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The photophysical properties of polar molecules in solution with an intramolecular charge-transfer effect in
the excited state depend strongly on the polarity and proticity of the solvents. UV-visible spectra of 1,8-
naphthalimide and some N-substituted derivatives in acetic acid, acetonitrile, dichloromethane, andp-dioxane
were carried out. Several molecular cluster geometries formed with N-substituted 1,8-naphthalimide derivatives
and a large set of random positioning of some solvent molecules in their environment were optimized by a
semiempirical method. It provided a complete screening of possible solute-solvent configurations and resulted
in a multiple minima hypersurface of the supramolecular systems. With such local minima energies, the main
thermodynamic association functions were found. They also provided selected cluster geometries for calculations
of vertical electronic transitions with a time-dependent density functional theory (TD-DFT), if the lowest
energy structures were considered. Calculated vertical electronic transition energies at the TD-DFT level
were compared with experimental data. The experimental absorption UV-visible spectra for the six compounds
in the four solvents were performed in our laboratory. Moreover, X-ray photoelectron spectroscospy of the
1,8-naphthalimide was carried out in the ICP-CSIC laboratory. Thermodynamic function values show different
association energies between each solvent and the molecules, in correlation with the possibility of hydrogen
bond formation and the polarity and dielectric constant of the solvents. The 3- and 4-acetamide
1,8-naphthalimide derivatives have the highest conformer number and the most negative Gibbs free association
energy values for a determined solvent. This indicates the importance of the entropic factors.

Introduction

1,8-Naphthalimide derivatives (Figure 1) have interesting
properties to extend their use as tunable dye lasers,1,2 polymer-
izable materials,3,4 fluorescent chemical sensors5-8 and elec-
troluminescent organic diodes in thin films.9,10 On the other
hand, the 3-amino 1,8-naphthalimide and N-substituted 1,8-
naphthalimide derivatives with amino an alkyl side chain linked
to the imidic nitrogen have important applications as antitumor
agents.11-14 Their photophysical properties in solutions depend
on the polarity and the ability to form a hydrogen bond with
the solvents, which generates the solvent-cage environment of
the solute molecules.

In previous works,2,15-18 we have analyzed the experimental
electronic properties of some N-substituted 1,8-naphthalimide
derivatives in different solvents, such as acetonitrile (MeCN),
water, alcohols,p-dioxane (p-diox), and dichloromethane (DCM).
The absorption and fluorescence maxima of the molecules have
a red shift with increasing the value of the dielectric constant
of the solvents for the derivatives substituted in the 4 position
of the naphthalic ring; this red shift is lower for derivatives
substituted in the 3 position of the same ring. Usually, we

consider that these facts take place in polar molecules that
preferably haveπ-π* electronic transitions and dipolar mo-
ments in the Frank Condon excited state S1 higher that those in
the ground state S0.

When electron donor groups at positions 3 or 4 in the
naphthalene ring (amine, methoxy, or acetamide) are introduced,
the lowest singlet excited state of the 1,8-naphthalimide is
modified. The derivatives substituted in position 3 have a new
absorption band in the visible zone, around 415, 375, and 380
nm for amino, methoxy, and acetamide groups, respectively.
However, the derivatives in position 4 have the specific band
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Figure 1. Structure of 1,8-naphthalimide and its derivatives.
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of 1,8-naphthalimide, without vibrational structure and broad-
ness, red shifted approximately 30 and 35 nm for the methoxy
and acetamide groups, respectively.

The photophysical properties (fluorescence, lifetime, and
fluorescence quantum yield) increase to a higher degree at
position 4 than they do at position 3. The substituted compounds
at position 4 show a clear electronic donor character for the
carboxyimide group and favor the radiative deactivation of the
excited state of the molecules using the laser emission by
excitation with nitrogen or Nd:YAG lasers.2,19Nevertheless, the
derivatives substituted in position 3 have very low fluorescence,
and their lifetime appears in the picosecond range. An intramo-
lecular charge transfer (ICT) occurs when the imide nitrogen is
linked to the ethyl with an amino terminal group in R1. For this
reason, the fluorescence emission for all derivatives is quenched,
and the absorption properties are slightly modified. The addition
of acetic acid (AcH) to the solution eliminates the ICT effect
by the protonation of the amino nitrogen in R1. Similar effects
have been reported by other authors, such as PET (photoinduced
electron transfer).20-22

Some calculations on these molecules have been carried out
in the gas phase.18,21-23 A high degree of coplanarity and charge
transfer between theπ system of the naphthalene ring and the
carboxyimide group in the reference molecule 1,8-naphthalimide
is shown. The aliphatic chain linked to the imidic nitrogen
modifies both the coplanarity of the chromophore and, very
slightly, the electronic fundamental transition. The substitution
by donor groups in the 3 or 4 position of the naphthalic ring
generates new theoretical vertical transitions, which agree
partially with a few spectra.

The aim of this work is to study the influences of the R1 and
R2 substituents and the solvents on the photophysical properties.
Systematic studies of 1,8-naphthalimide (1) and five N-
substituted derivatives (2-6) (see Figure 1) in four solvents,
namely, MeCN,p-diox, DCM, and AcH, are performed at
experimental (UV-visible) and theoretical levels. Moreover,

in order to study the 1,8-naphthalimide imidol tautomerism,
X-ray photoelectron spectroscopy (XPS) of the solid phase is
carried out.

Experimental Methods

Absorption UV-visible spectra were recorded in our labora-
tory using a Perkin-Elmer Lambda 16 UV-vis double beam
spectrophotometer with tungsten-halogen and deuterium sources
and with quartz cells 10 mm thick. The spectra of the six
molecules were obtained in four solvents with different dipole
moments and dielectric constants, respectively,p-diox (0D,
2.21), MeCN (3.9D, 36.6), DCM (1.6D, 8.93), and AcH (1.7D,
6.20). All molecules studied were synthesized in pharmacology
laboratories and were tested by NMR and FTIR methods. All
concentrations of the solutions were approximately. 2.0× 10-4-
1.0 × 10-5 M, and no aggregation effects were observed.

XPS from the ICP-CSIC laboratory was used for the
detection of the 1,8-naphthalimide tautomeric form. Analyses
were carried out on a VG Escalab 200R electron spectrometer
provided with a Mg/Al KR double anode X-ray source and a
hemispherical electron analyzer. The powder samples pressed
in 8 mm diameter copper troughs were fixed on theXYZ
manipulator. The base pressure in the analysis chamber was
maintained below 4× 10-9 mbar during data acquisition. The
area under analysis was around 2.4 mm2, and the pass energy
of the analyzer was set at 50 eV, whose resolution, as measured
by the full-width at half-maximum (fwhm) of the Au4f7/2 core
level, was 1.7 eV. The binding energies were referenced to the
C1s peak at 284.9 eV. Data processing was performed with the
XPS peak v4.1 program; the spectra were decomposed with the
least-squares fitting routine provided with the software by the
asymmetrical Gaussian/Lorentzian (90/10) product function after
subtracting a Shirley background. Atomic fractions were
calculated using peak areas normalized on the basis of sensitivity
factors.

Theoretical Background and Computational Details.Fig-
ure 1 shows the compounds studied with different functional
groups, R1 linked to the imidic nitrogen and R2 placed in the
3-(meta) and 4-(para) position on the naphthalic ring. In Figure
2, four possible conformations are considered for the2 and3
compounds, two conformations in (i) and out (o) due to rotations
of the HN-COMe bond and two conformations antisymmetric
in (Ai) and antisymmetric out (Ao) due to rotations of the
C-NHCOMe bond and the tautomeric forms in Tautomeric (iT)
and out Tautomeric (oT) corresponding to the NH-COMe T
NdC(OH)Me possible equilibrium (see Figure 2). When the
R2 is a methoxy group (4, 5, and6 compounds), two conforma-
tions are explored (see Figure 2) for rotational isomers of the

Figure 2. Denomination of possible isomers; rotational conformers
of -NHCOMe (out and in, asymmetric out and asymmetric in) and of
-OMe (trans and cis). Tautomerism imide-imidol.

TABLE 1: Calculated ∆Has and ∆Gas (kJ/mol at 298K) of
the 1,8-Naphthalimide and its Tautomer (1 and 1T) for the
Gas Phase andn Molecules of the Solvent Phase

1 1T

phase n ∆Has ∆Gas ∆Has ∆Gas

p-diox 1 -12.4 -17.6 -14.7 -18.9
2 -10.8 -17.9 -12.5 -19.5
3 -10.5 -17.6 -12.0 -18.3

AcH 1 -21.9 -24.8 -23.9 -26.9
2 -17.0 -23.2 -20.2 -26.6
3 -16.6 -23.9 -20.2 -26.7

DCM 1 -10.4 -14.9 -12.0 -15.2
2 -8.6 -14.8 -10.4 -16.4
3 -7.9 -15.4 -9.9 -16.5

MeCN 1 -9.0 -12.3 -14.0 -16.2
2 -8.5 -15.0 -11.1 -16.6
3 -8.3 -15.5 -10.2 -16.3
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C-OMe bond, cis (c) and trans (t). In Figure 2, we have also
depicted the imidol tautomeric form1T of the reference
compound 1,8-naphthalimide (1), which has importance in
molecular reactivity.

In order to consider the thermodynamic values related to the
association of the compounds (1-6) and the solvents (p-diox,
DCM, MeCN, and AcH), the theoretical concepts developed to
reproduce the solvent direct interactions among the solute and
n solvent molecules are summarized elsewhere.24 Since we are
working with cluster formation and chemical equilibrium, some
relationships can be obtained.

The association process between a solute andn solvent
molecules can be described by

For a simple change in an isolated molecule, one can write, for
any intensive thermodynamic function like association enthalpy
H and free energy G

The energy of the ensemble in a determined state can be
obtained by solving the appropriate Schro¨dinger equation of each
solute-solvent cluster relevant to the macroscopic statistical
ensemble.24 Due to the huge computational effort implicit to
this task, our attention will focus on finding a reduced set of
cells that can represent the most significant contributions to this
state for the whole system. Then, we will use a Boltzmann
distribution to calculate the thermally averaged state of the
typical macroscopic system at room temperature. In any case,
the partition function of molecular association should be

calculated by assuming the appropriate energy scale with respect
to a reference value. For this purpose, a conventional state has
to be chosen for calculating such a reference energy. For
instance, we can define such a state to exclude all interaction
energies among constituent molecules in a given cluster. This
means that we would consider the translational, rotational, and
vibrational states of molecules in the clusters as identical to
those in the reference states. The association process is then
considered to be isothermal. In this case, the reference state is
taken as a set with the same number of noninteracting molecules
of the same solute and solvent kinds and individually optimized
with the same energy surface function as the cluster so that the
sum of their total energies is taken as the reference value on
our energy scale.

It must be pointed out that the association process described
by eq 1 implies the appearance of nonnegligible values of energy
corresponding to certain intermolecular degrees of freedom
appearing in the solute-solvent cluster. They are those related
to the rotational modes of the cluster and the intermolecular
modes of vibration. We assume that the neglect of these thermal
contributions to the association energy terms will not be
important since their expected significance must be small with
respect to the main energy values.

A large set of random geometries of molecular clusters with
different solvents and gas-phase solutes were optimized with
the AM1 Hamiltonian performing the MOPAC v.6 program.25

Therefore, a complete random screening of possible solvent-
solute arrangements was then done, and the multiple minima
hypersurface (MMH) of the cluster systems and the correspond-
ing thermodynamic quantities were found after finding the
partition function of association of the gradient-optimized initial
structures.

A study of the association energy evolution per mole of
solvent, corresponding to solvated shells, with an increasing

TABLE 2: Theoretical (TD-DFT) Vertical Transitions Using 6-31G* and cc-pVDZ Basis Sets and UV-Vis Absorption Bands of
the 1,8-Naphthalimide and Its Tautomer (1 and 1T, respectively) for the Gas Phase andn Molecules of the Solvent Phase

1 1T

6-31G* cc-pVDZ 6-31G* cc-pVDZ Expa

phase n λ (nm) f λ (nm) f λ (nm) f λ (nm) f λ (nm) logε

gas 326 0.172 328 0.166 342 0.175 344 0.168 - -219 0.396 221 0.416 226 0.200 228 0.195

p-diox

1 326 0.197 328 0.191 341 0.107 341 0.107

330{343}
220

4.117
4.560

220 0.389 222 0.410 226 0.201 226 0.201
2 327 0.212 329 0.205 343 0.184 344 0.133

220 0.398 222 0.418 226 0.196 228 0.196
3 329 0.205 331 0.199 344 0.178 346 0.170

221 0.379 223 0.413 227 0.197 229 0.196

AcH

1 328 0.194 329 0.187 341 0.196 341 0.196

340
248

4.053
3.333

221 0.337 223 0.367 226 0.206 226 0.206
2 328 0.206 330 0.194 342 0.207 344 0.202

220 0.338 223 0.414 225 0.106 228 0.173
3 331 0.186 332 0.180 343 0.157 345 0.199

221 0.319 223 0.316 226 0.179 228 0.176

DCM

1 329 0.176 331 0.171 344 0.203 346 0.198

332{342}
236

4.115
4.587

221 0.305 223 0.354 226 0.193 228 0.193
2 331 0.175 333 0.169 346 0.201 347 0.194

222 0.197 224 0.424 227 0.174 228 0.173
3 332 0.172 334 0.166 348 0.219 350 0.212

222 0.304 224 0.413 227 0.162 229 0.161

MeCN

1 328 0.171 330 0.165 342 0.198 342 0.198

331{343}
230{212}

4.052
4.612

221 0.292 223 0.299 226 0.195 226 0.195
2 331 0.168 332 0.162 344 0.195 345 0.189

221 0.306 223 0.428 226 0.170 228 0.175
3 332 0.172 333 0.167 346 0.215 348 0.210

222 0.433 224 0.436 226 0.126 228 0.160

a In the brace{} is a submerged band or a less intense band.

X + n(solvent)f X(solvent)n (1)

∆Has
x ) ∆Hx(solvent)n - ∆Hx - n∆Hsolvent (2)

∆Gas
x ) ∆Gx(solvent)n - ∆Gx - n∆Gsolvent (3)
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number of solvent molecules was performed. It has been built
by taking into account all 25 optimized sets to explore the MMH
as described above. It has been reported that the AM1
optimization exaggerates certain solvent-solvent interactions.26

We found consistency with the procedure of ranking the MMH
information forn - 1 molecules of solvent and using it in the
next calculation ofn molecules as a Markov process. Then, the
thermodynamic functions of association converge faster, and
very similar final energies to those usingn + 1 molecules of
solvent are obtained, which have symmetrical molecular ar-
rangements, making degenerate clusters in MMH.27

At this point, three molecules of solvent, as microstates in a
canonical statistical ensemble, can represent the main perturba-
tion to these properties with respect to the isolated solute
molecule. We have carried out calculations with four and five
solvent molecules for molecule1, and the thermodynamic
properties do not change with respect to the cluster containing
three solvent molecules. The space of the nondegenerate

microstates to calculate all thermodynamic functions corresponds
to 25 optimized clusters per molecule of solvent. The energy
of interaction of one molecule of solvent with the solute
molecule shows a more important contribution than the addition
of more solvent molecules. The more probable minima are found
by means of a similarity index (given the nondegenerate states)
and a Maxwell-Boltzmann distribution (each microstate with
its statistical weight).

By taking into account the geometries of more probable
minima of each cluster, vertical excitations and oscillator
strengths were calculated with the time-dependent density
functional theory (TD-DFT)28,29 method using the B3LYP
functional30,31and two basis sets (6-31G* and cc-pVDZ) carried
out with a Gaussian program suite.32 The size of the molecules
studied (up to 85 atoms) imposes constraints as to the size of
the basis sets that are manageable with the quantum chemical
computations. The calculations on compound1, carried out also
with a more expensive basis set (cc-pVDZ) at the same level

Figure 3. UV-vis absorption spectrum and theoretical vertical transitions for 1,8-naphthalimide (magenta color and right model) and its tautomer
(cyan color and left model) in acetic acid solvent (AcH).

Figure 4. UV-vis absorption spectrum and theoretical vertical transitions for 1,8-naphthalimide (magenta color and right model) and its tautomer
(cyan color and left model) in methylene chloride solvent (DCM).
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of calculation, will lead to the same values for the vertical
excitations. For this reason, the remaining molecules (2-6) were
calculated at the B3LYP/6-31G* level.

Results and Discussion

With the above methodology, we have optimized the corre-
sponding supermolecule of each compound and their tautomers
and conformers (1-6) with one, two, and three molecules of
the four solvents plus the six compounds in the gas phase,
building a total number of 54 clusters. For each supermolecular
structure, we have carried out the thermodynamical and TD-
DFT calculations (1350 states). First, we analyzed the results
for compound1, and we continued with the study of the different
derivatives (2-6).

Effects of the Substituents and the Solvents on theN-1,8-
Naphthalimide (1). The reference molecule1 and its tautomer
1T in the gas phase in the four solvents and with one, two, and

three solvent molecules for each of the solute molecule were
studied. In Table 1, the enthalpy and free-energy thermodynamic
association functions at 298 K in kilojoules per mole are shown.
The most negative values of these functions correspond to the
tautomer 1T in all cases with one, two, or three solvent
molecules in their environment. This behavior is particularly
interesting for the reactivity and photophysical properties of the
molecule because the carbonyl groups favor the intersystem
crossing in the excited state, and the imidol form favors a lower
state S1 and more efficient fluorescence emission.33

The AcH, followed byp-diox, is the solvent with higher
negative values for these thermodynamic functions; they can
form hydrogen bridge bonds with compound1 and 1T.
However, DCM and MeCN, with a higher dielectric constant,
have similar values for the thermodynamic functions that are
lower than those of the AcH andp-diox. If we consider one,
two, or three molecules around a solute molecule, the relative

Figure 5. UV-vis absorption spectrum and theoretical vertical transitions for 1,8-naphthalimide (magenta color and right model) and its tautomer
(cyan color and left model) in methylene chloride solvent (MeCN).

Figure 6. UV-vis absorption spectrum and theoretical vertical transitions for 1,8-naphthalimide (magenta color and right model) and its tautomer
(cyan color and left model) in methylene chloride solvent (p-diox).
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variation of these thermodynamic functions in each solvent is
small. Table 2 shows the wavelengths (λ) in nanometers and
the oscillator strengths (f) of the calculated electronic transitions
for the more probable structure using both basis sets (6-31G*
and cc-pVDZ) and the experimental absorption (λ and logε).
We can observe in Table 2 the excellent agreement between
experimental and theoretical results. We used both compounds
(1 and1T) to study the influence of the basis set. The values of
λ and f for the 6-31G* and cc-pVDZ basis sets are practically
the same, with small variations up to 2 nm and without changes
in the relative values off.

Figures 3-6 show the experimental absorption spectra, the
calculated transitions for molecules1 and 1T in the four
solvents, and the optimized geometries of the supermolecule
formed by 1 and 1T and one molecule of solvent. The
experimental spectra have a very intense S2 band with the
maximum around 240 nm inp-diox, DCM, and MeCN (specific
to the naphthalene ring with a chromophore-like electron-

withdrawing imide group34) and a second S1 band with two
maxima around 330-340 nm associated with the vibrational
structure. According to the theoretical transitions calculated in
gas phase and in these solvents, the contribution of the tautomer
occurs at lower energy and can be associated with the second
maxima around 340 nm in the S1 transition. The XPS of these
molecules confirms this contribution (see Figure 7), with the
double peak obtained from core IE of N1s. In a previous work,18

we had considered the double maximum as a vibrational
structure, which agrees with the FT-IR study.35

It is remarkable that molecule1 in AcH (see Figure 3) shows
an absorption spectrum that is different from the spectra obtained
in the other three solvents. The remote UV absorption maximum
is displaced 10 nm to the red, and its intensity is very low; the
only visible maximum band at approximately 340 nm is wider
and more intense than those in the other solvent because of the
double bridge bond formed between AcH and the molecule.
This interaction modifies their S1 and S2 electronic states and
favors the tautomeric form in this medium in comparison with
a polar solvent likep-diox.

From the Mulliken analysis for compound1 (in gas phase),
we can observe that the imidic N charge (QN ) -0.70) is higher
than that of any of the carboxyl oxygens (QO ) 0.51). These
results agree with core IE of N1s and O1s spectra and previous
XPS data.36 The 1T molecule breaks the molecular symmetry
of molecule 1 (C2V), and consequently, theirQO (-0.607,
-0.480) charge values are different. The asymmetry change in
the QO in the 1T compound decreases approximately 0.2e in
QN (-0.56) due to the increase ofQO corresponding to CdO
and C-OH groups.QO charges for compound1 show that the
gas phase has similar values to the ones inp-diox and AcH
solvents, which can form hydrogen bonds.QO andQN charges
for 1T in MeCN and DCM show similar values to those
obtained in the gas phase, which is supported in the best
solvation of a polar solvent with the 1,8-naphthalimide tautomer.

Effects of the Substituents and the Solvents on the
N-Substituted 1,8-Naphthalimide Derivatives (2-6). In the
theoretical study of the acetamide derivatives (2 and3), we have
postulated different conformers (see Figure 2) that present
similar energies. However. for the discussion, we only consid-
ered the theoretical data of the conformer that show better
vertical transition results and whose oscillator strength values
have correlation in the UV-vis zones in relation to experimental
maxima and extinction coefficient data. In Table 3, we can
observe that each solvent produces a different conformer, whose
contribution is the most favorable in the electronic transition.
In these Table 3, we have selected the corresponding conformer,
which is used in the calculation of UV-visible spectra of
compounds2, 3, and4. Similarly for methoxy derivatives (4-

Figure 7. X-ray absorption spectra (vertical axis, arbitrary units) in
the regions of binding energies of 396-403 eV (core 1s of imidic
nitrogen) and 528-535.5 eV (core 1s of carbonylic oxygen) for a 1,8-
naphthalimide solid sample and its decomposition.

TABLE 3: More Probable Rotamers and Tautomers (See
Figure 2) Regarding the Absorption Experimental Data for
Compounds 2, 3, and 4 for the Gas Phase andn Molecules
of the Solvent Phase

phase gasa p-diox AcH DCM MeCN

n 1 2 3 1 2 3 1 2 3 1 2 3

2 Ai Ao o Ao o o o oT o Ao o Ao o
3 o i i o o o o i i o oT iT o
4 t t t t c c c t c t t t t

a p-Diox as the reference.

TABLE 4: Calculated ∆Has and ∆Gas (kJ/mol at 298 K) Values of 1,8-Naphthalimide Derivatives forn Molecules of the Solvent
Phase

2 3 4 5 6

phase n ∆Has ∆Gas ∆Has ∆Gas ∆Has ∆Gas ∆Has ∆Gas ∆Has ∆Gas

p-diox
1 -21.2 -23.9 -16.4 -20.7 -8.8 -15.3 -10.1 -16.3 -9.7 -16.1
2 -12.9 -18.8 -13.3 -20.0 -9.8 -16.8 -9.1 -16.4 -8.8 -15.9
3 -14.3 -20.8 -9.2 -15.6 -10.3 -17.2 -9.0 -16.1 -8.6 -15.5

AcH
1 -33.5 -35.1 -33.5 -34.3 -22.7 -26.1 -19.8 -22.2 -14.2 -20.5
2 -23.6 -28.4 -25.0 -28.6 -16.4 -22.3 -18.3 -23.4 -14.9 -21.8
3 -21.7 -27.8 -22.0 -26.2 -16.7 -23.0 -14.6 -23.0 -18.3 -24.1

DCM
1 -10.6 -16.2 -10.7 -16.0 -10.5 -14.9 -11.7 -16.7 -11.2 -15.6
2 -10.4 -17.3 -9.9 -17.0 -9.9 -16.3 -9.6 -16.3 -9.7 -16.5
3 -10.1 -16.5 -9.4 -16.8 -8.9 -15.8 -7.6 -15.1 -8.3 -15.6

MeCN
1 -9.8 -15.8 -9.7 -14.3 -8.2 -13.7 -9.5 -14.8 -9.8 -14.3
2 -8.9 -15.1 -10.8 -16.7 -8.6 -14.6 -9.0 -15.5 -9.5 -16.2
3 -10.3 -17.2 -9.8 -17.2 -8.4 -15.1 -9.0 -15.9 -8.8 -16.3
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TABLE 5: Theoretical (TD-DFT) Vertical Transitions and UV -Vis Absorption Bands (in nm) of All 1,8-Naphthalimide Derivatives (2-6) for the Gas Phase andn Molecules of the
Solvent Phasea

phase n 2 3 4 5 6

λ (nm) f λ (nm) logε λ (nm) f λ (nm) logε λ (nm) f λ (nm) logε λ (nm) f λ (nm) logε λ (nm) f λ (nm) logε

gas
366 0.089

- - 368
243

0.290
0.320

- -
354 0.099

- - 348
235

0.231
0.408

- - 348
235

0.218
0.416

- -319 0.081 317 0.071
242 0.240 233 0.214

p-diox

1 376 0.078 375
243

0.288
0.339

356 0.091 350
236

0.222
0.442

350 0.211
320 0.108 317 0.100 236 0.288
241 0.193 234 0.215 235 0.152

2 377 0.080 365{381}
324{337}
228{253}

3.730
3.880
4.380

374
243

0.304
0.364

367
248

4.360
4.520

358 0.094 375{361}
331{321}
239{220}

3.318
3.436
3.964

351
237

0.220
0.446

360
240{247}

4.837
5.219

348
235

0.256
0.413

360
240{247}

4.250
4.683

324 0.104 319 0.112
241 0.376 235 0.240

3 374 0.086 370
243

0.303
0.390

357 0.093 351
236

0.218
0.461

356
238

0.223
0.421

320 0.120 319 0.108
240 0.264 235 0.198

AcH

1 369 0.091 363
241

0.335
0.341

384 0.120 352
236

0.227
0.435

347
235

0.243
0.418

322 0.106 320 0.091
244 0.434 236 0.231

2 372 0.089 364{374} 3.723 362
240

0.334
0.334

365{348}
251

4.085
4.111

379 0.140 379 3.854 355
237

0.218
0.422

369
252

4.179
4.279

347
235

0.222
0.423

366
251

4.028
4.280

324 0.126 340{327} 3.995 320 0.091 336 3.988
245 0.509 253{264} 4.547 234 0.249 252 4.059

3 372 0.096 367
241

0.315
0.353

378 0.129 349
236

0.255
0.393

359
237

0.212
0.455

323 0.125 320 0.095
244 0.619 234 0.246

DCM

1 375 0.096 373
242

0.277
0.329

357 0.098 351
236

0.231
0.409

350
236

0.223
0.436

323 0.098 318 0.102
263 0.547 235 0.211

2 370 0.082 366{378} 4.244 373
242

0.298
0.332

365
241

3.776
4.117

382 0.124 378 4.281 354
237

0.230
0.416

364
250

4.121
4.240

354
237

0.224
0.442

364{380}
247{241}

4.138
4.507

324 0.122 338 4.508 321 0.086 334 4.392
241 0.309 252{230} 5.025 235 0.225 240 4.887

3 378 0.074 370
242

0.328
0.330

386 0.130 355
238

0.233
0.363

358
237

0.232
0.381

324 0.118 324 0.081
245 0.502 236 0.221

MeCN

1 367 0.091 369
241

0.335
0.367

357 0.094 352
237

0.225
0.419

351
236

0.216
0.447

322 0.103 320 0.111
239 0.335 235 0.210

2 373 0.078 378{366} 3.798 369
240

0.372
0.384

364 4.150 361 0.099 376{362} 3.848 357
238

0.225
0.420

362 4.113 356
238

0.216
0.449

362 4.094
321 0.106 337{324} 4.073 239 4.481 321 0.119 333{320} 3.982 239{245} 4.440 240{245} 4.468
243 0.468 251{227} 4.610 202 4.510 236 0.199 237{221} 4.543 214 4.243 215 4.192

3 376 0.089 371
243

0.318
0.353

361 0.106 360 0.223 359 0.216
324 0.131 323 0.118 239 0.427 238 0.448
243 0.436 229 0.127 348 0.231 348 0.218

a In the brace{} is a submerged band or a less intense band.
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6), we have obtained two minimal conformers, cis (c) and trans
(t) for the three position derivative (4). However, only one
minimum (cis) is performed for the four position derivatives (5
and6). We can also observe that the cluster with AcH always
produces the same conformers (o for compounds2 and3 and
c for compound4). The differences of energy between the most
stable conformer and the other conformers and tautomers are
around 2 and 10 kcal/mol, respectively.

Table 4 shows the association of thermodynamic functions
(enthalpy and free energy) of the acetamide and methoxy
derivatives with one, two, or three molecules in the solvents.
These values show similar variations to those of compound1
in the respective solvents. The AcH, followed byp-dioxane,
has the most negative values of the thermodynamic association
functions with the acetamide derivatives2 and 3, and DCM
and MeCN have the least negative values. The different
conformers can form some hydrogen bridge bond with the AcH
and p-dioxane solvent and electrostatic interactions with the
DCM and MeCN. An entropic factor contributes to the more
negative value of the thermodynamic function, which favors
the supermolecular structure formation between the acetamide
derivatives and the solvents studied.

The methoxy derivatives4-6 have more negative values of
the thermodynamic functions in AcH because they can form
hydrogen bridge bonds in this solvent. These derivatives in
p-diox, DCM, and MeCN give similar values because the
interactions with the solvent molecules are only of the electro-
static kind. The importance of the hydrogen bond formation
between these molecules and the porous silicon surface has been
observed using FT-IR spectroscopy. Moreover, the photolu-
minescence properties of the crystal obtained by deposition of
compounds3 and5 on nanostructured porous silicon have been
measured.37

In regards to the number of solvent molecules around the
solute molecule, in Table 4, we can observe for the MeCN
solvent that∆G increases the negative value when the solute
molecule has 1-3 solvent molecules. This solvent has a higher
dielectric constant and forms a more stable cage around the
solute molecule than the other solvents because of the electro-
static interactions. This could explain the stabilization of the
polar molecular forms in this solvent, which in the excited-
state, favor the intramolecular charge transfer (ICT) observed
in the experimental study for3, 5, and6 derivatives.19

Table 5 shows the wavelength (nm) and the oscillator strength
of the molecular electronic transitions calculated with TD-DFT
methods and the experimental absorption transition. The3 (4-
acetamide),5, and6 (4-methoxy) compounds have an UV band
S2 around 250 nm and a visible and wide band S1 around 365
and 360 nm, respectively. The2 (3-acetamide) and4 (3-
methoxy) compounds have a similar band in the UV; in the
visible zone, and a band which is the same as that of compound
1 and an additional band more red-shifted at 375 and 380 nm
(new S1) appears. This spectroscopic behavior is reproduced
by the theoretical data, although the experimental band of
compounds5 and6 at 360 nm is reproduced at 350 nm, 10 nm
displaced to the blue (see Figures S4 and S5). According to the
high values of the oscillator strength of the UV band, we can
consider that the transitions are of theπ-π* type, although in
the visible band, they are mixed with the n-π* type. UV-
visible spectra corresponding to these five derivatives in the
four solvents are depicted in the Supporting Information (Figures
S1-S5). In each Figure, the four spectra for each derivative,
including an inset of the theoretical vertical transition and a
scheme of the derivative and its interaction with a solvent

molecule, are shown. A general inspection of the Supporting
Information shows the excellent agreement between experi-
mental and theoretical spectra. It is remarkable that the maxima
corresponding to the UV-visible spectra are very well repro-
duced by theoretical methodology, that is, compound3 in MeCN
(see Figure S2) and compound4 in p-diox (see Figure S3).

Table 6 shows the distances from the heteroatom of R2 to
the aromatic C for the derivatives2-6 with one molecule of
the different solvents in the AM1-optimized geometries. If we
analyze the trends between the distances of4 (3-methoxy) and
5 and 6 (4-methoxy), we observe that the three position has
longer distances than those of the four position, and this group
is nearly coplanar to the rings of the molecule. Regarding the
distances, the compounds2 and3 of the R2 group with respect
to the C of the naphthalene ring have similar behavior, but this
group is not coplanar with respect to the rings due to steric
effects. Shorter distances favor the charge transfer of the R2

group to the chromophore formed by the naphthalene ring and
the carboximide group. This behavior agrees with the spectro-
scopic band in the visible zone, with only one maximum for
the derivatives substituted in the four position and with two
maxima for the derivatives substituted in the three position.

All derivatives 2-6 present aQN value around-0.54,
whereas the compound1 has a value of approximately-0.71
in the gas phase. In the meantime, in all derivatives, theQO

values are higher (0.52-0.53) than that in compound1 (0.50-
0.51). These values in the solvent medium show the same
tendency. This implies that the N imide-carbonyl group bond
decreases its polar character in all derivatives2-6 with respect
to the farther molecule1 and contributes to the other different
polar forms of the tautomerism. The heteroatom charges (QX)
of the R2 ) -(N)-HCOMe group in compounds2 and 3 are
higher than those of4, 5, and6 for all phases. These results
agree with the semireduction redox potentials obtained in our
laboratory by means of cyclic voltammetry,18,38which indicates
that the acetamide group has lower electronic-donating character
in the fundamental state than the methoxy group. The heteroa-
tom charges of R2 ) -(O)-Me are independent of the R1

substituent sinceQX ∼ 0.51-0.52 are very similar in the three
and four positions of R2 ) -(O)-Me for compounds4-6.
Nevertheless, compounds5 and 6 show similar experimental
absorption spectra, and the spectra of compound4 are different,
with three absorption bands.

Conclusions

The experimental absorption UV-visible spectra for the six
compounds in the four solvents were obtained in our laboratory,
and XPS of the 1,8-naphthalimide was carried out in the ICP-
CSIC laboratory. We have computed the theoretical spectra of
the six compounds using TD-DFT in gas phase and with one,
two, or three solvent molecules in their environment. For this
study, three aprotic solvents with different polarity (MeCN,
p-diox, and DCM) were selected. A protic and polar solvent
such as AcH was also considered because this acid has been
employed to eliminate the ICT effect. The absorption spectra

TABLE 6: Distances from the Heteroatom of R2 to the
Nearest Aromatic Carbon (in Å) in the Gas Phase and with
One Molecule of Solvent in the AM1-Optimized Geometries

phase 2 3 4 5 6

Gas 1.403(Ai) 1.398(o) 1.381(t) 1.376 1.376
p-diox 1.403(Ao) 1.397(i) 1.381(t) 1.376 1.376
AcH 1.406(o) 1.399(o) 1.380(c) 1.376 1.375
DCM 1.405(oT) 1.399(i) 1.380(t) 1.375 1.375
MeCN 1.406(o) 1.400(oT) 1.381(t) 1.375 1.375

N-Substituted 1,8-Naphthalimide Derivatives J. Phys. Chem. A, Vol. 111, No. 39, 20079731



were compared with the theoretical electronic transition results,
considering the interaction between the different conformations
of these molecules with the four solvents. Furthermore, ther-
modynamic association function values of these naphthalimide
derivatives were obtained. These results show the higher
association energies in the clusters of the solvents that can form
hydrogen bridge bonds.

The main interest of this paper is the feasibility of a way for
calculating with theoretical methods the possible contribution
of conformers and tautomers to the electronic transitions in
solution with different solvents. The thermodynamic association
function values computed in this paper have a good correlation
with the kind and the position of the substituent and with the
solvent considered. The electronic transition values and their
oscillator strengths obtained with TD-DFT (B3LYP/6-31G*)
agree with the experimental absorption bands obtained by us
for the six molecules in three solvents (DCM, MeCN, and
p-diox), particularly for compounds1 and4-6.

The highest associations of solute-solvent molecules are
shown in AcH and partially inp-diox. These solvents have the
highest proton-donating and proton-accepting character, respec-
tively. Furthermore, substituents with the acetamide group in
R2 (compounds2 and 3) have the most negative∆G values,
which indicate its highest interaction ability with all solvents.
The more stable solvent cage is obtained with three solvent
molecules for MeCN, the most polar solvent.

Other theoretical parameters considered in this work, such
as the interatomic distances and atomic charges, agree with the
experimental properties observed. From these data, the imide-
imidol tautomerism is considered. Imide-imidol forms (R′-
NH-C(dO)-R T R′-NdC(OH)-R) contribute to the elec-
tronic transition depending on the solvent. XPS, reported in this
paper, confirms this tautomerism.

This work is a step toward a more extensive application of
computational chemistry in order to clarify the experimental
behavior of the organic molecules in solution and their photo-
physical properties.
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