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Abstract. Effects of acid concentration on excited state intramolecular charge transfer reaction of 4-
(azetidinyl) benzonitrile (P4C) in aprotic (acetonitrile and ethyl acetate) and protic (ethanol) solvents have been
studied by means of steady state absorption and fluorescence, and time resolved fluorescence spectroscopic
techniques. While absorption and fluorescence bands of P4C have been found to be shifted towards higher
energy with increasing acid concentration in acetonitrile and ethyl acetate, no significant dependence has been
observed in ethanolic solutions. Reaction rate becomes increasingly slower with acid concentration in ace-
tonitrile and ethyl acetate. In contrast, acid in ethanolic solutions does not produce such an effect on reaction
rate. Time-dependent density functional theory calculations have been performed to understand the observed

spectroscopic results.
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1. Introduction

Photoinduced intramolecular charge transfer (ICT) is a
research area of fundamental interest as light induced
charge separation plays an important role in photo-
synthesis and vision.'=® Experimental and theoretical
studies of photo-induced ICT processes in basic sci-
ence research*® have increased significantly due to
its biological importance. Of late, heterogeneous solu-
tion structures of various environments have been suc-
cessfully probed by photoinduced ICT as its fluo-
rescence characteristics strongly depend upon local
polarity.” Fluorescence property of ICT molecule is
used in characterizing various host systems which
include biomolecular systems, pH and chemical sen-
sors, molecular electronic devices, and bulk and con-
fined liquids.®~'> It has also been observed that pho-
tophysical properties of donor-pi-acceptor systems
can be tuned by changing molecular structure and
conjugation.® These applications encourage chemists
and physicists to design and study photophysical
behaviour of ICT molecules in various environments.
Fluorescence behaviours of 4-dimethylaminoben-
zonitrile (DMABN) and its derivatives have been exten-
sively studied since the first discovery of dual emission

*For correspondence

due to excited state reaction.® Dual emission proper-
ties of 4-(azetidinyl) benzonitrile (P4C) in various envi-
ronments have been previously studied using steady
state and time resolved fluorescence techniques.'®~!” In
polar solvents, P4C exhibits dual fluorescence where
the long wavelength band appears due to intramolecu-
lar charge transfer. In this molecule, amine and cyano
moieties act as donor and acceptor, respectively. The
charge transfer state formation is sometime believed
to involve an intramolecular twisting process in sin-
glet excited state,'®® although other mechanisms!®®
are also invoked. The photo-excitation of P4AC to the
locally excited (LE) state and thereby formation of
charge transferred (CT) state are shown in scheme 1,
where k; and k, are the forward and backward rate con-
stants, respectively. ki g and kcr denote, respectively, the
net (radiative plus non-radiative) rate constants for LE
and CT states. CT state is more polar and thus stabi-
lized by enhanced solute-solvent (dipole-dipole) inter-
action in polar media.'® Interconversion between the LE
and CT states is known as charge transfer step, which is
much faster than the LE or CT population decay rates
(or inversely, lifetimes) in polar solvents.'¢
Photophysical properties of various ICT molecules
have been performed previously in different environ-
ments. Interestingly, heterogeneous nature and solu-
tion structural transition of water—alcohol binary mix-
tures have been probed by using the photo-response
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of P4C molecule.” Temperature-assisted aggregation of
alcohol has also been observed by following the fluo-
rescence response of the same solute.’ Electrolyte-
induced modulation of intramolecular charge transfer
rate of P4AC molecule in pure solvent has been explored
and a non-monotonic dependence observed.'®

To gain insight into the ICT of P4C in acidic media,
we have performed detailed study of the acid con-
centration dependence of reaction equilibrium and rate
constants for PAC in acetonitrile, ethyl acetate, and
ethanol using steady state and time resolved fluores-
cence spectroscopic techniques. Note that although acid
concentration and/or the pH-dependent photophysical
behaviours of chemical and biological systems have
been an area of intense research,”’~?® such a study
for these model systems has not been done before. A
fluorescence study reports that emission of dendrimer
can be modulated by changing the pH.?! Medium pH
has also been shown to substantially affect the dual
emission behaviour and excited state proton transfer
of green fluorescent protein, and folding of proteins.?
Again, binding of a dye with macromolecules has been
shown to be dependent on medium pH.” In an earlier
study, dopamine and some of its derivatives show pH-
dependent oxidation and reduction potentials, which
made it an important system to understand various bio-
physical processes.?* It is known that charge transfer
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Scheme 1. Molecular structure of 4-(azetidinyl) benzoni-
trile (P4C) and various rate processes of the photo-induced
charge transfer model (species in Sy state can be PAC or its
protonated form).

processes in supramolecular protein and DNA assem-
blies are central to the function of many biological
processes. Pi-stacked bases in DNA facilitate elec-
tron transport, which may lead to damage, repair or
both.” Charge transfer often arises in photosynthetic
reaction centres, a complex of proteins and pigments,
to conduct the primary energy conversion reaction in
photosynthesis.*® Recent fluorescence and Raman spec-
troscopic investigations of pH-dependent structure of
DNA report that binding of protons to DNA bases
leads to a conformational change.”>~?® Moreover, pro-
tons have been taken up by the protein in photosyn-
thetic reaction centre upon electron transfer.’! There-
fore, study of acid concentration dependence of electron
transfer processes in ICT molecules may supply pre-
liminary yet critical information towards understanding
of the charge transfer processes in complex biological
systems. In such a scenario, the present study can be
regarded as a model investigation involving relatively
simpler (solvent + solute) systems, the results of which
may stimulate suitable analytical works.

2. Measurement and computation details
2.1 Spectroscopic measurements

4-(Azetidinyl) benzonitrile (P4C) was synthesized
using the method reported earlier.*> Synthesized P4C
was recrystallized twice from cyclohexane (Merck,
Germany) and purity checked via thin-layer chromatog-
raphy and excitation wavelength dependent fluores-
cence measurements in solvents of differing polari-
ties. Acetonitrile (ACN), ethyl acetate (EA) and ethanol
(EtOH) were obtained from Sigma-Aldrich and used as
received. Hydrochloric acid (HCI) was purchased from
Merck, India. Acid solutions with HCI at milli-molar
concentrations have been prepared by mixing concen-
trated HCI (35%) in these solvents. Since these solvents
(ACN, EA or EtOH) are sufficiently polar, dissociation
of HCI1 will produce H" and CI™ in them.

Steady state absorption, emission, and time-resolved
fluorescence measurements were carried out following
standard protocol described earlier.'’-?* Concentration
of P4C in solutions was maintained always at <107>M.
Fluorescence spectra of P4C in polar solutions were
deconvoluted into two segments (namely LE and CT)
using a reference fluorescence spectrum of same solute
in perfluorohexane.'® Areas under the LE and CT
bands so obtained were then used for further analyses.
Fluorescence peak frequencies of LE and CT were
calculated by adding the shifts of the peak frequency
(with respect to reference spectra) in solutions with
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reference frequency in perfluorohexane. Error asso-
ciated with the peak frequency and width are typi-
cally 150 cm™! and £200 cm™!, respectively. Time
resolved fluorescence intensity decays were measured
using time-correlated single photon counting (TCSPC)
technique (Lifespec-ps, Edinburgh). The full width at
half maxima of the instrument response function (IRF)
was ~450 ps when we used a 299 nm laser diode (PLS-
8-2-232, PicoQuant) as excitation source having pulse
width ~500 ps. In the present study and also in many
previous studies,'®? the short time constants obtained
from LE fluorescence decays were found to be very
similar to the short time constants (rise-time) needed to
fit the CT fluorescence decays of P4C. Therefore, the
short time constant was considered as the reaction time
of LE < CT interconversion reaction.

2.2 Computational study

Geometry optimizations of P4C, protonated P4C,
ethanol and protonated ethanol were performed for the
ground state using density functional theory (DFT)
method at B3LYP/6-31G(d) level of theory. No imagi-
nary frequencies were available after vibration analysis
of the optimized structures, which indicated that each
of the optimized structures was at the real minimum on
the potential energy surfaces (PES). Enthalpy changes
for protonation were calculated by the energy differ-
ences between protonated and non-protonated species
at optimized condition. Electronic transition energies
and oscillator strengths were calculated using time-
dependent density functional theory (TD-DFT) using
the B3LYP functional and the 6-31G(d) basis set. All
the above computations were carried out using the
GAUSSIAN 09 program package.*

3. Results and discussion
3.1 Steady state spectroscopic studies

Figure 1 exhibits representative absorption and fluo-
rescence spectra of the solute in ACN at three HCl
concentrations in upper and lower panels, respec-
tively. Note the blue shift in absorption spectrum upon
increasing acid concentration. Fluorescence spectrum,
as expected, shows both the normal band (due to locally
excited, LE, state) and the red-shifted charge-transfer
(CT) band.'*~'® Molecular structure and charge trans-
fer process of P4C have been shown in scheme 1. It
is evident that the area under the CT band decreases
with increasing HCI concentration, which indicates that
charge transfer is becoming unfavourable with acid
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Figure 1. Representative absorption (upper panel) and

emission (lower panel) spectra of P4C in ACN at various HCI
concentrations.

concentration. Absorption and fluorescence intensities
of P4C in all solvents also decrease with increasing HCI
concentration with concomitant blue shift in both LE
and CT peak positions. Absorption and emission spec-
tra of P4AC at few representative acid concentrations in
EA and EtOH are shown in figures S1 and S2, respec-
tively (Supplementary information). One point to note
here that for a two-state model of protonation an iso-
sbestic point is expected in absorption spectra. How-
ever, we did not find any isosbestic point in absorption
spectra of PAC in all solvents. This may be due to the
coexistence of more than two species.** As few, though
extent is very less, doubly protonated species may be
formed due to protonation at sp-hybridized N-atom of
P4AC.

The HCI concentration-dependent absorption and
emission frequencies of P4C in all these solutions are
presented in various panels of figure 2. Absorption
spectrum of P4C shifts towards blue for all the solvents
(ACN, EA and EtOH) while adding HCI into the solu-
tion. The observed shift is the largest for ACN and it
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Figure 2. Acid concentration dependence of steady state
absorption and emission spectral properties of P4C in sol-
vents of differing polarities. While the upper panel represents
absorption frequencies (v,ps), the middle and lower panel,
respectively, show LE (v g) and CT (vcr) emission frequen-
cies in ACN, EA and EtOH at various HCI concentrations
(colour coded).

becomes ~1000 cm~! at 10 mM HCI concentration.

The spectral shift in EA is ~400 cm™" at 15 mM HCI
concentration. The least spectral shift occurs in EtOH,
which is ~50 cm~! at 15 mM concentration. The pola-
rity order for the three solvents is as follows: EA (gg &~
6) < EtOH (g, ~ 24) < ACN (g, ~ 36).'° Clearly, the
effects of HCI on spectral shift do not follow the pola-
rity order of these solvents. Another interesting aspect
is that the blue shift is the maximum for solvents of the
highest polarity considered here (ACN). The above phe-
nomenon can be explained by considering the up-taking
of proton by PAC molecule in acidic solutions.

Our TD-DFT calculations, described in the next sec-
tion, suggests that absorption maximum of P4C may
shift towards higher energy (that is, blue-shift) with
addition of H*. Earlier computational studies of proton-
induced intramolecular charge transfer in donor-pi-
acceptor molecule also showed a marked blue shift in
absorption spectrum in presence of proton.>> As ACN is
a highly polar solvent, it can easily dissociate the added
acid and supply proton for uptake by P4C. Moreover, in
E1(30) scale of solvent polarity, ACN is relatively less
polar (E;(30) ~ 45.6 kcal mol~!) compared to EtOH
(E7+(30) ~ 51.9 kcal mol™!), whereas EA possesses
least polarity (E;(30) ~ 38.1).% Eventhough both ACN
and EtOH are sufficiently polar, EtOH can also accom-
modate a proton on its hydroxyl group or participate
in H-bonding with HCI and thus become a competitor
of PAC. This may weaken the effects of HCI on spec-
tral shifts of PAC in EtOH. Another point to be men-
tioned here is that, among these solvents, dissociation
constant of HCI is expected to be the largest in ACN
because of its largest ¢y among these three solvents.
However, in the case of EtOH, a protonated alcohol pos-
sesses low pKa, which means dissociation constant of
HCI1 would be the least.>” Therefore, the insignificant
change in spectral peak position with HCI concentra-
tion in EtOH may have originated from the relatively
weaker dissociation of HCI in this solvent.

Similar to the absorption spectrum in ACN, the LE
and CT frequencies also show a blue shift with increas-
ing HCI concentration. While in ACN, the LE and CT
fluorescence bands exhibit a blue shift of ~1300 cm™',
a blue shift of ~350 cm~! is observed in EA solutions.
Insignificant change in LE and CT spectral frequen-
cies with HCI concentration is seen for EtOH solutions.
These facts could be explained by protonation of amine
group and dissociation of HCl in different solvents. It is
known that protonation of the amine group reduces the
electron-donating properties of donor moiety and con-
sequently charge transfer is hindered.?® This is reflected
in decrease of area under the CT band in ACN (see
figure 1).

Figure 3 depicts the acid concentration dependence
of the ratios between areas under the CT and LE fluo-
rescence bands («cr/og). An interesting feature in this
figure is that the ratio, acr/o g, exhibits a significant
decrease in ACN, it shows an increase in EtOH with
acid concentration. In contrast, this remains insensitive
to acid concentration in EA. As H" can occupy the elec-
tron density on nitrogen atom in P4C, the formation
of CT state can be hindered in acid solutions. Conse-
quently, acr/arg decreases with increasing acid con-
centration. However, as EtOH can take up protons in
competition with PAC, the situation reverses as the ICT
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Figure 3. Acid concentration dependence of ratio
(acr/aLg) of areas under the CT and LE fluorescence bands
of P4C in ACN, EA and EtOH (colour coded).

process in P4C is not hindered as much as in other sol-
vents. This may be the reason for «cr /o g to increase by
~25% at an acid concentration of 15 mM. The compu-
tational results presented below appear to support such
a view.

3.2 Computational studies

Figure 4 shows the optimized structures of P4C and
conjugate acid of P4C, which is formed after addi-
tion of H* with P4C. Dihedral angles (DHA) consti-
tuted with C1, C2, N3 and C4 in P4C and in its pro-
tonated form (conjugate acid, see figure 4), are respec-
tively, 0.46 and —54.44°, which indicates that aze-
tidinyl ring is nearly coplanar with benzene ring in
P4C and this co-planarity is destroyed due to conju-
gate acid formation. Electron density is reduced due
to conjugate acid formation which can be observed
from the highest occupied molecular orbital (HOMO)
surfaces in figure 5. Both these changes disfavour the
charge transfer from azetidinyl ring to benzene moie-
ty in conjugate acid of PAC, which may restrict the for-
mation of charge transfer (CT) state. These are consis-
tent with experimental results, where acr /o g decreases
with acid concentration in acetonitrile and ethyl acetate.
TD-DFT calculations show that absorption maxima of
P4C in the gas phase may be shifted towards blue by
~29 nm (264 nm — 235 nm) after adding H* pro-
vided we consider the electronic transition with high-
est oscillator strength (second singlet excited state S,,
table 1). The blue shift is also the same (~29 nm) if
we consider first singlet excited state (S;). This sup-
ports the experimental large blue shift in absorption and
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Figure 4. Optimized geometries of PAC and protonated
P4C (conjugate acid), calculated at B3LYP/6-31G(d) level of
theory. Grey, blue and white balls represent respectively, car-
bon, nitrogen and hydrogen atoms. Hydrogen atoms except
in azetidinyl nitrogen are omitted for clarity.

emission spectra of P4C in presence of HCl. The pro-
tonation to the P4C also reduces the oscillator strength
(table 1). Protonation to the P4C in ethanol competes
with ethanol as it is a protic solvent. Enthalpy changes
for the protonation of PAC and ethanol in gas phase, are
respectively, —222.45 and —194.94 kcal/mol. Protona-
tion for both cases is exothermic which indicates that
protonation may occur spontaneously both in P4C and
ethanol. However, protonation to P4C is thermodynam-
ically more favourable than ethanol. Co-protonation
of ethanol may be one reason for displaying reverse
effect of HCI concentration on CT formation of PAC in
ethanol (i.e., acr /o g increases with acid concentration)
with respect to that in ethyl acetate and acetonitrile. In
this case, average polarity dominates over acid effects
for the CT formation in P4C.

3.3 Time-resolved fluorescence emission studies

Time resolved fluorescence spectra of PAC for LE state
have been measured in all solvents at different acid con-
centrations. For a few cases, CT state decays have also
been measured. The representative fluorescence tran-
sients of P4C for LE and CT states in ACN at 5 mM
HCI are shown in figure 6 along with bi-exponential
fits and residuals. Note the similarity between the short
decay time constant for LE and the rise time for CT in
these unconstrained fits. As discussed already, this time
constant is identified here as the reaction time constant
({Tixan))- The other time resolved fluorescence decays
have also been found to fit to bi-exponential functions
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Figure 5. Frontier molecular orbital profiles of P4C and protonated P4C.
Green and red correspond to the different phases of the molecular wave
functions for the HOMOs (highest occupied molecular orbitals) and LUMOs
(lowest unoccupied molecular orbitals), and the isovalue is 0.02 a.u. Orbital
energies (eV) are given in parentheses.

of time. This suggests that ICT reaction in P4C in pres-  constant associated with LE decays) are shown, respec-
ence of acid in these polar solvents also conforms to tively, in upper and lower panels of figure 7. It is inter-
the two-state description proposed earlier for a varie- esting to note that (7,,) increases significantly (~30%)
ty of medium.'*~? Acid concentration dependence of upon addition of HCI in ACN and EA, but remains
(txn) and LE fluorescence life time ({7y¢), the long time  largely insensitive to acid concentration in EtOH. The

Table 1. Main excitations and oscillator strengths corresponding to first and second singlet excited state in PAC and

protonated P4C: TDDFT calculations.

Comp. Excited State Excitations Calc. A (nm) Oscillator strength
P4C S, HOMO—LUMO+1 (66.99%) 274 0.025
S HOMO-1—LUMO+1 (12.40%) 264 0.629
HOMO—LUMO (69.34%)
Protonated P4C S, HOMO-1—LUMO (51.64%) 245 0.012
S HOMO-1—LUMO+1 (14.81%) 235 0.354

HOMO—LUMO (67.11%)
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Figure 6. Representative normalized LE (upper panel) and
CT (lower panel) emission decays of P4C in ACN at 5 mM
HCI concentration. The data are represented by the circles,
and the fit through the data are shown by solid lines. The
instrument response function is shown by the broken line.
The bi-exponential fit parameters are also provided in respec-
tive panels. The LE peak count was ~3000 and the CT peak
count was ~1000.

associated change in () is much less, being limited
within ~5-15% in these media.

One important point is, the state in which, ground
or excited, P4C absorbs proton. Another point is how
much does HCI dissociate in solution of these polar
solvents, or, form H-bond partially with azetidinyl
nitrogen in P4C. If P4C molecule absorbs proton in
the ground state, then for this molecule, possibility of
participating in charge transfer reaction in the excited
state reduces. On the other hand, if the molecule makes
H-bond with HCI in the ground state, the molecule
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Figure 7. Acid concentration dependence of the fast
(upper panel) and slow (lower panel) time constants of LE
fluorescence decays associated with the LE — CT inter-
conversion reaction of P4C in ACN, EA and EtOH (colour
coded). The fast and slow time constants of the decays are
the reaction time ((Tx,)) and life time ({Tir)) of the solute in
these solvents, respectively.

can still participate in the charge transfer reaction but
with reduced affinity. Similar phenomenon may occur
if the molecule absorbs proton or makes H-bond in the
excited state also. DFT, calculations show that twist
angle (dihedral angle between the two planes contain-
ing azetidine and benzonitrile moieties) may change
by 55° if the molecule absorbs proton in the gas
phase. Reduced electron density in the excited state
and restricted rotation of donor moiety (azetidinyl) can
jointly reduce the reaction rate in ACN or EA in pres-
ence of acid. Insensitivity of (7.,) to HCI concentra-
tion in EtOH also supports the minimal variation of
steady state absorption and fluorescence spectral fea-
tures. Least dissociation of HCI in EtOH*’ does not
alter the rate of charge transfer reaction appreciably.
Eventhough, (t,) does not exhibit any dependence,
the relative amplitude associated with it has been seen
to decrease (~15%) with HCI concentration in EtOH.
However, in ACN and EA, relative amplitudes do not
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show any dependence on acid concentration (shown
in table S1 of Supplementary information). Depen-
dence of () on acid concentration may arise due
to additional non-radiative decay channels provided by
H-bonding and/or protons from the added acid.

4. Conclusion

Dependence on acid concentration of LE <> CT inter-
conversion reaction in aprotic (ACN, EA) and pro-
tic (EtOH) solvents has been explored. Steady state
spectroscopic studies revealed that HCl concentration
effects are stronger in ACN than in EA. The absorp-
tion and emission (LE and CT) band frequencies shifted
towards blue with HCI concentration in ACN and EA,
whereas no significant dependence has been observed
in ethanolic solutions. These blue shifts are believed
to arise from the protonation of the donor moiety of
P4C, suggesting the extent of protonation in ACN
and EA is stronger than in EtOH. CT/LE area ratio
increases markedly with acid concentration in ACN, but
decreases in EtOH. This suggests that solvent associa-
tion character can determine the effects of added acid
on intramolecular reaction. The reaction rate constant
shows significant dependence on HCl concentration in
ACN and EA; no or insignificant dependence has been
found in EtOH. This fact also supports that the extent of
protonation of azetidinyl nitrogen is greater in ACN and
EA and weaker in EtOH. Therefore, results obtained
from steady state as well as time-resolved measure-
ments support the same inference. TDDFT calculations
provide further support for the observed acid-induced
blue-shift in ACN and EA, but not in EtOH. The study
presented here needs further sophisticated experimen-
tal studies and theoretical investigation for quantitative
explanation of acid concentration dependence of charge
transfer reaction.

Supplementary information

Absorption and emission spectra of P4AC in EA and
EtOH, and biexponential fit parameters of fluorescence
intensity decays associated with LE band of P4C in
ACN, EA and EtOH at various HCI concentrations are
provided as Supplementary information (figures S1-S2
and table S1) can be seen in www.ias.ac.in/chemsci.
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