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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 solventsvidWle spectra of 1,8-
naphthalimide and some N-substituted derivatives in acetic acid, acetonitrile, dichloromethapelj@xahe

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 s@oleent 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 absorptietvidile 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 KEESIC 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 ldsgps)ymer-
izable material$;* fluorescent chemical sens#rg and elec-
troluminescent organic diodes in thin filf4? 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 Molecule Ry R
11-14 i i i i i 1 -H -H
agentst T_helr photophyg[cal properties in solutions depe_nd > {(CHN(CHy)z NH-COCH(3)
on the polarity and the ability to form a hydrogen bond with 3 ~(CH)N(CH) -NH-COCHy(4)
the solvents, which generates the solvent-cage environment of : :§8:§§§:Z§€:§§: :883;8;
the solute molecules. ) ~CHz-CHy -OCHs(4)

In previous works;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, alcoholsp-dioxane p-diox), and dichloromethane (DCM).  consider that these facts take place in polar molecules that
The absorption and fluorescence maxima of the molecules havepreferably haver—z* electronic transitions and dipolar mo-

a red shift with increasing the value of the dielectric constant ments in the Frank Condon excited stateh§her that those in
of the solvents for the derivatives substituted in the 4 position the ground state S
of the naphthalic I’ing; this red shift is lower for derivatives When electron donor groups at positions 3 or 4 in the
substituted in the 3 position of the same ring. Usually, we naphthalene ring (amine, methoxy, or acetamide) are introduced,
the lowest singlet excited state of the 1,8-naphthalimide is
*To whom correspondence should be addressed. ¥84-91-4974963.  modified. The derivatives substituted in position 3 have a new
Fa§:U+34'9.1‘4974512' E-mail: garcia.delavega@uam.es. absorption band in the visible zone, around 415, 375, and 380
niversidad Autmoma de Madrid. . . .
* Universidad de la Habana. nm for amino, methoxy, and acetamide groups, respectively.
8 Consejo Superior de Investigaciones Ciiceis (ICP-CSIC). 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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TABLE 1: Calculated AHasand AGg,s (kJ/mol at 298K) of
the 1,8-Naphthalimide and its Tautomer (1 and 1T) for the
Gas Phase anch Molecules of the Solvent Phase

1 1T
phase n AHas AGas AHas AGas
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 —154 —-9.9 —-16.5
MeCN 1 -9.0 —-12.3 —14.0 -16.2
2 -85 —15.0 —11.1 —16.6
3 —-8.3 —15.5 —10.2 —16.3

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 U\-visible spectra were recorded in our labora-
tory using a Perkin-Elmer Lambda 16 WWis double beam

. - I . . spectrophotometer with tungstehalogen and deuterium sources
Figure 2. Denomination of possible isomers; rotational conformers d with t s 10 thick. Th ¢ f the si
of —NHCOMe (out and in, asymmetric out and asymmetric in) and of and with quartz ce S .mm ICK. e s.peclra 0 ? SIX
—OMe (trans and cis). Tautomerism imigienidol. molecules were obtained in four solvents with different dipole
moments and dielectric constants, respectivelgiox (0D,

of 1,8-naphthalimide, without vibrational structure and broad- 2-21), MeCN (3.9D, 36.6), DCM (1.6D, 8.93), and AcH (1.7D,

ness, red shifted approximately 30 and 35 nm for the methoxy 6.20). All molecules studied were synthesized in pharmacology
and acetamide groups, respectively. laboratories and were tested by NMR and FTIR methods. All

concentrations of the solutions were approximately>2104—
1.0 x 107° 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 Ko double anode X-ray source and a
hemispherical electron analyzer. The powder samples pressed
in 8 mm diameter copper troughs were fixed on tK¥Z
manipulator. The base pressure in the analysis chamber was
maintained below 4« 10-° mbar during data acquisition. The
area under analysis was around 2.4 dnamd 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 Au4s core
of acetic acid (AcH) to the solution eliminates the ICT effect I((zave;,e\;vlf Ztllzgg\s/a' ;—\7 eDb;?;'Srg()sgsesrﬁ:gswvgirsgrefgirrﬁgge\sittﬁ ttr?ee
by the protonation of the amina nitrogen in.RSimilar eﬁec_ts XIl-';SS peak v4.1 brogrém; the spectra were decomposed with the
have been report%(_jztz)y other authors, such as PET (phOto'nduceﬁjeast-squares fitting routine provided with the software by the
electron transferﬁ. ) asymmetrical Gaussian/Lorentzian (90/10) product function after
Some calculations on these molecules have been carried oukyptracting a Shirley background. Atomic fractions were

in the gas phase’:2"23 A high degree of coplanarity and charge  cajculated using peak areas normalized on the basis of sensitivity
transfer between the system of the naphthalene ring and the 5ctors.

carboxyimide group in the reference molecule 1,8-naphthalimide  Theoretical Background and Computational Details.Fig-

is shown. The aliphatic chain linked to the imidic nitrogen re 1 shows the compounds studied with different functional
modifies both the coplanarity of the chromophore and, very groups, R linked to the imidic nitrogen and Rolaced in the
slightly, the electronic fundamental transition. The substitution 3-(meta) and 4-(para) position on the naphthalic ring. In Figure
by donor groups in the 3 or 4 position of the naphthalic ring 2, four possible conformations are considered for 2hend 3
generates new theoretical vertical transitions, which agree compounds, two conformations in (i) and out (o) due to rotations

The photophysical properties (fluorescence, lifetime, and
fluorescence quantum vyield) 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 lasefs® Nevertheless, 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.For this
reason, the fluorescence emission for all derivatives is quenched
and the absorption properties are slightly modified. The addition

partially with a few spectra. of the HN—COMe bond and two conformations antisymmetric
The aim of this work is to study the influences of theddd in (Ai) and antisymmetric out (Ao) due to rotations of the

R, substituents and the solvents on the photophysical properties C-NHCOMe bond and the tautomeric forms in Tautomeric (iT)

Systematic studies of 1,8-naphthalimid&) (and five N- and out Tautomeric (0T) corresponding to the NEIOMe <

substituted derivative2{-6) (see Figure 1) in four solvents, N=C(OH)Me possible equilibrium (see Figure 2). When the
namely, MeCN,p-diox, DCM, and AcH, are performed at R;is a methoxy group4, 5, and6 compounds), two conforma-
experimental (UV~visible) and theoretical levels. Moreover, tions are explored (see Figure 2) for rotational isomers of the
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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 ana Molecules of the Solvent Phase

1 1T
6-31G* cc-pvDz 6-31G* cc-pvDz Exp
phase n A (nm) f A (nm) f A (nm) f A (nm) f A (nm) loge
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
1 326 0.197 328 0.191 341 0.107 341 0.107
220 0.389 222 0.410 226 0.201 226 0.201
p-diox 2 327 0.212 329 0.205 343 0.184 344 0.133 330{343 4.117
220 0.398 222 0.418 226 0.196 228 0.196 220 4.560
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
1 328 0.194 329 0.187 341 0.196 341 0.196
221 0.337 223 0.367 226 0.206 226 0.206
AcH 2 328 0.206 330 0.194 342 0.207 344 0.202 340 4.053
220 0.338 223 0.414 225 0.106 228 0.173 248 3.333
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
1 329 0.176 331 0.171 344 0.203 346 0.198
221 0.305 223 0.354 226 0.193 228 0.193
DCM 2 331 0.175 333 0.169 346 0.201 347 0.194 332342 4.115
222 0.197 224 0.424 227 0.174 228 0.173 236 4.587
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
1 328 0.171 330 0.165 342 0.198 342 0.198
221 0.292 223 0.299 226 0.195 226 0.195
MeCN 2 331 0.168 332 0.162 344 0.195 345 0.189 331343 4.052
221 0.306 223 0.428 226 0.170 228 0.175 230{212% 4.612
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

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

C—OMe bond, cis (c) and trans (t). In Figure 2, we have also calculated by assuming the appropriate energy scale with respect
depicted the imidol tautomeric formlT of the reference to a reference value. For this purpose, a conventional state has
compound 1,8-naphthalimidel)( which has importance in  to be chosen for calculating such a reference energy. For

molecular reactivity. instance, we can define such a state to exclude all interaction
In order to consider the thermodynamic values related to the energies among constituent molecules in a given cluster. This
association of the compounds<6) and the solventsptdiox, means that we would consider the translational, rotational, and

DCM, MeCN, and AcH), the theoretical concepts developed to vibrational states of molecules in the clusters as identical to

reproduce the solvent direct interactions among the solute andthose in the reference states. The association process is then
n solvent molecules are summarized elsewR¢&ince we are considered to be isothermal. In this case, the reference state is
working with cluster formation and chemical equilibrium, some taken as a set with the same number of noninteracting molecules

relationships can be obtained. of the same solute and solvent kinds and individually optimized
The association process between a solute ansblvent with the same energy surface function as the cluster so that the
molecules can be described by sum of their total energies is taken as the reference value on
our energy scale.
X + n(solvent)— X(solvent), 1) It must be pointed out that the association process described

. ) . ) by eq 1 implies the appearance of nonnegligible values of energy
For a simple change in an isolated molecule, one can write, for corresponding to certain intermolecular degrees of freedom
any intensive thermodynamic function like association enthalpy appearing in the solutesolvent cluster. They are those related

H and free energy G to the rotational modes of the cluster and the intermolecular
modes of vibration. We assume that the neglect of these thermal
AH,S = AH,gonenn — AHy — NAH g en; (2) contributions to the association energy terms will not be
important since their expected significance must be small with
AG, = AG,(sonenty — AG, — NAGggen: 3) respect to the main energy values.

A large set of random geometries of molecular clusters with
The energy of the ensemble in a determined state can bedifferent solvents and gas-phase solutes were optimized with
obtained by solving the appropriate Satlirger equation of each  the AM1 Hamiltonian performing the MOPAC v.6 prograf.
solute-solvent cluster relevant to the macroscopic statistical Therefore, a complete random screening of possible sotvent
ensemblé* Due to the huge computational effort implicit to  solute arrangements was then done, and the multiple minima
this task, our attention will focus on finding a reduced set of hypersurface (MMH) of the cluster systems and the correspond-
cells that can represent the most significant contributions to this ing thermodynamic quantities were found after finding the
state for the whole system. Then, we will use a Boltzmann partition function of association of the gradient-optimized initial
distribution to calculate the thermally averaged state of the structures.
typical macroscopic system at room temperature. In any case, A study of the association energy evolution per mole of
the partition function of molecular association should be solvent, corresponding to solvated shells, with an increasing
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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).
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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).

number of solvent molecules was performed. It has been built microstates to calculate all thermodynamic functions corresponds
by taking into account all 25 optimized sets to explore the MMH to 25 optimized clusters per molecule of solvent. The energy

as described above. It has been reported that the AM1of interaction of one molecule of solvent with the solute
optimization exaggerates certain solvesblvent interaction3® molecule shows a more important contribution than the addition
We found consistency with the procedure of ranking the MMH  of more solvent molecules. The more probable minima are found
information forn — 1 molecules of solvent and using it in the by means of a similarity index (given the nondegenerate states)
next calculation of molecules as a Markov process. Then, the and a Maxwel-Boltzmann distribution (each microstate with

thermodynamic functions of association converge faster, andits statistical weight).
very similar final energies to those usimg+ 1 molecules of

By taking into account the geometries of more probable
solvent are obtained, which have symmetrical molecular ar- minima of each cluster, vertical excitations and oscillator
rangements, making degenerate clusters in NAVIH. strengths were calculated with the time-dependent density

At this point, three molecules of solvent, as microstates in a functional theory (TD-DFT)282° method using the B3LYP
canonical statistical ensemble, can represent the main perturbafunctionaf®3and two basis sets (6-31G* and cc-pVDZ) carried
tion to these properties with respect to the isolated solute out with a Gaussian program suieThe size of the molecules
molecule. We have carried out calculations with four and five studied (up to 85 atoms) imposes constraints as to the size of
solvent molecules for moleculé, and the thermodynamic the basis sets that are manageable with the quantum chemical
properties do not change with respect to the cluster containing computations. The calculations on compoudndarried out also

three solvent molecules. The space of the nondegeneratewith a more expensive basis set (cc-pVDZ) at the same level
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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).
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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 solvgmtl{ox).

of calculation, will lead to the same values for the vertical three solvent molecules for each of the solute molecule were

excitations. For this reason, the remaining molecule$} were studied. In Table 1, the enthalpy and free-energy thermodynamic

calculated at the B3LYP/6-31G* level. association functions at 298 K in kilojoules per mole are shown.
The most negative values of these functions correspond to the

Results and Discussion tautomer 1T in all cases with one, two, or three solvent

With the above methodology, we have optimized the corre- molecul_es in their envi_r(_)nment. This behgvior is particularly
sponding supermolecule of each compound and their tautomerdnteresting for the reactivity and photophysical properties of the
and conformers1(—6) with one, two, and three molecules of mole<_:ule_ because_ the carbonyl groups favor the intersystem
the four solvents plus the six compounds in the gas phase,Crossingin the excneq .state, and the imidol fprm favors a lower
building a total number of 54 clusters. For each supermolecular State $ and more efficient fluorescence emissdn.
structure, we have carried out the thermodynamical and TD- The AcH, followed byp-diox, is the solvent with higher
DFT calculations (1350 states). First, we analyzed the results negative values for these thermodynamic functions; they can
for compoundL, and we continued with the study of the different form hydrogen bridge bonds with compourd and 1T.
derivatives 2—6). However, DCM and MeCN, with a higher dielectric constant,

Effects of the Substituents and the Solvents on thi-1,8- have similar values for the thermodynamic functions that are
Naphthalimide (1). The reference molecuteand its tautomer lower than those of the AcH angtdiox. If we consider one,
1T in the gas phase in the four solvents and with one, two, and two, or three molecules around a solute molecule, the relative



N-Substituted 1,8-Naphthalimide Derivatives

counts per second (au)
counts per second (au)

399 402 405 528 531 534 537

BE (eV) BE (eV)
Figure 7. X-ray absorption spectra (vertical axis, arbitrary units) in
the regions of binding energies of 39803 eV (core 1s of imidic
nitrogen) and 528535.5 eV (core 1s of carbonylic oxygen) for a 1,8-
naphthalimide solid sample and its decomposition.
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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 and Molecules
of the Solvent Phase

phase gas p-diox AcH DCM MeCN
n 1 2 3 1 2 3 1 2 3 1 2 3
2 Ai Ao o Ao o o0 o0 oT o Ao o Ao o
3 0 i i o o o o i i o oT iT o
4 t t Tt t c c c t c t t t t

ap-Diox as the reference.

variation of these thermodynamic functions in each solvent is
small. Table 2 shows the wavelengttdy {n nanometers and
the oscillator strengths)(of the calculated electronic transitions

J. Phys. Chem. A, Vol. 111, No. 39, 2009729

withdrawing imide grouff) and a second ;Sband with two
maxima around 336340 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 &ansition. The XPS of these
molecules confirms this contribution (see Figure 7), with the
double peak obtained from core IE ofNIn a previous work?8
we had considered the double maximum as a vibrational
structure, which agrees with the FIR study3®

Itis remarkable that moleculkin 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;Sand S electronic states and
favors the tautomeric form in this medium in comparison with
a polar solvent likep-diox.

From the Mulliken analysis for compourid(in gas phase),
we can observe that the imidic N char@& (= —0.70) is higher
than that of any of the carboxyl oxygen®@d{ = 0.51). These
results agree with core IE of Nand Qs spectra and previous
XPS data® The 1T molecule breaks the molecular symmetry
of molecule1 (Cy), and consequently, thei@o (—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 o corresponding to €0
and C-OH groups.Qo charges for compountl show that the
gas phase has similar values to the oneg-tiox and AcH
solvents, which can form hydrogen bon@% andQy charges
for 1T in MeCN and DCM show similar values to those
obtained in the gas phase, which is supported in the best

for the more probable structure using both basis sets (6-31G* solvation of a polar solvent with the 1,8-naphthalimide tautomer.

and cc-pVDZ) and the experimental absorptianad loge).

We can observe in Table 2 the excellent agreement betwee
experimental and theoretical results. We used both compound
(2 and1T) to study the influence of the basis set. The values of
A andf for the 6-31G* and cc-pVDZ basis sets are practically

Effects of the Substituents and the Solvents on the
nN-Substituted 1,8-Naphthalimide Derivatives (2-6). In the
stheoretical study of the acetamide derivativeaijd3), we have

postulated different conformers (see Figure 2) that present
similar energies. However. for the discussion, we only consid-

the same, with small variations up to 2 nm and without changes ered the theoretical data of the conformer that show better

in the relative values of.
Figures 3-6 show the experimental absorption spectra, the
calculated transitions for molecules and 1T in the four

vertical transition results and whose oscillator strength values
have correlation in the U¥vis zones in relation to experimental
maxima and extinction coefficient data. In Table 3, we can

solvents, and the optimized geometries of the supermoleculeobserve that each solvent produces a different conformer, whose

formed by 1 and 1T and one molecule of solvent. The
experimental spectra have a very intenseb8nd with the
maximum around 240 nm ip-diox, DCM, and MeCN (specific

to the naphthalene ring with a chromophore-like electron-

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 UWisible spectra of
compound2, 3, and4. Similarly for methoxy derivatives4

TABLE 4: Calculated AH,sand AGgs (kJ/mol at 298 K) Values of 1,8-Naphthalimide Derivatives forn Molecules of the Solvent

Phase
2 3 4 5 6
phase n AHas AGgs AHas AGgs AHas AGgs AHas AGgs AHas AGgs
1 —-21.2 —23.9 —-16.4 —-20.7 —8.8 —-15.3 —-10.1 —-16.3 -9.7 —-16.1
p-diox 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
1 —33.5 —-35.1 —33.5 —34.3 —22.7 —26.1 —-19.8 —22.2 —-14.2 —20.5
AcH 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
1 —10.6 —16.2 —-10.7 —16.0 —10.5 —-14.9 —-11.7 —-16.7 —-11.2 —15.6
DCM 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 —-94 —-16.8 —8.9 —15.8 —7.6 —-15.1 —-8.3 —15.6
1 —-9.8 —15.8 —9.7 —-14.3 —8.2 —-13.7 —-9.5 —14.8 —-9.8 —-14.3
MeCN 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



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 anch Molecules of the

Solvent Phase

phase n 2 3 4 5 6
A (nm) f A (nm) loge A (nm) f A (nm) loge 1 (nm) f A (nm) loge 1 (nm) f A (nm) loge A (nm) f A (nm) loge
366 0.089 368 0.290 354 0.099 348 0231 348 0218
gas 319 0081 - - 243 0320 - slr 0071~ - 235 0408 - 235 0416 -
242 0.240 : 233 0214 ' :
1 376 0078 475 0288 356 0.091 350 022 350  0.211
320 0.108 o o2 317 0.100 320 0222 236 0.288
241 0193 : 234 0215 : 235 0.152
2 377 0080 36E38L 3730 4., 304 367 4360 398 0094 376361 3318 o5, (555 360 4837 348 0.256 360 4.250
p-diox 824 0104 324337 3880 ;3 (354 oag 4520 o129 011233U32N 8436 507 (U4 240247 5219 235 0413 240{247 4.683
241 0376 228253 4.380 : : 235 0240239220 3.964 : : : :
3 374 0086 370 0.303 857 0.093 351 0218 356 0.223
820 0.120 243 0.390 819 0.108 236 0.461 238 0.421
240  0.264 : 235  0.198 : :
1 369 0091 363 0.335 384  0.120 352 0227 347  0.243
822 0.106 241 0.341 820 0.091 236 0.435 235 0.418
244 0434 : 236 0.231 : :
2 312 0089 36{874 3723 a5, a3y 35349 4085 o/0 0140 379 885 355  (.218 369 4179 347 0222 366 4.028
AcH 824 0126 340827 3.995 5,5 334 257 4111 320 0091 336 3.988 537 0422 252 4279 235 0.423 251 4.280
245 0509 25864 4.547 : : 234 0249 252 4.059 : : : :
s 372 0096 367 0315 878 0129 349 0.255 359 0212
823 0125 241 0.353 820 0.095 236 0.393 237 0.455
244 0619 : 234 0.246 : :
1 375 0.09% 373 0277 357 0.098 351 0231 350 0.223
323 0.098 242 0.329 818 0102 236 0.409 236 0.436
263 0.547 : 235 0211 : :
2 370 0082 36378 4.244 = 373 (598 365 3776 382 0124 378 4281 354 0230 364 4121 354 0224 364380 4.138
DCM 824 0122 338 4508 o4 0332 241 4117 321 0086 334 4892537 0.416 250 4240 237 0442 247241 4507
241 0309 25230 5.025 : : 235 0225 240 4.887 : : : :
3 378 0074 370 0.328 386 0.130 355 0.233 358  0.232
824 0118 242 0.330 824 0081 238 0.363 237 0.381
245 0502 ' 236 0.221 : :
1867 0091 369 0335 857 0.094 352 0.225 351 0216
822 0103 241 0.367 820 0111 237 0.419 236 0.447
239 0.335 : 235  0.210 : :
2 373 0078 378366 3.798 364 4150 361 0099 37862 3.848 362 4113 362 4.094
MeCN 321 0106 33324 4073 o0 0372 239 4481 321 0119 WG 3982 oof OF%5 39245 a0 o0 0200 pagoay 468
243 0.468 250227 4.610 384 502 4510 236 0199 2301 4543 420 514 4.243 : 215 4192
3 376 0089 a1 0318 361  0.106 360  0.223 359  0.216
324 0131 oL 03 323 0.118 239 0.427 238 0.448
243 0436 : 229 0127 348 0.231 348 0218

a|n the bracg{} is a submerged band or a less intense band.
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6), we have obtained two minimal conformers, cis (c) and trans TABLE 6: Distances from the Heteroatom of R; to the

(t) for the three position derivatived), However, only one  Nearest Aromatic Carbon (in A) in the Gas Phase and with
minimum (cis) is performed for the four position derivatives ( On€ Molecule of Solvent in the AM1-Optimized Geometries
and6). We can also observe that the cluster with AcH always phase 2 3 4 5 6
produces the same conformers (o for compoubdsd 3 and Gas 1.403(Ai)  1.398(0) 1.381(t) 1376 1.376
¢ for compound}). The differences of energy between the most p-diox ~ 1.403(Ao)  1.397(i) 1.381(t) 1.376 1.376

stable conformer and the other conformers and tautomers are AcH 1.406(o) 1.399(0) 1.380(c) 1376 1.375
around 2 and 10 kcal/mol, respectively. DCM ~ 1.405(oT)  1.399(i) 1.380(n 1375  1.375

b ) , eCN  1.406(0) 1.400(0T) 1.381() 1.375 1.375
Table 4 shows the association of thermodynamic functions
(enthalpy and free energy) of the acetamide and methoxy mqjecule, are shown. A general inspection of the Supporting

derivatives with one, two, or three molecules in the solvents. Information shows the excellent agreement between experi-
These values show similar variations to those of compdlind  ental and theoretical spectra. It is remarkable that the maxima

in the respective solvents. The AcH, followed pydioxane,  corresponding to the UVvisible spectra are very well repro-
has the most negative values of the thermodynamic associationyced by theoretical methodology, that is, compogirdMeCN
functions with the acetamide derivativ@sand 3, and DCM (see Figure S2) and compouddn p-diox (see Figure S3).

and MeCN have the least negative values. The different  Tapie 6 shows the distances from the heteroatom jofoR
conformers can form some hydrogen bridge bond with the AcH e aromatic C for the derivatives—6 with one molecule of
and p-dioxane solvent and electrostatic interactions with the ¢ gifferent solvents in the AM1-optimized geometries. If we
DCM and MeCN. An entropic factor contributes to the more analyze the trends between the distances @methoxy) and
negative value of the thermodynamic function, which favors 5 gnq6 (4-methoxy), we observe that the three position has
the_supermolecular structure formation between the acetamidekmgJer distances than those of the four position, and this group
derivatives and the solvents studied. is nearly coplanar to the rings of the molecule. Regarding the

The methoxy derivatived—6 have more negative values of  distances, the compounésand3 of the R, group with respect
the thermodynamic functions in AcH because they can form to the C of the naphthalene ring have similar behavior, but this
hydrogen bridge bonds in this solvent. These derivatives in group is not coplanar with respect to the rings due to steric
p-diox, DCM, and MeCN give similar values because the effects. Shorter distances favor the charge transfer of the R
interactions with the solvent molecules are only of the electro- group to the chromophore formed by the naphthalene ring and
static kind. The importance of the hydrogen bond formation the carboximide group. This behavior agrees with the spectro-
between these molecules and the porous silicon surface has beescopic band in the visible zone, with only one maximum for
observed using FFIR spectroscopy. Moreover, the photolu- the derivatives substituted in the four position and with two
minescence properties of the crystal obtained by deposition of maxima for the derivatives substituted in the three position.
compounds and5 on nanostructured porous silicon have been  All derivatives 2—6 present aQy value around—0.54,
measured’ whereas the compourfdhas a value of approximately0.71

In regards to the number of solvent molecules around the in the gas phase. In the meantime, in all derivatives,Q@ae
solute molecule, in Table 4, we can observe for the MeCN Vvalues are higher (0.520.53) than that in compourtd(0.50—-
solvent thatAG increases the negative value when the solute 0.51). These values in the solvent medium show the same
molecule has 43 solvent molecules. This solvent has a higher tendency. This implies that the N imide-carbonyl group bond
dielectric constant and forms a more stable cage around thedecreases its polar character in all derivati2e$ with respect
solute molecule than the other solvents because of the electro4o the farther moleculé and contributes to the other different
static interactions. This could explain the stabilization of the polar forms of the tautomerism. The heteroatom char@s$ (

polar molecular forms in this solvent, which in the excited- of the R = —(N)-HCOMe group in compound2 and 3 are
state, favor the intramolecular charge transfer (ICT) observed higher than those o4, 5, and6 for all phases. These results
in the experimental study fd, 5, and6 derivativest® agree with the semireduction redox potentials obtained in our

Table 5 shows the wavelength (nm) and the oscillator strength laboratory by means of cyclic voltammet®which indicates
of the molecular electronic transitions calculated with TD-DFT  that the acetamide group has lower electronic-donating character
methods and the experimental absorption transition. e in the fundamental state than the me.thoxy group. The heteroa-
acetamide)s, and6 (4-methoxy) compounds have an UV band  ©0M charges of R= —(0)-Me are independent of the;R
S, around 250 nm and a visible and wide bandagound 365 substituent sinc®x ~ 0.51-0.52 are very similar in the three

and 360 nm, respectively. The (3-acetamide) andt (3- and four positions of R= —(0)-Me for compoundsi—6.
methoxy) compounds have a similar band in the UV: in the Nevertheless, compoundsand 6 show similar experimental

visible zone, and a band which is the same as that of compound@PSOrption spectra, and the spectra of compalac different,
1 and an additional band more red-shifted at 375 and 380 nm With three absorption bands.

(new S) appears. This spectroscopic behavior is reproduced
by the theoretical data, although the experimental band of
compound$ and6 at 360 nm is reproduced at 350 nm, 10 nm The experimental absorption UWisible spectra for the six
displaced to the blue (see Figures S4 and S5). According to thecompounds in the four solvents were obtained in our laboratory,
high values of the oscillator strength of the UV band, we can and XPS of the 1,8-naphthalimide was carried out in the4CP
consider that the transitions are of the-z* type, although in CSIC laboratory. We have computed the theoretical spectra of
the visible band, they are mixed with the-n* type. UV— the six compounds using TD-DFT in gas phase and with one,
visible spectra corresponding to these five derivatives in the two, or three solvent molecules in their environment. For this
four solvents are depicted in the Supporting Information (Figures study, three aprotic solvents with different polarity (MeCN,
S1-S5). In each Figure, the four spectra for each derivative, p-diox, and DCM) were selected. A protic and polar solvent
including an inset of the theoretical vertical transition and a such as AcH was also considered because this acid has been
scheme of the derivative and its interaction with a solvent employed to eliminate the ICT effect. The absorption spectra

Conclusions
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were compared with the theoretical electronic transition results,
considering the interaction between the different conformations

of these molecules with the four solvents. Furthermore, ther-

Coronado et al.

(8) Xu, Z.; Quian, X.; Cui, JOrg. Lett 2005 7, 3029.

(9) Yin, S.; Liu, X.; Li, C.; Huang, W.; Li, W.; He, BThin Solid
Films 1998 325, 268.

(10) Kolosov, D.; Adamovich, V.; Djurovich, P.; Thompson, M. E.;

modynamic association function values of these naphthalimide Adachi, C.J. Am. Chem. So®002 124, 9945.

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

(11) Brdra, M. F.; Castellano, J. M.; Roldan, C. M.; Santos, A.; Vazquez,
D.; Jimeez, A.Cancer Chemother. Pharmacdl98Q 4, 61.

(12) Rogers, J. E.; Abraham, B.; Rostkowski, A.; Kelly, L. Rhoto-
chem. Photobiol2001, 74, 521.

(13) Li, Z.; Yang, Q.; Qian, XBioorg. Med. Chem. Let2005 15,
3143.

(14) Yang, Q.; Xu, J.; Sun, Y.; Li, Z.; Li, Y.; Qian, XBioorg. Med.
Chem. Lett2006 16, 803.

(15) Pardo, A.; Poyato, J. M. L.; Man E. J. Photochem1987, 36,

function values computed in this paper have a good correlation 323.

with the kind and the position of the substituent and with the

(16) Pardo, A.; Poyato, J. M. L.; Man) E.; Camacho, J. J.; Reyman,
D.; Brafa, M. F.; Castellano, J. Ml. Photochem. Photobiol., 2989 46,

solvent considered. The electronic transition values and their 553

oscillator strengths obtained with TD-DFT (B3LYP/6-31G*)

(i7) Martn, E.; Coronado, J. L. G.; Pardo, A.; Camacho, Opt. Pura

agree with the experimental absorption bands obtained by usApl. 2004 37, 65.

for the six molecules in three solvents (DCM, MeCN, and
p-diox), particularly for compound$ and4—6.

The highest associations of solutgolvent molecules are
shown in AcH and patrtially inp-diox. These solvents have the

highest proton-donating and proton-accepting character, respec-aq

tively. Furthermore, substituents with the acetamide group in
R> (compounds2 and 3) have the most negativAG 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 thé-

experimental properties observed. From these data, thetmide
imidol tautomerism is considered. Imigd@midol forms (R—
NH—C(=0)—R < R'—N=C(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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