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Abstract: The solution enthalpy of 15-crown-5 and 18-crown-6 ethers in the mixture of formamide
(F) and water (W) was measured at four temperatures: 293.15 K, 298.15 K, 303.15 K, 308.15 K. The
standard molar enthalpy of solution, A, H®, depends on the size of cyclic ethers molecules and the
temperature. With increasing temperature, the values of Ay, H® become less negative. The values of
the standard partial molar heat capacity C;,z of cyclic ethers at 298.15 K have been calculated. The
CS,z = f(xw) curve shape indicates the hydrophobic hydration process of cyclic ethers in the range
of a high-water content in the mixture with formamide. The enthalpic effect of preferential solvation
of cyclic ethers was calculated and the effect of temperature on the preferential solvation process was
discussed. The process of complex formation between 18C6 molecules and formamide molecules is
observed. The cyclic ethers molecules are preferentially solvated by formamide molecules. The mole
fraction of formamide in the solvation sphere of cyclic ethers has been calculated.

Keywords: 15-crown-5 ether; 18-crown-6 ether; enthalpy of solution; preferential solvation;
formamide-water mixtures; composition of the solvation shell

1. Introduction

The solvation process has a large impact on the solute—solute intermolecular interac-
tions [1-3] and thus also on the course of chemical reactions, i.e., in the reaction mechanism.
The knowledge of the thermodynamics of the solvation process, including preferential sol-
vation (PS) or hydrophobic hydration (HH), plays a very important role in the selection of
the solvent for the chemical reaction [4]. In the mixed aqueous-organic or organic-organic
solvents it is likely that a preferential solvation process will occur. Moreover, in water-rich
mixed aqueous—organic solvents a substance which shows a hydrophobic character, can be
hydrophobically hydrated. The preferential solvation process is defined as a difference in
the solvent components between the solvation shell and the bulk solvent [5-7]. The process
of the preferential solvation occurring in the mixed, often multi-component solvents has
been deeply investigated by many researchers [8-15].

Crown ethers belong to the group of compounds characterized by a hydrophobic-
hydrophilic character. In a pure water they are hydrophobically hydrated [16,17] and in
mixed water—organic solvents they may be preferentially solvated by one of the components
of the mixture [18]. Cyclic ethers have numerous uses including biology, medicine, or the
pharmaceutical industry [19-25]. Crown ethers, although the most popular at the end of
the 20th century, are still popular among scientists due to their wide application in various
fields.

This publication is a continuation of our research on the influence of the type of solvent
and the temperature on the process of preferential solvation of crown ethers [16,17,26,27].
15-crown-5 (15C5), 18-crown-6 (18C6) and a formamide-water (F + W) mixture were selected
for the investigations. The hydrophilic molecules of formamide (F) are capable of forming
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hydrogen bonds [28]. Formamide as a solvent is used in chemistry for dissolution of many
organic substances [29] as well as in biology for different study [30] and industry [31].

2. Results and Discussion
2.1. Enthalpy of Solution and Heat Capacity
The standard solution enthalpy of 15C5 and 18C6 at four temperatures within the

range: (293.15-308.15) K as a function of the mole fraction of water, xy, in the F + W mixture
are presented in Figure 1.

A H/kJ-mol !
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Figure 1. The standard solution enthalpy of 15C5 (A) and 18C6 (V) in the F + W mixtures as a function
of molar fraction of water at: 293.15 K (black line), 298.15 K (red line), 303.15 K (blue line), 308.15 K
(green line).

As seen in Figure 1 the enthalpy of solution increases (the process of solution becomes
less exothermic) with increasing of temperature. Within the whole range of the water mole
fraction the course of curves Ag,H® = f(xw) is monotonic and decreases with an increase
of the xyy in the mixture. In the case of 18C6, the changes of this function are smaller. This
indicates some differences in interactions between 15C5 and 18C6 molecules with mixed
solvent molecules.

The data of the standard molar enthalpy of solution of 15C5 and 18C6 obtained in the
presented paper at four temperatures and analogous data for 1,4-dioxane and 12-crown-4
(12C4) presented in our previous paper [16] allow us to calculate the standard molar heat
of capacity of solution of cyclic ethers using Equation (1).

Asolcg = (aAsolHO/aT)p 1)

Then, the standard partial molar heat capacity (C;,z) of the cyclic ethers was been
calculated using Equation (2):
Coo =N0saCp+C, )

where: C;, is the molar heat capacity of pure cyclic ethers.
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The molar heat capacity of pure compounds was taken from the literature [32,33] for
1,4-dioxane and crown ethers, respectively. The values of the standard partial molar heat
capacity (C;’Z) of cyclic ethers in water 225.4 J-K~!-mol ! for 1,4-dioxane, 458.5 ]-K~!-mol !
for 12C4, 674.0 J-K~1-mol~! for 15C5 and 800.5 J-K~!-mol~! for 18C6 are in agreement
with the literature data [33,34] for 1,4-dioxane and crown ethers, respectively. The results
obtained at 298.15 K are presented in Figure 2.
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Figure 2. The standard partial molar heat capacity of cyclic ethers: B, 1,4-dioxane, e, 12C4, A, 15C5,
Vv, 18C6, as a function of xy in the F + W mixture at 298.15 K.

As seen in Figure 2 the courses of curves are similar for 1,4-dioxane, 12C4 and 15C5.
These shapes can be divided into two areas. First, with small and medium water content
(xw <0.9) and second, with a high-water content in the F + W mixture (xyy > 0.9). In the first
area a linear, very small increase in the standard partial molar heat capacity of cyclic ethers
with increasing of a water content in the mixture is observed. For 18C6, the shape of this
curve is slightly different from the others in the range of 0.1 > xy > 0.7. In the area of high
formamide content (xy < 0.1), the small decrease of the standard partial molar heat capacity
with the increasing water is observed. It suggests that 18C6 interacts in a specific way
with formamide. In the literature [35,36] the crystal structure of the 1:2 complex of 18C6
molecule with formamide molecules is described. There are reports on the formation of
complexes of 18C6 in solution with solvents such as: nitromethane, acetonitrile, chloroform
or acetone [37]. Analyzing the distribution of the charges on hydrogen atoms in formamide,
acetonitrile and acetone [18], it can be seen that in the case of formamide the value of this
charge is the highest. Therefore, it can be assumed that such complexes between the 18C6
and formamide molecules may form in the solution too.

In the second area, an abrupt increase in the value of the standard partial molar heat
capacity of cyclic ethers with increasing of water content can be observed. This is probably
related to the hydrophobic hydration process of cyclic ethers, which enthalpic effect is the
smallest for 1,4-dioxane and the highest for 18C6. Additionally in the case of 18C6 this
increase of the function Cg,z = f(xw) starts from xw ~ 0.7 but in case of other ethers, from
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xw ~ 0.9. This may indicate a different behavior of 18C6 molecules from other cyclic ethers
also in the water-rich region.

In Figure 3 the standard enthalpy of solvation of cyclic ethers (1,4-dioxane [16] and
crown ethers: 12C4 [16], 15C5 and 18C6) as a function of xyw Agoy H® = f(xw) is presented.
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Figure 3. The standard solvation enthalpy of 1,4-dioxane, l; 12C4 o; 15C5, A; and 18C6, V¥ in the F +
W mixture at 298.15 K.

As is seen in Figure 3 the standard enthalpy of solvation is more negative the larger
the ring of cyclic ethers is. The function Ay, H® = f(xw) decreases with an increase of the
water content in the mixture. It is connected with the process of solvation and hydrophobic
hydration of cyclic ethers. The range of changes in the values of this function are different
and are presented in Table 1.

Table 1. Changes in Ay, H° = f(xw) for cyclic ethers in the F + W mixture at 298.15 K.

Asory HO=f(xw)/kJ-mol 1

Cyclic Ethers AgorvH® at xyy =0 Aoy H® at xyy =1 Ao HO (xw=0) —Ag o1 H® (x=1)
1,4-dioxane —40.65 —48.28 7.63
12C4 —81.20 —94.63 13.43
15C5 —101.26 —119.37 18.11
18C6 —144.18 —149.68 5.50

The values of change in the enthalpy of solvation for 1,4-dioxane, 12C4 and 15C5
increase with increase of the ring size of cyclic ethers. In the case of 18C6, this change is very
small. This clearly indicates differences in the interactions between the 1,4-dioxane, 12C4
and 15C5 molecules and between the 18C6 molecules and the mixed solvent molecules.
As we wrote in previous part of this publication, it can be assumed that in addition to the
effect of hydrophobic hydration, 18C6 forms complexes with water [38—43] and formamide
molecules, hence such small change in this function.
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2.2. The Preferential Solvation of Cyclic Ethers

In the case of the dissolution of molecules which exhibit hydrophobic character (cyclic
ethers) in the mixtures of hydrophilic solvents (formamide) and water, the thermal effect of
dissolution can consist of the two effects: the enthalpic effect of hydrophobic hydration and
the enthalpic effect of preferential solvation. Therefore, the standard enthalpy of solution
can be described by Equation (3). This equation is analogous to the equation underlying
the preferential solvation model proposed by Covington et al. [44,45] and later modified by
Balk and Somsen [46]. This model used for consideration in relation to cyclic ethers was
discussed in detail in our previous publication [16].

AtHO(F 4+ W) = xy At HO(W) + xpAgo HO(F) + (x7, — x4 )Hb(W) + AH*(F + W) (3)

where:

Aol HO(F + W), AgotH°(W), Ago1H®(F)—the standard dissolution enthalpy of hy-
drophobic substance in the mixed solvent, in water and formamide, respectively,

xg = (1 — xy)—the molar fraction of formamide in the mixed solvent,

Hb(W)—the enthalpic effect of hydrophobic hydration of the solute in pure water,

(x}, — xw ) Hb(W)—the factor related to the hydrophobic hydration process in the
mixture,

AH*(F + W)—the enthalpic effect of interactions in solution different from the hy-
drophobic hydration of the dissolution substance,

n—does not have special meaning.

Using Equation (4) the value of the function: AH*(F + W) can be calculated.

AH* (F + W) = AsolI_Io(‘N) - {xWAsolHO(W) + xFAsolHO(F)} + (xcv - xW)Hb(W) (4)

The details of the calculation of Hb(W) have been given in our previous paper [47].
Calculations of the function value were carried out using the values of parameters n and
Hb(W) for 15C5 and 18C6 previously presented by us [17] in the mixture of water and N,N-
dimethylformamide (DMF). For this the cage model of hydrophobic hydration proposed
by Mastroianni, Pikal, and Lindenbaum [48] and the enthalpy of solution of 15C5 and
18C6 in the mixtures of formamide and water presented in this paper were used. DMF
is a solvent almost neutral from the point of view of hydrophobic-hydrophilic character
and in the mixture with water can be used as a solvent for the study of enthalpic effect
of the hydrophobic hydration [47,48]. Using the cage model, the enthalpy of solution of
hydrophobic substance (15C5 and 18C6) in the mixed solvent of DMF and water can be
described by Equation (5).

AsotHO(DMF + W) = (1 — xy)Agot H® (DMF) + 2y Agot HO (W) + (x7, — x)HB(W)  (5)

where: Ay H°(DMF + W), A jH°(DMF), Ago)H°(W) are the enthalpy of solution of hy-
drophobic substance (15C5 or 18C6) in the DMF + W mixture, in DMF and water, re-
spectively, xy, is the mol fraction of water, Hb(W) is the enthalpic effect of hydrophobic
hydration of cyclic ethers in pure water, #n does not have special meaning.

The function AH*(F + W) = f(xy) calculated using Equation (4) for 15C5 and
18C6 is presented in Figure 4. For comparison in Figure 4 the analogous results for 1,4-
dioxane [16] and 12-crown-4 [16] are also presented. As seen in Figure 4, the values of
function AH*(F + W) = f(x) are negative within the whole mixed solvent composi-
tion range. It follows that the calculated enthalpic effect AH*(F + W) is equivalent to
the enthalpy effect of preferential solvation ApsHE (F + W) [16,46] and the cyclic ethers
molecules are preferentially solvated by the molecules of water or formamide.
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Figure 4. The enthalpic effect of the preferential solvation of cyclic ethers: 1,4-dioxane, B [16]; 12C4
e [16]; 15C5, A; and 18C6, V¥ in the F + W mixture at: 293.15 K (black line), 298.15 K (red line), 303.15 K
(blue line), 308.15 K (green line).

The exothermic enthalpic effect of preferential solvation ApsHE(F 4+ W) increases
with increasing ring size of the cyclic ether molecules (Figure 4). In addition, as shown in
Figure 4, this effect decreases with increasing temperature for all investigated cyclic ethers,
which is related to the increase in thermal motion of molecules and the weakening of the
interactions of dissolved molecules with molecules of the mixed solvent.

The analysis of the theory of preferential solvation used by us [44,45,49] can give
an answer which water or formamide molecules preferentially solvate the cyclic ethers
molecules.

In this theory, analysis of the changes in the structure of the solute solvation sphere (S)
caused by the change in the mixed solvent composition are presented. In the case when
molecules of one of the components of the mixed solvent begin to dominate in the solvation
sphere of the solute molecules (S), the changes can be described by a series of equilibria
(Equation (6)) characterized by an equilibrium constant Kj:

S(W;_1Fys1 1)+ WS S(W,F,_)+F  where(1<i<7) 6)

It is assumed that the changes in Gibbs energy, which accompany the replacement
of one F molecule with a W molecule, are the same for all the equilibria. The equilibrium
constant of the i process may be expressed as follows:

Ki = K" [(r+1-1)/i] @)

where: K—the overall constant of equilibrium of all processes, K = H KZ, r=rw + g, where

tw and rg are the number of W and F molecules in the solute (S) solvatlon shell, respectively.
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The enthalpic effect of the preferential solvation of the process presented by Equations
(6) and (7) is described by Equation (8).

1—xW
(1—xw)+K1/’-xw

ApsHE(F + W) = rRT H } —(1- xw)} InKY/" )

Using the Equation (8) and the method of non-linear regression the values of parame-
ters r and K/” were calculated at four temperatures and they are presented in Table 2.

Table 2. Parameters of Equation (8) for the preferential solvation of cyclic ethers in the F + W mixtures.

Cyclic Ether T/K r KV K K' =1K R?
293.15 30.3 £ 0.4 0.36 £ 0.01 3.49 x 10714 29 x 1013 0.9921
15C5 298.15 26.0 + 0.3 0.34 £+ 0.01 6.44 x 10713 1.6 x 1012 0.9936
303.15 229 +0.3 0.32 £+ 0.01 450 x 10712 2.2 x 1011 0.9944
308.15 203 £02 0.30 £+ 0.01 246 x 10712 4.1 x 1010 0.9952
293.15 613+ 0.7 0.44 + 0.01 1.38 x 10722 7.2 x 102 0.9949
18C6 298.15 59.5 + 0.6 0.43 £+ 0.01 1.51 x 10722 6.6 x 1021 0.9954
303.15 57.6 £+ 0.6 0.43 + 0.01 7.79 x 10722 1.3 x 102 0.9958
308.15 55.9 £ 0.5 0.42 + 0.01 8.55 x 10722 1.2 x 102! 0.9967

+ is the standard deviation. R? is the regression coefficient.

Asis seen in Table 2, the r parameter values are higher for 18C6 than those for 15C5. For
both crown ethers, r values decrease with increasing temperature similarly to 1,4-dioxane
and 12C4 [16].

As seen in Table 2, the values of the parameter K!/" is lower than one within the
investigated range of temperature, which means that the molecules of cyclic ether are
preferentially solvated by the formamide molecules [46]. Probably the molecules of cyclic
ethers interact in a specific way through hydrogen bonding with formamide molecules.
Therefore, Equation (4) describing the preferential solvation process by water molecules is
correct but in the opposite direction with the equilibrium constant K’ = 1/K. The calculated
values of K’ are listed in Table 2. Considering the analogous data for 1,4-dioxane [16] and
12C4 [16], it can be seen that the equilibrium constants of the preferential solvation process
increase with the increase of the ring size of the cyclic ethers and decrease with the increase
of temperature.

The thermodynamic function (Gibbs’ energy, enthalpy and entropy) of transfer molecules
of cyclic ethers from W to the mixed solvent F + W in the preferential solvation process can be
calculated using the analogous procedure as presented in the paper of Balk and Somsen [46]
and Equations (9)—(11).

AeG(W — F + W) = —rRTIn[K~"xp + xw] )

1-— XW
(1 — Xw) + Kl/er

AxH(W = F + W) = rRT[ ] AInKY7 (10)

_ W) S -
TA«S(W — F + W)(A) = VWRTln(er> rFRTln(r(l — xw)> b

TAuS(W — F + W) 5 = AcH(W = F+ W) = AeG(W = F+ W) (12)

Using Equation (12) the values of TAxS(W — F + W) ) have been calculated. Then
the values of the number of water molecules in the solvation sphere, ry, have been calcu-
lated using Equation (11) by choosing the rw values so that equality was met:
TAS(W — F + W)(B) = TAS(W — F + W)(A). Next, the values of the number of
molecules of formamide in solvation sphere, 1y, and the mole fraction of formamide, yF,
in the solvation sphere of 1,4-dioxane, 12C4, 15C5 and 18C6 have been calculated. Tables
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51-516 with detailed calculations are in Supplementary Materials. As is seen in Tables
51-516, the yr values are temperature independent (within the error) for the individual
cyclic ethers and are presented in Table 3 as a mean value of yp at four temperatures.
Additionally in Table 3 the mole fraction of water, xy, and formamide, xp, in the mixture
W + F and in solvation sphere of cyclic ethers, yg, at T = 298.15 K is presented.

Table 3. The mole fraction of formamide (yr) in the solvation sphere of 1,4-dioxane, 12C4, 15C5 and
18C6, in the process of preferential solvation in dependency of the mole fraction of water (xyw) or
formamide (xg) in the mixture F + W.

1,4-Dioxane 12C4 15C5 18Ce6
xw ? xp P Yg € Yg € Y € Yr ©
0.000 1.000 1.000 1.000 1.000 1.000
0.100 0.900 0.983 £0.000 0.973 £0.001 0.965 4+ 0.003 0.954 + 0.001
0.200 0.800 0.962 £0.001 0.942 £0.001 0.924 +0.005 0.903 & 0.002
0.300 0.700 0.937 £0.001 0.904 £0.002 0.876 & 0.008 0.844 4 0.003
0.400 0.600 0.905 +£0.002 0.858 £0.002 0.820 +0.012 0.777 4+ 0.003
0.500 0.500 0.864 +0.003 0.801 +0.003 0.752 +0.015 0.699 + 0.004
0.600 0.400 0.809 +0.004 0.729 +0.004 0.669 + 0.017 0.608 & 0.005
0.700 0.300 0.732 £0.005 0.634 £0.005 0.566 +0.019  0.499 4+ 0.005
0.800 0.200 0.614 £0.006 0.502 =0.005 0.432 +£0.019 0.368 & 0.004
0.900 0.100 0414 £0.007 0.310£0.004 0.253 £0.015 0.205 £ 0.003
0.920 0.080 0.356 £0.006 0.260 £0.004 0.209 +0.013  0.168 4 0.003
0.940 0.060 0.289 £0.006 0.205+£0.003 0.163 =0.011  0.129 4 0.002
0.960 0.040 0.210 £0.005 0.144 £0.002 0.113 £0.008 0.088 £ 0.002
0.980 0.020 0.115£0.003 0.076 = 0.001  0.059 4+ 0.004 0.045 4+ 0.001
1.000 0.000 0.000 0.000 0.000 0.000

2 is the mole fraction of water in the F + W mixture. ? is the mole fraction of formamide in the F + W mixture. € is
the mole fraction of formamide in the solvation sphere of cyclic ethers in the process of preferential solvation in
the F + W mixture.

The uncertainty of the mole fraction xy and xg is equal to £1 x 1073.

A graphic illustration of the relationship yr = f(xg) is shown in Figure 5. As seen in
Table 3 and Figure 5 the mole fractions of formamide in the solvation sphere (yg) are higher
than in the mole fraction of formamide in the mixture F + W (xp). Thus, it is clear that cyclic
ethers are preferentially solvated by formamide molecules. Moreover, it can be observed
that mole fraction of formamide in the solvation sphere decreases with the increasing cyclic
ethers ring.

In the case of 18C6 this is understandable as it most likely forms complexes with
formamide in the solution. Probably the reason for this is the formation of complexes of
18C6 molecules with water [38-43] and formamide, which we wrote about in the earlier
part of this work. In the case of 12C4 and 15C5, similar but weaker interactions of this type
cannot be ruled out. Unfortunately, we have not found such reports in the literature.

In the systems previously investigated by us (glymes + DMF + methanol [26], glymes +
DMF + propan-1-ol [26] and cyclic ethers + DMF + propan-1-ol [27]) has been observed
that glymes molecules are preferentially solvated by DMF molecules in the DMF + propan-
1-ol mixture [26], and by methanol molecules in the DMF + methanol mixture [26], as
well as, the cyclic ethers molecules are preferentially solvated by DMF molecules in the
DMF + propan-1-ol mixture. In the studied systems the dependence of mole fraction of
the preferentially solvating solvent on the size of the solvated molecule was not observed.
The mole fraction of the solvating solvent is constant (within error). We assume that the
molecules of glymes and cyclic ethers do not form complexes with molecules of DMF,
methanol and propan-1-ol. The shapes of the dissolution enthalpy curves and the lack of
literature reports do not indicate such interactions.

Based on the analysis, it can be concluded that the model we used, proposed by
Covington and co-workers and modified by Balk and Somsen [44—46], can be successfully
applied to the quantitative analysis of systems in which dissolved molecules do not form
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complexes with solvent molecules. However, in the case when the solute molecules form
complexes with the solvent molecules and are additionally preferentially solvated by the
mixed solvent molecules, the model can be used but only for qualitative analysis.

1.0
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F
Figure 5. Dependence of the mole fraction of formamide in the solvation sphere (yr) of cyclic ethers:
H, 1,4-dioxane; o, 12C4; A, 15C5; ¥, 18C6, as a function of the mole fraction of formamide (xg) in the
mixture F + W at 298.15 K.

3. Experimental Section
3.1. Materials

Suppliers, purity, a method of purification and water content in the compounds
used for the measurements (15-crown-5, 18-crown-6 and formamide) and validation of
calorimeter (urea potassium chloride) are shown in Table 4. To prepare the aqueous
solutions double distilled water was used.

Table 4. Materials.

Chemical Name

Source Mole Fraction Purity ? Purification Method Mass Fraction of

Water b
Urea Sigma-Aldrich, 50.995 recrystallization from ethanol and dried .
U) (Poznan, Poland) ' under reduced pressure to constant mass
. . Sigma-Aldrich, drying under reduced pressure to _
Potassium chloride (KCl) (Poznan, Poland) >0.99 constant mass
15-crown-5 (15C5) (Ségz?;r;Allif;;}:i) 0.98 drying under reduced pressure 1x1073
Sigma-Aldrich, recrystallization from hexane and dried
18-crown-6 (18C6) (Poznan, Poland) =099 under reduced pressure -
. . drying using 4A molecular sieves and
Formamide (F) Sigma-Aldrich, >0.99 calcium oxide and distillation under 3x 107

(Poznan, Poland

reduced pressure

2 Declared by the supplier. ® Determined by the Karl Fischer method.

3.2. Methods

The heat of solution of 15C5 and 18C6 in the mixture of formamide with water (F + W)

was measured within the whole mole fraction range of the mixed solvent at [(293.15,
298.15, 303.15, 308.15) £ 0.01] K using an “isoperibol” type calorimeter as described in
the literature [50]. The calorimeter was verified on the basis of the standard enthalpy of
solution of urea and potassium chloride (KCl) (Calorimetric standard US, NBS) in water
at 298.15 K [51,52]. The solution enthalpy of urea in water obtained by us from seven
independent measurements was (15.31 & 0.06) k] mol~! (literature data 15.31-k] mol ! [53],
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15.28 k] mol~! [54] and that for KCI in water was (17.55 4 0.05) k] mol~! (literature data
17.58 k] mol ! [51,52].

For each investigation system six to eight independent measurements were performed.
The uncertainties in the measured enthalpies did not exceed +0.5% of the measured value.
Since no concentration dependence was observed within the investigated concentration
range, the enthalpy of dissolution of crown ethers, Ay, H®, was calculated as the average of
six to eight measurements (Tables 5 and 6).

Table 5. Standard molar enthalpy of solution (A¢, H®) and molality (i) of 15C5 in the F + W mixtures
at T = (293.15, 298.15, 303.15, 308.15) K.

T=293.15K T =298.15K T =303.15K T =308.15K
Xy 2 mP.103 Ao H° mP.103 Ayl H° mP-103 Ao H° mP.103 Ago H°
mol-kg ! kJ-mol T mol-kg ! kJ-mol 1 mol-kg ! kJ-mol T mol-kg ! kJ-mol 1
0.000 2.42-2.60 —22.00 4+ 0.04 ¢ 2.31-2.34 —21.69 & 0.04 2.62-2.88 —21.40 + 0.06 3.62-4.62 —21.00 & 0.05
0.100 3.07-3.30 —22.85 4 0.04 2.24-2.35 —22.50 4 0.05 1.99-2.90 —22.15 4+ 0.06 3.80-5.36 —21.71 +£0.05
0.200 2.84-3.15 —23.754+0.08 2.22-2.26 —23.36 + 0.04 2.61-3.18 —22.95 4 0.04 2.87-6.70 —22.49 +0.08
0.300 2.58-2.99 —24.67 £+ 0.05 2.26-2.29 —24.24 4+ 0.04 2.42-3.25 —23.83 4+ 0.04 1.57-1.62 —23.34 4+ 0.04
0.400 2.40-3.20 —25.60 & 0.06 217221 —25.18 £ 0.06 2.55-3.26 —24.76 + 0.08 1.46-1.50 —24.25 4+ 0.04
0.500 2.58-2.71 —26.86 & 0.06 2.13-2.16 —26.37 + 0.06 2.72-2.74 —25.90 & 0.06 1.05-1.63 —25.34 4+ 0.06
0.600 3.03-3.12 —28.48 +0.08 2.23-2.28 —28.01 £ 0.04 2.73-3.10 —27.53 4+ 0.06 1.56-2.12 —26.95 4 0.06
0.700 2.60 -2.66 —30.58 + 0.04 2.91-3.02 —30.06 + 0.06 2.76-3.42 —29.52 +0.09 1.82-1.85 —28.87 + 0.06
0.800 2.52-3.58 —33.10 & 0.04 1.82-1.97 —32.57 +0.04 2.88-3.06 —31.97 +0.05 1.53-1.91 —31.30 4 0.06
0.900 3.88-3.89 —36.00 + 0.04 2.61-2.79 —35.37 + 0.04 2.67-2.69 —34.64 +0.09 1.38-1.58 —33.90 &+ 0.09
0.920 3.16-3.30 —36.70 & 0.04 2.27-2.35 —35.98 4+ 0.06 1.53-1.97 —35.18 +0.04 1.64-1.82 —34.40 4+ 0.08
0.940 3.47-3.59 —37.60 & 0.06 2.26-2.58 —36.78 &+ 0.05 1.69-1.75 —35.88 + 0.06 1.60-2.09 —35.03 + 0.08
0.960 3.38-3.43 —38.77 £ 0.05 2.94-3.07 —37.74 £ 0.05 1.32-1.66 —36.67 £+ 0.05 2.14-3.81 —35.60 & 0.06
0.980 3.18-3.81 —39.98 + 0.04 2.14-2.23 —38.68 £ 0.04 1.20-1.97 —37.40 + 0.06 3.39-3.79 —36.17 £ 0.04
1.000 1.16-2.48 —41.24 £+ 0.04 2.15-2.32 —39.85 & 0.02 1.58-3.52 —38.37 £ 0.03 1.37-1.52 —37.03 + 0.04
—40.64 [47]
—39.71 [33]
2 x,y is the mole fraction of water in solvent mixture. ® m is the concentration range investigated of 15C5 obtained
from six to eight independent measurements. ¢ & is the uncertainty. The uncertainty of the mole fraction xyy is
equal to =1 x 1073. The uncertainty of molality is equal to £1.5 x 107> mol-kg!.
Table 6. Standard molar enthalpy of solution (Ag, H®) and molality (1) of 18C6 in the F + W mixtures
at T = (293.15, 298.15, 303.15, 308.15) K.
T=29315K T =29815K T =303.15K T =308.15K
X mP 103 AgoH® mP 103 Ago1H® mP 103 AgoH® mP 103 Ago1H®
mol-kg’1 k]~mol’1 mol~kg’1 k]-mol’1 mol-kg’l k]~mol’1 mol~kg’1 k]-mol’1
0.00 1.02-1.08 —17.354+0.04 ¢ 1.09-1.69 —16.43 4+ 0.06 1.23-1.43 —15.53 +0.05 1.13-1.71 —14.55 4+ 0.06
0.10 1.23-1.74 —17.65 + 0.04 1.31-1.69 —16.75 + 0.09 1.58-2.24 —15.87 + 0.06 1.14-1.27 —14.92 + 0.06
0.20 1.07-1.73 —18.19 £+ 0.08 1.03-2.01 —17.22 +0.04 1.94-1.53 —16.26 &+ 0.05 1.00-1.43 —15.29 +0.04
0.30 1.17-1.47 —18.66 & 0.06 2.04-2.26 —17.67 £ 0.09 0.92-1.47 —16.66 % 0.06 1.03-1.53 —15.63 £ 0.06
0.40 1.21-1.48 —19.15 £+ 0.05 1.72-2.73 —18.12 +0.06 1.22-1.51 —17.09 £ 0.04 1.01-1.58 —16.00 & 0.08
0.50 1.12-1.15 —19.48 4 0.04 1.41-1.73 —18.46 4+ 0.05 1.72-1.90 —17.35 4+ 0.08 0.78-1.48 —16.25 4 0.06
0.60 0.87-1.74 —19.84 + 0.06 1.40-1.88 —18.77 + 0.06 2.26-2.71 —17.63 + 0.05 1.52-2.51 —16.50 & 0.04
0.70 0.97-1.31 —20.23 £ 0.06 1.70-2.30 —19.15 4+ 0.05 1.95-2.49 —17.95 4+ 0.05 1.42-2.11 —16.70 4 0.06
0.80 1.52-1.60 —20.72 + 0.04 1.68-2.18 —19.46 & 0.06 2.06-2.54 —18.15 4+ 0.04 1.08-1.40 —16.78 £ 0.04
0.90 1.37-1.58 —21.4540.04 1.80-2.68 —19.94 4+ 0.06 2.84-3.23 —18.40 £ 0.05 1.17-1.31 —16.84 4+ 0.06
0.92 1.04-1.45 —21.74 +£0.05 2.00-2.67 —20.12 £ 0.06 3.97-4.91 —18.51 + 0.06 0.98-1.81 —16.90 & 0.08
0.94 1.20-1.30 —22.02 £+ 0.08 2.53-3.16 —20.39 4+ 0.04 2.06-3.11 —18.68 & 0.04 1.54-1.92 —16.97 + 0.06
0.96 1.41-2.00 —22.37 +£0.05 1.43-1.82 —20.60 £ 0.05 2.10-3.02 —18.80 +0.08 1.44-1.92 —17.05 4 0.04
0.98 0.96-1.08 —22.80 & 0.04 1.34-1.80 —20.99 + 0.06 2.16-3.39 —19.10 + 0.06 1.41-1.77 —17.20 + 0.06
1.00 5.43-6.52 —23.65 4 0.02 1.92-2.44 —21.554+0.03 2.55-5.87 —19.57 4+ 0.02 2.48-4.64 —17.42 4+ 0.02
—21.58 [17]
—21.54 [33]
—21.36 [55]

2 x,, is the mole fraction of water in solvent mixture. ® m is the concentration range investigated of 15C5 obtained

from six to eight independent measurements. ¢ & is the uncertainty. The uncertainty of the mole fraction xyy is
equal to 1 x 1073. The uncertainty of molality is equal to £1.5 x 107° mol-kg~!
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4. Conclusions

The study of the enthalpy of solution of cyclic ethers (15C5 and 18C6) in the mixture
of formamide and water (F + W) at four temperatures as well as their comparison with
analogous data concerning 1,4-dioxane and 12C4 led to the following conclusion about the
solvation of cyclic ethers.

1. The exothermic enthalpic effect of the solvation process increases with the increasing
of size of the cyclic ethers ring.

2. Molecules of 1,4-dioxane, 12C4 15C5 and 18C6 are preferentially solvated by the
molecules of formamide in the mixture of water and formamide.

3. The exothermic enthalpic effect of preferential solvation process decreases with in-
creasing temperature for the cyclic ethers (1,4-dioxane, 12C4, 15C5 and 18C6).

4. The total number of W and F molecules in the solvation sphere of the molecules of
cyclic ethers increases with increasing of ring size of ethers and does not depend on
temperature.

5. The mole fraction of formamide present in the solvation shell of cyclic ethers is higher
than that in the F + W mixture.

6.  The 18C6 molecules most probably form complexes with formamide molecules in the
solution of the F + W mixture. The same is true for 12C4 and 15C5, but to a lesser
extent.

7. The model of preferential solvation, proposed by Covington et al. and modified by
Balk and Somsen can be successfully applied to quantitative analysis of systems in
which dissolved molecules do not form complexes with solvent molecules. In the
case when the solute molecules form complexes with the solvent molecules and are
additionally preferentially solvated by the mixed solvent molecules, this model can
be used but only for qualitative analysis.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules28052169/s1, Table S1-54: Total number of water
(W) and formamide (F) molecules in the solvation sphere of 1,4-dioxane r = (tW + rF), mole fraction
of formamide (F) in the solvation sphere of the solute (yF), entropic factor of the transfer entropy of
1,4-dioxane in the process of preferential solvation at T = 293.15 K, 298.15 K, 303.15 K, 308.15 K in
dependency of the mole fraction of water (xW) or formamide (xF) in the mixture F + W; Table S5-S8:
Total number of water (W) and formamide (F) molecules in the solvation sphere of 12C4 r = (tW + rF),
mole fraction of formamide (F) in the solvation sphere of the solute (yF), entropic factor of the transfer
entropy of 12C4 in the process of preferential solvation at T = 293.15 K, 298.15 K, 303.15 K, 308.15 K in
dependency of the mole fraction of water (xW) or formamide (xF) in the mixture F + W; Table S9-512:
Total number of water (W) and formamide (F) molecules in the solvation sphere of 15C5 r = (ry + F),
mole fraction of formamide (F) in the solvation sphere of the solute (yf), entropic factor of the transfer
entropy of 15C5 in the process of preferential solvation at T =293.15 K, 298.15 K, 303.15 K, 308.15 K in
dependency of the mole fraction of water (x) or formamide (xg) in the mixture F + W. Table S13-5S16:
Total number of water (W) and formamide (F) molecules in the solvation sphere of 18C6 r = W + rF),
mole fraction of formamide (F) in the solvation sphere of the solute (yF), entropic factor of the transfer
entropy of 18C6 in the process of preferential solvation at T = 293.15 K, 298.15 K, 303.15 K, 308.15 K in
dependency of the mole fraction of water (xW) or formamide (xF) in the mixture F + W.
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