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The binding behaviors and thermodynamic origins of
p-sulfonatocalix[4]arene (C4AS) anp-sulfonatocalix[5]-
arene (C5AS) with methyl viologen (MA) have been
investigated by the methods of isothermal titration calorim-
etry, NMR, and cyclic voltammetry, showing that the binding
abilities of C4AS and C5AS and their host selectivity are
dramatically pH-controlled, which is closely discussed from
the viewpoint of thermodynamics. Moreover, the radical form
of MV ™ can also be effectively included by C4AS and
CBAS.

Viologens are one class of important redox couplesgely
utilized as herbicide3,as subunits in constructing functional
molecular assemblies/machirieas probes to study DNA and
zeolites} and as components of electrochromic display devices.

Thereinto, viologen radical cations, as odd-electron species, ar
promised to be suitable electrical conductors and electrochromic

displays as solid, crystalline materiélslowever, a reversible
m-dimerization constrains their applications to a certain exént.

Therefore, endeavors have been made to stabilize viologen
radical cations, such as chemical modification and dispersion

in appropriate in aprotic matrixes. With development of su-
pramolecular chemistry, the hegjuest inclusion complexation

Note

dications and radical cations and thus largely prevent the
dimerization/oligomerization of viologen radical caticdhs.

On the other hand, calir]arenes are pronounced with regard
to the third generation of supramolecular hosts due to their
extensive properties Their water-soluble derivativegq-sul-
fonatocalixplarenes (@AS), not only greatly improve the
solubility of calixarenes but also can include various guests to
form stable complexes, particularly with cation gué8tgur-
thermore, they have been used as artificial signaling acetylcho-
line receptord! inhibitor of quinine-imine dye deaminatidf,
and metalloenzyme modeidetc. However, to the best of our
knowledge, early studies have only been focused on the
complexation of viologens by C6AS, and the inclusion behaviors
of CnAS with viologen radical cations have not yet been
documented? Especially, investigations concerning the inclu-
sion behaviors of @AS with viologen radical cations have never
been reported up to now.

In the present work, we report our investigation on the
inclusion complexation behaviors of C4AS and C5AS with
methyl viologen dication (M¥") using isothermal titration
calorimetry (ITC) and NMR spectroscopy. In addition, the
binding abilities of C4AS and C5AS with methyl viologen
radical cation (MV/*) have also been investigated using cyclic
voltammetry. The smaller analogues, C4AS and C5AS, are
employed for their stable preorganized cone shapes and
anticipated size/shape fits with methyl viologen.

The formation of the inclusion complexes betwepn
sulfonatocalixarenes and MV is evident in'H NMR spectro-
scopic experiments in f» (Figure 1). In the presence of about
1 equiv of p-sulfonatocalixarenes, all the protons of KV
exhibit a visible upfield shift Ad) owing to the ring current
effect of the aromatic nuclei, which suggests that the2¥V
guests are encapsulated into the cavitiep-shlfonatocalix-
arenes. However, thAd value for each proton is different,
which can be used as a powerful evidence to deduce the-host
guest binding manner. Upon addition of C4AS in both acidic
(pD 2.0) and basic (pD 12.0) £ solution, theAd values of

el\/IV2+ protons are in the order of GH a-H > b-H. It indicates

that MV2" is immersed into the cavity of C4AS in its axial
orientation with the methyl group being included first. The
deduced binding manner of C4AS with MV is shown in
Figure 2a.
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FIGURE 1. The *H NMR spectra of M\?* in the absence (and
presence) of C4AS or C5AS: (a) pB 2.0; (b) pD= 12.0.

b

FIGURE 2. The deduced binding manners of C4AS (a) and C5AS
(b) with MV2* according to NMR spectra.

TABLE 1. Complex Stability Constants Ks/M 1), Enthalpy
[AH°/(kJ-mol~1)], and Entropy Changes [TAS®/(kJ-mol~1)] for 1:1
Intermolecular Complexation of MV 2™ with p-Sulfonatocalixarenes
in Phosphate Buffer Solution (pH 2.0, 7.2, 12.0) at 298.15 K

conditions complexes los AH° TAS
pH=20 C4AS+ MV2" 4494+ 0.01 —28.18+0.01 —2.534+0.03
C5AS+ MV 2t 3.744+0.01 —20.58+0.06 0.79+ 0.08
pH=7.2 C4AS+MV2" 497+ 0.00 —31.98+ 0.03 —3.62+ 0.01
C5AS+ MV 2+ 540+ 0.01 —31.524+0.06 —0.67+0.11
pH=12.0 C4AS+ MV?" 497+ 0.01 —32.83+0.29 —4.46+ 0.25
C5AS+ MV?2+t 553+0.02 —33.11+ 0.05 —1.53+0.15

geometry of C5AS with M¥". The ROESY spectrum (Figure
S1) of the complex of C5AS with M% exhibits three clear
cross-peaks representing the correlationa-bf, b-H, and CH
with aromatic protons of C5AS, respectively. The correlations
between methylene protons of C5AS and protons of2M&fre

not observed, which excludes the possibility of the former
manner (if M\A" penetrates through the cavity of C5AS, the
distances from methylene protonsadd or b-H should be in
the region of Overhauser effect). Therefore, we determine the
binding manner of C5AS with M%", as shown in Figure 2b.
This result is consistent with our previous study that'4,4
dipyridinium was accumbently included into the cavity of C5AS
from the upper rimt>

To further quantitatively determine the inclusion complexation
abilities of p-sulfonatocalixarenes with M, the isothermal
titration calorimetry (ITC) experiments were performed at acidic,
neutral, and basic conditions. ITC is a powerful tool for
measuring the hostguest complex interactions because it not
only gives the complex stability constanks) but can also yield
their thermodynamic parameters (enthalpy and entropy changes
AH° and AS’). The data obtained are listed in Table 1. In all
cases, the titration data can be well fitted by computer simulation
using the “one set of binding sites” model and repeated as 1:1
complex formation, thereby the higher-order complexes did not
need to be postulated.

As can be seen from Table 1, C4AS and C5AS can all form
stable complexes with the MYV guest Ks = 10°—10° M 1),
which is different from the larger C6AS that just shows weak
inclusion complexationKs = 220 M™1) for MV2* with the
alternative conformatio#'® Moreover, the pH conditions also
play a crucial role in manipulating the complex stability
constantsKs) upon inclusion of the M¥" guest. Theks values
are in the order of C5AS: C4AS at pH 2.0 and in the order of
C4AS < C5AS at pH 7.2 and 12.0. That is to say, the host
selectivity for C4AS/C5AS pairs is reversed when the pH
increases from acidic to neutral (basic) conditions. According
to the K, values of lower-rim phenolic hydroxyls i values
of C4AS = 3.08, 12.02; C5AS= 4.31, 7.63, 10.96% all the
phenolic hydroxyls of C4AS and C5AS are in the protonated
form at pH 2.0. In this case, C4AS possesses the most compact

C5AS possesses similar cone shape to C4AS, but with a widerframework and highest-electron density of the cavity, leading

size. However, C5AS provides distinct binding geometry for
MV 2+ from C4AS. According to complex-induced shifts of
MV 2+ protons by C5AS, the\d sequence by C5A{H >

a-H > CHjy) is reversed from that by C4AS in both acidic and
basic conditions. Judged from the presért NMR results,
MV 2+ may undergo two possible modes when included into
the cavity of C5AS. One is that M&/ penetrates through the
cavity of C5AS in the longitudinal orientation; the other is that
MV 2* lies at the upper-rim midsection of C5AS in the latitudinal
orientation. To clarify, 2D ROESY NMR experiments were
carried out to obtain complementary information on the inclusion
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to more effectiver-stacking interactions with M%, and then
forms a stable complex with MA/ almost 1 order of magnitude
higher than C5AS. This fact can be reflected from the much
more favorable enthalpy changeAH°caasimva+pHzo —
AH°C5AS+MV2+,pH2.0= —7.60 kJmoI*l).
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FIGURE 3. The conformational pinch of C5AS induced by complex-
ation with MV?* accompanied with pH increase.

With the solution adjusted from acidic to neutral (basic), some
of the phenolic hydroxyls of calixarenes begin to be deproto- — . . :
nated® and therefore, the cavities of calixarenes become more o2 a0 08 08 04 02
electron-rich and are capable of providing strongestacking Potential (V) vs AgiAac!
interactions. The enhanced binding const&agoing with pH FIGURE 4. Cyclic voltammetric curves of M% (1.02 mM in pH
value are absolutely driven by the enthalpy term. Dramatically, 7.2 phosphate buffer solution) in the absence and presence of 1 equiv
C5AS presents much stronger binding ability to kf\than of C4AS and C5AS. Scan rate is 100 mV/s.

C4AS once the solution is adjusted to neutral or basic. For -
example, the inverted host selectivity for CSAS/C4AS pairs is ?g g é "gﬁl;ﬁ'c% dngrﬁt?ﬁgitgfLCHO?gliici‘r’??r;/; aég:n oH
2.7 times at pH 7.2 and up to 3.6 times at pH 12.0, which differs 2.0to 7.2, there should be one hydroxyl deprotonated in C5AS,

from the host selectivity for C4AS/C5AS pairs of 5.6 times at
pH 2.0. Although the augmentation afelectron density of an fr?m ptHd7.'2 tgslAZSO Itthere sgould be_anlothderdtwo Zy?hroiqt/rlf
calixarenes arising from the deprotonation of phenolic hydroxyls eprotonated in - It can be seemingly deduced that the
plays an important role in the enhancement of binding ability enhancement oKs value frql;r: TH 7.2 ﬁo 12h0 thOU|d flez %S
for p-sulfonatocalixareness caas wvz.+.prr.ZKs Cans M2+ pH20 pron_}lnerln as, or even possi étarlgert ar:j,t at from p 'd to
= 3.0), itis not effective enough to enhance the binding ability 7.2 if only the augmentation ot-electron density originatec
of C5AS with MV2* to such a large extenké csasvzs prr. from the deprotonation of .hydroxyls plays.the crucial role during
_ . the course of complexation of C5AS with MY at different
Ksconsruvzrprzo = 45.7) because the augmentations of i\ oo However, the factual results do not support the
sr-electron density are considered to be almost identical betweenﬁypothesis. Thereforé according to the close comparigfz)ﬂg-of
C4AS and C5AS when the condition changes from pH 2.0 to (C5AS+MV2+) values among the three pH conditions, we can

7.2. One reasonable explanation for the profound pH-subtie deduce that the outstanding enhancement of complex stability
- . " .
selectivity of C5AS with MV*" can be inferred from the from pH 2.0 to 7.2 is mainly attributed to the induced-fit

Kjﬁ/lepg;nt eor]; gg‘r?tlg%ggavcirézrr' ?;Vip;;o(\)/fe ng Xsthce aﬁfggecrgﬁqﬁlggaeti interaction between the conformation-flexible C5AS and WV
P . by template effect of guest, while the accepted enhancement of

the MV2™ guest with the accumbent manner. At acidic condition py . ; .
of pH 2.0, the restriction of the lower-rim hydrogen bonds makes tcr?ema?llje);Séi?allltli%/rlfrggeﬁ)ei;; tgelnzéict) 'Z;%g;gg:g”g;ﬁ? ct)(f)
the cavity of C5AS appear more like a shallow dish with a 9 . . y

the deprotonation of phenolic hydroxyls.

A : ,
certain rigidity; and the size/shape fit between C5AS and Furthermore, the electrochemical behaviors of ¥MVh the

MV2* is not very good. Upon increasing pH value to neutral absence and presence pfsulfonatocalixarenes were also
(and basic) conditions, some hydrogen bonds are destroyecjlnvestlgated to determine the binding abilities of C4AS and

leading to more conformational flexibility of C5AS, which
makes the cavity of C5AS more adaptable to better accom- CSAS with the methyl waogen radical cation (MY). The
modate M\Z*. As illustrated in Figure 3, the conformational selected cyclic voltammetric (CV) curves for MVbefore and

’ ' after complexation byp-sulfonatocalixarenes are shown in

micro-adjustment of C5AS upon complexafion with v Figure 4. In the presence g@fsulfonatocalixarenes, the half-
allows the methyl groups of the MV guest to be more adjacent wave potential 1) of the first one-electron reduction of MV

to the sulfonate groups of C5AS, which can form strong h . . .
) P . (MV 2+ — MV **) is obviously shifted to more negative values.
hydrogen-bonding interactions, and further strengthens the-host It indicates that M becomes more difficult to be reduced,

guest complexation to much extent. This can not only be ; o .
reflected from the enthalpy termAH® o reflecting the stabilization offered by the complexation of
AH® csasi vt o0 = —10 94)|/<3mol‘1) blftsgfggvég’()ﬁa?iéated p-sulfonatocalixarenes. In line with this interpretation, the shifts
+,pH2.0 = . ; i
by the entrop;/) term. Compared with that in acidic condition of Ey! in the presence gi-sulfonatocalixarenes are more and
the framework of calixarenes is more flexible in neutral and gnrgreer g;ﬁn?/:?ucgs lt;%r:;g/tﬁsthtg scﬁl?ff\ssé‘w?ﬁlr;cﬁr;nplt;]fhzime
i i i ; i . S - ) /2
basic conditions owing to the deprotonation of phenlic hy the stability of complexes gf-sulfonatocalixarenes with MAf

droxyls. However, the entropy change is more unfavorable decreases upon one-electron reduction. It is reasonable that the
during the course of complexation of C5AS with ¥MVat pH . P ) :
first one-electron reduction decreases thelectron acceptor

7-2thanthatofpH 2. 0TAS coas vz prrz TAScsastvarpi20 — ang hydrogen-bonding donor abilities of MY and thereby

= —1.46 kdmol™Y). This is mainly originated from the large - . :
loss of conformational degree of freedom for C5AS and structure destab|l_|zes the structure of complexes. Despite the dlsa_ldvanta-
geous influence arising from the one-electron reduction,

freezing upon strong complexation with Mat pH 7.2.
sulfonatocalixarenes can also effectlvely include MMvhich
On the other hand, the interpretation can also be validated is reflected from the shifts dEy,2. Besides the first reduction

by the comparison of the binding abilities of C5AS between progress, the second one-electron reduction progress-(MV

(17) Coruzzi, M.; Andreetti, G. D.; Bocchi, V.; Pochini, A.: Ungaro, R. MV) is also _affeCted to some extent in the presence of
J. Chem. Soc., Perkin Trans.1®82 1133-1138. p-sulfonatocalixarenes. It implies that the MYV likewise
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becomes more difficult to be reduced upon complexation by The strong complexation g-sulfonatocalixarenes with both

p-sulfonatocalixarenes.
Along with the continuous addition of C5A%; ;! is further

MV 2+ and MV** is potentially valuable because of the versatile
applications of viologens.

shifted to negative values more and more and becomes almost

balanceable upon addition of 1.44 equiv of C5AS. Moreover,
primary calculation from theéKs value of C5AS with M\A+
implies that M\2* exists mostly in CSA$MV 2+ complex form.
Therefore, theEy,t in the presence of 1.44 equiv of C5AS

Experimental Section

Materials. The twop-sulfonatocalixarened.e., p-sulfonatocalix-
[4]arene tetrasodium (C4AS)and p-sulfonatocalix[5]arene pen-

should represent the corresponding half-wave potential of the tasodium (C5AS)! were synthesized and purified according to

C5AS+MV 2t complex. Thus, the complex stability constant
(Ks*) of C5AS with MV** can be determined by eq 1.

Ks
Kg*

RT
2ln 1)

Eyp (MV?) = By (CBAS+ MV?) +

The obtainedKs* value of C5AS with MV** at pH 7.2 is
1.52x 10* M~1, which decreases obviously by comparing with
the Ks value (2.51x 1(° M~1) of C5AS with MV2*. Neverthe-
less, the stable complexation of C5AS with NAstill represents
a typical example of calixarene-stabilizing radicals. The binding
behaviors ofp-sulfonatocalixarenes with some other radicals
have been studied before, showing thatulfonatocalixarenes
cannot act as ideal hosts for radiclldn the same way, the
Ks* value of C4AS with MV at pH 7.2 is also gained as 1.13
x 10* M~L. The effective inclusion of C4AS and C5AS with
MV ** is promised to prevent the unsatisfactargimerization
of viologen radical cations, which endows the more effective

the literature reports. Guest molecule, methyl viologen diiodide
(MV2%), was prepared by the direct reaction of 4ipyridine with
iodomethane in DMF. The phosphate buffer solution of pH 2.0
was prepared by dissolving sodium dihydrogen phosphate in
distilled, deionized water to make a 0.1 ntsh2 solution, which
was then adjusted to pH 2.0 by phosphoric acid. The phosphate
buffer solution of pH 7.2 was prepared by dissolving disodium
hydrogen phosphate (BdPO,-12H,0, 25.79 g) and sodium
dihydrogen phosphate (NaPiO,-2H,0, 4.37 g) in distilled, deion-
ized water (1000 mL) to make a 0.1 mdin3 solution. The
phosphate buffer solution of pH 12.0 was prepared by dissolving
disodium hydrogen phosphate in distilled, deionized water to make
a 0.1 moidm~3 solution, which was then adjusted to pH 12.0 with
sodium hydroxide.

Measurements. 'H NMR and 2D ROESY (rotating frame
Overhauser effect spectroscopy) spectra were recorded,@ D
solution (pH adjusted by DCI or NaOD) at 2&. Chemical shifts
(6, ppm) in water were externally referenced to 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) as an external reference in order to

use of viologens as components of electrochromic display avoid any possible interaction with hosts as well as with the guest

devices and other applicatiods® In addition, taking into

molecule. A thermostated and fully computer-operated isothermal

account the binding manners, C5AS may be a more suitable calorimetry (VP-ITC) instrument was used for all microcalorimetric

receptor than C4AS.

In summary, both C4AS and C5AS can form stable com-
plexes with M\Z+ while their binding manners are distinct from
each other. M¥" penetrates into the cavity of C4AS in the
axial orientation, while the wider cavity of C5AS accommodates
MV 2" at its upper-rim midsection with the accumbent manner.
The particular binding geometry of C5AS with MV allows

experiments. The cyclic voltammetry (CV) measurements were
carried out on an electrochemical analyzer with a C3 cell stand in
phosphate buffer (pH 7.2) at Z%.
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