J. Phys. Chem. R000,104,5631-5637 5631

Fast Evaluation of Geometries and Properties of Excited Molecules in Solution: A
Tamm-Dancoff Model with Application to 4-Dimethylaminobenzonitrile

Roberto Cammi,* Benedetta Mennuccit and Jacopo Tomasi*'

Dipartimento di Chimica Generale ed Inorganica, Weisitadi Parma, viale delle Scienze,
43100 Parma, ltaly, and Dipartimento di Chimica e Chimica Industriale,J@rsita di Pisa,
via Risorgimento 35, 56126 Pisa, Italy

Receied: January 11, 2000; In Final Form: March 23, 2000

We present a method to evaluate ab initio energy, wave function, and gradient of a solvated molecule in an
electronically excited state. In particular, this paper extends the Polarizable Continuum Model (PCM) to a
specific level of theory for the interpretation of the electronic spectra: configuration interaction (CI) among
all singly substituted determinants using a HartrBeck reference state. This method, in very wide use,
allows investigations of both structures and properties of electronically excited molecules through the evaluation

of analytical energy derivatives with respect to various parameters. The most relevant formal aspects on the
extension of the theory to solvated systems are discussed, and numerical applications to the study of geometries

and one-electron properties of the low-lying excited states of 4-dimethylamino benzonitrile (DMABN) in
acetonitrile solution are presented.

1. Introduction energetic quantity used to describe solvated systems has the

This paper presents a theoretical formulation and the relatedStatus of a free energy. o ]
computational implementation of analytical gradients for mo-  1he TDA method, here treated as limit case of RPA, defines
lecular solutes in excited electronic states. as excitation energies the poles of the linear response function,

The method is formulated within the framework of a solvent for which the status of free energy is not evident. However, the
continuous model, and it belongs to the set of ab initio 900d results obtained until now using these poles and the related

approaches of medium computational cost, namely, the CO”_residues in the calgulation of molecqlar properties of solute; in
figuration interaction (Cl) among all singly substituted deter- continuum dielectrics* seem to confirm their numerical reli-
minants using a HartregFock reference state. This method, ability and, from an empirical point of view, to show that they
which can be seen as a specific case of the more general randorfPresent a good approximation of the exact free energies for
phase approximation (RPA), has been widely used in the pastexcited states of molecular solutes.
under several names: single excitation configuration interaction ~ The linear response theory for solvated systems treated within
(SECI), monoexcited configuration interaction, the Tamm- the Polarizable Continuum Model (PCMj its revised version
Dancoff approximation (TDA) or, to connect it with other CI  known as Integral Equation Formalism (IEM)as been pre-
terminology, Cl-singles (CIS). In the following, we shall adopt sented in ref 3. Here, it will be reconsidered in the approximated
the TDA. This is the simplest level of theory that can be used TDA method and applied to the evaluation of analytical
to include some of the effects of electron correlation via the gradients. The reader is referred to ref 3 for a detailed analysis
mixing of excited determinants, and until now, it has shown of all the formal aspects of the general theory.
very reliable performances in the evaluation of properties  The application of response theories to the calculation of
through the use of analytic gradieAtSxamples of TDA studies  energy gradients for excited states is well-knoowever, it
of potential energy surfaces of excited states are numerous inhas recently acquired a new and important role when linked to
the literature concerning isolated systems, whereas much lessgjensity functional theory (DFT). In the latter case, in fact, the
has been done for condensed phases. response methods become the fundamental tool to study excited
When solvent effects are included in methods devoted to the states. Some important developments in this direction have been
study of excited states, some additional aspects not present inglready presented for isolated molectiie’$ but have not yet
isolated systems have to be considered. The transition topeen extended to solvated systems. The formulation we present
electronically excited states, in fact, always involves a dynamical here for analytical gradients within the conventional TDA, but
process in which solvent relaxation times cannot be neglected.ijmmediately extensible to the more complete RPA scheme, can
This aspect has been discussed many times in thé pastit  pe thus seen as the theoretical basis to be generalized to time-
is not worth repeating it now; we only state that both equilibrium dependent density functional theory (TD-DFT).
and nonequilibrium solutesplvent Qescriptions may.play a rple. In section 2, we present the PCM-TDA formalism for both
Some further comments will be given in the following sections. energy and gradients, and in section 3, we report a numeric

Afnc;]ther |mp_ortanft ?spect_ todconS|de'r 1S tlhe_ fornéal def||r|1|t|o;]1 application to the study of geometries and properties of ground
of the energies of the excited states in solution. Generally, the 5, singlet excited states of B;{-dimethylamino)benzonitrile
- o - .... (DMABN) in vacuo and in acetonitrile solution. The analysis
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T Universitadi Pisa. on excited-state energies is also supported by single-point
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2. Energy Derivatives for Excited States in the the framework of the “Coupled Perturbed Hartrdeock
PCM-TDA Theory” (CPHF) for solvated systems.

2.1. Excited-State EnergiesErom the linear response theory The derivatives of the molecular orbitals (MOs) required in

within the RPA scheme, the excitation energies can be obtained®d 8 will contain two types Of.termS: those arising from the
as a solution of the generalized eigenvalue problem: changes in the AO basis functions and those from the changes

in the MO coefficients. The latter can be expressed in terms of
(|\7| N )(Xp) (1 o)(xp) ( the CPHF coefficientsJ;, The elements of the unknown
=w
P

N MY, o —1/\Y, matrix U* can be obtained from the following equation:
whereX, and Y, are the RPA amplitude vectots. QE;
The matrixesM andN for a PCM solvated system are (see Uy = Z(A—l)ai i (9)
ref 3) ] g€
Mai,bj = Oqipj(€a — &) T+ [ [IDIH By (2

In the following discussion we shall show that all terms of eq

< .. 9 are modified by the presence of the solvent.

Nai»bi = [@bf]ijtH- Baivbj ®) In the PCM framework, the solvent contributions, here limited

to a purely electrostatic description, can be translated into a

form recalling the vacuum system by defining one- and two-

electron terms, indicated 348 and XR, respectively. In brief,

the solvent response to the presence of the electric field

andp, ... when referring (0 general molecular orbials,  STEREE Y TE SIS SEAE SETCT (AR T 08

Concerning the solvent-induced integr&s; v appearing in o . ’

molecular cavity) is represented in terms of an apparent charge

egs 2-3, we prefer to postpone any comment to the following . . o ' . ;
section; here, we only recall that they can be described as thespread on the cavity sqrface. This pharge IS dls_cret|zed Into point
chargesq by partitioning the cavity surface into patches of

interaction between the solute transition charge density associ-known area (the tesserae). Finally, if we distinguish the two
ated with the MO’slalJand |iCJand the response of the solvent N Y, g, i
sources of the solute’s field, namely, the solute’s nuclei and

induced by the parallel charge density due to the M@&nd electrons, the apparent point charggscan be divided into

Il . .
. . . . L . two separate sets defined as electrons and nuclei-induced
In the limit of singly excited configuration interaction only charges. In this scheme, the definitions of the two solvent-

(i.e., in the TDA scheme)N matrix elements disappear, and . -
eq 1 reduces to a simpler Hermitian eigenvalue problem of the induced terms when expanded on the AO basis set become

form ) R AAOLICY (10)
MX, = o X, (4)

where X, and Y are antisymmetrized two-electron repulsion
integrals over the molecular spin-orbita]$} with orbital
energieq ep}. Spin—orbitals are here denoted according to the
usual convention:a, b... if virtual (v), i, j... if occupied (0),

In this framework, the excitation energy, becomes X2, = —ZV‘W(Sk)qe(@; PHh) = ZP;'; B, (11)
o

0, =Y (€= )G+ Z[E[b”ajm Bapl X Xo  (5)
a aby) where matrixV contains the solute’s AO potential integrals
) ) ) o computed on the cavity tesserae, that is, at the positpo$
where nowX,; can be associated with the Cl-singles coefficients. {he gapparent charges. The dependence of the electron-induced
Within the assumption commented on in the Introduction on chargesge on the one-electron density matrix (here, the HF
the meaning of excitation energies for solvated systems, the totalyensity PHF) has been exploited to rewritéR in terms of the

energy for a TDA excited-statp in the presence of solvent previously introduced solvent-induced integrdBsy; (here

effects becomes transformed in the AO basis). In fact, introducing into eq 11
TDA __ ~ HF the analytical expression giving the PCM-IEF apparent charges,
G, =Cg o, (6) namely,

whereG HF is the free energy of the HF ground state s -
the TDA excitation energyg?y ’ e q(s PHF) - ZP';GF chllvfla(S) (12)
2.2. Analytical Gradients. By direct differentiation of eq 5 o
with respect to a parametg& we obtain the derivative of the
PCM-TDA excitation energies (from now on we skip the
subscriptp indicating the specific electronic state):

w*= Z(E; - éix)xii + Y 'Xai,bjxaixbj )
ar ija

where theC matrix is defined in terms of parameters depending
on the cavity geometry and the solvent permittifitihe solvent-
induced integrals reduce to

B‘uv,ﬂ.(i = ;V/w(%) CQlVAo(S) (13)

where we have assumed all real quantities, BHdindicates
the solvent-modified two-electron integral derivatives, that is, This representation allows one to redefine bdthand Q%

matrixes of the basic CPHF eq 9 as folloifis:

M’y = bl [ajli + Bl (8)
Equation 7 can be further developed by exploiting the derivative Aai b = ‘3ab<5ij + (&b [ij CH- [ |ibTH- 2B,y (14)

of the spin-orbitals and of the corresponding orbital energies in €a” §
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Qpa= [N+ ipal = Sheq — ;Stltmlnqkm Bpgul + Wi = —beaixbnM;j,bn — Pje - zPA Mipq  (25)
nal
(C)*C P LAl [voli + B,M ] (15) ~
o ”p) T ’ Wﬁb: _Zxaixijbi,fj - Pﬁbfa (26)
I
In the same way, the general expression for orbital energy B
derivatives becomes W5 = ZZXmeaiM'bgai — Ple; (27)
1al

a=Q+ S Ul (pm|pgH mH 2B 16
p = Qo gzm or{[PMIPGF (POl ampp)  (16) The contributiorw*(AO) of eq 17 can be rewritten converting

the indices in the AO basis as
By introducing egs 916 into eq 7, we can rewrite the derivative

of the PCM-TDA eigenvalues as sum of two contributions: 0 (AO) = (XX — Xﬂoxh)m,umm + X, X0 MMU]

uvio

= 0*(MO) + »*(A0O) (17) (28)

wherew(MO) collects all terms containing CPHF coefficients where
% andwX(AO) collects those related to the derivatives of the
basis functions and of the unperturbed MO coefficients. Z( C,i %y (29)
The presence ob)}; should imply solving as many PCM-
CPHF equations as the perturbative parameters (for example
one for each geometric degree of freedom in a geometry
optimization). However, by exploiting the Z-vector methoid

Introducing egs 21 and 28 into eq 17, we obtain the final
expression for the derivative of the PCM-TDA eigenvalues as

is possible to reduce the problem to a single CPHF equation W= ‘R
that is independent of the perturbation: Z v J.“V) + ZWSVS‘X‘V +
Zpﬁj (Ej - Eb)Abj,ai = I:ai (18) ZAO[( X/lo - Xﬂaxlv) mMVUm + XﬂVX}ﬁBX‘uV,AU] (30)
] y23%2

wherePy is the (v-0) block of the relaxed density matrix and  Equation 30 can be finally summed to the standard HF
the eIements of the solvent-including Lagrangfaare given contribution to give the expression for the total free energy
by gradient of each statein the presence of the solvent:

=yt ZPAM;] gt ZPaAbMabmg (19) G oM =6 g+ 0} (31)

For the description of the HF gradient contrlbutlérg”, the
reader is referred to the original pap€ron the recently
_ o ~ developed formulation to get efficient analytical free energy
Jgm = Z;XbmxaiMbgvai ZuzaxaixgmMJ’mvai (20) gradients within the PCM-IEF scheme.
Itis worth noting that eqs 3631 represent the generalization
Equations 1820 show that solvent effects are taken in full of the TDA energy gradients to solvated systems; to get a more
account also in the evaluation of the excited-state density matrix direct comparison with the gas-phase analog, we refer to the
and, as a consequence, in the orbital relaxation following the original paper by Foresman et ‘alWe also observe that
initial charge rearrangement due to excitation. As we shall show the solvent-induced terms appearing in eq 30 can be straight-
in the next numerical section, it is the use of this true TDA forwardly shifted to the parallel expressions for the RPA
density matrix that allows a reliable computation of one-electron schemé and for the TDDFT approacH.
properties of the excited state for solvated molecules.
In this schemew*(MO) becomes (in the AO basis): 3. Examples of Calculations

In this section, we present some preliminary results on an
»(MO) = szV +J/w) + z v /w (21) articulate study we are performing on the ground and singlet
“w excited states of 4N,N-dimethylamino)-benzonitrile (DMABN)
where the AO transformed matrixes of the relaxed derBLHy both in vacuo and in solution. Hel‘e, the attention will be ma.|n|y
and the energy weighted density* are obtained by transform- ~ focused on the evaluation of optimized geometries for the lowest

with

ing the entire MO basid matrix excited states, applying the TDA-derivative procedure presented
in the previous section. In a forthcoming pafeuch geometries
Rﬁv = Z(C,up)*cquﬁq (22) will be exploited to get accurate excitation energies (both of

absorption and fluorescence) and related transition quantities
through more extended quantum mechanical calculations.

For PA we have then to consider DMABN is the prototype of a group of organic doreacceptor
compounds that exhibit dual fluorescence in polar sol¢eft.
Z ai%al (23) addition to the normal fluorescence band-{ipe) observed in
vacuo (and in apolar solvents) that has been assigned to a
pA — _zx X (24) moderately polar locally excited state (LE), a second “anoma-
ab ai b lous” band (L-type) arises in polar solvents.

This phenomenon has generally been attributed to an intra-
whereas folW2 we can define molecular chargetransfer (ICT) process in the electronically
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excited singlet state leading to a highly polar CT statAt TABLE 1. B3LYP/6-31G(d) Optimized Geometries for the
present, the “twisted” ICT (TICT) concept is the most commonly Grcl)u_nd aState of DMABN Both In Vacuo and in Acetonitrile
accepted: the charge separation is believed to be combined witr>2Ution

a rotation (the twisting) of the amino group from the parallel to vacuum acn exp
the perpendicular position with respect to the benzene ring, Ry, 1.1647 1.1668 1.145
leading to a decoupling of the amino and benzene parts of the Rc,, 1.4290 1.4237 1.427
molecule. Other models involving further motions in the Rec, 1.4057 1.4093 1.388
molecule (for example, a wagging of the donating amino  Rcg; 1.3854 1.3834 1.370
nitroger??) have been proposed, but the existing calculations 5%04 1-;‘%2 1-3252 i-ggg
largely support the TICT modé?. Rﬁ:ﬁl 12549 14589 1256
All the proposed models, even if introducing different 0C,C:Cr 120.8 120.7 120.9
descriptions of the phenomenon, agree on a basic point largely  0C3;C4Ng 121.3 121.3 -
confirmed by experiments, namely, that the interaction with a ~ UCidNeC11 119.7 1194 116.4

polar solvent is necessary to stabilize the CT fluorescing state.  a aqom labels are reported in the text. Bond lengths are in A, and
Despite this well-established feature, the validity of the inves- angles are in degrees.

tigations on solvent effects is still rather limited, most being

based on semiempirical methééisr limited to the use of non-  changes but remains frozen to the previous condition of
optimized geometrie® The following results concerning the  equilibrium?2® Here, however, the phenomena we consider
study of geometries of the ground and singlet excited states of (geometry optimizations and static properties) can be reliably
DMABN when immersed in acetonitrile solution represent one assumed to involve times long enough to allow a complete
of the first examples of accurate ab initio calculations in the relaxation of the solvent, which can always completely equili-
presence of solvent effects. brate with the excited solute.

Ground-state optimizations were performed at the density As a last preliminary note, we underline that the stability of
functional (DFT) level of theory with the hybrid functional the reported optimized structures has not been further checked
B3LYP and the 6-31G(d) basis set. The same functional and by calculating the Hessian matrix; the extension of PCM-TDA
basis set were also used to perform single-point calculations atto the evaluation of analytical second derivatives in fact still in
the TDDFT level. Optimizations in the electronically excited Progress.
states were obtained with the same basis set by applying the Below, we report the atom labeling used in the following
PCM-TDA method we presented in the previous section. All tables and in the analysis of the results.
calculations were performed on a development version of the
Gaussian program packa%e.ga'rding the choiqe pf the basis é°H3 s .
set, one could argue that the limited 6-31G(d) is inadequate to N, 1 78
properly describe excited states; however, previous calculations N’©>—C =N
on the same system and with the same level of theory show CH3 5 6
that the results indeed depend very little on the quality of the "
basis set and that even when discarding all polarization and
diffuse functions, one obtains sufficiently accurate results. In fo
addition, the main interest here is the study of geometry changes.
and not the evaluation of very accurate excitation energies

In Table 1, a selection of optimized geometrical parameters
r the ground state of DMABN both in vacuo and in solution
~is reported; in both cases, a planar structure is obtained. The
- . s ' data of Table 1 show the stiffness characterizing this molecule,
we are thus sufficiently confident on the validity of the chosen whose geometry changes very little in passing from vacuum to
basis set. acetonitrile solution. Concerning the isolated system, the

The numerical values of the solvent-dependent quantities thatcomputed geometries are similar to previous calculations
need to be defined concerns cavity parameters and dielectricoptained at the HF and MP2 level of thetyonce again, the
constants. As said previously, the solute is embedded in a|argest discrepancies are found for the nitrile bond length) as
molecular CaVity, here Obtain'ed in terms Of interlocking SphereS We” as to the experimental data from Crysta”ographic measure-
centered on the heavy nuclei of each group, namely, 6 carbonsments3 We recall that in the crystal structure, the system is no
in the benzene I’ing, C and N in the nitrile, and N and two |Onger p|anar; however, a Wagg|ng ang|e Of’]_gobserved,

carbons in the dimethylamino group. The chosen radii are 1.9 where we define as wagging angle the angle between the planes
for the four standard (i.e., bonded to an hydrogen atom) aromatic spanned by G—Cy1—Ng and G—Cy—Cs.

carbons and 1.7 for both the other two carbon atoms of the | Table 2, we report the same set of data as obtained by

ring and for the nitrile carbon, 2.0 for the two methyl carbons, optimizing the structure of the lowest singlet excited state of
and 1.6 for both the nitrile and the amino N. All the radii were DMABN in acetonitrile in both p|anar and twisted structures
then multiplied by 1.2 in order to take into account the (we indicated as twisted the structure obtained with & 90
impenetrating core of the solvent molecules. Finally, a value rotation of the amino group with respect to the benzene ring).
of 36.64 for the static dielectric constant was used to representsince no experimenta] data are a\/ai|ab|e, for Comparison we
the acetonitrile solvent. report the same values obtained for the twisted structure in
We recall that all data presented below about excited statesvacuo; in Table 2, no data are given for the planar case in vacuo,
were obtained assuming a complete relaxation of the solventas in this case the different nature of the excited state prevents
with respect to changes in the solute charge distribution due toa correct comparison. More details are given below.
excitation processes. In the Introduction, we mentioned the The main aspect to observe for all the structures when
importance of possible nonequilibrium interactions between compared to the respective ground-state geometry is the strong
solute and solvent; the times usually involved in electronic increase in the phenyl bond lengths at the substituent-bearing
transitions in fact can be so short that a large part of the sol- carbons; namely, for the solvated system we obteirD42 and
vent response does not manage to immediately follow the fast+0.014 A forRC,C, and+0.026 and+0.048 forRc.c,, in the
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TABLE 2: TDA/6-31G(d) Optimized Geometries for the T ' ' ' ' ' ' T

Lowest Excited State of DMABN In Vacuo and in 6 G o
Acetonitrile Solution? CT -6--
acetonitrile vacuum o B R o]
planar twisted twisted [ T S
Rcs 1.1579 1.1479 1.1429 s 4T Treeg
R, 1.3937 1.4098 1.4209 <
Resc, 1.4510 1.4236 1.4149 g st .
Re,c, 1.3496 1.3502 1.3528 u
Rescs 1.4493 1.4708 1.4648 .l |
Re,co 1.3553 1.3353 1.3416
RgCio 1.4513 1.4607 1.4553
0CCiCr 120.9 121.0 121.1 1F b
0CsCuCo 121.5 116.6 121.2
HC10NgC11 118.6 121.2 119.1 0 , ! ! ! . !
. . 0 10 20 30 40 50 60 70 80 90
aThe geometrical parameters refer to planart(@sting angle) and twisting angle

twisted (90 twisting angle) conformations; for the isolated system,
only the twisted geometry was considered. Bond lengths are in A, and
angles are in degrees.

Figure 1. TDDFT potential energy curves (energy relative to the
minimum of the ground state) of the ground and first two singlet excited
states of DMABN in vacuo as a function of the dimethylamino twisting
angle.

planar and the twisted cases, respectively. On the contrary, the

bond lengths of the carbons between (here represented by R)
become shorter (around0.03 A for all structures). In both the
twisted structures, a significant decrease with respect to the LE ‘&
corresponding ground-state value of the amino ring bond is
observed; this can be explained in terms of the increase of the
decoupling of the amino group from thesystem in the twisted s R —
excited states. -
The analysis of these geometrical data becomes clearer when
accompanied by the exploration of excited-state potential energy
surfaces as obtained from the related excitation energies; here,
however, some preliminary comments are required. The TDA
theory has proven in the past to deliver accurate geometries for
a number of different molecules; however, it is also known that
this method is usually not adequate for computing excitation
energies due to the neglect of dynamical electron correlation. 0 T 20 0 0 2 e 0 s %
Concerning DMABN, it has been fourd@3and our calculations twisting angle
have confirmed, such findings, that TDA theory gives an Figure 2. TDDFT potential energy curves (energy relative to the
incorrect ordering of the first excited states for the isolated minimum of the ground state) of the ground and first two singlet excited
molecule, lowering the klike CT state below the glike LE st_ates of D_MABI_\I in acetonitrile solution as a function of the
for all twisting angles. More accurate QM calculatidfgs on dimethylamino twisting angle.
the contrary, show that, at planar and near planar structures,
the less dipolar LE state is preferentially stabilized. LE) presents a short-axis transition moment and almost zero
The correct order can be recovered in the framework of linear oscillatory strength.
response theories if we pass to the DFT level and exploit the Increasing the twisting angle in both the isolated and the
previously recalled TDDFT methdd;it thus becomes interest-  solvated systems presents the same order of the states. Com-
ing to test here, for the first time, the behavior of TDDFT parisons between TDDFT curves of Figure 2 and TDA geometry
calculations in the presence of solvent effects. Unfortunately, optimizations show that, in the case of the solvated system,
the extension of the PCM solvation method to TDDFT analytical TDDFT gives the same description of TDA, contrary to what
derivatives to get optimized geometries in solution is not yet itis found in vacuo; this puts enough confidence in the previous
available, so the comparison between the two methods will be geometrical analysis, confirming the ability of the solvation
limited to single point calculations. model and of its extension to TDA level, to correctly describe
In Figures -2 we report the energy curves for the ground the action of a polar solvent in stabilizing the CT state, in
and the first two singlet excited states both in vacuo and in agreement with experimental evidence.
acetonitrile, as obtained through TDDFT calculations. These The solvent-induced changes in the excited-state order
curves were obtained by keeping the geometry of the ground described by TDDFT calculations can be better explained in
state and changing the twisting angle between the amino groupterms of dipole moments and population analysis. It has been
and the benzene ring fron? Qthe planar structure) to 9@the proved that excited-state dipoles and properties are better
twisted structure). computed with a relaxed density matrix and not the simple one-
The main difference between isolated and solvated systemsparticle density matrix (LPDM). The evaluation of the relaxed
is the absence of any crossing between the excited statesgdensity requires a CPHF-like derivative procedure not yet
already at Otwisting angle, the lowest excited state of DMABN available at the TDDFT level for PCM solvated systems; thus,
in acetonitrile is easily identified, with the CT state being to evaluate excited-state properties, TDA calculations have to
characterized by both a long-axis transition moment and a be exploited (see eqs 120).
large oscillator strength. This is in contrast with the isolated = The computed dipoles, group charges, and oscillator strengths
molecule, in which the first excited state (the previously quoted for both the ground and lowest excited states of the solvated

Energy (eV)
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TABLE 3: GS and Lowest Excited-State Dipoles (debye) completely decoupled subunits, thus indicating a transformation
and Group Charges (au) of DMABN at the Planar and from the allowedr — 7* to the forbiddenn — z* transition.
Twisted Conformations in Acetonitrile Solution and at the

Twisted Structure In Vacuo?

acetonitrile vacuum Conclusions
planar twisted twisted We have developed and implemented the theory needed to
GS exc GS exc GS exc obtain analytical derivatives of the excited-state energy surfaces
“ 101271 13.0671 6.9412 17.0420 54215 13.7120 Of molecular systems in solution at the Cl-singles level. In
NMe, —0.0695 —0.0340 —0.1651 0.2886—0.1798  0.2645 particular, solvent effects are included in both the evaluation
Bz 0.4018 0.3896 0.4562 0.0624 0.4251 0.0071 of the relaxed density and in the computation of the energy
CN  —0.3323 —0.3556 —0.2911 —0.3511 —0.2452 —0.2736 gradients, without any approximation or neglect of terms. As
f 1.0419 0.0587 0.0000  remarked in the Introduction, the only assumption we exploit
aFor excited states, oscillator strengths are also reported. is that the poles of the linear response function also represent

proper excitation energies for condensed systems. The trial

system (at ®and 90 twisting angles) are reported in Table 3. calculations on DMABN demonstrate that this approach is
Once again, for the twisted structure we also report the parallel Practical and the results are reasonable. In particular, they show
values obtained in vacuo. Excited-state geometries are thosehat even this simplified CI scheme, when coupled with an
reported in Table 2 (which have been optimized at the TDA accurate solvation model, can predict the correct behavior of
level), whereas for the ground state, the B3LYP geometry of COmplex processes involving excited states of very different
Table 1 was used (twisted GS geometry were obtained by justnatures. In addition, the introduction of solvent terms, not
rotating the amino group 90 keeping frozen all the other _aIterlng the efficiency of the orlg_lnal method formulgtgd for
parameters). isolated systems, preserves the important characteristic of the
From the results of Table 3, the nature of the solvent effects 1 DA @Pproximation of being easily applicable to large molecular

is evident; the strongly dipolar nature of the excited state, that SYStems. , o
previously identified as the CT state, is the origin of very ~However, we have also shown that a more refined description

effective interactions with the polar solvent, which lower the ©f the excited states requires more accurate methods. A surely
energy of this state with respect to the others at all twisting Promising approach is the TDDFT, which has already demon-
angles, as shown in Figure 2. Inspection of the computed groups'[ra'[ed very good performancgs in descnbmg potentl.al energy
charges (obtained by summing up all the atomic Mulliken surfaces (and the related excitation energies) of excited states
charges in each different moiety of the molecular system) for many isolated system_s. Here, we have found that the same
illustrates how this charge transfer process occurs. As shown@ccuracy can also be achieved for solvated systems; we are thus
by the significant increase in the excited-state dipole and the confident that solvent terms, when treated within the PCM
parallel decrease in the amino group charge, there is some charg8'0del, still preserve the same good behavior in the calculation
transfer already in the planar conformation, but this is consider- Of €nergy derivatives and related properties. Indeed, the theory
ably enhanced by the twisting; at9the charge on the amino presg_nteql here can be_ extended to _TDDFT without any spe_cmc
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