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Abstract—Some calix[4]arenes form complexes with solvent molecules, preserving the stoichiometric com-
position upon sublimation. The saturated vapor pressures of calix[4]arenes and their complexes with solvents
were determined by the Knudsen effusion method in a wide temperature range. The changes in the standard
thermodynamic functions of complexation in transfer from the condensed state to the gas phase were
determined. It was found that the enthalpy term of the Gibbs energy of the complex formation increases with an
increase in the conformational mobility of the ligand, and the entropy term increases as the ligand becomes less

flexible and more rigid.

DOI: 10.1134/S1070363208040154

The term calixarenes refers to a class of macrocy-
clic receptors formed by condensation of phenols and
aldehydes and having a structural cavity. Calixarenes
are a promixing class of aromatic “hosts” exhibiting
enhanced capability for cation—m interactions and for
binding of small neutral “guests.” As a result of active
studies of this important class of molecular receptors in
the past two decades, numerous compounds with
diverse substituents arranged on the calixarene core
have been synthesized [1]. Despite rapid progress of
the calixarene chemistry, it is difficult to make unam-
biguous conclusions about the relationship between
their structure and complexing properties, because of
complicated character of the complexation [2]. Studies
of the crystal structures of calix[4]arene hosts with
included guests, mass-spectrometric studies of the
host—guest interactions in the gas phase, and data
obtained by methods of solution chemistry allow
formulation of certain general relationships. Apparent-
ly, the decisive factor is the number of complexing
centers in the host molecule [3], which is determined
by steric and conformational factors. In some cases,
the conformational mobility of the host should be
restricted to enhance the stability of the complex, and
bulky alkyl groups can prevent accommodation of the
guest molecule because of steric hindrance.

There are publications demonstrating the correla-
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tion between the complexing properties of calixarenes
toward gaseous guests and the complexation in solu-
tions. Hirakata et al. [4] studied the binding of gase-
ous neutral guests with solid monodeoxycalix[4]arene
host. They showed that the selectivity of the cavity of
the solid host toward a guest is closely related to the
free energy of complexation in solution. The degree of
binding of gaseous guests with a solid host increases in
the order acetone =~ CH,BrCl < CH;CN < CH;NO,.
This order is consistent with the free energies of com-
plexation of these guests with monodeoxycalix[4]-
arene, determined in CCl, solutions. Inokuchi et al. [5]
studied complexes of organic cations with calix[n]-
arenes of various configurations and ring sizes by mass
spectrometry. The relative peak intensities showed that
the complexes are stable in the gas phase, but the
complexation selectivity in accordance with the sizes
of the host and guest molecules considerably differs
from that observed in solution, whereas the
conformational selectivity obtained in the gas phase
corresponds to the selectivity in solution. The use of
mass spectrometry for studying interactions of calix-
arenes and resorcinolarenes with molecular guests in
the gas phase is discussed in a review [6]. It is noted
that studies of gas-phase interactions furnish unique
information on the specificity of the supramolecular
binding forces taking into account fine structural
factors such as conformational dynamics and steric
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hindrance. Appropriate implementation of the mass-
spectrometric experiment allowed Vincenti and Irico
[6] to ensure the host—guest complexation equilibrium
directly in the gas phase. However, it furnished no data
on the kinetics and mechanism of the reaction.
Continuous evacuation of the system does not allow
measurement of the current reactant concentrations and
hence determination of the thermodynamic host—guest
complexation constants.

Despite numerous studies dealing with the com-
plexation of calixarenes with neutral guest molecules,
determination of the constants and thermodynamic
parameters of the complexation remains a complex

experimental problem. Spectral methods commonly
used for these purposes do not always allow estima-
tion of the strength of supramolecular binding of a
calixarene host with a neutral guest [7].

In this study, using the Knudsen effusion method,
we determined for the first time the saturated vapor
pressure of calix[4]arenes and their complexes with
solvents in a wide temperature range. The installation
and procedure of the effusion experiment are de-
scribed in detail elsewhere [8]. We studied the follow-
ing compounds: I, II, III, IV, I - CH,Cl,, CcH 4l -
CH2C12 . C6H14, II - C6H14, III - C6H14, and IV -
CH;0H.

OR OR
ooy ool e
OR OR

Rl

I.R= H, II: R = CHg, III: R = CH3, Rl = H, X = CHchz(OCHQCH2)4, IV:R = CH}, Rl = t—Bu, X= CHchz(OCHQCH2)4

The thermodynamic parameters of sublimation of
the compounds were calculated by well-known for-
mulas:

AH,, = —Rd(In P)/d(1/T), (1)
AGsub =—RTIn (P/PO)’ (2)
ASsub = _d(AGsub)/dT7 (3)

where P is the vapor pressure of the substance being
sublimed, Pa; Py = 1.013 x 10’ Pa, atmospheric pres-
sure; T, temperature, K; and R = 8.314J mol ! K, gas
constant.

Figure 1 shows the plots of In P of the compounds
vs. reciprocal temperature.

The temperature dependence of the vapor pressure
in the In P-T"' coordinates is linear:

InP=a+blT. “)

SN
IR

0.0022 0.0024 0.0026 0.0028 0.0030 0.0032 0.0034
T, K!

Fig. 1. Temperature dependence of the saturated vapor
pressure: (/) L, (2) I- CHyCl,, (3) I- CH,Cl, - CeHyg, (4) 11,
(5) II - CgHy4, (6) 111, (7) IIT - CgHy4, (8) IV, and (9) IV -
CH;0H.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008



604 SUROV

Table 1. Regression coefficients of the linear equation In P =
a + b/T" and mean values of the enthalpy and entropy of
sublimation of the compounds

Compound p b/1000 k?‘:nls(“)‘i:l ; n?osliulhic‘
1 36.5+0.6 |20.120.3 | 167+2 | 207%5
1.CH,Cl, 1541 |-11720.4 | 9843 3545
L.CH,CL-CeHys | 36.620.9 |—15.720.3 | 13123 | 2088
11 17.7+0.6 | -9.0+0.2 75+2 715
L.CHy, 2841 |—147+0.5 | 12244 13410
I 246207 | -9.9+02 | 82%2 1096
TL-CeH,, 2551 |-11.7404 | 9723 11812
v 208205 | -9.320.2 | 78+l 7643
IV-CH,OH 214 |-12.120.5 | 1004 100£12

* The correlation coefficient of the linear dependences is within
0.995-0.998. Vapor pressure P, Pa.

The parameters of linear equation (4) and the mean
enthalpies and entropies of sublimation of the com-
pounds studied are given in Table 1.

Although practical applications of the host—guest
chemistry refer to the condensed phase, gas-phase
studies give deeper insight into the nature of such
interactions, taking into account specific features of the
conformational and solvation effects. The higher
flexibility of the calixarene structure becomes more
important in the gas phase when free solvent mole-
cules do not restrict free conformational changes of the
calixarene molecule. The negative entropy term of the
free energy of the host—guest complexation weakens
the supramolecular interaction in the gas phase. Hence,
the formation of complexes in the gas phase is favored
by decreased flexibility of the calixarene core. This
leads to a decrease in the negative entropy of
complexation and makes the complex energetically
stable [6]. A consequence of the decreased flexibility
of a ligand is its increased selectivity, because rigid
three-dimensional arrangement of its reactive sites
should match the arrangement of the reactive sites of
the guest, leading to stronger interaction. The rigidity
of the calixarene core can be enhanced by different
ways. One of them is introduction of bulky
substituents into the upper or especially lower rim of
the molecule, to block its structure in the cone
conformation. However, this may make phenolic
oxygen atoms of the calixarene inaccessible to poten-
tial guests, so that the complexing properties of the
ligand will be determined exclusively by — electrons of
the aromatic rings. Another procedure suggests the

presence of rigid bridges at the upper or lower rim of
the calixarene molecule [6].

It was shown previously that some calix[4]arenes
form complexes with solvent molecules, preserving the
stoichiometric composition upon sublimation [8]. A
unique property of calixarene complexes to preserve
the stoichiometric composition allows estimation of
the energy characteristics of the complexation from the
experimental data on the temperature dependence of
the saturated vapor pressure. The thermodynamic cycle
of transfer of calixarene, solvent, and calixarene—
solvent complex from the condensed state to the gas
phase can be represented as follows:

nHost, + mGuest, — nHost-mGuest,

i i i

nHost, + mGuest; — nHost-mGuest,

Separate steps of the cycle are characterized by the
following enthalpies:

nHost, — nHost, + AH 0,
mGuest; — mGuest, + AH 9,
nHost-mGuest; — nHost-mGuest, + AH 9,
nHost, + mGuest; — nHost-mGuest, + AH Somplexl,
nHost, + mGuest, — nHost-mGuest, + AH %ompiexa,

AAI_I(c)omplex = AIigﬂmplexZ - AIigﬂmplexl = AHg - (AH(I) + AH(2))7

where Host is calixarene; Guest, solvent; nHost -
mGuest, complex of calixarene with a solvent; n and
m, stoichiometric coefficients; indices s and 1 refer to
the corresponding condensed state, and g, to the gas
phase; AHY,5 are the enthalpies of sublimation and
vaporization of calixarene, solvent, and calixarene—
solvent complex, respectively, under standard condi-
tions; AHgomplexl and AHgomplexz are the standard
enthalpies of complexation in the condensed state and
in the gas phase, respectively.

Similarly, according to the Hess law, we obtain

AA(;(c)omplex = A(;Somple)(Z - A(;(c)omplexl = AGg - (AG(I) +AG (2))

Thus, the known quantities AH(l),zg and AG?,2,3
allow calculation of the changes in the enthalpy
AAH(C)()mplex and Gibbs energy AAGgomplex of the
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complexation in transfer from the condensed state to
the gas phase, and also the corresponding change in the
entrOpyi TAAS(gomplex = AAI_I(c)omplex - AA(;(gomplex-

The quantities AAHgomplex, AAGgomplex, and
TAAS&)mplex for the complexes I - CH,Cl,, I - CH,Cl, -
C5H14, 1I - C5H14, 11T - C5H14, and IV - CH3OH are
given in Table 2.

In the calculations, as the standard enthalpies of
sublimation of calixarenes we took the mean values of
the corresponding enthalpies (Table 1). The enthalpies
of vaporization at 298.15 K of n-hexane, dichlorome-
thane, and methanol are 7.4, 6.8, and 8.94 kcal mol ™,
respectively [9]. AG® of sublimation of calixarenes was
calculated by Eq. (2) from the vapor pressures
obtained by extrapolation of the temperature depen-
dence to 298.15 K (Table 1). For the solvents, AG° of
vaporization was calculated from the vapor pressures
at 298.15 K [9].

Because the entropy of sublimation characterizes
an increase in the conformational mobility of mole-
cules in their transfer into the gas phase, it is possible
to assess experimentally the relationship between the
complexing properties of the calixarenes studied and
their conformational mobility. It was shown by
computer simulation [10] that the structure of ligand I
allows it to take any conformation in the gas phase:
cone, partial cone, 1,2-alternate, or 1,3-alternate,
although in the solid state compound I exists
esxlusively as a cone structure, owing to strong
intermolecular hydrogen bonding. Hence, transfer of
calixarene I from the solid state to the gas phase
should be accompanied by a considerable increase in
the entropy (Fig. 2).

The entropy of sublimation of the complex I -
CH,CI, considered as a ligand for the process I -
CH2C12 + C6H14 —1I- CH2C12 . C6H14 1s minimal in the
series of the compounds in question, probably due to
the formation of the stable complex I - CH,CI, and to
considerably decreased mobility of the complex in the
gas phase.

The conformational analysis of II was described in
detail in [10]. From the calculation results, it was con-
cluded that for dimethyl ether II none of the confor-
mations is prevalent. The cone conformation is no
longer the only conformation in which there can be
hydrogen bonds (two in this case), and realization of
other conformations with the more preferable bond
energy or weaker electrostatic repulsion between the

Table 2. Changes in the thermodynamic functions of
complexation in transfer from the condensed state into the
vapor phase

Compound AAG (c)nmplcxa AAH (c)r)mplcxa TAAS (c)nmplcxa
kJ mol™ kJ mol™ kJ mol™
I.CH,Cl, -19 -98 -80
I.CH,Cl,-C¢H 4 * —43 -96 -54
II-C¢Hy4 19 16 -3
III-C¢H 4 10 -16 -26
IV-CH;0H 11 -15 -26
I-CH,Cl,-C¢H, 4° 24 2 26

*Formation by the scheme I + CH,Cl, + C¢H;y — I-CH,Cl,-CgH 4.
® Formation by the scheme I-.CH,Cl, + C¢H4 — I-CH,Cl,-C¢Hy4.

oxygen atoms becomes more probable. On the other
hand, compound II can take in the gas phase any
possible conformation because of its flexibility and
absence of steric hindrance. Thus, in this case the
entropy of sublimation should be low.

The conformational mobility of compound IV is
lower than that of III, apparently because of introduc-
tion of fert-butyl groups into the upper rim of the
molecule. The presence of crown ether bridges also
decreases the conformational mobility of III and I'V.

Figure 2 shows how the changes in the thermody-
namic functions of complexation in transfer from the

N
(e]

-80

AAC;(c)omplex’ AAI'I(c)omplex’ TAAS{C)omplexa kJ morl
L
(e}
S
I

1
100 20 30 40 50 60 70
TAS ., kJ mol™

Fig. 2. Changes in the thermodynamic functions of com-
plexation in transfer from the condensed state into the
vapor phase. (TASosubl) entropy of sublimation of calixarene
ligands I, IL, IIL, IV, and I - CH,Cly; (1) AAGompiexs
(2) AAH Compies, and (3) TAAS Compien.
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condensed state into the gas phase correlate with the
entropy of sublimation of the corresponding ligand. It
can be seen that, with a decrease in the conforma-
tional mobility of the ligand (TAS?ubl decreases in the
order I > III > IV > II > I - CH,Cl,), the negative
change in the entropy of complexation in transfer from
the condensed state to the gas phase TAAS’iomplex
decreases, and the quantity becomes positive for I -
CH,Cl,. As already noted, higher flexibility of the
calixarene structure determines the negative entropy
contribution to the free energy of the host—guest com-
plexation and weakens the supramolecular interaction
in the gas phase. However, an increase in the entropy
term TAASgomplex in this series is accompanied by a
decrease in the negative enthalpy AAIigomplex, i.e., with
a decrease in the conformational mobility of the ligand
the enthalpy term of the Gibbs energy of formation of
the complex decreases. As a result, the dependence of
the free energy of complexation AAGgomplex on the
conformational mobility of the ligand passes through a
maximum and is negative for the two extreme cases of
maximal and minimal conformational mobility. With
an increase in the conformational mobility, the
enthalpy term of the free energy of complex formation
becomes prevalent, and at low mobility the entropy
term prevails. The formation of the complex I - CH,Cl, +
Ce¢H14 — I - CH,Cl, - C¢Hyy is accompanied by almost
zero thermal effect and is governed by the entropy
term of the Gibbs energy. For ligands II, ITI, and IV,
changes in the Gibbs energy of complexation
AAGgomplex are small and positive, because the negative
values of TAASOCOmplex are not compensated by negative
changes in the enthalpy AAHocomplex. This fact suggests
predominant complexation in the condensed state
relative to the gas phase and is a consequence of
insufficiently rigid structure of the ligand, which
weakens the interaction in the gas phase.

Hence, in complexation in the gas phase it is
necessary to take into account not only the negative
entropy term of the free energy of the host—guest
complexation,  weakening the  supramolecular
interaction, but also the enthalpy term, which becomes
prevalent with an increase in the conformational
mobility of the ligand.

EXPERIMENTAL

Compounds II, III, and IV were prepared from
commercially available 25,26,27,28-tetrahydroxycalix
[4]arene I purchased from Aldrich, using the proce-
dures of the classical calix[4]arene chemistry [3, 11—

13] The Complexes I- CH2C12 . C6H14, 1I - C6H14, III -
Ce¢Hys, and IV - CH;0OH were prepared by precipi-
tation from methanol in solutions of the corresponding
calixarenes in dichloromethane—hexane (1 : 1). Com-
plex I - CH,Cld2 was prepared by dissolution of I in
CH,Cl,, followed by solvent evaporation. Prior to
effusion experiments, all the compounds were addi-
tionally purified by fractional sublimation in a high
vacuum. For the effusion experiment we took the
middle fraction. The absence of degradation and the
purity were checked by '"H NMR spectroscopy.

The "H NMR spectra and analytical data for the
complexes I CH2C12 . C6H14, 1I - C5H14, 111 - C6H14,
and IV - CH;0H are given elsewhere [8].

I+ CH,Cl,. 'H NMR spectrum (200 MHz, CDCl5),
8, ppm: 7.97 s (4H, OH), 7.39 d (8H, ArH,,, J 7.6 Hz),
6.73 t (4H, ArH,, J 7.6 Hz), 5.65 s (2H, CH,Cl,), 4.33
s (4H, ArCH,Ar), 3.42 s (4H, ArCH,Ar). Found, %: C
68.32; H 5.07; Cl 13.94. Cs3H2404 - CH,Cl,. Calcul-
ated, %: C 68.38; H 5.14; C1 13.97.
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