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The enthalpies of transfer of ethanol from aqueous to aqueous «- or S-cyclodextrin (CD) solutions have been determined by
microcalorimetry at various mole fraction at 298.15 K. The molar enthalpy of ethanol with a-CD was negative, whereas that
with the «-CD system was positive. In order to clarify the major contribution of the interaction energy of CD's and guest
molecules, the dispersion energies were determined using dispersion-corrected density functional theory calculations. In the
case of a-CD, the dispersion energies increase with an increase in the number of carbon atoms of the guest molecules.
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1. Introduction

Molecular recognition and discrimination may be caused by
interactions involving contact among molecules through their
collisions in solutions and mixtures. In particular, stereospecific
interactions arising from the presence of neighboring surfaces
may play an important role in, for example, enzyme-substrate
reactions, antigen-antibody reactions, and certain mechanisms of
the senses of smell and taste. Therefore, elucidating the role of
asymmetric intermolecular interactions characteristic to the
stereospecific structures of molecules is of prime importance for
understanding the mechanisms of chemical and biochemical
reactions.

Accurate and quantitative measurements of the changes in
thermodynamic functions upon molecular inclusion form a basic
requirement for understanding the mechanisms of molecular
recognition and discrimination. To clarify the mechanism of
molecular recognition and discrimination in aqueous solutions,
we have determined systematically thermodynamic functions for
the molecular inclusion of simple molecules into cyclodextrin
(CD) cavities in aqueous solutions*®.

In this study, the molar enthalpies, entropies, and Gibbs
energies of inclusion of ethanol into o- and B-CD cavities at
298.15 K in dilute aqueous solutions were determined at 298.15
K. Our aim was to confirm the major contribution of the
interaction energy of CD's and guest molecules.  The dispersion
energies were calculated using dispersion-corrected density
functional theory (DFT) calculations because the second-order

Mgller-Plesset  perturbation (MP2) calculation was a
resource-intensive computation. The relationship between the
enthalpy of inclusion, which was determined through

microcalorimetry, and the dispersion energy were discussed.
2. Experimental

2.1 Materials

Ethanol  (Kishida Chemical Co., S.R. grade for
chromatography) was passed through a 1 m column packed with
Helipac. The water contents analyzed by a Karl-Fischer
titration were 0.01 for ethanol, in mass percent. The gas-liquid
chromatography (g.l.c.) results obtained from a Hitachi Model
163 gaschromatograph by using a 3 m column (3 mm¢) of
Thermon-1000 (10 %) and H3P0O, (1 %) on Chromosorb W (80 to
100 mesh) supplied by Wako Pure Chemical Ind., Ltd. with FID
showed that the purity of the alcohols was 99.95 mass percent
ethanol after excluding water. The water content obtained from
the analyses involving Karl-Fischer titrations was the value of
ethanol in mass percent. Details on the methodical purification
used for -CDY, B-CD?, and water”? have been described
elsewhere. All the solutions were prepared by mass.

2.2 Apparatus and Procedures

A rocking twin-microcalorimeter of the heat-conduction type,
with the laboratory designation RMC, was used for the
determination of the enthalpies of dilution and mixing. All the
measurements were carried out at 298.15 K under the ambient
atmospheric pressure. Enthalpy changes were measured
automatically with an online system described elsewhere®.
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Details pertaining to the apparatus and procedures, including
the mixing vessels, are similar to those described previously®*.

3. Results and Discussion

3.1 Enthalpy of Dilution
The experimental results for the enthalpy changes on diluting
the dilute aqueous ethanol solutions ranging from 2.1 x 102 to
1.3 x 102 mole fraction value to final solutions ranging from 1.0
%107 to 6.4 x 10" mole fraction value at 298.15 K under the
ambient atmospheric pressure are given in Table 1. In the table,
n; denotes the amount of ethanol in the solutions and x; and x¢
respectively denote the mole fractions before and after the
dilution.  The results were fitted to eq. (1) by a least-squares
calculation.
AgiH = ang(xiXq) + bng(x*x¢) + -+

(1)

The molar enthalpy of dilution of an aqueous ethanol solution

having a mole fraction varying from x to 0 can be obtained by eq.

(2) with the parameters a and b listed in Table 2.

Ad”me =ax + bX2 (2)
Once an explicit expression for eq. (2) is obtained, the enthalpy
of dilution per mole of alcohol from x; to x; may be calculated
through the equation

AgitHm = Agi™Hm(X3) - Agir"Him(Xs) ©)]

Table 1 Experimental enthalpies of dilution AdilH of dilute
aqueous ethanol solutions with water at 298.15 K

10%3mol  10% 10%; -AgiH /mJ
7.0829 12.89 6.362 -106. 4
4.8818 8.780 4.423 -49.,
45844 8.154 4.029 43¢
4.0700 7.334 3.612 34,4
3.3189 6.729 3.254 -26.5
3.2343 5.769 2.892 21,
2.2336 3.879 1.965 9.4
1.5059 2.584 1.311 4.
1.3484 2.381 1.178 3.
1.1487 2.067 1.017 2.8

Table 2 Parameters a and b and the calculated standard
deviations of the fit S; for least-squares representation by
equation of AgH,, for dilute aqueous solutions of ethanol at
298.15K

b / kJ mol?
-3.26

a /kJ mol?
-23.0

Alcohol
ethanol

St /mJ
3.45

3.2 Enthalpy of Transfer

The experimental enthalpies of mixing and the related
quantities are summarized in Table 3. The average values of z
= (ny" + ny")/n, were 3071 + 151 and 5452 + 206 respectively,
for a-CD + ethanol and for g-CD + ethanol. Here, n;’ and n,"”
represent the amounts of water in the CD solution and the
alcohol solution, respectively. The experimental enthalpies of
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the transfer of ethanol from dilute aqueous solutions to dilute
aqueous o-CD solutions, as determined by eq. (4), are also
summarized in the last column of Table 3. In the calculation
with Eq. (4), the value of the enthalpy of dilution of an aqueous
ethanol solution, AgyHj3, was determined by egs. (2) and (3)
using the parameters given in Table 2. The enthalpies of
dilution of the o-CD solution and the S-CD solution, AgHio,
were obtained from our earlier papers®™.

AyH = ApixH - AgiH12 - AgiHis 4)

For the equilibrium of a 1:1 complex formation, as given in eq.

(CD)ag + (ROH)aq 2 (CD-ROH) 5 ®)

the molar ratio y of ethanol included in the cavities over the
total ethanol in the solution
is given by eq. (6) **:

1 1-f -ty _\/{1+1f+ a-f) } _a-HK  (g)
27 2f 2ta+K) |2 2f 2f@+K)|  fa+K)
Where
y=n,/n,, z=n/n,, f=n,/(n,+n,), (7
And
K =2

a, - a,

o)

B N, +n, +n,—n,

e ey

n,+n, +n,—n,J)\n +n, +n,—n, (8)

Here ny, ny, ns, and n, represent the amounts of water, CD,
ethanol, and the 1:1 complex in the aqueous solution,
respectively.  Since the molar enthalpy of the transfer of
ethanol is proportional to y, the experimental and theoretical
functions become equivalent, as given by eqg. (9):

100A ,H,, (z, f)/ A, H,” =100y / y,. 2 Y(K,z, f), )

Where

Yoar 2 lim y = K/ (142 +K) (10)
-0

Thus, the best-fit values of K and A H,” can be obtained by
the least-squares calculation given by eq. (11) >4:

r :Z[(]'OO/AmHﬁ)AmHm(Zi’ f)-Y(K,z, f;) ’ (11)

The quantities determined through these calculations are
summarized in Table 4. The smoothed values of AyH,, for the
mean values of z are plotted in Fig. 1 against the mole fraction f.
The molar enthalpies of the transfer of ethanol were small, and
they were negative for both - and S-CD solutions.

Netsu Sokutei W39 2012



Relationship of Enthalpies of Inclusion by Cyclodextrains and Interaction Energies

0.4 T T T T T T T T T
(®e)

0.0 B

-0.2

A H /kI-mol ot

uf

-0.4

0.6 F 4

00 01 02 03 04 05 06 07 08 09 10

f
Fig. 1 Molar enthalpies of transfer of ethanol from aqueous
to aqueous « (@)- and B ( O)-CD solutions at 298.15 K as
a function of f=ny/(n, +ny)- The solid curve represents

a-CD solutions. The dotted curve represents -CD solutions.

3.3 Enthalpy and Entropy of Inclusion

From the thermodynamic functions listed in Table 4, the molar
enthalpies, molar Gibbs energies, and molar entropies of
inclusion of ethanol at infinite dilution into «- and S-CD
cavities in aqueous solutions at 298.15 K under the ambient
atmospheric pressure were determined; they are summarized in
Table 5 along with the reported values of the system of other
normal alkane-1-ols. The molar enthalpy of ethanol with
a-CD was negative, whereas that with the «-CD system was
positive. The molar enthalpy of hexanol with «-CD was
negative. The entropy changes that occur upon the 1:1 inclusion
for the system of ethanol are positive and large. The changes in
the enthalpy and entropy promote inclusion. The increase in
entropy is an important factor for promoting inclusion in
aqueous solutions. The large increase in entropy might be
mainly because of the excessive motion of ethanol molecules in
the cavities, in particular, the molecular rotation in the CD
cavities and the breaking of the hydrophobic hydration structure
of the alcohol molecules in bulk water.

Table 5 The changes of thermodynamic functions on 1:1
inclusion of simple alcohols into « or S- cyclodextrin cavities in
dilute aqueous solutions at 298.15 K

Alcohol AincH AincG _TAincS AincS
kJ-mol™* kJ-mol™* kJ-mol™* J-(K-mol)*

a-cyclodextrin

Ethanol -0.9 215 -20.6 69.0

1-Propanol* -6.6 -17.8 -11.2 375

1-Butanol* 7.9 -22.6 -14.7 495

1-Pentanol* -13.9 -24.4 -10.4 34.9

1-Hexanol® -29.1 -22.2 6.9 -23.1
B-cyclodextrin

Ethanol 0.4 -24.1 -24.5 82.3

3.4 Dispersion energy

In order to clarify the major contribution of the interaction
energy of CD's and guest molecules, the dispersion energies
were determined using dispersion-corrected density functional
theory (DFT-d)® calculations. DFT calculations were performed
using the Gaussian 09 program'®. The initial geometries of the
complexes of CDs with ethanol, 1-propanol, 1-butanol, and
1-pentanol were obtained from the crystal structure reported in
the literature. We set a molecule of CD that included a hexanol
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molecule in the center of the cavity. The hexanol molecules
had trans-trans (TT) and gauche-gauche (GG) conformations.
Geometry optimization by DFT calculations was carried out at
the B97D/6-31G* level in a gas phase. The gas phase geometries
were optimized at the B97D/6-31G* level in water. Single
point calculations were carried out at the B97D/cc-pviz level in
gas, and at B971/cc-pvtz level in water. The molecular
interaction energies of compounds in water AE(AB) are
calculated by the supermolecular method*? as follows:
AE(AB) = E(AB) — E(A) - E(B) (12)
Here AB, A, and B are the inclusion compounds of CD +
alcohol, CD, and alcohol in water, respectively.  The
dispersion forces® were calculated using eq. (13) and are listed
in Table 6.
A dispersionE =A BQ7DE(AB) -A BQ71E (AB) (13)

The interaction energy of o-CD with ethanol is larger than that
of B-CD with ethanol. Similarly, the dispersion energy of a-CD
with ethanol is larger than that of B-CD with ethanol. The
ethanol molecules must deform their conformations to make the
nearest contacts with the atoms on the wall of a-CD cavities,
with those on the walls of 3-CD cavities, and with the remaining
water molecules in B-CD cavities. In the case of a-CD, the
dispersion energies increase with an increase in the number of
carbon atoms of the guest molecules. When the molecular
length of pentanol is exactly suitable for the height of o-CD
cavities, the pentanol makes the closest contacts with the atoms
on the wall of a-CD cavities.

The dispersion energy of o-CD with a GG-conformer of
hexanol is greater than that of a-CD with a TT-conformer of
hexanol. The hexanol molecules are chiefly stabilized upon
inclusion into «-CD cavities in an aqueous solution and
accompanied with a large entropy reduction. To explain this
phenomenon, we proposed that hexanol molecules accepted
GG-conformations in the cavities instead of the general
TT-conformations. Moreover, when 1-hexanol molecules
accept a gauche-gauche conformation, OH groups are dispersed
in the water. Such conformations may result in some tight
inclusion complexes in which the hexanol molecules cannot
rotate around the molecular axis.
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Table 3  Experimental enthalpies of mixing A,/ and molar enthalpies of transfer A, ¢H,,, of ethanol from
dilute aqueous solutions to dilute aqueous & or 4 cyclodextin (CD) solutions at 298.15 K, where n,’, n; ", n,
and n3 represent respectively amounts of water in the CD solution, amounts of water in the ethanol solutions,
amounts of CD in the aqueous solution and amounts of ethanol in the aqueous solutions

10°n.  10%n’  10°n,  10°n, A H  A,H,

fa

mol mol mol mol mJ kJ mol™*
H,0(1) + «-CD(2) + Ethanol (3)
0.1847, 16.204 4.240 6.839 1.550 -8.35 -0.62,
0.2237, 16.455 4.189 6.038 1.740 7.24 -0.46,
0.3417, 16.158 4.286 7.207 3.742 -19.16 -0.534
0.3887, 16.556 4.344 6.782 4.313 20.79 -0.49;
0.4621, 15.939 4.314 6.687 5.745 2557 -0.44,
0.5139, 16.124 4.348 6.673 7.054 -32.49 -0.45,
0.5508, 16.810 4.097 6.810 8.352 -31.36 -0.35,
0.5946, 16.427 3.910 6.890  10.105 -36.21 -0.30,
0.5954s 16.427 4.376 6.316 9.296 -30.59 -0.32,
0.6771, 16.421 4.201 6582  13.801 -62.80 -0.404
0.6737, 16.509 4.259 6.678  20.444 7456 -0.28,
0.7817, 16.471 4.180 6.875  24.626 -68.46 0.17,
0.8323, 16.373 4.189 6.774  33.632 -96.87 -0.14,
H,0(1) + 4-CD(2) + Ethanol (3)
0.1653, 16.021 3.856 4.471 0.886 3.01 0.34,
0.1846, 16.266 3.723 4.890 1.029 3.20 0.31;
0.2124, 16.467 4.004 4.459 1.203 3.65 0.30,
0.21765 16.816 3.868 4.475 1.245 3.75 0.30,
0.3045, 16.355 4.694 4.397 1.926 431 0.23,
0.3806, 16.427 3.907 4.362 2.681 6.45 0.25,
0.44175 16.362 4.070 4.539 3.592 8.43 0.25,
0.5340, 16.277 3.995 4.287 4.913 8.75 0.20,
0.5863, 16.421 3.852 4.606 6.529 8.14 0.15;
0.6100, 16.128 4.006 4192 6.559 8.17 0.15;
0.6294s 16.266 3.723 4.890 8.307 8.89 0.14,

af:n3/(n2+n3).

Table 4 Equilibrium constants for the formation of 1:1 inclusion complexes, ratios of water molecules over
the cyclodextrin molecules, limiting molar enthalpies of transfer of ethanol, and the limiting molar ratios
Ymax OF ethanol included to the whole at

298.15 K
system IOglOK z AterGom Ymax
a-CD + ethanol 3.76 3071 -0.584 0.654
S-CD + ethanol 4.23 4551 0.307 0.789

Table 6 Dispersion energies of inclusion complexes

system ApornE AyorE A gipersionE

kJ - mol™ kJ - mol™ kJ-mol*
a-CD + ethanol -51.1 -15.8 -35.3
B-CD + ethanol -37.6 -15.0 -22.6
a-CD + 1-propanol -46.8 6.3 -53.1
a-CD + 1-butanol -72.0 -11.4 -60.6
a-CD + 1-pentanol -112.6 -46.0 -66.6
a-CD + TT hexanol -65.5 -23.3 -42.2
a-CD + GG hexanol -70.2 -0.6 -69.6
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