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Abstract

Interactions of two hydroxycalixarenes (HOCXs) and their alternate methoxy derivatives (MOCXs) with different proton acceptors (PA) like urea
(U; pKp =13.9), N-methylurea (MU; pK, =13.1), and triethylamine (TEA; pK}, =3.19) have been investigated using absorption and fluorescence
measurements, to understand the role of intramolecular hydrogen bonding on the acidity of HOCXs and MOCXs. Both HOCXs and MOCXs show
no interaction in their ground states with weak PAs like U and MU. In the excited (S;) state, HOCXs interact, though moderately, with U and
MU, involving hydrogen-bonded HOCX-U/MU exciplex formation. Excited MOCXs, however, do not show any interaction with U and MU. With
TEA, a strong PA, the HOCX's show very strong interaction even in the ground state, though no interaction is observed for MOCXs. In the excited
(S)) state, the interaction in the HOCX-TEA system could not be resolved due to large static quenching arising via HOCX-TEA ground state
complex formation. In the excited (S;) state, MOCXs interact reasonably strongly with TEA, via the formation of hydrogen-bonded exciplexes.
All these results are apparently in accordance with the pK, values of the HOCXs and MOCXs, as estimated or judged from the pH dependent
spectrophotometric measurements. Supportive evidence for the hydrogen bonded complex formation in these systems has been obtained from
quantum chemical calculations. It is indicated from the present results that even though the phenolic OH groups in both HOCXs and MOCXs are
intramolecularly hydrogen bonded, and thus expected to be less labile for deprotonation under normal circumstances than in normal phenol, the
HOCXs show unusually higher acidity than expected. It is inferred that a collective proton motion in the intramolecular hydrogen bonding network
in HOCXs causes an enhanced polarizability of the phenolic protons and consecutively the acidity of these molecules. In MOCXs, since no such
collective proton motion is possible, they behave quite normally and display much weaker acidity than HOCXs and normal phenol.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Calixarene; Proton acceptors; Hydrogen bonding; Collective proton motion; Exciplex

1. Introduction

Calixarenes and their derivatives are interesting class of
molecules of having large intramolecular cavities suitable to
encapsulate many guest molecules via supramolecular bind-
ings [1-6]. In hydroxycalixarenes (HOCX) the intramolecular
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cavities are the result of alternate arrangements of phenolic
and methylenic units in a cyclic manner and the presence of
cyclic intramolecular hydrogen bonding network among all the
phenolic OH groups. Depending on the number of phenolic
units, homologues of different sizes are known, most prominent
among them are tetra-HOCX, hexa-HOCX, and octa-HOCX.
Calixarenes are not only structurally rigid but also chemically
quite stable [1-6]. These calixarene based receptors form sta-
ble host—guest complexes and show high selectivity for many
organic guest molecules and metal cations, and are reported to
have a large number of potential applications in different areas
[5-16]. Another interest in calixarenes is due to their structural
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features mimicing some natural systems, e.g. heme mimics [17].
Presence of phenolic chromophores in calixarenes can serve as
an intrinsic probe to investigate many of their properties and
interactions by photochemical techniques, especially by moni-
toring their fluorescence emission [18,19]. Studies on the excited
states of phenolic compounds including calixarenes can also pro-
vide many useful information on the fundamental processes like
electron transfer (ET) reactions, hydrogen bonding interactions,
proton transfer (PT) processes, etc. [18-24].

Although the guest binding properties of calixarene in solu-
tion are being studied intensively, using NMR spectroscopy,
calorimetry, and UV-vis absorption spectroscopy, relatively
little is known on the photochemical properties of the cal-
ixarenes [7,8,11,15,25]. By using the UV and I'H NMR spectral
studies, earlier Gutsche et al. have investigated the interaction
of calixarenes with amines in acetonitrile (ACN) solution
suggesting the interaction to involve a two step process, Viz.,
proton transfer followed by complex formation [25]. Recently
we have investigated the photoinduced ET interactions of
some calixarene molecules with different chloroalkane (CA)
acceptors [18,19] and the results have been compared with
those obtained for chemically similar biphenol-CA systems
[20]. Interestingly it was observed that unlike in biphenol-CA
systems, where the interaction mainly occurs via a concerted
dissociative ET (DET) mechanism, in calixarene—CA systems,
the reaction proceeds by the combination of the stepwise
and the concerted DET mechanisms, the former is due to
the encaged CA acceptors and the latter is due to the free
CA acceptors. In calixarenes, along with the cage effect, the
phenolic OH groups can also participate in some specific
interaction to recognize some selective guests. In this regard,
some efforts have also been made in the literature to suitably
modify the phenolic OH groups in calixarenes to enhance their
effectiveness in some specific applications [26—28]. Since the
phenolic OH groups in HOCXs are involved in the formation
of cyclic intramolecular hydrogen bonding network [29-32],
it is interesting to know and understand how these phenolic
OH groups behave in terms of their acidity in comparison to
other phenolic molecules. Herein we report the interactions of
two HOCXs and their alternate methoxy derivatives (MOCX)
with different proton acceptors (PA) using absorption and
fluorescence measurement techniques to understand the effect
of intramolecular hydrogen bonding present in these molecules
on their binding and acidic characteristics. We also carry out
quantum chemical calculations for the present systems to obtain
supportive evidence for the inferences drawn from the observed
photochemical studies. The two HOCXs studied are 5,11,17,23-
tetra-tert-butyl-25,26,27,28-tetrahydroxy-calix[4]arene and 5,
11,17,23,29,35-hexa-tert-butyl-37,38,39,40,41,42-hexahydro-
xy-calix[6]arene, and are abbreviated as tetra-HOCX and
hexa-HOCX, respectively. The two MOCXs investigated in
the present work are 5,11,17,23-tetra-tert-butyl-25,27-dim-
ethoxy-26,28-dihydroxy-calix[4]arene and 5,11,17,23,29,35
-hexa-tert-butyl-37,39,41-trimethoxy-38,40,42-trihydroxy-
calix[6]arene, and are abbreviated as di-MOCX and tri-MOCX,
respectively. The PAs used in the present study are urea (U;
pKy=13.9, [33]) and N-methylurea (MU; pKy, =13.1, [34]) as

Calixarenes used

OH OH o©OH HO
(tetra-HOCX)

(di-MOCX) (tri-MOCX)
Proton acceptors used
NH2 NH(CH3) C2Hs
0=C_NH2 O=C— NHz H502—N—C2H5
(Urea; U) (Methyl urea; MU) (Triethylamine; TEA)

Chart 1.

the weak PAs and triethylamine (TEA; pKy, =3.19, [33]) as a
strong PA. Chemical structures of HOCXs, MOCXs and PAs
used in the present study are shown in Chart 1.

2. Materials and methods

Tetra-HOCX and hexa-HOCX were obtained from Aldrich
Chemical Co., USA, and used as received. Di-MOCX and tri-
MOCX were synthesized following procedures reported in the
literature [35,36]. The samples were purified by repeated crys-
tallization from chloroform and fully characterized by IR, 'H
NMR and '3C NMR data (cf. supporting information). GR grade
U and MU were obtained from Fluka and used without fur-
ther purification. TEA was obtained from Spectrochem, India,
and purified by distillation just before use. Spectroscopic grade
organic solvents were used in the present work and obtained
from Spectrochem, India.

The absorption spectra of the samples were recorded in a
Shimadzu model 160-A UV-vis spectrophotometer using 1 cm
path length Suprasil quartz absorption cells. Steady-state (SS)
fluorescence spectra were recorded in a Hitachi model F-4010
spectrofluorimeter using 1 cm x 1 cm Suprasil quartz cuvettes.
All fluorescence spectra were recorded with corrections for
the wavelength dependent instrument responses. Time-resolved
(TR) fluorescence measurements were carried out using a
time-correlated-single-photon-counting (TCSPC) spectrometer
(Edinburgh Instruments, UK, model 199), described elsewhere
[37]. Briefly, a thyratron-triggered, gated hydrogen discharge
lamp, operating at a repetition rate of 30 kHz, was used as the
excitation source and a Philips XP-2020Q PMT was used to
detect the fluorescence photons. Observed fluorescence decays
were analyzed using a reconvolution procedure [38]. The instru-
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ment response functions (IRF) required for the reconvolution
analyses were obtained independently by replacing the sample
cell with alight scatter (TiO; suspension in water). Typical width
of the IRF was about 1.2 ns (FWHM). The shortest lifetime mea-
surable using the present setup following reconvolution analysis
is about 0.2 ns. The observed fluorescence decays for the present
systems were seen to fit well with a single-exponential function
as [38],

1(t) = B exp (—%) (1)

where B is the pre-exponential factor and 7 is the fluores-
cence lifetime of the sample. For all the fits, the x> values

and TEA used. Fig. 1B shows the plot of the changes in the
absorbance at 313 nm for tetra-HOCX-TEA system with the
TEA concentration. A fit of the datain Fig. 1B was deduced using
Eq. (2) and is also shown by the dashed curve. The K values thus
obtained for the two HOCX-TEA systems are of the order of 0.2.
However, from the fitted curves following Eq. (2), it is evident
that the fits are not that good for both the HOCX-TEA sys-
tems. It is thus indicated that the interaction in the HOCX-TEA
systems might not be due to a PT reaction but could be due
to the formation of the ground state TEA- - -HOCX complexes.
Thus, we also tried to fit the experimental data on the basis of
such HB-complex formation equilibrium, whereby the changes
in the absorbance at the absorption band of the newly formed
species were correlated using the following relation.

A

were within 1.00-1.20 and the weighted residuals were ran-
domly distributed among the data channels [38]. In the present
study, all the measurements were carried out at ambient tem-
perature (25 =+ 1°C). For both steady-state and time-resolved
measurements the HOCX and MOCX concentrations were kept
reasonably low, only in the range of about 20-30 wM.

3. Results and discussion

3.1. Ground state interactions of HOCXs and MOCXs with
different proton acceptors

In the presence of TEA, a strong PA (pKp, =3.19), the absorp-
tion spectra of the two HOCXs in acetonitrile (ACN) solutions
show a large change, causing a decrease in the absorbance of
the 279 nm band due to that of HOCXSs and the development of
a new absorption band with peak at ~289 nm and shoulder at
~313 nm due to the formation of a new species. A clear isos-
bestic point at ~283 nm is also indicated. Typical of these results
are shown in Fig. 1A for tetra-HOCX-TEA system. It is evident
from Fig. 1 A that the interaction of the HOCXs with TEA is very
strong such that the spectral conversion of ~20 uM solution of
HOCXs becomes almost complete with only ~400 uM of TEA.
Since the phenolic OH groups in HOCXSs can participate either
in proton transfer (PT) or in hydrogen bonding (HB) interac-
tions, the spectral changes in the present systems can either be
due to the formation of the ionic species, “OCX and TEAH*, or
due to the formation of the intermolecular HB-complexes like
TEA. - -HOCX.

Considering a PT equilibrium in the HOCX-TEA systems,
the changes in absorbance (A) at a wavelength where only the
newly formed species absorbs (e.g. 313 nm) can be correlated
as,

_ {K([HOCX], + [TEA]p) + 1} + V{K(HOCX], + [TEA]y) + 1} — 4K2[HOCX]0[TEA]08
o 2K

3

The fit of the data at 310 nm for tetra-HOCX-TEA system fol-
lowing Eq. (3) is shown by the solid curve in Fig. 1B. Itis evident
that the fits thus obtained following Eq. (3) are far more supe-
rior than those obtained using Eq. (2). These results thus support
the HB-complex formation in the present systems. The K val-
ues thus obtained for the two HOCX-TEA systems following
Eq. (3) are of the order of 2.2 x 10*M~!, which are substan-
tially high values, suggesting very strong hydrogen bonding
interaction in the present systems. Similar complex formation
between the calixarenes and amines has also been suggested by
Gutsche et al. and the order of the K values match very well
with the reported association constant values for HOCX-tert-
butylamine/neopentylamine systems [25].

Unlike HOCXs, their methoxy derivatives, namely, di-
MOCX and tri-MOCX (cf. Chart 1), are seen not to display any
spectral change even in the presence of substantially high con-
centration (~0.3 M) of TEA. Thus it is indicated that MOCXs do
not interact with TEA. In the present context it is interesting to
compare present results with those obtained for normal phenol
(®OH) in the presence of TEA. It is observed that like MOCXs,
®OH also does not interact in its ground state with TEA. It is
evident from the results of HOCXs, MOCXs and ®OH that the
phenolic OH groups in HOCXs show unusually higher acidity
than those in MOCXs and ®OH.

In the literature, the pK, values of few water-soluble cal-
ixarene derivatives (e.g. sulphonate or nitro derivatives) and of
some water insoluble calixarenes in ACN by selective titration
with bases have been reported [25,26,39]. It has been observed
that the pK, value of normal phenol in ACN is 26.6, whereas the
pK, values of calixarenes in ACN solutions are in the range of
15-19, which suggests that the calixarenes are more acidic than
®OH [26], a result in consistence with our present observation

4 ~ KIHOCX]y + [TEALo) £ VK2{[HOCX], + [TEA]}% — 4(K — DKHOCX])[TEAly

2K — 1)

where K is the equilibrium constant, ¢ is the molar extinction
coefficient for the species at the measuring wavelength and
[HOCX]p and [TEA]g are the total concentrations of HOCX

(@)

in the presence of TEA. The HOCXs and MOCXs investigated
in the present work are not sufficiently soluble in water. We thus
made an effort to estimate their pK; values following the pH
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Fig. 1. (A) Absorption spectra of tetra-HOCX (19 uM) in ACN solution in the
presence of different TEA concentrations. The spectra 1-8 correspond to 0,
21, 40, 58, 90, 132, 213 and 560 uM TEA, respectively. (B) Changes in the
absorbance at 313 nm as a function of TEA concentration. The closed circles
represent the experimental data. The dashed and solid curves represent the fits
corresponding to Egs. (2) and (3), respectively.

dependent changes in their absorption spectra in MeOH-water
solvent mixture. About 40 volume percent of MeOH in water
was needed to achieve the required solubility of the calixarenes
in this study. We presume that the pH measurement in this sol-
vent mixture is reasonable, as the water composition is still
sufficiently high [40—43]. For both the HOCXs, following these
measurements, their first pK, values were estimated in the range
of about 8.5. Though multiple pK, values were expected for the
HOCXs due to presence of more than one phenolic OH groups,
in the present study we could not observe any other higher pK,
values, at least upto pH ~ 12. Beyond pH ~ 12, however, the
measurements were not possible, as the solution became turbid
at this high alkalinity.

Unlike HOCXs, the MOCXs do not show any pH dependent
changes in their absorption spectra, at least up to pH ~ 12. Thus,
their first pK, values must be higher than 12. For normal ®OH,
the pK, value in water is reported to be about 10 [44]. In the
present study, for a direct comparison with the calixarene sys-
tems, the pK, value of ®OH was also measured in 40% methanol
solution. As expected, the pK, value of ®OH estimated in the
present study is somewhat higher (pK, = 10.4) than that reported
inaqueous solution. Comparing the pKj, values of the calixarenes

with ®OH in 40% methanol solution it is clearly indicated that
the HOCXs are much stronger acid than ®OH but the MOCXs
are much weaker acid than ®OH. These results are in accor-
dance with the results obtained on the ground state interactions
of HOCXs and MOCXs with TEA. That MOCXs are weaker
acid than ®OH can easily be rationalized considering that the
phenolic OH groups are intramolecularly hydrogen bonded with
the adjacent OMe groups. Due to these hydrogen bondings, the
phenolic protons in MOCXs become less labile for deprotona-
tion than in normal ®OH. Since all the phenolic OH groups in
HOCXs are also expected to involve in a cyclic intramolecu-
lar hydrogen bonding network among themselves [29-32] the
observation that the HOCXs show stronger acidity than ®OH
is quite surprising. This point will be discussed further in Sec-
tion 3.2, where we present the results on the excited state (Sy)
interactions of HOCXs and MOCXs with different PAs. In the
present context, however, it was interesting to know how the
HOCXs and MOCXs interact in their ground states with weak
proton acceptors like U (pKp =13.9) and MU (pK, =13.1). To
investigate this, absorption spectra of HOCXs and MOCXs (cf.
Chart 1) were recorded in both acetonitrile (ACN) and methanol
(MeOH) solutions in the presence of varying U and MU con-
centrations. In the present study, along with ACN we also use
MeOH as a solvent, because the solubility of U/MU is much
higher in the latter solvent (>2 M) than in the former (~0.3 M).
In either of the solvents, however, no changes were observed in
the absorption spectra of HOCXs and MOCXs in the presence
of U and MU. It is thus indicated that in the ground state both
HOCXs and MOCXs do not interact with the weak PAs like U
and MU.

3.2. Excited singlet (S}) state interactions of HOCXs and
MOCXs with proton acceptors

3.2.1. Interactions of HOCXs and MOCXs with weak
proton acceptors, U and MU

The fluorescence intensity of HOCXs in MeOH solution is
seen to undergo significant quenching in the presence of U and
MU. In ACN solution, though quenching is certainly indicated,
yet the extent of quenching is not sufficiently large, even at
the solubility limit of U/MU (~0.3 M). Thus, in the present
study, we mainly used MeOH as the solvent where solubility of
U/MU is very high (>2 M) and accordingly substantial quench-
ing can be observed. It is seen that the fluorescence band of
HOCXs at ~305 nm undergoes a significant quenching in the
presence of U/MU. A longer wavelength new emission band
(~440 nm) with extremely low intensity also develops in these
systems as the U/MU concentration is increased in the solu-
tion. Fig. 2A shows the typical steady-state (SS) fluorescence
results for tetra-HOCX-U system in MeOH solution. Present
results indicate that the HOCXs interact quite significantly in
their excited singlet (S) state with U and MU. As the acidity of
phenolic molecules increases in the S; state [44], quenching of
HOCXs fluorescence by weak PAs like U/MU can be possible,
even though in the ground state HOCXs do not interact with these
PAs. The weak new emission band that develops at ~400 nm is
certainly due to an excited species photogenerated during the
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Fig. 2. (A) Fluorescence spectra of tetra-HOCX (29 uM) in MeOH solution in
the presence of different U concentrations. Spectra 1-6 correspond to 0, 0.4,
0.8, 1.2, 2.0 and 3.0 M U, respectively. Inset: Absorption spectra of tetra-HOCX
in methanol: (1) in absence and (2) in presence of 3.0M U. (B) The Ip/I vs.
[U] plots for tetra-HOCX-U (M) and hexa-HOCX-U (@) systems in MeOH
solution. The plots are linear as expected from SV relation.

interaction, as no interaction was observed in the ground state
of the HOCXGs.

Unlike HOCXs, both MOCXs and ®OH do not show any
interaction in their excited states with U and MU. For ®OH in
aqueous solution, its excited (S ) state acid dissociation constant
(pK3)is 5.7, about 4.3 units lower than the ground state pK, [44].
Considering a similar extent of reduction in the pK? value in 40%
MeOH solution, the expected pK' value for ®OH in 40% MeOH
solution should be ~6.1. On the basis of the same consideration,
the pK; values of HOCXs in 40% MeOH solutions are expected
to be in the range of ~4.2 and those of MOCXs are expected
to be >7.7. Thus, the S; states of HOCXs are expected to be

much more acidic than that of ®OH and accordingly can show
interactions even with the weak PAs like U and MU.

The SS fluorescence quenching of HOCXs by U and MU
in MeOH solution were correlated using Stern—Volmer (SV)
relation as [44,45],

I
70 = 1+ Ksy[PA] = 1 + k,7[PA] )

where Iy and I are the fluorescence intensities (at 305 nm) in the
absence and presence of PAs, respectively, 7 is the fluorescence
lifetime of HOCXs in the absence of PAs (cf. Table 1), Kgy is
the Stern—Volmer constant and kq is the bimolecular quenching
constant. Typical Io/I versus [PA] plots for two HOCX-U sys-
tems are shown in Fig. 2B. The kq values obtained for different
HOCX-U/MU systems are listed in Table 1. It is seen that the
kq values for the HOCX-U/MU systems are only of the order
of (2-3) x 108M~!s~!, about two orders of magnitude lower
than the typical bimolecular diffusion-controlled rate constant,
kqg~2x 1019 M~1s~1 [45]. Thus, the interaction in the present
systems is indicated to be only moderate in nature. Since the
pK; values of HOCXs are only about 1.9 unit lower than that
of ®OH, such a moderate interaction for the excited HOCXs
with U and MU might be quite reasonable, considering that the
excited state of ®OH does not even interact with U/MU.

To get more insight of the interaction mechanism in the
HOCX-U/MU systems, we measured the fluorescence lifetimes
(1) of the HOCXs in the presence of varying U/MU concentra-
tions. In all these cases, the fluorescence decays (at 305 nm)
are seen to fit well with a single-exponential function. Typi-
cal of these decays and their single exponential analyses are
shown in Fig. 3. It is seen that the t values of the HOCXs grad-
ually decrease on increasing U/MU concentration, suggesting
a dynamic nature of interaction between excited HOCXs and
ground state U/MU. In the interaction mechanism, if no exci-
plex type of intermediates were forming, the reduction in the
T values with U/MU concentrations were expected to follow a
linear SV relation as [44,45],

LTO = 1+ kyzo[PA] (5)

where 7o and 7 are the fluorescence lifetimes in the absence and
presence of the quenchers. For the present systems, however, the
7o/t versus [PA] plots are seen to show a downward curvature
instead of following the SV linearity. Typical of these results are
shown in Fig. 4A. Present observation indicates that the interac-
tion in these systems involves the formation of exciplexes (EX)

Table 1

Kinetic parameters for different calixarene—PA systems obtained from SS and TR fluorescence quenching studies

Calixarenes Solvents 7o (ns) PA kq (108M~1s7h) Keg M7 kp (109571
tetra-HOCX MeOH 2.50 U 2.80 0.19 2.4
hexa-HOCX MeOH 2.26 2.24 0.21 1.2
tetra-HOCX MeOH 2.50 MU 2.94 0.3 1.5
hexa-HOCX MeOH 2.26 2.36 0.21 1.3
di-MOCX ACN 2.32 TEA 5.38 3.03 0.63
tri-MOCX ACN 2.79 6.46 3.03 0.62
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Fig. 3. Fluorescence decays for tetra-HOCX (29 uM) in MeOH solution mea-
sured at 305nm with excitation at 280nm in the presence of different U
concentrations. Curves 1-4 correspond to 0, 0.5, 1.0 and 2.0M U, respec-
tively. Experimental decays are shown by dotted curves. Single exponential
fits to the decays are shown by solid curves. The curve L represents the instru-
ment response function. The fitting parameters are: (1) T=2.42ns, x>=1.03;
(2)t=1.7ns, x¥>*=1.0, (3) t=1.15ns, x>=1.19 and (4) =0.98ns, x> =1.16.
The lower panel of the figure shows the distribution of the weighted residuals
among the data channels.

as the intermediates [45-49]. Thus, the interaction in the present
systems can be presented by the following Scheme 1 [45,46],
where k¢ and k,, are the fluorescence and nonradiative rate con-
stants for excited HOCXs (kf + knr = 75 l), ki and k, are the
formation and dissociation rate constants of the exciplex and k,
is the deexcitation rate constant of the exciplex.

Following Scheme 1, SS fluorescence quenching should cor-
relate with the U/MU concentrations as [45,46],

fo_, , kikmlPAl

6
I ko + kp ©

As suggested by this equation, the Io/I versus [PA] plots
should follow a SV type of linearity, as observed for the
HOCX-U/MU systems. Regarding TR measurements, on the
basis of Scheme 1, the fluorescence decays of HOCXs should
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Fig. 4. (A) The to/z vs. [U] plots for tetra-HOCX-U (M) and hexa-HOCX-U
(@) systems in MeOH solution. The plots show downward curvature from SV
linearity. Solid curves show the fit of the data following Eq. (10). (B) The

(71 = 7y ! }7l vs. [U]~! plots for tetra-HOCX-U (M) and hexa-HOCX-U (@)
systems in MeOH solution. The plots are linear as expected from Eq. (11).

in general be expressed as [45,46],

I(t) = Crexp <;t> + Crexp (Z) (8)

where the lifetimes 71 and 77 and the pre-exponential factors
C1, and C; are the functions of ki, k2, kg, knr, kp and the PA
concentration used. Thus, a bi-exponential fluorescence decay
of HOCXs was normally expected in the presence of U/MU.
However, under some circumstances, especially when the exci-
plex equilibrium is established very quickly in comparison to
the fluorescence decay time of HOCXs, observed decay could

ki
HOCX* + U/MU ? [HOCX* ... UMU]
2

(Exciplex)
kf knr kp
HOCX + hvy HOCX Product

Scheme 1.
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effectively fit with a single-exponential function [45,46]. In these
cases, the observed fluorescence lifetime can be expressed as,
1 4+ Kex[PA
ro Lt KalPAI ©
Ty + Kexkp [PA]
where Kex =k1/ky is the equilibrium constant of the exciplex
formation. Rearranging Eq. (9) we can express the 7o/ ratio as,

E _ 14 KexkaO[PA]
T 1+ K[PA]

It is evident from Eq. (10) that the to/t versus [PA] plot for
these systems should show a downward curvature instead of
following the SV linearity. For the present systems, we tried
to fit the experimental TR data following Eq. (10). Typical of
such fits for HOCX-U systems are shown in Fig. 4A with the
continuous curves. The Kex and kp values thus estimated for
different HOCX-U/MU systems are listed in Table 1. We also
analyzed the TR data for the HOCX-U/MU systems using a
linear form of expression (9) as [46,47],

(10)

) = (K — 1D A
+Hkp — 7)) (an

Typical {z~! — 7 1}_1 versus [PA] ~! plots for HOCX-U/MU
systems are shown in Fig. 4B. As expected, these plots are lin-
ear within experimental error. From the slopes and intercepts of
these plots, the Kex and kj, values were also estimated for differ-
ent HOCX-U/MU systems and are found to be similar to those
obtained from the direct fits of the data using Eq. (10).

3.2.2. Interactions of HOCXs and MOCXs with strong
proton acceptor, TEA

As already shown in Section 3.1, both tetra-HOCXs
and hexa-HOCXs interact very efficiently in their ground
states with the strong proton acceptor TEA. To understand
the effect of TEA on the fluorescence characteristics of
HOCXs, SS fluorescence measurements were carried out in
ACN solution exciting the samples at 283 nm (isosbestic
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Fig. 5. Fluorescence spectra of tetra-HOCX (19 uM) in ACN solution in the
presence of different TEA concentrations. Spectra 1-8 correspond to 0, 21, 40,
58,90, 132,213 and 560 uM TEA. Inset: Plot of the changes in the fluorescence
intensity against the TEA concentration. Solid circles are the experimental data
points and the solid curve is the fit of the data following Eqgs. (12) and (13).

~4 x 108 s~ Tt is thus evident that the fluorescence quenching
observed for the two HOCXSs in the presence of few hundred uM
of TEA concentration must be due to the strong static-quenching
arising due to the ground state TEA---HOCX complex for-
mation, rather than any dynamic interaction of TEA with the
excited HOCX molecules. Thus, for the HOCX-TEA systems,
observed fluorescence quenching was simply considered as the
static quenching and accordingly the change in the fluorescence
intensity at 309 nm was correlated using the following relation
[50,51],

_(HOCXleg 1\
Al = ({HOCX]O 1) Iy (12)

where [HOCX]p is the total HOCX concentration used,
[HOCX]¢q is the free HOCX in the solution in equilibrium with
the TEA- - -HOCX complex and IODye is the observed fluores-
cence intensity in the absence of TEA. The [HOCX]eq values at
each TEA concentration used were estimated as,

{K[HOCX], — K[TEA], — 1} + /{K[HOCX], + K[TEA]y + 1} — 4K2[HOCX]o[TEA],

[HOCX]eq =

point). It is seen that the fluorescence intensity of HOCXs at
~309 nm undergoes a drastic reduction even in the presence of
only few hundred uM of TEA concentration. Concomitant to
this quenching, an extremely weak new fluorescence band at
~420nm is also seen to develop, very similar to that observed
in the HOCX-U/MU systems. Typical of these results are shown
in Fig. 5. In a solvent like ACN, the maximum diffusion-
controlled bimolecular rate constant k4 is expected to be in the
range of ~2 x 1019 M~1 s~ [44,45]. For the present systems,
if the quenching constant k4 is even considered to be similar
to that of kg, the effective pseudo-first order quenching con-
stant kq[PA] in the presence about 500 uM of TEA is estimated
to be only ~1 x 107 s~!. On the contrary, the self-decay rate
constants (kf + knr = 7, 1, 70 is the fluorescence lifetime in the
absence of TEA) for the excited HOCXs are of the order of

2K 13
where [HOCX], and [TEA] are the total HOCX and TEA con-
centrations used, respectively, and K is the equilibrium constant
for the TEA- - -HOCX complex formation. Inset of Fig. 5 shows
the AT versus [TEA] plot for tetra-HOCX-TEA system along
with the fitted curve obtained following Eqgs. (12) and (13). It
is seen that the fit is very satisfactory. The K values thus esti-
mated for the two HOCX-TEA systems are of the order of
2.5 x 10*M~!, which are quite similar to the values estimated
from the absorption studies (cf. Section 3.1). These results thus
support our inference that the SS fluorescence quenching in
HOCX-TEA systems is mainly due to static quenching aris-
ing due to the ground state TEA- - -HOCX complex formation.
This is further supported from the observation that the SV type
of Iy/I versus [TEA] plots (not shown in the figures) for the
HOCX-TEA systems show a gradual upward curvature, indicat-
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ing the effect of ground state complex formation [44,45]. Since
the effect of ground state complex formation is very large in the
present systems, it was not possible to separate out the excited
state interaction parameters for the HOCX-TEA systems from
the fluorescence quenching measurements. For the present sys-
tems, we also carried out the TR fluorescence measurements to
see the effect of TEA on the 7 values of HOCXs. As expected,
no observable change was noticed in the 7 values with about
500 M concentration of TEA. At much higher TEA concentra-
tions, the TR measurements were not possible due to very weak
fluorescence from these systems.

With MOCXs, though there was no ground state interaction
with TEA, in the S; state the MOCXs showed reasonable inter-
action with TEA, as evident from SS fluorescence quenching
studies. Typical SS fluorescence results for tetra-MOCX-TEA
system in ACN are shown in Fig. 6A. It is evident from
these results that the MOCX-TEA systems behave quite sim-
ilar to the HOCX-U/MU systems. It is seen that the SS
quenching of the MOCXs fluorescence (at ~312nm) by TEA
follows a linear SV-relationship. Typical Io/I versus [TEA]
plots for MOCX-TEA systems are shown in Fig. 6B. The
kq values obtained for different MOCX-TEA systems are

w - - - ;
1.0

FL. Int. (arb. unit)
e o o
-~ L2 [--]

e
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1 1 1 1 1
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Fig. 6. (A) Fluorescence spectra of di-MOCX (19 uM) in ACN solution in the
presence of different TEA concentrations: spectra 1-5 correspond to 0, 0.08,
0.14, 0.19 and 0.25M [TEA]. (B) The Iy/I vs. [TEA] plot for di-MOCX-TEA
(M) and tri-MOCX-TEA (@) systems in acetonitrile solutions. The plots are
linear within experimental error.

listed in Table 1. Like HOCX-U/MU systems, the kq values
in MOCX-TEA systems are also quite lower in comparison
to the typical diffusion-controlled bimolecular rate constant
(~2 x 101°M~Ts~1), suggesting the interaction is also moder-
ate for the present systems. This is in fact expected considering a
much lower acidity of MOCXs in comparison to that of HOCXGs.

From TR measurements, it is seen that the t values of MOCXs
decrease gradually on increasing the TEA concentration in the
solution. The 7o/t versus [TEA] plots for these systems are seen
to undergo a downward curvature than the SV linearity, as also
observed for HOCX-U/MU systems. Typical to/t versus [PA]
plots for MOCX-TEA systems are shown in Fig. 7A. It is evi-
dent from these results that like in HOCX-U/MU systems, in
MOCX-TEA systems also the excited state interaction follows
via the hydrogen bonded exciplex formation (¢f. Scheme 1).
Accordingly the to/t versus [PA] plots for MOCX-TEA sys-
tems were analyzed following Eq. (10). The Kex and k values
thus estimated for the present systems are listed in Table 1. The
lifetime data for these systems were also analyzed following
Eq. (11), whereby linear {r7! = Ty 1}71 versus [TEA] ! plots
were obtained as shown in Fig. 7B. The Keq and kj, values thus
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Fig. 7. (A) The 7o/t vs. [TEA] plots for di-MOCX-TEA (@) and tri-
MOCX-TEA (W) systems in acetonitrile solutions. The plots show negative
deviation from SV linearity. Solid curves show the fit of the data following Eq.
(10). (B) The {r~! — rgl}" vs. [TEA]~! plots for di-MOCX-TEA (@) and
tri-MOCX-TEA (M) systems in acetonitrile solutions. The plots are linear as
expected from Eq. (11).
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obtained from the slopes and intercepts of these plots are similar
to those obtained from the direct fitting of the data following Eq.
(10).

Comparing all the results for different HOCX-PA and
MOCX-PA systems, it is evident that the phenolic OH groups in
HOCXs are much more acidic than those in MOCXs and ®OH.
Since all the phenolic OH groups in HOCXs are expected to be
engaged in a cyclic intramolecular hydrogen bonding network
among themselves [29-32], it was expected under normal cir-
cumstances that the phenolic OH groups in HOCXs should be
less labile for deprotonation than that in ®OH. A similar situ-
ation is also expected for the phenolic OH groups in MOCXs
because of the involvement of the OH groups in intramolecular
hydrogen bonding interaction with the adjacent OMe groups.
Accordingly, the phenolic OH groups in MOCXs are less labile
for deprotonation, causing their pK, values to increase by more
than about 2 units than that of ®OH. A simple consideration
of the intramolecular hydrogen bonding effect in HOCXs is,
however, unable to account the enhanced acidity in HOCXs. It
is evident that the phenolic protons in HOCXs are much more
polarizable than those in MOCXs, even though the formers are
also involved in intramolecular hydrogen bonding. We presume
that the cyclic intramolecular hydrogen bonding network present
in HOCXs causes a special effect in these molecules to make
the phenolic protons to undergo a collective motion in the cyclic
hydrogen bonding network and thereby increasing their polar-
izability. To be mentioned here that the roll of collective proton
motion to enhance proton polarizability has also been suggested
by Brzezinski and co-workers [29,52] for a number of chemi-
cal systems having intramolecular hydrogen bonding network.
As shown by these authors, even in the anionic forms of such
systems, the negative charge can attain an extra stabilization
due to the delocalization of the charge via the collective proton
motion in the hydrogen bonding network. Since a collective pro-
ton motion is highly feasible in HOCXs, these molecules show
much higher acidity than even ®OH. Since a similar collective
proton motion is not possible in MOCXs, their acidity is much
weaker than that of HOCXs and ®OH. In fact, in MOCXs, the
presence of localized hydrogen bonding involving phenolic OH
groups and adjacent OMe groups causes their phenolic protons
to be less labile for deportation. In HOCXSs, as the collective
proton motion is possible, we predict that in HOCX-PA sys-
tems either the ground state complex or the exciplex is formed
due to the simultaneous interaction of all the phenolic protons
with the PA, as schematically shown in Scheme 2. In MOCXs,

Product
or
Reactants back

PA + HOCX
or
PA + HOCX*

(Gr. state complex / Exciplex)

Scheme 2.

the interaction with PA like TEA to form exciplex is possibly due
to localized hydrogen bonding interaction, involving one of the
phenolic protons of MOCXGs, as collective proton motion is not
possible in MOCXs. In brief, we suggest that, due to the pres-
ence of collective proton motion in the intramolecular hydrogen
bonding network, HOCXs show unusually higher acidity than
MOCXs and ®OH.

To support the formation of hydrogen bonded complex
between HOCXs and PAs, as shown in Scheme 2, quantum
chemical calculations were carried out for some of the selec-
tive systems, namely HOCX-TEA systems. As the present
calixarene-PA systems are very large, the geometry optimiza-
tion of calixarenes was carried out at semiempirical AM1 level
of theory [53]. Geometry optimization of TEA was also carried
out at the same level and the optimized TEA structure was placed
out side the calixarene rim containing the phenolic OH groups
with the amino nitrogen of TEA orienting towards phenolic OH
groups of HOCXs such that the H-bonded TEA- - -HOCX com-
plexes can be formed. The whole system was then optimized
at AM1 level and the final energy minimized structures thus
obtained for the tetra- and hexa-HOCX-TEA systems are shown
in Fig. 8. The optimized structures of these systems indicate, at

7y ’q‘ *HJ
]
P a%

Fig. 8. The energy minimized structures of (A) tetra-HOCX-TEA and (B)
hexa-HOCX-TEA systems, as obtained from AMI level of quantum chemi-
cal calculations, are shown the figure. The structures qualitatively indicate the
intermolecular hydrogen bonded complex formation between TEA and HOCX
molecules.
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least qualitatively, the formation of intermolecular H-bonded
complexes. In these structures shown in Fig. 8, the distances
between amino nitrogen of TEA and all the hydroxyl hydro-
gen atoms of tetra-HOCX are calculated to be in the range of
about 2.7-2.9 A. For hexa-HOCX-TEA systems, however, the
distances between amino nitrogen of TEA and hydroxyl hydro-
gen atoms of HOCX are predicted to be in two different ranges,
one set (two H) is in the range of 3.1-3.4 A and the other set
(four H) is in the range of 4.0-4.1 A. For the tetra- and hexa-
HOCX-TEA systems, the binding energies for the complexes
are calculated to be about 5.2 and 5.8 kcal/mol, respectively. It
is to mention here that in case of tetra-HOCX-TEA system,
even when the TEA was placed with a different orientation with
respect to the HOCX in the initial guess structure such that the
intermolecular hydrogen bonding is not possible to start with,
successive energy minimization leads to the same final struc-
ture as shown in Fig. 8A. Similar AM1 calculations were also
carried out for di- and tri-MOCX-TEA systems. It is observed
that the final energy minimized structures of these two sys-
tems largely depend on the orientation of amino nitrogen of
TEA with respect to the MOCX in the initial guess structures.
When the initial guess structure was such that amino nitrogen
of TEA was orientated towards the OH groups of MOCXs, then
the distances between amino nitrogen of TEA and the hydroxyl
hydrogen atoms of MOCXs are much larger (>1.0 A) for both
di- and tri-MOCX-TEA systems in comparison to the tetra- and
hexa-HOCX-TEA systems. The binding energies are also cal-
culated to be about 2.2 and 2.7 kcal/mol less for the di- and
tri-MOCX-TEA systems, respectively, compared to the tetra-
and hexa-HOCX-TEA systems. These results suggest a much
weaker intermolecular interaction in MOCX-TEA systems in
comparison to that in HOCX-TEA systems and thus qualita-
tively support the experimental results where HOCXs is seen to
undergo very strong interaction with TEA but MOCXs effec-
tively do not show any observable interaction with TEA, at
least in the ground state. To verify the observed AMI1 results,
calculations were also carried out at the density functional the-
ory (DFT) level applying B3LYP correlated hybrid functional
and split valence Gaussian basis function 6-31G(d,p) [54] with
the AMI1 optimized structure for tetra-HOCX-TEA system.
Incidentally, the binding energy for the system is calculated
to be ~5.0kcal/mol, very similar to that obtained from AM1
calculation. The geometry of the tetra-HOCX-TEA complex
was further optimized at B3LYP/6-31G(d,p) level. Though the
calculation was rather difficult with such a large system, the
optimized structure was observed to be very similar to that of
the AM1 optimized structure. Thus, geometry optimization for
the remaining systems were not carried out at the DFT level.
In the present study all the quantum chemical calculations were
carried out following GAMESS program system [55].

Finally, it is to be mentioned that in solution phase some of
the calixarene derivatives can undergo conformational changes,
whereby the conformations other than the cone structures can
also be possible, in which one or more phenolic OH groups
can remain detached or isolated from the intramolecular hydro-
gen bonding network. These isolated phenolic OH groups can
thus undergo easier deprotonation than the ones involved in

intramolecular hydrogen bonding. For the HOCXs and MOCXs
studied, the above conformational changes seem to be quite
unlikely, due to the steric effect of the bulky tertiary butyl groups
in the para positions. It is thus expected that the present HOCX
and MOCX molecules will mainly exist in their cone confor-
mation, where the OH/OMe groups are in the same side of the
calixarene ring, facilitating the intramolecular hydrogen bond
formation [1-6]. Moreover, in HOCXs, if the enhanced acidity
was due to the presence of some free OH groups, the acidity was
expected to be at the most similar to that of ®OH. Moreover,
since similar conformations with free OH groups should also
have been possible for MOCXs, their acidity should have been
quite similar to that of HOCX. Since the acidity of MOCXSs is
much weaker than that of HOCXs and ®OH, we predict that the
enhanced acidity in HOCXSs is due to the higher polarizability
of the phenolic protons, as arises due to the collective proton
motion in the cyclic intramolecular hydrogen bonding network
in the HOCX molecules.

4. Conclusions

Ground and excited (S;) states of HOCXs and MOCXs are
seen to interact at varying extents with different proton accep-
tors, like U, MU, and TEA. In the ground state, HOCXs do not
show any interaction with weak proton acceptors like U and
MU, but interact very strongly with stronger proton acceptor
like TEA, forming ground state TEA. - -HOCX complexes. In
the excited (S1) state, HOCXs interact moderately with U and
MU, via the formation of hydrogen bonded exciplexes. Though
MOCXs do not interact in their ground state with any of the PAs
used, in the S state they interact with the strong PA like TEA via
the formation of hydrogen bonded exciplexes as the intermedi-
ates. The ground state absorption and the SS and TR fluorescence
results in the present systems have been correlated using suit-
able kinetic schemes for ground state complex and/or exciplex
formation. Different kinetic and equilibrium parameters have
also been estimated for these systems from the experimental
results. A support for the intermolecular hydrogen bonded com-
plex formation in the present systems has also been obtained
from quantum chemical calculations. Comparing the experimen-
tal results of different HOCX/PA and MOCX/PA systems it has
been indicated that the HOCXs show unusual enhancement in
their acidity compared to that of MOCXs and ®OH. Contrary
to HOCXs, the MOCXs show significantly lower acidity, lower
than even ®OH. The results are rationalized on the basis of
the nature of the intramolecular hydrogen bonding present in
HOCX and MOCX molecules. It is understood that the lower
acidity in MOCXs is due to the less tendency of deprotonation
of their phenolic OH groups that are locally hydrogen bonded
to the adjacent OMe groups. In HOCXS, it is predicted that
the enhanced acidity arises due to the collective motion of the
phenolic protons in the cyclic intramolecular hydrogen bond-
ing network, whereby the phenolic protons become much more
polarizable than in ®OH and MOCXs. A simultaneous inter-
action of all the phenolic protons with the PAs seems to be the
reason for the stronger interaction of the HOCXs with different
PAs.
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