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Abstract

The solution and solvation enthalpies at infinite dilution of 15-crown-5 in different organic solvents and water were
measured. The limiting partial molar volumes of the crown ether in a series of solvents studied were determined using
experimental density data. On the basis of the scaled particle theory the satisfactory multiparameter correlation of the
quantities measured with properties of solvents was obtained. The known equations as modified by the introduction of more

accurate radial distribution function g1,(r) were used. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The establishment of the patterns of change of
summary thermodynamic characteristics of nonelec-
trolytes in solution depending on the nature of the
solvent may be carried out by means of their division
into contributions according to the scaled particle
theory [1]. The following contributions may be dis-
tinguished for standard solvation enthal]ples (AsolvHO )
and limiting partial molar volumes (V2)

AsolvH = Hcav + Hdisp + Hdd + Hindl + HindZ
~ RT(1 - pT) (1)

4()
V cav + le%p + Vdd + del + de2 + BRT
2)

where index cav is the effect of cavity formation, disp
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the contribution of solute—solvent dispersion interac-
tions; dd the contribution of dipole—dipole interac-
tions, ind1 and ind2 the effects of polarization of
solvent and solute, respectively, p the coefficient of
thermal expansion of the solvent, and (3 the isothermal
compressibility of solvent.

In order to describe the contributions of intermo-
lecular interactions, the known potentials of pair
interactions being averaged over all dipole orienta-
tions may be used [1]
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where y; is the dipole moment of molecule, o; the
polarizability, x; the diamagnetic susceptibility, m the
mass of an electron, ¢ the velocity of light in vacuum,
015 the distance of the closest approach of molecules
and is equal to half the sum of molecular diameters.
The indexes 1 and 2, respectively, relate to solvent and
solute characteristics.

The partial free energy of solute — solvent interac-
tions is determined according to

— 47N?

Gint = v /ulzglz(r)i’zdr (6)
1

0

where V| is the molar volume of the solvent, and g,(r)
the radial distribution function. Usually, g»(r) is
equated to unity at the distance r ranging from oy,
to infinity. It leads to insufficient accuracy in the
analysis of solute characteristics in a series of solvents.
In this work, we have used a more complicated
expression for g;,(r), taking into account the increase
of density of particles in the first solvation sphere
according to Ref. [2]

07 r< o
4nNay 3r 1 r 3
812() 1+ 3‘/112 l—m-‘r—s(—) s o <r <20
1, r> 20y

)

Using Eq. (7), the equation for partial characteris-
tics of interaction was obtained as follows:

- 167N mc? aon ki
"W ar/xatae/xaol,
87TN2 ,u] k2 471'1\/2 k3
_“2< 3V, 3kTol, 3V O"@)
4-7'(']\/2 ) k4

- 3V v, M0 3~ :]),2 (8)

The k; values for free energy of interactions are
given as

37N 0?2

ki =1+0.7135

7TN0'12

ky=k3=ks=1+0.86——-=
2 3 4 + v,

The k; values for enthalpy and volume effect of
interaction were determined using the relations:

Hint — mt TaGmt/aT and th = aGmt/aP SO
that, for Hiy
ki = 14 pT +0.7135 5072 (1 4 24T)
0, aNo3 ou?
ko=2-+pT — B0+ 0.86 755 (2 +207 — L)
ky =1 +pT+O 86”N“12( 14 2p7)
(9)
and for Viy
ki = ﬂ( +0. 71353””’17)
o (10)
ko =ks =k = (1 +0.867572)

The (T/u3})(0p3 /7T) value is equated to zero in a
nonpolar medium. In a polar medium, (Ou?/9T) /3
may be evaluated from the Debye equation for polar-
ization of dielectrics

T5’,u1 Q]
=1 1 +—3kT
ior +( +u?3k>

3T0¢/OT
% (pT e et z))

Eq. (8) cannot describe satisfactorily the contribu-
tion of intermolecular interactions in solutions due to
the demerits of initial potentials of interactions, the
influence of three-dimensional effects in solvation
spheres and the deviation of real radial distribution
function from spherical symmetry. In the approach
suggested by us, Eq. (8) is assumed to approximate
correlations for the AsolvHO and Vz values determined
experimentally. We introduce two coefficients, A; and
A,, permitting to use effective constant C&If in Eq. (5)
and the effective dipole moment of the unperturbed
solute molecule ,ueff in Egs. (3) and (4): C&' = A, Cs
and (u eff) = Azﬂz The effect of perturbatlon of the
solute molecule is taken into account by inductive
contributions. Then, from Egs. (1), (2) and (8), we
can obtain the correlation for solvation enthalpy
and limiting partial molar volume of solute with
molecular characteristics and physical properties of
the solvents:
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where Ay H are in kJ mol™'; R is in kJ mol ! K™;
ORT and all values in the left part of Eq. (11) are in
CGS units. The coefficients k; are determined accord-
ing to Egs. (9) and (10).

In this study, the correlations (Eq. (11)) have been
used to analyse the experimental data on enthalpies of
solvation and partial molar volumes of 15-crown-5 as
conformationally flexible macrocyclic compound [3].
Conformational peculiarities of the solute in a series of
solvents must influence the coefficients of correlative
relation because the conformers have different mole-
cular forms and dipole moments.

2. Experimental
2.1. Materials

The purity of the 15-crown-5 (1,4,7,10,13-pentaox-
acyclopentadecane) studied was 99%. The crown
ether was dried by molecular sieves of 0.3 nm size.

The solvents used (carbon tetrachloride, benzene,
chloroform, ethylacetate, acetone, pyridine, dimethyl-
formamide, dimethylsulfoxide, acetonitrile) were pur-
ified according to standard procedures [4]. All these
were dried by molecular sieves. The purity of the
solvents was checked by density measurements.

2.2. Calorimetry

Solution enthalpies were measured by means of an
isothermal calorimeter at 298.15 K. The vessel was
charged with 50 cm® of solvent and the amount of
sample contained in the ampoule varied between
0.005 and 0.05 g. The calorimeter was calibrated by
measuring heat effects of solution of KCl in water

[5].

2.3. Densimetry

Solution densities were measured with help bica-
pillary picnometers (V — 10 cm®). The picnometers
were calibrated with water [6] and aqueous NaCl
solutions [7]. All the measurements were carried
out at 298.15 K, controlled to 0.005 K. The error in
the density measurements was not greater than
2% 107> g cm . The solute concentration was varied
from 0.01 to 0.25 mol kg ~'. All solutions were made
up by weight.

3. Results

Results of the calorimetric experiments are sum-
marised in Table 1. The final solute molalities were
within the concentration range of 0.0005 to
0.0050 mol kg ~'. No concentration dependence was
observed in this range. The values of standard enthal-
pies of solution of infinite dilution obtained in benzene
(2.8 kJ mol ') and acetonitrile (—3.5 kJ mol ") differ
from the data reported in Ref. [8] (—1.88 and
—4.8kJ molfl, respectively) because those values
was determined from a significantly higher concen-
tration range (0.01-0.1 M). Thus, our results are closer
to the solution enthalpy at infinite dilution. The value
of AgonH in water is in agreement with that in Ref. [9].
Using the enthalpy of evaporation of 15-crown-5 as

Table 1

The solution and solvation enthalpies of 15-crown-5 in different
solvents at infinite dilution at 298.15 K and the enthalpies of 15-
crown-5—solvent interactions

Solvent AgonH" AsorHY/ Hine
Kmol™) (Wmol™) (mol™

Carbon tetrachloride 2.82 —76.8 —126.8
Benzene 2.80 —-76.8 —131.6
Chloroform —22.55 —-1024 —158.4
Acetone 1.80 —77.8 —135.2
Pyridine —3.24 —82.8 —151.6
DMF —0.94 —80.4 —163.4
DMSO 0.85 —78.8 —175.8
Acetonitrile —3.24 —83.1 —159.2
Methanol 2.30 -77.3 (—=177)
Water —39.75 —119.3 (—298)
1,4-Dioxane 1.2? —78.4 —122.5
Tetrahydrofurane 0.7% —78.9 —133.6

* From Ref. [8].
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Table 2

Densities and apparent molar volumes of 15-crown-5 in different solvents at 298.15 K

m/(mol kgfl) dl(g cm ™) &, /(cm® mol’l) m/(mol kgfl) di(g cm ™) !15\,/(crn3 molfl)

DMF*? Benzene ©

0.00000 0.94394 0.00000 0.87345

0.02808 0.94493 193.58 0.05942 0.87595 196.50

0.03693 0.94524 193.72 0.07665 0.87673 195.32

0.05524 0.94584 194.26 0.09254 0.87643 195.00

0.08562 0.94681 195.08 0.11900 0.87874 192.70

0.09545 0.94712 195.32 0.15042 0.88029 191.12

0.13307 0.94822 196.35 0.16791 0.88116 190.35
0.18720 0.88216 189.31

Pyridine ® Ethylacetate ©

0.00000 0.97787 0.000000 0.89458

0.01879 0.97825 204.03 0.10622 0.89900 193.21

0.03004 0.97849 203.54 0.14521 0.90067 192.50

0.03998 0.97872 202.84 0.18218 0.90226 191.88

0.06356 0.97927 201.93 0.20162 0.90307 191.78

0.07212 0.97952 200.99 0.21609 0.90367 191.72

0.07681 0.97962 201.07

0.08702 0.97990 200.44

Carbon tetrachloride Acetonitrile "

0.00000 1.58512 0.00000 0.77682

0.09172 1.57207 195.77 0.02715 0.77836 188.90

0.13584 1.56772 192.40 0.04315 0.77926 189.11

0.17966 1.56345 189.55 0.04965 0.77963 189.15

0.19072 1.56258 188.68 0.06120 0.78026 189.47

0.22723 1.55984 186.21 0.08502 0.78229 189.84

0.25360 1.55844 183.92 0.09813 0.78158 189.64

4V = 19278, $,=26.74, 6=0.035, R—=0.9999.
V) = 205.00, S,=—51.64, 0=0.11, R=0.9981.
© V) = 202.33, $,=—71.78, 6=0.18, R=0.9993.
4V) = 199.84, §,=—56.94, 0=0.23, R—=0.9957.
V) = 194.60, S,=—13.97, 0=0.15, R=0.9801.
V) = 188.54, 5,=13.04, 9=0.035, R=0.9960.

79.5740.25 kJ mol ' [10], the enthalpy of solvation
of crown ether have been evaluated (Table 1).

On the basis of experimental density data, the
apparent molar volumes (®,) and limiting partial
molar volumes (Vz) of 15-crown-5 were determined
in different solvents using the following equations
[11].

M 1000(d — dp)

= 12
d H12dd() ( )

B, =V + Symy (13)

where M is the molar mass of crown ether, d and d, the
densities of the solution and the solvent, respectively,

m, the molality of the solution, and S, the experi-
mental slope. The d and &, data, coefficients of
Eq. (13), are presented in Table 2. The correlation
coefficients (R) and the standard deviation (o) are also
presented in Table 2.

4. Discussion

The values of the solution and solvation enthalpies
of 15-crown-5 vary insignificantly in the series of
solvents studied, with the exception of water and
chloroform because of the formation of H-bonds with
solute molecules. Relative constancy of the AsolvHO
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Table 3
Molecular parameters and physical properties of solvents at 298.15 K
Solvent Vilem®  Bx10'7 A H/ px10° y ox10%  pyx10"% ax10% —xx10%
mol™) (Pa”)  (Kmol ) (K (cm) (un.CGSE)  (cm?) (em?)
[12] [12] [12] [18] [12] [12] [12]
Carbon tetrachloride 97.1 10.910 32.4 1.211 0.5055 5.38 0 10.49 11.09
Benzene 89.9 9.380 33.85 1.202 0.5123 5.27 0 10.32 9.10
Chloroform 80.7 33.17 1.284 0.5014 5.04 1.15 8.48 9.85
1,4-Dioxane 85.7 35.7 1.158 0.5238 5.20 0.45 8.60 8.48
1,2-Dichloroethane 79.4 34.3 1.150 0.5011 5.02 1.86 8.33 9.90
Tetrahydrofuran 81.6 32.0 1.142 0.5112 5.10 1.75 7.93 8.0
Acetone 74.0 30.8 1.470 0.4740 4.81 2.69 6.41 5.37
Ethylacetate 98.5 10.500 35.1 1.432 0.4954 5.37 1.88 8.83 8.98
Pyridine 80.9 6.96% 404 1.012 0.5555 522 2.37 9.55 8.06
DMF 774 6.22 475 1.009 0.5753 5.21 3.86 7.90 6.44
DMSO 713 529 0.982 0.5909 5.11 39 7.99 7.34

# From Ref. [17].

values is a result of compensation of solute—solvent
interactions and cavity formation. A comparison
between changes in Ay H® and SHip = AgoyHO—
H.ay, where Hg,, can be estimated from the scaled
particle theory [1], demonstrates this tendency.

For 15-crown-5 the solvation ability of the solvents
according to enthalpic characteristics (Table 1)
decreases in the following order:H,O>CHCl;
>MeCN>Py>DMF>DMSO>MeOH>Me,CO>CsHg=
CCly. The ability of the solvents towards intermole-
cular interactions with 15-crown-5, according to
enthalpic  characteristics  (Table 1), decreases
in another way: H,0>1,2-dichloroethane>DM-
SO>DMF>MeCN>CHCl;>Py>Me,CO>THF>CsHg>
CCl,>1,4-dioxane.

The correlation (Eq. (11)) based on the scaled
particle theory allows to establish the pattern of
change of AgoryH and Vg The molecular parameters
necessary for calculations and physical properties of
the solvents are presented in Table 3. We have
selected parameters that have been most frequently
used in the literature. The results of correlation
(Eq. (11)) depend significantly on the selected sizes
of molecules. The molecular diameters of the solvents
investigated were estimated from enthalpies of eva-
poration and coefficients of thermal expansion in
accordance with

(1+2y)°

3
(1-y)
where y = 7TNO'?/6V1 is the factor of packing of

AevapH = RT + pRT? (14)

solvent molecules. The values o, obtained from
Eq. (14), are in close agreement with those deter-
mined from the gas solubility data [12]. The molecular
diameter of 15-crown-5 is found to be 7.43-107% cm,
as the diameter of a sphere having volume equivalent
to the volume of the molecule, from geometric para-
meters [13], according to the method described in Ref.
[14]. The polarizability of the 15-crown-5 molecule
was evaluated from Lorentz—Lorenz relation, at a
refractive index n=1.464 [15] and molar volume
V,=198.6 cm® mol ' [9], and is found to be 21.7x
10~** cm® per molecule. The value of diamagnetic
susceptibility was estimated to be 21.2- 1072 cm® per
molecule on the basis of the Pascal method [16].

The characteristics at infinite dilution, determined
from Eq. (11), are listed in Table 4. The enthalpies of
solvation of 15-crown-5 in 1,2-dichloroethane, acet-
one and DMSO do not submit to any general pattern.
The coefficients in Eq. (11) for these solvents differ a
little from those in other solvents. It is probably due to
differences in packing of solvation spheres and in the
state of solute in the solvents indicated. For solutions
in water and methanol, the equations of the scaled
particle theory cannot be applied.

It is noteworthy that the coefficients A; and A, of
Eq. (11) have different values for solvation enthalpy
and limiting partial molar volume. The effective con-
stant of dispersion solute—solvent interactions Cgff
evaluated from A H is higher than the theoretical
Cs. On the contrary, the CEf estimated from V3 is less
than the theoretical Co. The (uS™)? value of the
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Table 4

The coefficients of Eq. (11) for correlation of the solvation entalpies and limiting partial molar volumes of 15-crown-5 with solvents

properties

Characteristic Solvents A =Cd/Cq (Ap3)x10°% R o

(un.CGSE)*

AsolvHO carbon tetrachloride, benzene, 1,4-dioxane, chloroform, 1.49 8.27 0.9999 1.52%
tetrahydrofuran, pyridine, DMF

AmlvHO 1,2-dichloroethane, acetone, DMSO 1.38 6.95 0.9999 1.7%

V2 carbon tetrachloride, benzene, ethylacetate, pyridine, DMF 0.92 13.69 0.9998 1.42°

3 Units: kJ mol™";
® Units: cm® mol ™.
unperturbed molecule of 15-crown-5 in carbon tetra-
chloride, benzene, 1,4-dioxane, chloroform, tetrahy-
drofurane, pyridine and DMF is equal to 8.3 D*. Thus,
the effective dipole moment is 2.9 D, which is close to
the experimentally obtained value pu, in benzene
(3.17 D) [19]. The effective dipole moment of the
15-crown-5 molecule, evaluated from V2 values
(3.740.6 D), is greater than those from Ao H° values
(2.940.7 D). The differences observed may be attrib-
uted to different sensitivities of AgolvHo and V2 values to
the effects which do not take into account the assump-
tions about independence of «;, X;, 0; and i, parameters
on temperature and pressure in Eq. (11).
AccordingtoEq. (11), whose coefficients arelisted in
Table 4, the estlmatlon of separate contributions of
AgoH® and V2 to the total values has been carried
out (Appendix AAppendix B). The variation of enthal-
pic contributions in the series of systems studied are
foundtobeupto39 kJ mol ™! for H .y, upto47 kJ mol !
for Hyg, and up to 27 kJ mol ' for Hip, when the total
Ay H° varies from —76.2 to —102.4 kJ mol~'. The
variations of volume contributions are: 26.5 cm® mol !
for Veay, 58.4 cm® mol ' for Vg andupto37 cm® mol ™!
for Vdisp, when the total \_/(2) value varies from 192.8 to

205.0 cm® mol . Polarization contributions of the sol-
vents and solute to Asolvﬂo and Vg varies insignificantly.
The data obtained testify that the contribution of
electrostatic interactions to enthalpic and volume
characteristics in the systems studied is considerable.
The proportion of partial enthalpy Hyq to the total
enthalpy of solute—solvent interactions is found to be
from zero in nonpolar benzene to 28.5% in dimethyl-
formamide. Medium polarity, according to Eq. (11), is
characterized by a complicated parameter

2/1% k2 k3
1 o —,
3kT V, 0?2 ! Vi 0?2

where k, and k3, depending on the physical parameters
of the medium, are specific to the different correlated
solution properties (free energy, enthalpy of solvation,
partial molar volume, etc.).

Appendix A
Contributions to the solvation enthalpies

The contributions to the solvation enthalpies of 15-
crown-5, evaluated according Eq. (11)

Solvent Heaw — RT(1 — pT)/(kJI mol ) Hin/(kJ mol ) Ao HY/(kT mol ™)
dd indl ind2 disp evaluated experimental

Carbon tetrachloride 50.0 0.0 —-1.7 0.0 —125.2 —76.9 —76.8
Benzene 54.8 0.0 -1.9 0.0 —127.9 —75.0 —76.8
1,4-Dioxane 44.1 2.7 -1.7 —-04 —118.5 -79.2 —78.4"
Chloroform 56.0 —4.9 -19 -0.3 —150.9 —102.0 —-102.4
Tetrahydrofuran 54.7 -104 -1.7 —0.6 —1225 —80.5 —~78.9"
Pyridine 68.8 —18.1 -1.9 —-0.9 —130.2 —82.3 —82.8
DMF 83.0 —45.7 -1.8 -1.6 —113.6 —79.7 —80.4
1,2-Dichloroethane 59.9 —10.7 —1.6 —0.7 —136.8 —89.9 —90.6"
Acetone 574 —23.2 —1.1 -12 —110.9 -79.0 —77.8
DMSO 97.0 —42.6 -1.7 -1.3 —130.1 —78.7 —78.8
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Appendix B
Contributions to limiting partial molar volumes

The contributions to limiting partial molar volumes
of 15-crown-5, evaluated according Eq. (11)
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Solvent Veav + BRT/(cm® mol ) Vin/(cm® mol™1) Vg/(cm3 mol™h)
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DMFA 305.9 —58.3 -1.9 -5.7 —47.5 192.5 192.8
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