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Abstract: The lower singlet excited states for (dimethylamino)benzonitrile (DMABN) have been studied as a
function of the twisting and wagging motion with inclusion of solvent effects. Theoretical calculations have
been performed using a multireference perturbed Cl method, and the solvent effects have been described
within the polarizable continuum model (PCM). In the methodology we have used, solvent interactions are
explicitly included in the Cl scheme and in the following perturbative corrections, through proper operators
corresponding to electrostatic and repulsion interactions. The results obtained including solvent interactions
both on geometries and energies support the twisted intramolecular charge transfer (TICT) model proposed to
explain the dual fluorescence phenomenon occurring in DMABN when immersed in polar solvents. Calculated
transition energies (absorption and emission) obtained for both the isolated and the solvated system are in
agreement with available experimental information.

1. Introduction The TICT model explains the dual fluorescence as occurring
) ] ) ] by means of a radiationless transition leading to two conforma-
The interest in the spectroscopic properties OfNdN tions differing in the dihedral angle between the amino group

dimethylamino)benzonitrile (DMABN) has attracted increasing gnd the phenyl ring. According to the TICT model the initially
attention since the first experimental observations by Lippert nromoted excited state yields another minimum on the energy
et al* The main findings of such experiments were an anormal gyface by twisting the dialkylamino group from a planar (or
emission {L«type according to Platt's notatidnin polar  nearly planar) to a perpendicular position with respect to the
solvents, red-shifted from the norntak-type fluorescence. This  penzonitrile ring. The twisting is accompanied by an intramo-
phenomenon, since then known as dual fluorescence, hagecylar charge transfer (CT) from the donor (the amino group)
successively been observed in several other electron €onor g the acceptor moiety (the benzonitrile group) in the excited
acceptor compoundshut DMABN still remains one of the most  state. The resulting state (also called CT state), characterized
studied case, and not only for historical reasons. The relatively py 5 |arge intramolecular charge separation and an increased

small dimensions, now easily tractable with standard compu- ginole, can be stabilized by polar solvents, thus leading to the
tational tools, and the numerous experimental data available for gpseryed “anomaloudL . type fluorescence band. The “stan-

compa}rison have made DMABN a challenging test for different dard” ILy-type, on the contrary, is assigned to the less polar
ab initio procedures, and in fa}ct many cal_culatlons, of various locally excited (LE) state, where no twisting has occurred.
levels, have been performed, in particular in the past few years. ap alternative explanation to TICT has been proposed by
In parallel, and also before these computational efforts, several75chariasse et &l According to the authors, the phenomenon
models have been proposédto explain the unusual behavior  is hased on a solvent-induced vibronic coupling between LE
of DMABN and of related compounds. Among all the propo- ang CT states achieved by a sufficiently small energy gap
sals, that supported by the largest experimental evidence is theyetween the two states. In combination with the presence of a
twisted intramolecular charge transfer (TICT) model by Grabows- promoting mode such as N-inversion of the amino group
ki and co-workers. (usually indicated as wagging motion), this coupling causes a
splitting of the quasi-degenerate levels and thereby a consider-
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able energetic stabilization of one state. This represents the Because of the many features involved in the analysis, we
charge transfer state leading to the second fluorescence bandchose to partition the results in three subsections; first we
In this connection, the term pseudo Jafireller coupling has performed a detailed analysis of the potential energy surfaces
been introduced even if the authors use the PICT acronym where(PES) of the ground and the lowest singlet excited states in the

P stands for planar.

Numerous theoretical studies on DMABN using both semiem-
pirical and ab initio methods have been carried od¢, and
many of them confirm the greater validity of the TICT model
with respect to the JahiTeller alternative. The main body of

gas phase, considering both the twisting and the wagging
motions of the dialkylamine group. Then we focused the
attention on a more limited section of these surfaces, namely,
that concerning the twisting mode only, and we included explicit
solvent effects; we chose acetonitrile as an example of a polar

such calculations, however, has been limited to the isolated solvent. Finally, we further restricted the analysis to transition
system, while few examples including solvent effects can be (absorption and fluorescence) energies in vacuo and in solution;
guoted!~14 On the contrary, the phenomenon is strongly related for the fluorescing excited states we used CIS optimized
to solvation and thus explicit considerations of solvent interac- geometries, and for both absorbing and emitting vertical
tions are very important to obtain a more accurate understandingprocesses, we introduced nonequilibrium conditions between

of the experimental evidence.

In the following sections we present an attempt in this
direction, reporting a correlated study of DMABN both in vacuo
and in solution. In particular, we use the multireference
perturbation configuration interaction (Cl) method, known by
the CIPSI acronym?® which very recentl¥ has been coupled
to the solvation continuum model originally developed in Pisa
in 19817 but almost completely revised in the last 2 years. The
revised version is more commonly indicated as PCM-IEF
(polarizable continuum model within a new integral equation
formalism)?8

As the CIPSI method is not supported by analytical deriva-
tives, all the geometry optimizations both in vacuo and in
solution have been obtained with other methods: the density
functional (DFT) procedure for ground states and the config-
uration interaction method including only single excitations
(more often indicated as Cl-singles, CIS, or Tamm Dancoff
approximation, TDA) for excited states. The extension of PCM-
IEF to analytical gradientS,either at the HartreeFock or DFT
level, has already been applied to many different systems; on
the contrary, CIS analytical derivatives for PCM-IEF solvated

solute and solvent. As a comparison we calculated absorption
and fluorescence energies for a second, apolar, solvent (cyclo-
hexane).

2. Methods and Computational Details
The labeling of the atoms of DMABN we shall adopt in the following

is reported below:
CH
2
™\ .2
N C
v

5 6

Ground state (GS) geometry optimizations both in vacuo and in
solution have been obtained at DFT level employing the nonlocal
exchange correlation functional of Becke and Lee, Yang, and Parr in
its hybrid form, i.e., including some portion of exact HF exchange
(B3LYP) 2! while gas-phase and solvated excited states have been
optimized at CIS level; in all cases a 6-31G(d) basis set has been
used.

Both DFT and CIS calculations (either for the isolated and the
solvated systems) have been performed by exploiting a development

systems is a very recent implementation which has been testedsersion of the Gaussian coéeThe details on the implementation of

just on the excited states of DMABH;in the following we
shall exploit the geometries presented in the reference géper.
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PCM-IEF into the CIS algorithm can be found in ref 20, as well as all
the comments on solvent effects on the geometries of both ground and
excited states.

All the results we shall present below have been obtained through
the CIPSI method. These calculations have been carried out by
interfacing the original algorithm, modified as described in ref 16 to
take into account the solvent, to a development version of the GAMESS
packagé in which the PCM-IEF model has been implemented. See
ref 16 for technical details on this interface. In the CIPSI calculations
we have excluded the d basis functions for both carbons of the amino
group in order to obtain a more manageable basis set (we recall that
we do not freeze any virtual orbital, i.e., every molecular orbital should
be correlated). At each molecular geometry, both in solvent and in
vacuo, the “aimed selectiorf* is run in order to define a variational

(21) Becke, AJ. Chem. Physl993 98, 5648. (b) Stephens, P. J.; Devlin,
F. J.; Chabalowski, C. F.; Frisch, M. J. Phys. Chem1994 98, 11623.

(22) Frisch, M. J.; Trucks, G.W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery Jr, J. A.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, C. S;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, C. A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J .; Head-Gordon,
M.; Replogle, E. S.; Pople J. AGaussian 99, Deelopment Version
Pittsburgh, 1999.

(23) Schmidt, M.W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S. J.;

Windus, T. L.; Dupuis, M.; Montgomery, J. Al. Comput. Chem1993

14, 1347.
(24) Angeli, C.; Persico, MTheor. Chem. Accl997, 98, 117.



Electronic Excited States in 4-(Dimethylamino)benzonitrile J. Am. Chem. Soc., Vol. 122, No. 43,12623

subspace of electronic configurations, giving a balanced description Twisting coordinate
of all the electronic states of interest: three singlet states for solvent o ,CHs
calculations and five singlet states for calculations in vacuo. N‘@N C,
The calculations in vacuo are made in a single CIPSI macroiteration / N\
constituted by three perturbative selections (microiterations). For the ~CH3
calculations in solution, we repeat CIPSI macroiterations until conver- N—CO—N“
gency of the final variational energy for each electronic state (see \CH3
below). The variational wave functions, expanded over up to about Planar, Cay \
10000 selected determinants, are the basis for a diagrammatic quasi- N-C_Q‘Ni “““ G
degenerate perturbation theory treatm@ft,with a Mgller—Plesset \CI?)
(MP) partition of the Hamiltonian. Wagging coordinate 3
As important features of the solvation model we recall that in the
PCM-IEF8 the solute charge distribution is assumed to occupy a volume
of known shape and dimension (i.e., the molecular cavity), while the
solvent, treated as an infinite continuum dielectric, is represented in o ) ) B
terms of specific operators (usually indicated with the comprehensive N Of nitrile and N, aul 2 C ofdimethylamino group). The chosen radii
term \R) defined on the cavity surface. The latter are added to the @€ 1.9 for the four hydrogen-bondeq aromatic carbon§ _and 1.7 for both
Hamiltonian of the isolated systerh{) to obtain the final effective ~ the other two carbon atoms of the ring and for the nitrile carbon, 2.0
Hamiltonian and the related Scldiager equation in a form completely for the two mgthyl carbons, and 1.6_fo_r both the nitrile ar_1d the amino
equivalent to that defined in vacuo. The main difference is that now N- All the radii have then been multiplied by 1.2 to take into account

the solvent terms, in part depending on the solute wave function they the impenetrating core of the solvent moleciffe6inally, values of
contribute to modify, give origin to an additional nonlinearity. In this ~ 36-64 and 2.02 for the static dielectric constants and of 1.806 and 2.02

case the variational solution of the Sttiger equation is obtained for the optical analogues have been used to represent acetonitrile and

by minimizing a new functional which presents the status of a free CYyclohexane solvents, respectively; the roles of these pairs of values
energy; namely, we have will be explained in more detail in the last subsection devoted to

absorption and fluorescence energies.

Figure 1. Schematic representation of the DMABN twisting and
wagging coordinates.

1
G(W) = WIH\WEH WV, YW S WV, WD (1) 3 Results

_ o - 3.1. Potential Energy Surfaces (PES) in the Gas Phase.
yvhere we have introduced an explicit _partltlon of the solvent _terms We studied the CIPSI potential energy surfaces of the first five
into their constant\(,") and wave function depender¥,%) contri- singlet states of the DMABN along two coordinates starting
butions, respectively. The detailed description of the various terms from the geometry of the ground state (GS). We note that the

appearing in eq 1 can be found in the already quoted ref 18 and in the . .
references therein. B3LYP/6-31G(d) optimized geometry of the GS is found to be

The definition of the free energy functional (1) and of the related Planar, possessir@, symmetry. On the contrary, experiments
solvent operators/,? and VR, is the basic aspect common to all the ~S€em to confirm a slight pyramidalization angle of the amino
levels of calculation (DFT, CIS and CIPSI) exploited in the present group of the order of 1215°.2° Previous calculatiofsstill
paper; differences appear as soon as we enter more deeply into theexploiting DFT methods have shown that such a nonplanar
specific features of each method. The interested reader is referred tostructure can be obtained using larger basis sets, but the same
the original papers on the various extensions of PCM-IEF, namely ref calculations also show that the effects of this small pyramidal-
26 for a brief review on various applications to HF and DFT theory, jzation angle are insignificant for a discussion of the photo-
géﬁ;%;%%g?i;gu}sﬁfgrzf'PS" Here, we only recall some further v sical behavior of DMABN. Supported by these studies, in

) the present paper we have not extended the calculation to larger

As said before, gas-phase calculations are made by a singleb ! t d | h thus b b q |
macroiteration (see ref 16 for the terminology) constituted by three PaSIS SEIS, and our analyses nave thus been based on a planar

perturbative selections (microiterations): on the contrary, in the presence @S both in vacuo and in solution.
of the solvent CIPSI macroiterations are repeated until convergency ~ Starting from such planar structure, we independently move
of the final variational energy for each electronic state. We need this the two dihedral angle€ andD,) defined by the two carbon
self-consistent scheme because of the nonlinear dependence of thatoms of the amino group and the aromatic ring; naniely=
solvent reaction potential on the solute wave function. 7(C10NgC4C3) and D, = 7(C11NgC4Cs). We then define the

We also recall that in the current PCM-IEF version the solvent twisting angled as»(D; + D,) and the wagging anglé as
perturbgtive o.perators accognt for bqth glectrogtatic and repulsive 1,(D; + D). By changing both dihedral angles of the same
effects; in particular, to describe repulsn_o_n interactions between sol_u_te amount and with the same sign, we can explore the pure twisting
and solvent we have used the model originally formulated by Amovilli . -

coordinate of the amino group (along the bond between the

and Mennucc?’ In brief, we also note that two different solvation . A " . .
models have been used, namely, assuming equilibrium or nonequilib- @MiNo nitrogen and the aromatic carbon). Along this coordinate

rium conditions between solute and solvent charge densities, respec-Which represents the leading parameter of the TICT model, a
tively. In the former case, a fully equilibrated system is assumed while Cz2 symmetry is maintained. Because of this symmetry constraint,
in the latter case (coinciding with transition phenomena) delays in the the electronic states can be classified as A or B singlets (these
solvent response with respect to the solute electronic changes arewill be the labels used in the next section concerning energy
considered. Detailed descriptions of formal and numerical aspects of profiles along the single twisting coordinate). On the contrary,
these two different approaches will be given in the following. when we change both angles by the same amount but with
T_he properties to be defined in a PCM-IEF calculation are some opposite sign, we obtain the wagging coordinate of the amino
cavity parameters and the solvent dielectric constant. Here, the SOIUtegroup; in this case the maintained symmetr@igif the twisting

is embedded in a molecular cavity obtained in terms of interlocking . ;
spheres centered on the heavy nuclei (6 C of the benzene ring, C andar,],gle is 0 or 90°). Here the states an b.e labeled dsand
A". The two angles are represented in Figure 1.

(25) Angeli, C.; Cimiraglia, R.; Persico, M.; Toniolo, Aheor. Chem.

Acc. 1997 98, 57. (28) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.
(26) Tomasi, J.; Mennucci, B.; CargeE.J. Mol. Struct.: THEOCHEM (29) Heine, A.; Herbst-Irmer, R.; Stalke, D.;"Knle, W.; Zachariasse,
1999 211, 464. K.A. Acta Crystallogr.1994 B50, 363. (b) Kajimoto, O.; Yokoyama, H.;

(27) Amovilli, C.; Mennucci, B.J. Phys. Chem. B997 101, 1051. Ooshima, Y.; Endo, YChem. Phys. Lettl991 179, 455.
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Figure 2. Planar projection of the twistingwagging energy surface for the ground state of DMABN. Energy levels (in eV) are computed with
respect to the value corresponding fovlagging and © twisting.

Finally, when we explore the whole surfaces scanned by the The energy maps of the following two states are not reported
two angles, no symmetry is maintained. Therefore, in the as these states are not really involved in the photochemistry of
following surfaces we shall adopt the conventional classifica- DMABN; we only recall that $ shows a minimum region at
tion: & for the ground state and SS; ... for the excited states  5.40 eV centered arourtl= 90° and an higher zone near the
in order of energy. planar configuration at about 6.20 eV, whereapi®sents high

In Figures 2-4 we report the planar projection with respect energies at small twisting angles which continuously decrease
to the wagging and twisting angles of the energy surfaces toward an almost planar region (around 6.40 eV) going febm
obtained as interpolation of 147 points from 48 different CIPSI = 30° to § = 90°.
calculations. For the two lowest excited statea®d S, we 3.1.1. Analysis of Wagging and Twisting Modes.The
also report the corresponding 3D maps. energy maps above permit us to analyze, and compare, the

As shown in Figure 2 the ground statg)$resents a valley  relative importance of the two motions, represented by the
along the twisting coordinate. The minimum is located at the wagging and twisting coordinates, with respect to possible
full planar geometry. We adopt the energy of this minimum as channels leading to the charge transfer process. In particular,
energy reference. For small displacements, the twisting inducesthe main result we can extract from Figures2is that the
higher energy increments with respect to the wagging, as it giveswagging motion cannot be the only mechanism promoting the
rise to a decrease in the overlap between the lone pair p orbitalcharge-transfer process. In fact, on the one hand, the energy of
of the amino nitrogen (IpN) and the aromatic orbitals. On each state increases so much alongdtleeordinate to exclude
the contrary, for larger displacements, the wagging coordinatea large motion along this coordinate, while the twisting
produces a rapid increase in the potential energy because oftoordinate represents a reliable channel which involves small
the repulsion of the two methyl groups. The pure twisting energy variations. On the other hand, and even more important,
coordinate presents a maximum af9the energetic barrier is  the first excited-state surface does not present a pseude-Jahn
0.55 eV. However, we found a transition state at 0.47 eV for a Teller effect such as that introduced by Zachariasse & al.;
wagging angle of 175 it is in fact the nonzero wagging that  concerning this point some further comments are required.
allows the twisting along the bond between the aminic nitrogen  We recall that in Zachariasse model (also indicated as FICT),
and the aromatic ring to follow a lower energy channel. when the two excited states are sufficiently close in energy, a

The first excited state;§see Figure 3) shows a more complex change in the amino group (from pyramidal to planar) allows a
structure: here the minimum of the energy (4.20 eV) is found vibronic coupling between them with formation of a charge
at the same geometry of the @ = 0° andd = 0°), even if transfer state. Besides this basic structural change the global
there appear two further flat regions at 4.26 eV centered at aprocess will involve also changes of the bond lengths in the

twisting angle of 20 and a wagging angle of 22and —12°. molecule. Such further structural effects are not taken into
Going along the twisting coordinate we found a cusp at 4.50 account in our analyis; however, we can still try to extract some
eV near 485; this is the conical intersection betweenehd the information on the validity of this hypothesis from our re-

following S; state. Beyond this point there is another well: the sults. From Figures 3 and 4 we see that the only chance for
minimum is located around 80along the pure twisting  such a mechanism is at the position of the conical intersec-
coordinate at about 4.28 eV. We note that along the twisting tion. If we consider the section along the wagging coordinate

coordinate § = 0°) this state has B symmetry froth= 0° to passing through this point, a characteristic double minima of

the conical intersection and symmetry A after. the state is indeed observed but with a shallow depth of only
The S state (see Figure 4) presents a large flat region around0.06 eV.

the planar conformation untfl = 0° (at about 4.80 eV), when These results actually do not add too much to the real

it decreases toward the conical intersection at 4.50 eV. Thenunderstanding of the phenomenon under scrutiny as limited to
the energy increases undil= 90°. As previously reported for ~ the gas-phase in which the CT-induced dual fluorescence is not
state 3, for S, we note that along the twisting coordinate its observed; it is thus interesting to see if such a process happens
symmetry changes from A (fron® = 0° to the conical in solution. To obtain a numerical confirmation, we performed
intersection) and B after that. CIPSI calculations for the two lowest excited states in an
Further details on the electronic nature and the properties of acetonitrile solution. The interesting section of the surface is in
the two states will be given in the next section. this case centered on the planar structure; it is in fact that
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Figure 3. Twisting—wagging energy surface and its planar projection for the first singlet excited siatf (3MABN. Energy values (in eV) are
computed with respect to ground-state minimurh \{agging and 0 twisting).

invoked by Zachariasse as the final equilibrated charge-transferalong the wagging coordinate either in the energy or in the
structure. Following this suggestion, we changed the wagging dipole. In particular, the energy difference between the minima
angle from—20°/+20° with a step of 8 and maintained all the  of the two states is less than 0.01 eV and the dipole of the more
other geometrical parameters at the values optimized for the polar state slightly decreases from the planar largest value thus
solvated ground state (and hence without any twisting of the showing no significant change in the charge distribution along
amino group). We note that in solution the order of the two this coordinate. The combination of these results seems to
excited states found for the isolated system is reversed; alreadysuggest that the wagging motion alone is unable to produce the
at (® twisting the lowest state is the A state; a detailed analysis charge transfer expected for the lower energy fluorescence in
of this result will be reported in the next section. polar solvents.

The results we have obtained show that the two excited states, All these evidences, even if affected by the effects of the
even if very close in energy at the planar structure as required frozen-geometry approximation we have adopted, have led us
by the Zachariasse model, do not present any important variationto exclusively focus on the alternative TICT model and not
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Figure 4. Twisting—wagging energy surface and its planar projection for the second singlet excited stateSIABN. Energy values (in eV)
are computed with respect to ground-state minimufnw@gging and 0 twisting).

pursue the analysis of the wagging motion (and the related All the points have been calculated at the CIPSI level both in
Jahn-Teller hypothesis) any further. vacuo and in acetonitrile solution, preservin@€asymmetry.

3.2. Twisting Curves in Vacuo and in Acetonitrile Solu- In addition, for calculations in solution, an equilibrium descrip-
tion. As in the evaluation of the energy maps presented in the tion has been used; here, in fact, the interest is not focused on
previous subsection, for the following curves the geometry has transition phenomena, which could imply delays in the solvent
been kept frozen to that optimized for the ground state (i.e., response with respect to solute electronic changes but on the
with a wagging angle equal to zero) at any point and for any analysis of sections of PES. In this case we can assume that
electronic state; the only changing parameter is the twisting solute and solvent can always completely equilibrate. Consid-
angle® which has been varied fronf @o 9C in steps of 15. eration of possible delays, and, as a consequence, of nonequi-
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' ; . is mainly composed of the HOMG~ LUMO excitation; it

s e BA et should be noted that the HOMO orbital includes a strong mixing

i with the N amino lone pair orbital (IpN). It is the excitation

4 1B from this orbital (i.e., the transition IpN~ LUMO or better n

— 7*) that becomes the most important at the twisted confor-

3 mation. At this conformation the lone pair orbital is no more

mixed with therr system and, as a consequence, it is destabilized

2 ' up to the HOMO level. The partial IpN character of the HOMO

orbital observed in the nontwisted wave function of tHé 2

' state shows that some of the charge transfer inferred by the n
[N S W e — g* transition is already included. As we shall show, this

B e S i mixing acquires an important role in the presence of a polar

[} 10 20 30 40 50 60 70 80 90 solventl

Twisting angle
Figure 5. Ground and low-lying singlet excited states potential curves ~ In the presence of a polar solvent the same curves become
(energy relative to the minimum of the ground state) of DMABN in  significantly different as the highly polar'® state can be
vacuo as a function of the twisting angle. Energies are in eV and anglesstabilized much more effectively than the less pol &tate,
in degrees. thus inverting their relative energies even at a nontwisted
geometry. To the best of our knowledge this behavior was found
only once before, in the calculations by Gedeck and Schnéider;

Energy (eV)

Jp . all other previous studies including solvent effects in fact showed
5 — SO N — the preferential stabilization of the A state with respect to B
_________ B o but only limited to a few specific conformations and not along
4 . e the energy profiles.

Some further comments can be derived from the orbital
analysis. The 1A state is mainly dominated by the singly excited
2 : configuration HOMO— LUMO exactly as in vacuo; here,
however, the partial mixing among the benzenerbitals and
! N lone pair we have already found for the HOMO orbital in

Energy (eV)

TN S S e the isolated system is largely increased as well as the percent
00 e of charge-transfer character of the state. Qualitatively this means

Twisting angle that the solvent can interact more effectively with this state,

Figure 6. Ground and low-lying singlet excited states potential curves lowering its energy below the other one involving only-r*
(energy relative to the minimum of the ground state) of DMABN in excitations

acetonitrile as a function of the twisting angle. Energies are in eV and . . . .
angles in degrees. The second important characteristic of Figure 6 is the large

stabilization of the 2A state at the twisted geometry which

libria between solute and solvent will become compulsory in represents the global minimum in the curve; the twisted

the analysis of absorption and/or fluorescence energies reportedonformation lies~19.5 kcal/mol below the planar one, and
in the next section. the thermodynamic equilibrium of the charge-transfer reaction

The results for the ground and the two lowest excited states S therefore almost totally shifted to the twisted conformation.
of both isolated and solvated DMABN are presented in Figures ThiS result seems to support the interpretation of the dual
5 and 6, respectively. All energies are relative to those of the fluorescence in terms of the TICT model. It is worth noting

corresponding ground state at the nontwisted geomeétrs ( that_this large stabilizati_on and not th_e relative vaIu_es of the
0°). barrier between nontwisted and twisted geometries could

Inspection of the potential curves along the twisting path, as represent the most significant feature. In fact, these curves do

expected, shows very different features for isolated and solvatednOt represent the lowest energy path on the multidimensional
systems. energy surface and thus the barrier we can estimate from them

As reported in previous calculatiod8° gas-phase results 1S @ Very rough approximation. Anyway, assuming that the
are characterized by the two lowest singlet excited states whichd&finition of such barrier as the energy difference between the
cross at a twisting angle near*4%n particular, the most stable ~ Minimum of the B state and the energy maximum in the path
excited state at the nontwisted geometry presents a maximumd®ing to the A minimum is valid, the computed results show a
at perpendicular geometry, while the second one shows asSignificant decreaseT in the bamer helght (from 7to5 kcal/mpl
completely reversed behavior, thus inducing the crossing of the fom vacuo to solution), in qualitative agreement with experi-
corresponding curves. The two states for whiéB and 2A ments (see ref 13 and references therein).
labels are used according to t8g symmetry can be identified A parallel analysis can be obtained in terms of change in the
with the Ly-type, or LE, state and thegltype, or CT, state, dipole moment values for the different electronic states with
respectively. The observed crossing is here allowed due to thereéspect to the twisting coordinate. Such an analysis is reported
differences in the intrinsic symmetry character of the two states. in Figures 7 and 8 for the three previous singlet states {GS
An analysis of the CIPSI wave function shows that the first two lowest excited states) both in vacuo and in acetonitrile.
excited state (B) at nontwisted conformation is dominated by The ground-state dipole moments for the isolated and the
the HOMO— LUMO + 1 and HOMO— 1 — LUMO single solvated systems are very similar in their general trend. They
excitations, where the involved orbitals are benzene xifpr decrease with increasing twisting angle; the only difference is
the two occupied) ana” (for the two unoccupied) orbitals. in the absolute values, which are always greater in solution.

Also the other state {2) is dominated by a single excited The dipole moment of thelB state decreases in going from
configuration. At the nontwisted geometry the wave function the planar to the twisted structure in both gas phase and solution.
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2 — T Table 1. Absorption Energies (eV) for Planar DMABN in Vacuo
and in SolutioA
18
P CIPSI exp
e ' e 1 1'8 2A LE cT
5 g g p— vacuum 4.29 4.78 425 456
A acn 4.00 (4.06) 4.10 (4.01) n.o. B2
gu 1 cyc 4.00 4.32 41 4.4
E'IO . — o : a “acn” indicates acetonitrile as solvent while “cyc” refers to
1B T .y cyclohexane. Values in parentheses refer to equilibrium calculations
8 gy : (see text for details). Experimental data refer to absorption maxima.
GS | e H “a
i . T the solvent molecules to the introduction of a solute (i.e., their

0 10 20 30 40 50 60 70 80 90

Twisting angle polarization) feels a fast change in the polarizing field which it
Figure 7. Ground and low-lying singlet excited states dipole moment Will or will not manage to follow. The time-coherence between
curves of DMABN in vacuo as a function of the twisting angle. Dipole changes in the solute and in the solvent will depend on the

momens are in debye and angles in degrees. relaxation times characterizing the degrees of freedom of both
0 7 the single molecules and the bulk of solvent. In the specific
' e case of vertical electronic transitions, i.e., very rapid changes
18 1 in the distribution of electronic charge not involving nuclear
DT U= Sl motions, it is sufficient to assume that the solvent presents two
o o types of response, one related to its electrons and the other to
14 all the rest (nuclear vibrations, rotations, etc.), and that the

former is by far faster than the latter. In this approximation,
_________ e B usually indicated as Pekar partition, the solvent will modify its
" status (i.e., its polarization) during the solute electronic transition
— only as concerns the fast contribution; on the contrary, the other,
A ] and main, part of its response will remain frozen to the original
e N Ry S e . .
¢ : situation before the change.
In our framework, this partial response can be described in
0 10 20 30 40 50 60 70 80 90 .. . .

Twisting angle terms of an electrostatic interaction not determined by the full
Figure 8. Ground and low-lying singlet excited state dipole moment — static dielectric constant but by its electronic contribution only,
curves of DMABN in _acetonltrlle as a funct_lon of the twisting angle. je., the optical dielectric constamty = n?, wheren is the
Dipole moments are in debye and angles in degrees. solvent refractive index. The difference betwegn: and eopt
strongly depends on the intrinsic characteristics of the solvent,
namely, for polar solvents, < estay With very large differences
in the case of high polarity, while for nonpolar solvergg =

Dipole moment (debye)

In addition, the solvated system shows an unexpected maximum
at around 40which is not easy to explain; the small increment
observed from 75to 90 is likely due to numerical instabilities.
The 2A state behaves differently. Its dipole moment is large €S2 ) _

already in the nontwisted conformation (around 14 D in vacuo This model prOp.erIy applles only to thg electros_tanc part of
and 16 D in acetonitrile) and it increases considerably with the 1€ solute-solvent interaction; the repulsion term, in fact, will
twisting angle, showing a maximum at9d both cases. Once f9||OW completely mqlependent rules, mamly_ d|_ctat¢d t_)y the
again the small shallow observed for this state in Figure 7 at difference in the spatial extent of the charge distribution in each

around 30 has to be due to numerical instabilities. The com- €lECtronic state; further comment§ can be fgund in ref 16.
parison of the two curves shows that solvent interactions largely N Table 1 we report absorption energies computed for
amplify the 2A dipole, thus allowing a stabilization of the state PMABN in vacuo and in the two solvents through the CIPSI
at each twisting angle. algorithm. Thg adopted geometries are tho§e optimized for t.he
Both the previous analyses (i.e., maps and twisting curves) ground states in gas phase and in each solution. As a comparison
are centered on general aspects of the phenomenon, but theyve also report experimental data.
have not really involved comparisons with experiments. Inthe ~ To properly analyze solvent effects, it is necessary to first
following section we thus present the absorption and fluores- check the quality of the QM calculation. It is important to say
cence energies obtained with CIPSI both in vacuo and in that absorption values reported in Table 1 (and the fluorescence
acetonitrile solution and the comparisons with experimental data; energies we shall present below) have been obtained by
to complete the analysis of solvent effects we also present resultsexploiting a more accurate CIPSI scheme with respect to that
obtained for an apolar solvent, namely, cyclohexane. used to get the previous maps and curves (see Figuré$. 2
3.3. Absorption and Fluorescence EnergiesBefore pre- Calculations of the whole spectrum of possible conformations

nting the numerical resul me preliminar mments will
Ee t gtt ed I“ tfl cal results, Sot. e prelim taé’co g € tsbl (30) Ooshika, YJ. Phys. Soc. Jpri954 9, 594. (b) Marcus, RJ. Chem.
e reported. In the previous sections we introduced a problemppys 1956 24, 966. () McRae, E. GJ. Phys. Cheml957 61, 562. (d)
which always appears when combining dynamical processes,Basu, S.Adv. Quantum. Chem1964 1, 145. (e) Levich, V. G.Adv.
such as electronic transitions, with the presence of a solvent.Electrochem. Engl966 4, 249;

; e P (31) Kim, H. J.; Hynes, J. TJ. Chem. Phys199Q 93, 5194 and 5211.
Details on this important phenomenon can be found in different (b) Berezhkosvskii, A. MChem. Phys1992 164 331, (c) Basilevski, M.

papersi®3there we only recall some basic aspects. V.; Chudinov, G. E.Chem. Phys199Q 144, 155. (d) Aguilar, M. A.;

The electronic transitions involved in both absorption and Olivares del Valle, F. J.; Tomasi, J. %hem. Physl993h98, 7375. (e)

; ; Cammi, R.; Tomasi, Jnt. J. Quantum Chem: Quantum Chem. Syh995
quoresce_nce are gene_rally characterized by very fast time scaleszgv 465. (5 Mikkelsen, K. V.- Cesar, A Agren. H.: Jensen. H. J. Aa.
In a continuum solvation approach such as that exploited here,chem. phys1995 103 9010. (g) Mennucci, B.; Cammi, R.; Tomasi,J.

this means that the perturbation representing the response ofchem. Phys1998 109, 2798.
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at the same level of accuracy would have in fact required a too Table 2. Dipole (debye) of Ground and Excited States of Planar
heavy computational effort which at the end would have not PMABN in Vacuo and in Two Solutiorfs

added too much to the previous analysis. CIPSI exp

For DMABN in vacuo, CIPSI excitation energies of 4.29 and GS 1B 2!A GS LE
4.78 eV are computed for the first and second excited state.™ 2. ,um 773 9.79 13.61 b 8—11P
The first excitation energy is in very good agreement with the  gcn 9.82 12.13 15.34
experimental data of 4.25 eV obtained in féfwhile for the cyc 8.59 10.82 14.23 ~10°

second one a discrepancy of 0.2 eV is found. Previous accurat€ aw,." indicates acetonitrile as solvent while “cyc” refers to

calculations carried out at the CASPT2 level with a rather large cyclohexane. Ranges of data reported for gas-phase collect many

basis set gave 4.05 and 4.41 eV, thus showing the difficulty in available experimental values obtained in various apolar solvents.

comparing computed vertical excitation energies with experi- ° Reference 9 and references theréiReference 34.

mental data. As already discussed in the previous section, in o .

vacuo the first excited state has B symmetry and is only a weak- N the two solvents with indication of the experimental data,

ly allowed transition (the computed oscillatory strength is 0.082). When available. _ _

The most intense transition is into the second excited state with ~UPON excitation the dipole moments of all the states increase,

A symmetry (in this case the oscillatory strength is 0.786). @S predlctfed by conS|de_r|ng the previous _anaIyS|s on the nature
From experiments, it is well-known that the most intense of the orbitals involved in the two excitations. In fact, th&

absorption band corresponding to the excitation into the 2 orbitgl, which characterizes both the excited_statgs, is more
state is red-shifted in the presence of polar solvents. The chargelo.cf’jlllzed .toward the cyano group than theorbital (i.e., th?
transfer character of this state, associated with a iarge dipoleInItIaI ork_)|tal as concerns excitation to B) and than the mixed

. ’ X : z—n orbital (involved in the transition to A). Such an increase
mo”.‘.e“".'“ fac_t allows a by far more effective solvent-mduceq in the dipole is amplified in the presence of a polar solvent
stab|I|z_at|on with respect to the less polar ground state. This which stabilizes most the states with larger dipolar character.
effect is correctly reproduced by the results reported in Table

. o . ; For the emission spectra, the experimental finding is that two
1. Both in acetonitrile and cyclohexane the excitation energies yiqyinct hands are found in acetonitrile (centered at 3.4 and 2.6
toward A are smaller than in vacuo and they decrease by

. . . . eV, respectively§? thus leading to the phenomenon of dual
increasing the polarity of the solvent. The agreement with the 5 e5cence, and that in the nonpolar cyclohexane a very weak
experimental evidence is not limited to a qualitative aspect, but -1 pand at 3.2 eV is found in addition to the strong normal LE

for both transitions and both solvents a very good cor- q,5rescence at 3.6 eV; no clear data are available for the gas
respondence with observed results is found; for transition t0 yjaca
1B (or LE) in acetonitrile no experimental data are available * The geometries used for the excited states are those obtained
due to the complete overlap of the bands. with CIS optimizations both in vacuo and in solution; only in
We also note that the results of acetonitrile only apparently cyclohexane we have not been able to find a real minimum at
contradict what is reported in the previous section. The analysisa (* or at a 90 twisting angle. Thus, in this case, geometries
of twisting curves showed that the A state is so effectively are those of the ground state, with the amino group rotatéd 90
stabilized in acetonitrile that it becomes the lowest excited state, in the twisted structure. For a comment on the quality of CIS
thus inverting the situation found in the gas phase. In Table 1, geometry and for a detailed analysis of the geometries of each
on the contrary, the excitation energy toward B (4.00 eV) is state, we refer readers to the original paper on the CIS-IEF
smaller than that toward A (4.10 eV), indicating a shift in the method'® here we only recall that the main aspect to observe
order of the excited states with respect to what is reported in for all the excited structures when compared to the correspond-
Figure 6. ing ground-state geometry is the strong increase in the phenyl

This apparent contradiction can be explained by resorting to bond lengths at the substituent-bearing carbons. On the contrary,
the nonequilibrium scheme discussed at the beginning of the the bond lengths of the carbons between (here represented by
section. In the calculation of absorption energies, in fact, we Rc.cs) become shorter. In both the twisted structures a significant
assume that the slow component of the solvent response cannofi€crease with respect to the corresponding ground-state value
immediately follow the fast change and thus it remains fixed ©f the amino-ring bond is observed; this can be tentatively
as in the ground state. This means that in the excited state the®XPlained in terms of the charge transfer from the donor to
solute sees a solvent only partially modified with respect to the 2cceptor part of the molecule which leads to a positively charged
initial situation, and thus it cannot be stabilized as efficiently @mino group. We also recall that CIS optimization for tfié 2
as in the case of a complete response (i.e., assuming a full solSta€ in vacuo has led to a twisting angle of 9file the CIPSI
ute—solvent equilibrium). If we consider that for acetoni- curve reported in Flgyre > shows a minimum arount This
trile the static dielectric constant is 36.64 while the optical ana- discrepancy can be imputed to two different reasons. On the

. o . . one hand, in the CIS optimization all geometrical parameters
logue is only 1.806, it is easy to see the discrepancies betweenhave been relaxed whiloe in the CIPSIgcurve the peometr o
equilibrium and nonequilibrium results. To have a more direct kept frozen to the GS structure. and on the other h%nd the{QM
comparison with the parallel equilibrium scheme exploited to IevF:aIs adooted in two calculati;)ns are different. In any case
compute twisting curves in Table 1, we report also the P ) ’

equilibrium excitation energies. This scheme cannot be applied the flat shape of the 2A twisting curve in Figure 5 fqr_ large
. angles (76-90°) ensures that the results cannot significantly
to cyclohexane for whictegy = ess and thus there are no

) a . change for a slight shifting of the angle which characterizes
appreciable changes when nonequilibrium effects are introduced. - = ;
X oo . ) the CT minimum. In addition, we recall that also previous
The analysis above on the possible interactions leading t0 cASpTZ and DFT/CIS calculations find a flat potential curve
the observed solvent effects on the absorption spectra is

i i (32) Bulliard, C.; Allan, M.; Wirtz, G.; Haselbach, E.; Zachariasse, K.A;
suzp_orteolI by values Okf)|d|p0|e momentshfordgaclh state in vaCL;oDetzer, N.: Grimme. SJ. Phys. Chem. A999 103 7766,
and in solution. In Table 2 we report the dipole moments o (33) Lipinski, J.; Chojnacki, H.; Grabowski, Z.R.; Rotkiewicz, &hem.

ground and excited states of planar DMABN both in vacuo and Phys. Lett.198Q 70, 449.
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Table 3. Fluorescence Energies (eV) at Planar and Twisted moments for the two lowest excited states in acetonitrile solution
Conformations for DMABN in Vacuo and in Two Solvets along the wagging coordinate. These analyses have shown that
CIPSI exp the wagging motion, without twisting, is unable to provide the
planar twisted LE cT highly polar state responsible for the CT fluorescence in polar

solvents. Supported by these findings, we have limited the main
vac 4.24 3.53 . L .
acn 387 250 (3.2) 2 body of the analysis to the twisting motion only and thus
cyc 4.00 3.44 305 (3.2F recomputed energy curves with respect to the twisting angle in
— — the presence of solvent effects. Such an analysis has been then
a “acn” indicates acetonitrile and “cyc” cyclohexane. The paren-

theses indicate that the value is very uncertain as the band is apparen?omplmed with calculations of absorption and fluorescence

as a broadening of the emissium spectrum without a distinct maximum. €N€rgies in vacuo and in both polar and apolar solvents.
Experimental data refer to fluorescence maxif@eference 33 and The results we have obtained have allowed us to rationalize
references thereiri.Reference 34. better the lack of CT fluorescence in the gas phase and its

appearance in polar solvents, supporting the TICT model of
for the ZA state with a shallow minimum at intermediate Grabowski et al. when differently applied to isolated and
twisting angles, thus showing a difficult univocal identification  solvated systems.

of the exact minimum. Previous calculations already managed to describe, and in
The results of our calculations for°Oand 90 twisted some cases with great accuracy, the mechanism usually sug-

DMABN both in vacuo and in solvents along with experimental gested for normal fluorescence in the gas phase, i.e., first a

results are summarized in Table 3. deactivation to the Sstate from the Sstate initially reached

With respect to the gas-phase data, for which no experimentalthrough the vertical absorption and then the emission from the
confirmation can be achieved, it is more interesting to analyze S, state still at zero twisting angle (at this geometrycSrre-
results obtained in acetonitrile. The results reported in Table 3 sponds to the so-called LE state). On the contrary, no numerical
show a very good agreement for the second, or anomalous,evidence has been given for the second, or “anomalous”
fluorescence (the discrepancy is 0.1 eV), while the behavior fluorescence, which would occur only after an intramolecular
found for the first, or normal, fluorescence is not as good. twisting motion along the Ssurface leading from the original
However, we have to recall that in polar solvents the C'RJ2  |E state to the final CT state. In fact, in vacuo calculations can
band dominates and the LE'8) band is observed as a shoulder  only show that such a reaction does not occur due to the energy
on the very broad CT band. Furthermore, the lifetime of the barrier in the $ hypersurface (and this is the evidence shown
LE state is very short, in the picosecond region (it is in fact a in both Figure 3 and Figure 5). However, by explicitly including
largely permitted state), while the lifetime of the A state is in solvent effects one can see that such a barrier is lower in polar
the nanosecond regidhAll these aspects should lead to alarge  solvents in which the Sstate is represented by a CT state
uncertainty in the experimental data foB1 already at a Dtwisting angle (as shown in Figure 6).

In cyclohexane, for which we have not reoptimized the  we recall that the results obtained for absorption and
geometries of the excited states but used that obtained for theﬂuorecence energies involve a nonequi"brium condition be-
GS (rotating the amino group of 9@n the twisted structure),  tween solute and solvent. It is well-known that, in polar solvents,
both fluorescence energies are too high with respect to thethe relative stabilization of excited states of molecular solutes
experiments. This findings could be explained in terms of the depend on the response times of the solvent molecules; however,
missing geometry contribution; in fact, a transition from a reliable numerical proofs of this phenomenon are rare to find.
relaxed geometry, corresponding to a minimum for the excited The results we have obtained for DMABN in acetonitrile can
state of interest, is always lower than that from a nonequilibrium  give useful hints on this aspect. In fact, at the planar geometry,
geometry and thus, considering geometry changes, should leadhe two lowest singlet excited states which are very close in
to a better agreement with the experiments. energy but very different with respect to the dipolar character

As previously stated, no comparisons with experiments can are differently ordered depending on if a fully or a partially
be made for the gas-phase results; however the values, if it wereequilibrated solvent is considered. This finding, of interest also
possible, should be expected to be at higher energy with respector further studies on the optical properties of this and similar
to cyclohexane, and thus our calculations are in the right systems, shows the sensibility of the PCM-IEF solvation model
direction. and its potentialities as a computational tool to explain excitation
processes in solution.

The theoretical and computational approach proposed in the

In the present work we have studied DMABN with a present paper can be improved, mostly with respect to the
perturbed multirefence Cl method including solvation effects interactions included in the solvent operator; here, for example,
via the PCM-IEF model. For the first time solvent effects are dispersion effects between solute and solvent molecules are
taken into account both in the geometries and in the propertiescompletely neglected. However, this study represents one of
of ground and excited states. the first attempts to treat solvent modifications in both geometry

To verify the reliability of the various models proposed so and charge distribution of ground and excited electronic states
far to study this system, we have initially run calculations for of a relatively complex molecule. Previous attempts in this
the isolated system in different geometrical conformations. The direction, in fact, have been limited to small molecules or to
results have allowed us to build waggintyvisting energy maps,  inaccurate QM calculations. On the contrary, the linking of a
confirming the main role of the twisting coordinate as predicted good QM level for the solute and an accurate model for the
by the TICT model. This analysis on the most plausible charge- solvent, which is also strongly coupled to the description of
transfer mechanism has been further extended to the solvatedhe solute wave function, seems to be the best approach to study
system; in particular, we have computed energies and dipole photophysical phenomena involving different electronic states.

Conclusions

(34) Reference 5a. JA000814F



