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The pioneer experimental results of positron annihil ati on experiments in

non- aqueous solution s of tetramethylurea and tert- butanol w ere compared
to those of ultrasoni c velo city . For tert- butanol, the p ositron annihi l atio n
results exclude existence of hydrophobic- li ke interactions and formation of
w eak, labil e crystalli ne-l ik e solvates in solution . For tetramethylurea solute
the chan ges of annihi latio n parameters w ith concentration are minor and
only limited conclusio ns can be draw n on this system, w hile they are stronger
for tert- butanol solute. H owever, all the above is consistent w ith an assump-
tion that the more hydrophobic solute (tert- butanol ) should a˜ect the orig-
inal glycol structure stronger than that interacting w ith glycol via hydrogen
b onding s only . On the other hand, the ultrasoni c data for the systems tested,
although very precise, hardly conÙrm formation of any speciÙc structure. I t is
p ossible, how ever, that the solvates do not di˜er in their compressibi li ty from
the pure liquids , and /or are formed only in very small amounts. T hus, useful-
ness of the p ositron annihi lation metho d in investigation of liqui d structure
w as pro ven.

PAC S numb ers: 61.25.Em, 78.70.B j

1. I n t rod uct io n

So far we investi gated, usi ng two independent exp erim ental m ethods, positro n
anni hi lati on and ul tra soni c veloci t y, the structure of a series of system s where a
non-electro lyte wa s dissolved in water. They were m ainly solutes wi th hydro pho-
bi c parts [1{ 8], and thei r intera cti ons wi th water fram ework coul d be expl ained

(385)



386 K . Jer ie et al.

in term s of hydro phobi c hydra ti on [9, 10]. The system s wi th hydro phi lic solutes
were tested, to o [11{ 16]. The positro n anni hi lati on m etho d has been f ound to be a
valuable to ol in these investigati ons, especial ly when com pl eted by the ul tra sonic
one.

Form ati on, as well as l i feti me of or tho-positro nium , whi ch is responsible
for the long-l ived m echani sm (i n thi s paper indexed as three), is strongly in-
Ûuenced by the physi cal pro perti es of the m edium surro undi ng the positro ni um
pseudoato m . The liqui d water structure, wi th cavi ti es and open hydro gen-bonded
netwo rk, can be modi Ùed and then stabi l ised by the presence of a guest m olecule.
No n-electro lytes wi th hydro phobi c parts form stro ng hydra tes of quasi-clathra te
archi tecture, where considerably bi g vo ids are occupied by solute molecules. Thus,
the l iquid structure should become m ore open-work, but also m ore rigid. The com -
peti ti on of these two ẽ ects yi elds characteri stic concentra ti on dependences of §3

and I 3 : the form er exhi bi ts an inÛection and the latter one | a m axi mum at the
concentra ti on corresp ondi ng to the sto ichi ometry of the hydra tes form ed; see our
previ ous papers cited in thi s paper.

One can extra ct the sam esto ichi ometry from ul tra sound vel ocit y data. From
La place' s equati on Ù = ( £ c2 ) À 1 the adiabati c com pressibi l i t y coe£ ci ent Ù can
be calculated (£ | density of l iqui d, c | sound veloci ty). W hen plotti ng the
adi abati c compressibi l i ti es Ù against non-electro lyte concentra ti on in water, the
isotherm s of Ù intersect usually at a comm on point. The X -coordi nate of thi s
point corresp onds to the sto ichiom etry of quasi-clathra te hydra tes, accordi ng to
the concept of Endo [17]. The deta i ls of thi s interpreta ti on are given in [18, 19]. It is
wo rth noti ng tha t the com pressibi l ity value at the crossing point shoul d be and is,
in most cases, very close to tha t found by von Sta ckelberg for sol id clathra tes [20].

Mo st of our previ ous papers concerned the system s of aqueous soluti ons of
non-electro lytes, or tetra alkyl am moni um sal ts, where the solute m olecule has a
wel l -deÙned hydro phobic part, whi ch al lows the hydro phobic hydra ti on.

W hi le the hydro phobic hydra ti on means, in general , the form ati on of a spe-
ci Ùc archi tecture of hydro gen-bonded water molecules around the hydro phobi c
part of the solute (or the solute m olecule as a whole, l ike for hydro carb ons) and
needs destructi on of the ori ginal solvent structure, the questi on ari ses i f such phe-
nom enon can be f ound uni quely in aqueous soluti ons. It seems obvi ous tha t the
solvent shoul d have a strong, three- di mensional netwo rk of hydro gen bondi ngs,
sim i lar to water.

A very good candi date is ethyl ene glyco l , HO{ CH 2 { CH 2 { OH. The hi gh vi s-
cosity (19.9 cp at 20£ C) and values of melti ng ( À 1 1 : 5 £ C) and boi l ing (198£ C) tem -
peratures [21] suggest i ts possible structura l sim ilari ty to wa ter in l iquid pha se.
Thus, it seemed interesti ng to apply the sam e exp erim ental pro cedure to com -
pare aqueous and ethyl ene glyco l soluti ons of substances wi th lessor more disti nct
hydro phobic groups.

Two solutes chosen for com pari son di ˜er signiÙcantl y in thei r intera cti ons
wi th the surro undi ng m edium . T ert- butyl alcohol , CH 3 À CH ( CH 3)( OH ) À CH 3 ,
is a typi cal hydro phobi c solute, whi le hydro phobi city of tetra m ethyl urea,
(CH 3 ) 2 N{ CO{ N(CH 3 )2 , is l im i ted and i ts intera cti ons wi th polar solvent are much
m ore compl ex.
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2. E x per i m en t a l

2.1. Chemi cals

Ethyl eneglyco l (> 99%, from Baker), tert- buta nol (99.3%, from Al dri ch) and
tetra m ethyl urea (f or synthesi s, f rom Merck) were glass-disti l led under reduced
pressure. Soluti ons were prepa red by weighi ng.

2. 2. Posi tron anni hi lat ion measurement s

The anni hi lati on m easurements were carri ed out at ro om tem perature
(appro x. 2 5 £ C) wi th a standard measuri ng devi ce based on the \ fast{ slow" co-
inci dence techni que as described elsewhere [1]. The obta ined spectra were resolved
usi ng POSIT R ONFIT pro gram .

2.3. Sound veloci ty measurements

The ul tra sonic velocit y was m easured wi th an accuracy of Ï 0 : 1 m / s using a
\ sing-around" equipm ent (apparatus Eco lab MPF U, Poland). The deta i ls of the
apparatus and measurement techni ques appl ied in thi s study are given in [22].
For soluti ons stro ngly absorbi ng the sound wa ve an apparatus UI 12, ori ginal ly
constructed in the Insti tute for Funda menta l Technica l Pro blems, Pol ish Aca dem y
of Sciences, W arsaw, wa s used (i nterf erom etri c accuracy of 0.4 m/ s).

2.4. Densi ty measurement s

D ensity was m easured using a vi brati ng pipe metho d (apparatus Ecolab
M G-2, Poland). The accuracy was not wo rse tha n Ï 0 : 0 2 kg/ m3 .

3 . Exp er im ental r esu l ts

Both the solutes, tert- buta nol and tetra m ethyl urea, are ful ly soluble in ethy-
lene glyco l in the tem perature range tested.

3. 1. Sound veloci ty

The adi abati c com pressibi l i ty coe£ cients Ù were calcul ated from Laplace's
equati on Ù = ( £c 2 ) À 1 , where £ | densi ty of the liqui d, c | sound vel ocity . The
concentra ti on dependences of the com pressibi l i t y are shown in Fi g. 1.

Of course, no intersecti on of isotherm s of adiabati c com pressibi li ty coul d be
observed in the system s under test, whi le both the com ponents have the sam e sign
of the tem perature derivati ve of com pressibi l i ty .

The lack of characteri stic points (extrem a, inÛecti ons) in the deri vati ve
dÙ=dT suggests tha t no speciÙc solvate structures are form ed when addi ng tert- but-
anol or tetra m ethyl urea to ethyl ene glycol .
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Fig. 1. Plots of adiabati c compressibil i ty coe£cients vs. mole fraction of tert- butanol

(upp er graph) and tetramethylurea (low er graph) in ethylene glycol. r | 298 K , Û |

303 K , r | 308 K , Î | 313 K , 2 | 318 K . Lines are draw n arbitraril y (spline function).

3.2. Posi tron mean li f eti mes

The anni hi latio n spectra were resolved into three components wi th l i feti m es
§ 1 ; §2 ; § 3 and corresp ondi ng intensi ti es I 1 ; I 2 ; I 3 .

Fig. 2. Intensities I 3 of the long- lived comp onent of annihil ati on spectra vs. solute
concentration in ethylene glycol. Circles | tert- butanol, squares | tetramethylurea,

broken line | the results for aqueous solution s of ethanol [6].
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Fig. 3. Lif etimes §3 of the long- lived comp onent of annihil ati on spectra vs. solute con-
centration in ethylene glycol. C ircles | tert- butanol, squares | tetramethylurea, broken

line | the results for aqueous solutio ns of ethanol [6].

The concentra ti on dependences of the long- lived com ponent' s param eters
(§3 and I 3 ) are shown in Fi gs. 2 and 3. For com pari son, the corresp ondi ng l i tera ture
resul ts obta ined for the system water + ethanol [6] (a system wi th dom inati ng
hydro phobic hydra ti on, where quasicrysta l l ine clathra te- l ike hydra tes are form ed)
are also shown in these Ùgures.

Cha nges of both §3 and I 3 wi th solute concentra ti on are weak and do not
resembl e tho se observed in wa ter+etha nol. The shape of § 3 suggests, however,
non- ideali ty of the system glycol+tert- buta nol and seems worth of a deeper
analysis.

4 . D iscu ssio n

The form atio n of cl athra te hydra tes in the aqueous soluti ons of non-electro-
lytes wi th hydro phobi c parts of thei r m olecul e is well pro ved now. Accordi ng to the
concept of the iceberg form ati on of Frank and Ev ans [1] or to tha t of hydro phobi c
hydra ti on form ul ated by Franks [2], when an organic compound is di ssolved in
wa ter, the water structure is m odi Ùed around the non-polar parts of the solute
m olecule in the di recti on of greater \ crysta l lini ty" , wha tever the actual quasi-sol id
wa ter structure induced in thi s way. In the vi cini ty of guest m olecule the water
structure is determ ined mainl y by i ts mobi li t y. Mo lecules of solute are accomm o-
dated in the cavi ti es of the open hydro gen-bonded netwo rk, whi ch in pure water
are m ost pro babl y occupied by \ m onomeri c" wa ter molecules [23{ 26].

Judg ing from the experim enta l data shown above, none of these phenom ena
occur in the system s under investigati on. Our assumpti on on speciÙc, glycol - rich
structures was ini ti al ly supported by the paper of Cha ban et al . [27], where the
l ight scatteri ng intensi ty in ethyl ene glycol + tetra m ethyl urea was reported and
i ts sharp maxi mum around TMU mole fracti on equal to 0.05 was found. (Thi s is
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why we perform ed more m easurements in the region of low TMU concentra ti ons
compared to tert- buta nol solute. ) In the light of our exp eriments, however, no
stro ng structura l pro cess occurs in thi s system. Al so close-cri ti cal phenomena are
not pro babl e in such the low TMU concentra ti ons. Al l the above m akethe Ùndings
of Cha ban et al . ra ther doubtf ul .

There is, however, a weak structura l pro cess possibl e in the system
glycol+tert- buta nol . Accordi ng to the concept of Lev ay, Vertes, and Ha uto jarvi ,
for an ideal m ixture of classical l iquids the long- l ivi ng l i feti me should be a simpl e
functi on of concentra ti on [28]

§
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3 ;A B =
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§

À 1 = 2

3 ;A V A À

±
§
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3 ; A V A À §

À 1= 2
3 ;B VB

²
XB
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V A B
;

where subscri pts A, B, and AB denote pure com ponents A and B, and thei r
m ixture, respectivel y; V i s the m olar volume. In the case of a m ixture i ts mean
m olar volume V A B can be calcul ated from the molar volum es of the components:
V A B = (X A M A + X B M B ) =£ (M | m olecular m ass). Fi gure 4 i l lustra tes the
di ˜erences between the experim enta l l i feti mes of the long-l iving component of the
anni hi lati on spectrum and tho se calcul ated using the above form ul a.

Fig. 4. \Excess " lif etimes § of the long- liv ed comp onent of annihi l atio n spectra vs.
solute concentration in ethylene glycol, calculated as di˜erences of the experimental

ones and those from equation of Lev ay, V ertes, and H autoj arvi. Circles | tert- butanol,

squares | tetramethylurea.

The devi ati ons f rom \ ideal i ty" in Fi g. 4 are m uch greater for tert- buta nol
tha n for tetra methyl urea. No te, however, tha t f or the latter the m axi mum devi -
ati on occurs at a solute mole fracti on close to 0.3 | the num ber suggesting the
form ati on of 2:1 solvates, whi le for tert- buta nol i t is shifted towa rds hi gher alcohol
concentra ti ons, and the postul ated structure of i ts glyco l soluti on could be a m ix-
ture of solvates wi th sto ichiom etri es 1:1 and 2:1. Neverthel ess, such compositi ons
exclude any clathra te- l ike structure, whi ch should be m uch m ore solvent- ri ch.

Accordi ng to the previ ous di scussion, i t is surpri sing tha t the ul tra sonic
data for the system s tested, al tho ugh very preci se, hardl y conÙrm form ati on of
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any speciÙc structure or solvates. It is possibl e, however, tha t the solvates almost
do not di ˜er in thei r com pressibi l i ty from the pure l iqui ds, and/ or are form ed onl y
in very smal l am ounts.

Thus, our ini ti al assumpti on on structura l sim i lari t y of aqueous and ethyl ene
glyco l soluti ons of non-electro lytes found no conÙrm ati on. Both the exp erimenta l
m etho ds appl ied are uni vocal and show tha t in the soluti ons under inv estigati on
onl y very weak solvates are f orm ed. It seems interesti ng tha t com plexit y and the
num ber of hydro gen bondi ngs form ed by a solvent is not a su£ cient condi ti on for
stro ng solvent- solute intera cti ons and form ati on of crysta l l ine-l ike hydra tes.

Co ncludi ng, the aim of thi s wo rk whi ch wa s to check i f ethyl ene glyco l is
abl e, l ike i t is in water, to arrange i ts m olecules around the hydro phobic f rag-
m ent, form ing cages of crysta l l ine- l ike archi tecture, was not conÙrm ed. Thi s resul t
suggests tha t ethyl ene glycol does not form , l ike water, an open-work structure
in l iquid state, and no hydro phobi c-l ike hydra ti on is possible in thi s solvent. It
rem ains open to questi on, however, i f other 1,2-glyco ls behave l ik e ethyl ene one.
Thi s wi l l be the subj ect of our future inv estigati ons.
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