Netsu Sokutei

A A I SIS S

X

TV I ORI SR W

18(2)71-76

Enthalpy and Entropy Changes on Molecular Inclusion of
1-Butanol into @~ and S-Cyclodextrin Cavities in
Aqueous Solutions

Masao Fujisawa? Takayoshi Kimura® and Sadao Takagi®*

(Received December 27, 1990)

Enthalpy of dilution of dilute aqueous solution of 1 -butano! and those of transfer of 1-butanol

from dilute aqueous solution to dilute aqueous «- and B-cyclodextrin solutions have been

determined by microcalorimetry. The molar enthalpies, entropies, and Gibbs energies of inclu-

sion as well as the equilibrium constants of 1 : 1 inclusion-complex formation and ratios of

included 1-butanol at infinite dilution at 298.15 K have also been determined. The dependences

of enthalpies and entropies of inclusion on the number of carbon atoms in the alkyl radicals of

alcohol molecules are discussed.

1. Introduction

Mechanisms of molecular recognition and discrimi-
nation in the processes of many chemical reactions,
including biochemical reactions in living bodies,
may be understood by elucidating the stereospecific
interactions between contacting surfaces of collid-
ing molecules in solutions. To clarify the mecha-
nisms, the present authors and others' “have deter-
mined basic thermodynamic functions concerning
the molecular recognition and discrimination quan-
titatively by precise microcalorimetry.

In the paper, the thermodynamic functions of
molecular inclusion of 1-butanol (simply “butanol”
will be used in this text, hereafter) into «- and
B-cyclodextrin(CD) cavities in aqueous solutions
are described in order to judge the existence of any
correlation between the molar enthalpy and entropy
of inclusion and the number of carbon atoms in
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linear chain aliphatic alcohols, namely, the number
of methyl and methylene radicals.

2. Experimental

Materials

1-Butapol (Merck, Uvasol) was refluxed for 24 h
in a1 m column filled with Helipack ¥ over the
molecular sieves ® 4A which had been activated by
heating at 423 K for 12 h or more under the reduced
pressure of 107*~10* Pa. Then, it was fractionally
distilled through the column at high reflux ratios.
Purity of the distillate was found to be higher than
99.9 mass per cent. excluding water, by the use of
GLC(Yanagimoto, model G180FP) and the water
content of final product of butanol was smaller than
0.01 mole per cent. The latter was obtained by the
coulometric Karl-Fischer’s method on a Mitsubishi
Moisture Meter, model CA-02.

Detailed procedures of careful purification used
for the «-CD," 8-CD,? water,® and mercury® were
described earlier. All solutions were prepared by

mass.



Apparatus and Procedures

The measurements of enthalpies of mixing of
aqueous butanol solutions and aqueous CD solutions
and those of dilution of aqueous butanol solutions
were carried out at 298.15 K on a rocking twin-
microcalorimeter of a heat-conduction type, labora-
tory designation RMC-Ill, which had been improved
by minor modification of the microcalorimeter so
far used by the present authors, RMC-II.}"» A
matched pair of Melcore CP 1.4-71-10 p-#» semicon-
ductor thermopiles was mounted in place of original
ones. A Keithley model 148 nanovoltmeter was used
as a d.c. amplifier of the difference in e. m. f. of the
thermopiles between the measuring vessel and the
reference one. The whole apparatus was installed in
a temperature-controlled room at +0.1 K and the
thermostatted water at (298.15+0.0005) K was cir-
culated around a large aluminium block (heat sink)
of the microcalorimeter.

About 3.0 g of aqueous CD solution and about 0.75
g of aquenous butanol solution was loaded into a
mixing vessel filled with mercury from weighed
syringes fitted with suitably bent stainless-steel
needles. In dilution measurements, about 3.0 g of
water and about 0.75 g of dilute aqueous solution of
butanol were loaded. Compartments of a similar
mixing vessel used for reference were loaded with
about 3.0 g and 0.75g of water, respectively.

Details of procedures for measurements of enth-
alpies are similar to those described elsewhere.”
Rocking was, however, carried out ten times in each
run and the mercury used in the present work was
purified and freshly distilled in vacuo before each
measurement.

3. Results and Discussions

Enthalpy of dilution

The experimental values of the enthalpy changes
on diluting the dilute aqueous butanol solutions
ranging from 1.1 X107 to 4.3X107* in mole fraction
to final solutions ranging from 2.0 X107 to 7.8 X107*
at 298.15 K under the atmospheric pressure are
given in Table 1. Here #; denotes the amount of

butanol in the solutions and x and x are the mole

Table 1 Experimental enthalpies of dilution Ay,
H of dilute aqueous 1-butanol solutions
with water at 298.15 K
4 A 5 )
104m3 109, 104, AmH  0(AamHD
mol m] m]
1.675 4.325 7.764 33.0 0.7
1.438 3.5652 6.596 24.3 -1.7
1.170 2.714 5.375 12.7 0.4
1.144 2.363 4.660 8.19 1.8
1.038 2.657 4.740 12.1 -0.5
0.4272 1.088 2.037 2.75 -1.0
Table 2 Parameters « and b in Eqn. :2} and the
calculated standard deviation & of the fit
a/kJ-mol™'  #/kJ-mol™! Sf/m]
1-Butanel -42.5 -2802 1.6

fractions before and after the dilution, respectively.

The results were fitted to Eqn. '1¢ by the least-
squares calculation.
A H =an,(x—x) +bug(x?—x*
Foeny (40— x3) o1

Both of Eqn. (1i and the equation having only the
first and second terms in Eqn. i1 represented the
experimental results within experimental errors.
Thus, two parameters a and b are listed in Table 2
as well as the calculated standard deviation of the
fit. The last column &{Agi;H) of Table 1 shows the
differences in Aq,/d between the experimental
results and the corresponding smoothed values.
The molar enthalpy of dilution of aqueous
butanol solution having a mole fraction x to infinite
dilution can be obtained by Eqn. (2) with the param-

eters ¢ and & given in Table 2.

Ay Hy = ax + bx?

Comparisons of the calculated molar enthalpies of
dilution with the experimental ones are illustrated

in Fig. 1, where vertical lines show the molar values
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Fig. 1 Comparison of the experimental molar
enthalpies of dilution with the smoothed
values for aqueous 1-butanol mixture at
298.15K. Solid curve represents the molar
enthalpy of dilution to infinite dilution.
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Fig. 2 Molar enthalpies of transfer A H, of 1
-butanol from aqueous to aqueous a-CD
(@) and 8-CD{(0) solutions at 298.15 K as
a function of f=wn/(m+mni. Curves
represent the smoothed values for a-CD

(Zmean =4947) and B-CD (2mean=4945).
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Table 3 Experimental enthalpies of mixing Amix
H and molar enthalpies of transfer Ay
H, of I-butanol from dilute aqueous
solutions to dilute a-cyclodextrin solu-

tions at 298.15 K

, Ay (A,
102n{ 1027y 1057, 10Png3 A H Hp ng
mJ] kJ- K-

mol~! mol-1

f&

mol mol mol mol

H,0(1) + -CD(2)+ 1-BuCH®3)
0.06785 16.643 4.104 4355 0.3170 -159 -5.16 -0.12
0.11279 17.158 3487 3.955 05024 -254 -5.12 -0.14
0.12117 16.916 4.026 4.229 05831 -29.0 -5.04 -0.08
0.18567 15913 4.169 4.001 09122 -43.2 -4.77 0.08

0.26079 16.597 3.996 4.056 1431 -69.5-4.87 -0.18
0.2916g 17.003 3.969 4.343 1.788 -76.9 -431 (.31
034157 16.883 4.133 4.184 2170 -86.9 -4.01 0.47
0.35524 15.497 3.742 3.741 2.061 -91.0 -441 0.02

042961 16.412 3.820 4.200 3.164 -133.9 -4.22 -0.05
054891 16.407 4.012 4.202 5113 -1825 -3.53 0.05
063653 17.255 3.813 4.416 7.733 -268.7 -3.40 -0.40
064765 17.821 4.559 4.392 8072 -252.4 -3.07 -0.13
0.6746g 156814 3.954 4.191 8691 -2388 -2.67 0.04
0.7080p 18.150 4.379 4498 1091 -2438 -2.14 0.32
0.7087g 19.163 4.019 4.626 11.26  -300.9 -2.56 -0.10
0.8258g 18.170 4.304 4.643 2202 3266 -1.24 021

® The mole fraction f=n3/(ny+ m3),

of the experimental enthalpies of dilution, Ag H /%,
from x to x. The smoothed values are calculated by
Eqgn. (3.

AgiHoy = 8" Hy W60 — Ay ™ H (%) (3)
Enthalpy of transfer

The experimental enthalpies of mixing and the
related quantities are summarised in Tables 3 and 4.
The average values of z=(n +n")/n' Ywere
4947 +150 and 4995+ 537, respectively, for a-CD and
B-CD. The experimental enthalpies of transfer of

butanol from aqueous to aqueous a- or 8-CD solu-
tions determined by Eqn. (4)*~*are also summarised

Ater:AmixH_Adll}{lziAdi!]{la (4)

in the seventh column of Table 3 or 4 and are



E
Table 4 Experimental enthalpies of mixing An.
H and molar enthalpies of transfer A..;
H, of 1-butanol from dilute aqueous
solutions to dilute B cyclodextrin solu-
tions at 298.15 K

, ” Atrf 5(Am’
1020y 10%n 1057 10713 A el Hpm o
mol mol mol mol m] kJe kJe

mo!~! mol-!

Ha O (1) + A-CD(2) + 1-BuOH(3)

0.0981g 16.545 4.047 4.321 0.4703 280 0.599 -0.06
0.1440p 16.397 4.162 4.793 0.8064 4.90 0.614 -0.03
0.1668g 16.238 4.875 4.875 0.9767 7.15 0.739  0.09
0.23292 16.713 3.922 3.231 0.9812 5.6 0616 -0.02
0.3058g 15.952 4.047 4.081 1.798 10.65 0.608 -0.01
0.37381 17.248 4.095 4.194 2.503 1531 0.634 0.29
0.40075 16.448 3.740 3.945 2.638 13.19 0.526 -0.07
0.42602 16.583 3.808 4.250 3.154 18.10 0.604 0.02
0.50717 16.429 4.338 3.878 3.990 15.97 0.433 -0.13
0.57593 16.816 3.939 4.217 5.727 31.45 0.605 0.07
0.6268g 16.389 3.765 3.930 6.602 25.33 0.452 -0.06
0.66382 17.180 3.773 4.318 8527 41.96 0.584 0.10

* The mole fraction f=n3/ (nz+ n3).

Table 5 Equilibrium constants for the formation
of 1: 1 inclusion complexes, the iimiting
molar enthalpies of transfer of 1-butanol,
and the limiting molar ratios ypax of 1

-butanol included at 298.15 K

Ay H
system logioK _E ol Yinax
1-BuOH+ a-CD  3.96 -5.13 0.652
1-BuOH+ #-CD  4.08 0.67 0.224

plotted in Fig. 2 against the mole fraction of
butanol, f =,/ (n,+ n,), where the mole fraction of
water is omitted for convenience. The amount of
water is taken into account in the parameter z.!%
In the calculations, the enthalpies of dilution of
aqueous butanol solutions, Ay, H,s, were determined
by Eqns. (2} and (3} with the parameters a and &
given in Table 2. Those of «-CD solution® and 8-

il

Table 6  The changes of thermodynamic functions
on 1: 1 inclusion of an alcohol in aqueous
solutions at 298.15 K

AiHa MG TAineS  AigSn
Alcohol
kJemol™! kJemol! kJemol=! Js(K-
mo}) !
a-Cyclodextrin
1-Propanoal® -66 -17.8 -11.2 37.5
1-Butancl -71.9 =226 -14.7 49.5
1~ Pentanol® -13.9 -244 -104 34.9
2-Propanol* -0.4 -19.2 -188 63.0
1,3-Butanediof  -1.3 -24.0 =227  76.1
Cyclohexanof® -7.9 -23.8 -15.9 53.3
B-Cyclodextrin
1-Propanol® 1.9 =175 -194 65.0
1-Butanol 3.0 =180 -21.0 70.5
1-Pentano* 2.2 =226 -24.8 83.2
2-Propanol® 1.2 -197 -20.9 70.1
1.3-ButanedioP  -1.4 -23.3 -21.9 734
Cyclohexanol® -7.0 -249 -17.9 60.1

® Cited from reference 4. ® Cited from reference 6.

CD solution,? Ay H,,, were obtained from our ear-
lier papers.

From those experimental values of A+Hy as a
function of f and z, the equilibrium contants K of 1

1 inclusion-complex formation, limiting molar
enthalpies of transfer A,.«H”, and limiting ratios of
butanol included over the total butanol in the svs-
tem ynax at infinite ditution were determined by the
least-squares calculation of Egn. (9; in the paper I
of this series.” These quantities thus determined are
summarised in Table 5. The smoothed values of A,
H,, are drawn as functions of £ for the cases having

mean values of z in Fig. 2.

Enthalpy and entropy of inclusion

From the thermodynamic functions given inTable
5, the molar enthalpies, molar Gibbs energies and
molar entropies of inclusion of butanol into «-CD
and #-CD in aqueous solutions at 298.15 K under
atmospheric pressure were determined by Eqgns.
{5) — 7" and are summarised in Table 6, as well as
the reported values for the sake of comparison.*®
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Fig. 3 Molar enthalpies of inclusion AnH, of
linear aliphatic alcohols into «-CD* @ ¢ and
B-CD{O) cavities in aqueous solutions at
298.15 K plotted against the number of
carbon atoms N, in the alcohols. The val-
ues for alcohols except 1 butanol were
cited from references.® ¥
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Fig. 4 Molar entropies of inclusion A,,.S, plotted
against the number of carbon atoms in the
alcohol molecules at 298.15 K : @, «-CD,
o, B-CD.
Am‘:]{m ;AlrrHO'm//ymiL\ “5,"
A G = —RTInK 6
AineS = éijﬂrﬂ_f Aim:,(!m 7

The enthalpies of inclusion of butanol are nega-
tive for @-CD and positive for 8-CD in accord with
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Fig. 5 Difference of the entropies of inclusion

AincSn of alcohols in 8-CD and a-CD cav-
ities: ®, z-alkane-1-o0l; 1, 2-propanol;
2. 1.3-butanediol; 3, cyclohexanol.

other aliphatic alcohols listed in Table 6. Fig. 3
shows that the enthalpies A..H,, depend upon the
odd and even numbers of carbon atoms N, in alco-
hol molecules and in each series of odd and even
numbers linear correlation between AucH, and N,
seems to exist which may be nearly parallel each
other.

The molar entropies of inclusion A,n.Sy, of butanol
to « -CD and B-CD cavities are positive and large in
accord with other alcohols given. There is no defi-
nite correlation between Ay.S, and the number of
carbon atoms N, in alchol molecules as shown in
Fig. 4 However, the molar entropies of inclusion
seem to depend on even or odd N, for both CD’s. Fig.
5 shows the difference of the entropy of inclusion of
the same alcohol between 8-CD and a-CD cavities.
To explain the dependence of the above difference
on the number of carbon atoms, additional informa-
tion about the behaviour of water molecules remain-
ing in the §-CD cavities with an alcohol moecule is
required, because the difference becomes larger
with the increase of N. for the linear aliphatic
alcohols.
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