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bstract

The stability constants and reaction enthalpies for complexes of different primary, secondary and tertiary amines with �-cyclodextrin and
he protonation constants of the amines in aqueous solution have been measured at 298.15 K using potentiometric and calorimetric titrations.
ronounced selectivity of the inclusion process in aqueous solution is shown. Free energies of solution of the complexes in water determined from
olubility measurements appear to be nearly identical with that of �-cyclodextrin. By using a thermodynamic cycle and thermodynamic parameters

f solution of the reaction participants, the Gibbs energy, enthalpy and entropy of the complexation reactions between solid �-cyclodextrin and
everal gaseous amines are calculated. Complex stabilities in aqueous solution and at the solid–gas interface are comparable. Unlike the equilibria
n aqueous solution, the reaction enthalpies for the “solid–gas” complexation are much higher and the interactions are unfavorable in terms of the
ntropy changes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Inclusion compounds of naturally occurring cyclodextrins
ith gases were firstly obtained by Cramer and Henglein in

he 1950s [1]. They found that hydrocarbons, halogens, oxygen,
arbon dioxide and noble gases under high pressure (7–120 atm)
orm stoichiometric and non-stoichiometric complexes with �-
yclodextrin in aqueous solution. Chlorine and bromine form
omplexes with �-cyclodextrin and iodine with �-cyclodextrin.
owadays molecular recognition of vaporous guests by the solid
osts is of great interest in many research and engineering areas.
ncapsulation of gases by cavity-containing solid materials is
rucial for developing new gas separators, sensors and storage
evices for use in fuel cells [2–6]. The design of novel syn-
hetic cavities for gas inclusion is a quickly emerging research
rea. Clathrates, cross-linked polymers, carbon nanotubes, den-

rimers, calixarens, fullerens and cyclodextrins were proposed
s suitable molecular containers for gases of different nature.
evertheless, the driving forces of inclusion in heterogeneous
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ystems are much less studied as compared to that in pure con-
ensed (liquid, solid) [7–11] or gas phase [12,13]. The reaction
ree energies and structure–affinity relationships for inclusion
f volatile organic compounds by solid calixarens have been
etermined by static gas chromatographic headspace analysis
14,15]. Several investigations have been performed concerning
omplexation of gaseous hydrocarbons, amines and alcohols by
olid cyclodextrins [16–18].

In the present work, the complex formation of different pri-
ary, secondary and tertiary amines by �-cyclodextrin is stud-

ed. The reactions in water and at the gas–solid interface are
elated with the Gibbs free energies and enthalpies of solution
f the reaction participants (solid cyclodextrin, gaseous amine
nd “solid–gas” complex) via a thermodynamic cycle. It makes
ossible thermodynamic parameters for the reactions between
olid �-cyclodextrin and several gaseous amines to be deter-
ined using the data obtained in aqueous solution.
. Experimental

All amines (Fluka) and �-cyclodextrin (“Cavasol W7”,
acker-Chemie GmbH) are of the highest purity commercially

mailto:grechin@dtnw.de
dx.doi.org/10.1016/j.tca.2006.06.013
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Vm =
ρ25 · NA

=
3
πrm; dm = 2rm (4)

where V 25
m is the volume occupied by an amine molecule at

25 ◦C, Mr the molar mass of the amine and rm is the radii of

Table 1
Stability constants, log K(c), of �-cyclodextrin–amine complexes and pKa values
of the amines in aqueous solution at 298.15 K (I = 0.15 M KCl)

Amine pKa log K(c)

n-Propylamine 10.61 10.57a 2.52 ± 0.07
n-Butylamine 10.67 10.64a 2.57 ± 0.06
n-Pentylamine 10.72 10.63a 2.60 ± 0.06
n-Hexylamine 10.78 10.64a 2.87 ± 0.04 1.81 ± 0.10b

n-Heptylamine 10.75 10.66a 2.66 ± 0.03
n-Octylamine 10.73 2.73 ± 0.03 2.62 ± 0.12b

n-Nonylamine 10.71 2.65 ± 0.01
Cyclopropylamine 9.12 9.10a 1.69 ± 0.07
Cyclobutylamine 10.12 2.14 ± 0.04
Cyclopentylamine 10.76 10.65a 2.24 ± 0.01
Cyclohexylamine 10.77 10.58a 2.76 ± 0.02
Cycloheptylamine 11.21 3.12 ± 0.03
Dipropylamine 11.42 11.00a 3.00 ± 0.10
Dibutylamine 11.07 11.25a 2.37 ± 0.03
Dihexylamine 9.42 2.41 ± 0.06
Hexamethylenimine 11.37 11.10a 2.92 ± 0.03
N-Methylcyclohexylamine 11.05 2.72 ± 0.02
N,N-Dimethylcyclohexylamine 11.20 2.63 ± 0.03
Triethylamine 10.74 2.61 ± 0.06
8 A.G. Grechin et al. / Therm

vailable. Distilled deionized water is used throughout the exper-
ments. pH-metric titrations are performed using a GLpKa ana-
yzer (Sirius Analytical Instruments, Forest Row, UK). Glass
lectrodes are standardized using Sirius-Four-PlusTM proce-
ure, which relates operational pH scale to concentration pH
cale, taking liquid junction potentials and other deviations from
deal behaviour into account. An acidic solution of the amine
0.001–0.004 M) is titrated with potassium hydroxide (0.5 M).
uring the titrations the ionic strength I is kept constant with
Cl at I = 0.15 M. In water the protonation equilibrium of the

mine (Am) is given by
AmH+ ⇔ Am + H+

ith

a = [Am] · [H+]

[AmH+]
(1)

n the presence of �-cyclodextrin the apparent protonation con-
tant of the amine (K∗

a ) is determined by the following equation:

∗
a = Ka(1 + K · C�-CD) (2)

here

= [�-CD · Am]

[Am] · [�-CD]

he stability constant for �-cyclodextrin–amine complex (K,
mol−1) is calculated from Eq. (3)

= K∗
a /Ka − 1

C�-CD
= 10−(pK∗

a −pKa) − 1

C�-CD
(3)

here C�-CD is the concentration of �-cyclodextrin. At least a
0-fold excess of �-cyclodextrin was used for the titrations to
nsure a complete complex formation. The potentiometric titra-
ion curves were analyzed using the software package Refine-

ent Pro, Version V1.114 (Sirius Analytical Instruments).
The calorimetric titrations are carried out using a Tronac

odel 450 calorimeter. During the calorimetric titration, a solu-
ion of �-cyclodextrin (0.015 M) is titrated continuously into
0 ml solution of amine (0.0009–0.001 M) for 1 min (burett rate
.333 ml/min). An excess of NaOH was added to all aqueous
mine solutions to suppress the protonation of amines. The mea-
ured heat after correction for all non-chemical effects depends
n the number of moles and the reaction enthalpy of the �-
yclodextrin–amine complex formed during the titration. The
eaction enthalpies are calculated from the experimental data
y published procedures [19–21]. No change of the reaction
nthalpies was detected at high pH values varying between 11
nd 13.

Solid complexes of the amines with �-cyclodextrin are pre-
ared from aqueous saturated solution of �-cyclodextrin (at
0 ◦C) with excess of amine by cooling. Formed residues are
ltered and dried up in a vacuum exicator at room temperature
48 h). Solubility of the complexes in water is determined as

ollows. An excess of the solid complex is added to water, equi-
ibrated in an ultrasound bath and then stirred in an air thermostat
t 25.0 ± 0.1 ◦C for several days. Aliquots are removed, passed
hrough membrane polycarbonate filter (0.2 �m) and analyzed

T
T

ica Acta 449 (2006) 67–72

ravimetrically by evaporating the solvent and weighing the
esidue. Composition of the complexes is verified by determi-
ation of the amine content by titration of the weighted samples
issolved in water with a standard solution of hydrochloric acid.
he experiments are performed in triplicate.

. Results and discussion

.1. Selectivity of interactions between β-cyclodextrin and
mines in aqueous solution

The pKa values of the amines and stability constants of �-
yclodextrin–amine complexes in aqueous solution are given in
able 1. These data are on the molar concentration scale. The
alues of stability constants reported in this work are in the range
f statistically expected stabilities for �-cyclodextrin complexes
alculated by Connors [9]. The consideration of thermodynamic
arameters for primary, secondary and tertiary amine complexes
f �-cyclodextrin brings an insight into the geometrical aspects
f selectivity of the host–guest complexation process. Diameters
f the narrower and wider rim (0.60 and 0.65 nm, respectively)
nd height (0.78 nm) of the cavity for �-cyclodextrin are known
rom crystallographic analysis. As a comparable value for amine
olecules, their approximate molecular diameter (dm) can be

stimated from the densities of pure amines at 25 ◦C (ρ25) using
q. (4)

25 Mr 4 3
ributylamine 9.05 9.93a 1.85 ± 0.10
ripentylamine 7.43 1.47 ± 0.13

a Ref. [24].
b Ref. [10] in phosphate buffer; pH 6.9.
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Table 2
Thermodynamics of complexation of amines by �-cyclodextrin in aqueous solu-
tion at 298.15 K

Amine log K(x) −�rH
0
aq (kJ mol−1) 298.15�rS

(x)
aq

(kJ mol−1)

n-Propylamine 4.3 ± 0.07 1.6 ± 0.05 22.7 ± 0.5
n-Butylamine 4.3 ± 0.06 1.5 ± 0.15 23.1 ± 0.5
n-Pentylamine 4.3 ± 0.06 1.6 ± 0.15 23.2 ± 0.5
n-Hexylamine 4.6 ± 0.04 1.2 ± 0.13 25.1 ± 0.4
Hexamethylenimine 4.7 ± 0.03 1.7 ± 0.07 24.9 ± 0.2
Dipropylamine 4.7 ± 0.10 1.5 ± 0.03 25.6 ± 0.6
D
T

�

w
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t
m
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s
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t
a
dipole–dipole interactions with cyclodextrin cavity. Very large
dipole moments of cyclodextrins in the range 2–20 D have been
reported [9].
ig. 1. Stability constants, log K(c), of �-cyclodextrin–amine complexes in aque-
us solution at 298.15 K as function of the molecular diameter (dm) of the amine
olecules.

mine molecule which is considered as a sphere. The sugges-
ion about the spherical shape of amine molecules (Eq. (4)) is
bviously a reasonable approximation only for primary cyclic
mines and tertiary open-chain amines. Nevertheless, the pat-
ern of selectivity derived in terms of this approximation is the
ame for all of the amines studied (Fig. 1). The most stable
omplexes are formed with the amines, which have dm values in
he range of 0.7–0.8 nm that is somewhat larger as compared to
he sizes of �-cyclodextrin cavity. However, as the volume of a

olecule calculated by Eq. (4) includes also so-called free vol-
me due to non-close packed structure in the liquid state, one can
onclude that the geometrical recognition between amines and
-cyclodextrin cavity is to be an important factor of selectivity

n aqueous solution.
As far as the magnitudes and in some cases even the sign of

he standard free energy, and especially entropy changes (not
he enthalpy changes), are dependent on the standard states and
he corresponding concentration scale, the choice of a suitable
oncentration scale for the standard state of an infinitely dilute
olution is not a trivial issue. Correct comparison of the reaction
riving forces in different environments (liquid solvents, gas
hase) is only possible with thermodynamic parameters stan-
ardized on the mole fraction concentration scale containing no
extra” contributions that are related to the physical properties of
he solvent (density, molar mass) without any connection to the
eaction in solution itself. Relatively small changes of thermody-
amic parameters of complexation during transfer from the gas
hase to the solvent or from one solvent to another cannot be cor-
ectly compared due to these additional so-called “cratic” terms
9,22,23]. The conversion of stability constants of the complexes
log K(c) in the molar (c) scale (Table 1)) and free energies of
olution of amines (�G

(m)
s in the molal (m) scale [24]) to the

ole fraction (m.f.) concentration scale (x) was made according

o Eqs. (5) and (6):

og K(x) = log K(c) − �ν log
ρH2O · 103

MH2O
(5) F

o

ibutylamine 4.1 ± 0.03 1.1 ± 0.07 22.4 ± 0.2
riethylamine 4.4 ± 0.06 2.4 ± 0.35 22.5 ± 0.7

G(x)
s = �G(m)

s + 2.303RT lg
103

MH2O
(6)

here �� = −1 is the algebraic sum of the stoichiometric coeffi-
ients for the reactions �-CD + amine ⇔ [�-CD ⊂ amine], ρH2O
he density (g cm−3) of water at 298.15 K and MH2O is the molar

ass (g mol−1) of water.
Standard thermodynamic parameters for complexation of

everal open-chain amines by �-cyclodextrin in aqueous solu-
ion are given in Table 2. The dependence of the complex
tabilities, reaction enthalpies and entropies upon the number
f methylene groups in the alkyl chains of the amines is negligi-
le. Small negative values of the reaction enthalpy and positive
ntropy changes can be attributed to partial desolvation of the
eaction participants upon complexation without a tight bind-
ng inside of the cyclodextrin cavity. Stability constants of the
omplexes with primary cyclic, secondary and tertiary open-
hain amines are more sensitive to the molecular structure of
he amines (Table 1). The correlation of the complex stabili-
ies with pKa values (Fig. 2) can indicate on participation of
mino groups of the amines in hydrogen bond or long-range
ig. 2. Stability constants, log K(c), of �-cyclodextrin–amine complexes in aque-
us solution at 298.15 K as function of pKa values of the amines.
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Scheme 1.

.2. Quantitative determination of the thermodynamic
arameters for solid–gas complexation reactions

The thermodynamic parameters of complex formation
etween solid �-cyclodextrin and gaseous amines may be
btained from the thermodynamic cycle represented by
cheme 1, using Eq. (7):

rG
0
solid–gas = �rG

0
aq − [�G0

s (complex) − �G0
s (�-CD)

− �G0
s (amine)] (7)

here �rG
0
solid–gas is the Gibbs free energy for complexation

eaction of gaseous amines by solid �-cyclodextrin, �rG
0
aq the

ibbs free energy for the reaction in aqueous solution and �G0
s

re the Gibbs free energies of solution of the reaction participants
n water. The analogous scheme in terms of the enthalpy and
ntropy changes may be written.

Free energies of solution were calculated from solubility val-
es (S—solubility, expressed as m.f.) according to Eq. (8)

G(x)
s = −2.303RT lgS (8)

olubility of several solid complexes, corresponding free ener-
ies of solution and the free energies and enthalpies of solu-
ion of amines from the gas phase to water at 25 ◦C reported
y Jones and Arnett [24] are presented in Table 3. Solu-
ility of �-cyclodextrin in water at 25 ◦C obtained in this
ork, 18.7 ± 0.3 g l−1, is in agreement with the literature val-
es [9,25,26]. Solubilities of the studied �-cyclodextrin com-

lexes have the same order of magnitude as for �-cyclodextrin.
urthermore, the Gibbs free energies of solution of the com-
lexes calculated from corresponding solubilities (Eq. (8))
Table 3) appear to be nearly identical with that of �-cyclodextrin

c
t
a
n

able 3
nthalpies of solution and free energies of solution of amines, solubilities (S) and fre

mine −�H0
s (amine)a (kJ mol−1) �G

(x)
s (amine)a (

-Propylamine 55.9 ± 0.08 −0.55 ± 0.04
-Butylamine 59.0 ± 0.06 −0.12 ± 0.04
-Pentylamine 62.1 ± 0.06 0.72 ± 0.04
-Hexylamine 65.8 ± 0.06 0.98 ± 0.04
examethylenimine 68.3 ± 0.05 7.31 ± 0.05
ipropylamine 72.2 ± 0.10 2.60 ± 0.04
ibutylamine 79.0 ± 0.22 4.33 ± 0.04
riethylamine 70.1 ± 0.16 5.15 ± 0.04

a Ref. [24].
b Corrected for dissociation of �-cyclodextrin–amine complexes using the data giv
c �G

(x)
s (complex) = �G

(x)
s (�-CD).
ica Acta 449 (2006) 67–72

20.1 kJ mol−1):

G0
s (complex) ≈ �G0

s (�-CD) (9)

n appropriate parity in the thermodynamic functions of solu-
ion of the host and the host–guest complex is a consequence
f fairly complete shielding of the guest from the interactions
ith the solvent. Introducing this assumption into Eq. (7) the

ollowing relationship is obtained:

rG
0
solid–gas ≈ �rG

0
aq + ∆G0

s (amine) (10)

he similar with Eq. (9) regularities have been obtained for ther-
odynamic transfer parameters of cryptand complexation with

lkali, alkali earth and silver(I) ions [7]. According to Eq. (7)
he determination of �rG

0
solid–gas requires the measuring of sta-

ility constants and solubilities of the host–guest complexes in
ater provided the �G0

s values for the host and the guests are
nown. As a first approximation the Eq. (10) may be used, also
or the inclusion complexes, which are difficult to isolate from
queous solution. Assuming that the Eq. (9) is also valid in terms
f enthalpy of solution of the host and the host–guest complex,
he �rH

0
solid–gas values can be calculated according to Eq. (11)

rH
0
solid–gas ≈ �rH

0
aq + �H0

s (amine) (11)

Stability constants obtained from �rG
0
solid–gas values (Eqs.

7) and (9)) are identical within the experimental and calculation
rrors (Table 4). Unlike the equilibria in aqueous solution, the
nthalpy changes for the reactions of solid �-cyclodextrin with
aseous amines are large and the entropy changes are negative:

rH
0
solid–gas � �rH

0
aq ≈ 0 (12)

rS
0
aq > 0; �rS

0
solid–gas < 0 (13)

he values of �rH
0
solid–gas and �rS

0
solid–gas increase with the

umber of methylene groups in the alkyl chains of the amines
Table 4). Stability constants are comparable with the corre-
ponding data in aqueous solution due to enthalpy–entropy

ompensation (Fig. 3). In the scope of the suggested assump-
ions (Eqs. (9)–(11)), the interactions between �-cyclodextrin
nd amines “without water” seems to be more strong although
ot favorable in terms of the entropy changes.

e energies of solution of the complexes in water at 298.15 K

kJ mol−1) S(complex) (g l−1) �G
(x)
s (complex)b (kJ mol−1)

19.7 ± 0.5 21.1 ± 0.1
19.1 ± 0.6 21.2 ± 0.1
20.5 ± 2.3 21.1 ± 0.4
30.5 ± 1.7 19.7 ± 0.1
25.4 ± 2.6 20.2 ± 0.3

– 20.1c

– 20.1c

– 20.1c

en in Table 1.
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Table 4
Thermodynamics of complexation of amines by �-cyclodextrin at the gas–solid conditions at 298.15 K

Amine log K
(x)
solid–gas

a log K
(x)
solid–gas

b −�rH
0
solid–gas

c (kJ mol−1) 298.15�rS
(x)
solid–gas (kJ mol−1)

n-Propylamine 4.6 ± 0.1 4.4 ± 0.1 57.5 ± 0.1 −32.6 ± 0.7
n-Butylamine 4.5 ± 0.1 4.3 ± 0.1 60.6 ± 0.2 −35.8 ± 0.8
n-Pentylamine 4.3 ± 0.2 4.2 ± 0.1 63.7 ± 0.2 −39.6 ± 0.8
n-Hexylamine 4.4 ± 0.1 4.5 ± 0.1 67.0 ± 0.2 −41.6 ± 0.8
Hexamethylenimine 3.4 ± 0.1 3.4 ± 0.05 70.0 ± 0.1 −50.7 ± 0.3
Dipropylamine – 4.3 ± 0.1 73.7 ± 0.1 −49.2 ± 0.7
Dibutylamine – 3.4 ± 0.02 80.1 ± 0.3 −60.9 ± 0.4
Triethylamine – 3.5 ± 0.07 72.5 ± 0.5 −52.7 ± 0.9

o
p
t
s
�

a

�

�

T
a
b
b
C
s
c
t

F
c

Table 5
Transfer enthalpies from gas–solid conditions to water at 298.15 K for the
complexation of amines by �-cyclodextrin and the corresponding electrostatic,
�trH

0
r,el, and covalent, �trH

0
r,cov, contributions

Amine �trH
0
r (solid–gas → W)

(kJ mol−1)
�trH

0
r,el

(kJ mol−1)

�trH
0
r,cov

(kJ mol−1)

n-Propylamine 55.9 ± 0.2 56.8 ± 0.1 −0.9 ± 0.3
n-Butylamine 59.1 ± 0.4 59.8 ± 0.2 −0.7 ± 0.6
n-Pentylamine 62.1 ± 0.4 62.9 ± 0.2 −0.8 ± 0.6
n-Hexylamine 65.8 ± 0.3 66.1 ± 0.2 −0.3 ± 0.5
Hexamethylenimine 68.3 ± 0.2 69.1 ± 0.1 −0.8 ± 0.3
Dipropylamine 72.2 ± 0.1 72.7 ± 0.1 −0.5 ± 0.2
D
T

4

t

a Calculated by Eq. (7).
b Calculated by Eq. (10).
c Calculated by Eq. (11).

A more detailed description is obtained from the analysis
f electrostatic and covalent contributions to thermodynamic
arameters of transfer for complexation reactions [23,27]. Elec-
rostatic and covalent contributions to transfer enthalpy from the
olid–gas conditions (εgas = 1) to aqueous solution (�trH

0
r =

H0
w − �H0

solid–gas) can be estimated according to Eqs. (14)
nd (15) [27]:

trH
0
r,el(solid–gas → W) = �H0

solid–gas

(
εgas

εw
− 1

)
(14)

trH
0
r,cov = �trH

0
r − �trH

0
r,el (15)

hese values for complexation of amines by �-cyclodextrin
re presented in Table 5. In all cases the electrostatic contri-
utions are unfavorable (positive) and increase with the num-
er of methylene groups in the alkyl chains of the amines.
ovalent contributions are negligible. Probably, any specific
olute–solvent interactions are not essential. Water in this special
ase displays itself only as a medium for electrostatic interac-
ions.

ig. 3. Enthalpy–entropy compensation for complexation reactions of solid �-
yclodextrin with gaseous amines at 298.15 K.

h
e
w
s
t
i
u
c
t
r
w
u

R

ibutylamine 79.0 ± 0.4 79.1 ± 0.3 −0.1 ± 0.7
riethylamine 70.1 ± 0.9 71.6 ± 0.5 −1.5 ± 1.4

. Conclusions

A quantitative approach has been described to determina-
ion of thermodynamic parameters of reactions between a solid
ost and gaseous guests. The Gibbs free energy, enthalpy and
ntropy of complexation reactions of several gaseous amines
ith solid �-cyclodextrin have been determined using corre-

ponding data obtained in aqueous solution. It has been shown
hat solution energy of the inclusion complexes in water is nearly
dentical with that of �-cyclodextrin. This assumption can be
sed to estimate the stability of “solid–gas” complexes of �-
yclodextrin when the stability constants in aqueous solution and
he Gibbs free energy of solution of the guests are known. Studies
elated to complexation thermodynamics of other macrocycles
ith different gaseous organic and inorganic substances are
nderway.
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