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Previous studies have established that the major pathway for the first singlet excited state of 1-nitronaphthalene
is intersystem crossing to the triplet manifold. In this contribution we present determinations of the decay of
the § state of this compound in several solvents to establish the time scale of the multiplicity change as a
function of the polarity and hydrogen-bonding ability of the solvent environment. The measurements were
made with the femtosecond frequency up-conversion technique to follow the weak spontaneous molecular
emission which precedes triplet formation. Our results show that in all environments lifeti®e is 100 fs

or less, making 1-nitronaphthalene the organic compound with the fastest multiplicity change ever measured.
We also show that the bathochromic shifts observed for the first absorption band imply changes in the relative
energies of the singlet and triplet manifolds, which in turn manifest in a 2-fold increase of the fluorescence
lifetime in cyclohexane compared with the polar solvents. Additionally, we performed excited-state calculations
at the TD-DFT/ PBE0/6-31%+G(d,p) level of theory with the PCM model for solvation. The ¥DFT

theory identifies the presence of upper triplet states which can act as receiver states in this highly efficient
photophysical pathway. Together, the experimental and theoretical results show that the dynamicg of the S
state in 1-nitronaphthalene represent an extreme manifestation of El-Sayed’s rules due to a partjal (n
character in the receiver triplets which are nearly isoenergetic wjttieermining a change in the molecular

spin state within 100 fs.

Introduction state which has been detected by <F T; transient absorp-
tion,242021py its phosphorescence spectrlifi?2by transient
resonance Raman experimefitand by the products of specific
intermolecular reactions (secondary bimolecular photochemistry
of the triplet including electron and hydrogen transfér?

When a NQ group is directly bonded to a polycyclic aromatic
system, the photophysics and the photochemistry of the molecule
are drastically changed by this substituent. The primary
pathways after excitation to the first singlet excited state in these . ) . o
compounds include, as the main channel, rapid intersystem Recentl_y, we realized th_e flrs_t expenm_ental determinations
crossing to the triplet manifold which results in the formation ©f the emission from the first singlet excited state of several
of a highly phosphorescent staté.In several nitrated aromatic ~ Nitroaromatic compounds in methanol solutinAlthough
compounds an additional direct reactive channel exists in parallelNPAHS are considered nonfluorescent, the molecular emission
with the formation of T. This channel corresponds to a Was reso_lved through the frequency up-conversion scheme in
molecular rearrangement of the bonding of the Nffoup to the subplcoseconq time scale. In that study, it was observed
the aromatic rings, leading to the dissociation of nitrogen(l) thatall nitroaromatics have very rapid fluorescence decays. As
oxide (NO) and the formation of an aryoxyl radical (AD- mentioned before, such behavior is dictated mainly by the
).6-13 Since nitrated polycyclic aromatic compounds (NPAHSs) intersystem crossing channel, although the-N&e channel
are highly toxic pollutants which are eliminated from the should add up to the depletion of the Sate in several of the
atmosphere through photochemica| proceééég,and also NPAHSs. In fact, it can be postulated that the rate of ISC
because of the fundamental interest in the details of their highly indirectly determines the photoreactivity of NPAHs since the
efficient intersystem crossing, we have taken up the study of two channels have competing kinetics and it has been established
this phenomenon in 1-nitronaphthalene (1-NN) in different that the dissociation products do not accumulate from the
solvent environments through computational and experimental phosphorescent tripl€¢€° Of the five nitroaromatics of our
approaches. previous study, 1-NN was the only one where a single

The case of 1-NN is an excellent opportunity to focus on the €xponential was observed for the @cay in methanol. In the
study of the ultrafast multiplicity change in nitrated molecules. Oother compounds, a structural relaxation causes thie&y to
Several flash ph0t0|ysis studies did not detect primary photo_ slow down after the first 100 fs, since the depletion rate at the
products of this compour@#2021Such results show that for ~ locally excited geometry is faster than at the relaxed geometry
this particular nitroaromatic, the photochemical pathway {NO (and thus, double-exponential kinetics are obser¢d).
release) is practically absent and that the depopulation &f S A preliminary steady-state spectroscopic study of 1-NN
determined solely by the formation of the phosphorescent T showed us that its U¥vis absorption spectrum undergoes a
bathochromic shift when the solvent polarity is increased (see
* Corresponding author. E- mail: jpeon@servidor.unam.mx. Results and Discussion section). Such solvent effect on the S
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excitation energy can, in principle, have consequences in thehybrid functional of Adame and Baroffesince this method,
intersystem crossing dynamics since it is well-known that the when used with a large-enough basis set, has recently shown
coupling to the triplet manifold is a strong function of the remarkably good results in excited-state calculations and
relative energies between the singlet and the receiystafes produces reliable ground-state geometffe8:#%-The solvent
(energy gap law§>~2° With this in mind, we have measured effects are taken into account through the Polarizable Continuum
the S lifetimes in a series of solvents in order to observe to Model (PCM) where the solvent surrounding the solute cavity
what extent the ultrafast decays are sensible to the polarity ofis modeled as a structureless medium with a specific dielectric
the solution and to determine if the single-exponential kinetics constant and where the solvent radius and density are
are altered as a function of the structure of the solvent. considered? 53 Our measurements were made in several
The excited states of 1-NN have been the subject of only Solvents, ranging from nonpolar to highly polar. As representa-
one theoretical study back in 1972In that study, Mikula et tive of t'h.ese, our calculations include the cases of cyclohexane,
al. applied the CNDOCI methodology to calculate the singlet ~acetonitrile, and methanol as well as the gas phase.
and triplet manifolds of 1-NN in the gas phase. The authors
were able to postulate several aspects of the spectroscopy oMethodology
this compound like the classification of 8nd T, as —x*)
states. Additionally, the CNDOCI calculations showed the
existence of upper triplet states with contributions from the
appropriate electronic configurations that promote an efficient
intersystem crossing from the spectroscopic singlet (some 35

years before the present measurements with the appropriateso spectrophotometer (Varian) in 1 cm quartz cells. Time-

femtosecond time resolution). resolved fluorescence measurements were obtained through the
In this report we include, in addition to the measurements, a frequency up-conversion method. Our setup has been described
computational study about the electronically excited states of in detail elsewheré* Briefly, a 50 fs pulse train was generated
1-NN considering the effects of several solvent environments. jn a Ti:sapphire oscillator. Excitation pulses were obtained by
For this we have chosen the time-dependent density functionalfrequency doubling in a 0.5 mm BBO crystal. The polarization
theory (TD-DFT)¥3!since this is an efficient computational  of the second harmonic beam was adjusted to the magic angle
method which has proven to be reliable to Study systems of with a half-wave p|ate before it was focusedara 1 mmpa’[h
similar size and nature as 1-NN, including two ring systems |ength flow cell containing the samples. The average power at
like coumarins? compounds with charge-transfer states like the cell was 4 mW (100 MHz repetition rate) at 385 nm. The
nitrated aromatic amine, 3¢ and nucleic acid basé$3 One fluorescence from the sample was collected and refocused with
of the most remarkable results of the recentJDFT meth- a pair of parabolic mirrors. The emission intensity was time-
odologies is that they are able to predict the-tis absorption  resolved by sum frequency mixing it with a temporally delayed
pattern of groups of small conjugated molecules (where the 770 nm pulse in another 0.5 mm BBO crystal. The up-
accuracies are particularly good when extended basis sets ar@onversion signal was refocused into the entrance slit of a double
used and when solvent effects are taken into accd®m).  monochromator and detected with a photomultiplier tube
Additionally, the TD-DFT method has been proven to be connected to a lock-in amplifier referenced to a 200 Hz optical
successful in predicting photophysical effects related to the chopper in the path of the pump beam. The instrument response
relative energies of different low-lying singlet states. For function for our apparatus was determined to be Gaussian with
example, in references 37 and 38, this methodology was useda 180 fs full width at half-maximum (fwhm), through a cross-
to correlate the photophysical behavior of nucleic acid bases to correlation measurement between the gate pulses and the Raman
the proximity of (z—n*) and (n—x*) singlets, and even to  scattering of the pump pulses by the solvents. All experiments
predict solvent effects in the internal conversion rates. Of were performed at room temperature @ °C) under aerated
particular relevance to the present study are several examplegonditions.
of the use of the TBDFT theory to estimate the relative Computational Methods. For all the calculations, the
energies of the singlet and triplet manifolds of small aromatic Gaussian 03 program was usédrhe molecular geometry of
molecules. Those studies were able to correlate the rate of1-NN in its electronic ground state was fully optimized at the
intersystem crossing with the energy alignment of singlet and pBE0/6-311G(d,p) level. To include the solvent effects, we used
triplet states. Examples include the identification of singlet  the PCM model. The default options were kept for the self-
triplet state crossing®, and several investigations about the consistent field convergence and optimization thresholds. For
relation between singletriplet energy gaps between specific  every optimized structure we verified that all the vibrational
pairs of states (5Tn), and the singlettriplet conversion  frequencies of the system were real. For the excited-state
rates?®434447 Al these studies have considered the analysis calculations, we applied the TEDFT method at the (PCM)-
of the DFT orbitals in order to determine several properties of PBE0/6-311+G(d,p) level of theory directly at the ground-
the electronic states which in turn define the existence of specific state optimized geometries. The use of this basis set for TD
photophysical channels, for example, distinguishing the ( calculations seems adequate from previous studies where it was
7*) character versus the {nr*) character of the states or  seen that the energy of the excited states has converged with
identifying their charge-transfer nature. this basis set? Also, we verified that the use of a smaller basis
The aim of the present computational work is to establish set like 6-311G(d,p) yields a non-converged energy for the
whether the TD-DFT formalism is able to generate a state excitations (with an Senergy about 0.1 eV higher than with
energy diagram for the low-lying singlet and triplet states of 6-311+G(d,p)), and that incrementing the basis set to
1-NN that is consistent with our experimental observations in 6-3114++G(2d, 2p) changes these energies by less than 0.01
regard to the solvatochromism in the absorption spectra andeV.
the ultrafast singlet depletions, as well as the solvent influence It should be noticed that, since our experimental work
in the decay rates. We have chosen the parameter-free PBEGnvolves steady-state absorption spectra and sub-100 fs dynamics

Experimental Methods. Methanol, pentanol, acetonitrile, and
cyclohexane were high-performance liquid chromatography
grade from Aldrich. 1-NN and naphthalene were purchased from
Aldrich and were recrystallized from methanol before use.
Absorption spectra of the solutions were acquired on a Cary-
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Figure 1. (a) Steady-state absorption spectra of 1-nitronaphthalene in with the instrument response function. Crosses and red line: cross-
a series of solvents. (b) Steady-state absorption spectra of 1-nitronaphcorrelation measurement between the gate pulse and the Raman
thalene and naphthalene in methanol. scattering in methanol at 435 nm using the same excitation wavelength.

which occur on a time scale similar to that of molecular _ 5gg nm)s8 1,8-dimethylnaphthalenelga = 285 nm)s8
relaxation following a vertical excitatiot,the chosen molecular 1-ch|oronap,hthailenel.(13x= 285 nm)s? acenaphthenel.{]ax,:
geometries in the calculations are those of the electronic ground,q nm), and perinaphthandx _ 290 nm)® where in
state (excited s_inglet structu_re immediate_ly after vertical exc_iFa- parenthesis we include the maximum of the absorption band of
t[on). From a S|m|lar reasoning, we con5|dered the r\ongqumb- the respective transverse polarized transition (to be compared
rium PCM solutlons for the TBDFT calculatmn_s. This, since with the Amax = 275 nm value for naphthalene).
some of the motions of the solvent (solvation” other than e gojution absorption spectra of 1-NN are similar to that
through purely electronic redlstrlbutl_on and the inertial part of 1-aminonaphthalene. In both these cases it appears that the
the solvent response), occurs on time scales longer than the,,nq associated with the transverse polarized transition is red-
photon absorption event and the ultrafasti€pletions that we  gpiraq by more than 55 nm and broadened in comparison with
measured. It should be noted then that the calculated energiegy, ot of naphthalene. In fact, the CNBQ@I results of ref 20 as
do not corres_pond to the states after solvent and solutéye|| a5 the TD-DFT calculations of this contribution (see
relaxation, which occur on the same or longer time scales as .y tational results) predict that the first electronically excited
the S depletions. state has a transition dipole moment which lies in the molecular
plane making a small angle with respect to the innedbond.
Additionally, the calculated first singlet excited state has a large
Experimental Results.The solution steady-state spectroscopy contribution from a HOMG-LUMO transition in 1-NN, while
of 1-NN is markedly different from that of the parent molecule in naphthalene the first electronically excited singlet corresponds
naphthalene. Figure 1a shows absorption spectra of 1-NN in ato thelL, state?556
series of solvents of a wide range in polarity, while Figure 1b  Looking at the spectra in Figure 1, it can be seen that there
compares the UV vis spectrum of 1-NN with that of naphtha- is a clear bathochromic shift when going from cyclohexane to
lene in methanol solution. Most noticeable is the fact that the the group of polar solvents. Due to small changes in the shapes
first absorption band of 1-NN in all solvents has a much larger of these spectra, the shift is particularly clear in the long-
absorption coefficient than that of naphthalene’s first electronic wavelength edge of the bands where it can be as large as 17
transition. The first weak absorption band in naphthalene nm.
corresponds to a nearly forbidden transition to tBg, state We now turn to the study of the first singlet excited-state
(ALp < A transition,Amax = 310 nm, long-axis polarized), and  dynamics with femtosecond resolution. In our previous refort,
the second band corresponds to a medium-intensity transitionwe determined the fluorescent-state lifetime of 1-NN in

Results and Discussion

to the 1By, state {L, — A transition, Amax = 275 nm, short- methanol to be of about 70 fs. Here, we extend these measure-
axis polarized>°60n the other hand, the first absorption band ments to a series of solvents and include a measurement in
in 1-NN has an absorption coefficient of about 4000'Mm™1 methanol with improved signal-to-noise ratio. The results of

at its maximum; also, this band appears at much longer our time-resolved fluorescence measurements are included in
wavelengths in comparison with naphthalene’s first and secondFigures 2 and 3. All these experiments correspond to an
transitions. This effect, observed previously in other 1-substitued, excitation wavelength of 385 nm and to the up-conversion of
and 1,5- or 1,8-disubstitued naphthalenes, has been described70 nm fluorescence. We observed that in all the solvents, the
in terms of an increase in the molecular conjugation along the fluorescence obeys a single-exponential decay to the baseline
short molecular axi& The extension of the conjugation makes with the following time constantst = 60 + 10 fs in methanol,

the energy of the state with a transverse polarized transitionz = 65+ 10 fs in pentanoly = 50 & 10 fs in acetonitrile, and
moment to be reduced with respect to the electronic state witht = 100 + 20 fs in cyclohexane. In Figure 2, we show a
a transition moment parallel to the long molecular axis comparison between the up-conversion trace in acetonitrile and
(longitudinally polarized). Examples of this trend are 1-ami- the instrument function to show that the observed decays are
nonaphthalenélf,ax = 325 nm)37 1,5-dimethylnaphthalené fax not limited by our instrumental response.
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SCHEME 1: Structure and Atom Numbering of
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Jg 1.0 1 electronic triplet state and where the change in electronic spin
= 08 - is accompanied by a specific change in the electronic configura-
: tions, here:{(z—a*) — 3(n—x*). As will be shown next, the
0.6 4 TD—DFT methodology permits a qualitatively correct account-
ing of this phenomena as it predicts the proper state ordering,
0.4 1 the (z—xr*) nature of both the first excited singlet and first triplet
0.2 - states, and the small energy gap betwegartsl upper receiver
- T, states.
0.0 - Computational Studies and Comparisons with the Ex-
perimental Results.For our computational studies, the geom-
-0.2 4 etry of the electronic ground state of 1-NN was optimized at

04 02 00 02 04 06 08 1.0 the (PCM)PBEO0/6-311G(d,p) level of theory. Structural data
" on 1-NN is not available for direct comparisons with the PBEO
Time [ps] geometries. However, the density functional theory has been
Figure 3. (a) Fluorescence up-conversion measurements of 1-ni- used previously to determine the gas phase geometry of several
tronaphthalene in 1-pentanol (main graph) and methanol (inset). (b) nitroaromatic compound®,and it has been observed that hybrid
g'/‘é‘l)c:ﬁz)c(:rr‘]ze (Sl‘;'ec)og‘:}zrsr'r?e”thr:ﬁgs?rreeg)‘e?:faﬂf cg Qgéorgﬁghg)‘(i:%ieor']”functionals produce good agreement with several experimentally
wavelength was 385 nm and the emission Wavelengt,h was 470 nm.d(:"t(:"rm"f"':‘d parame;ers of other NPAHS?The average EN
Solid lines are nonlinear least-squares fits to a single-exponential decayP0nd length of a series of NPAHSs has been reported to be 1.468
convoluted with the instrument response function. .53 As a comparison, in our optimized geometries theNC
distance ranges from 1.4610 A in methanol, to 1.47083 A in
In cyclohexane, the up-conversion signal is much weaker than the gas phase. The calculated ground-state geometries of 1-NN
in the polar solvents. We attribute this to the fact that in the actually correspond to nonplanar structures where the nitro group
nonpolar solvent, the first absorption band appears shifted to defines a G—C;—N13—O12 dihedral angle of around 3¢from
the blue; therefore, it is expected that the emission band is also31.8 in methanol, to 28.0in the gas phase; see Scheme 1 for
shifted toward shorter wavelengths, with which the fluorescence the atom numbering). Previous DFT calculations of nitroaro-
at 470 nm may correspond to the long-wavelength edge of the matics have indicated that this torsion is due to a steric hindrance
emission band. Attempts to isolate fluorescence signals at shortebetween an oxygen atom and a peri-hydrogen in its vicfiity.
wavelengths for 1-NN in cyclohexane failed due to the up- In fact, other NPAHSs, like nitrobenzene, 2-nitronaphthalene, and
conversion of Raman scattering from the solvent which masked 2-nitroanthracene, without this nearby hydrogen atom form
or contaminated any short-lived emission. For all the experi- nearly planar structuréd:2In addition, as indicated previously
ments of Figures 2 and 3, we carefully verified that Raman in reference 61, in the planar nitroaromatics, theNCand the
scattering does not contribute to the up-conversion head O—N bonds are slightly shorter than in the nonplanar ones,
through runs with the solvent-only with the same flow cell. This indicating a somewhat lower NQronjugation in compounds
check was made under identical alignment conditions and in like 1-NN.
back-to-back experiments with the measurements of the respec- The results of our excited-state calculations are included in
tive 1-NN solutions. It should be noted that the results in Table 1 and in Figure 4, where we show the energy ordering in
methanol and pentanol are nearly identical, which demonstratesthe singlet and triplet manifolds. In the first place, the electronic
that the viscosity and size of the solvent molecules have a excitation coefficients indicate that both the first singlet excited
negligible effect and that the;Slepletions occur before the and first triplet states have their main contribution from
response of the solvent shells in the alcohols (Figure 3a). transitions from the highest occupied molecular orbital HOMO
The main conclusion which can be obtained from these (DFT orbital 45) to the lowest unoccupied molecular orbital
experiments is that the intersystem crossing channel is highly LUMO (DFT orbital 46). This situation is maintained in the
efficient in all solvents, independent of polarity and hydrogen- gas phase and in each of the three solvent environments.
bonding ability. Only for the case of cyclohexane there is an Isosurfaces of the frontier DFT orbitals of 1-NN in acetonitrile
increase in the excited-state lifetime in comparison with the polar are depicted in Figure 5 (corresponding images in other
solvents. In Figure 3b, we superimpose the traces in methanolenvironments are included as Supporting Information). The
and in cyclohexane to show that even with the different signal- shapes of these isosurfaces do not show significant changes in
to-noise ratios, the increase in the [Betime is clear. either of the different solvents or in the gas phase. It can be
The sub-100 fs fluorescence times in 1-NN appear to be an appreciated that the HOMO orbital in all cases resembles
ultrafast signature of El-Sayed’s rules which predict that the naphthalene’sgfrontier z-orbital, and that the LUMO orbital
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Figure 4. Excitation energy diagram of 1-nitronaphthalene at the (PCM)PBE0/6-311G-+(d,p) level of theory for a series of solvents and in
the gas phase. The excitation energies (eV) are indicated in parentheses and were calculated at the (PCM)PBEO0/6-311G(d,p) ground-state optimized
geometries. (a) Gas phase, (b) cyclohexane, (c) acetonitrile, and (d) methanol.

TABLE 1: Excitation Energies (eV), Oscillator Strengths f, and Largest Excitation Coefficients for 1-NN in Different
Environments (A—D) Computed by the (PCM)TD—PBEO0/6-31H+G(d,p) Method at the (PCM)PBE0/6-311G(d,p) Ground-State
Geometry

singlet manifold triplet manifold
state transition coefficient energy f state transition coefficient energy
A. Gas Phase

1 45— 46 0.63704 3.6263 0.1034 1 4546 0.71568 2.4000
2 43— 46 0.59934 3.9271 0.0019 2 4946 0.53784 2.9267

41— 46 —0.51163
3 44— 46 0.62105 4.1761 0.0258 3 4346 0.60655 3.2970
4 44— 46 0.64276 3.5739
5 45— 47 0.48376 3.7705
6 42— 46 0.52549 3.9175

41— 46 0.35235
7 45— 48 0.70165 4.2374

B. Cyclohexane

1 45— 46 0.65721 3.4810 0.1426 1 4546 0.70672 2.3764
2 43— 46 0.58706 3.9429 0.0001 2 4046 0.75363 2.9885
3 44— 46 0.64911 4.0812 0.0460 3 4346 0.56678 3.3093
4 44— 46 0.64508 3.5165
5 45— 47 0.49840 3.7003
6 41— 46 0.53461 3.9656

42— 46 0.34871
7 45— 48 0.69559 4.2383

C. Acetonitrile

1 45— 46 0.66367 3.3245 0.1397 1 4546 0.70326 2.3249
2 44— 46 0.65766 3.9270 0.0411 2 4046 0.76317 3.0810
3 43— 46 0.53024 3.9677 0.0027 3 4346 0.41825 3.3030

45— 47 0.41355

44— 46 0.31351
4 44— 46 0.60092 3.4238
5 45— 47 0.47757 3.5899

42— 46 0.28697
6 41— 46 0.60525 4.0439
7 45— 48 0.50755 4.2337

D. Methanol

1 45— 46 0.66345 3.3279 0.1349 1 4546 0.69980 2.3326
2 44— 46 0.65761 3.9362 0.0393 2 4046 0.76885 3.0821
3 43— 46 0.53119 3.9784 0.0025 3 4547 0.43610 3.3015

43— 46 0.41559

44— 46 0.28746
4 44— 46 0.61442 3.4351
5 45— 47 0.45804 3.5941

42— 46 0.29025
6 41— 46 0.60127 4.0457
7 45— 48 0.62815 4.2360

has a cleart* character, localized at both the nitro group and the absorption spectra of Figure 1. It should be noted that the
the naphthalenic rings. The calculations show that the transitionupper calculated singlet states 8nd S appear at higher
to the first singlet excited state has a significant oscillator energies (below 315 nm) and have much smaller oscillator
strength of between 0.1034 in the gas phase and 0.1426 instrengths. The differences between the calculated excitations
cyclohexane, indicating an allowed transition of mid intensity. for S; and the maxima of the first absorption band are between
In agreement with the experimental absorption spectra, the 0.32 eV in cyclohexanelf,ax = 326 nm: 3.80 eV) and 0.37
calculated g transition energies show dependence with the eV in methanol and acetonitrilelfax = 335 nm: 3.70 eV).
solvent environment going from 3.6263 eV in the gas phase to Considering the HOMGLUMO character of the Sstate, it is
3.4810 eV in cyclohexane, and down to 3.3245 eV in acetoni- clear that the nitro group makes the first electronic transition
trile. From oscillator strengths, solvent effects, and transition drastically change in character with respect to the case of
energies, the first singlet transition from the calculations can naphthalene. That is, in 1-NN the first transition of HOMO
be readily associated with the first observed band of 1-NN in LUMO character is significantly red-shifted thanks to the NO
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Figure 5. Isosurfaces of DFT orbitals of 1-nitronaphthalene through the PBEO functional with the 6+3(tp) basis set calculated in acetonitrile
with the PCM solvation model (isosurface value: 0.03). In brackets, we include the DFT orbital energy (atomic units).

group which extends the conjugation in the short-axis direction clear qualitative and quantitative differences between the results
and allows this transition to have a charge-transfer character.of the CNDO-CI calculations of ref 20 and the TEPBEO

In the TD—PBEDO results, the transition dipole moment direction results. First, in the calculations of Mikula et al., both the S
for S; makes a small angle of between 15(B the gas phase) and T, states arer—s* and similar to naphthalene’s Bstate

and 18.32 (in acetonitrile) with the short molecular axis of the  but without the charge-transfer character shown in our-TD
ring system, showing that the first absorption band in 1-NN is PBEO calculations. Also, they indicate that the most likely
nearly short-axis polarized, in agreement with the arguments “receiver state” is the fourth triplet state which has about 50

of the previous section. 50 composition of ar—a* character andr—x*character.

We now refer to the TB-PBEO calculated states in the triplet Since in our calculations the mixing of the NO, orbital
manifold in regard to their role in the ultrafast depletion of the with the kagtype orbital into orbital 43 appears to be determined
S, state. In the gas phase, the lowest four triplet states of 1-NN by the NQ orientation (lack of planarity), we made a series of
lie below the $; and in each of the three solvents, there are TD—PBEQO calculations at other geometries to determine how

three triplet states below; SAs mentioned before, the; Btate
has its main contribution from a HOMELUMO single-particle
excitation and is classified as@a-7* state. In the three solvents
and in the gas phase, the State is formed from an excitation
from orbital 40 (HOMO-5), ar-orbital almost totally localized
in the NG, group, to the LUMO orbital. The next triplet state
T3 is the state immediately below the correspondingtate in
the three solvents. The ST3 energy gap in the solvents ranges
between 0.171 eV in cyclohexane and only 0.0215 eV in
methanol. This triplet state is formed with an important
contribution from an excitation from orbital HOMO-2 to the
LUMO orbital.

As can be appreciated from its isosurface, the HOMO-2
orbital is formed in part from ar-orbital at the ring system
(similar to the By orbital in naphthalene), and in part from a
nonbonding orbital at the oxygens (similar to the(b,) linear
combination in nitrometha, where this part of the orbital
is aligned in the plane of the N@riad with perpendicular nodal
planes in the oxygen atoms. The30° angle of the NQ plane
with respect to the naphthalenic rings allows for this orbital to
have contributions from both &-type orbital and the nNO;

sensible is the state ordering and the singtaplet gaps with
respect to the (g—C;—N11—0O;2 dihedral. Specifically, we made
a series of partial ground-state optimizations by restricting this
dihedral to the following values: °015°, and 43. In this part
of the study, we only considered cyclohexane and acetonitrile
as representative solvent environments. The results of the
(PCM)TD—PBEDO calculations at the different angles (including
the fully optimized case of30°) are presented in Figure 6
and in the Supporting Information. In cyclohexane, in each
angle, the partial (ror*) character of the third triplet state is
maintained. That is, the largest single-particle excitation for this
state is, at every angle, from orbital 43 to 46, where orbital 43
has a N@ nonbonding orbital character. Also, at every angle,
Ts lies below the gstate (at © and 15, the Ty triplet also lies
below S, this triplet corresponds to a state with a main single-
particle excitation coefficient from orbital 44 to orbital 46 and
has a clears—*) character).

In acetonitrile, at the fixed —C;—N11:—01> dihedral angle
of 0°, S is slightly above both 7and T (at this particular
angle, the triplet with an (Az*) character is T and T is a
(m—m*) state). At 15, S lies just above T and right below

nonbonding orbital. We have observed that when the molecule T4, where both triplet states have some-(tt) character (43

is restricted to be planar, thegtype orbital and the norbital
define independent DFT orbitals, instead of mixing into the
HOMO-2. Since El-Sayed’s rules state that the multiplicity
change becomes highly efficient when the sgombit interaction
mixes two states which differ in both spin and electronic
configuration (orbital angular momentum), the triplet stage T
is a probable “receiver sta®'in the intersystem crossing which
determines the ultrafast; Slepletion through &(z—a*) —
3(n—a*) — 3(x—x*) route.

to 46 single-particle excitation). At an angle of4#he situation
is similar to the optimized geometry case30°), where S is
above F, which is the state with a (ar*) character.

In summary, about the nitro-group alignment dependence, it
can be said that while the contribution from the 48 46
excitation varies, a triplet state with a large-(*) contribution
remains a few tenths or hundreds of an eV below thet&te
for all the NG, orientations. It can be concluded that this state
ordering does not require a very specific orientation of the NO

Although both computational studies support the ultrafast aromatic rings. In previous studies of aromatic carbonyl
depletion of $ through intersystem crossing, there are some compounds, it has been mentioned thatra£*) and (n—x*)
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