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Abstract: The deprotonation of para-sulfonatocalix[4]arene was studied by a
combination of spectrophotometric and potentiometric methods at 25 °C. The
ionic strength of the solutions was kept constant by sodium perchlorate as a
background electrolyte at 0.10-4.0 mol dm3. The spectral changes evidenced
proton dissociation of only one hydroxyl group of calixarene in the studied pH
range of 2-10. The pK, values were calculated using the STAR program by
multivariate curve resolution of the absorbance data. The results indicated that
the acid-base behavior of para-sulfonatocalix[4]arene varied strongly with
increasing ionic strength of the solution. The dependence of the deprotonation
constant on ionic strength was explained by means of the Specific lon Inter-
action Theory (SIT). The activity coefficients of the species were modeled
using a modified SIT approach. The extracted specific ion interaction para
meters were associated with the thermodynamic deprotonation constant of
para-sulfonatocalix[ 4] arene.
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INTRODUCTION

Calix[n]arenes are a class of macrocyclic receptors synthesized by the base-
induced condensation of formaldehyde with para-alkylphenols. The parent struc-
ture of calix[n]arenes is assembled from several phenolic rings interconnected by
methylene bridges, resulting in an electron-rich, hydrophobic cavity. This parti-
cular architecture and also the simple derivatization of calixarenes by modifica-
tion at both the upper and lower rims makes them potential candidates in various
fields, such as biological, analytical and supramolecular chemistry.1~4 para-Sul-
fonatocalix[n]arenes, in which the upper rims are functionalized by SOz~ groups,
are a water-soluble type of calixarenes with diverse biochemical functions, in-
cluding enzyme inhibition, antiviral, antibacterial and antithrombotic activities. 45

* Corresponding author. E-mail: Faraji @baboliau.ac.ir
doi: 10.2298/JSC120706110F

681

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS



682 FARAJI, FARAJTABAR and GHARIB

Most of the beneficia effects of these cyclic oligomers arises from their ability as
a suitable host molecule to interact with neutral and ionic species through hydro-
phobic, n—m, cation—t and hydrogen bonding interactions, especially by their
lower rim hydroxyl groups.2:’

The chemistry of calixarenesis closely related to the nature of their hydroxyl
groups at the lower rim. Hydroxyl groups play a major role in conformational
flexibility, cavity size and selective binding behavior of calixarenes.8-10 In addi-
tion, lower rim functionalization is one of the most common methodologies ap-
plied in the routine synthesis of numerous calixarene derivatives, which is fol-
lowed by an initial dissociation of hydroxyl groups.10 Therefore to gain profound
insight into the nature of the phenolic hydroxyl groups of para-sulfonatoca-
lix[n]arenes, an accurate thermodynamics analysis of their acid—base properties
seemed necessary. However, the determination of the pKy values of para-sulfo-
natocalix[n]arenes is accompanied by some limitations, such as the complication
of proton dissociations and the interference of acidic sulfonato groups. As an
initial attempt, the acid—base behavior of para-sulfonatocalix[4]arene (SC4), Fig.
1, was studied by Shinkai et al.11 From this study, the first phenolic hydroxyl
group of SC4 was found to be extremely acidic (pKa < 1). Although later studies
confirmed that the first deprotonation of SC4 occurs at relatively high acidic pH
value, amuch larger pK4 value was determined when the strong acid dissociation
of sulfonic acid groups were considered in the calculation.12-14

Fig. 1. Chemical structure of para-sulfo-
OH OH OH HO natocalix[4]arene.

Unfortunately, not only are there a few data for the pK, value of SC4 in the
literature, but also their determinations were performed under different experi-
mental conditions (ionic media and ionic strength), which makes the prediction
and modeling of the chemical speciation of SC4 in aqueous solutions difficult.12-14
With the aim of extracting the thermodynamics standard state for pKg, the depro-
tonation of SC4 was studied in the present work by a combination of spectro-
scopic and potentiometric methods over a wide range of ionic strengths, 0.10 < |
(mol dm3) < 4.0, in a NaClOy4 electrolyte at 25 °C. The dependence of deproto-
nation constant on ionic strength and ionic interaction parameters were evaluated
by the Specific lon Interaction Theory (SIT).15-19
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EXPERIMENTAL

The para-sulfonatocalix[4]arene sodium salt was obtained from Sigma-Aldrich. NaOH
and HCIO,4 were purchased from Merck. Double-distilled water with a conductivity of 1.3+0.1
uQ1 cml was used. Sodium perchlorate was supplied by Merck as an analytical reagent
grade material and was used without further purification.

Potentiometric measurements were performed in a double-walled thermostated reaction
vessel at 25 °C. A model 3520 Jenway research potentiometer with a combined pH electrode
was used for the emf measurement in the potentiometric titrations of the acidic mixture
solutions.

The spectrophotometric measurements were performed on a Shimadzu 2100 UV-Vis
spectrophotometer with a Pentium 4 computer and using thermostated matched 10 mm quartz
cells. A flow measurement cell was used. A peristaltic pump alowed the circulation of the
solution under study from the potentiometric cell to the spectrophotometric cell, so the absor-
bance and the emf of the solution could be measured simultaneously. To exclude carbon
dioxide from the system, a stream of purified nitrogen was passed through a sodium hyd-
roxide solution and then bubbled slowly through the reaction solution.

Prior to each spectrophotometric titration, the potentiometric cell was calibrated to obtain
formal electrode potential E°.y at each ionic strength.20-22 Approximately 20 mL of solutions
of HCIO, in constant ionic strength of NaClO,4 were titrated by the stepwise addition of NaOH
solution. The equilibrium emf values of the cell were recorded after allowing potentia stabi-
lization. The E°. values were computed from the Nernst equation knowing the exact concen-
tration of H* in al titration points. In the next section, 25 mL of an acidic solution of SC4 was
titrated with a sodium hydroxide solution (0.1 mol dm-3). The absorbance data were recorded
in the interval of 200400 nm after reading the emf values of the potentiometric cell. Then
spectroscopic titration data were introduced into the STAR program® to calculate the pK,
values of SC4.

RESULTS AND DISCUSSION
Calibration of potentiometric cell for each ionic strength

According to the Nernst equation, the potential of a potentiometric cell
equipped by a glass electrode can be presented as:
Ecell = E°call + KlOg [H*] + KlOg 34+ + Eg @

where E_jis the liquid junction potential, k = 2.303RT/F in which R, T and F
have their usual meaning and 4+ is the activity coefficient of hydrogen ion. As
the ionic strength of the solution was kept constant for each experiment, the
activity coefficient of hydrogen ion was also constant. The non-ideality of solu-
tions is then included in ky (the specific constant of the potentiometric cell in
acidic region), and thus:

Ecell = ka+ klog [H] )

with kg being E°cq) + k l0g 4+ + EL3 The hydrogen ion concentration can be
easily calculated by:

[H*] = (MuVo—MonV1) / (Vo + V1) 3)
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where My and Moy are the molarities of acid and base, respectively, and Vg and
V1 are the initial volume of acid and the added volume of sodium hydroxide so-
lution, respectively. The ky values were calculated from measured emf and known
concentration of solvated proton in every titration point by linear regression anal-
ysis. For each experiment at constant ionic strength, the slopes obtained from
least squares analysis were close to the theoretical Nernst value (59.167 mV at 25
°C) with correlation coefficients of nearly r2 = 0.99. Accordingly, the pH values
could be properly measured at each constant ionic strength by:

PcH = (ka—Ecall) / k (4)
Computing the protonation constants

Typical spectral changes of SC4 at a constant ionic strength of 3 mol dnm3
NaClOg4 are shown in Fig. 2.
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mol dm3) with increasing pH at an
A/nm ionic strength of 3 mol dm3 NaClO,,

To analyze mathematically the deprotonation equilibria, the absorbance data
gathered from solutions of different pH values were used to construct a matrix R
of size mxn where m is the number of different pH values in which absorbance
was determined in n wavelengths at one nm intervals. According to the Beer law,
aleast squares analysis was performed in STAR program environment to decom-
pose the data matrix R into a matrix of pure concentration, C, and a matrix of
pure spectral profiles, S, with the optimal residual error matrix E.

R=CS+E (5)
In iterative cycles, those matrices C and S were determined which best
represent the original matrix R. The matrix of pure concentration profiles is

related to protonation constant and total concentration of the compounds. Under
suitable constraints, the nonlinear least-squares fitting continues until best set of
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parameters (pK and molar absorptivities of the species) that result in a minimum
of E isfound.

The optimal fitting between theoretical and experimental absorbance data
was achieved when only one of four possible deprotonation equilibria of SC4
was considered in the calculation. Therefore, the gradual spectral shift of SC4 to
longer wavelength in the studied pH range is attributed to the first deprotonation
of its phenolic hydroxyl groups that can be represented by:

HgL4 = H* + H3l5> (6)
It seems that further proton dissociation may be observed at pH > 11. This
explanation is in good qualitative agreement with previous studies by other

groups.12-14 The pK, values of SC4 calculated by the STAR program in different
ionic strengths are reported in Table | in the molar and molal concentration scale.

lonic strength effect
According to Eq. (6), thefirst deprotonation constant of SC4 can be given by:

KT = [H+][H3L5"] Ve 7H3L5— K, Ve 7H3L5—
[Hal%]

(7)

YL The

where y; is activity coefficient of speciesi; K] represents thermodynamic depro-
tonation constant of SC4, and K4 stands for stoichiometric constant determined at
each ionic strength. By taking the negative logarithm on Eq. (7):

pKa =pKZ +10g744+ +10g744,5- —10g%,14- (8)

The dependence of the pKy values on ionic strength may be analyzed by
considering the well-known Specific lon Interaction Theory (SIT).15-19 |n the
origina SIT model, the activity coefficient of ion i with charge z in a solution of
ionic strength | (on the molal scale) at 25 °C can be expressed by the equation:

logy =22 10?5{F+28”m ©)

The ion interaction coefficient, &;, usually called the SIT parameter, inter-
prets the specific short-range interactions of ion i with ion j in its mola concen-
tration my. The SIT model assumes that interaction coefficient is zero for two
electricaly like sign ions or neutral species. Although SIT parameters are consi-
dered to be approximately constant for some ionic media in the range 0.50 < |
(mol kg1) < 3.50, literature data indicate that they are function of | at lower and
higher ionic strengths.24 An expertise group in Italy modified the SIT model and
introduced the concentration dependency of & by the term: 2526
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E—E.
E=€_+
1+1

By considering the modified SIT model for the calculation of activity coef-
ficients of species, EQ. (8) can be reformulated as follows:

(10)

0.51J1
K, =pKI —z* + Acl 11
PKa =PKa 1+ \/T (11)
where
2 =Y (charges)2 oy s —2 (Charges)Zeagtants (12)
Ag = Ehgl5- Na+ T Ent clos~ — EHgls Nat (13)

It should be noted that the pKg and | values are in the molal concentration
scale; in addition, all SIT parameters were defined concentration-dependent by
the use of Eq. (10).

The experimental pKy values from Table | were fitted into Eq. (11) as a
function of ionic strength by least squares regression analysis. The results were
pKd =4.13+ 0.05, Asg = 1.79 + 0.13 and Ae,, = 0.20 + 0.02. The goodness of fit
of the SIT model was judged by the excellent square correlation coefficient R2 =
0.97, associated with low values of the standard deviation obtained for each of
regression coefficients. Thisisillustrated better in Fig. 3, where the experimental
pKa values together with modeled values from SIT approach, Eq. (11), are
depicted as a function of the square root of the molal ionic strength.

TABLE |. The pK, values of SC4 in different ionic strength of NaClO, at 25 °C

I PKa
mol kg? mol kg1 mol dm-3 mol kg?
0.10 0.10 3.24 + 0.02 3.24
0.25 0.25 3.05+0.01 3.05
0.50 0.51 2.93+0.03 2.92
0.75 0.78 3.01+£0.01 2.99
1.00 1.05 3.14+0.02 312
1.50 1.62 3.26+ 0.05 3.23
2.00 221 3.39+0.02 3.35
3.00 3.50 3.65+ 0.02 3.58
4.00 4.95 3.90+0.04 3.81

CONCLUSIONS

The acid-base properties of SC4 were investigated at 25 °C by an accurate
spectroscopic method over a wide range of ionic strengths, supplied by sodium
perchlorate. Spectral analysis indicates that only one of the four hydroxyl groups
of SC4 dissociates in pH range 2-10. The pKg values assigned for first depro-

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS




DEPROTONATION OF SC4 IN DIFFERENT IONIC STRENGTH 687

3.8
3.6 —
T 3.4 b |
O

S i
32 —

3.0 — Fig. 3. pK, values of para-sulfonatocalix-

- ° [4]arene vs. the square root of the ionic

2.8 — T T 1 T T T T T Strength of the solution. Symbols refer to

00 05 1.0 15 20 experimental data, while the solid line
represents the value calculated according
to the SIT model.

0.5

({/ mol kg’l)

tonation equilibrium were calculated by multivariate curve fitting implemented in
the STAR program. The results showed that, as a regular trend, the pK of SC4
first decreased sharply to its minimum value at an ionic strength of around 0.5
mol kg1 and then increased in a relatively linear manner. The SIT theory was
applied successfully to describe the ionic strength dependency of the pKj values.
The thermodynamic deprotonation constant at infinite ionic strength was calcul-
ated together with the overall specific ion interaction coefficients.
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n3BOJ

YTULIAJ JOHCKE JAYMHE HA JEITPOTOHALIMIY
para-CYJTIOOHATOKAJIMKC[4]APEHA

MOHAMMAD FARAJIi, ALI FARAJTABAR” 1 FARROKH GHARIB®
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IlempoToHauuja para-cyndoHaTokanukc[4]apeHa je mpoy4yaBaHa KOMOWHOBameM CIIEK-
TpoOTOMETPUjCKUX U MOTEHLHOMETPUjckux MeTtona Ha 25 °C. JoHCka jauyWHa pacTBOpa je
onpkaBaHa KOHCTaHTHOM TomMohy HaTpujym-Tiepxiopata Ha 0,10 70 4,0 mol dm3. Cnexrpan-
He IIPOMEHe [T0Ka3yjy [ia A0JIasy A0 AUCOLKjaliije NPOTOHA Ca CaMo jeffHe XUIPOKCUIHE IpyTie
KaJMKcapeHa y ucnuthBaHoM omcery pH on 2—10. pK, BpegHOCTH Cy M3pavyyHaTe KOPHII-
hewem STAR codT1Bepa 3a My/nTHBapHjaHTHY aHA/IW3y anCOPHUMOHUX Mojaraka. Pesynratu
yKa3yjy a Kuceno—DasHo MOHallawe para-cyadoHaTokanrukc[4]apeHa jako Bapupa ca 1mopac-
TOM jOHCKe jauWHe pPacTBOpPA. 3aBHUCHOCT HENPOTOHAIIMOHWX KOHCTAHTH O] jOHCKe jauuHe je
odjaimena kopuirhemweM TeopHje criequPUIHUX joHCKUX uHTepaknyja (SIT). Koebuunjentu
aKTUBHOCTH HCIIUTHBAHUX BpCTa Cy MOJenoBaHHM MopudukoBaHuM SIT mpuctymom. Ilapa-
Metpu crneuudurYHe jOHCKE HHTEpakudje cy HOoOHjeHH ca TePMOLWHAMHUUYKOM IernpoTOHa-
TMOHOM KOHCTAHTOM 3a para-cyidoHaTokanukc[4]apeH.

(ITpumibeHo 6. jyna 2012)
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