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Absorption, fluorescence, and fluorescence excitation spectra ¢flNddimethylaminophenyl)pyrido[3,4-
dlimidazole (DMAPPI) have been studied as a function of cyclodextrins (CDxs) and acid concentrations.
The above study has revealed thatBMe, group enters into the CDx cavity and a pyridoimidazole (PI)

ring is present at the interface. TheN;— atom and>NH group of the Pl ring are involved in the hydrogen
bonding with the water molecule present at the interface and/or with the hydroxyl groups of the CDxs, and
the=Ng— atom is involved in hydrogen bonding with the bulk water. Two monocations (MC1 and MC3) are
present in the Sstate, and MC2 and MC3 are present in thestate. MC2 emission is observed when MC1

is excited to the Sstate and involves biporotonic phototautomerism, whereas for the MC3 the emission is
not observed from the locally excited state, but observed from the twisted intramolecular charge transfer
(TICT) state. Fluorescence band maxima of all the bands are blue shifted and their fluorescence quantum
yields are enhanced when DMAPPI is encapsulated in the CDxs cavity. The enhancement and the relative
blue shifts observed in the band maxima of the TICT band are larger than those of the normal band.

1. Introduction ring (MC2) in the $ and S states and their relative proportions

. o ) .. depend on the benza ring as well as on the polarity of the
Cyclodextrins (CDxs) are cyclic oligosccahrides consisting environments.

of six (a-CDx), seven §-CDx), and eight ¢-CDx) p-glucose
residues linked byx-(1—4) bonds, withp-glucose residue in
the “C; chair conformation. These CDx have shapes such as a . . .
truncated cone with a hydrophobic cavity and diameters openingStUOIIeS have shown th"’.“ (i) neutral DMAPPI em_|ts dual
at the primary and secondary hydroxyl faces of the cyclic sugar fuorescence (locally excited, b and TICT, a state) in polar/
network. This cavity is capable of complexing hydrophobic protic solvents, (ii) bllprotonlc phototautomerism is observed
organic molecules in aqueous solutions. Since this complexationP&tween the monocation (MC1) formed by protonatifigMe;
finds a lot of applications in pharmaceutical chemistry, chemical 9roup in the § state and the monocation (MC2) formed by
synthesis, and catalysis® as well as provides beautiful models ~Protonating=N-— moiety of the imidazole ring in the,State,
for the study of enzyme analysisa lot of interest has been ~ @nd (iii) TICT emission is observed from the monocation (MC3)
developed to understand the structure of the inclusion com- formed by the protonation of pyride-N— atom. The relative
plexes, using different physical techniques. populations of all the ionic species depend on the polarity of
It is now well established that the physicochemical the solvents. Since the polarity of ti#leCDx cavity is much
propertied 17 (e.g., electronic absorption, fluorescence, phos- €SS than that of water angCDx provides a rigid cavity, it
phorescenceH NMR spectra, etc.) of these guest molecules will affect the spectral characteristics of the neutral and the ionic
are varied upon the formation of the inclusion complexes with SPecies of DMAPPI. This study thus concentrates on the spectral
CDxs. The other property which can be affected by the inclusion properties of the neutral and different monocationic species in
work!118-24 has been carried out in this direction in the S @S compared to the length GfCDx cavity, this may lead to
state, it is not enough to make some generalization. Similar the formation of either 1:1 complex or 2:1 heguest inclusion
acid—base studies in thelstate are very scarcée. CompleX. Since the size of the-CDx is smaller than that of
Our laboratory has been active for nearly 2 decades in 8-CDX, the inclusion complex formed between DMAPPI and

studying the acietbase properties of the heterocyclic molecules, thea-CDx may have different photophysical properties when
containing either one or two basic cent&sThe acid-base compared with those of the inclusion complex of DMAPPI with

We have extended this study to 2-4N-dimethylaminophe-
nyl)pyrido[3,4-d]imidazole (DMAPPB?24 (Scheme 1). These

chemistry carried out on 2-(4minophenyl, AP), 2-(4N,N- B-CDx. We have also carried out the similar studies on DMAPPI
dimethylamino phenyl, DMAP) benzimidazéle® (Bl), benz- with a-CDx.
oxazolé®230(BO), and benzothiazoté3? (BT) has shown that In most of the studies carried out, the formation of the TICT

the formation of the monocations (MCs) by protonating amino state has been attributed to the polarity of the medith.
or dimethylamino (MC1) or the=N— atom of the imidazole However, some authors have suggested that the specific
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hydrogen bonding between the solvent and electron donor group 0.3 5
also plays a major role to stabilize the twisted conformer and ;
facilitate the formation of the TICT staf&:3° Kim et al#® have 1
recently shown that the hydrogen bonding of the electron 0.2 0
acceptor group with solvents stabilized the TICT state and
increased its fluorescence intensity in diethylaminobenzoic acid.
Such a hydrogen bonding effect may be important in exploring 0.1
the proton-coupled charge-transfer phenomena often observed
in biological assemblies including PS Il systeths:rom this
point of view, the investigation of the role of hydrogen bonding 0 ; P I i |
on TICT should be extended to other TICT molecules that can 280 300 320 340 360 380 400 420

be readily hydrogen bonded with solvents. Our earlier stdglies Wavelength (nm)

on DMAPPI indicated that the hydrogen bonding with the Figure 1. Absorption spectrum of neutral DMAPPI as a function of
acceptor group (pyridoimidazole, PI ring) makes it more planar (a) a-CDx and (b)5-CDx concentrations.

with benzene ring thereby increases the charge flow and thusj, some other solvents are complied in Table 1. No changes

enhances its TICT emission. Or_l the other hand, we are not sure;;e gpserved in the long-wavelength (LW) absorption maximum
about the role of hydrogen bonding of the doneNMe,) group in o-CDx, whereas irf-CDx the LW absorption maximum is

in the formation of TICT state in DMAPPI. Encapsulation of o4 ghifted by 5 nm in comparison to that in water. The
either donor or acceptor by CDx may lead to the conclusion ysjacylar extinction coefficient is slightly decreasediCDx,
about the role of the hydrogen bonding of the solvent with the \yereas it increases slightly j-CDx. The changes in the

donor in the formation of the TICT state. absorbances are due to the encapsulation of DMAPPI into CDx
. and are attributed to the detergent action of CDxs, as observed
2. Materials and Methods by others alsd344The full width at half the maximum height

(fwhm) observed in the LW absorption bandarCDx, 3-CDX,
and water are at 5190, 5070, and 5350 ¢mespectively. No
definite isosbestic point is observed icCDx, whereas the
absorption spectra of DMAPPI in varying concentrations of

DMAPPI was prepared from 3,4-diaminopyridine gn¢N,N-
dimethylamino) benzoic acid by the procedure reported in the
literature2 The compound was purified by repeated crystal-
lization from aqueous methanol. The purity was checked by X : ;
TLC and verifying that the fluorescence excitation spectrum in 5-CDx show the presence of an isosbestic point at 319 nm.

cyclohexane was identical when emission was monitored at 3-1-2- Fluorescence Spectruffigure 2 depicts the fluores-
different wavelengths. CDxs were obtained from Aldrich C€nce spectra of DMAPPI in cyclohexane, water, and aqueous

chemical company (U.K.) and were used as received. Triply Solutions ofa-CDx (20 mM) andj-CDx (15 mM) at pH 9.5
distilled water was used for aqueous study. The pH of the @Nd USiNGlexc 350 nm. The relevant data along with similar
solutions in the range49.5 were adjusted by adding small resultslln some other solvents are compiled in Table 1. Similar
amounts of NaOH or bSQ,. The instruments used to record to tha_t in polar/protic solvents, dual fluorescence is also observed
absorption, fluorescence, and fluorescence excitation spectra anf©th in o-CDx and 5-CDx. The short-wavelength (SW) and
to determine the lifetimes and the procedure used to determinebW band maxima are blue shifted by 17 and 45 nm, respec-

fluorescence quantum yieldsx() have been described else- tvely, when compared to those in aqueous mediumhef
where30.33

the SW and the LW bands increased by a factor of 6 and 43,
respectively, for 15 mM concentration fCDx atAexc = 350
nm. Similar changes are also observed in 20 mMDx, but
their magnitudes are small compared A6CDx. The other

3.1. Spectral Characteristics of the Neutral Molecule3.1.1 noticeable feature of emission spectra of DMAPPI in CDxs is
Absorption Spectm. Parts a and b of Figure 1 depict the effect that vibrational structure observed in the SW emission band in
of a-CDx andf3-CDx on the absorption spectrum of DMAPPI  cyclohexane is absent and the SW emission in CDxs corresponds
respectively at pH 9.5. The relevant data along with similar data to either methanol or methanol/water mixture environments.

3. Results and Discussion
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TABLE 1: Absorption Band Maxima (lﬁfm nm), log emax, the Fluorescence Band Maxima
(422 nm), Fluorescence Quantum Yieldsds) of Both the Bands, Lifetimes §, ns), Radiative Rate k, x 10° s™%) and

Ngﬁfadiative Rate (k. x 10° s71) of the Neutral and the Monocation of DMAPPI in Different Environments (Aexc = 350 nm;

[3-CDx] = 15 mM, [0-CDx] = 20 mM)

j'ambax if$a>< ((»bﬂ)
solvent (109 €may) N TICT ™ r K K K k.
cyclohexane 327 350, 367, 384 (0.57)
acetonitrile 335 (4.45) 391 (0.69) 0.96 7.2 3.2
1-propanol 339 (4.40) 393 (0.76) 1.30 5.8 1.8
methanol 341 (4.47) 398 (0.22) 475 (0.067) 0.35 1.85 6.2 2.3 0.36 51
water (pH 9.5) 335(4.37) 414 (0.014) 505 (0.003)
a-CDx(pH 9.5) 335(4.34) 407 (0.026) 490 (0.009)
B-CDx (pH 9.5) 340 (4.43) 397 (0.085) 460 (0.129) 054 174 16 169 074 50
methanol (0.001 M bBQy) 370 413 (0.022) 516 (0.014)
water (pH 4.0) 368 416 (0.003) 525 (0.0007)
a-CDx(pH 4.0) 368 416 (0.0029) 510 (0.00097)
B-CDx (pH 4.0) 408 (0.003) 492 (0.025) 0.44
100! TABLE 3: Full Width at Half the Maximum Height (cm 1)
! z 2 of the Absorption and the Fluorescence Band Maxima
Recorded at Different Aexc (nm) and in Different Media
- 80 emission
z dexe=310  Aexe=330  Aexe= 350
g &or medium absorpton N TICT N TICT N TICT
; cyclohexane 3690 3440 3430 3450
‘@ 40r acetonitrile 4540 3710 3800 3720
% 1-propanol 4020 3330 3810 4000
= methanol 4090 3170 3290 3340
201 water 5350 3250
a-CDx(20 mM) 5190 3900 3870 3740
, | . B B-CDx(15mM) 5070 2930 4600 2870 4740 2650 4950
350 400 450 500 550 600
Wavelength (nm) (a) -7
Figure 2. Fluorescence spectrum of neutral DMAPPI in (1) cyclo- 501
hexane, (2) 15 mM aqueoysCDX, (3) 20 mM aqueous-CDx, and
(4) water. pH 9.5. ¥ 4o-
E 7
=
TABLE 2: Fluorescence Band Maxima @amgm nm), g
Fluorescence Quantum Yields ¢;) of Both the Bands of 8 30~
Neutral DMAPPI When Excited at 310, 330, and 350 nm in z
Water, 15 MM f-CDx, and 20 mM o-CDx ([DMAPPI] = € 200
1.6 x 105 M, pH = 9.5) £ 1
mal! 10
Aexe= 310 Aexe= 330 Aexe= 350
medium 2%, N TICT N TICT N TICT 250 300 350 400 500
water 335 414 505 415 505 416 505 Wavelength (nm)
(0.012) (0.003) (0.010) (0.003) (0.011) (0.0027)
a-CDx 335 409 490 410 490 411 490 (b) 7 -t
(0.025) (0.009) (0.023) (0.0078) (0.022) (0.008)
p-CDx 340 397 460 398 460 399 460
(0.080) (0.129) (0.072) (0.121) (0.078) (0.122) - %9
The fluorescence spectra of DMAPPI in 20 mMCDx and 5
15 mM -CDx at pH 9.5 were also studied by exciting at 310, £ 40l
330, and 350 nm. The relevant data are compiled in Table 2. ;
The fluorescence band maxima of both the bands were @
independent ofiey, as observed in aqueous medium. This g 7
clearly suggests that both the emissions are occurring from their 29[
most relaxed states and the relaxation times of the environments
around DMAPPI are shorter than the radiative lifetimes. Unlike !
alcoholic solvents, the fwhm of the SW emlssm.nﬂrC[')x 0 760 750 700 390 320 380 380 200
decreases and that of the TICT band increases with an increase Wavelength (nm)

in Zexc (Table 3). Th? f_ormer IS IesS. than that observed in Figure 3. Fluorescence excitation spectra of DMAPPI in (a) 15 mM
methanol at eachex. Similar fwhm data iro-CDx for the TICT aqueous-CDx and (b) 20 mM aqueous-CDX. At Aem = (1) 400, (2)
band could not be obtained because of the uncertainties involveds20, (3) 440, (4) 460, (5) 480, (6) 500, and (7) 520 nm.
in their band shapes.

The fluorescence excitation spectra were recorded at differentThe excitation spectra in- and3-CDx are depicted in parts a
emission wavelengths in the range 3&20 nm in agueous  and b of Figure 3, respectively. The fluorescence excitation band
medium, at 20 mM of-CDx and 15 mM of5-CDx at pH 9.5. maxima in aqueous medium an@CDx environments are
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20 TABLE 4: Association Constants K, M~1) of the Different
Species of DMAPPI with CDxs and the K, Values of the
MC —N Equilibrium of DMAPPI in CDxs
Ka
Aisos
1.5¢ 1 medium Ka (MC=N) N TICT MC3
water 6.45 352

o-CDx(20 mM) 6.55 352 13(13.4) 14(143) 444
p-CDx(15 mM) 6.45 355 386 (386.3) 384 (384.2) 246 (246.3)

aValues are obtained from eq 1 and the values in the parenthesis
3 are obtained from eq 2.

6 cal plot of 1/( — lg) versus 1/[CDx]. The linear plots show

the formation of 1:1 inclusion complex between DMAPPI and
both the CDxs. The values of the association constants obtained
4 using the fluorescence intensities of both the bands agree very
nicely within error limits (Table 4). The values df for
DMAPPI with 3-CDx are larger than those witl-CDx. The

i . .
08 10 12 value ofK can also be calculated using nonlinear least squares
1/[CDx] x1073(M™) regression analysis instead of using the graphical method(eq

Figure 4. Double reciprocal plot for neural DMAPPI and its mono-  1). The equation used for the nonlinear regression an&lysis
cation (MC3) complexes ta-CDx andS-CDx following eq 1 at 298

00 02 04 06

K. Using normal emission of neutral DMAPPI, (&}CDX, (3) 3-CDXx; I, + aK[CDx],
using TICT emission of neutral DMAPPI, (2)}CDx, (4) 5-CDx; using = W (2)
TICT emission of the MC3 (5-CDx, (6) 5-CDx. akK] X]O

slowly red shifted with the increase &§q up to 440 nm and The initial values ol and [CDx} given to the analysis are the
remained unaltered di., > 440 nm, whereas in the case of experimental values, and the initial valueskoinda given to
a-CDx, fluorescence excitation band maxima are slowly blue the analysis are obtained from the Berdsildebrand plot. The
shifted with the increase in thim up to 440 nm and remain  fit covered well for all the cases with correlation coefficients
unchanged atem > 440 nm. r2 > 0.95 (Figure 5). The agreement between the values obtained
The lifetimes of DMAPPI were determined only in 15 mM  graphically and theoretically is quite good (Table 4).
B-CDx at pH 9.5, as the fluorescence intensities in pure aqueous 3.1.4. DiscussionThe spectral characteristics of DMAPPI
and 20 nma-CDx medium were too small to measure the have been studied in detdfi.The LW absorption band is red
lifetimes in these media. Thiay.was 332 nm ande,was 397 shifted with an increase in polarity and hydrogen bonding
and 460 nm. The fluorescence decay in each case followed acapacity of the solvents except water, where it is blue shifted
single exponential and the values so obtained are 0.54 and 1.740mpared to alcoholic solvents. This has been attributed to the
ns, respectively (Table 1), suggesting that the equilibrium is fact that the hydrogen bonding &Ns— and=Ng— atoms and
not established between the two states and the rate of formatior NH group makes the Pl ring to be planar with the benzene
of TICT state from the locally excited (LE) state is faster than ring and thus increases the conjugation with DMAP ring,
the reverse process. The lifetime of the SW emission increased whereas the hydrogen bonding at thé&lMe, group in water
whereas that of LW emission decreased slightly when DMAPPI makes this group nonplanar. The LW emission band is more
is encapsulated ifi-CDx in comparison to those in methanol ~sensitive than the SW emission to the environments. The
(0.35 and 1.85 ns). Wherever possible, the values of radiative increase in theys (SW) band with the increase of polarity and
(k) and nonradiativeki,) rate constants are given in Table 1. hydrogen bonding capacity of the solvents except methanol and
3.1.3. Association Constamhs mentioned earlier, although ~ water has been attributed to the greater rigidity in the structure
no clear isosbestic point is observed in the case-GDx, one of DMAPPI in the § state as a decrease in the flexibility in the
cannot totally eliminate the possibility of the formation of a molecule on excitation to the,State decreases the rate of
well defined 1:1 inclusion complex, as the similar results were nonradiative decay raté;that is, the molecule is more planar
also observed ip-(N,N-dimethylamino)#> andp-(N,N-diethy- in the § state. This is supported by the fact that the fwhm in
lamino)benzoic acid?® Further compared to the absorption the fluorescence spectrum is smaller than that in the absorption
intensities, the fluorescence intensities are more sensitive andspectrum. The LW emission band has been assigned to the TICT
accurate because of the large emission changes induced by theand. The lifetimes of both the states are different and this
CDxs. Therefore, the association constants of DMAPPI with suggests that the equilibrium is not established between these
B-CDx anda-CDx have been determined using fluorescence two states. The reverse charge transfer (TIET LE) is
intensities and exciting at 319 nm in the former and 360 nm significantly reduced.
(where the changes observed in the absorption spectra are On the basis of the above results and considering the results

minimum) in the latter. The BenesHildebrand® equation in the present study, it may be concluded that a 1:1 inclusion
used is complex is formed between DMAPPI andCDx andj-CDx.
This is based on the following observations. The ground state
1 1 1 1) geometry of DMAPPI was optimized using the AM1 metfbd

[1=1 A [DMAPPI], * [DMAPPI]K[CDx], (QCMP 137 MOPAC 6/PC). The vertical distance betwees H
and H, is 4.1 A and that between;gland H; is 5.1 A. The
wherel and o are the emission intensities of DMAPPI with  horizontal distance betweenygdand N is 5.2 A, whereas
and without CDxs, [CDx and [DMAPPI} are the initial between H; and Ns it is 7.1 A. Considering the shape and the
concentrations of CDx and DMAPP4,is a constant, an is dimensions of DMAPPI and-CDx, DMAPPI can entef-CDx

the association constant. Figure 4 represents the double reciprolengthwise in two ways (parts a and b of Scheme 2). If the
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Figure 5. Plot of fluorescence intensities) (versus [CDx] for DMAPPI complexes to CDx. Using normal emission of neutral DMAPPI, (1)
o-CDx, (3) f-CDx; using TICT emission of neutral DMAPPI, (2-CDx, (4) 5-CDx; using TICT emission of the MC3 (5)-CDx, (6) 5-CDx.

inclusion complex is formed as shown in Scheme 2a, the less than that in protic solvents (Table 3). In other words

—NMe, group will be present in the bulk water phase and will
experience the similar kind of solvation at theNMe, group

interactions at=N3— and =Ng— atoms will be absent. This
kind of geometry will lead to the blue shift in the absorption
spectrum of DMAPPI when compared with that in water. The increase of polarity of the solvent33® This means that the
results, observed in the Table 1, thus establish that the inclusionfluorescence intensity of the A band should decrease as the

complex formed between DMAPPI adCDx is as shown in
Scheme 2b and is substantiated by the following observations.in the emission of the A band confirms that the€CDx cavity
(i) The —NMe; group is buried in the hydrophobic cavity, and
thus the bulk water is not available to solvate it. This would emission in3-CDx is due to the decrease in the dipeliipole
eliminate the solvation shell around theNMe, group and

blue shifts in both the emission bands. (i) An increase is

observed in thep; of both the bands. This means that the LE
state is less flexible iff-CDx in comparison to that in protic
solvents and is substantiated by the fwhnBHCDx, which is

=N3z— and >NH group are strongly hydrogen bonded to the

water molecules at the interface and/or to the secondary hydroxyl
as experienced in the bulk water, whereas the hydrogen bondingprotons, leading to the planarity of the PI ring and benzene ring.
Whereas, in the case of the TICT band, it is well established
that the energy barrier for the TICT process decreases with

polarity of the environments decreases. The blue shifts observed

is less polar than water. The enhancement in the A band

interactions between the environmentGfCDx and the TICT
thereby cause a red shift in the absorption spectrum and thestate. Because of this, the energy gap between the TICT state
and the FranckCondon ground state or the low lying triplet
state will increase. The increase in the energy gap between the
TICT state and the low-lying triplet/ground state decreases the
rate for the nonradiative proce®¥sThe other factor for the
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Figure 6. Effect of pH on the absorption spectrum of DMAPPI (a) in
20 mM a-CDx and (b) in 15 mMgB-CDx.
enhancement of the TICT emission is the increase in the rigidity
of the molecule (see below). (iii) Observation of a similp  and >NH group of PI ring) does, play the major role in the
value for the protonation of=Ng— atom and the spectral formation and stabilization of the TICT state. This is because:
characteristics of the MCs ifi-CDx and the bulk water (see (i) the —NMe, group is buried insidg-CDx cavity (Scheme
later). Single exponential decay at both the emission band 2b) and not able to form hydrogen bonds either with the proton
maxima and large values of the association constants do suggesdf the hydroxyl rim of the shorter cavity nor with water
the presence of only one kind of inclusion complex between molecules at the interface and (i) theNs— atom and>NH
DMAPPI and -CDx. The large values of the association group of the PI ring are held together by the hydrogen bonding
constant imply that DMAPPI is tightly embedded in {fDx of the secondary hydroxyl rim and/or by that of the bound water
cavity. molecules in the interface more tightly than the free water
It is clear from Figure 2 that the SW emission band of molecules. This will increase the planarity of the PI ring with
DMAPPI is very different in CDxs solutions as compared to the benzene ring and facilitate the flow of charge. This is
that in cyclohexane. This shows that DMAPPI does not substantiated by the enormous increase in the TICT emission
experience a nonpolar environment in the CDxs cavity. Although (43 times that of water) and the decrease in the fwhm of the
the fluorescence quantum yields of both the bandg-@Dx SW emission of DMAPPI in thgg-CDx cavity compared to
are different from those in methanol, the band maxima are quite that in aqueous medium (Table 3).
close to those in methanol. In other words, the environmentin ~ 3.2. Spectral Characteristics of the Monocations3.2.1.
the 5-CDx cavity may be assumed to be close to the methanol Absorption SpectrunThe aborption spectrum of DMAPPI has
polarity. Similar results have also been observed by many been studied in 15 mM8-CDx and 20 mMo-CDx aqueous
regarding the polarity of th8-CDx cavity!! Further, the large solutions in the pH range49.5. The relevant data are compiled
increase in the fluorescence intensity of A bandghCDx in Table 1, and the spectra are shown in parts a and b of Figure
suggests that the free rotation-eNMe;, group is still possible 6, respectively. The presence of an isosbestic pei36@ nm,
in the §-CDx cavity. Considering that the TICT emission was sharper in3-CDx in comparison to that ia-CDx) in both the
observed in solid matrices and/or under high pres3litecan media suggests the presence of equilibrium between the
be considered that the restriction on the increased viscosity in moncation and neutral (MEN) species. No change is observed
the 8-CDx cavity does not forbid the formation of the TICT either in band maximum or in the absorbance at 368 nm of the
state. It may thus be mentioned that the formation of the TICT MC in a-CDx, whereas the absorption maximum of the MC is
state is dependent more on the polarity of the medium ratherred shifted by 2 nm and slight increase (0.045 unit) in the
than on the free motion (e.g., viscosity), as observed in numberabsorbance is observed at 370 nm when dissolveé@Dx
of molecules'134:35.49,50 and compared to those in aqueous mediuky, \@lues for the
The observation of TICT emission j#+CDx suggests that ~ MC—N equilibrium determined in-CDx and3-CDx are similar
the hydrogen bonding of the solvents with the donor group to each other, as well as obtained in aqueous medium (Table
(—NMe,) does not, whereas that with acceptetN— atoms 4). Similar to the absorption spectrum of the neutral DMAPPI,
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Figure 7. Normalized fluorescence spectrum of MCs of DMAPPI (pH Figure 8. Normalized fluorescence excitation spectrum of MCs of
4.0) (a) in 20 MMa-CDx and (b) in 15 MMB-CDX. dexc = (1) 310, 9 : P

DMAPPI (pH 4.0) at different emissions (a) in 20 mMMCDx and (b)
(2) 320, (3) 330, (4) 350, (5) 370, and (6) 380 nm. in 15 MM B-CDX. dem = (1) 400, (2) 420, (3) 440, (4) 480, (5) 500,

no clear isosbestic point is observed in the absorption spectrum(6) 520, and (7) 540 nm.

of the MC whena-CDx concentration is varied, whereas in

B-CDx, an isosbestic point is observed in the absorption Proportion of the former species is larger than the latter in the

spectrum of the MC at 385 nm (not shown). S state. Further the absorption spectrum of DMAPPI consists
3.2.2. Fluorescence Spectruffihe fluorescence spectra of Of two species. On the basis of the earlier restfitae 315 nm

the MCs of DMAPPI have been studied in 15 mMCDx (pH band can be assigned to MC1 and the 377 nm band to MC3.

4.0) With dexc in the range of 316380 nm. Dual fluorescence The fluorescence spectra of MCs of DMAPPI were also
is observed as shown in Figure 7b; that is, 408 nm is the intenserecorded aflexc = 310 and 385 nm at different concentrations
emission band and 492 nm is the shoulder whgg is 310, of CDxs. Parts a and b of Figure 9 represent these changes in

315, and 320 nm, whereas the fluorescence intensity of the 4083-CDx. These two wavelengths were such that the changes
nm band keeps on decreasing and that of 492 nm band keep®bserved in absorption spectra of the MCs were either minimum
on increasing aseyc increases. In comparison to the results in O represent isosbestic points. From Figure 9a, it is clear that at
aqueous medium, the SW and LW emission bands in 15 mM 4exc= 310 nm the fluorescence intensity of the 416 nm emission
B-CDx are blue shifted by 8 and 33 nm, respectively. The band increases slightly up to 3 mgtCDx and then nearly
fluorescence quantum yield of the SW emission remains remains invariant up to 15 mi3-CDx, whereas that of the 490
unchanged, whereas that of the LW emission increases by anm band keeps on increasing with increagigDx concentra-
factor of 36 in comparison to those in water. On the other hand, tion (inset of Figure 9a). On the other handAat = 385 nm
the fluorescence quantum yield of the SW emissiofiH8Dx (lisog, ONly the LW emission is noticed, and its intensity
decreased by a factor 0f13 and that of the LW emission  increases with increase iff-CDx concentration. A weak
increased by a factor 0f2 in comparison to those in methanol. ~shoulder observed at425 nm in water could be due to MC2
The fluorescence excitation spectra of the MCs in 15 mM rather than because of the normal emission band of MC3. This
[-CDx at pH 4 were also recorded at differéghand are shown is because the fluorescence excitation spectra recorded at 420
in Figure 8b. Unlike in the absorption spectrum, the 315 nm is 440 nm exhibit mainly the 310 nm band rather than at 377 nm.
the main peak and 377 nm is a shoulder in the fluorescence The fluorescence spectra of DMAPPI at pH 4 (MCs) in 20
excitation spectra withen in the range 406440 nm, whereas MM a-CDx were also recorded usinigy in the range 316
only one peak at 377 nm with a long tail toward the blue side 380 nm (Figure 7a). Hardly any change is observed ir}lﬂ@g
is noticed when fluorescence excitation spectra are recorded withand the fluorescence quantum yield of the SW emission, but
JAem from 460 to 540 nm. The absorption spectrum of DMAPPI the A of the LW emission is blue shifted by 15 nm and the
at pH 4 and in 15 mMB-CDx, as well as in aqueous medium, ¢y is increased by a factor of 1.4 in comparison to the results
resembles more closely the fluorescence excitation spectraobserved in aqueous medium. The fluorescence excitation
recorded in the emission range 48840 nm. These observations spectra of the MCs of DMAPPI ii-CDx were also recorded
suggest that the absorption spectrum of the species correspondat emission wavelengths in the range 4880 nm (Figure 8a).
ing to 490 nm emission overlaps with that of the species Unlike the fluorescence excitation spectra of the MCs of
corresponding to 410t 5 nm emission and the relative DMAPPI in 5-CDx, only one peak is observed at 310 nm in
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ground state, whereas MC2 and MC3 are present in tistage.

600
(a) s MC2 is obtained by the biprotonic phototautomerism in the S
500 E state. This process is obtained when the order of the acidities
% or basicities of the acidic and basic centers are reversed in the
400F 2 S, state as compared to that ig Saté! and the formation of

the phototautomer is an excited-state phenomenon. On the other

300 hand, when MC3 is excited at itdnax, the emission band
200 observed was assigned to the TICT band. The absence of the
normal fluorescence band of this protonated species (MC3)
= 100 could be either due to the fact that the intramolecular charge
z transfer state is less stabilized andaarh state is sufficiently
; 0 360 205 =5 565 50 00 low for favoring an alternative decay pathway such as inter-
5 system crossing to the tripf@&3or due to the complete transfer
- of the MC3 to the TICT state which may be sufficiently lower
£ 120 .
8 than the normal state in water or methanol.
£ 100 On the basis of the above arguments and present results, it is
- clear that the prototropic species formed in both the CDxs are
80 similar to those observed in aqueous or methanol media. Their
spectral characteristics are only changed. The spectral charac-
60 teristics, the values of association constants, and khesalue
of the MC—N equilibrium support our earlier conclusion drawn
40 in section 3.1.4 that DMAPPI forms inclusion complex with
B-CDx as shown in Scheme 2b. This conclusion is supported
20 by the following arguments. (i) If DMAPPI molecule would
have formed an inclusion complex wiflifCDx, as shown in
Scheme 2a, both theeN— atoms would have been buried in

0 1
400 50 500 550 800 650

Wavelength (nm) the nonpolar cavity and situated in such a way that both the

] =N-— atoms would have been away from the hydrogen bonding
Figure 9. Fluorescence spectrum of MCs of DMAPPI (pH 4.0) as a network at the primary or the secondary hydroxyl rim, making

;‘fjr;%egqhzfg[g%? iﬁ?é'ﬁseigﬂrfg??h?fffs %a% 3;);?1(;' anhfgbnrsﬁ gg’;d it inaccessible to the attack of the proton. In other words, the

versus B-CDx]) and (b) 385 nm (dotted line shows the spectrain 0 M PKaVvalue of the MC-N equilibrium would have been lowered.
[-CDx] in the expanded scale}3{CDx] = (1) 0, (2) 1, (3) 2, (4) 7, On the other hand, in the case of the other inclusion complex,

(5) 10, (6) 12, and (7) 15 mM. as shown in Scheme 2k;Ng— is nearly present in the bulk
water phase arreFN3;— near the larger rim g8-CDX, i.e., easily
the fluorescence excitation spectra of the MCs of DMAPPI in accessible to the attack of proton. Nearly similar valueskaf p
o-CDx when monitored at 4606440 nm and the second peak for the MC—N equilibrium confirm the presence of the inclusion
at 380 nm starts appearing at the expense of 310 nm peak whertomplex with3-CDx as shown in Scheme 2b. (ii) Similar to
Aem = 480 nm. All these behaviors are more close to those aqueous medium, the normal emission from MC3 is also absent
observed in aqueous mediétmather than to those ifi-CDx. in B-CDx. A similar behavior is also observed when the
The effect ofdexc = 310 and 400 nm, respectively, on the prototropic reactions of DMAPPI were studied in the ionic
fluorescence intensities of the MCs of DMAPPI as a function (sodium dodecylsulfate and cetyltrimethylammonium bromide)
of a-CDx concentration has also been studied (not shown). In and nonionic (triton X-100) micell€¥. The presence of water
both cases, only one emission band is observed 415 nm molecules is established from the fluorescence quenching of
in the former and 510 nm in the latter case. Further, only a the fluorophore buried in the core of the micelles by water-
slight decrease is observed in the 415 nm emission band,soluble quenche?3 and thus may be involved in hydrogen
whereas an increase in the emission intensity is noticed in 510bonding interactions with the prototropic species. It proves the
nm band. point that the water molecules present near the rim gftdx
3.2.3. Association Constants of the MCBhe changes  are also involved in forming the hydrogen bonding withiH
observed in the absorption spectra and the 415 nm emissionand/or=N— moieties. On the other hand, our study in pure
band were so small that the association constants of the MC3AOT>* dissolved inmn-heptane with water contentvg) zero has
were determined using eq 1 (Figure 4) and eq 2 (Figure 5) and substantiated that the emission was only observed from the
the changes in the LW emission band. The values so obtainednormal fluorescence state of MC3 at 450 nm and the 450 nm
are compiled in Table 4, and the agreement between the twoemission band was continuously red shifted to 492 nm emission
values is quite good. Similar to the neutral molecule, the band with increase of water-to-surfactant ratip The former

association constants of the MC3 witkCDx (4 M) is situation represents the dielectric constant equak$8° and

negligible in comparison to that if-CDx (246 M™1). deprives the medium of forming hydrogen bonding with the PI
3.2.4. DiscussiorDMAPPI possesses three basic centers, and ring, whereas in the latter situation, water molecules are

three kinds of MCs can be obtained by protonating-tiMe, available for hydrogen bonding. (iii) As mentioned earlier, the

group (MC1),=Ns— atom (MC2), and=Ng— atom (MC3) 412 nm emission band is due to a phototautomer whose ground
(Scheme 1). The relative proportions of these MCs in the S state precursor is MC1 (Scheme 1) and formed in thet&e
state, shown by AM1 calculations and electrostatic potential by the simultaneous deprotonation eNMe,H"™ group and
energy mapping? follow the order MC3> MC1 > MC2. The protonation of=Ns— atom involving the solvent system. In the
spectral characteristics of the MCs of DMAPPI in methanol case of-CDx when the MC1 of DMAPPI is encapsulated in
and water have proved that MC1 and MC3 are formed in the §-CDx, it is held together by the hydrogen bonding as shown
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in the Scheme 2c. As soon as the MC1 is excited, it gives away facilitating the charge flow. (v) Similar to in aqueous medium,
its proton to the water molecules toward the shorter end and on protonation of DMAPPI, MC1 and MC3 are formed in the
accepts the proton from the larger end of fR€Dx. A similar S state and MC2 and MC3 are formed in thestate. But the
behavior is also observed in the entikto tautomerism of relative population of MC1 (therefore MC2 in the State)
7-hydroxyquinolin€’ (iv) A single-exponential decay observed decreases, while that of MC3 increases in aques@Dx and
in the TICT band of MC3 € = 0.44 ns,y? = 1.05) suggests  to large extent in aqueoyssCDXx.
that MC3 is occupying a single site. Although the association
constant of MC3 with3-CDx suggests that only 80% of MC3 Acknowledgment. The authors are thankful to the depart-
will be encapsulated, qualitatively still it can be assumed that ment of Science and Technology, New Delhi for the financial
MC3 is nearly present at one site SfCDX. support to the Project SP/SI/H-39/96.
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