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INTRODUCTION

In recent years, non-covalent intermolecular in-
teractions have a major function in biological chem-
istry as well as in supramolecular chemistry[1,2].
Many researchers in the field of molecular recogni-
tion processes focused their studies on a number of
therapeutic molecules, whose bioavailability is of-
ten affected by problems such as limited solubility
and stability. Molecular complexation with
calix[n]arenes may be a potential application among
the different methods proposed to improve the de-
velopment of drug delivery systems[3]. Calixarenes[4],
which are composed of phenolic units linked by
methylene groups, represent one of the most widely
studied classes of organic supramolecular hosts.
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They are described as �macrocycles with (almost)

unlimited possibilities� because of their capacity for

facile modification. p-Sulfonated calixarenes, a typi-
cal class of water-soluble calixarene derivatives,
with flexible and appropriate cavities have been the
focus of many studies because of their high water
solubility, less toxicity, and potential biological and
pharmaceutical activities[5-8]. Given the 3D, flexible,
ð-rich cavities of p-sulfonated calix[n]arenes (n = 4,

6, and 8), they are capable of versatile complex-
ation with a range of guest molecules. Many research
papers on the inclusion of various guests, including
inorganic cations[9,10], organic ammonium cations[11-

14], neutral molecules[15,16], dyes[17,18], native amino
acids[19], and even biological or pharmaceutical mol-
ecules[20], have been recently published. Furthermore,
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ABSTRACT

The inclusion interaction between procaine (PC) and p-sulfonated
calix[6]arene (SC6A) was investigated via fluorescence and 1H NMR spec-
troscopy. The effects of pH, temperature, ionic strength, and SC6A concen-
tration were examined in detail. In a Britton�Robinson solution with a pH of

7.5, the fluorescence of PC significantly quenched upon the addition of
SC6A, which revealed the formation of inclusion complexes between PC
and SC6A. The stoichiometric ratio of 1:1 was obtained via the continuous
variation method. The inclusion constant of PC�SC6A complexes was

1.29 × 104 L/mol, which was obtained via the nonlinear curve fitting method.

The 1H NMR spectra verified that the aliphatic chain of PC may be partially
penetrated into the hydrophobic cavity of SC6A. This finding was con-
firmed by density functional theory calculations.
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p-sulfonated calix[n]arenes have been applied to im-
prove the solubility and stability of drugs and en-
zyme mimics[21-24].

Procaine (PC, Figure 1a) is a local anesthetic
that is widely used for injections and local applica-
tion to mucous membranes. PC inhibits the axonal
voltage-gated sodium channels responsible for de-
polarization and thus prevents or diminishes the con-
duction of sensory nerve impulses near the site of
their application. However, PC often shows a short
duration of action and adverse side effects, such as
cardiac and neurological toxicities, which are some-
times accompanied by allergic reactions. To mask
or abolish all or several of these undesirable ef-
fects, Li et al.[25] investigated the determination of
the inclusion constant of PC hydrochloride to b-
cyclodextrin by using frequency doubling scattering
and second-order scattering technology. To our
knowledge, the supramolecular interactions between
p-sulfonated calix[n]arenes and PC as determined
via spectrofluorimetry have not been reported com-
pared with other macrocycles, such as
cyclodextrin[26] and cucurbituril[27]. Thus, the formu-
lation of PC as a microencapsulate with p-sulfonated
calixarenes is expected to show better
bioavailability, with all or several of these undesir-
able effects masked or abolished.

This paper used p-sulfonated calix[6]arene
(SC6A, Figure 1b) as the host molecule to investi-
gate the inclusion interaction with PC. The various
factors affecting the inclusion interaction and the
possible inclusion model are discussed. This re-
search provides useful information for improving the
bioavailability of PC.

MATERIAL AND METHODS

Apparatus

Fluorescence spectra were measured with a
Agilent Technologies Cary Eclipse Fluorescence
spectrofluorometer equipped with a pulsed lamp. The
slit width of both the excitation and emission mono-
chromators was set at 5 nm. The fluorescence spec-
tra were recorded at a scan rate of 600 nm min-1.
The pH values was measured with a pHS-3TC digi-
tal precision pH meter (Shanghai, China). In the ex-
periment of effect of temperature, the temperatures
were controlled by using a thermostated cell holder
and a thermostatically controlled water bath. All
other measurements were performed in a standard
10 mm path�length quartz cell set to a temperature

of 25.0 ± 0.5 oC. 1H NMR spectra were recorded
using a Bruker DRX-600MHz spectrometer (Swit-
zerland) in D

2
O. Molecular modeling calculations

were optimized at the B3LYP/6-31G(d) level of den-
sity functional theory with the Gaussian 03 program.

Reagents

All chemicals were of analytical reagent grade,
and double-distilled water was used throughout the
procedures. SC6A was synthesized according to the
literature[28] and identified by IR, 1H NMR and ele-
ment analysis. PC was purchased from Chinese
Academy of Food and Drug Testing (content >
99.8%). The stock solution of 1.0×10-3 mol/L PC
and 1.0×10-3 mol/L SC6A were prepared by directly
dissolving in double-distilled water. Working solu-
tions were obtained by dilution of the stock solu-
tion. A Britton-Robinson buffer solutions were pre-
pared using 0.04 mol/L boric acid, acetic acid and
phosphoric acid, then was adjusted to accurate val-
ues by using 0.2 mol/L sodium hydroxide.

Experimental procedure

A total of 1.0 mL of 1.0×10-4 mol/L PC solution
was transferred into a 10 mL volumetric flask, and

Figure 1 : The structures of (a) PC and (b) SC6A
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an appropriate amount of 1.0×10-4 mol/L SC6A was
added. The pH was controlled by 1.0 mL of Britton-

Robinson buffer solutions. The mixed solution was
diluted to the final volume with distilled water and
shaken thoroughly, then equilibrated for 15 min at
room temperature. The fluorescence intensity val-
ues of the experimental (F

PC-SC6A
) and blank solu-

tions (F
PC

) were measured at 356 nm using an exci-

tation wavelength of 290 nm.

RESULTS AND DISCUSSION

The formation process of the complex
PC itself could emit strong fluorescence in the

Britton-Robinson buffer solution at pH 7.5 with ex-
citation and emission wavelengths at 290 and 356
nm, respectively. When an appropriate amount of
1.0×10-4 mol/L SC6A was added, the fluorescence
intensity of PC decreased dramatically. As shown
in Figure 2, the marked fluorescence quenching and
blue shifts observed prove the formation of PC�
SC6A inclusion complex.

Stoichiometry and inclusion constant of the inclu-
sion complex

The addition of a nonfluorescent host (H) re-
sults in the formation of 1:1 host-guest inclusion com-
plexes (H-G) which, in turn, enhances the fluores-

cence of the guest (G). The value of the enhanced
fluorescence is dependent on the concentration of
the added H,[29, 30] as shown in the following equa-
tion:

 
 

 

 
0 0

H
/ 1 / 1

1+ H

K
F F F F

K
   (1)

where F
0
 is the fluorescence intensity of G in the

absence of H, F is the observed fluorescence inten-
sity at each H concentration tested, F


is the enhance-

ment when 100% of G is complexed, and K is the
equilibrium association constant for the 1:1 com-
plexation.

 H+G H-G (2)

  
  

H-G

H G
K  (3)

The 1:1 complexation (and, hence, the applica-
bility of Eq. 1) can be confirmed from the double
reciprocal plot of 1/(F � F

0
) vs. 1/[H]. The plot will

be linear if only 1:1 complexation occurs and will
be nonlinear if higher-order complexes also form.

In the interaction between SC6A and PC, the equi-
librium reaction is as follows:

 SC6A+PC SC6A-PC (4)

The equilibrium association constant is defined
as follows:

  

  
SC6A -PC

S C 6A-PC

SC 6A P C
K  (5)

Figure 3 : Fluorescence quenching of PC fluorescence as a
function of added SC6A (pH 7.5), the solid line shows the best
fit of the data to Eq. (1). The inset shows the linear double
reciprocal plot indicating 1:1 complexation

Figure 2 : Fluorescence spectra of PC (1.0×10-5 mol/L)
in the absence and presence of SC6A at pH 7.5. The con-
centration of SC6A (×10-5 mol/L) is (a) 0, (b) 1.0, (c) 3.0,
(d) 5.0, (e) 8.0, (f) 10, (g) 15, (h) 20, (i) 25, (j) 30. Insert:
SC6A concentration dependence of the fluorescence in-
tensity at 356 nm (); the line represents the result of
the nonlinear least-square fit. Slit widths: 5 nm
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As shown in Figure 3, the quenching of PC fluo-
rescence as a function of added SC6A. The solid
line shows the best fit of the data to Eq. (1) using the
nonlinear least squares method. The inset shows the
linear double reciprocal plot (R2 = 0.9994), con-
firming the 1:1 stoichiometry of the complex. The
inclusion constant (pH 7.5) can be calculated as
1.29×104 L/mol. This value was determined by di-
viding the intercept by the slope of the correspond-
ing line. The large inclusion constant demonstrated
the strong interaction of PC with SC6A.

To further evaluate the stoichiometry for PC-SC6A
inclusion complex, Job2 s plot was performed. A series
of solution, in which the total concentration is
1.0×10-5 mol/L, were prepared and the mole ratio
of PC changed from 0 to 1. The fluorescence inten-
sity in absence (F

0
) and presence of SC6A (F) were

determined, respectively. The plot of F vs. 
PC

 was
shown in Figure 4. A maximum value of 0.5 for 

PC

was observed, meaning that the stoichiometry of PC-
SC6A inclusion complex is 1:1. This is in agree-

ment with the double reciprocal plot.

Effect of pH

Figure 5 showed the effect of pH on the fluores-
cence intensities of PC in the presence of SC6A. The
fluorescence intensities variation (F) of PC in the
presence of SC6A increased with the increase of
pH and reached the highest at pH 7.5, however, it
decreased with further increase of pH. It suggested
that the inclusion interaction of PC with SC6A was
occurred suitably at pH 7.5. Using the nonlinear curve
fitting method, the inclusion constants of the inclu-
sion complexes between PC and SC6A in different
pH solutions were calculated and listed in TABLE
1. It is noted that inclusion constants at pH = 4�7.5

were slightly bigger than at pH<4 or pH>10, imply-
ing that the inclusion interactions of PC with SC6A
were not basically impacted by pH values. Only take
into consideration the optimal inclusion condition
of SC6A (6.0�8.5)[31] and physiological environment
of drug action, the buffer of pH 7.5 was chosen in

Figure 4 : Job�s plot for PC-SC6A inclusion complex in

Britton-Robinson buffer solution (pH 7.5)

Figure 5 : Dependence of fluorescence intensity of PC-SC6A
inclusion complex on pH: C

PC
 = 1.0×10-5 mol/L, C

SC6A
 =

3.0×10-4 mol/L

 pH 2 4 7.5 10 12 

  m = 1:1 m = 1:1 m = 1:1 m = 1:1 m = 1:1 

Without NaCl K (L/mol) 7.32×10
3 1.10×10

4 1.29×10
4 1.08×10

4 5.96×10
3 

 R2 0.9998 0.9984 0.9994 0.9991 0.9967 

With NaCl K (L/mol) 3.01×10
3 1.31×10

4 1.07×10
4 

 R2 0.9916 
 

0.9994 0.9979 
 

TABLE 1 : Inclusion contants (K) for 1:1 inclusion complexes of PC with SC6A in the absence and presence of NaCl at
different pH
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the following study.

Effect of ionic strength and SC6A concentration

The effects of ionic strength on the fluorescence
quenching intensity of SC6A-PC system at pH 2.0,
7.5 and 10.0 were examined and the corresponding
inclusion constants of SC6A-PC in the presence of
NaCl were calculated and listed in TABLE 1, re-
spectively. It could be seen that NaCl ionic strength
has obvious effect on the inclusion process at pH
2.0, which implies that the electrostatic interaction
maybe has some contribution for the formation of
inclusion complex between PC and SC6A. How-
ever, compared with pH 2.0, it was noted that the
variations of inclusion constant at pH 7.5 and 10.0
were unconspicuous in the absence and presence of
0.25 mol/L NaCl. This demonstrated that the elec-
trostatic interaction should not be the main driving
force for the inclusion of PC by SC6A at pH 7.5 and
10.0.

In addition, the effect of SC6A concentration on
the fluorescence intensity of PC was also investigated.
PC concentration was held constant at 1×10-5 mol/
L, while the concentration of SC6A varied from 0 to
5.0×10-4 mol/L. The results demonstrated that the
remarkable fluorescence quenching effect occurred
with the addition of 0�3.0×10-4 mol/L SC6A, how-
ever, when the concentration of SC6A was larger
than 3.0×10-4 mol/L, the variation of the fluorescence
intensity gradually leveled off. This means that the
inclusion process has got to the equilibrium condi-
tion.

Effect of temperature

Effect of temperature was examined in detail.
The inclusion constants (K) of the inclusion com-

plex between PC and SC6A were determined at vari-
ous temperatures ranging from 293 to 313 K and
listed in TABLE 2. It was obvious that the inclusion
constants were little sensitive to temperature, sug-
gesting that the supramolecular system PC-SC6A was
relatively stable in the temperature range of 293 to
313 K. This is favorable for the delivery of drug in
the body.

Inclusion mechanism

To investigate the possible inclusion model be-
tween SC6A and PC, molecular modeling calcula-
tions were optimized at the B3LYP/6-31G(d)[32] level
of density functional theory[33,34] with the Gaussian
03 program[35]. The results indicated the partial in-
clusion of PC in the SC6A hydrophobic core (Fig-
ure 6). In the energy-minimized structure, the partial
penetration of the aliphatic chain of PC into the SCX6
cavity and the location of the lipophilic aromatic in
the vicinity of negatively charged sulfonyl groups
can be verified.

In complex PC�SC6A, the aromatic plane of the

guest molecule was slanted outside the SC6A cavity
with unconventional hydrogen bonds. Two ethyl arms
of the aliphatic moiety pointed inside the SC6A,
which were stabilized by C�H···interactions. The
remaining interaction between SC6A and PC was a

pH T (K) K (L/mol) R2 

7.5 293 1.28×10
4 0.9996 

 298 1.29×10
4 0.9995 

 303 1.17×10
4 0.9998 

 308 1.23×10
4 0.9993 

 313 1.04×10
4 0.9989 

TABLE 2: Effect of temperature on inclusion constants (K) of
PC with SC6A in Britton-Robinson buffer solution

Figure 6 : Two views on the optimized structure of the inclusion complex of PC with SC6A
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hydrogen bond, which is the more flexible cone-
shaped conformation of the SC6A cavity. This struc-
tural distinction is ascribed to the wider SC6A cav-
ity. Thus, SC6A can be considered as a shallow-
dish shape.

To verify the inclusion model between SC6A and
PC, 1H NMR experiments were carried out in D

2
O at

room temperature. Figure 7 shows the 1H NMR spec-
tra of a 1:1 host�guest complex between PC and

SC6A. Compared with the proton resonances of the
free PC molecules, the chemical shifts of PC pro-
tons changed after complexation with SC6A. This
result suggests that PC may penetrate into the SC6A
cavity to form the inclusion complexes, which led
to the shielding of the PC protons. The 1H NMR spec-
trum displayed that the presence of SC6A caused
significant upfield shifts for H

10
, H

8
, H

7
, H

9
, H

6
, and

H
5
 of PC. This observation is characteristic of the

protons of the aliphatic chain of PC included into
the SC6A cavity. The signals of H

1
, H

4
, H

2
, and H

3

protons of the PC slightly experienced upfield chemi-
cal shifts, which is characteristic of the protons of
the lipophilic aromatic moiety located in a less

acclivitous orientation in the negatively charged sul-
fonyl groups of SC6A. These deduced complex struc-
tures were verified by previous studies on PC�SC6A

complexes.
Based on the aforementioned structure analyses and

1H NMR investigations, C�H··· interactions be-
tween the ammonium groups in PC guests and the
aromatic cavities of calixarenes, charge interactions
of the PC guest�s cationic moiety with sulfonate

groups, and hydrogen bonds between aniline and
sulfonate groups were the dominant driving forces
that led to exothermic enthalpy changes in the host�
guest complexation.

CONCLUSIONS

The inclusion interaction between PC and SC6A
was investigated and characterized via fluorescence
spectroscopy and 1H NMR. The inclusion stoichiomet-
ric ratio of 1:1 was verified, and the inclusion constant
was estimated. Density functional theory calculations
were carried out to propose the possible molecular in-
clusion model of PC with SC6A. Apparent chemical
shift variations of H

10
, H

8
, H

7
, H

9
, H

6
, and H

5
 of PC

validated that the aliphatic chain was penetrated into
the hydrophobic cavity of SC6A with a tilt
inconformation to form the host�guest complex. 1H
NMR results are in agreement with those obtained from
density functional theory calculations. This study pro-
vides useful information for the analytical application of
PC and stimulates further investigation to exploit the
interactions between PC and other calixarenes.

ACKNOWLEDGEMENTS

This work was supported by the Research Fund
for the Doctoral Program of Higher Education of China
(No.20091404110001), the foundation of Shanxi Nor-
mal University (No. 280001) and Shanxi Province
Graduate Innovate Program (No. 104053). Helpful
suggestions by anonymous referees are also gratefully
acknowledged.

REFERENCES

[1] D.R.Ahn, T.W.Kim, J.I.Hong; Tetrahedron Lett.,
40, 6045-6048 (1999).

Figure 7 : 1H NMR (600 MHz) spectrum of SC6A (upper), PC
(middle) and SC6A-PC complex (lower) in D

2
O



Li-Ming Du et al. 351

Full Paper
ACAIJ, 15(8) 2015

An Indian Journal
Analytical CHEMISTRYAnalytical CHEMISTRY

[2] L.Liu, Q.X.Guo; J.Incl.Phenom.Macro., 42, 1-14
(2002).

[3] R.Lalor, H.Baillie-Johnson, C.Redshaw, S.E.Matth-
ews, A.Mueller; J.Am.Chem.Soc., 130, 2892-2893
(2008).

[4] Q.Li, D.Guo, H.Qian, Y.Liu; Eur.J.Org.Chem., 21,
3962-3971 (2012).

[5] R.V.Rodik, V.I.Boyko, V.I.Kalchenko; Curr.Med.-
Chem., 16, 1630-1655 (2009).

[6] M.Megyesi, L.Biczók; Chem.Phys.Lett., 424, 71-
76 (2006).

[7] F.Perret, A.N.Lazar, A.W.Coleman; Chem.-
Commun., 23, 2425-2438 (2006).

[8] S.A.Fernandes, L.F.Cabeca, A.J.Marsaioli, E.De
Paula; J.Incl.Phenom.Macrocycl.Chem., 57, 395-
401 (2007).

[9] D.Cuc, S.Bouguet-Bonnet, N.Morel-Desrosiers,
J.P.Morel, P.Nutzenhardt, D.Canet; J.Phys.Chem.,
B 113, 10800-10807 (2009).

[10] C.Chen, J.F.Ma, B.Liu, J.Yang, Y.Y.Liu;
Cryst.Growth Des., 11, 4491-4497 (2011).

[11] G.Arena, A.Casnati, L.Mirone, D.Sciotto, R.Ungaro;
Tetrahedron Lett., 38, 1999-2002 (1997).

[12] G.Arena, A.Casnati, A.Contino, F.G.Gulino,
D.Sciotto, R.Ungaro; J.Chem.Soc.Perkin Trans.2.,
3, 419-423 (2000).

[13] G.Arena, S.Gentile, F.G.Gulino, D.Sciotto, C.Sgar-
lata; Tetrahedron Lett., 45, 7091-7094 (2004).

[14] A.Ghoufi, C.Bonal, J.P.Morel, N.Morel-Desrosiers,
P.Malfreyt; J.Phys.Chem.B., 108, 5095-5104
(2004).

[15] G.Arena, A.Contino, F.G.Gulino, A.Magri, D.Sciotto,
R.Ungaro; Tetrahedron Lett., 41, 9327-9330
(2000).

[16] H.Bakirci, A.L.Koner, W.M.Nau; J.Org.Chem., 70,
9960-9966 (2005).

[17] W.L.Tao, M.Barra; J.Org.Chem., 66, 2158-2160
(2001).

[18] Y.Liu, B.H.Han, Y.T.Chen; J.Org.Chem., 65, 6227-
6230 (2000).

[19] W.Y.Li, H.Li, G.M.Zhang, J.B.Chao, L.X.Ling,
S.M.Shuang, C.Dong; J.Photochem.Photobipl.-
A:Chem., 197, 389-393 (2008).

[20] H.L.Liu, T.T.Pang, L.M.Du, Y.Zhao, X.Jing,
F.H.Yao, Y.L.Fu; Spectrosc.Lett., 47, 306-313
(2014).

[21] W.Yang, M.M.de Villiers; The AAPS Journal, 7, 241-
248 (2005).

[22] Y.Zhou, Q.Lu, C.Liu, S.She, L.Wang; Anal.Chim.-
Acta, 552, 152-159 (2005).

[23] Y.Zhou, Q.Lu, C.Liu, S.She, L.Wang;
Spectrochim.-Acta A., 64, 748-756 (2006).

[24] H.Li, J.P.Song, J.B.Chao, S.M.Shuang, C.Dong;
Spectrochimica Acta Part A., 97, 155-160 (2012).

[25] N.B.Li, S.P.Liu, H.Q.Luo; Analytica Chimica Acta,

472, 89-98 (2002).
[26] I.Brandariz, E.Iglesias-Martínez; J.Chem.Eng.Data,

54, 2103-2105 (2009).
[27] I.W.Wyman, D.H.Macartney; Org.Biomol.Chem.,

8, 247-252 (2010).
[28] C.D.Gutsche, L.G.Lin; Tetrahedron, 42, 1633-1640

(1986).
[29] S.Nigam, G.Durocher; J.Phys.Chem., 100, 7135-

7142 (1996).
[30] A.M.de la Peña, F.Salanas, M.J.Gómez, M.I.Acedo,

M.S.Peña; J.Incl.Phenom.Macrocycl.Chem., 15,
131-143 (1993).

[31] S.Kunsagi-Mate, K.Szabo, B.Lemli, I.Bitter, G.Nagy,
L.Kollar; Thermochim.Acta, 425, 121-126 (2005).

[32] C.Lee, W.Yang, R.G.Parr; Phys.Rev.B., 37, 785-
789 (1988).

[33] A.D.Becke; J.Chem.Phys., 88, 2547-2553 (1988).
[34] A.D.Becke; Phys.Rev.A., 38, 3098-3100 (1988).
[35] M.J.Frisch, A.B.Nielsen; Gaussian 03

programmer�s reference, 2nd Edition. Gaussian,

Inc., Chicago. (2004).


