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ABSTRACT: We report the photophysical properties of a synthetic asymmetric
azine-based compound (17Z,18E)-4′-((E)-3-phenylallylidene)-1′-(dimethylamino)-1-((pyren-8-yl)methylene)hydrazine (PYNC). The molecule PYNC shows
an appreciable red shift in the emission maximum in a wide range of solvents. In
water, PYNC shows the characteristic feature of excimer formation exclusively.
However, in all other solvents, the excimer band is present alongside the charge
transfer emission band. The assignment of charge transfer and excimer bands has
been established by various steady-state emission spectral data. PYNC, owing to
this novel excimer-coupled charge transfer phenomenon, can be a potential probe
for studying various supramolecular assemblies of biological interest.

1. INTRODUCTION
Synthesis of molecules purposefully designed to exhibit a
particular excited-state phenomenon has been of signiﬁcant
interest to physical chemists. Reports on synthesis of molecules
capable of exhibiting interesting photophysical phenomena
such as excited-state intramolecular proton transfer (PT),1−3
excited-state intramolecular charge transfer (ICT),4−6 and an
interplay between the above two7−9 are plentiful in the
literature. Because the polarity sensitivity of an ICT probe is
great due to large dipole moment incurred by the same in the
excited state, it is often employed as a sensor to study
biologically relevant systems. 10,11 A very well known
ﬂuorophore that exhibits a rare photophysical phenomenon
of excimer formation is pyrene.12 Synthesis of molecules
containing pyrene is often associated with the recently
discovered aggregation-induced emission (AIE).13,14 Pyrenecontaining probes are often employed for analytical purposes
such as sensing of environmentally relevant analytes15 and also
for probing their interaction with DNA, the building block of
life.16 More often than not, these interactions are revealed by
the modulation of the characteristic band corresponding to the
pyrene excimer.17,18 At this juncture, the probes capable of
displaying ICT and excimer formation could be important.
Throughout the years, novel probes have been reported that
show interplay between excited-state ICT and PT processes.19−21 However, no group has reported molecules that
are capable of showing ICT and excimer formation
simultaneously. Keeping this in mind, we report the synthesis
and detailed photophysical study of a newly designed organic
compound (17Z,18E)-4′-((E)-3-phenylallylidene)-1′-(dimethylamino)-1-((pyren-8-yl)methylene)hydrazine (PYNC).
© 2019 American Chemical Society

PYNC contains a pyrene unit linked to a (4-dimethylamino)cinnamaldehyde unit by an azine linker (Figure 1). The
rationale behind choosing pyrene was its ability to show
excimer emission. On the other hand, (4-dimethylamino)cinnamaldehyde as well as its derivatives shows interesting
excited-state charge transfer (CT) characteristics.22,23 Furthermore, polyaromatic hydrocarbons like pyrene can accept or
donate electronic charge depending on the tailoring of the
environment. Hence, we considered coupling of (4dimethylamino)cinnamaldehyde with pyrene with the anticipation of observing excimer formation along with the ICT
process. The synthetic route for PYNC comprises two
elementary steps and results in high yield of the product.
Detailed photophysical studies show that PYNC exhibits a
considerable polarity-dependent red shift in its emission
maxima with a Stokes shift value ranging from ∼5480 cm−1
(in chloroform) to ∼7750 cm−1 (in dimethyl sulfoxide
(DMSO)) with quite higher excited-state dipole moment
value than that in the ground state. Interestingly, PYNC
prominently showed a single emission band, characteristic of
the pyrene excimer in water at ∼478 nm, although the same
band was present in other solvents too. The occurrence of the
excimer and the ICT phenomenon were established by
recording the steady-state emission proﬁles of PYNC in binary
solvent systems with varying composition for each component.
Time-resolved experiments were also performed to gain further
insight into the excited-state photophysical processes operating
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Figure 1. Optimized structure of PYNC with labeling on nitrogen atoms.

Scheme 1. Synthetic Outline of PYNC

Figure 2. (a) Absorption spectra of PYNC in various solvents, (b) eﬀect of addition of acid (0−1.0 μM) to PYNC in acetonitrile (ACN), and (c)
eﬀect of addition of base to PYNC in acetonitrile.

transfer with no excimer formation. Thus, PYNC stands out
to be a unique molecule where excimer formation and ICT
take place simultaneously and can be a potential probe for
monitoring biologically relevant systems in future.

in PYNC. Prior to this report, there was a single available
report of a probe consisting of a dimethylamino group as a
donor and a pyrene unit as an acceptor.24 However, the
reported probe exclusively exhibited excited-state charge
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2. RESULTS AND DISCUSSION
2.1. Synthesis of Compounds. Scheme 1 illustrates the
synthetic outline of (17Z,18E)-4′-((E)-3-phenylallylidene)-1′(dimethylamino)-1-((pyren-8-yl)methylene)hydrazine
(PYNC). Pyrene-1-carboxaldehyde hydrazone was prepared
using the reported synthetic procedure,15 used without further
characterization, and condensed with (4-dimethylamino)cinnamaldehyde in ethanol medium. The detailed synthetic
procedure is provided in the Supporting Information. PYNC
was characterized using 1H NMR, 13C NMR, and electrospray
ionization (ESI)-mass spectrometry (MS) (Figures S1−S3).
The purity was checked by thin-layer chromatography analysis.
2.2. Steady-State Spectral Measurements. The steadystate absorption proﬁles of PYNC were recorded in solvents of
varying polarity (Figure 2a). PYNC shows a high-energy band
at 293 nm irrespective of solvents and a low-energy band that
shows a slight shift in absorption maxima with polarity of the
solvent, as listed in Table 1. The absorbance values were low in

from the Mulliken charge densities on the two N atoms
(Figure S4). The electron-rich nature of the said N2 atom is
also hinted by the lower chemical shift value of the same in the
1
H NMR spectrum of PYNC (Figure S1). However, the
appearance of the red-shifted band due to addition of acid
conﬁrms that the low-energy absorption band is not due to the
n−π* transition.25 As evident from the structure of PYNC,
there are no base-susceptible units. As a result, there was
practically no eﬀect upon addition of base (triethylamine) in
acetonitrile medium (Figure 2c).
Following the absorption spectral measurements, the steadystate emission proﬁles were recorded in various solvents
(Figure 3a and Table 1), the excitation wavelength being 420
nm in each case. The emission in chloroform medium is found
to be dual in nature, with one high-energy band at ∼475 nm,
whereas a low-energy band appears at 545 nm. However, the
existence of dual nature of emission in PYNC is better realized
as polarity of the solvents increased (Figure 3). Interestingly,
whereas the energy of the high-energy band remains
comparatively less altered (Table 1), the low-energy band
undergoes a steady shift in its maxima. As evident from Figure
3, the red-shifted band in dichloromethane (DCM) is at ∼566
nm, which undergoes a massive red shift to attain a value of
∼623 nm in dimethyl sulfoxide, indicating that PYNC
experiences an enhanced solvent stabilization (dielectric
stabilization) that may be due to a higher dipole moment in
the excited state.26 To ascertain this, the excited-state dipole
moment value was calculated using the following Lippert−
Mataga equation27

Table 1. Steady-State Spectral Information of PYNCa
solvent

λmaxUV/ε × 10−4 (M−1 L cm−1)

λmaxFl

quantum yield
(ϕ)

CHCl3
DCM
ACN
acetone
DMSO
MeOH
i
PrOH
n-BuOH
t
BuOH
H2O

433/2.14
430/2.12
426/1.15
418/2.00
438/1.02
434/1.00
432/0.72
433/0.68
420/1.32
420/0.25

545, 482
566, 478
609, 485
592, 475
622, 490
600, 474
581, 472
563, 475
582, 478
−, 478

0.007
0.008
0.032
0.010
0.044
0.025
0.015
0.018
0.020
0.016

νA − νE =

a

2
2 ijj ϵ − 1
n2 − 1 yzz (μG − μE )
− 2
+ const
jj
zz
hc k 2ϵ + 1
2n + 1 {
a3

. The terms bear their usual signiﬁcance. The value of Onsager
cavity radius (a) was obtained to be 5.81 Å from the volume
calculation of the optimized structure using the Gaussian 09
package. The ground-state dipole moment (μG) was found out
to be 4.97 D from the calculated optimized structure. The
Stokes shift values of the polarity-dependent band were used
for constructing the plot (Figure 3b). Afterwards, the excitedstate dipole moment was calculated to be 12.01 D, which is
almost 2.5 times higher than the ground-state dipole moment.
This high value of dipole moment in the excited state along
with the large Stokes shift values indicates the presence of
excited-state intramolecular charge transfer in PYNC. To
fortify our assumptions, emission spectra of PYNC were
recorded in the chloroform/methanol binary solvent system,
with the concentration of PYNC ﬁxed (Figure 3c). The results
clearly showed that introduction of 20% of methanol caused a
massive red shift of the low-energy band by ∼40 nm, indicating
the sensitivity of the low-energy band of PYNC toward polarity
of a medium. To verify the eﬀect of H-bonding on the polaritydependent band in PYNC, the emission maximum values were
plotted against the H-bonding parameter of the solvents (α)
(Figure 4a). The inﬂuence of solvent polarity on the emission
of PYNC was veriﬁed by plotting the emission maxima against

For solvent abbreviation, please refer to the Supporting Information.

polar aprotic and protic solvents. The low-energy band was
assigned to S0−S1 and the high-energy band to S0−S2, which
was in accordance with previously reported cinnamaldehyde
derivatives.22,23
Because compounds containing dimethylamino substitution
show acid susceptibility in the ground state, the eﬀect of acid
was observed in acetonitrile medium (Figure 2b). Addition of a
strong acid (triﬂuoroacetic acid, TFA; 0−1.0 μM) to PYNC
resulted in decrement of the band at ∼425 nm with the
appearance of a new band at ∼565 nm and an isosbestic point
at ∼480 nm. The appearance of the red-shifted band could be
a result of protonation of the azine N2 and/or the N3 atom(s)
(Figure 1), resulting in extensive delocalization of charge from
the NMe2 group to the N atoms. The protonation of azine N
atoms over the NMe2 group is more likely due to the α eﬀect
prevalent in the two N atoms of the azine linkage (Scheme 2).
Of the two N atoms, the one closer to the cinnamaldehyde unit
(N2, Figure 1) is more likely to be protonated because the
electron density on N2 is expected to be much more because
of the mesomeric eﬀect of the NMe2 moiety. This is supported
Scheme 2. Eﬀect of Addition of Acid to PYNC
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Figure 3. (a) Normalized emission proﬁles of PYNC in various solvents, (b) Lippert−Mataga plot of PYNC and (c) normalized emission proﬁles
of PYNC in the chloroform/methanol binary system with increasing volume percentage of methanol (λext = 420 nm).

Figure 4. Plots of emission maxima vs (a) hydrogen bonding parameter of protic solvents and (b) ET(30) scale of various solvents.

the ET(30) parameter of solvents23 (Figure 4b). From Figure
4b, it is obvious that there are two types of interaction in the
excited state: one is dipolar interaction, whereas the other is
hydrogen bonding interaction. Whether the charge transfer
phenomenon is solely restricted to the excited state was
checked by recording the excitation spectra of PYNC in
various solvents (Figure S5). Because PYNC exhibited dual
emission in all solvents except water, it was to be checked
whether the charge transfer could be explained by the twisted
intramolecular charge transfer (TICT) model.28 Had the
photophysics of PYNC been only guided by the TICT model,
then the high-energy band could be due to the local emission
of the probe.29 However, two perturbing questions remained
pertinent: (a) a single band for water, whereas other protic
solvents showed dual emission and (b) appearance of a

prominent dual emission band in the less polar solvent like
dichloromethane as opposed to the probe following TICT
emission.29 Because PYNC contains pyrene, we have tried to
verify whether the high-energy band is due to the monomer or
pyrene excimer as pyrene is reported to form excimer in water
compared with other protic solvents.30 Bains reported the
pyrene monomer emission peak at 375−405 nm and excimer
peak at ∼460 nm.30 Zelent et al. have shown how the pyrene
excimer is exclusively formed in pyrene−carboxylic acid upon
deprotonation by losing the monomer band.30 The presence of
carboxylic moiety in pyrene−carboxylic acid alters the
electronic density on pyrene nucleus, thus preventing
monomer emission in the above case. In the case of our
current molecule PYNC, when it is present in the monomer
form, it will undergo prompt charge transfer in solvents. This
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Figure 5. (a) Emission proﬁles of PYNC in systems with varying volume percentages of water and methanol and (b) color of PYNC solutions
under UV light with varying volume percentages of water and methanol.

Figure 6. Emission proﬁles of increasing concentrations of PYNC in (a) water and (b) methanol.

Figure 7. (a) Emission proﬁles of PYNC in solutions of varying viscosity and (b) comparison of emission proﬁles of PYNC in the solid state and in
water.

linkage. Hence, excimer formation is exclusive. This is
commonly encountered in the case of the bare pyrene
molecule, where almost exclusive excimer emission is observed
in water. Due to the electron-pushing dimethylamino moiety,
there is either charge transfer or excimer formation depending
on the solvent system. Hence, the position of the high-energy
band also hinted at the possibility of excimer formation by
PYNC as pyrene excimers are found between 420 and 500 nm
depending on the substitution.31 To conﬁrm the possibility of

occurs because of suﬃcient diﬀerence in Mulliken charge
density between the dimethylamino moiety and the imine
moiety adjacent to the pyrene moiety. This charge transfer
prevents the monomer formation in PYNC. The charge
transfer process also prevents the excimer formation, as evident
from the lesser intensity of the excimer band in solvents like
methanol and acetonitrile. However, in the case of water, the
charge transfer is suppressed because of solvation of the N
atoms of the dimethylamino moiety as well as the azine
2182
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Scheme 3. Eﬀect of Viscosity on the Emission Characteristics of PYNC

To observe whether addition of acid had any eﬀect on the
emission spectrum of PYNC, dilute TFA was added to an
acetonitrile solution of PYNC (Figure 8). Upon gradual

excimer, emission proﬁles of PYNC were recorded in binary
solvent systems methanol/water (Figure 5a) and acetonitrile/
water (Figure S6). Results of the experiment were qualitatively
the same for both cases; the addition of water diminished the
CT band, and the high-energy band experienced increment in
intensity. The color of the solutions under UV light (Figure
5b) gradually changed from red (100% methanol) to dark blue
(100% water) with increasing volume percentage of water.
This was followed by concentration increment experiment in
three solvents: methanol, water (Figure 6a,b), and acetonitrile
(Figure S7). The results clearly indicated that the increasing
concentration of probe in solvents other than water contributes
to increment of the high-energy emission band, thereby
making the possibilities of the high-energy band due to excimer
more prominent. To further fortify that the higher-energy band
is due to the excimer, the eﬀect of viscosity on PYNC in the
binary solvent system was observed using water and poly(ethylene glycol) 400 (PEG400) as components (Figure 7a).
With an increase in the viscosity of the medium, which is
proportional to the volume percentage of PEG400 in the
mixture, the high-energy band diminishes gradually with an
increment of a band at ∼590 nm. The results strongly indicate
the well-known observation of rupture of the intermolecular
excimer upon increment in viscosity.32 With an increase in the
viscosity of the medium, the molecules of PYNC would be
unable to form excimer. On the other hand, increment of
viscosity freezes the single-bond rotational motions in PYNC, a
ﬂexible motion responsible for nonradiative energy dissipation,
thereby increasing the charge transfer phenomenon in the
same, an observation in line with that reported earlier in
cinnamaldehyde-bearing charge transfer probes.23 However,
the red-shifted band, i.e., the ICT band, underwent a blue shift
of ∼10 nm when compared with other protic solvents. The
reason lies in the reduction of the static dielectric constant of
the water−PEG400 mixture upon increment in the PEG400
volume fraction. 33 Because ICT probes are extremely
susceptible to the dielectric of the bulk medium, the reduction
of the same causes the observed blue shift (Scheme 3).
Because pyrene-bearing ﬂuorophores are often reported to
exhibit aggregation-induced emission (AIE) properties, the
chance of AIE was to be nulliﬁed for the high-energy band to
be assigned to the excimer. Because emission maxima of AIE
are reported to be the same in the solid state as also in
water,34−36 the solid-state emission spectrum of PYNC was
recorded and compared to the same in water (Figure 7b).
PYNC was found to be totally nonﬂuorescent in the solid state.
Thus, it could be concluded that the high-energy band was due
to the pyrene excimer and the polarity-sensitive band was due
to excited-state intramolecular charge transfer in PYNC.

Figure 8. Eﬀect of addition of acid (TFA) on the emission proﬁle of
PYNC in acetonitrile.

addition of acid, the ITC band undergoes a decrease in
intensity along with the generation of a broad band centered at
around 500 nm. This new observation seemed anomalous as
the excimer band was found to be at ∼485 nm in acetonitrile.
This was rationalized by considering that addition of acid
results in protonation of imine linkage, thereby resulting in the
loss of conjugation between the cinnamaldehyde and pyrene
unit. As a consequence, the pyrene unit in PYNC behaves as a
free pyrene unit. Reports are available in the literature where
the excimer band of pyrene appeared near 500 nm when it is
present as the sole ﬂuorophore unit.37,38 Subsequently, the
ﬂuorescence excitation spectra of the bands at 600 and ∼485
nm were recorded in the presence of acid, furnishing bands at
∼420 and ∼380 nm, respectively (Figure S8). The appearance
of the band at ∼380 nm strongly indicated that the pyrene unit
behaves as a separate entity in PYNC when treated with acid.
This is because the free pyrene molecule displays a broad
absorption band at ∼380 nm.39 It is noteworthy that excitation
of the lowest-energy band (∼565 nm) generated after addition
of acid in the UV-titration experiment did not result in
generation of an emission band. Thus, steady-state absorption
and emission experiments revealed the novelty of PYNC owing
to the simultaneous existence of excimer and excited ICT state
in the same molecule, which makes it a potential candidate for
probing biomimetic systems.
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Figure 9. Excited-state decay proﬁles of PYNC in various solvents when monitored at (a) excimer band and (b) CT band (λex = 375 nm in both
cases).

2.3. Excited-State Lifetime Measurements. To further
dissect PYNC, decay kinetics of the same in the excited state
was observed by measuring excited-state lifetime values. The
decay proﬁles were monitored by exciting the sample using an
excitation wavelength of 375 nm irrespective of the solvent
system, followed by measuring decay time at two bands as
observed in the emission proﬁles of PYNC (Figure 9a). The
average lifetime (⟨τ⟩) values were calculated using the
equation
⟨τ ⟩ =

PYNC by water molecules, thereby furnishing exclusively
excimer decay in the said solvent.
While monitoring the CT band, biexponential decay was
observed in all solvents and was found to be very short lived
(Figure 9b). Upon deconvoluting the decay proﬁles, lifetime
components were obtained that fall below the instrumental
response function. For this reason, the average lifetime value
has been considered while monitoring the CT state (Table 3).
Table 3. Excited-State Decay Parameters of PYNC When
Monitored at the Charge Transfer Banda

∑ aiτi2
∑ aiτi

where αi’s refer to the relative contribution and τi’s refer to the
lifetime of the individual species.
When the excimer band was monitored, a biexponential
nature of decay was observed in all solvents except water,
where monoexponential decay having a considerably long
lifetime was obtained (Table 2). Although it was expected that
Table 2. Excited-State Decay Parameters of PYNC When
Monitored at the Excimer Banda
solvent/monitoring
wavelength (nm)

τ1 (ps)a1/α1 (%)

τ2 (ps)a2/α2 (%)

CHCl3/477
DCM/477
DMSO/485
i
PrOH/475
MeOH/475
water/478

831/10
650/12
3490/26
2050/23
2430/35
4060/100

65/90
62/88
145/74
287/77
100/65

τav
(ps)

χ2

160
175
189
251
792
4060

1.13
1.09
1.06
1.02
1.05
0.99

a

solvent/monitoring
wavelength (nm)

τ1 (ps)A/α1 (%)

τ2 (ps)B/α2 (%)

CHCl3/545
DCM/567
ACN/609
DMSO/623
i
PrOH/580
MeOH/600

682/21
681/32
441/76
634/100
728/33
387/25

122/79
122/68
232/24
66/67
156/75

τav
(ps)

χ2

258
328
392
634
308
258

1.12
1.21
1.17
1.08
0.98
1.08

A = B = 5% (A and B are standard deviation values).

The average lifetime of a species in the excited state signiﬁes
the time spent by the species in that particular state before
coming to the ground state. The average lifetime value
increases upon attaining stabilization in the excited state. After
excited-state deactivation processes such as collision and
activation of nonradiative channels, the average lifetime value
decreases. A perusal of the average lifetime values reveals that
with increment in polarity of the solvents the excited-state
lifetime increases, signifying the stability of the CT state in
polar solvents. However, the average lifetime of PYNC
experiences a decrement in protic solvents. This could be
due to the activation of nonradiative decay channels mediated
by the hydrogen bonding interaction of PYNC with this class
of solvents.
The water increment experiment in the binary mixture
comprising MeOH and water was conducted in the excited
state to observe how the average excited-state lifetime increases
with an increment in water fraction (Figure 10). As the water
percentage increased, the average lifetime underwent steady
increment along with strictly monoexponential nature after
70% water content (Table 4). The above results indicate that
exclusive excimer decay occurs once the percentage fraction of
water supersedes that of methanol. In this connection, it is to

a

a1 = 3% and a2 = 5% (a1 and a2 are standard deviation values).

the excimer band when monitored will furnish strictly
monoexponential decay, all solvents bearing water showed
biexponential decay, as stated earlier. This could possibly be
due to formation of some excited-state complex with the
solvent molecules, the shorter component thus corresponding
to the excited PYNC−solvent complex (PYNC−sol*) and the
longer component due to the excimer decay. Because PYNC−
sol* is larger in size, it is more likely to collide with other
solvent molecules, thereby furnishing the short-lived component.40,41 However, for water, no such solvent-induced
complexation occurs, mainly due to the poor solvation of
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Figure 10. Decay proﬁles of PYNC in the methanol/water binary
system with increasing volume percentage of water.
Figure 11. HOMO−LUMO energy gap of PYNC along with HOMO
and LUMO diagrams.

Table 4. Excited-State Decay Parameters of PYNC When
Monitored at 478 nm for Diﬀerent Volume Percentages of
Water and Methanola
vol % of water

τ1 (ns)a/α1 (%)

τ2 (ns)b/α2 (%)

τav (ns)

χ2

0
20
30
40
50
60
70
80
100

0.10/65
0.82/68
0.99/66
1.45/69
2.05/66
2.55/65
3.93/100
4.02/100
4.07/100

2.43/35
3.86/32
4.19/34
4.69/31
4.95/34
5.07/35

0.72
1.80
2.00
2.45
3.05
3.43
3.93
4.02
4.07

1.07
0.97
0.94
0.99
0.98
1.05
1.04
0.99
1.16

have been discussed. PYNC shows an excellent charge transfer
emission band in the excited state manifested by a high value
of the excited-state dipole moment along with appreciable
Stokes’ shift in solvents of varying polarity. PYNC also exhibits
excimer formation in almost all solvents along with formation
of charge transfer states having characteristic solvent-dependent emission. The excimer-coupled charge transfer phenomenon was established by various steady-state emission
spectroscopic experiments. However, in water, exclusive
excimer emission is observed. The excited-state lifetime values
were also determined to gain an insight into the excited-state
decay kinetics of PYNC. Theoretical calculations have been
performed for ﬁnding out the planarity as well as the HOMO−
LUMO gap in the ground state of PYNC. Due to its polarity
and viscosity sensitivity, PYNC can be employed in future for
probing various biomimetic assemblies.

a

a = 4% and b = 3% (a and b refer to standard deviation).

be mentioned that although excimer emission of pyrene is
associated with an average lifetime on the order of 100 ns,42
the lifetime of PYNC is suﬃciently short compared to that of
pure pyrene. However, in the case of long-chain pyrene
compounds,43 as also in conjugated pyrene derivatives,44 the
average lifetime of the excimer is reported to be reduced.
2.4. Theoretical Calculations. Because PYNC exhibits a
rare phenomenon of excited-state intramolecular charge
transfer coupled with excimer emission, we decided to
optimize the structure of PYNC as planarity of a molecule
ensures the charge transfer phenomenon. The optimized
structure of PYNC (Figure 1) shows a perfect linear alignment
of the cinnamaldehyde unit with the pyrene unit. Highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) diagrams (Figure 11) reveal the
transfer of electronic charge density from the cinnamaldehyde
moiety to pyrene. To ﬁnd out the stability of PYNC in the
ground state, the HOMO−LUMO gap was calculated and was
found to be 2.7608 eV (Figure 11). As shortly discussed
earlier, Mulliken charge densities were considered for the N
atoms in PYNC (Figure S4). The higher negative charge
density on the N2 atom than on N3 suggests the transmission
of charge from the dimethylamino moiety to the pyrene unit
through the azine linkage.

4. EXPERIMENTAL METHODS
4.1. Instruments and Methods. NMR spectra were
recorded on a Bruker Advanced Supercon 300 MHz NMR
spectrophotometer using tetramethylsilane as the internal
standard. Steady-state UV−vis absorption proﬁles were
recorded on a Hitachi U-3501 spectrophotometer. Steadystate emission and excited-state decay proﬁles were recorded
on PerkinElmer LS-55 and Horiba Jobin Yvon FluoroCube-01NL, respectively. Mass spectrometry was carried out in a
Waters Xevo G2-S Q TOF mass spectrometer. Pyrene-1aldehyde and (4-dimethylamino)cinnamaldehyde were obtained from commercial sources and used as received. Solvents
used were of spectroscopic grade. During steady-state
absorption and emission measurements, the concentration of
the probe was maintained at a micromolar range to avoid
aggregation, reabsorption, or self-quenching. All data were
recorded at room temperature. The excited-state lifetime
measurements were carried out by exciting the sample using a
picosecond laser diode of 375 nm. The signals were obtained
by setting the emission polarizer at magic angle (54.7°) to
prevent anisotropy, and the decays were deconvoluted using
DAS6 software. The goodness of ﬁtting was judged using χ2
criteria. The average lifetime was calculated using standard

3. CONCLUSIONS
Synthesis and detailed photophysical dissection of a novel
pyrene−dimethylamino cinnamaldehyde conjugate PYNC
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procedures.45 The quantum yield values were calculated using
Coumarin 153 as the standard.46
4.2. Theoretical Calculations. All theoretical calculations
were performed using the Gaussian 09 package.47 To have an
idea about the absolute conﬁguration of PYNC, we manually
constructed its structure and optimized it in the ground state in
vacuum using 6-311++G(d,p).48 For optimized structure of
PYNC in acetonitrile, the polarizable continuum model was
used using corresponding keywords in the software. The
highest occupied molecular orbital (HOMO) and the lowest
occupied molecular orbital were constructed from the
optimized structures.

■

(7) Chou, P. T.; Martinez, M. L.; Clements, J. H. The observation of
solvent-dependent proton-transfer/charge-transfer lasers from 4′diethylamino-3-hydroxyflavone. Chem. Phys. Lett. 1993, 204, 395−
399.
(8) Chou, P. T.; Yu, W. S.; Cheng, Y. M.; Pu, S. C.; Yu, Y. C.; Lin, Y.
C.; Huang, C. H.; Chen, C. T. Solvent-Polarity Tuning Excited-State
Charge Coupled Proton-Transfer Reaction in p-N,N-Ditolylaminosalicylaldehydes. J. Phys. Chem. A 2004, 108, 6487−6498.
(9) Cheng, Y. M.; Pu, S. C.; Hsu, C. J.; Lai, C. H.; Chou, P. T.
Femtosecond Dynamics on 2-(2′-Hydroxy-4′-diethylaminophenyl)benzothiazole: Solvent Polarity in the Excited-State Proton Transfer.
ChemPhysChem 2006, 7, 1372−1381.
(10) Zhang, J.; Wang, J.; Sandberg, A.; Wu, X.; Nyström, S.; LeVine,
H., 3rd; Konradsson, P.; Hammarström, P.; Durbeej, B.; Lindgren, M.
Intramolecular Proton and Charge Transfer of Pyrene-based transStilbene Salicylic Acids Applied to Detection of Aggregated Proteins.
ChemPhysChem 2018, 19, 3001−3009.
(11) Benniston, A. C.; Harriman, A.; Howell, S. L.; Sams, C. A.; Zhi,
Y. G. Intramolecular excimer formation and delayed fluorescence in
sterically constrained pyrene dimmers. Chem. − Eur. J. 2007, 13,
4665−4674.
(12) Birks, J. B. Excimers. Rep. Prog. Phys. 1975, 38, 903−974.
(13) Zhang, Y.; He, B.; Liu, J.; Hu, S.; Pan, L.; Zhao, Z.; Tang, B. Z.
Aggregation-induced emission and the working mechanism of 1benzoyl and 1-benzyl pyrene derivatives. Phys. Chem. Chem. Phys.
2018, 20, 9922−9929.
(14) Diwan, U.; Kumar, V.; Mishra, R. K.; Rana, N. K.; Koch, B.;
Singh, M. K.; Upadhyay, K. K. A pyrene-benzthiazolium conjugate
portraying aggregation induced emission, a ratiometric detection and
live cell visualization of HSO3−. Anal. Chim. Acta 2016, 929, 39−48.
(15) Sörgjerd, K.; Klingstedt, T.; Lindgren, M.; Kågedal, K.;
Hammarström, P. Prefibrillar transthyretin oligomers and cold stored
native tetrameric transthyretin are cytotoxic in cell culture. Biochem.
Biophys. Res. Commun. 2008, 377, 1072−1078.
(16) Hariharan, M.; Joseph, J.; Ramaiah, D. Novel BifunctionalViologen-Linked Pyrene Conjugates: Synthesis and Study of Their
Interactions with Nucleosides and DNA. J. Phys. Chem. B 2006, 110,
24678−24686.
(17) Aparin, I. O.; Proskurin, G. V.; Golovin, A. V.; Ustinov, A. V.;
Formanovsky, A. A.; Zatsepin, T. S.; Korshun, V. A. Fine Tuning of
Pyrene Excimer Fluorescence in Molecular Beacons by Alteration of
the Monomer Structure. J. Org. Chem. 2017, 82, 10015−10024.
(18) Kraskouskaya, D.; Bancerz, M.; Soor, H. S.; Gardiner, J. E.;
Gunning, P. T. An excimer-based, turn-on fluorescent sensor for the
selective detection of diphosphorylated proteins in aqueous solution
and polyacrylamide gels. J. Am. Chem. Soc. 2014, 136, 1234−1237.
(19) Petek, H.; Zhao, J. Ultrafast Interfacial Proton-Coupled
Electron Transfer. Chem. Rev. 2010, 110, 7082−7099.
(20) Lochbrunner, S.; Wurzer, A. J.; Riedle, E. Ultrafast ExcitedState Proton Transfer and Subsequent Coherent Skeletal Motion of 2(2[sup [prime]]-hydroxyphenyl)benzothiazole. J. Chem. Phys. 2000,
112, 10699−10702.
(21) Makhal, S.; Bhattacharyya, A.; Ghosh, S.; Guchhait, N. A
spectroscopic exploration of the influence of charge donor group on
ESIPT process and its consequences in a salicylimine. J. Photochem.
Photobiol., A 2018, 358, 138−146.
(22) Bangal, P. R.; Panja, S.; Chakravorti, S. Excited state
photodynamics of 4-N,N-dimethylamino cinnamaldehyde:: A solvent
dependent competition of TICT and intermolecular hydrogen
bonding. J. Photochem. Photobiol., A 2001, 139, 5−16.
(23) Makhal, S.; Bhattacharyya, A.; Ghosh, S.; Guchhait, N.
Influence of acceptor strength on photoinduced charge transfer
process in a newly designed molecule in bulk solvent and in β-CD
microenvironment. J. Photochem. Photobiol., A 2018, 365, 67−76.
(24) Subuddhi, U.; Haldar, S.; Sankararaman, S.; Mishra, A. K.
Photophysical behaviour of 1-(4-N,N-dimethylaminophenylethynyl)pyrene (DMAPEPy) in homogeneous media. Photochem. Photobiol.
Sci. 2006, 5, 459−466.

ASSOCIATED CONTENT

* Supporting Information
S

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsomega.8b02717.
Synthetic procedure, NMR, ESI-MS, excitation spectra,
Mulliken charge distribution, eﬀect of addition of water
to PYNC in acetonitrile, concentration increment
experiment of PYNC in acetonitrile medium, and
solvent abbreviation index (PDF)

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: nguchhait@yahoo.com. Tel: +913323508386. Fax:
+913323519755.
ORCID

Nikhil Guchhait: 0000-0001-7576-6930
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
A.B. and S.C.M. would like to thank CSIR and UGC for
granting fellowships. N.G. thanks DST, India (Project No.
EMR/2016/004788), and CSIR, India (Project No.
01(2920)/18/EMP-II), respectively, for ﬁnancial support.

■

REFERENCES

(1) Williams, D. L.; Heller, A. Intramolecular proton transfer
reactions in excited fluorescent compounds. J. Phys. Chem. 1970, 74,
4473−4480.
(2) Barbara, P. F.; Brus, L. E.; Rentzepis, P. M. Intramolecular
proton transfer and excited-state relaxation in 2-(2-hydroxyphenyl)benzothiazole. J. Am. Chem. Soc. 1980, 102, 5631−5635.
(3) Cheng, J.; Liu, D.; Li, W.; Bao, L.; Han, K. Comprehensive
Studies on Excited-State Proton Transfer of a Series of 2-(2′Hydroxyphenyl)benzothiazole Derivatives: Synthesis, Optical Properties, and Theoretical Calculations. J. Phys. Chem. C 2015, 119, 4242−
4251.
(4) Chakraborty, A.; Kar, S.; Nath, D. N.; Guchhait, N.
Photoinduced Intramolecular Charge Transfer Reaction in (E)-3-(4Methylamino-phenyl)-acrylic Acid Methyl Ester: A Fluorescence
Study in Combination with TDDFT Calculation. J. Phys. Chem. A
2006, 110, 12089−12095.
(5) Malval, J.-P.; Lapouyade, R. Derivatization of 4(Dimethylamino)benzamide to Dual Fluorescent Ionophores: Divergent Spectroscopic Effects Dependent on N or O Amide Chelation.
Helv. Chim. Acta 2001, 84, 2439−2451.
(6) Rappoport, D.; Furche, F. Photoinduced Intramolecular Charge
Transfer in 4-(Dimethyl)aminobenzonitrile − A Theoretical
Perspective. J. Am. Chem. Soc. 2004, 126, 1277−1284.
2186

DOI: 10.1021/acsomega.8b02717
ACS Omega 2019, 4, 2178−2187

ACS Omega

Article

(41) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.;
Springer: New York, 2006.
(42) Geiger, M. W.; Turro, N. J. Pyrene fluorescence lifetime as a
probe for oxygen penetration of micelles. Photochem. Photobiol. 1975,
22, 273−276.
(43) Moustafa, R. M.; Degheili, J. A.; Patra, D.; Kaafarani, B. R.
Synthesis and Detailed Photophysical Studies of Pyrene-Based
Molecules Substituted with Extended Chains. J. Phys. Chem. A
2009, 113, 1235−1243.
(44) Ghosh, S.; Ganguly, A.; Uddin, M. R.; Mandal, S.; Alam, M. A.;
Guchhait, N. Dalton Trans. 2016, 45, 11042−11051.
(45) Bhattacharya, B.; Nakka, S.; Guruprasad, L.; Samanta, A.
Interaction of Bovine Serum Albumin with Dipolar Molecules:
Fluorescence and Molecular Docking Studies. J. Phys. Chem. B 2009,
113, 2143−2150.
(46) Brouwer, A. M. Standards for photoluminescence quantum
yield measurements in solution. Pure Appl. Chem. 2011, 83, 2213−
2228.
(47) Frisch, M.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A. Gaussian 09, revision A.02; Gaussian, Inc.:
Wallingford, CT, 2009.
(48) Becke, A. D. Density-functional exchange-energy approximation with correct asymptotic behaviour. Phys. Rev. A 1988, 38, 3098−
3100.

(25) Ray, D.; Dalapati, S.; Guchhait, N. Spectral properties of a
simple azine Schiff base and its sensing ability towards protic
environment through hydrogen bonding interaction. Spectrochim.
Acta, Part A 2013, 115, 219−226.
(26) Ramalingam, A.; Sivaram, B. M.; Palanisamy, P. K.; Masilamani,
V. Photophysics of TICT states of 7-diethylamino-4-methyl coumarin
dye by energy transfer techniques. Spectrochim. Acta, Part A 2000, 56,
1205−1210.
(27) Lippert, E.; Luder, W.; Boos, H. In Advances in Molecular
Spectroscopy; Mangini, A., Ed.; Pergamon Press: Oxford, 1962; Vol.
443.
(28) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. R.
Reinterpretation of the anomalous fluorescense of p-n,n-dimethylamino-benzonitrile. Chem. Phys. Lett. 1973, 19, 315−318.
(29) Samanta, A.; Paul, B. K.; Mahanta, S.; Singh, R. B.; Kar, S.;
Guchhait, N. Evidence of acid mediated enhancement of photoinduced charge transfer reaction in 2-methoxy-4-(N,Ndimethylamino)benzaldehyde: Spectroscopic and quantum chemical
study. J. Photochem. Photobiol., A 2010, 212, 161−169.
(30) (a) Milosavljevic, B. H.; Thomas, J. K. Solvent effects on the
photophysical properties of pyrene-3-carboxylic acid. J. Phys. Chem.
1988, 92, 2997−3001. (b) Bains, G. K.; Kim, S. H.; Sorin, E. J.;
Narayanaswami, V. The extent of pyrene excimer fluorescence
emission is a reflector of distance and flexibility: analysis of the
segment linking the LDL receptor-binding and tetramerization
domains of apolipoprotein E3. Biochemistry 2012, 51, 6207−6219.
(c) Zelent, B.; Vanderkooi, J. M.; Coleman, R. G.; Gryczynski, I.;
Gryczynski, Z. Protonation of Excited State Pyrene-1-Carboxylate by
Phosphate and Organic Acids in Aqueous Solution studied by
Fluorescence Spectroscopy. Biophys. J. 2006, 91, 3864−3871.
(31) Yoshihara, K.; Kasuya, T.; Inoue, A.; Nagakura, S. Time
resolved spectra of pyrene excimer and pyrene-dimethylaniline
exciplex. Chem. Phys. Lett. 1971, 9, 469−472.
(32) Goldenberg, M.; Emert, J.; Morawetz, H. Intramolecular
excimer study of rates of conformational transitions. Dependence on
molecular structure and the viscosity of the medium. J. Am. Chem. Soc.
1978, 100, 7171−7177.
(33) Mali, C. S.; Chavan, S. D.; Kanse, K. S.; Kumbharkhane, A. C.;
Mehrotra, S. C. Dielectric relaxation of poly ethylene glycol-water
mixtures using time domain technique. Indian J. Pure Appl. Phys.
2007, 45, 476−481.
(34) Xu, D.; Tanga, L.; Tian, M.; He, P.; Yan, X. A benzothizolebased fluorescent probe for Hg2+ recognition utilizing ESIPT coupled
AIE characteristics. Tetrahedron Lett. 2017, 58, 3654−3657.
(35) Song, Z.; Kwok, R. T. K.; Zhao, E.; He, Z.; Hong, Y.; Lam, J.
W. Y.; Liu, B.; Tang, B. Z. A Ratiometric Fluorescent Probe Based on
ESIPT and AIE Processes for Alkaline Phosphatase Activity Assay and
Visualization in Living Cells. ACS Appl. Mater. Interfaces 2014, 6,
17245−17254.
(36) Padalkar, V. S.; Sakamaki, D.; Kuwada, K.; Tohnai, N.;
Akutagawa, T.; Sakai, K-i.; Seki, S. AIE active triphenylamine−
benzothiazole based motifs: ESIPT or ICT emission. RSC Adv. 2016,
6, 26941−26949.
(37) Fletcher, K. A.; Pandey, S. Solvatochromic Probe Behavior
within Ternary Room-Temperature Ionic Liquid 1-Butyl-3-methylimidazolium Hexafluorophosphate + Ethanol + Water Solutions. J.
Phys. Chem. B 2003, 107, 13532−13539.
(38) Sarkar, I.; Hemamalini, A.; Das, T. M.; Mishra, A. K.
Introduction of an α,β-unsaturated carbonyl conjugated pyrene−
lactose hybrid as a fluorescent molecular probe for micro-scale
anisotropic media. RSC Adv. 2016, 6, 27933−27943.
(39) Gališinová, J.; Andriamainty, F.; Malík, I.; Č ižmárik, J.;
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