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Abstract The absorption and fluorescence properties of cy-
clic azacyanine (CAC) derivatives were examined in several
solvents. The presence of electron donating or withdrawing
groups on the CAC impacts spectroscopic properties. The
general solvent relaxation displayed by azacyanine derivatives
is in accordance with Lippert-Mataga’s prediction but excep-
tion is noted in the case of protic solvent due to specific
hydrogen bonding interactions. Fluorescence lifetime decay
studies indicate a relaxation time in the nanosecond timescale
with mono exponential decay. Donating substituents marked-
ly increase the excited state lifetime, whereas withdrawing
groups marginally decrease the excited state lifetime. Quan-
tum chemical computations were used to explore the origins
of'the reactivity and spectroscopic properties of CACs; results
are consistent with a model in which regioselectivity results
from differences in mechanistic steps occurring after initial
attack by hydroxide on the CAC.
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Introduction

Cyclic azacyanine (CAC) derivatives have recently been
reported to have intriguing spectroscopic and fluorescence
properties [1]. The fluorescence properties of such molecules
are influenced by both positional substitution and solvent
environment. In general, fluorescence and optical properties
of cyanine dyes are of importance as they are widely used to
enhance the sensitivity range of photographic emulsions in
their ability to form images on film [2—4]. Currently, these
dyes are also receiving attention as fluorophores for applica-
tions in biomedical imaging [5-7], single molecule studies
[8-11] and Fluorescence Correlation Spectroscopy (FCS)
[12]. For such biomedical applications, the fluorescence re-
sponse of the probe molecule with variation in local environ-
ment and/or polarity of the sample is crucial. Solvent environ-
ment exerts a strong influence on chemical equilibria, reaction
rates, and electronic spectra (position and intensity) [13].
Because the spectral properties of a chemical species are
influenced by solvent environment, there has been a great deal
of interest in understanding both static and dynamic solvent
effects. The overall solvent dependence of absorption and
emission spectra can be forecasted using continuum electro-
statics and the Franck-Condon principle [14], especially when
the influence of specific interactions (i.e., hydrogen bonding
with explicit solvent molecules) is small. Onsager explained
the underlying continuum electrostatic theory of a self-
consistent solute-solvent “reaction field” for a polar molecule
[15]. This model was further expanded with a slightly differ-
ent assumption by considering the fluorophore to be a dipole
in a continuous medium of uniform dielectric constant, and
functions of the dielectric constant and refractive index were
found to describe both polar and nonpolar solvent depen-
dences of electronic spectra [16—19]. In addition, low-lying
excited states associated with electron-donating or withdraw-
ing substituents can cause large variations in the
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Scheme 1 Structures of Cyclic Azacyanines (CACs 1-4)
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photophysical and photochemical properties of molecules
[20-22].

The majority of cyanine dyes, such as merocyanine dyes,
show large solvatochromic shifts and second-order
hyperpolarizabilities [23—25]. Several small carbocyanine
dyes have shown interesting photophysical properties in non-
polar solvents [26]. Various nonlinear optical experiments
have led to different conclusions about the role of intramolec-
ular interactions and solvent relaxation effects on the observed
signals with tricarbocyanine dyes [27, 28]. In the past few
decades, attention has been directed to the synthesis of cyclic
azacyanines [29, 30] for various applications, including opti-
cal recording [3 1, 32]. Recently, we described solvatochromic

and substituent effects for a new class of sulfur containing
CAGC:s [1]. The objective of the present study is to establish
the scope and limits of the influence of substituents on the
optical dynamics and energy states of these underexplored
compounds CACs 14 (see Scheme 1), as well as to study
the apparent anomaly in the reaction of these CACs with
hydroxide ion using Density Functional Theory (DFT). The
results of steady state and time-resolved fluorescence mea-
surements for several CAC molecules in various solvents as
well as the results of quantum chemical calculations on their
reactivity and spectral properties are presented.

Results and Discussion
Spectroscopy

Figure 1 shows the UV-visible absorption, fluorescence exci-
tation and emission spectra of 1-4 in water. The parent com-
pound 1 showed a broad absorption in the wavelength region
350450 nm (Sy — S; transition), and another peak was ob-
served in the region 300-350 nm (Sy — S, transition). The
spectral region for the Sy — S; transition is similar to that
obtained for S-containing CACs reported earlier [1], but the
vibronic bands were not as well resolved in the present case.
The absorption maximum for the Sy — S; transition was found
to be at 403 nm. However, the presence of electron withdraw-
ing groups (—ClI group as in 2) red-shifted the absorption
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Scheme 2 Reactivity of CACs during basic hydrolysis [30]

maximum 20 nm. This red shift is in accordance with the
longer wavelength absorption of chlorobenzene compared to
benzene ascribed to increased delocalization [33]. We propose
that the red shift observed in the absorption spectra of 2 and 3
is due to 7t-donation into the cationic CAC 7t-system. Despite
the fact that 2 possesses two apparent electron withdrawing
groups (2,8-dichloro), its absorption spectrum exhibits a red
shift, in analogy to 3, which possesses a more conventional
electron donating group. It is known that halogens can act as
m-donors in addition to being o-withdrawing groups [34]. It
is, therefore, expected that 3 should show a longer red shift
(34 nm) than 2 (20 nm).

Unusual Reactivity

The regioselectivity of basic hydrolysis [30] of 2 is entirely
different for the analogous reaction of 1 and 4 (Scheme 2). In
the case of 1, the hydroxide anion attacks the 5’ position, but in
the case of 2 the hydroxide anion appears to attack position 2
of the ring, leading to an oxo-product rather than the ring-
opened product observed in the case of 1. As the CACs are

3 4

Fig. 2 Electrostatic potential maps of 1, 2, 3, and 4 computed at M06-
2X/6-31G+(d,p) in a solvent continuum of acetonitrile with a surface
isovalue range of —1.6e-2 to 0.22¢0

-24.8

= N

Fig. 3 Computational results for hydroxide addition to 1 and 2. Relative
energies shown in kcal/mol. Computed using M06-2X/6-31+G(d,p) in an
SMD solvent model continuum of acetonitrile

cationic in solution, it is reasonable to assume that hydroxide
anion attacks the position at which the cationic nature of the
system is the greatest (due to resonance, o-withdrawing ef-
fects, and/or other subtler electronic effects; assuming that
steric effects do not overwhelm the electronic effects) so,
electrostatic potential maps of 1-4 were generated. For all
four structures, the largest concentration of partial positive
charge is located on the aminal substructure of the central
triazine ring (Fig. 2). With 1 (and 4), hydroxide attack occurs
at the tertiary fusion carbon (5') (Scheme 2) near to this
region, although we would be hesitant to make a

|
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Scheme 3 Proposed mechanism of amidine attack in a 1,6 fashion at the
carbonyl of the ring system bearing substituent R
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Table 1 Reactivity pathway calculations for 1, 2, and both mixed species performed at M06-2X and MPW1PWO1 with a 6-31+G(d,p) basis set in an

SMD solvent model continuum of methanol

CAC1 MO062X MPWIPW91 CAC2 M062X MPWIPWIl CAC mixl MO062X MPWIPW91 CACmix2 MO062X MPWI1PWI1
R 0 0 R 0 0 R 0 0 R 0 0

TS 20.5 18.8 TS 19.1 17.5 TS 22.0 20.1 TS 18.1 16.8

P 14.1 13.2 P 13.3 11.8 P 16.6 14.8 P 11.3 10.2

All energies presented in kcal/mol
R Reactant

TS Transition State

P Product

regioselectivity prediction on the basis of the electro-
static potential map alone. Conversely, with 2 we ob-
serve hydroxide attack at the carbon (2) that is adjacent
to a fusion nitrogen and an additional o withdrawing
group—a Cl atom. This is also near to the concentrated
region of positive charge. In 3, we would expect to see
the analogous oxo-product (as in 2), but the reactivity
of this system was not directly explored. Although
hydroxide attack occurs near to the most positive region
of the CACs, the observed regioselectivity is not easily
predicted based on the charge distribution of the reac-
tants alone.

In addition, the results of calculations on transition
state structures for hydroxide attack (Fig. 3) do not
predict the observed reactivity. For both 1 and 3, attack
at the 2-position is predicted. Taken together, our com-
puted data on reactant and transition state structures for
hydroxide attack are not consistent with rate-determining
hydroxide addition, hinting that regioselectivity results
from differences in subsequent mechanistic steps. With
this in mind, we postulate that hydroxide attack occurs at
the tertiary position in every case, but this attack is
reversible. This then begs the question, if the initial
hydroxide ion attack is not the rate determining step,
what is? Although we have earlier [30] advanced a
mechanism for the unusual 2—2a conversion, we were
ambivalent about this mechanism and now propose a
more consistent approach to the reaction of these CACs
with hydroxide ion. We propose that amidine attack is
the rate determining step (Scheme 3). In 1 (X; = X, = H)
the carbon that would be attacked by the imine is not
electrophilic enough to undergo rapid 1,6 addition,
whereas in 2 (X; = X, = Cl) the addition of the sigma
withdrawing —Cl increases the reactivity such that this
1,6 addition occurs. In addition, if this cyclization occurs
it requires oxidation to give an analogue of 2a; obviously
the latter results from a predehydohalogenation step
which is not possible for 1. The case of 4 is similar to
1, in that a 1,6-addition leads to an undesirable ortho-
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quinoidal resonance contributing structure of the benzo
ring.

Quantum chemical calculations on 1,6 attack were
performed and the barrier for this attack, in the case
of 1, is predicted to be 1.3 kcal/mol higher than that for
2 (both relative to their respective reactants), consistent
with the experimental evidence for this chemoselectivity.
In addition to 1 and 2, “mixed” (in which X; = H and
X, = Cl and vice versa) species were analyzed compu-
tationally in an attempt to determine which ring system
has a larger impact on the overall observed reactivity.
The smallest barrier was predicted for X; = Cl and X,
= H, while the largest was predicted for X; = H and X,
= H. We extrapolate from this information, coupled with
the experimental data, that the electron-withdrawing
group at X; plays the larger role, since even when both
X; and X, = CI the ring open product is not observed.
The energies for all intermediates, transition state struc-
tures and zwitterionic products (before proton transfer)
for 1, 2, and both mixed species are presented in
Table 1.'

"' In the case of CAC2 a benzyne intermediate can be envisaged which
upon hydrolysis would lead to the observed product. Calculations per-
formed on this intermediate eliminate it as a possibility for energetic
reasons (see SI). The addition elimination mechanism shown here leading
to the observed basic hydrolysis product of CAC?2 is also reasonable. We
note that this is likely occurring in conjunction with our proposed path-
way. In the case of CAC1, this addition elimination mechanism is not
possible which is consistent with this reaction being under thermodynam-
ic control as previously discussed.
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Fluorescence Study

The fluorescence emission maximum of 1 was observed at
463 nm with two vibrational bands. The excitation spectrum
of 1 indeed showed similar vibrational structures as did the
emission spectrum, but was found to be different from the
absorption spectrum. The difference in the excitation fluores-
cence and absorption spectra can be attributed to different
species present in the excited and ground states, respectively.
The Stokes shift given in Table 2 was computed to be
3,216 cm .

The fluorescence maximum of 2 was red-shifted with
similar vibrational bands as that of the parent 1. It should
be noted that the fluorescence spectrum of 3 is structured
similarly to 1 and 2. Conversely, the fluorescence

spectrum of 4 is more comparable to that of 3 than 1 or
2. The shape of fluorescence excitation spectrum of 3 is
quite similar to its absorption spectrum, unlike the case
observed for 1 or 2 (See Fig. 1). These results are con-
sistent with a model in which a 7t-electron-donating group
(—OCH,C¢Hs in this case) delocalizes the positive charge
on the CAC ring, favoring a planar structure. The fused
benzene rings in 4 help to further delocalize the positive
charge. The Stokes shifts of 3 and 4 are thus smaller than
those of 1 and 2. The fluorescence lifetime decay profile
shown in Fig. 4 and data gathered in Table 2 also show
longer lifetimes for 3 and 4 compared to 1 and 2. We have
also performed time-dependent (TD) DFT calculations to
predict the absorbance spectra of this series of CACs.
These calculations were performed using a variety of

Table 2 Spectroscopic parame-

ters of CAC 1-4 Compound  Solvent Aabs™™ (0m)  Agn™ (nm)  Stokes shift (cm ') T(ns)  x
CAC1 Acetonitrile 414 450 1932 2.93 1.25
Water 403 463 3216 3.01 1.31
Dichloromethane 425 448 1208 2.67 1.29
DMF 416 449 1767 3.29 1.41
DMSO 420 451 1637 3.37 1.29
Ethanol 413 448 1892 3.09 1.21
Methanol 412 458 2438 3.05 1.39
N-Butyronitrile 422 447 1325 2.92 1.33
CAC2 Acetonitrile 433 473 1953 2.49 1.77
Water 426 484 2813 2.36 1.74
Dichloromethane 449 476 1263 2.20 1.42
DMF 436 480 2102 2.77 1.74
DMSO 439 471 1815 2.74 1.41
Ethanol 434 504 3200 2.58 1.59
Methanol 433 493 2811 2.54 1.51
N-Butyronitrile 435 478 2068 2.46 1.52
CAC3 Acetonitrile 449 478 1351 5.41 1.33
Water 437 469 1561 5.13 1.28
Dichloromethane 453 482 1328 5.29 1.31
DMF 452 482 1377 5.28 1.31
DMSO 455 484 1317 5.30 1.46
Ethanol 444 482 1776 5.45 1.34
Methanol 442 479 1748 5.39 1.49
N-Butyronitrile 449 480 1438 5.31 1.43
CAC 4 Acetonitrile 452 474 1027 5.76 1.78
Water 430 472 2069 5.68 1.95
Dichloromethane 454 475 974 5.06 1.94
DMF 458 480 1001 542 1.41
DMSO 462 483 941 4.70 1.33
Ethanol 454 475 974 5.99 1.92
Methanol 454 474 929 5.71 1.62
N-Butyronitrile 455 475 925 5.31 1.39
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Fig. 4 Fluorescence lifetime decay profile of 1-4 in water

functionals [35-38], all with the 6-31+G(d,p) basis set in
an SMD solvent continuum of acetonitrile (Table 3).
Shifts in absorption maxima are well-reproduced, espe-
cially when using the B3LYP or PBE functionals in sol-
vent. These methods therefore are likely to be useful in
predicting spectra for other CACs not yet synthesized.
Graphical overlays of the best computational and experi-
mental data are shown in Fig. 6. For a complete descrip-
tion of all TD-DFT results for UV-vis data, see the
Supporting Information.

Effect of Solvent Environments

To probe solvatochromic behavior, the absorption spectra of 1
were measured in various solvent environments. Measure-
ments could not be made in hexane or cyclohexane due to
poor solubility. The absorption spectra of 1 in various solvent
environments are depicted in Fig. 5. These spectra display
broad and intense absorptions in the 350 to 450 nm region;
however, the spectral position is sensitive to the nature of the
solvent. For example, the absorption maximum red-shifted
from 403 nm in water to 425 nm in dichloromethane.
UV-vis calculations have been performed in dichlorometh-
ane, ethanol, and water in addition to acetonitrile for CACs 1—
4. It was found that the solvent effects observed experimen-
tally are reproduced computationally at all three levels of
theory previously discussed. The B3LYP functional proved
the most advantageous for producing results closest in mag-
nitude to the absolute value of the observed experimental A,
(Figs. 6 and 7) [39-41].2 Since there is a substantial change in

21t is known that the B3LYP functional (when implemented in TD-DFT
calculations) often overestimates absolute values of spectral features [39].
The M06-2X functional has been shown to be the safest choice for TD-
DEFT calculations [40] and as such was included in the set of functionals
used herein (please see SI for complete details of all TD-DFT calcula-
tions). Previous studies of linear azacyanine dyes indicate that computing
excited state geometry optimizations and relaxation energies can assist in
obtaining more accurate data [41].

@ Springer

the energy of transitions of 1 in different solvents, we propose
that a polar solvent significantly stabilizes both the ground and
excited state species. The fluorescence spectra of 1 were also
found to be sensitive to solvent. It is important to note that the
structure of the spectrum was more resolved in dichlorometh-
ane as compared to acetonitrile. While the absorption maxi-
mum was red shifted, the fluorescence maximum showed a
blue shift from 463 nm in water to 448 nm in
dichloromethane.

We propose that when the refractive index increases,
the ground and excited states are both stabilized because
of the movement of electrons within the solvent mole-
cules. That is, an increase in refractive index facilitates
movement of electrons within the solvent molecules and
thus instantaneously stabilizes both the ground and excit-
ed states. As per the theory of general solvent effects [18,
19], this redistribution of electrons within the solvent
molecules due to an increase in refractive index results
in a decrease in the energy difference between the ground
and excited states.

At the same time, the ground and excited states are also
stabilized due to an increase in dielectric constant. How-
ever, the energy decrease of the excited state caused by
the dielectric constant occurs only after reorientation of
the solvent dipoles as this process necessitates movement
of entire solvent molecules, not just electrons. Taking this
into account, dielectric continuum theory describes envi-
ronmental effects for which it is assumed that a point
dipole solute interacts with the solvent by virtue of the
change in solute dipole moment.

This change can be expressed by applying the Lippert-
Mataga equation [18, 19] —

2_1 _ 2
" )WE o) + Constant

. _2 5—1_
AT T e \2e 1 2211 a3

— where v and V7 are the wave numbers (cm ') of the
absorbance and fluorescence emission, respectively, h is
Planck’s constant, c is the speed of light in vacuum, a is the
radius of the cavity in which the fluorophore resides, (g and
LG are the dipole moments in the excited and ground states,
respectively, and € and n are the dielectric constant and the
index of refraction of the solvents, respectively [19]. The
Lippert-Mataga plot can be obtained by plotting the Stokes’
shift versus the term in parentheses in the above equation
(referred to as the orientation polarizability (Af) of the sol-
vent), which is the result of both the mobility of the electrons
in the solvent and the dipole moment of the solvent.

e—1 n*—1

(&) T2e+1 2241
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Table 3 Computational UV—vis data at varying levels of theory both in the gas phase and in a solvent continuum of acetonitrile (reported in nm)

Structure A (€Xp., Amax Amax Amax (M06- Amax (PBE., Amax (B3LYP, Amax (M06-2X,
CH;CN) (PBE) (B3LYP) 2X) CH;CN) CH;CN) CH;CN)

1 414 365 372 356 369 376 358

2 433 390 398 375 388 396 373

3 449 401 409 388 402 409 389

4 452 394 403 375 407 416 386

The Lippert-Mataga plot of 1 in different solvents is
presented in Fig. 5c. There are two kinds of linear corre-
lations between the orientation polarizability of the sol-
vent and Stokes’ shift, with the difference between ab-
sorption and emission maxima obtained from the
corrected spectra (on the wavenumber scale) of 1. It is
expected that the nitrogen atoms in 1 would interact
specifically with protic solvents—like water, methanol
and ethanol—by forming H-bonds. In the case of charge
transfer in a molecule, the gross solvent polarity indicator
scale, such as Et (30), is more applicable [42]. Et (30) is
defined as the molar electronic transition energies (Et) of
dissolved pyridinium N-phenolate betaine dye in kcal/mol
at STP [42]. A plot of the Stokes’ shift of 1 versus the
E130 values of various solvents is given in Fig. 5d. In
addition to specific solvent-fluorophore interaction, many
molecules undergo internal charge transfer when a
fluorophore contains both electron-accepting and donating
groups. For example, the use of an amino group as an

electron donor and a carbonyl group as an electron-
withdrawing group has been extensively examined and
an increase in charge separation within the fluorophore
is observed [43]. Since the parent chromophore of 1 has a
positive charge localized in part on a nitrogen atom,
charge separation is expected. Like the parent compound,
broad absorption spectra were generally observed for
substituted compounds 2—4, as presented in Figs. §, 9
and 10. The solvatochromic behavior of 2 was similar to
that of 1, but, in case of 3 and 4, the plot of the Stokes
shift vs Et (30) gave two kinds of linear correlation for
protic and aprotic solvent environments, respectively. This
result is not surprising as the positive charge near to the
nitrogen atom in 3 and 4 is further stabilized in the ground
and excited states, as compared to 1 and 2.

The fluorescence lifetime of 1 in various solvents
showed mono exponential decay having a nanosecond
fluorescence lifetime (refer to Table 1). The fluorescence
lifetime is found to be in the same range reported earlier

. . e . 7
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Fig. 6 Experimental and 1 2 2
computational UV-vis spectral 2 — exp (CH3CN)
overlays: experimental spectra in o 15 ====comp. (CH3CN, B3LYP)
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for S-containing CACs [1], which is longer than for some
merocyanine dyes [44], Cy3 [45] and Cy5 [46] but shorter
than polymethine dyes [47]. The excited state lifetime
values were highest in polar solvents like DMF and
DMSO; it is thought that polar solvents stabilize the
excited states, thereby increasing the fluorescence
lifetimes.

The slight decrease in fluorescence lifetime in ethanol,
methanol and water could be due to specific H-bonding
interactions. The relatively short lifetimes of 1 in dichlo-
romethane can be attributed to decreased stabilization of
the excited state in less polar solvents. The excited state
fluorescence lifetime of 2 was generally found to be
shorter than that of 1.

This could be due to increased constraint in the excited
state of 2 compared to 1. On the other hand the excited
state lifetime of 3 was enhanced remarkably compared to
1 (in some cases a >70 % increase as compared to 1 and
more than two fold relative to 2). These longer lifetimes
for 3 indicate that the excited state is stabilized due to the
presence of an electron-donating group. The excited state
lifetime values obtained for 4 were similar to those of 3

Solvent Dependant UV-Vis

" 420 . . .

£ 410

i

= 400 .

g :

o =0

2 300 pew R?=0.90829
5 EtOH R?=0.94771
£ 380 i © CH3CNgz = 0.99056
S 0 * H20 pz-0,64105

400 410 420 430 440 450 460
Experimental A (nm)
Fig. 7 Solvent dependent TD- DFT UV-vis calculations performed
using B3LYP/6-31G+(d,p) in SMD solvent continuum models of dichlo-
romethane, ethanol, acetonitrile, and water respectively on structures
optimized using M06-2X/6-31G+(d,p) in the gas phase
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wavelength (nm)

and, in general, a slightly higher value for 4 compared to
3 could be due to increased delocalization. These results
suggest potential applications of these classes of cyclic
azacyanines as solvatochromic probes for use in single
molecule fluorescence studies and, potentially, for use in
biophysical and biomedical assays.

Conclusions

Absorption, steady-state and lifetime of fluorescence in-
vestigations of several cyclic azacyanines were carried out
in various solvent environments. It was found that intro-
duction of electron-donating/withdrawing groups on the
CAC modulated the spectroscopic properties. Although
this work builds on our previous work [30], new spectro-
scopic data and DFT calculations are described (the latter
clarifies previous assumptions). Unlike in the parent com-
pound, introduction of an electron donating group (3)
appears to encourage similar structures in the ground
and excited states by stabilizing the positive charge on
the ring of the CAC. Interestingly, introduction of an
electron-withdrawing group (2) also appears to stabilize
the positive charge as a similar red shift in the fluores-
cence was observed relative to 3. CACs display solvent
dependent relaxation; in protic solvents, specific interac-
tions of solvent molecules further enhance this effect.
Fluorescence lifetime decay indicates a relaxation period
on the nanosecond timescale with monoexponential de-
cay; the fluorescence lifetime values are in the same range
found earlier for another class of CACs [1]. Electron-
donating substituents (as in 2) extend the excited state
lifetime, whereas electron-withdrawing groups (as in 3)
marginally decrease the excited state lifetime compared to
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Fig. 8 UV-Visible absorption
(a), fluorescence emission (b)
spectra of 2 in various solvents of
different polarity. ¢ Lippert
Mataga plot for 2 in various
solvents showing the variation of
Stokes’ shift as a function of
orientation polarizability of the
solvents. d Correlation of Stokes
shift of 2 with E1(30) parameter
in various solvents

that of the parent compound (1). TD-DFT was used to
predict the absorption maxima of this class of compounds
and a useful model for predicting spectroscopic character-
istics of similar compounds has emerged. Finally, the
regioselectivity of basic hydrolysis was studied using

Fig. 9 UV-Visible absorption
(a), fluorescence emission (b)
spectra of 3 in various solvents of
different polarity. ¢ Lippert
Mataga plot for 3 in various
solvents showing the variation of
Stokes’ shift as a function of
orientation polarizability of the
solvents. d Correlation of Stokes
shift of 3 with E1(30) parameter
in various solvents
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quantum chemical calculations, which predict that 1,6

addition to a carbonyl

is the rate and product determining

(i.e. ring-opened or closed) step. The results described
herein point to potential applications of cyclic
azacyanines as solvatochromic probes for biomedical
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Fig. 10 UV-Visible absorption 0.075
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assays, single molecule fluorescence studies, investiga-
tions concerning solvation dynamics. In addition, quan-
tum chemical calculations of the type described herein
may prove useful for the design of new fluorophores.

Experimental Section
Synthesis

The syntheses of CAC derivatives, 1-4 (see Scheme 1),
were carried out via the one-step reaction of an «-amino-
substituted heterocycle with diiodomethane. The detailed
synthetic procedure and characterization of these com-
pounds has been reported elsewhere [29, 30]. For basic
hydrolysis, the cyclic azacyanine and its derivatives, 1—4,
were reacted with hydroxide ions (10 % methanolic KOH
solution) at room temperature [30].

Materials

To prepare the stock solution, CACs were dissolved in
spectroscopic grade dichloromethane. A desired amount
of the stock solution was transferred to a vial and the
solvent evaporated via gentle heating. The final sample
solution was prepared by adding the required amount of
the desired solvent into the same vial. Ethanol, methanol,
acetonitrile, n-butyronitrile (nBN), and N,N-
dimethylformamide (DMF) were of spectroscopy grade
and were used without further purification.

@ Springer

Spectroscopic Measurements

The absorption spectra in various solvents were recorded at
room temperature using a JASCO V-570 UV—VIS-NIR Spec-
trophotometer. Fluorescence measurements were done on a
JOBIN YVON Horiba Fluorolog 3 spectrofluorometer. The
excitation source was a 100 W Xenon lamp. The detector used
was an R-928 operating at a voltage of 950 V. The excitation
and emission slits width were 5 nm. The spectral data were
collected using Fluoroescence software and data analysis was
conducted using OrginPro 6.0 software. Fluorescence lifetime
measurements were done using the same instrument but
coupled with a pulsed diode laser. A 405 nm diode laser was
used as the excitation source and the detector used was an
R-928 operating at a voltage of 950 V. The fluorescence decay
was acquired with a peak preset of 10,000 counts and the
decay data were analyzed using data analysis software pro-
vided with the instrumentation.

Computational Methods

All calculations were performed in Gaussian09 [48] using
DFT. The M06-2X [49] functional and a 6-31+G(d,p) basis
set were used unless otherwise stated. Electrostatic potential
maps were created using Gaussview with an isovalue range of
—1.6e-2 to 0.220e0 and an un-faded transparent surface. All
optimized structures were verified as minima or transition
state structures using frequency calculations (no imaginary
frequencies or one imaginary frequency, respectively). In
some cases, solvent was included using the SMD continuum
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model [50]. All time-dependent calculations were performed
using nstates = 20 and root = 1 [51] commands with a 6-31+
G(d,p) basis set (and a variety of functionals as described in
the text) using the SMD continuum model for acetonitrile
solvation. Energies, coordinates, and normal mode analysis
for all structures, as well as TD-DFT results, are available in
the Supporting Information.
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