Available online at www.sciencedirect.com
sclEN05@DlREcT° thermochimica
acta

ELSEVIER Thermochimica Acta 413 (2004) 17—22

www.elsevier.com/locate/tca

Thermochemical behaviour of crown ethers in the mixtures
of water with organic solvents
Part VI. Enthalpy of solution of 12-crown-4 and 18-crown-6 in the
mixtures of water with hexamethylphosphortriamide at 298.15 K

Matgorzata Jawiak*

Department of Physical Chemistry, University of Lodz, Pomorska 165, 90236 Lodz, Poland

Received 13 October 2003; received in revised form 6 November 2003; accepted 11 November 2003

Abstract

Enthalpies of solution of crown ethers (12-crown-4 (12C4) and 18-crown-6 ethers (18C6)) in the water—hexamethylphosphortriamide
(HMPA) mixture and of hexamethylphosphortriamide in the mixtures of water with dimethylsulfoxide (DMS®), Hrdimethylformamide
(DMF) have been measured within the whole mole fraction range at 298.15 K. From the results obtained, it follows that 12-crown-4 ether shows
weaker and 18-crown-6 ether stronger hydrophobic properties than hexamethylphosphortriamide as shown by the curve of dissolution enthalpy
12-crown-4 and 18-crown-6 ethers in the mixture of water and dimethylsulfoXitiedimethylformamide or hexamethylphosphortriamide
as well as by the preferential solvation of crown ether molecules by hexamethylphosphortriamide molecules.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction on the behaviour of crown ethers obtained in this way is
important for better understanding the solute—solvent inter-
The behaviour of crown ethers in mixtures of water with actions in mixed organic solvents and in the future it can be
organic solvent has long been studied in our laboratories used to examine the effect of the properties of water—organic
[1-6]. Previous paper of this series discussed the enthalpysolvent mixture on the process of complex formation of
of solution of 12-crown-4 (12C4), 15-crown-5 (15C5), crown ethers with metal cations in mixed solvents.
18-crown-6 (18C6) and benzo-15-crown-5 (B15C5) ethers Crown ethers are characterized by hydrophobic proper-
in the mixtures of water with dimethylsulfoxide (DMSQ), ties due to the presence of —@EH,— groups in the ring,
N,N-dimethylformamide (DMF)[1,2,5], as well as 15C5 separated with oxygen atoms. The presence of hydrophobic
and B15C5 in the mixtures of water with formamide groupsin water or water—organic solvent mixtures makes the
(F), N-methylformamide (NMF),N,N-dimethylacetamide  water structure stronger, especially within the range of high
(DMA), hexamethylphosphortriamide (HMPA), propan-1-ol and medium water content in the mixture. 12C4 and 18C6
(PrOH) and acetonitrile (AN) are presentdd-4]. The en- have been studied so far with the use of neutral solvents such
thalpic effect of hydrophobic hydration of 12C4, 15C5, 18C6 as DMSO and DMF. The energetic effects of hydrophobic
and B15C5 ethers in water, Hb(W), and paramatassoci- hydration of DMSO and DMF and those of the formation
ated with the number of water molecules participating in the of H-bonds with water cancel each other, which results in
hydrophobic cage formation were calculafé®,5] using of the fact that these solvents show neither hydrophobic hy-
the “cage model” of hydrophobic hydrati¢n]. Information dration nor hydrophilic properties. In the present paper, the
behaviour of 12C4 and 18C6 in the mixture of water with
% parts LV referencél_5]. HMPA is examined, which allows one to analyse the solu-
* Tel.: +48-42-635-58-25; fax:-48-42-635-58-14. tion of 12C4 and 18C6 in the mixture of water and a solvent
E-mail address: mjozwiak@uni.lodz.pl (M. 8zwiak). with strong hydrophobic properties such as HMBA]. The
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molecules of HMPA, similarly as those of DMSO and DMF,  15.31 kJmot? [12], 15.28 kJmot? [13]). Thus, the un-
also form H-bonds with water, but the hydrophobic proper- certainties of the measured enthalpies of solution did not
ties of HMPA are stronger than hydrophilic properties. One exceedt-0.5% of the measured value. Six to eight indepen-
of the hypotheses of hydrophobic hydration assumes thatdent measurements were carried out in each investigated
the water structure is made stronger through the increase inmixture. The concentration of the 12C4 and 18C6 solu-
H-bonds and their strengthening between water moleculestions was below 0.01 mol kd~ Enthalpy of solution was

due to the presence hydrophobic molecules in water. Themeasured within the whole mole fraction range at 298.15K.
strengthening of water structure is the better, the stronger

hydrophobic properties are shown by the solute molecules;

in the case of crown ethers this depends on the number of3, Results and discussion

—CHyCHy— groups. The choice of HMPA as a solvent will

make it possible to observe the changes in the energetic ef-3.1. The enthalpy of solution of 12C4 and 18C6 in the

fects of crown ether dissolution in water and in a mixture of \yater—HMPA mixtures

water with a strongly hydrophobic solvent and to compare

the obtained results with those concerning the water mixtures  The standard solution enthalpy of 12C4 and 18C6 in

with solvents treated as neutral, i.e. DMSO and DMF. This HMPA—water mixtures was calculated in the same way as

would allow one to observe the changes in the solute—solventthat in the papers published previougly-6], i.e. as a mean

interactions with the change in the hydrophobic properties value of the measured enthalpies. The obtained data are pre-

of the organic component in the mixture with water. sented ifTable 1andFig. 1as the functions of water content

in the mixtures together with the analogous values obtained

in the DMF—water mixtures. For comparison, the standard

enthalpy of solution of 15C5 and B15C5 in the mixtures

of water with HMPA and DMH1,2] as functions of molar
12C4 and 18C6 both (Avocado) 98% were used as re- water fraction is shown ifrig. 2.

ceived. “Purum” HMPA (Fluka) was purified and dried ac-  As is seen fronFig. 1, the shape of the dissolution en-

cording to the procedures described in the literafaifg. thalpy curves of 12C4 and 18C6 in the examined mixtures
Calorimetric measurements were performed at 29815 of water with HMPA and DMF[5] is similar and typical

0.01K using an “isoperibol” type calorimeter as described for dissolution of hydrophobic substance in the mixtures of

in the literature[11]. The calorimeter was calibrated on water with DMSO or DMHA15-21]. Within the area of low

the basis of the standard enthalpy of solution at infinite water content up toxy =~ 0.7, there is observed almost a

dilution of urea (Calorimetric standard US, NBS) in water linear course of the functionasoH® = f(xw) for 12C4

at 298.15K. The value obtained from ten measurementsand 18C6 in water—HMPA mixture and up xg ~ 0.4 in

in this study was 15.3& 0.07 kJmol?! (literature data  water-DMF system while in the case of water-rich mixtures

2. Experimental

Table 1
Standard enthalpyAsoH® (kJmol1), of solution of 12C4, 18C6 and HMPA in the mixtures of water with organic solvents at 298.15K
X HMPA-H,O DMSO-H,0 DMF-H,0O
12C4 18C6 HMPA HMPA
1.00 —28.98 —21.4% —49.70+ 0.03 —49.70+ 0.03
-28.99 -21.5¢4
0.98 —21.67+ 0.04 —13.59+ 0.07 —42.83+ 0.04 —43.10+ 0.04
0.96 —15.56+ 0.05 —5.02+ 0.07 —39.03+ 0.03 —39.31+ 0.03
0.94 —10.98+ 0.04 3.10+ 0.08 —34.82+ 0.02 —35.33+ 0.02
0.92 —6.94+ 0.06 — —31.68+ 0.04 —32.51+ 0.03
0.90 —5.04 £ 0.05 14.20+ 0.07 —29.29+ 0.05 —29.20+ 0.03
0.80 —0.24+ 0.10 31.02+ 0.08 —19.52+ 0.03 —17.98+ 0.04
0.70 0.61+ 0.10 36.11+ 0.08 —10.14+ 0.02 —11.21+ 0.02
0.60 0.24+ 0.10 38.12+ 0.09 —5.54+ 0.04 —7.06+ 0.04
0.50 0.11+ 0.10 38.66+ 0.09 —3.21+ 0.04 —5.09 + 0.03
0.40 —0.42+ 0.10 38.82+ 0.08 —2.08 £+ 0.05 —4.14+ 0.04
0.30 —0.75+ 0.10 38.75+ 0.09 —1.31+ 0.04 —3.56 + 0.05
0.20 —1.10+ 0.09 38.69+ 0.07 —0.97+ 0.05 —3.11+ 0.04
0.10 —1.44 + 0.09 38.62+ 0.08 —0.10+ 0.04 —2.24+ 0.05
0.00 —1.82+ 0.10 38.57+ 0.10 1.00+ 0.04 —0.93+ 0.05
& [5].

b [14].



M. Jozwiak/ Thermochimica Acta 413 (2004) 17-22 19

40 40 -
_______ 0,
Asoll_[ (W*)
30 30
20 20
10 10
= =
g o0 g o
3 2
’E‘E -10 g -10
< <
20 =20
-30 ‘. AsoIHO(W) -30
-40 -40
0.0 0.2 0.4 0.6 0.8 1.0 0.0
X X
w W

Fig. 1. The standard enthalpy of solution of 12C4 in the mixtures of water Fig. 2. The standard enthalpy of solution of 15C5 in the mixtures of
with DMF (@), HMPA (O)), and of 18C6 in the mixtures of water with ~ water with DMF @), HMPA (O)), and of B15C5 in the mixtures of
DMF (H), HMPA () at 298.15K. water with DMF @), and HMPA () at 298.15K from[1,2].

there is a sharp decrease of the enthalpy of solution. As is

seen fromFigs. 1 and 2, this drop is sharper in the mix- apparent molar volume versus the molarity of organic
tures containing HMPA in all the investigated systems prob- substanceV,,, [23], the enthalpic homogeneous pair in-
ably due to the fact that the strongly hydrophobic organic teraction coefficienthzz, [24] and the enthalpic effect of
co-solvent[1,2] competes with crown ether molecules for hydrophobic hydration, HbW), [1,2,5] for the investigated
water molecules. In the same HMPA—-water mixture, more crown ethers and HMPA (Table 2).

exothermic dissolution effects of 12C4, 15C5 and B15C5 The enthalpic effect of hydrophobic hydration, R¥)(
than in DMF-water are also observed within the organic Of crown ethers and HMPA in water was calculated using
solvent-rich region. Probably the strong interaction between the Eq. (1) describing the enthalpy of solution of hy-
water molecules due to the presence of strongly hydropho-drophobic substance in the mixtures of water with DMSO
bic HMPA molecules causes these crown ethers to be sol-and DMF [25-28] obtained on the basis of “cage model”
vated mainly by the HMPA molecules within the range of ©f hydrophobic hydration proposed by Mastroianni et al.
high HMPA content. In the other investigated systems, e.g. [7] and developed further by Heuvesland and Somsen
in the mixtures of water with DMF, water molecules prob- [19].

ably gradually replace the organic co-solvent molecules in

the crown ether solvation sheath when water is added to theAsolH °(W+Y) = xw AsolH° (W) + (1 — xw) AsolH°(Y)

organic solvenil,2]. "

A different situation is observed in the case of the en- + Gy = xw)HD(W) (1)
thalpy of solution of 18C6 in the mixture of water With  Hp ) = A HO(W) — AsiHO(W*) @)
DMF and HMPA (Fig. 1). The data ofAgoH® of this
crown ether are more exothermic in the DMF—water than in where AgoH (W + Y), AsoH” (W), AsoHO(Y) are the stan-
the HMPA—water mixtures. It suggests that 18C6 is more dard enthalpy of solution in the mixed solvent, in water, in
hydrophobic than HMPA. During the dissolution, 18C6 a pure organic solvent, respectively; is the molar frac-
molecules probably displace the HMPA molecules built into tion of water in the mixed solvent;l} is the probability
the reinforced water structure, which is accompanied by that n water molecules will be at the same time around
an endothermic effect. This conclusion can be confirmed, the hydrophobic site in the molecule of the hydrophobic
if we compare the parameters known as a measure of thesubstance; Hb(W) is the enthalpic effect of hydrophobic
hydrophobicity of organic compounds in water, i.e. the val- hydration in pure waterAsqH (W*) is the enthalpy of so-
ues of partial molar heat capacityy, [22], the slope of lution in water with no hydrophobic effects presefiy 1).
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Table 2
Parameters describing the hydrophobic properties of organic solvents and crown ethers at 298.15K
n Hb(W) (kJ mol?t) C;, (kJmoltK=1) Vpp, (CMkg mol2) hz2 (kJ kg mol?)
12c4 5.03+ 0.1¢ —-34.11+ 0.0R 0.459 —2.069 3.034
15C5 4.00+ 0.13 —49.41+ 0.18 0.647 —2.850 4.098
18C6 3.81+ 0.12 —57.92+ 0.1 0.808 —3.692 5.611
B15C5 453+ 0.1F —35.93+ 0.26°
DMSO 0.173 —0.219 0.576"
0.184 0.679
DMF 0.220 —0.3% 0.578
0.228 0.737
0.551
HMPA 6.37+ 0.1 —40.75+ 0.49 0.66 —2.8K 4128
5.90 + 0.2C° —42.73+ 0.42 —2.89
2 [5].
b [1].
¢ [2].

d Value obtained using DMF—water mixtures.
€ Value obtained using DMSO-water mixtures.
f [14].

9 Value calculated from datf81].

h [32].

i Value calculated from datf83].

I Value calculated from datf84].

k [23].

I Value calculated from datf85].

M Value calculated from datg86].

" Value calculated from datf87].

° [38].

P [39].

9 Value calculated from datftO0].

" Value calculated from datf9].

In the first papers on the use of the “cage model” to study and B15C5 are less hydrophobic while 15C5 and 18C6 are
the solution enthalpy of hydrophobic substances in the mix- more hydrophobic than HMPA. On the other hand, the anal-
tures of water with organic solvents parametatescribed ysis of Cp,, Vi,, andhyo shows that 12C4, 15C5 and 18C6
the number of water molecules taking part in the formation are more hydrophobic than DMF and that 12C4 is less hy-
of cage around the hydrophobic gro{b,18,19]. In the drophobic than HMPA, the hydrophobicity of 15C5 is com-
case of the solution enthalpy of tetraalkylammonium salts, parable with that of HMPA, while 18C6 is more hydrophobic
the value of parameterwas approximately consistent with  than HMPA. Inconsistent conclusions were obtained from
the analogous value obtained with the use of other measur-the analysis of Hb(W)Cp,, Vy,, and hp, for 15C5. The
ing methodg29]. In subsequent studies, it has turned out shape and position of the solution enthalpy curves of 15C5
that parameten may assume different values that are not in the mixture of water with HMPA, DMSO or DMF sug-
always consistent with expectations and difficult to a logic gest that the hydrophobic properties of this ether are weaker
interpretation. In the face of the above fact, paramatir than or comparable with the hydrophobicity of HMPA. If
treated as a selectable parameter without physical meaninghis is the case, the value of Hb(W) in water is lower than
[30]. expected, which can be explained with the presence of the
The data of solution enthalpy of HMPA in the mixtures of ~strongly polar —RPO group in the molecule of HMPA. Thus,
water with DMF or DMSO required to calculate Hb(W) and one may assume that the enthalpy of solution of HMPA in
n for HMPA are given inTable 1. The results of calculations the water-DMF or water-DMSO mixture includes an addi-
of n and Hb(W) for HMPA and crown ethers in water are tional exothermic effect connected with the interaction be-
given inTable 2. tween HMPA dipole and DMSO or DMF dipole, especially
The values of and Hb(W) for HMPA obtained by cal-  in the mixtures with a medium and low water content, where
culations using the enthalpy of solution of HMPA in two the effect of hydrophobic hydration is weakened. DMSO
mixed solvent (DMF-water, DMSO-water) are similar. The and DMF used so far to study 12C4 and 18C6 also posses
analyse the enthalpic effect of hydrophobic hydration val- polar groups, but the values of dipole moments of DMSO,
ues, Hb(W), of crown ethers and HMPA shows that 12C4 DMF and HMPA, amounting to 3.8¢41], 3.96 [41] and
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4.52 D [42], respectively, show that HMPA molecules are whereAH*(W + Y) is the different energetic effect of inter-
characterised by the highest dipole moment. actions in solution than the hydrophobic hydration of crown
Unfortunately, the mixture of water with HMPA does not ether molecules.
satisfy the “cage model” assumption that the number of In such systems, the thermal effect of dissolution of a
water molecules in a mixed solvent which are capable of hydrophobic substance contains an additional energetic ef-
hydrating the molecules of a dissolved substance is propor-fect, AH*(W + Y), which may be connected with the pref-
tional to xw. In this case, the cage model cannot be used erential solvation of solute molecules and the competition
to analyse the date of solution enthalpy of 12C4 and 18C6 between the crown ether and organic solvent molecules for
in this mixture. This results have been discussed from the water molecules due to the hydration of the organic compo-
point of view of the preferential solvation model of given nent molecules. The expressior,(x xyw) Hb(W) is an en-
by Balk and Somse#3], which has been previously used thalpic effect of the hydrophobic hydration of crown ethers
to analyse the dissolution enthalpy of crown ethers in the in water and describes the deviation from the additivity
mixtures, in which the organic component of the mixture of dissolution enthalpy in the mixed solvent brought about

shows specific interaction with watf8,4]. by the hydrophobic hydration of solute. Thus, the function

AH*(W +Y) is a difference between the enthalpy of solu-
3.2. The preferential solvation of crown ether by HMPA tion of crown ethers in the mixed solvent and the sum of the
molecules enthalpy of solution in an ideal mixture and the enthalpy of

solution associated with the hydrophobic hydration of these

In systems, in which the organic component of the mixture compounds in water. One may expect that the hydrophobic

shows specific interaction with water, i.e. in the mixtures of hydration of the organic solvent molecules results in the en-
water with organic solvents, which do not satisfy the “cage dothermic contribution to the functionH*(W + Y), while

model” assumption the thermal effect of dissolution of a the negative exothermic effect is a result of the preferential

hydrophobic substance can be analysed uEiqg(3): solvation of the crown ethers molecules.
With the assumption that the “cage model” describes well
AsolH™(W+Y) the hydrophobic hydration of crown ethers, the parameters
= xwAsolH° (W) + (1 — xw) AsolHO(Y) Hb(W) anQn determined f_or the mixture of water anq DMF
N b N 3 characterise the energetic effect of the hydrophobic hydra-
+ (o — 2w)Hb(W) + AH(W + 1) ) tion of crown ethers. Thus, the values aH*(W + Y) for
12C4 | 18C6
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Fig. 3. The illustration ofEq. (3): AH* = f(x,) (A); [AsoHOW + YV)XyAsoHO(W) — (1 — Xu)AsoHO(Y)] = HE =f(xy) (M) and (), — xw)
Hb(W) = f(xy) (@) for the mixture of water with HMPA at 298.15K.
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