  e f ie c t  o f  t h e  le n g t h  

th e  a l k o x y  g r o u p  o n  th e  h y d r o g e n  b o n d in g  b e tw e e n  th e  O H  g r o u p  a n d  th e  j ? - o x y g e  

O u r  v a lu e s  o f  v a n d  A v ^  f o r  th e  O H  b a n d s  a re  in  g o o d  a g re e m e n t  w it h  t h o s e  r e p o rt i  

in  th e  l it e ra tu re   ̂ f o r  s im i la r  c o m p o u n d s .  T h e  p o s i t io n s  a n d  r e la t iv e  in t e n s it ie s  

th e  t h re e  O H  b a n d s  o f  D E G E  a s  r e p o r t e d  b y  M a r k e v i c h  et al.  ̂ a re ,  h o w e v e r ,  d if fe re  

f r o m  o u r s ;  f o r  e x a m p le ,  t h e i r  s p e c t r u m  s h o w s  a  b r o a d  a n d  s t r o n g  3 6 1 7  c m " '  b a t  

w e ll s e p a r a t e d  f r o m  th e  3 5 8 6  c m ~ ' b a n d  w it h  r e la t iv e  in t e n s it y  o f  t h e  la t te r  m u i 

s m a l le r  t h a n  th e  fo rm e r .  W e ,  o n  th e  o t h e r  h a n d ,  f in d  th e  3 6 3 5  c m ~ ' b a n d  t o  b e  m u ( 

w e a k e r ,  a p p e a r in g  o n l y  a s  a  s h o u ld e r  t o  th e  3 6 0 0  c m  '  b a n d .  S in c e  t h e se  t w o  ban- 

in  th e  p r e se n t  c o m p o u n d s  a r is e  f r o m  g r o u p s  s im i la r  t o  t h o s e  in  a l k o x y  e t h a n o ls ,  th s
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re la t ive  in t e n s it ie s  s h o u l d  a l s o  b e  s im i la r .  A l l  o t h e r  r e p o r t e d  '■  d a t a  s h o w  a  

s t r o n g  3 6 0 0  c i n ~ ‘ b a n d  w h h  3 6 3 5  c m "^  b a n d  a s  a  s h o u ld e r  in  a l k o x y  e t h a n o ls  a n d  

s im i la r  c o m p o u n d s .

A  c o m p a r i s o n  o f  t h e  A v ,  A v +  a n d  B v a lu e s  f o r  th e  in t r a m o le c u la r ly  h y d r o g e n  

b o n d e d  h y d r o x y l s  in  t h e  e ig h t  a n d " f iv e -m e m b e re d  r i n g  m o n o m e r s  r e v e a ls  th a t  t h e y  a re  

3 -4  t im e s  la r g e r  in  th e  fo rm e r .  T h i s  is  c le a r ly  d u e  t o  th e  s h o r t e r  h y d r o g e n  b o n d  a n d  

the  la r g e r  h y d r o g e n  b o n d i n g  in t e r a c t io n  p o s s ib le  in  th e  e ig h t  m e m b e r e d  r i n g  m o n o m e r  

a s  c o m p a r e d  w it h  t h a t  in  th e  f ive  m e m b e r e d  r i n g  m o n o m e r  (see  la te r).

IN T R A M O L E C U L A R  H YD RO G E N  B O ND ING

T h e  c o n c e n t r a t io n s  o f  th e  d ilT e re n t  m o le c u la r  s p e c ie s  a n d  th e  e q u i l ib r iu m  c o n s t a n t s  

f o r  th e  p o s t u la t e d  e q u i l ib r ia  [cf. fig. 3. e q n  ( l ) - ( 4 ) ]  in  s o m e  t y p ic a l  s o l u t io n s  o f  D E G M  

a n d  D E G E  a t  2 9 8  K  a re  r e p re se n te d  in  t a b le  2. T h e  o b s e r v e d  c o n s t a n c y  o f  th e  e q u i l i 

b r iu m  c o n s t a n t s  a n d  t h e  l in e a r i t y  o f  th e  ( lo g  K. 1 / F )  p lo t s  (fig . 4 )  s u p p o r t  th e  p o s t u 

la te d  e q u i l ib r ia .  T h e  v a lu e s  o f  v a r i o u s  t h e r m o d y n a m ic  q u a n t it ie s  d e r iv e d  a re  g iv e n  

in  ta b le  3. L o d y g i n a  et al^, a s s u m i n g  th e  3 6 1 0  c m “ * b a n d  in  D E G E  t o  b e  d u e  to  

free  O H ,  h a v e  r e p o r t e d  th e  t h e r m o d y n a m ic  q u a n t it ie s  f o r  th e  e q u i l ib r iu m  b e tw e e n  t h is  

s p e c ie s  a n d  M g  a b s o r b in g  a t  ~ 3 4 5 0  c m - ‘ . S in c e  th e se  a u t h o r s  h a v e  n o t  r e p o r t e d  th e  

3 6 3 5  c m " ‘ b a n d  in  D E G E  ( a s  w e ll a s  in  e t h o x y  e t h a n o l)  a n d  n o t  c o n s id e r e d  it s  p a r t i c i 

p a t io n  in  th e  e q u i l ib r ia ,  o u r  v a lu e s  o f  th e  t h e r m o d y n a m ic  q u a n t it ie s  c a n n o t  be  

c o m p a r e d  w it h  t h e ir s .
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Fig. 4.— Plots of log K  against I /T for DEGM.

F o r  th e  e q u i l ib r iu m  M j  ^  M p ,  th e  v a lu e s  o f  A " 5 p a n d  A C I p a t  2 9 8  K  f o r  th e  p re se n t  

c o m p o u n d s  a re  in  c lo s e  a g re e m e n t  w it h  t h o se  f o r  E G M . ^  T h e  v a lu e s  o f  A / / | f  a n d  

A 5 s f  a re , h o w e v e r ,  s o m e w h a t  s m a l le r  t h a n  t h o s e  f o r  E G M .  T h e  r e a s o n  f o r  t h is  

d is c r e p a n c y  m ig h t  b e  th e  s m a l l  re la t iv e  in t e n s it y  o f  th e  3 6 3 5  c m ' ‘ b a n d  ( <  10  %  o f  th e  

3 6 0 0  c n i“ ‘ b a n d ) ,  w h ic h  c a u se s  s o m e  u n c e r t a in t y  in  th e  e s t im a t io n  o f  th e  free  m o n o 

m e r  at v a r i o u s  t e m p e ra tu re s .  T h e  la r g e r  v a lu e  o f  A H sf o v e r  A / / | f  c a n  be  u n d e r s t o o d
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s in c e ,  in  th e  e ig h t -m e m b e re d  r i n g  s t r u c t u re ,  t h e  O H  g r o u p  c a n  ge t c lo s e r  t o  th e  etl 

o x y g e n  ( la r g e r  h y d r o g e n  b o n d i n g  in t e r a c t io n )  t h a n  t h a t  in  th e  f iv e -m e m b e r e d  r 

s t r u c tu re .  S im i la r l y ,  th e  in c r e a se d  r e s t r ic t io n  f o r  r o t a t io n  a b o u t  v a r i o u s  b o n d s  in  i 

e ig h t -m e m b e re d  r i n g  s t r u c t u re  e x p la in s  th e  g re a te r  m a g n i t u d e  o f  A 5 § f  a s  c o m p a i  

w it h  A S s p .  T h e  d o m in a n c e  o f  th e  f iv e -m e m b e re d  r i n g  m o n o m e r  o v e r  th e  e ig  

m e m b e re d  r i n g  m o n o m e r  {cf. t a b le  2 )  is  e x p l ic a b le  b y  th e  fa c t  th a t,  t h o u g h  th e  la t 

is  f a v o u r e d  e n e rg e t ic a l ly ,  th e  p r o b a b i l i t y  o f  it s  f o r m a t io n  ( th e  n u m b e r  o f  f a v o u r a  

c o n f o r m a t io n s )  is  sm a ll .  T h e  r e la t iv e ly  s m a l l  p o p u la t io n  o f  t h e  fre e  m o n o m e r ,  

c o m p a r e d  w it h  t h a t  o f  th e  o t h e r  t w o  in t r a m o le c u la r ly  h y d r o g e n  b o n d e d  m o n o m c  

c a n  b e  u n d e r s t o o d  in  v ie w  o f  th e  f a v o u r a b le  p o s i t io n s  o f  th e  e th e r  o x y g e n s  le a d in g  

th e  in t r a m o le c u la r ly  h y d r o g e n  b o n d e d  sp e c ie s .

T a b l e  3 .— T h e r m o d y n a m ic  q u a n t it ie s  a s s o c ia t e d  w i t h  t h e  m u l t ip l e  e q u il ib r ia

D IE TH YLEN E G L Y C O L  M O N O A L K Y L  ETHERS

type o f  equilibriurrt^^ thermodynamic properly* E G M l D E G M DEGE

M 5 = = = M f 9.21 10.1 9.8

A G fp / k J  m o l“ ' 5.9 5.7 5.8

A / Z l r / k J  m o l - ' 1 4 .7 + 0 .8 1 1 .9 + 0 .4 1 2 .6 + 0 . :

A 5 | f /J K - ‘ m o l - ' 2 9 ± 2 .4 2 1 ± 1 .3 2 3 + O . i

M s  ^  M p 10^ _ 20.3 20.8

A G Ip / k J  m o l - ' — 3.9 3.9
A / Z fp / k J  m o l - ' — 1 9 .7 + 0 .6 2 1 .2 + 0 .^

A 5 | f /J K - ^  m o l - ' — 5 3 + 1 .8 5 8 + 1 . :

Kss _ 2.03 2.12

A G g j / k J  m o l - ' — - 1 . 8 - 1 . 9

A//g°5 /kJ m o l - ' — 7 .8 + 0 .3 8 .6 + 0 .^

ASIs/} K - '  m o l - ' — 3 2 + 0 .8 3 5 + 1 . :

Kpplmol d m -^  X lO '^ 3.26 6.21 5.78
A G g p / k J  m o l - ' 14.2 12.6 12.8

A Z/g p/kJ  m o | - ' 5 5 + 2 .4 5 8 + 1 .4 5 8 + 1 . ';

A S g p / J  K - '  m o l - ' 1 3 6 + 8 153 +  4 1 5 2 + 5

* K values and AG’  values at 298 K

A s  m e n t io n e d  e a r lie r ,  th e  v a lu e s  o f  A v ,  A v ^  a n d  B f o r  th e  in t r a m o le c u la r ly  h y d r o s  

b o n d e d  h y d r o x y l  in  th e  e ig h t -m e m b e re d  r i n g  m o n o m e r  a re  3 -4  t im e s  la r g e r  t h a n  th< 

in  th e  f iv e -m e m b e re d  r i n g  m o n o m e r .  T h e  c o r r e s p o n d in g  A / / °  v a lu e s ,  h o w e v e r ,  ; 

o n l y  a b o u t  1.6 t im e s  la rg e r .  T h e s e  r e s u lt s  d e m o n s t r a t e  th e  c le a r  d if fe re n c e  betw e 

th e  s p e c t r o s c o p ic  p r o p e r t ie s  (A v ,  A v ^  a n d  B) w h ic h  m e a s u r e  th e  h y d r o g e n  b o n d i  

in t e r a c t io n  o f  t h e  h y d r o x y l  g r o u p  w it h  th e  s p e c if ic  p r o t o n  a c c e p to r ,  a n d  th e  e n th a l 

c h a n g e  w h ic h  is  th e  r e s u lt  o f  a l l  th e  a t t r a c t iv e  a n d  r e p u ls iv e  in t e r a c t io n s  a s s o c ia i  

w it h  th e  h y d r o g e n  b o n d  f o r m a t io n .  T h e  la c k  o f  (A v ,  A / / ° )  c o r r e la t io n  ( B a d g e r - B a i  

r u le )  is  a t t r ib u t a b le  to  th e  c o n f o r m a t io n a l  in t e r a c t io n s  in  in t r a m o le c u la r  h y d r o g  

b o n d in g .  K u h n  a n d  W i r e s  ® a l s o  f in d  t h a t  th e  A v  o f  th e  in t r a m o le c u la r ly  h y d r o j  

b o n d e d  h y d r o x y l s  v a r y  f r o m  3 0  c m “^  in  2 - m e t h o x y e t h a n o l  t o  1 8 0  c m ~ ^  in  4 -m e th o :  

b u t a n o l ,  w h i le  th e  A / / °  v a lu e s  c h a n g e  h a r d l y  at a l l  ( 9 .2  +  2.1 to  11.3 +  2.1 k J  m o l “ 

T h e  B a d g e r - B a u e r  r u le  is  o b e y e d  i f  th e  in t e r a c t io n  b e tw e e n  th e  d o n o r  a n d  a c c e p to i  

v e r y  la rg e  a s  c o m p a re d  w it h  a l l o t h e r  in t e ra c t io n s ,  w h ic h  is  u s u a l l y  th e  c a se  in  i n t  

m o le c u la r  a s s o c ia t io n  i n v o l v i n g  v e r y  lit t le  c h a n g e  in  c o n f ig u r a t io n .
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N A TU R E  OF THE DIMER

F r o m  a n  a n a ly s i s  o f  th e  s p e c t ra  a t  v a r i o u s  c o n c e n t r a t io n s ,  th e  d im e r  b a n d  a p p e a r s

to  h a v e  it s  m a x im u m  a t  ~ 3 4 4 0 c m “ * ( A v  ~  195  c m - ' )  w it h  h a l f  b a n d  w id t h  A v j 160
c m ~ ' a n d  B ~ 1 20  x  10^ d m ^  m o l“ '  c n i “ ^, in d ic a t in g  a  la rg e  h y d r o g e n  b o n d in g  in t e r 

a c t io n .  O f  th e  t h re e  e q u i l ib r ia  b e tw e e n  th e  d im e r  a n d  th e  th re e  m o n o m e r s  [fig. 3 (6 )], 

o n l y  th e  e q u i l ib r iu m  b e tw e e n  th e  d im e r  a n d  th e  free  m o n o m e r  is  im p o r t a n t  b e c a u se  o f  

it s  d ir e c t  im p l ic a t io n s  f o r  th e  s t r u c t u re  o f  th e  d im e r .  T h e  la rg e  v a lu e s  o f  A / / d f  a n d  

A 5 'd f  ( ta b le  3 )  s u g g e s t  t h a t  th e re  a re  t w o  h y d r o g e n  b o n d s ,  w it h  c o n s id e r a b le  r e s t r ic t io n  

t o  r o t a t io n  o f  th e  c o n s t i t u e n t  m o n o m e r s  a s  c o m p a r e d  to  th e  free  m o n o m e r s .  T h e  

la r g e r  v a lu e  o f  ( = C f / C d )  in  t h e  p re se n t  c o m p o u n d s  a s  c o m p a r e d  w it h  t h a t  in  

E G M  in d ic a t e s  a  s m a l le r  e x te n t  o f  d im e r iz a t io n  in  th e  fo rm e r .  T h i s  m u s t  b e  c le a r ly  

d u e  to  t h e  f o r m a t io n  o f  th e  e ig h t -m e m b e re d  r i n g  m o n o m e r  w it h  h y d r o g e n  b o n d  

s t r e n g th  c o m p a r a b le  w it h  t h a t  o f  th e  d im e r  (c/ . A v ,  A v ^  a n d  A / / °  v a lu e s )  b u t  r e la t iv e ly  

v e r y  s m a l l  e n t r o p y  d e c re a se  w h ic h  f a v o u r s  th e  f o r m a t io n  o f  M g  o v e r  D .

B e c a u s e  o f  t h e  p re se n c e  o f  t h re e  o x y g e n  a t o m s  {i.e., p r o t o n  a c c e p to r s )  in  th e se  

m o le c u le s ,  th e re  a re  s e v e ra l w a y s  in  w h ic h  d im e r iz a t io n  c a n  o c c u r .  S o m e  o f  th e  

t y p ic a l  d im e r  s t r u c t u re s  a re  re p re se n te d  in  fig. 5. T h o u g h  it is  d if f ic u lt  to  d e c id e  o n  

a  u n iq u e  s t r u c t u re  f o r  th e  d im e r  f r o m  th e  t h e r m o d y n a m ic  q u a n t it ie s  a l o n e ; a  c o n 

s id e r a t io n  o f  v a r i o u s  f a c t o r s  e n a b le s  o n e  to  a r r iv e  a t  th e  m o s t  p r o b a b le  s t ru c tu re .

R
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Fig . 5.— Typical structures for dimer.

T h e  o p e n  d im e r  s t r u c t u re  [fig. 5 (o )]  w it h  a  s in g le  h y d r o g e n  b o n d  a n d  h a v in g  th e  

c o n s t i t u e n t  m o n o m e r  c o n f o r m a t io n s  n o t  m u c h  d if fe re n t  f r o m  th e  free  m o n o m e r  sp e c ie s  

is  v e r y  u n l i k e l y  in  v ie w  o f  th e  h i g h  v a lu e s  o f  A Z / g p  ~  58  k J  m o l ” '  a n d  A 5 ’8 f  ~  153  J 

m o l " ' .  T h e  d im e r  i n v o l v i n g  a n  in t e r m o le c u la r  a s s o c ia t io n  o f  a  free  m o n o m e r  

w it h  a  f iv e -m e m b e re d  r i n g  m o n o m e r  [fig. 5(Z;)] a l s o  s e e m s  t o  b e  u n l i k e ly  f o r  t h e  s a m e  

r e a so n .  F u r t h e r  i f  s u c h  d im e r s  w 'ere  p re se n t ,  t h e  re la t iv e  in t e n s it ie s  o f  th e  3 6 3 5  a n d  

3 6 0 0  c m ”  ̂ b a n d s  in  t h e  s p e c t ra  o f  c o n c e n t r a t e d  s o l u t io n s  ( c o n t a in in g  d im e r s )  w o u ld



b e  d if fe re n t  f r o m  t h o s e  in  d i lu te  s o l u t io n s  (w i t h  n o  d im e r s ) .  F i g .  \b r e p re s e n t s  tl 

s p e c t ra  o f  s o lu t io n s  o f  t w o  d if fe re n t  c o n c e n t r a t io n s  w it h  th e  p a t h  le n g t h s  a d ju s t e d  

s u c h  a  w a y  t h a t  th e  3 6 0 0  c m ~ ‘ b a n d  in t e n s it ie s  a re  s a m e  in  b o t h .  I t  is  t h e n  o b se rv (  

th a t  th e  3 6 3 5  c m ^ ^  b a n d  in t e n s it ie s  a re  a l s o  th e  s a m e ,  s h o w in g  th e  a b se n c e  o f  su i 

d im e r s .  F o r  th e  d im e r  r e s u l t in g  f r o m  h y d r o g e n  b o n d i n g  o f  a  free  m o n o m e r  w it h  < 

in t r a m o le c u la r ly  b o n d e d  e ig h t -m c m b e r e d  r i n g  m o n o m e r  [fig. 5 (c)], t h o u g h  th e  hi 

m ig h t  b e  c o m p a r a b le  w i ih  th e  o b s e r v e d  A / / g p  v a lu e ,  th e  A S ” w o u ld  n o t  b e  m u c h  h ig h  

t h a n  th a t  f o r  M g .  A c t u a l l y  A S g p  ^  A ^ i f ,  w h ic h  m a k e s  s u c h  a  s t r u c t u re  im p r o b a b  

T h e  f o u r -m e m b e r e d  r i n g  s t r u c t u re  [fig. 5(t/)] w o u ld  b e  c o n s id e r a b ly  s t r a in e d  d u e  

u n f a v o u r a b le  O — H — O  a n g le s .  D im e r s  o f  t h is  t y p e  h a v e  b e e n  s u g g e s t e d  ® f o r  s im p  

a l c o h o l s  w 'ith  A / / °  a n d  A S '  v a lu e s  r a n g in g  o v e r  1 2 -2 4  k J  m o l ~ '  a n d  3 0 - 8 0  J  m o l  

re sp e c t iv e ly ,  w h ic h  a re  c o n s id e r a b l y  lo w e r  t h a n  th e  p re se n t  v a lu e s .  F u r t h e r ,  in  

s y s t e m  c o n t a in in g  e th e r  a n d  h y d r o x y l i c  o x y g e n s ,  h y d r o g e n  b o n d i n g  w o u ld  o c c u r  p i 

fe re n t ia l ly  w it h  th e  m o re  b a s ic  e th e r  o x y g e n .  T h i s  s t r u c t u re ,  fig . 5{d), th e re fo re ,  

n o t  a c c e p ta b le  f o r  th e  d im e r .  T h e  p r e se n t  v a lu e s  o f  A / / d f  a n d  A S d f  a re  in  c lo s e  a g re  

m e n t  w ith  t h o se  o f  a l k o x y  e t h a n o ls   ̂ i n  w h ic h  a  t e n -m e m b e re d  r i n g  d im e r  in v o lv i i  

in t e rm o le c u la r  h y d r o g e n  b o n d i n g  o f  th e  h y d r o x y l  w i t h  t h e  o x y g e n  in  th e  /?-positi< 

o f  th e  o th e r  m o le c u le  w a s  f o u n d  t o  b e  p re se n t .  S u c h  d im e r s  [fig. 5 (e )] w o u ld  t h u s  

th e  m o s t  p r o b a b le  s p e c ie s  in  D E G M  a n d  D E G E .  H o w e v e r ,  in  v ie w  o f  th e  s o m e w h  

la r g e r  m a g n i t u d e  o f  th e  p r e se n t  v a lu e s  o f  A / ^ d f  a n d  A S d f  a s  c o m p a r e d  w it h  t h o s e  

a l k o x y  e th a n o ls ,  it  is  p o s s ib le  t h a t  s o m e  s m a l l  a m o u n t  o f  d im e r s  h a v i n g  th e  s t ru c tu  

o f  fig . 5 ( / )  ( s ix te e n  m e m b e re d  r in g )  m a y  a l s o  b e  p re se n t .  T h e  p o p u la t io n  o f  tl 

s t r u c t u re  w i l l  o f  c o u r s e  b e  v e r y  s m a l l  a s  c o m p a r e d  w it h  t h a t  o f  5(e) b e c a u se  o f  t 

la r g e r  r i n g  s ize ,  w 'h ic h  le a d s  t o  a  la r g e r  d e c re a se  o f  e n t r o p y .  T h e s e  la s t  t w o  s t r u c t u i  

a re  in  a g re e m e n t  w it h  th e  r e s u lt s  o n  C H j  r o c k i n g  m o d e s  w h ic h  s h o w  t

O C H 2 C H 2 O  g r o u p s  t o  b e  p r e se n t  in  p r e d o m in a n t l y  gauche c o n f o r m a t io n s  in  e th y le r  

a n d  d ie t h y le n e  g l y c o l  m o n o a l k y l  e th e rs .

C O N C L U S I O N S
T h e  p re se n t  w o r k  c o n f i r m s  th e  p re se n c e  o f  th re e  t y p e s  o f  m o n o m e r ic  s p e c ie s  ; v 

th e  free  m o n o m e r  (v  ~  3 6 3 5  c m ~ ‘ ) a n d  th e  in t r a m o le c u la r ly  h y d r o g e n  b o n d e d  f i ' 

a n d  e ig h t -m e m b e re d  r i n g  m o n o m e r s  (v  ~  3 6 0 0  a n d  3 4 7 5  c m ~ ‘ r e s p e c t iv e ly )  in  d i l i  

c a r b o n  t e t r a c h lo r id e  s o lu t io n s  [c <  0 .0 3  m o l  d m ~ ^ )  o f  d ie t h y le n e  g l y c o l  m o n o a l l  

e th e rs .  T h e  p r e d o m in a n c e  o f  th e  f iv e -m e m b e re d  r i n g  m o n o m e r  o v e r  th e  e ig l 

m e m b e re d  r i n g  m o n o m e r  in  sp it e  o f  th e  s t r o n g e r  h y d r o g e n  b o n d i n g  in  th e  la t  

d e m o n s t r a t e s  h o w  th e  e n t r o p y  f a c t o r  c a n  in f lu e n c e  th e  e q u i l ib r iu m .  T h e  a s s o c ia t i  

p o w e r  o f  th e se  c o m p o u n d s  in  c o n c e n t r a te d  s o lu t io n s  (c  >  0 .0 3  m o l  d n i “ ^) is  sm £ 

a n d  t h e y  f o r m  m a in l y  t e n -m e m b e re d  r i n g  d im e r s  in  s u c h  a  w a y  th a t  th e  O C H j C H ;  

g r o u p s  m a in t a in  a  gauche c o n f ig u r a t io n .  T h e  id e n t it y  o f  d im e r s  in  e th y le n e -  a 

d ie t h y le n e  g l y c o l  m o n o a lk y l  e th e r s  s h o w s  th a t  th e  s e c o n d  e th e r  o x y g e n  in  th e  la tte i 

t o o  f a r  r e m o v e d  f o r  p a r t ic ip a t io n  in  a s s o c ia t io n .
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