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Enthalpies of solvation of hydroxyl cyclohexane
derivatives in different solvents
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The enthalpies of solution of cyclohexanol,cis-1,2-cyclohexanediol, andmyo-inositol in
water, formamide, and dimethylsulphoxide atT = 298.15 K as well as their enthalpies of
vaporization or sublimation were determined. The enthalpies of solvation were calculated
from the data obtained. The contributions of the polar and non-polar groups to the behaviour
of the solute molecules in polar solvents are analysed by using the enthalpy of solvation
data. c© 1999 Academic Press
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1. Introduction

A large number of non-electrolytes are made up of molecules containing polar and non-
polar groups. The behaviour of these compounds in solvents depends, in a complex way,
on the solute and solvent nature as well as on the preponderant polar or non-polar part.

Besides contributing to a general understanding of molecular interactions of non-electro-
lytes with solvents, studies of this type are important in biochemistry as many compounds
of biological interest belong to this class of solutes. Data on the solvation of similar solutes,
differing only in the ratio of polar to non-polar groups in various solvents, provide an insight
into solute–solvent interactions.

The enthalpy of solvation1solvHm of cyclohexanol,cis-1,2-cyclohexanediol, andmyo-
inositol in polar solvents are presented here. Water (W), formamide (FMD), and dimethyl-
sulphoxide (DMSO) were used as solvents. All solute molecules have cyclohexyl rings
which differ from each other only by the number of hydroxyls attached to them. The sol-
vents were selected with the aim of evaluating the effect of their molecular features on
solvation, and in particular, for comparing the behaviour of solvent water with that of other
polar liquids.

aTo whom correspondence should be addressed (E-mail: mlleitao@cygnus.ci.uc.pt).
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TABLE 1. Densitiesρ atT = 298.15 K, and melting temperaturesTfus of the compounds
investigated in this work, and comparison with literature values

Compound ρ/(kg·m−3) Tfus/K

this work literature this work literature

Formamide 1129.2± 0.2 1129.15a 275.7± 0.4 275.5 to 275.7c

1129.23b 275.8g

1129.18c 275.6h

Dimethylsulphoxide 1095.29± 0.04 1095.37b 291.6± 0.2 291.75i

1095.3d 291.2 to 291.7g

1095.307e 291.67j

1095.6f

Cyclohexanol 298.0± 0.3 297.0k

299.05l

297.92m

cis-1,2-Cyclohexanediol 371.5.3± 0.2 371.6± 0.2n

myo-Inositol 497.1± 0.3 496 to 498g

496.9o

aReference 1.bReference 2.cReference 3.dReference 4.eReference 5. f Reference 6.
gReference 7.hReferences 1 and 8.i References 9 and 10.j Reference 11.kReference 12.
l Reference 13.mReference 14.nReference 15.oReference 16.

2. Experimental

The water used in the preparation of the solutions was obtained from a Millipore purifier
(ASTM type I). Formamide (Merck, pro analysis, mass fraction> 0.995) was purified by
vacuum distillation. Dimethylsulphoxide (Merck, pro analysis, mass fraction> 0.995, water
mass fraction< 3·10−4), cyclohexanol (Merck, for synthesis, mass fraction> 0.99, water
mass fraction< 2·10−3), cis-1,2-ciclohexanediol (Aldrich, mass fraction 0.99), andmyo-
inositol (Merck, for biochemistry, mass fraction> 0.99) were used without further purifi-
cation. The water mass fractions in formamide and in dimethylsulphoxide were determined
using the Karl Fisher method and were found to be(1.9±0.3)·10−3 and(4.6±0.3) ·10−4,
respectively. The densities of the compounds that are liquid atT = 298.15 K were deter-
mined using a vibrating-tube densimeter and the resulting values are presented in table 1.
In this table, the melting temperatures of the compounds, which were determined by d.s.c.,
are also included. As can be seen from table 1, the present values are in close agreement
with the literature ones.

Solution calorimetric determinations were performed with a C-80 SETARAM mixing
calorimeter. A standard reversal mixing cell supplied by the manufacturer was used. In
order to avoid contamination by air moisture, the cell assembly was always carried out
in a dry nitrogen box. The upper limit of the molality of the solutions obtained was (0.4
to 0.5) mol·kg−1 unless the solubility limited the experiments to a lower concentration
range. The experiments were performed atT = 298.15 K except for those involving
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cyclohexanol, which were carried out atT = 300.15 K. The calorimeter calibration was
carried out electrically, and the calorimetric procedure was tested chemically by measur-
ing the enthalpy of solution of potassium chloride in water. For this system, we obtained
1solHm(0.1110 mol·kg−1) = (17.63± 0.06) kJ·mol−1 as an average of seven determi-
nations. This result compares well with the literature value1solHm(0.1110 mol·kg−1) =
(17.584± 0.017) kJ·mol−1.(17)

The equipment used for determining the sublimation and vaporization enthalpies con-
sisted of a calorimetric block to which a vacuum system capable of attaining a vacuum of
aboutp = 1·10−4 Pa was connected. The values quoted for the enthalpy of sublimation,
or vaporization of each substance are the mean of the results of seven runs. The details of
the experimental procedure used here were described elsewhere.(15)

The enthalpy of solvation was determined from the values obtained for the enthalpy of
solution and the enthalpy of sublimation, or vaporization according to the equation:

1solvHm = 1solHm−1subHm. (1)

For liquid solutes1subHm becomes1vapHm. As1subHm and1vapHm were determined
at a temperature different fromT = 298.15 K, heat capacity data for the gasCg

p,m and
solid, or liquid phasesC∗p,m were needed to convert the experimental results to the reference
temperature. Except for cyclohexanol, no heat capacity data are available for the compounds
considered in this work. However, for this substance, no correction was needed since the
temperature at which the experiments were performed was close to the reference.

The heat capacity of solidmyo-inositol andcis-1,2-cyclohexanediol were determined
by using a Perkin Elmer DSC7 instrument. Aluminium pans of 40µl were employed and
temperature increments of 3 K were imposed at a scanning rate of 2 K·min−1. The mass of
the sample and reference material (α-aluminium oxide) used in each experiment was about
20 mg. The reported results are the mean of seven determinations carried out on the sample
and reference material alternately. The heat capacity in the gas phase was calculated by
using group-contribution methods.(18, 19)

3. Results

The results of the enthalpies of solution are presented in table 2, and those of the heat
capacities of the diol and inositol in the solid and gas phases are presented in table 3.

The standard enthalpy of sublimation1subHo
m atTo = 298.15 K was calculated by using

the expression:

1subH
o
m = 1subHm(T)+

∫ To

T
(Cg

p,m− C∗p,m)dT, (2)

whereT is the temperature of the experiment. As can be seen from the results given in
table 3, the difference between the heat capacities of the gas and solid phases is, for both
compounds, a linear function of temperature, and can therefore be expressed as:

Cg
p,m− C∗p,m = a+ b·T, (3)

wherea andb are parameters whose values were determined by linear regression and are
presented in table 4.



898 F. S. Costaet al.

TABLE 2. Enthalpy of solution1solHm of hydroxyl cyclohexane derivatives in different
solvents atT = 298.15 K and at various molalitiesm

Cyclohexanol (W) Cyclohexanol (DMSO) Cyclohexanol (FMD)
m

mol·kg−1
1solHm

kJ·mol−1
m

mol·kg−1
1solHm

kJ·mol−1
m

mol·kg−1
1solHm

kJ·mol−1

0.0641 −8.543 0.1031 6.026 0.1393 4.744
0.0708 −8.540 0.1068 6.030 0.1440 4.740
0.1002 −8.465 0.1177 6.025 0.1948 4.726
0.1189 −8.425 0.1412 6.005 0.2331 4.719
0.1361 −8.420 0.1550 6.025 0.2419 4.707
0.1402 −8.376 0.1588 6.022 0.2672 4.732
0.2268 −8.129 0.2051 6.001 0.2819 4.703
0.2400 −8.113 0.2289 5.991 0.3197 4.698
0.2603 −8.100 0.2473 5.989 0.3304 4.686
0.2818 −8.051 0.2686 5.980 0.3727 4.678
0.3192 −7.918 0.3180 5.960 0.4430 4.680
0.3470 −7.914 0.3318 5.952 0.4800 4.655
0.3989 −7.722 0.3557 5.950
0.4601 −7.598

cis-1,2-cyclohexanediol (W) cis-1,2-cyclohexanediol (DMSO) cis-1,2-cyclohexanediol (FMD)

0.0443 6.470 0.0459 19.193 0.0478 18.522
0.0487 6.510 0.0560 19.123 0.0638 18.527
0.1079 6.593 0.0770 19.053 0.1001 18.567
0.1322 6.628 0.1000 19.057 0.1255 18.508
0.1926 6.719 0.1044 19.035 0.1486 18.543
0.2344 6.795 0.1120 19.252 0.1717 18.543
0.2848 6.903 0.1602 19.189 0.1924 18.595
0.3441 6.989 0.2220 19.138 0.2119 18.574
0.3720 7.061 0.2241 19.258 0.2284 18.604
0.4143 7.104 0.2575 19.194 0.2795 18.634
0.4530 7.165 0.3189 19.222 0.3152 18.586
0.4802 7.225 0.3567 19.235 0.3428 18.666

0.4184 18.613
0.0167 15.544 0.0430 11.697 0.0403 14.765
0.0242 15.535 0.0540 11.713 0.0532 14.774
0.0272 15.538 0.0586 11.690 0.0650 14.784
0.0600 15.500 0.0693 11.708 0.0752 14.782
0.0717 15.504 0.0758 11.685 0.0841 14.780
0.1011 15.465 0.0852 11.691 0.0983 14.794
0.1680 15.408 0.0908 11.715 0.1126 14.790
0.2052 15.310 0.1070 11.702 0.1250 14.802
0.2470 15.335 0.1115 11.715 0.1346 14.807
0.2691 15.247 0.1254 11.698
0.3134 15.264
0.3429 15.175
0.4121 15.108
0.4343 15.086
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TABLE 3. Solid phase heat capacityC∗p,m a and calculated

gas phase heat capacitiesC
g
p,m

a of cis-1,2-cyclohexanediol
andmyo-inositol at different temperaturesT

T

K

C∗p,m
J·K−1 ·mol−1

C
g
p,m

J·K−1 ·mol−1

C
g
p,m − C∗p,m

J·K−1 ·mol−1

cis-1,2-Cyclohexanediol

293.15 157.6± 0.4 145 −13

300.15 163.9± 0.3 148 −15

308.15 166.4± 0.4 150 −16

316.15 171.9± 0.8 153 −19

323.15 175.0± 0.5 156 −19

333.15 180.7± 0.6 159 −22

339.15 184.3± 0.7 161 −23

344.15 186.2± 0.6 163 −24

myo-Inositol

283.15 203.1± 0.4 215 12

298.15 220.9± 0.5 218 −3

308.15 232.2± 0.6 222 −11

323.15 249.8± 0.3 224 −26

344.15 271.6± 0.3 229 −43

373.15 297.2± 0.7 233 −64

396.15 324.7± 0.6 236 −89

423.15 353.9± 0.4 239 −115

449.15 383.2± 0.4 240 −143

474.15 394.5± 0.8 233 −162
aThe uncertainties of the calculated values are about±3 per cent.

TABLE 4. Values of the parametersa andb of equation (3)

Compound a/(J·K−1 ·mol−1) b/(J·K−2 ·mol−1)

cis-1,2-Cyclohexanediol 48± 3 −0.21± 0.01

myo-Inositol 270± 7 −0.92± 0.02

By inserting equation (3) into (2), the following expression for the enthalpy of sublimation
at the reference temperatureTo is obtained:

1subH
o
m = 1subHm(T)+ a·(To− T)+ (1/2)·b·(T2

o − T2). (4)

The values of the enthalpy of sublimation or vaporization of the solute substances and their
respective standard values are presented in table 5. The sublimation enthalpy ofmyo-inositol
was determined by Baroneet al.(16) and by de Witet al.(20) from the temperature coefficient
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TABLE 5. Enthalpy of sublimation1subHm and vaporization1vapHm at temp-
eraturesT , and their standard values1subHo

m and1vapHo
m, respectively

Compound
T

K

1subHm

kJ·mol−1

1vapHm

kJ·mol−1
1subHo

m

kJ·mol−1

1vapHo
m

kJ·mol−1

Cyclohexanol 300.15 62.0± 0.3 62.0± 0.3

cis-1,2-Cyclohexanediol 343.15 88± 2 89± 3

myo-Inositol 474.15 167± 2 181± 2

of the vapour pressure. The value obtained in this work atT = 298.15 K is 3 kJ·mol−1 higher
than that of Baroneet al.,(16) and 2 kJ·mol−1 higher than that calculated atT = 298.15 K
using the data of de Witet al. The values found in the literature for cyclohexanol, at
T = 298.15 K, are1vapHm = (62.01±0.29) kJ·mol−1(21) and1vapHm = (61.97±0.89)
kJ·mol−1,(22) and are in close agreement with the results of the present work. We are not
aware of any study on the sublimation ofcis-1,2-cyclohexanediol.

The results given in table 2 were employed in the determination of the variation of1solHm
as a function of molalitym and the resulting equations are presented in table 6.

By taking the limiting values1solH∞m (table 6) and those of the standard enthalpies of
sublimation1subHo

m or vaporization1vapHo
m (table 5), the standard enthalpies of solvation

1solvH∞m were calculated and the results are presented in table 7. The uncertainties in
the values of the enthalpies of solvation are similar to those surrounding the enthalpies of
sublimation or vaporization of the solutes. The uncertainties are taken to be the standard
errors.

4. Discussion

It has been shown that interaction between non-polar groups can lead to molecular associa-
tion even in a dilute solution. Although aqueous solutions have been by far the most exten-
sively studied systems,(23, 24)solute association has also been observed in other solvents.(25)

The hydroxyls can contribute to molecular association through hydrogen bonding.(26–28)

Thus, for the solutes studied here, molecular association can take place through polar or
non-polar molecular interaction.

Inositol in DMSO is the only system for which no significant variation of1solHm with
molality is noted. For all the others, the enthalpy is molality dependent. Among all solvents,
water gives rise to larger variations of1solHm with molality.

For cyclohexanol, the less polar solute among those studied in this work, the slope of
the1solHm againstm curves is positive in water and negative in organic solvents. For
myo-inositol, the more polar solute, a negative slope is observed in water and a positive one
in other solvents. Cyclohexanediol shows some sort of intermediate behaviour between the
two other solutes.

The heat of dilution of a large number of aqueous solutions of non-electrolytes has
been measured and the pairwise enthalpy coefficients calculated.(29–31)The signs of these
coefficients are in agreement with those found for the slopes of1solHm againstm presented
above.
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TABLE 6. Enthalpy of solution1solHm as a function of molalitym at T = 298.15 K

System Equation

Cyclohexanol (W) 1solHm/(kJ·mol−1) = −(8.72± 0.02)+ (2.43± 0.06)·(m/mo)
a

Cyclohexanol (FMD) 1solHm/(kJ·mol−1) = (4.775± 0.004)− (0.25± 0.01)·(m/mo)

Cyclohexanol (DMSO) 1solHm/(kJ·mol−1) = (6.064± 0.005)− (0.32± 0.02)·(m/mo)

cis-1,2-Cyclohexanediol (W) 1solHm/(kJ·mol−1) = (6.410± 0.008)+ (1.70± 0.03)·(m/mo)

cis-1,2-Cyclohexanediol (FMD) 1solHm/(kJ·mol−1) = (18.51± 0.02)+ (0.34± 0.07)·(m/mo)

cis-1,2-Cyclohexanediol (DMSO) 1solHm/(kJ·mol−1) = (19.10± 0.04)+ (0.4± 0.2)·(m/mo)

myo-Inositol (W) 1solHm/(kJ·mol−1) = (15.57± 0.01)− (1.10± 0.04)·(m/mo)

myo-Inositol (FMD) 1solHm/(kJ·mol−1) = (14.753± 0.004)+ (0.39± 0.05)·(m/mo)

myo-Inositol (DMSO) 1solHm/(kJ·mol−1) = (11.70± 0.01)
amo = 1.0 mol·kg−1.

TABLE 7. Standard enthalpy of solvation1solvH∞m for hydroxyl
cyclohexane derivatives in different solvents atT = 298.15 K

1solvH∞m /(kJ·mol−1)

Solute: Cyclohexanol cis-1,2-Cyclohexanediol myo-Inositol

Solvent

W −70.7 −82.4 −165.8

FMD −57.2 −70.3 −166.6

DMSO −55.9 −69.7 −169.7

TABLE 8. Group contribution to the enthalpy
of solvation1solvH∞m of hydroxyl cyclohexane
derivatives in different solvents atT = 298.15 K

1solvH∞m /(kJ·mol−1)

Solvent CH2 CHOH

W −8.0 −27.5

FMD −5.1 −27.6

DMSO −4.7 −28.1

The results obtained for1solvH∞m show that in any solvent, the solute OH group gives
an important contribution to the enthalpy of solvation. In fact, as the number of OH groups
increases, a considerable decrease in1solvH∞m is observed. Although the variation of
1solvH∞m per CH2 is smaller than that observed for OH, it is nevertheless significant.
Despite the limited scope of the results presented here it is useful to estimate, from the data
presented in table 7, the contribution of CH2 and CHOH to the enthalpy of solvation. The
results obtained are given in table 8.

The values of the enthalpy of solvation of cyclohexanol and cyclohexanediol in water are
more negative than those observed in the other solvents. Formyo-inositol, no significant
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difference is observed for1solvH∞m in all solvents. It is well established that solvation of
non-polar solutes in water occurs with negative entropy and enthalpy, and positive heat
capacity and Gibbs energy. These results have been interpreted on the basis of molecular
terms as arising from an increase in the structural organization of the water around the solute
non-polar groups.(32) However, the interpretation of results observed for the thermodynamic
properties of non-polar compounds in water still remains an open question.(33)

The results obtained for the enthalpy of solvation show that this thermodynamic property
can be used to derive information on both the polar and the non-polar parts of the solutes. It
is therefore a useful property for studying solvation. However, its molecular interpretation
is not an easy matter and will be the subject of a forthcoming paper.
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