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. Introduction

The modeling of environmental effects on the spectroscopic
esponse of molecular systems is one of the hot topics in theo-
etical chemistry and various papers [1,2] and reviews [3,4] have
een published recently on the subject. In this Letter we con-
ider the optical properties (absorption and emission spectra)
f 4-hexylamino-7-nitro-2,1,3-benzoxadiazoles (NBD) and its solva-
ochromic behavior. This is a new 4-substituted-NBD derivative
ompound whose structural formula is reported in Figure 1. Nitro-
enzoxadiazoles are used as fluorogenic probes [5–7] and their
uorescence properties depend on the chemical groups used for
he functionalization of the NBD skeleton.

The hexylamino functionalization has been envisioned to favor
he interaction with an hydrophobic environment such as that
resent in the inner cavity of a cyclodextrin molecule which will be
he topic of a future work where a new host–guest system based
n a NBD derivative dye and Cd/CdS quantum dots covered with
-cyclodextrin will be presented with the purpose of obtaining

fficient down-converted photoluminescence emission. The elec-
ronic structure of benzofurazane derivatives has been studied in
he recent past by a variety of computational methods [7,8] and

∗ Corresponding author.
E-mail address: mirella.delzoppo@polimi.it (M. Del Zoppo).
the absorption and emission wavelengths reproduced for the iso-
lated molecule. In this preliminary work our concern is the study
of the intermolecular interactions and their effects on the optical
properties and is thus focused on the solvatochromic behavior of
NBD. The quantum mechanical modeling of environmental effects
can be done following two different routes: (i) one can calculate
the optical properties of the NBD molecule within the polarizable
continuum model (PCM). In the PCM model, the solute molecule is
embedded into a cavity and the presence of the solvent is mimicked
by point charges lying on the cavity surface, whose distribution
depends on the reciprocal polarization between the charges them-
selves and the electron density of the solute [3,9]. In this way,
the effects due to the reciprocal polarization between solute and
solvent are taken into account. However, within this formalism,
specific interactions, such as hydrogen bonds, cannot be described
properly. (ii) Otherwise, one can explicitly take into account spe-
cific intermolecular interactions using solvent–solute molecular
models. An accurate description of the explicit solute–solvent inter-
actions requires complex QM/MM molecular dynamic simulations
[1,10,11], in order to properly explore the configurational space of
the molecule in solution. However, these methods provide over-
abundant information and often the chemical detail is lost behind

the complexity of the model. For this reason, we have chosen
a much simpler approach: we have considered ‘ad hoc’ molec-
ular systems formed by the NBD molecule and just one solvent
molecule, in configurations that allow the formation of a hydrogen

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.07.042&domain=pdf
mailto:mirella.delzoppo@polimi.it
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Table 1
Experimental absorption (�abs) and emission wavelength (�em) of the NBD molecule
in solution with solvents of increasing polarity. The dielectric relative constant of
the solvents (ε) is reported as well.

Solvent ε �abs �em

(eV) (nm) (eV) (nm)

Ethyl acetate 6.02 2.69 460 2.36 525
Tetrahydrofuran 7.50 2.69 460 2.36 525
Dichloromethane 9.10 2.72 455 2.40 515
Figure 1. Structural formula of 4-hexylamino-7-nitro-2,1,3-benzoxadiazoles (NBD).

ond. We do not expect that such simple models are able to quan-
itatively reproduce the optical properties of the NBD molecule in
olution but we await that they are able to get the essential features
f the supramolecular interaction effects on the optical properties
f the NBD dye in solution.

. Methods

.1. Experimental

.1.1. General experimental procedure
Starting materials and solvents of analytical grade were

btained from commercial sources and used without further purifi-
ation. All reagents were purchased from Sigma–Aldrich.

1H NMR (300 MHz) was taken with a Bruker AMX 300
nstrument. Chemical shifts are given as parts per million from
etramethylsilane. Coupling constants (J) values are given in hertz
nd are quoted to ±0.1 Hz, consistently with NMR machine accu-
acy.

.1.2. Synthesis of 4-hexylamino-7-nitro-2,1,3-benzoxadiazoles
NBD)

4-Chloro-7-nitro-2,1,3-benzoxadiazole (400 mg, 2 mmol) was
issolved in methanol (12 mL) and NaHCO3 (505 mg, 6 mmol) was
dded. After the subsequent addition of hexylamine (0.26 mL,
mmol), the solution was stirred for 8 h at room temperature.
he reaction mixture was then evaporated to dryness under
educed pressure and the resulting residue chromatographed on
ilica gel (dichloromethane) to obtain 4-hexylamino-7-nitro-2,1,3-
enzoxadiazoles (NBD) in 70% yield (melting point = 105 ◦C).

1H NMR (300 MHz, DMSO-d6) ı 0.8 (t, 3H, CH3), 1.25–1.5 (m,
H), 1.8 (m, 2H), 3.5 (q, 2H), 6.1 (d, J = 8.7 MHz, 2H), 6.3 (s, NH), 8.5
d, J = 8.7 MHz, 2H).

.1.3. Optical characterization
All measurements were performed on solutions of NBD at con-

entrations of about 10−5 M.
Optical absorption measurements were performed using a

erkin-Elmer Lambda-9 spectrometer.
Photoluminescence (PL) spectra were recorded by using a 270 M

PEX spectrometer equipped with a N2 cooled CCD (charge-coupled
evice) detector, and by exciting with a Xenon lamp connected to a
emini monochromator for the wavelength selection. The spectra
ere corrected for the instrument response.

.2. Theoretical modeling

The spectroscopic investigation of the optical properties of the
BD dye in solution has been supported by Density Functional
heory (DFT) calculations. The TD-DFT [12–14] theory, generally
rovides reliable results at a limited computational cost [15,16].
he B3LYP [17] and CAM-B3LYP [18] exchange-correlation (xc)

unctionals in connection with the 6-31G(d,p) basis set [19] have
een used in this work. We have verified that the two methods
rovide the same physical picture, except for the fact that the
3LYP calculations on some explicit models (interaction 1 and 4
Methanol 33.10 2.61 475 2.29 540
Acetonitrile 36.20 2.63 470 2.33 530
Dimethylformamide 38.30 2.58 480 2.31 535

of methanol and interaction 2 and 4 of DMF see later) predict a
first singlet excited state of intermolecular charge transfer char-
acter (see Supplementary data Table SI1 and SI2). However, it is
well known that these charge transfer states are due to a weakness
of B3LYP, and in general of all the hybrid xc functionals with low
exact exchange fraction [20–22]. On the contrary, the CAM-B3LYP
functional is known to perform better in this respect. For this rea-
son in the following, we report only the CAM-B3LYP results (for
comparison the B3LYP results can be found in the Supplementary
data).

To determine the emission wavelengths, we optimized the
geometry of the first dipole allowed exited state.

All calculations are carried out with the Gaussian 09 code [23].
Default converged criteria have been used in optimizations and
a maximum step of 5 Bohr for the optimization of the molecular
structures in the first singlet excite state S1 has been used.

3. Results

3.1. Spectroscopy measurements

The absorption and emission spectra of NBD have been recorded
in various solvents of increasing polarity and the absorption and
emission maxima wavelengths are listed in Table 1. From Table 1 it
is apparent that both the absorption and the emission wavelengths
show a non monotonic trend with the polarity of the solvent. This
non monotonic modulation of the optical properties of the molecule
cannot be explained on the basis of reciprocal polarization effects
due to the increase in dielectric constant of the medium. Instead,
it is much more reasonable that it is due to specific interactions
between the solvent and the dye.

3.2. DFT calculations

The ground state geometry of the NBD molecule has been opti-
mized in vacuum. We have optimized the molecular structure of
the dye in both cis and trans configurations with respect to the �, �,
�, and � atoms of Figure 1 and we have verified that the cis configu-
ration is the most stable. The vertical excitation energies have been
calculated at the TD-CAM-B3LYP/6-31G(d,p) level. The first excited
state is predicted to be dipole allowed, with an oscillator strength
of 0.35 and a transition dipole moment, �, of 2.01 a.u. This exci-
tation essentially corresponds to a transition between the HOMO
and LUMO Kohn-Sham orbitals, which are sketched in Figure 2. The
predicted excitation energy is 3.58 eV, which largely overestimates
the experimental values (2.69 eV in low polarity solvents, e.g. ethyl
acetate). The TD-B3LYP calculation predicts an excitation energy
of 3.20 eV, in slightly better agreement with experiments but still
largely overestimated. However, these results are not completely

unexpected since it has already been reported by Jacquemine et al.
[24] that the errors obtained for vertical excitation energies by
the TD-DFT method are typically of the order of 0.30 eV, with a
large variance [15]. Anyway, we will show below that even if the



F ound

a
s
i

h
S
o

m
s
s
a
d
v
e
t
t
c
F
t
c
s
p

m
h
T
e
l
s
i
r
g

F
t
m
o

igure 2. HOMO and LUMO orbitals of the NBD molecule mainly involved in the gr

bsolute value of the excitation energy from the ground to the S1
tate is not accurately reproduced, the present method is effective
n explaining the solvatochromic behavior of the NBD molecule.

In order to determine the emission energy from the S1 state, we
ave optimized the molecular structure of the NBD molecule in the
1 state with the TD-DFT method and we find an emission energy
f 3.13 eV.

Once the properties of the isolated molecule have been deter-
ined, we have studied the properties of the NBD molecule in

olution within the framework of the PCM method. The ground
tate molecular structure of the NBD dye has been optimized again
t the CAM-B3LYP/6-31G(d,p) level in PCM, by setting the relative
ielectric constant equal to the values reported in Table 1 for the
arious solvents. Then, we have calculated the vertical excitation
nergies from the ground to the first dipole allowed excited state at
he TD-CAM-B3LYP/6-31G(d,p) level in PCM. The theoretical exci-
ation energies from the ground state to S1 in various solvents are
ompared with the experimental data in Figure 3. As shown in
igure 3, the PCM calculations do not reproduce the non mono-
onic solvatochromic behavior of the NBD molecule. Indeed, these
alculations predict that the ground to S1 excitation energy red-
hifts monotonically with the polarity of the solvent and reaches a
lateau for solvents more polar than methanol.

We have investigated also the emission properties of the NBD
olecule in PCM. The molecular structure of the dye in the S1 state

as been optimized at the TD-CAM-B3LYP/6-31G(d,p) level in PCM.
he vertical emission energies (which formally correspond to the
nergy difference from S1 to the ground state evaluated at the equi-
ibrium geometry of the excited state) computed for the various
olvents have been reported in Figure 4 in comparison with exper-

mental data. As for the absorption, the PCM calculations do not
eproduce the non monotonic trend in excitation energies and a
radual red-shift of the emission wavelength with solvent polarity

igure 3. Comparison between experimental and theoretical excitation energies of
he NBD molecule in solution. Theoretical data have been obtained within the PCM

ethod. Calculations are carried out at the TD-CAM-B3LYP/6-31G(d,p) level on the
ptimized CAM-B3LYP/6-31G(d,p) ground state geometry.
to S1 transition. Calculations carried out at the CAM-B3LYP/6-31G(d,p) level.

is observed. Also in this case, the emission energy reaches a plateau
for solvents more polar than methanol.

The previous results demonstrate that the optical properties of
the NBD molecule in solution cannot be rationalized by pure polar-
ization effects but that specific interactions between the dye and
solvent molecules must be considered. Thus, in order to explain
the solvatochromism of NBD, we have considered possible spe-
cific interactions between NBD and one solvent molecule, with the
procedure described in Section 1 (point ii). Following this proce-
dure, we have identified (i) two NBD/solvent configurations (here
on referred to as ‘dimers’) for ethyl acetate, (ii) one for tetrahydro-
furan (THF), (iii) seven for methanol, (iv) one for acetonitrile and
(v) six for dimethylformamide (DMF). The optimized structures of
these dimers are reported in Table SI3 of the Supplementary data.
The ground state geometry of all these models has been optimized
at the DFT level and the computed interaction energies are reported
in Table 2.

The optimized structures of all the dimers are reported in Table
SI3. For each solvent we found one dimer which is more stable than
the others by at least 4 kcal/mol namely, configuration 1 in ethyl
acetate, configuration 5 in methanol and configuration 6 in DMF.
These configurations are reported in Figure 5. Actually, in the case of
DMF two dimers with similar energy are found, namely interaction
1 and interaction 6 (see Table 2). However, the analysis of these two
dimers shows that they correspond to the same kind of interaction
(see Table SI3) and hence in the following, we neglect configuration
1.

As shown in Figure 5, the most stable interacting dimers are
always characterized by the formation of a H-bond between the NH
group of the NBD dye and an electronegative atom of the solvent.
We have then calculated the vertical singlet excitation energies
of all the interaction models associated to the various solvents, at
the TD-CAM-B3LYP/6-31G(d,p) level. The computed ground state to
S1 vertical excitation energies are summarized in Table 2. For each

Figure 4. Comparison between experimental and theoretical emission energies of
the NBD molecule in solution. Theoretical data have been obtained within the PCM
method. Optimization of the molecular structure in S1 has been carried out with
TD-CAM-B3LYP/6-31G(d,p).



Table 2
interaction energy and optical absorption properties for the dimers associated to the various solvents. Calculations carried out at the TD-CAM-B3LYP/6-31G(d,p) level on the
CAM-B3LYP/6-31G(d,p) optimized structure.

Solvent Interaction Interaction energy Excitation energy Oscillator strength Transition dipole moment

(kcal/mol) (eV) (nm) (a.u.)

Ethyl acetate 1 −10.42 3.46 358 0.3568 2.05
2 −6.36 3.52 353 0.3588 2.04

Tetrahydrofuran −14.80 3.45 359 0.3491 2.03
Methanol 1 −7.08 3.55 349 0.4257 2.21

2 −7.32 3.55 350 0.4243 2.21
3 −6.37 3.53 351 0.3697 2.04
4 Converged to the same structure of interaction 3
5 −13.52 3.40 365 0.3242 1.97
6 −6.94 3.53 352 0.3730 2.08
7 −4.84 3.62 343 0.3536 2.00

Acetonitrile −8.64 3.45 359 0.3351 1.99
Dimethylformamide 1 −11.61 3.42 362 0.3303 1.98

2 −5.37 3.54 350 0.4310 2.23
3 Converged to the same structure of interaction 2
4 −7.12 3.51 353 0.3778 2.10
5 Converged to the same structure of interaction 4
6 −13.05 3.43 362 0.3562 2.06

mer structure optimized at the CAM-B3LYP/6-31G(d,p) level.
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Figure 5. Most stable dimers found for each solvent. Di

olvent the excitation to S1 is dipole allowed, with an oscillator
trength of about 0.36. The analysis of the orbitals demonstrates
hat the orbitals mainly involved in the ground to S1 transitions
re very similar to those found for the molecule in vacuum, which
re reported in Figure 2. The coefficients of the orbitals involved in
he transition are reported in Table SI4 and the orbitals themselves
re shown in Table SI5 of Supplementary data. For each solvent,
he vertical excitation energy to the S1 state of the dimers ranges
etween 3.4 and 3.6 eV, to be compared with the value of 3.58 eV
orresponding to the isolated molecule. It is worth noticing that
or each solvent the most stable interaction is always that with the
mallest excitation energy. Thus, the formation of a H-bond in the
pecific configuration where a H-bond between the NH group of the
ye and an electronegative atom of the solvent is formed, results

n a red-shift of the first excited state of the order of 0.15 eV.
In Figure 6, we compare the excitation energy of the most

table interaction model for each solvent (reported in Figure 5)
ith the experimental UV–vis absorption energy. As shown in

igure 6, our explicit interaction models reproduce very well the

olvatochromic behavior of the NBD molecule. We notice that the
greement is only qualitative. In fact, we have already pointed
ut that the use of such simple models, consisting in the solute
nd just one solvent molecule, is clearly inadequate to reproduce

Figure 6. Comparison between experimental and theoretical absorption energies of
the NBD molecule. Theoretical absorption energies are evaluated on the most stable
dimer associated to each solvent in its electronic ground state geometry. Dimer
optimizations and vertical excitation energies have been calculated respectively
with the CAM-B3LYP/6-31G(d,p) and the TD-CAM-B3LYP/6-31G(d,p).



Figure 7. Comparison between experimental and theoretical emission energies of
the NBD molecule. Theoretical emission energies are evaluated on the most stable
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imer associated to each solvent in its electronic S1 geometry. Dimer optimizations
nd vertical excitation energies have been calculated at the TD-CAM-B3LYP/6-
1G(d,p) level.

he experimental results in a quantitative way. However, our
nteraction models provide a reasonable overall picture of the
ole of the intermolecular interactions on the optical properties
f the NBD dye. Moreover, they highlight the role of specific
olute–solvent interactions, which in the present case involve the
ormation of a H-bond between the NH group of the NBD molecule
nd an electronegative atom of the solvent.

Particularly informative is the comparison between methanol
nd acetonitrile: in Figure 6 we observe that in spite of the increase
n the dielectric constant of acetonitrile with respect to methanol,
he experimental absorption energy increases. Indeed, our dimer

odel predicts that the excitation energies of the most stable
imers of methanol and acetonitrile are respectively 3.40 and
.45 eV (see Table 2) thus reproducing the experimental trend. This

s a further indication that, in the theoretical description, the inclu-
ion of specific interactions is mandatory in order to reproduce the
xperimental data.

Since it is well known that TDDFT results depend heavily on the
hoice of the basis set and the functional, we tested other possi-
le combinations. First of all, to rule out the effect of the basis set,
e repeated the calculations for the CAM-B3LYP functional opti-
izing the structure of the most stable interaction models for each

olvent with the triple-zeta 6-311G** basis set and we calculated
he vertical excitation energy with the same basis set. The trend in
he excitation energies for the most polar solvent is the same with
oth 6-31G** and 6-311G** basis set as can be seen in Table SI6 and
igure SI1. Thus, we can state that the basis set has only a minor
ffect on the predicted excitation energies.

Once the possible effects of the basis set are ruled out, we inves-
igated the effects of different exchange-correlation functionals
ith the double zeta 6-31G** basis set. As already discussed in Sec-

ion 2.2 in order to avoid the problem of the presence of fictitious
harge-transfer state we excluded all pure functionals and hybrid
unctionals with a small contribution of the exact HF exchange
e.g. PBE0 that in general provides accurate excitation energies see
or example Ref. [8]). The new functionals chosen are BHANDH,

06-2X and M06 HF, the latter being designed specifically to rule
ut fictitious charge transfer states. Once again the results quali-
atively reproduce what already found for the CAM-B3LYP results

see Figures SI2–SI4 and Table SI6).

Given the above discussion on the choice of the functional, we
alculated also the emission properties of the NBD molecule only
t the TD-CAM-B3LYP/6-31G(d,p) level. Considering only the most

[
[
[

[

stable interaction model of each solvent, we have optimized its
structure in the S1 state. The resulting S1 to ground state energy
differences in the S1 optimized structure are reported in Figure 7,
compared with the experimental emission energy of the NBD dye
in the various solvents. Also in this case, we find a very good agree-
ment with the solvatochromic behavior of the NBD molecule. Again,
the agreement is not quantitative mainly because of the simplicity
of the models but the main features in the emission properties are
reproduced satisfactorily well.

4. Conclusions

The experimental and theoretical results presented in this 
work, investigate the effects of the intermolecular interactions 
on the optical properties of organic dyes in solution. The 4-
hexylamino-7-nitro-2,1,3-benzoxadiazoles (NBD) molecule has been 
synthesized and its optical absorption and emission spectra have 
been measured in solvents of increasing polarity. The spectroscopic 
measurements have shown that the NBD molecule exhibits a non 
monotonic shift in solution both in absorption and in emission, 
which can be hardly associated to dye–solvent relative polariza-
tion effects. A thorough theoretical investigation has been carried 
out at the DFT and TD-DFT levels, by considering the properties of 
the NBD molecule in (i) the gas phase, (ii) embedded in a polar-
izable continuum (PCM) and (iii) considering explicit dye–solvent 
interactions. As expected, calculations with PCM are not able to 
reproduce the non monotonic solvatochromic behavior of both the 
absorption and the emission energy of the NBD molecule. On the 
contrary, molecular models constructed ‘ad hoc’ in order to take 
into account specific intermolecular interactions, are able to repro-
duce the experimental trends in both absorption and emission, 
demonstrating that the optical properties of the NBD molecule in 
solution are largely affected by explicit interactions, i.e. H-bonds 
with the solvent. In addition, our calculations highlight the speci-
ficity of the solvent–dye intermolecular interactions. In particular 
the formation of H-bonds between the NH group of the dye and 
an electronegative atom of the solvent seems to be favored with 
respect to other possible interactions.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in 
the online version.
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