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The structure of aqueous solution s of 1,2- , 1, 3- and 1, 4-butanedi ol w as
investi gated using adiabatic compressibi li ty measurements and positron an-
nihil ati on metho ds. I n the case of 1,2-butanediol the experimental results are
very similar to those obtained earlier for systems w here hydrophobic hydra-
tion dominates. In other cases there are evidences for increased rigidity of
the w ater netw ork, w hich arises from formation of hydrogen b onds betw een
diols and w ater. U sefulness of both the metho ds applied in investigating the
structure of liqui d solution s was pro ved.
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1. I n t rod uct io n

F ive decades ago, Frank and Ev ans [1] concluded t hat the large negati ve
entro pies of di ssoluti on of apolar solutes in water can be expl ained by the f or-
m ati on of \ m icroscopi c icebergs" around the solute m olecules. Thi s concept was
extended by Frank and W en [2] to expl ain the singul ar heat capacity behavi our
of tetra alkyl am monium sal ts in wa ter (short- l ived cl usters of water m olecules are
in equi l ibri um , and exchange rapi dly wi th m onom ers). Thi s idea was supp orted
by the occurrence of cl athra te hydra tes for m any apolar solutes and organi c elec-
tro lytes [3].

In aqueous soluti ons, the long- l ived component of the positro n anni hi lati on
spectrum exhi bi ts characteri stic features around the soluti on compositi on corre-
spondi ng to tha t of hydra tes, i f only the solute is hydro phobic or conta ins a hy-
dro phobic moiety, as i t was shown by us recentl y. On the other hand, the sto i-
chi om etry of the clathra te- l ike hydra tes form ed in the soluti on can be easily found
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from the intercepti on point of com pressibi l i t y isotherm s, as i t was done in series
of aqueous soluti ons of short- chained alcohols [4] or of tetra m ethyl urea [5].

D iols can bui ld into the hydro gen-bonded water netwo rk. Mo reover, the
1,2-diols are supp osed to form crysta l l ine-l ike hydra tes sim i lar structura l ly to the
cl athra tes kno wn for many nonelectro lytes, wi th sto ichiom etri esclose to X Â17H 2 O
[6] (for deta i ls on clathra te hydra te sto ichi ometri essee the revi ew of Byk et al. [7]).

An addi ti onal impul se to investi gate aqueous diols were recent publ icati ons
on surf ace pro perti es of 1,2-penta nediol [8] and 1,5-penta nediol [9] in water. The
form er behaves l ike typi cal surf ace-acti ve component, whi le the latter causes very
untypi cal concentra ti on, as well as temperature dependences of surface tension.

In thi s paper aqueous soluti ons of 1,2-buta nedi ol , HO CH 2 { CH(OH){ CH 2

{ CH 3 , 1,3-buta nedi ol , HOCH 2 { CH 2 { CH(OH)- CH 3 , and 1,4-buta nedio l,
HOCH 2 { CH 2 { CH 2 { CH 2 OH, were investigated using independentl y the sound ve-
loci ty and positro n anni hi lati on m etho ds. The m ain goal wa s to study whether the
solutes under tests form incl usion- typ e hydra tes in l iqui d aqueous m ixtures, and
how form atio n of these hydra tes reÛects in the anni hi lati on spectrum .

2. E x per i m en t a l

2.1. Chemi cals

1,2-buta nediol (Fl uk a AG, pure), 1,3-buta nediol (R iedel de Ha �en, > 99%)
and 1,4-buta nediol (R iedel de Ha �en, pure for analysis) were used wi tho ut further
pro cessing. W ater was doubl y di sti l led. Soluti ons were prepared by wei ghti ng.

2. 2. Positron anni hi lat ion measurement s

The anni hi lati on measurements were carri ed out at room tem perature (ap-
pro xi matel y 2 0 £ C) wi th a standard measuri ng devi ce based on the \ fast-slow"
coincidence techni que as described elsewhere [10]. Soluti ons were reÛuxed wi th ni -
tro gen before the m easurements to remove oxygen di ssolved in the sam ples. The
obta ined spectra were resolved usi ng POSITR ONFIT pro gram.

2.3. Sound veloci ty measurements

The ul tra soni c vel ocit y was m easured at tem peratures between 15 and 3 5 £ C
wi th 2 or 3 £ C interv als (sta bi l ized and m easured wi th an accuracy of Ï 0 : 0 1 £ C)
wi th an accuracy of Ï 0 :1 m / s using a \ sing-around" equipm ent (apparatus Eco-
lab MPF U, Kra k §w, Poland). The pri nci ples of the apparatus and m easurem ent
techni ques appl ied in thi s study are given in [11].

2.4. Densi ty measurement s

D ensiti es were m easured at the sam e tem peratures as sound veloci ty using a
vi bra ti ng tub e densito meter typ e Ecolab MG -2 (Kra k§w, Poland). The accuracies
of the densiti es are better tha n Ï 0 : 0 5 kg/ m 3 .
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3. R esul t s an d d iscu ssio n

3.1. Ac ousti c measurements

From the sound vel ocit y (c) and density (d ) data , using the Laplace f or-
m ula Ù = ( c 2 d ) À 1 the adi abati c com pressibi l i ty coe£ cients (Ù ) of soluti ons were
calculated. They are shown in Fi g. 1.

Fig. 1. Plots of adiabati c compressibil ity coe£cients vs. mole fraction of 1, 2-, 1,3- and

1, 4-butanedio l in w ater. Û | 288 K , 4 | 293 K , 5 | 298 K , Î | 303 K , 2 | 308 K ,

lines are draw n arbitraril y (spline function ).

For 1,3- and 1,4-buta nediol solutes, the concentra ti ons corresp ondi ng to the
intersecti ons of com pressibi l i t y isotherm s decrease wi th tem perature. For
1,2-buta nediol the intersecti on is located at the solute mole fracti on about 0.03
and is almost tem perature independent.

Accordi ng to Endo [12], concentra ti on of the intersecti on of the compressibi l -
i ty isotherm s corresponds to the sto ichi ometry of clathra te hydra tes (i f form ed).
W hi le thi s is supp osed in the case of water + 1,2-buta nediol system , the hyp otheti -
cal hydra te should be about X Â32H2 O | higher tha n tho se of the kno wn clathra te
hydra tes. For 1,3- and 1,4-buta nedi ols, concentra ti ons corresp ondi ng to the in-
tersect ion are not constant, suggesting dom inati ng hydro phi l ic hydra ti on. Note
tha t com pressibi li ty reaches at the intersecti on values of Ù ¤ 3 : 9 5 È 1 0 À 1 0 m2 / N,
3 : 8 0 È 1 0 À 1 0 m 2 / N and 3 : 7 5 È 1 0 À 1 0 m 2 / N f or 1,2-, 1,3- and 1,4-buta nediol , re-
spectivel y. The form er is very close to , but the latter are considerably lower tha n
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tha t of solid clathra tes, determ ined by von Stackelberg and M �ul ler [13] (f or the
typ e I I clathra te hydra tes Ù ¤ 4 È 1 0 À 1 0 m 2 / N). Lo wer Ù value at the intersecti on
m eans tha t onl y parti al or no hydro phobic hydra ti on of the solutes occurs in thi s
system (see for i l lustra ti on the resul ts for the system water + tetra methyl amm o-
ni um chloride [14]). Thus, the ul tra sonic results give no evidence for form ati on of
cl athra te-l ike hydra tes in l iqui d pha se in the cases of 1,3- and 1,4-buta nediol , but
suggest thei r form ati on for 1,2-buta nedi ol solute.

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

The exp erimenta l l i feti m e spectra were resolved into three components, each
characteri zed by i ts l i feti me (§1 ; §2 , and § 3 ), and intensi ty ( I 1 ; I 2 , and I 3 ). The
num ber of com ponents wa s chosen arbi tra ri ly, only the long-l ived one (§3 and
I 3 ), attri buted to o r t ho -positro ni um anni hi lati on, is of interest for further di scus-
sion. The short- l ived components can be attri buted to m any di ˜erent anni hi lati on
m echani sms and thei r m ore deta i led analysis seems im possible. The resul ts of anni -
hi lati on experim ents (param eters of the long- l iv ed com ponent of the spectrum ) are
col lected in Fi gs. 2 and 3. For com pari son, our previ ous results obta ined for water
+ etha nol mixtures [15] are incl uded in these Ùgures (da shed l ines). The system
wa ter + etha nol was chosen as a typi cal hydro phobic one, where hydra te struc-
tures are undoubtel y form ed in l iqui d phase. Both the characteri sti c features are
observed in the wa ter + 1,2-buta nediol system: §3 has a deÛection of the plateau
and I 3 has a maximum exactl y at X = 0 : 0 3 . Ho wever, for 1,3- and 1,4-buta nediol
the long- l iv ed com ponent §3 increasesm onoto ni call y (no pl ateau occurs), al tho ugh
the I 3 param eter passesthro ugh maxi mum, for 1,4-buta nedi ol even m ore disti nct
tha n for 1,2-buta nediol or etha nol .

Fig. 2. Intensities of the long- li ved comp onent of annihi latio n spectra vs. butanediol s

concentration in water. Broken line: the results for aqueous solutions of ethanol [15].

The interpreta ti on is substanti ally simi lar to tha t ari sing from acousti c mea-
surements given above. In the region of low concentra ti ons of 1,2-buta nedio l (b e-
low X = 0 : 1 ) clathra te hydra tes are form ed in l iqui d state, wi th sto ichiom etry
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Fig. 3. Lif etimes of the long- li ved comp onent of annihi lati on spectra vs. butanediol s
concentration in water. Broken line: the results for aqueous solutions of ethanol [15] .

about X Â32H 2 O, m uch m ore water- rich tha n tho se kno wn for sol id incl usion com -
pounds [7]. For water + 1,3- or 1,4-buta nediol , form atio n of such hydra tes seems
rather doubtf ul .

The questi on rem ains, why the I 3 param eter passes thro ugh maxi mum for
the latter system s, to o. In our recent papers cited above the appearance of such
m axi m awa s interpreted in term s of increased stabi l i ty of voids in wa ter netwo rk. In
the l ight of the present results, however, thi s concept seems to be incorrect. W hi le
in water + 1,4-buta nediol the maxi mum is even m ore disti nct tha n f or the sys-
tem s whi ch undo ubtel y form crysta ll ine-l ike hydra tes (aqueous soluti ons of ethanol
and 1,4-buta nediol ), the only interpreta ti on is tha t such m axim a reÛect increased
local electro n density and/ or local ly increased ri gidi ty of water netwo rk. Thi s ex-
pl ains the observed phenom enon: 1,4-buta nediol incorp orates into the ori ginal wa -
ter structure and i ts local envi ronm ent should be m ore rigid and denser tha n the
structure of pure wa ter. In the case of 1,2-buta nediol , cl ose to i ts polar (conta ini ng
the OH groups) end, density and ri gidi ty increases, to o, but thi s e˜ect is partl y
di mini shed by form ati on of cavi ti es of open-work netwo rk. On the other hand, the
§ 3 param eter should detect both the changes in ri gidi ty of the water fram ework
and the changing num ber and size of cages. Thus, the m echanism of increasing
ri gidi ty coul d be di ˜erent (etha nol and 1,2-buta nediol : form ati on of clathra te- l ike
hydra tes, 1,3- and 1,4-buta nedi ol : three- dim ensional H- bonds between water and
the solute).

4 . Co n cl usion s

The ul tra soni c results (concentra ti on dependenci es of compressibi l i ty ) sug-
gest dom inati ng hydro phobic character of hydra ti on of 1,2-buta nediol dissolved in
wa ter and form ati on of cl athra te-l ike hydra tes in thi s system . The concentra ti on
dependencies of positro n anni hi lati on parameters (l i feti mes and intensi ti es of the
long-l ived com ponent of anni hi lati on spectrum ) are simi lar to tho se found in the
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kno wn clathra te-form ing polar organi c solutes, suggesting increasing ri gidi ty and
increasing numb er of voids in the structure when 1,2-buta nediol is added to wa -
ter (the cage-bui ldi ng). Other buta nediols intera ct wi th wa ter f ram ework rather
hydro phi l ically tha n hydro pho bical ly: in the cases of 1,3- and 1,4-buta nediol , in-
creased ri gidi ty of water fram ework gives a m axi mum of the I 3 , but no deÛection
of §3 param eter is observed.
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