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Enthalpy of Solvation of Monoglyme, Diglyme, Triglyme, Tetraglyme, and
Pentaglyme in Mixtures of Water with N,N-Dimethylformamide at 298.15 K

Malgorzata Jozwiak,*" Monika A. Kosiorowska,” and Andrzej Jozwiak*
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Chemistry, University of Lodz, Tamka 12, 91-403 Lodz, Poland

The standard molar enthalpies of solution of linear polyethers (LPs) such as 1,2-dimethoxyethane
(monoglyme), diethyleneglycol dimethyl ether (diglyme), triethyleneglycol dimethyl ether (triglyme),
tetraethyleneglycol dimethyl ether (tetraglyme), and pentaethyleneglycol dimethyl ether (pentaglyme) in a
mixture of water and N,N-dimethylformamide were measured at a temperature of 298.15 K. The values of
standard molar enthalpy of solution, AgH, the enthalpic effect of hydrophobic hydration, Hb(H,O), and
the enthalpic effect of cyclization of these glymes have been determined. The values of standard molar
enthalpy of solution of L Ps are more negative than those of their cyclic equivaents. The exothermic enthalpic
effect of hydrophobic hydration of LPsincreases linearly with the increase in the number of —CH,— groups.
The values of the standard molar enthalpy of solution and the enthalpic effect of hydrophobic hydration of
LPs calculated in this paper have been compared to those data for cyclic polyethers (CPs) obtained earlier.
The contributions of particular groups (—CH,—, —O—, and —CHy) to the enthalpic effect of hydrophobic

hydration have been calculated.

Introduction

Linear polyethers (LPs) known as glymes with their general
formula CH3;O(CH,CH,0),CH3 and cyclic polyethers (CPs) with
their summary formula (CH,CH,O), 1 constitute an interesting
class of compounds. They have found their applications in
organic chemistry, biology, and industry, mainly as solvents,
catalysts in organic synthesis called phase transfer catalysis
(PTC),* complexing agents in a nucleophilic substitution reac-
tion,? ion- and molecule-complexing ligands, and models used
to study more complex polymeric and biological systems.>~°
1,2-Dimethoxyethane (monoglyme) has attracted attention as a
solvent in lithium batteries.® Both glymes and their cyclic
equivalents consist of the same groups (—CH,CH,O—). The
close vicinity of hydrophobic (—CH,—) and hydrophilic (—O—)
groups and differences in the conformation of —CH,CH,O—
groups influence the changes in the solvation®” and hydrophobic
hydration® of these compounds.

The properties of LPs and their numerous uses as well as
relatively few pieces of information concerning the effect of
mixed solvents on the solvation and hydrophobic hydration
of these compounds have encouraged us to study this group
of polyethers.

In the presented paper, the measurements of solution enthal-
pies within the homologous series from monoglyme to penta-
glyme (1 < n < 5) in the mixtures of water with N,N-
dimethylformamide (DMF) have been performed. DMF is a
neutral solvent from the point of view of the hydrophobic and
hydrophilic properties, these properties aimost undergo com-
pensation. Thus, this solvent in the mixture with water meets
the assumptions of Mastroianni et al.’s cage model of hydro-
phobic hydration.®*°
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The H,O + DMF mixture can be used to study the pure effect
of hydrophobic hydration of compounds showing hydrophobic
properties.* The obtained values of the standard enthal pies of
solution allowed us to calculate the enthalpic effect of hydro-
phobic hydration of LPs. The values of the solution enthalpy
and the enthalpic effect of hydrophobic hydration of LPs
calculated in this paper have been compared to those data for
cyclic ether obtained earlier.> * All obtained datain this and
previous papers allow us aso to compare the group contribution
(—CH,;—, —O—, and —CHj) to the enthalpic effect of hydro-
phobic hydration. It appeared equally interesting to observe the
change in the enthalpic effect of LP cyclization with the changes
in the H,O + DMF mixture composition that was determined
from the difference in the solvation enthalpies, AgHf, of CPs
and LPs.

Experimental Section

Materials. 1,2-Dimethoxyethane (monoglyme), diethylene-
glycol dimethyl ether (diglyme), triethyleneglycol dimethyl ether
(triglyme), and tetraethyleneglycol dimethyl ether (tetraglyme)
(al from Sigma-Aldich, mass fraction, w = 0.99) were distilled
directly before use. Pentaethyleneglycol dimethyl ether (penta-
glyme) was synthesized and purified at the Department of
Organic Chemistry of the University of Lodz. Pentaglyme was
prepared from ethyleneglycol monomethyl ether and triethyl-
eneglycol ditosylate in the presence of sodium hydroxide in
tetrahydrofuran according to the known procedure.®® A crude
product was purified by kugelrohr distillation (oil bath 458.15
K/2.0 Torr; lit. bp from (373.15 to 381.15) K/0.27 Torr;*° yield
43 %). *H NMR and *C NMR spectra were recorded at 600
and 150 MHz, respectively, using a Bruker Avance Il spec-
trometer; *H NMR (CDCl3) 6 = 3.68—3.62 (16H, m), 3.57—3.53
(4H, m, 3 and 16 CH,), 3.38 (6H, s, CH3); *C NMR (CDCl5)
0 = 71.95, 70.63, 70.59, 70.51, 58.98. DMF (Aldrich mass
fraction w = 0.99) was purified and dried according to the
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Table 1. Standard Enthalpy of Solution, A,H?, and Molality, m, of Glymes (Monoglyme, Diglyme, Triglyme, Tetraglyme, and Pentaglyme) in
the DMF (1) + H,O (2) Mixture at T = 298.15 K

monoglyme diglyme triglyme tetraglyme pentaglyme
mP-10° AxHS, m-10° AxHS, m-10° AxH, m-10° AxH3, m-10° AxHS,

X2 mol-kg™ kJ-mol* mol -kg~* kJ-mol* mol -kg~* kJ-mol 1 mol -kg™* kJ-mol~* mol -kg~* kJ-mol*
0.00 891t09.07 —0.38+0.03° 496t0529 —0.90+0.03 820t09.61 —1554+008 316t07.23 —1.98+004 121to149 —2.64+ 004
0.10 868t09.02 010+ 0.04 253t02.81 —-0.35+0.03 9.31t09.66 —0.70+ 005 459t0826 —1.06+0.08 128to147 —1.36+0.03
0.20 592t06.90 0.62+0.06 226t03.08 042+008 9.77t09.82 013+003 621t06.99 —017+005 140to1l42 —0.32+0.03
0.30 46210892 111+0.04 275t02.83 112+0.03 436t0861 1.04+003 642to747 0.86+003 165to1.81 118+ 0.08
040 449t07.07 184+005 279t0333 1.78+0.04 313t0497 193+008 538t0654 1.77+003 121tol51 220+ 0.04
050 652t07.31 219+0.08 3.17t0311 224+005 476t0584 206+005 245t0292 222+003 130to1.35 2.93+0.08
0.60 401t06.96 1.84+0.04 4.18t0572 212+004 230t0315 115+003 233t0561 093+008 149tol75 136+ 0.04
0.70 596t06.11  0.09+ 0.03 4.18t04.42 —-0.83+0.03 207t0220 —-182+0.04 371t0856 —340+0.03 169t01.82 —3.31+0.06
0.80 556t06.08 —4.42+0.04 133t06.63 —6.33+0.08 1.38t01.54 —820+0.04 4.74t05.33 —1239+0.04 164t01.98 —14.14+ 0.08

0.90 5.33t05.67 —11.92 + 0.04
0.92 491t05.32 —13.61 + 0.04
0.94 356t04.35 —15.78 + 0.03
0.96 2.73t05.59 —17.92 + 0.04
0.98 4.05t04.75 —20.12 + 0.04
1.00 2.63t03.76 —22.70 + 0.04
1.00 —22.24 + 0.06¢
1.00 —22.95 4+ 0.03°

2.45t03.16 —16.25 + 0.08
2.77t03.21 —18.32+ 0.05
2.60t02.71 —21.95 + 0.08
2.68103.14 —23.60 + 0.08
2.21t02.08 —26.55 =+ 0.08
2.10t03.01 —29.99 + 0.08

—30.02 + 0.01¢

9.15t09.62 —20.47 + 0.08
6.51t08.85 —23.32 + 0.08
441t06.21 —26.96 + 0.06
2.48103.76 —30.71 + 0.05
1.66t02.43 —34.33+ 0.04
1.02t0 1.43 —38.45 + 0.04

—38.44 + 0.01¢

2.32t03.95 —25.99 + 0.08
2.09t06.21 —29.04 + 0.08
1.88t07.11 —33.01 + 0.06
1.15t01.52 —37.05 + 0.04
1.65t0 1.74 —41.42 + 0.06
1.07t0 1.38 —46.21 + 0.06
—46.22 + 0.01¢

1.58t02.16 —29.68 £ 0.06
155t01.68 —33.47 + 0.08
1.27t01.46 —37.59 £+ 0.06
1.22t01.71 —41.59 + 0.06
1.43t01.76 —46.60 + 0.04
1.12t01.26 —52.30 + 0.08

ax,is the mole fraction of water in solvent mixture. ® m is the concentration range investigated of glymes obtained from six to eight independent
measurements. © = is the expanded uncertainty. ¢ From ref 5. © From ref 20.

Table 2. Standard Molar Enthalpy of Vaporization, Aya,Hf, or o _ o _ o o
Sublimation, Ag,pH%, for LPs and CPs, at T = 298.15 K ASDW m ASDIHm AvapHm (Or Asume) (1)
LPs CPs _ o

AHO AvoHO/AHY As no numerical value of the vaporization enthalpy of

— Va‘”—ajzm pentaglyme, AyH$, is available in the literature, it was

kJ-mol kJ-mol calculated using the vaporization enthalpy data for mono-, di-,

CH3O(CH,CH,O)CH; 3640+ 0.03* (CH,CH.0),  38.64 £ 0.05"° tri-, and tetraglyme. It has been observed that the vaporization

CHAO(CH,CH,0).CH 480+ 06" enthalpy of CPs depends linearly on the number of oxygen
CH3;0(CH,CH,0)sCH; 63.74+3.3°  (CH,CH,0); 65.65+ 0.37%° . . - ST

CHgO(CHzCH20)4CH3 76.9 + 26b (CHchzo)s 7957 + O.ng’e atOmS (n,o,) W|th the regl’Oﬂ COfoICIen'[ bEI ng <= 09940

CH3O(CH,CH,0)sCH;  90.50 4 5.13°  (CH,CH;0)s 128.1 =+ 2.30° A linear dependence was also found for glymes as described

aFrom ref 20. PFrom ref 3. ©Calculated values. @ From ref 19. by eq 2

e Standard molar enthalpy of vaporization. * Standard molar enthalpy of

sublimation. A,pHm = (8.23 &+ 1.95) +

vap' 'm
(13.72 + 0.53)n_g_ r¥= 09970 (2)

procedures described in the literature.’®*” To prepare the
aqueous solutions doubly distilled water was used.

Measurements. Calorimetric measurements were performed
within the whole mole fraction range at T = (298.15 + 0.02)
K (£ is the expanded uncertainty) using an “isoperibol” type
calorimeter as described in literature.® The calorimeter was
calibrated on the basis of standard enthalpy of solution at infinite
dilution of urea (calorimetric standard NIST, National Institute
of Standards and Technology) in water at T = (298.15 + 0.01)
K.* The measurements of the standard molar enthalpy of
solution of monoglyme, diglyme, triglyme, tetraglyme, and
pentaglyme were performed at T = 298.15 K. The uncertainties
in the enthalpies measured did not exceed + 0.5 % of the
measured value. On the basis of the measurements performed,
no concentration dependence of the dissolution enthalpy of
polyethers was observed within the concentration range inves-
tigated, m. This is probably due to a too-narrow range of
concentrations. Therefore, the standard molar enthalpy of
solution, AgHp, was calculated as an average of the values
obtained experimentally (Table 1).

Using this equation, the standard molar enthalpy of vaporization
of pentaglyme was calculated to be (90.50 & 5.13) kJ-mol 1.
Then the solvation enthalpies of the glymes under investigation
were calculated (eq 1) and compared with the solvation
enthalpies of CPs (Figure 1). Figure 1 shows the curves of
standard molar enthal pies of solvation, A H%, of LPsand CPs,
in the mixture of water and DMF, as a function of mole fraction
of water (xp), at T = 298.15 K. All curves AgyHS = f(x2) for
LPs and CPs have a similar shape. The shape of al eight curves
is characteristic of hydrophobically hydrated substances,® 24
which is reflected in the strong decrease in the enthalpy of
solvation in the water-rich range (X, — 1) and in the linear,
relatively small, slope of the curves of this function in the
organic solvent-rich area. The changes in the hydration enthal py
observed in Figure 1 depend on the size of polyether molecule.
In the case of small molecules, the hydration enthalpy of LPs
(monoglyme, triglyme) is more exothermic than that of corre-
sponding CPs (1,4-dioxane, 12-crown-4). A similar relationship
has been observed by Cabani et al.>® when comparing the
hydration enthalpies of cyclic and linear ethers. This effect is

Results and Discussion not observed in the case of polyethers with greater molecular

Using the values of standard solution enthalpy, AgH®, of
LPsand CPs,* * at T = 298.15 K, as well as corresponding
values of molar vaporization enthal py>**° or molar sublimation
enthalpy? (Table 2), the standard solvation enthalpies, A HS,
(eq 1) of LPs and CPs were calculated.

weights (tetraglyme, pentaglyme, 15-crown-5, and 18-crown-
6). This seems to be due to the great molecular elasticity of
these compounds. The values of standard molar solvation
enthalpies, AgyHp, within the water molar fraction range in
the mixture (0 < x, < 0.5) for LPs and CPs differ sightly. A
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Figure 1. Standard enthalpies of solvation, Ag,H?, for B, monoglyme; O,
1,4-dioxane; @, diglyme; @, triglyme; O, 12-crown-4; A, tetraglyme; A,
15-crown-5; v, pentaglyme; v, 18-crown-6; in DMF (1) + H,O (2) mixtures
as a function of mole fraction of water, at T = 298.15 K.

greater difference in the values of AgyH? for corresponding
pairs of these compounds is observed within the range where
the process of hydrophobic hydration starts to dominate (0.5 <
X2 < 1). Asthe number of —CH,CH,O— groups increases, both
in CPs and LPs, the values of Ag, Hp increase, becoming more
exothermic.

Using the standard molar enthalpies of solution of LPs in
H,O + DMF, AqHp, and the cage model of hydrophobic
hydration,>*° the enthalpic effect of hydrophobic hydration,
Hb(H,0), of glymes (monoglyme, diglyme, triglyme, tetra-
glyme, and pentaglyme) has been determined. Using the
diagrams of the standard dissolution enthalpies of glymes, the
values of dissolution enthalpy of the hypothetical substances
with no hydrophobic hydration have been determined graphi-
caly, AgH$(H,0*).2® The enthalpic effect of hydrophobic
hydration in water, Hb(H,O) was calculated using eq 3.

Hb(H,0) = AgHR(H0) — AgHn(H:0%) ()

where AgH(H20) isthe standard enthalpy of solution in water.

The Hb(H,0) data obtained are listed in Table 3. The values
of the enthalpic effect of hydrophobic hydration for LPs are
more negative than those for CPs. Analogous effects have been
observed by Rouw and Somsen, who examined Hb(H,O) of
various types (cyclic and linear) of alkylaminesin H,O + DMF
mixtures® and by Cabani et al.,>> 2" who compared linear and
cyclic compounds. Two terminal methyl groups, (—CHy), in the
molecules of LPs considerably contribute to the increase of the
exothermic effect of hydrophobic hydration of these compounds
in comparison with cyclic ethers.

Using the method of nonlinear regression, the contribution
of particular groups (—CH,—, —O—) to the enthalpic effect of
hydrophobic hydration was cal culated. There was used a general
dependence that —CH,— group = 1 and —CH3 group =
1.5+ (—CH,—).8%° Next, using the general equation (eq 4) with
two selectable parameters x and z, the group contributions to
the enthalpic effect of hydrophobic hydration were cal culated:

Hb(H,0) = XN cn,y T 2Ny 4

where n isthe number of —CH,— groups and number of oxygen
atomsin a glyme molecule and x and z are the contributions of
the —CH,— and —O— groups, respectively, to the enthalpic
effect of hydrophobic hydration of glymes in water.

The calculated contribution to the enthalpic effect of hydro-
phobic hydration of LPs in water is equal to (—10.5 + 1.3)
kJ-mol ! for the —CH,— group; (12.4 + 2.9) kJ-mol * for the
—O— group, where r? = 0.9991. Using the data obtained, the
contribution of the —CH,CH,O— group to the enthalpic effect
of hydrophobic hydration was cal culated to be —8.61 kJ-mol .
On the basis of the Hb(H,O) data for cyclic ethers given in
Table 3, the contribution of the —CH,CH,O— group to the
enthalpic effect of hydrophobic hydration was calculated to be
—951 + 0.5 kJ-mol~L. Both values are similar, but the
calculated contribution of the —CH,CH,O— group to the
enthalpic effect of hydrophobic hydration for cyclic ethers is
more exothermic (Table 3). On the other hand, it should be
noted that the group contribution (based on enthalpy solution
of linear ethers) was calculated using the commonly accepted
assumption that the contribution of —CH; group =
1.5-(—CHy,—).

A contribution of —CH,— groups to the enthalpic effect of
hydrophobic hydration for alcohols, (—5.3 & 0.1) kJ-mol 4,
was calculated by Rouw and Somsen,? while avalue of (—2.9

Table 3. Experimental and Calculated Values of the Enthalpic Effect of Hydrophobic Hydration, Hb(H,O), for LPs and Cyclic Ethers at

T =298.15 K*
Hb(H,0)/(kJ-mol %) Hb(H,0)/(kJ-mol 1)
calculated from calculated from calculated from

LPs experimental data for LPs CPs experimental data for CPs data for LPs
—CH,— —1050+ 1.3
-0— 12.39+ 29
—CH; —15.75+ 1.95
—CH,CH,0— —8.60+ 5.5 —CH,CH,0— —9.64 4+ 0.58 —8.60+ 5.5
CH30(CH,CH,0)CH3 —27.72 + 0.26 —27.70+ 12.3 (CH,CH0), —16.8°+ 0.2 —19.28 + 1.16 —17.20+ 11.0
CH30(CH,CH,0),CH3 —35.87 + 0.23 —-36.31+17.8
CH30(CH,CH,0);CH3 —45.58 + 0.11 —4491 + 233 (CH,CH,0),4 —35.60°+ 0.4 —38.56 + 2.32 —34.42 + 220
CH30(CH,CH,0),CH3 —53.63+ 0.16 —53.52 + 28.8 (CH,CH,0)s —489°+ 04 —48.20 + 2.90 —43.02 + 275
CH30(CH,CH,0)sCH3 —61.89 + 0.39 —62.12 + 34.3 (CH,CH,0)e —60.1°+ 0.4 —57.84 + 3.48 —51.62 4+ 33.0

2+ is the expanded uncertainty. ® From ref 12. © From ref 13. ¢ From ref 14.
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Figure 2. Difference between the standard enthalpy of solvation for CPs
and LPs: B, [Ag H(1,4-dioxane) — AgyHm(monoglyme)]; @, [AsyHin(12-
crown-4) — AgyHp(triglyme)]; A, [AxyHn(15-crown-5) — Ag H(tetra
glyme)]; v, [AxvHS(18-crown-6) — AgHo(pentaglyme)], in DMF (1) +
H,0 (2) mixtures as a function of mole fraction of water, at T = 298.15 K.

+ 0.2) kJ-mol~* was found for a series of substituted alkylamine
compounds® As is seen, the differences in the contribution of
—CH,— groups calculated are considerable, which seemsto be
due to the different nature of the polar group and the surround-
ings of —CH,— groups in the molecules of the compounds
investigated.

On the basis of the calculated contribution of the
—CH,CH,0O— group to the enthalpic effect of hydrophobic
hydration of LPs in this paper, the enthalpic effects of
hydrophobic hydration of linear and cyclic ethers were calcu-
lated (Table 3). Asis seen, the values of the enthalpic effect of
hydrophobic hydration of LPs obtained from experimental data
and calculated group contributions are similar, but the uncer-
tainty calculated by summing the expanded uncertainty is very
high. From the statistical point of view the obtained values are
unimportant. If however we leave aside the errors calculated in
the presented way, several observations can be noticed. In the
case of CPs, the enthapic effect of hydrophobic hydration
calculated on the basis of the —CH,CH,O— group contribution
(obtained from Hb(H,O) for cyclic ether) is consistent with the
experimental data obtained only for 15-crown-5 and 18-crown-
6. In the case of 1,4-dioxane and 12-crown-4, the enthalpic effect
of hydrophobic hydration obtained from the experimental data
is consistent with that cal culated with the use of the contribution
of the —CH,CH,O— group calculated from the data concerning
LPs (Table 3). Thus, one can assume that the effect observed
results from the macrocyclic effect that becomes more visible
in crown ethers with bigger and more elastic rings. This could
indicate that the hydrophobic hydration of —CH,CH,O— groups
is conformationally dependent. In the linear molecules of
polyethers, the cooperative hydrogen bonds between oxygen

atoms are substantially broken by the rotation of the aliphatic
chain. In consequence the population of the gauche conformer
is reduced. In CP molecules, the degree of freedom of oxygen
atoms is lesser, and the interactions between them and water
molecules are stronger. The exothermic effect of hydrophobic
hydration of —CH,CH,O— groups increases when passing from
LPsto CPs. Similar conclusions have been drawn by Barannikov
et a.,® who examined the thermochemical behavior of straight-
chain ethersin agueous and tetrachloromethane solutions as well
as by Bernal et al.,” who studied apparent molar volumes and
adiabatic compressibilities of crown ethers and glymes in
aqueous solutions at various temperatures.

Using the solvation enthalpies of LPs and CPs, the difference
between the standard solvation enthalpy of CPs, AgyHH(CP),
and LPs, AgvHW(LP), was calculated, and the results obtained
are shown in Figure 2 as a function of the mole fraction of
water. As follows from Figure 2, the shapes of the three curves
concerning the cyclization of mono-, tri-, and tetraglymes are
similar. Within the range of high DMF content in the mixture
(0 = % = 0.4), one can observe a practically linear course of
the difference between the standard solvation enthal pies of CPs
and LPs (AxvHR(CP) — AsovHAW(LP)). The difference between
the AsyH? curves is considerably bigger within the range 0.6
< Xy = 1, with medium and high contents of water molar
fraction in the mixture. Within this range one can observe an
inflection of the curve of monoglyme cyclization and increasing
curve minima at X, ~ 0.8 with the increase in the glyme
molecule size in relation to tri-, tetra-, and pentaglymes. The
minima appearing in the cyclization curves are probably
connected with the difference in the enthalpic effect of
hydrophobic hydration as well as with the different force of
hydrogen bonds between the molcules of water and molecules
of LPs and CPs in the DMF + H,O mixture. This difference
increases with the increase of the size of polyether molecules.
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