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Abstract

The numerical self-consistent reaction field (SCRF) implementation of the semiempirical program package VAMP 5.5 a'lows to include
the solute-solvent interaction in the iterative solution of the Hartree-Fock c¢quations. In going beyond the widely applied Onsager model, the
solvent cavity is thereby approximated by a polyhedral, carrying a charge density proportional to the gradient of the molecular potential at
the cavity surface due to the charge distribution in the solute molecule. The method was madified to allow the calculation of absorption and
emission spectra using a nonequilibrium description of solvation. With this approach, the free enthalpy of solvation can easily be divided into
the contribution originating from ultrafast electronic polarisation and from slower orientational relaxation. The newly developed program was
applied to the problem of dual fluorescence of p-(dimethylamino)-benzonitrile (p-DMABN). It was found that planarisation of the amino
group leads to a stabilisation of the polar excited state independently of the assumed torsional angle 3. In sclvents, that are mere polar than
diethylether ( e=4.335), rotation of the planar dimethylamino group connected with the formation of a twisted intramolecular charge transfer
state (TICT) is found energetically feasible since the activation barrier is lower than 7 kJ mol~'. The variation of the calculated transition
energies from the TICT state to the corresponding Franck—Condon ground state is in very good agreement with the slope found in the Lippert-
Mataga plot of p-DMABN. Calculated dipole moments alsc agree with experimental values. The numerical SCRF method turned out to give
a description of excited state properties of p-DMABN in sclution that is superior to previously applied theoretical methods based on the

Onsager and the solvaton model. © 1997 Elsevier Science S.A.

Kevwords: Photoinduced electron transfer; TICT: p-DMABN; Solvation effects; Self-consistent reaction field; SCRF

1. Introduction

Since the first observation of dual fluorescence of p-(dime-
thylamino)-benzonitrile (p-DMABN, Scheme 1) by Lippert
and coworkers [2,3] in 1961, many experimental and theo-
retical studies have been performed to explain this phenom-
enon. Based on the spectroscopic behaviour of a series of
model compounds in 1973 the so-called twisted intramolec-
ular charge transfer state (TICT) model was proposed {4-
8]: after excitation into a locally excited state, the dimethyl-
amino group rotates from the planar conformation into a
perpendicular cenformation, and, in addition to this rotation,
acharge transfer occurs from the dimethylamino group to the
aromatic system, leading to the formation of the TICT state.
Radiative deactivation of the locally excited state gives rise
to fluorescence with a normal Stokes shift, whereas emission
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from the TICT state is responsible for the anomalous, batho-
chromically shifted fluorescence (see Scheme 2). While in
the initial proposal, the rotation of the amino group was con-
sidered the major contribution to the reaction coordinate &, it
was later on pointed out that other internal coordinates like
rehybridisation of the amino group are of great importance
as well as solvent reorganisation [9].

Besides this model, various others have been proposed
since 1961. Varma and coworkers (see [10,11] and refer-
ences cited therein) pointed out the importance of specific
solvent—solute interactions, which can lead to red-shifted
exciplex fluorescence next to the normal fluorescence. On
ground of stationary and cspecially time-resolved fluores-
cence studies on a large number of model compounds,
Zachariasse and coworkers [12-17] established that the
TICT-model cannot provide an answer for all experimental
facts. They emphasized the importance of a small energy gap
between the 'L, and 'L, state as a necessary prerequisite for
the appearance of dual fluorescence. In that case, the umbrella
motion of the amino group leads to a strong coupling of the
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Scheme 1. Numbering of atoms (cf. ref. [1]) and definition of torsional
angle ¢ and pyramidalisation angle 6 for p-(dimethylamino)-benzonitrile
(p-DMABN).
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Scheme 2. Petential free energy curves describing the photophysical behav-
iorof p-DMABN in solution. The solid lines represent the situation, in which
the solvent cage is at equilibrium with the charge distribution of the solute
in the corresponding electronic state. The dashed lines represent the ‘non-
equilibrium’ situation (Frank-Condon state), in which the solvent cage
equals the equilibrium arrangement of the other electronic state of the solute.
The reaction coordinate ¢ involves internal degrees of freedom (internal
rotation, rehybridization) and solvent reorganization.

two lowest excited singlet states and concomitantly to a pop-
ulation equilibrium. Due to the more polar character of the
S, state, the energy difference and, therefore, the strength of
the coupling is a function of the solvent polarity (solvent
induced pseudo Jahn-Teller coupling) [14,15]. Later on,
Zachariasse and coworkers postulated that the anomalous
fluorescence is caused by amore planar intramolecularcharge
transfer species with quinoide structure in an equilibrated
solvent cage [16,17].

In addition to abundant experimental work, a great number
of theoretical studies on p- (dimethylamino)-benzonitrileand
related molecules have been carried out at different levels of
sophistication. On the basis of the different approaches used,
these studies can be divided into three groups. In the first
class, the excited states are calculated in vacuo only [5,18-
23], whereas in the second and third class solvation effects
are included in different approximations, either on the basis
of the continuum model [24-29,1] or in a supermolecule
approach {30,31].

The earliest calculations for the isolated molecule were
presented in 1976 by Khalil et al. [18] applying a CNDO/S-
CI program. They were not able to prove the validity of the
TICT-model. In contrast to their result, Rittig and Bonacié-
Koutecky [ 19] claimed to find a TICT state using a modified
CNDO/S-CI program and ab initio STO-3G calculations.
Applying the PPP method Grabowski et al. [5] and Cowley
and Peoples [20] found a low lying TICT state, and so did
LaFemina et al. {21] using a CNDOQ/S3 program. Recently,
Serrano-Andres et al. [22] carmried out extensive ab initio
calculations using the (CAS) SCF method in combination
with multiconfigurational second order perturbation theory
(CASPT2). They compared the different behaviour of
p-DMABN and p-(amino)-benzonitrile (p-ABN), which in
contrast to p-DMABN does not show dual fluorescence. In
addition to earlier studies, they not only examined the influ-
ence of the torsional angle on the excited state properties, but
also looked at the effect of the pyramidalisation of the amino
group. Their results support the TICT model, while motion
along the pyramidalisation coordinate cannot produce a
charge transfer state that could be responsible for the anom-
alous fluorescence. With the same ab initio method,
Soholewski and Domcke [ 23] determined optimized excited
state geometries, and found evidence for a possible impor-
tance of the bending of the cyano group. Such a bending
would cause a stabilisation of an intramolecular CT state that
is formed by transferring an electron from an aromatic 7
orbital to the quasi-n* in-plane orbital of the cyano group
(see Scheme 3c). The surprising result of this interesting
model calculation still needs to be dealt with by theoretical
methods that take into account the interaction with the
solvent.

In the second class of calculations, the solute-solvent inter-
action was incorporated in the framework of the continuum
models of Onsager [ 32] and McRae [33]. For the calculation
of the solvaton energies, the complex solute—solvent inter-
action was accordingly reduced to that of a point dipole in a
spherical solvent cage surrounded by a polarisable dielectric
continuum. Lipiriski et al. [24] calculated the excited state
energies of p- (dimethylamino) -benzonitrile in the planar and
the twisted conformation using a modified INDO method.
Later on Majumdar et al. [25] used the same procedure, but
optimized the ground state geometries for different rotaticnal
angles of the dimethylamino group using the MNDO method.
Then the excited states were calculated with the CNDO/S-
CI method. Lately, Soujanya et al. [26] used the AM1
method for the optimisation of the ground state and the cal-
culation of the excited state properties. In all these studies the
TICT model was confirmed in that a large stabilisation of the
90° twisted conformation was obtained versus the planar
locally excited state. The calculated slope in the Lippert—
Mataga plot is, however, much too large.

A different approach was used by Marguet et al. {27], who
calculated the solvation energies after a CS INDO MRCI
calculation with the solvation model. The same method was
used by Gorse and Pesquer [28,29] on the basis of an AM1
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Scheme 3. Transitions of the two lowest singlet excitations of p-DMABN in the planar and twisted conformation. The transitions which have the largest

contribution in the Cl-calculation are drawn. See also Table 2.

calculation. The major drawback in these calculations is the
fact that the solvation energy of the Franck—-Condon state
reached by CT emission turns out to be independent of solvent
polarity.

Broo and Zerner [ 1] carried out SCRF calculations with
the ZINDO program package [ 34] using modified Fock oper-
ators, which allow the direct calculation of excited state ener-
gies and transition energies in solution without using CI
methods. Although in these calculations the slope of the
anomalous fluorescence in the Lippert—-Mataga plot is repro-
duced fairly well, the stabilisation of the TICT state is very
large.

The calculations of the second class simulate the solvent
by a structureless, dielectric continuum, that means specific
solute—solvent interaction are not taken into account. This is
possible with the supermolecule model of the third class. So
far, only Kato and coworkers [30,31] carried out Monte
Carlo/molecular dynamics calculations of p-DMABN in
water. In contrast to previous work, they found a fairly small
free energy of formation for the TICT state of approximately
7kimol ™.

Two more studies should be mentioned here. The work of
Hynes and coworkers [35-37] focuses on the dynamics of
TICT state formation. By applying a nonequilibrium descrip-
tion of solvation, they determined a two-dimeisional poten-
tial energy surface, involving both the twist coordinate and a
solvent coordinate. With this surface they calculated reaction
paths and rate constants for the TICT state formation. The
results are in good agreement with experimental observa-

tions. Polimeno et al. [38] used a totally different approach.
From fitting simulated to experimental emission spectra, they
obtained rather small energy differences between the TICT
and the locally excited states.

With the exception of the calculations of Broo and Zerner
[ 1], the solvent effect was taken into account after the SCF-
ClI calculation in all calculations cited so far. In this contri-
bution we will present the results of self consistent reaction
field (SCRF) calculations in which, following the work of
Tomasi and coworkers [ 39—42], the interaction of the solute
with the reaction field is taken into account in the SCF iter-
ation using a modified Fock operator. Moreover, the shape
of the molecule is considered by a solvent cage which is not
spherical but follows the van der Waals surface of the mole-
cule. Also, the charge distribution of the solute is described
by a multipole expansion and is not reduced to a point dipole.
To calculate transition energies a nonequilibrium description
of the solvation energy was used. The method is described in
detail in Section 2. It is applied to investigate the effect of
solute-solvent interaction and of the conformation of the
dimethylamino group on the properties of p-DMABN in the
ground and excited states. The results are presented in
Section 3.

Although the results of most prior calculations are quali-
tatively consistent with the TICT model, most of them are
quantitatively not good enough to prove or disprove its valid-
ity in case of p-DMABN. This will be shown in detail in
Section 4, in which the results of this study are discussed in
comparison with prior results and experimental observations.
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2. Computational method
2.1. Calculation of ground state solvation energies

In the discussion of the thermodynamic equilibrium con-
stant or the rate expression provided by the transition state
theory the relevant thermodynamic qualities are the free reac-
tion energy AG° and the free activation energy AG *, respec-
tively. From quantum mechanical medel calculations, only
the values for the corresponding enthalpies AH® and AH*
can be derived. Usually it is therefore assumed that the con-
tribution TX S is approximately constant along the reaction
coordinate, at least as long as no bonds are broken or formed.
Under this assumption for the isolated molecule the change
in free encrgy can be approximated by the corresponding
changes in enthalpy. The effect of the interaction with the
solvent is estimated by calculating AG:" in dependence on
the reaction coordinate, and taken into consideration in the
discussion of kinetic aspects by adding these values to those
calculated for the enthalpies of the isolated molecules.

All calculations were performed with the semiempirical
MO program package VAMP [43,44], using the AM 1 model
hamiltonian [45]. The effect of the solvent was taken into
account using a numerical self-consistent reaction field
(SCRF) model for ground and excited states. In this model,
the free energy of solvation (AGXY) is described as the sum
of the electrostatic interaction of the solute with the induced
reaction field (AG:,), the dispersion interaction of the sol-
ute with the continuum (AG3sy), and the free cavity energy
(AGRY).

AGEY=AGSL +AGH+AGEY (1)

The solvent cage is represented by a polyhedron with a
finite set of faces, also called surface elements s;, located
approximately at the van der Waals surface of the molecule.
This approach has the advantage over spherical or ellipsoidal
cavities that it is suitable for irregularly shaped molecules
and that it can thus take into account conformational changes
in the molecular structure. The molecular electrostatic poten-
tial ¥, which is calculated using the NAO/PC-model [46],
induces a polarisation in the solvent. Within a homogeneous
dielectric material there can be no induced charges. As a
consequence of the different susceptibility inside and outside
the cavity, an inhomogeneous charge distribution is, how-
ever, induced at the surface of the cavity. This induced surface
charge density o (r,) at position r, can be expressed as

oV

0(’:) = aES(’:)n:—‘ an) _ (2)
Here, n, is the normal to the surface element directed toward
the dielectric and (3V/dn);_ the gradient of the molecular
electrostatic potential at the position r, in the direction of ..
For the factor a, that describes the dielectric relaxation of the
solvent in an electric field, a variety of functions can be used.
For the limiting case of a static electric field, the ansatz of
Born [47], Kirkwood [48], and Onsager [32] was used.

€—1
a= 47re )
Here, € is the static dielectric constant of the solvent. In order
to calculate only that part of the surface charge density which
is due to instantaneous elecuroric polarisation the same
expression for « is used, except that € is substituted by the
square of the refractive index n.

n—1
a =
4arn?®

(4)

In accordance with the approximation of the cavity by a
polyhedron, a finite set of surface charges g; is determined by

2 =0(s)AS; (5)

Here, o (s;) is the induced charge density at the centre of the
surface element i that has an area A S;. In addition, self-polar-
isation and charge compensation was taken into account to
improve the quality of the reaction field [39].

In the self-consistent reaction field (SCRF) model, the
influence of the solvent on the solute is treated quantum
mechanically by an additional one-electron term to the Fock
operator & ° of the solute in vacuo.

FH=FG)-LE (6
iy

with r; being the distance between electron j and surface
element s;. The corresponding Fock matrix F in the basis of

atomic orbitals is thus given by

F,.= F?w— Zq,-<y,

The point charges are formally treated as s-orbitals with
zero radius and the one-electron integrals substituted by two-
centre two-electron integrals. The usual formulas for the
two-centre integrals are adjusted accordingly.

F“(a)u(B) =R paup aﬁZq,-(p‘“’lf‘”ls's‘) (8)

)

1
ry

The free cavity energy AGy, this is the energy that is
needed to create the cavity, is calculated via the following
expression {44]:

2
AGggl;:RT[ ~In(1-y) + 13'_yy,p,°+( % )rf,m]

+
I-y 2(1-y)?
1"“pr:i‘ulv T v
y=—% > rpm=r—°“— 9

solv

Here, r.,, is the radius of a sphere that has the same surface
as the cavity used for the calculation of A G2 . The solvent
is described by its density p and the radius r,,,, of the solvent
molecules. This contribution is independent of the electronic
structure of the molecule and therefore constant for all elec-
tronic states.

The dispersion interaction of the solute with the continuum
AGZE is approximated as [44]:
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1 IP,IP
AG(sl‘i’g;= _gmfl_‘,;a&gm(m) (10)
IP,, and IP; are the first ionisation potentials of the mole-
cule and the solvent. ay, is the polarisability tensor, g the
so-called reaction field tensor.
The polarisability tensor a«; is determined using the
variation method of Rinaldi and Rivail [49]

4 3
ap==—13 0,0, (11)

nelj:;

0,= ZZPMI[(ul.t,xklv) —';‘ZZP,\,KP"X." v) <U|lep)]

(12)

For the calculation of the reaction field tensor the following
equations are used

VR AN (RPN T |

C= AS,-47T(1 ew)[:”l';(rin.‘)r? "4"] (13)
3 C(r;) Br;

8=-L (Irl'-)l3 " (14

t
C,; describes the reaction of the dielectric continuin on
dipolar fluctuations at the centre of the molecule. As can be
seen from these equations the electronic properties enter the
calculation of AG3y. Therefore, AGg; depends on the
electronic state of the molecule.

2.2. Calculation of excited state solvation energies

The SCRF method was also extended for the treatment of
excited states. To calculate the energetic properties of an
excited state, its energy of solvation must be calculated in a
reaction field that is induced by the charge distribution of this
state. The first-order correlated density matrix is used to com-
pute the electrostatic component of the total energy of sol-
vation and to determine the polarisability tensor for the
dispersion contribution. While this case corresponds to that
of full relaxation of the solvent molecules, the calculation of
absorption and emission spectra requires a division of the
solvent cage polarisation into an orientational and an elec-
tronic component. The orientational relaxation of the solvent
molecules is too slow to follow the fast absorption process.
In order to calculate the properties of the Franck—Condon
state, complete electronic relaxation is assumed, whereas the
orientation polarisation corresponds still to that induced by
the ground state charge distribution of the solute.

Rauhutetal. [44] already had implemented in the program
an algorithm to calculate absorption spectra in an approxi-
mation first proposed by Bonaccorsi et al. [40]. But, as can
be shown, this ansatz is only suitable for the calculation of
transition energies between states that have a comparable
charge distribution. Therefore, it was necessary to implement
an improved approximation which is based on a nonequili-

brium description of solvation. This was first done by Marcus
[501. Later, Kim and Hynes [51,52] extended this approach
by taking into account the different time scales of the relax-
ation of the electronic and orientational polarisation.

Aguilar et al. [41] were the first to apply the latter approx-
imation in the framework of a numerical SCRF-model.
According to these authors, the change of free enthalpy of
solvation of the Franck-Condon state SEC, that is formed by
the vertical transition SE© « S,, can be calculated as

SOlv 1
AG™"(SECISEE « SA)=52[qf.i+q:,‘,..»1V(si,p’f) (15)

1
“52612,.;[ V(sup™) = V(s,p% )]

Here, ¢, is that part of the surface charge g; that is due to
the electronic polarisation caused by the charge distribution
p* of the final state. The orientational polarisation described
by g4 is not able to adjust to the new charge distribution
and is therefore determined from the charge distribution p*
of the initial state. V(s;,5*) and V(s,,p%) are the molecular
electrostatic potentials in the initial and final states at the
location of the surface elements s;. If the two electronic states
have equal charge distributions, the second term in Eq. (15)
becomes zero and the resulting equation is the same as
obtained from an equilibrium approach.

The g£; are calculated by means of Egs. (2)—(5), using &
expressed as a function of the square of the refractive index
n?. The orientational part of the induced surface charge is
caiculated from the equilibrium solvated state surface charges
q; via [44]:

-1 €
at~(1- S (16)

2.3. Calculation of the excited state potential curves of
p-DMABN

As mentioned above, the energetic and electronic proper-
ties of the ground state of p-DMABN were calculated with
the program package Vamp 5.5 [43] using the AM1 hamil-
tonian [45]. The dependence of the calculated properties on
the geometry of the dimethylamino group was studied by
systematically varying the torsional angle ¢ and the dihedral
angle @ (see Scheme 1). The torsional angle ¢ was varied in
steps of 5° between 0° and 90°, the dihedral angle 8 with the
same stepsize between 0° and 75°. All other geometrical
parameters were fully optimized. Further calculations were
carried out using the thus produced geometries.

To obtain the energies and electronic properties of the
excited states, for each conformation a CISD calculation was
carried out using all single and double excitations from the 5
highest occupied to the S iowest unoccupied orbitals. It was
necessary to include these 10 orbitals in order to guarantee
that the same orbitals were considered in the CISD calcula-
tions for the whole conformational space (in total 876 con-
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figurations were included). For optimisation of the excited
state geometries, CISD calculations with 3 occupied and 3
unoccupied orbitals were performed.

The effect of solvents with different polarity, ranging from
the nonpolar hexane to the polar acetonitrile, on the ground
and excited state energies was studied using the numerical
SCRF-method described in the previous section. The same
method was used to calculate the solvatochromic shift of the
absorption and emission energies.

3. Results for p-(dimethylamino)-benzonitrile
3.1. Electronic ground state — conformations and energies

The results of the AM1 ground state calculation of p-
DMABN are summarized in Table 1. The minimum energy
conformatior. has C, symmetry. The torsional angle ¢ of the
dimethylamino group is approximately zero; the nitrogen of
the amino group has a pyramidalisation angle 6 of 25°. These
results are in good agreement with most other theoretical
studies and most important, with the experimental findings.
Only MNDO calculations [25] predict a ground state mini-
mum for a conformation with a torsional angle of 50°. But,
as was already shown by Gorse and Pesquer [28], this failure
is due to shortcomings of the MNDO method in describing
amino groups. All experiments, both crystallographic
[53,54] and spectroscopic [21,55-58] investigations, as
well as extensive theoretical ab initio calculations [22,30]
agree on the fact that the dimethylamino group is not twisted
but slightly pyramidalised. If one compares the calculated

bond lengths and angles with the crystallographic data, the
best agreement was obtained from the (CAS) SCF calcula-
tions. The AMI calculation is found to be second best. None
of the calculations predicted the shortening of the Cs—N, bond
correctly.

The variation of the potential energy of the isolated mol-
ecule as a function of the pyramidalisation angle @ and the
torsional angle ¢ is shown in Fig. 1a. As can be seen from
the diagram, the ground state potential energy surface shows
a shallow double minimum with respect to the pyramidalis-
ation angle. The energy required for planarisation of the dime-
thylamino group is practically zero (=1 kJ mol~!). In
contrast, the energy barrier for twisting is 10.5 kJ mol ', a
value much lower than that reported by Soujanya et al. {26]
(28 k¥ mol~"). This discrepancy can be understood if one
considers the fact that Soujanya et al. assumed a planar dime-
thylamino group for the twisted conformation. This assump-
tion is incorrect, since the pyramidalisation angle 6 even
increases from 25° to 45° during the rotation. The conclusion
of Soujanya et al., that torsion is not free in the ground state,
is still valid. As can be seen from the calculated Boltzmann
distribution (Fig. 1a) only torsional angles up to ¢ =30° are
thermally accessible.

In this context, a comparison with calculated properties of
dimethylaniline (DMA) is interesting. In DMA, the barrier
of rotation is 5.5 kJ mol™', the pyramidalisation angle
increases from 31° in the planar to 45° in the twisted confor-
mation. This result indicates that the interaction of the nitro-
gen with the aromatic 7-system is larger for p-DMABN due
to the electron withdrawing effect of the para-substituted
cyano group. This is also reflected in the larger decrease of

Table 1
Comparison of crystallographic and calculated structure of p-DMABN *
Exp. 301 K Exp. 301 K MNDO INDO/1 AM1 STO-3G (CAS)SCF
Ref. (53] Ref. [54] Ref. [25] Ref. [1] Ref. [30] Ref. [22]
Bond lengths in A
N-C; 1.145 1.152 1.162 1.200 1.164 1.157 1.157
CC, 1434 1.425 1.425 1424 1419 1.458 1.446
C,-C, 1.388 1.388" 1412 1402 1.403 1.394 1.399
Cs-Cs 1.370 1.367° 1.401 1.389 1.387 1.379 1.391
Cs~Csq 1.400 1.395°% 1.427 1407 1419 1.402 1.406
Ces-N, 1.367 1.356 1.408 1.399 1.400 1.446 1.388
N~Cq 1.456 1.448° 1.466 1422 1439 1.486 1.460
Bond angles
Cy-CC; - 121.1° 120.6 121.0 120.7 120.8 120.0
Cy—Cs-C, —_ 1215° 121.7 120.2 1209 121.1 1214
CsCs-N, — 121.7® 1216 120.5 121.1 1215 121.3
CsNr-Cq 1216 121.1 1212 120.1 118.2 1224 1222
Cg~NC;, 1164 1220 117.6 119.8 117.0 115.1 115.6
Dihedral angles
Cs~Cs-N-Cg 119 54° — 0.0 16.0 23.7 212
Pyramidalisation angle
0 174 8.7 planar planar 250 41.8 359

* For the numbering of the atoms see Scheme 1.
® Mean value of experimental data.
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Fig. 1. Influence of the solvent polarity on the ground state free energy surface of p-DMABN. The energy difference relative to minimum is given in kJ mol ~".
Isoenergetic lines are drawn every 2 kJ mol ™' (thin lines} and 10 kJ mol ™' (thick lines). On the right side, the calculated Boltzmann distributions at room

temperature are shown.

the ground state dipole moment upon twisting, namely from
17.8X1073° Cm (5.4 D) to 120X107* Cm (3.6 D) in
p-DMABN; in DMA the decrease is only 1.8X 107* Cm
(05D).

3.2. Influence of solvent polarity on the ground state
properties

As was mentioned in the previous section, p-DMABN is
more polar in the planar than in the twisted conformation.
Therefore, the solvation energy should be larger for the planar
conformation. The results of the SCRF calculation of
p-DMABN in hexane and in acetonitrile shown in Fig. 1b
and ¢ confirm this assumption. The energy barrier AG* for
votation increases from 10.3 kJ mol ™! in vacuo, to 12.4 kJ
mol ~! in hexane and 14.4 kJ mol ! in acetonitrile. At the
same time the distribution of torsional angles populated at
room temperature narrows to + 10°, that of the pyramidalis-
ation angle to about 25 + 10°.

The charge distribution is also influenced by the reaction
field induced by the solvent. In the planar conformation, the
dipole moment increases from 17.8 X 107*° Cm (5.3 D) in

vacuo to 22.4 X 10~3° Cm (6.7 D) in acetonitrile. Due to the
smaller polarisability, this increase is smaller in the twisted
conformation, namely from 12.0X107* Cm (3.6 D) in
vacuo to 14.7X1073° Cm (4.4 D) in acetonitrile. Experi-
mental, values of 18.4X1073° Cm (5.5 D) [59] and of
22.4% 107* Cm (6.6 D, dioxane) [13] were reported. The
calculated dipole moments are, therefore, in good agreement
with the experimental results.

3.3. Properties of excited states in vacuo

In Table 2, the excited state properties for a planar (¢=0°,
0=25°) and a twisted (¢=90° 6=45°) conformation are
reported. These conformations correspond to the ground state
minimum and the ground state transition state for rotation.
The calculated energies of the lowest three excited singlet
states are shown in Fig. 2 in dependence on the pyramidal-
isation angle fand the torsional angle ¢. The potential energy
surface of the state, which is marked as LE (locally excited)
in Fig. 2, is similar to the ground state potential energy
surface; but in comparison to that, the minimum is more
pronounced. The global minimum has a torsional and a pyr-
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Table 2

Calculated properties of the lowest excited singlet states of p-DMABN

State S, * Ereigy A E(S; < Sp) Properties ® Character Polarization
p=0° 6=25°

S, ('By) 28 740 cm ™! p=219%10"%Cm, f=0012 LE: IL,, ©

S; ('A)) 32150 cm™! n=323x10"%Cm, f=0.336 LE: 'L, 3

S5 ('A)) 35920 cm™! p=11.0x10"3Cm, f=0.025 LE ©

S, ('AY) 43050 cm™! 1=30.1x10"*Cm, f=0.003 LE 1

Ss ('Ba) 43670 cm™" 1=344x10""Cm, f=0.298 LE o

Ss ('A)) 46380 cm™’ 1=334x10"Cm, f=0.151 LE )

S;('Ay) 47870cm™! 1=56.1x10"%Cm, f=0.000 ICT: g-7*

Twisted geometry (@ =90°, 6=45°)

So ('Ay) p=116X10"*Cm

S: ('By) 33250cm™! a=117Xx107%Cm, f=0.001 LE o

S: (‘Ap) 36 140 cm ™' n=464x10"%Cm, f=0.000 TICT-1

S: ('A)) 37400 cm™' p=139x10"*Cm, f=0.068 LE 3

S:('B)) 42570 cm™! p=424X%10"%*Cm, f=0.125 TICT-2

Ss (—) 43100cm™! #=202x10"*Cm, f=0031 o-excitation

3 State symmetry assuming a pseudo-Ca, geometry.
® u=dipole moment of S;. f=oscillator strength.

< LE =locally excited state. ICT =intramolecular charge transfer state. TICT = twisted intramolecular charge transfer state.
9 s, ¢ direction of the transition dipole moment (orthogonal, parallel) to the phenyl-CN axis.

Fig. 2. Potential energy surfaces of p-DMABN.

amidalisation angle of 0°, the barrier for the rotation of the
dimethylamino group is 75 kJ mol~'. This indicates a
stronger interaction of the nitrogen lone-pair with the -
system for this excited state. It can be understood if one looks
at the one electron transition that has the largest contribution
in the CI expansion of this state (see Scheme 3a). The elec-
tron is excited from a 7r orbital, which is antibonding with
respect to the C-N,.ino bond, to a #* orbital located exclu-
sively in the phenyl ring. Therefore, the bond order of the
C-N,mino bond is increased, and electron density transferred
from the amino nitrogen to the aromatic system. This charge
shift leads to a slight increase of the dipole moment of this
state of Ap=4.5X10"° Cm (1.4 D), whose symmetry is
'B, 2 or in Platt’s [60] nomenclature, 'L,,. The transition
'Ly« S, with low oscillatory strength is polarized perpen-
dicular to the long molecular axis.

The potential energy surface of the second lowest excited
singlet state (marked as LE(polar) in Fig. 2) has a different
shape compared to the ground and the first excited singlet

%To allow a comparison with the prior literature the symmetry of the
electronic states was classified according to a C,, symmetry of the molecule.

state. The global minimum is again found at ¢=0°and 6=0°,
the barrier of rotation is reduced to 35 kJ mol ~'. The con-
formation with a pyramidalisation angle 6 of 0° is always the
lowest in energy, independently of the assumed torsional
angle. A planar dimethylamino group is, therefore, preferred
in this state. Compared to the ground state, the dipole moment
increases considerably by Au=15.0%X1073 Cm (4.5 D),
because significant electron density is transferred from the
amino group to the cyanogroup (Scheme 3b). The strongly
allowed S, « S, transition is polarized parallel to the long
molecular axis due to the 'A, symmetry of this 'L, state.
For torsional angles ¢ >60° and pyramidalisation angles
6<30° the 'L,-type singlet state becomes lower in energy
than the 'L,-type state (level crossing). For large torsional
angles, the conjugative coupling between the nitrogen lone-
pair and the aromatic systems vanishes. The perpendicular
polarized transition 'L, < S, changes into a purely local exci-
tation in the cyanobenzene fragment (Scheme 3d), while the
parallel polarized transition 'L, « S, changes into a state
which represents an intramolecular charge transfer state
(Scheme 3e). The latter state can, therefore, be called a TICT
state. Because of the reduced electron density at the dimethyl-
amino cation, a planar geometry of the nitrogen is preferred
(sp*-hybridisation). Whereas in the more planar conforma-
tion the charge shift from the nitrogen to the cyanobenzene
moiety can be a fraction of an elementary charge unit, it must
be either 0 or 1 in the 90° conformation. From this rational it
can be understood that the 'L, and 'L,, which both have
charge shift character must develop into a LE state and a
complete charge transfer state with a very large dipole
moment. Upon transfer into a very polar solvent, the higher
lying TICT state can eventually experience a so much larger
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Fig. 3. Dependence of the excited state energies (top) and dipole moments

(bottom) of p-DMABN on the torsional angle ¢ in vacuo. The dimethyl-

amino group is held planar (6=0°).

stabilisation that it comes to lie energetically below the LE
state (Onsager model).

For the further discussion, the changes of the excited state
properties along two reaction coordinates are important,
namely 6and ¢. In Fig. 3, the potential energy curves and the
dipole moments are displayed in dependence on the torsional
angle ¢ assuming a planar dimethylamino group. One can
see that the properties of the three lowest states vary only
little up to ¢=60° but change rapidly for larger torsional
angles. In Fig. 4, it is demonstrated that up to fairly large
pyramidalisation angles no significant changes of the excited
state energies and dipole moments are observed, if the tor-
sional angle ¢ is chosen to be 0°. In contrast to the effect of
bond rotation (Fig. 3), the dipole moment of the 'L, state
even decreases with increasing 6. This indicates an increased
decoupling of the two fragments.

Before we continue with the discussion of the results for
the excited states in solution, we would like to estimate the
error that arises from the fact thai the excited state geometries
were not optimized. To this end, the bond lengths calculated
for the excited state geometries, in which all geometrical
parameters except ¢ and § are optimized, are summarized in
Table 3. As can be seen, the bond lengths of the locally
excited states (S, and S, in the planar and S in the twisted
conformation) change not much relative to the ground state;

100} So i

o = i I I 1 1 I
0 10 20 30 40 50 60 70 80 90

Pyramidalisation angle @ —e=

0 10 20 39 40 5'0 610 70 80 9
Pyramidalisation angle © —e

Fig. 4. Dependence of the excited state energies (top) and dipole moments

(bottom) of p-DMABN on the pyramidalisation angle #in vacuo. Torsional

angle ¢=0°.

the average change Ad=1/NZN_,|Ad;| is about 0.01 A. In
contrast, the TICT state shows a significant change of the
bond lengths. This is reasonable if one considers the elec-
tronic character of this state. The dimethylamino group is
positively charged which causes a shortening of the nitrogen
carbon bond (C¢-N,). The benzonitrile fragment carries a
negative charge which is distributed across the whole ring
system. This causes a lengthening of all bonds. The average
change for this state is Ad=0.04 A. An estimation of the
error can now be given by using the Marcus approximation
for the internal reorganisation energy A;, namely:

26K
A3 -0 )

If we consider on'y changes in bond length and assume that
the force constants k’* are independent of the state and can
be approximated by an average force constantk and substitute
the individual bond length changes by an average change for
all N bonds, then Eq. (17) simplifies to

1_2k
==L 2 18
A 22 2kj(Ad) (18)
J
1k, -
LENLIY 19
2N2A (19)
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Comparison of the optimized geometries of the three lowest singlet states of p-DMABN for the planar (¢=0°, §=0°) and the twisted (¢=90°, 6=0°)
conformations, in addition to the bond lengths, the average change of bond length of the individual states Ad is given *

Planar conformation Twisted conformation

So S, S; So Ster S,
Bond lengths in A
N-C, 1.164 1.161 1.167 1.164 1.175 1.164
CC; 1418 1.422 1412 1.421 1470 1412
C-C, 1.402 1.415 1418 1.401 1453 1.422
C-Cs 1.386 1.405 1.381 1.391 1422 1.407
Cs-C, 1.422 1415 1.446 1413 1.443 1.420
Cs-N, 1.388 1.365 1.385 1.409 1331 1.407
Ad — 0.012 0.011 — 0.040 0.011

3 For the numbering of the atoms see Scheme 1.

If we evaluate Eq. (19) with an average force constant of
k=500 Nm™! and an average change of bond length of
d=003 A (the average difference between CT and LE
states) then we obtain for eleven bonds (C-H bonds are not
considered here) an internal reorganisation energy A; of
approximately 15 kJ mol ~!. This is of course only a crude
estimation, but it indicates that the calculated TICT state
energies should be somewhat too high. The energy barrier
for the torsion in the excited state should not be influenced
too much, because, as can be seen from Fig. 3, the transition
state for rotation is found at a torsional angle of approximately
60° and the charge transfer character only becomes dominant
for torsional angles larger than 60°. Up to ¢ = 60° an approx-
imately constant error should be made by the calculations
due to the incomplete treatment of reorganisation energy.

3.4. Influence of solvent polarity on the excited state
properties

In Fig. S, the effect of the solute-solvent interaction on the
excited state free energies is shown. The dielectric properties
of the solvents hexane, diethylether, methylenechlorid, and
acetonitrile were used in the calculations. As described above
for the electronic ground state, the torsional and the pyrami-
dalisation angle were varied systematically ( 10° steps) and
for each ground state optimized conformation the solvation
free energies of the lowest excited singlet state calculated by
means of Eq. (1). In addition, the conformational distribu-
tion was determined for this state assuming a Boltzmann
distribution law. It should be mentioned explicitly that the
excited state free energies correspond to the completely sol-
vent relaxed state, but with a solute geometry equal to that of
the equilibrium ground state solute conformation.

The free energy of the more polar 'L, state is lowered more
by solvation than the free energy of the 'L,. But, this stabi-
lisation is not sufficient in hexane (€= 1.8863) to bring down
the 'L, below the 'L,. The crossing of the two surfaces is,
however, shifted from ¢=60° in vacuo to 40° because of the
opposite change of the dipole moment of these two: states
with increasing angle ¢ (cf. Fig. 3). The planar or only

slightly twisted conformation is energetically preferred. The
free energy of rotation including the change of electronic
state is reduced from 75 kJ mol ~! in vacuo to 21 kJ mol .

In diethylether (€=4.335), the 'L, state is already the
lowest excited state independently of the conformation of the
dimethylamino group. As has been shown in the previous
section, the dipole moment of ihis state is much larger for
conformations around ¢=90°. Therefore, the solvation of
this state must be considerably larger for torsional angles
around 90° than for the planar conformation. The energy
difference between the planar (¢=0°) and the twisted con-
formation (=90°) is essentially zero. Thus, a considerable
amount of excited p-DMABN should be found in the twisted
conformation, provided that rotation is fast enough in com-
parison to other relaxation processes.

This described trend continues in the more polar solvents
methylenechloride and acetonitrile. According to the results
of the calculation, the majority of the excited p-DMABN
molecules should relax to a twisted conformation in methy-
lenechloride (€=8.93). In the very polar acetonitrile
(€=35.94), practically all excited molecules should end up
in the twisted conformation.

The potential energy surfaces displayed in Fig. 5 suggest
that for all solvents a planar dimethylamino group is ener-
getically preferred independently of the ado=ted torsional
angle ¢. For a more quantitative analysis we can, iherefore,
restrict ourself to calculations with a fixed pyramidalisation
angle of 6=0°. This restriction was applied in many earlier
theoretical studies, but has not yet been proven to be valid.
The results of our SCRF calculations describing the effect of
a variation of the torsional angle in steps of 5° are given in
Fig. 6. The reaction free energies A G for a torsion from ¢ =0°
to 90° in the lowest excited state and the related activation
free energies AG™ are summarized in Table 4.

In hexare, the potential energy curve of the 'L, state lies
for small torsional angles below the potental energy curve
of the 'L, state. Besides the global minimum at ¢=20° no
other minimum is found. Especially, the 'L, state has a max-
imum at ¢=90°. The energy needed for torsion (including
the change in electronic state) is 21 kJ mol ~*. Changing to
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solvents of medium polarity, the 'L, state is already lowered
below the 'L, state for all torsional angles. Further, a second,
local minimum appears at ¢ =90°, which is only 1 kJ mol ~!
above the giobal minimum at ¢ =35°. Since in the ground
state, torsional angles around 0° are preferred, a more or less
planar conformation should be populated shortly after exci-
tation. The calculated activation free energy for the torsion is
small enough (6 kJ mol ') to allow the establishment of a
rapid equilibrium between conformations with anearly planar

and a twisted conformation. In polar solvents, the twisted
conformation represents the global minimum in the potential
energy curve. In methylenechlorid, the free energy difference
is negligible (0.5 kJ mol ~'). Again, the activation barrier is
small enough (6.5 kJ mol ~') to allow the formation of a fast
equilibrium between both conformations. In the very polar
acetonitrile, the twisted conformation lies already 6 kJ mol ™!
below the planar one, the thermodynamic equilibrium is
therefore almost totally shifted to the twisted conformation.
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Table 4

Dependence of AG* *, AG ®, and ground and excited state dipole moments of p-DMABN on the solvent polarity.

Solvents AG” (kjmol™") AG (K mol™") B (X107%CM) g, (X107°CM)  pg,q (X107%Cm)
Vacuum - 75 19.1 — 494
Hexane -— 21 226 — 511
Diethylether 59 Ll 228 395 521
CHCl, 6.4 -05 236 408 526
CH,CN 5.1 -6.1 242 41.6 530

2 AG* is the activation free energy for the torsion from the planar to the twisted geometry in the lowest excited singlet state.

® AG is the reaction free energy for TICT state formation.

This is even more true, if the reorganisation energy is taken
into account. Thus we can assume that in this solvent emission
only occurs from the twisted conformation.

It is interesting to compare the calculated reaction free
energies with experimental results. From ps time-resol- ~d
fluorescence measurements Hicks et al. [61] deduced reac-
tion free energies between the two emitting states ranging
from 4 kJ mol ™" in medium polar to —7 kJ mol ' in very
polar solvents. Similar results were obtained by Heisel and
Miehé [62] ( —4to —7 kI mol "' in nitriles) and by Leinhos
etal. [12] ( —10kJ mol ™' in toluene). A different approach
was used by Polimeno et al. [38] who simulated the emission
spectra of p-DMABN in a variety of solvents. According to
their results, the reaction free energies decrease from 27 kJ
mol ™! in nonpolar hexane to 2.0 kJ mol ! in diethylether
and — 17 kJ mol ™! in acetonitrile. Altogether one can state
that our results compare favourably with these experimental
findings, whereas most other theoretical studies report much
too large reaction free energies (between — 50 and — 100 kJ
mol ~'). The only exception is the ab initio CI-MC study of
Kato and coworkers [30,31] who obtained a reaction free
energy of AG= —7.2 kI mol ! for p-DMABN in water.

The experimental results regarding the height of the acti-
vation barrier between normal and anomalous fluorescing
states are more controversial. Hicks et al. [61] report a con-

siderable barrier which varies between 45 kJ mol ™' in
medium polar solvents to 17 kJ mol ~! in very polar solvents.
In contrast, other groups (Heisel and Miehé [62], Braun and
Rettig [63] ) deny the existence of a solvent polarity depend-
ent barrier. Leinhos et al. [ 12] report a barrier of 7 kJ mol !
in toluene. The activation barrier calculated by Kato and
coworkers [30,31] is approximately 7.5 kJ mol ~! (in water).
A comparison of the experimental results with the theoretical
calculations presented here is only in so far possible, as the
calculation neglects dynamic solvation effects. Therefore, the
calculated activation barrier can only be an approximation of
the experimental activation energy {35-37].

3.5. Calculated absorption and emission energies

Using the method outlined in Section 2.2, emission ener-
gies were calculated for the different conformations along the
torsional coordinate. The results are given in Fig. 7 in which
the experimentally observed emission energies are indicated
(hatched areas) for easier comparison.

Two distinct ranges can be seen in which the experimental
and the calculated emission energies coincide. In the first
range with torsional angles between ¢=0° and 45° are the
calculated transition energies equivalent to the energy of the
normal emission. The second range, which can be assigned



P. Gedeck. S. Schneider / Journal of Photochemistry and Photobiolegy A: Chemistry 105 (1997) 165-181 177

= EAAAAAANS
o B — ] = \
b o
= IO
et SOOI

Fig. 7. Calculated emission energies of p-DMABN as a function of solvent polarity and torsional angle . The emission energy of the lowest excited S, state
is drawn with a thick line. The range of the experimentally observed emission energies (maximum + 1000 cm ™! is hatched:

wzzZ
normal,

AN
anomal fluorescence.

In all calculations, the dimethylamino group was kept planar (6=0°).

to the anomalous fluorescence, spans torsional angles ¢
between 70° and 90°. This observation, combined with the
results of the previous section, clearly demonstrates, that the
predictions of the TICT-mode! are confirmed from the cal-
culations for p-DMABN.

So far, the results of the SCRF-CI calculations show that
normal emission occurs from excited molecules which have
amore or less planar conformation (¢ <45°). The anomalous
fluorescence can be assigned to molecules with a twist angle
of more than 70°. Based on this consideration, we can carry
out amore elaborate comparison with experimental data from
a larger variety of solvents. In Table 5, the experimentally
observed absorption and emission energies are compared
with the calculated transition energies for two distinct con-
formations: (i) a planar conformation (¢=0° 6=0°) was
used to calculate the absorption and emission energies of the
normal fluorescence, (ii) a twisted conformation (¢ =90°,
0=0°) was assumed to estimate the energy of the anomalous
fluorescence.

To allow for a better comparison, the results are shown in
addition in Fig. 8 in the form of a Lippert-Mataga piot *. The

3In the Lippert-Mataga plots the f-values were calculated from the
following equation [64]: f(en®)=(e—1)/(2e+1)—(1/2)n*—
(1/2)n?+1.

calculated absorption energies are approximately 6000 cm !

below the experimentally determined values. The origin of
this difference could be found either in an incomplete selec-
tion of configurations in the CI calculation or in a general
failure of the applied hamiltonian. Evidence against the latter
reason is the fact that the calculated energy difference of S;
and S, state of the isolated molecule is in good agreement
with the result of the ab initio (CAS) SCF calculaton by
Sobolewski and Domcke [23] (ab initio: 3050 cm ™!, AMI:
3400cm ™). Also in good agreement is the calculated charge
distribution in these two states which is of course important
for a proper estimate of the solvation effect.

The absorption energies to the 'L, state show almost no
dependence on the solvent polarity, whereas the transition to
the 'L, state experiences a bathochromic shift of 1000 cm ™!
upon changing from hexane to acetonitrile. The scattering of
the experimental data as well as the small energetic difference
between the two lowest, locally excited singlet states do not
allow a more detailed discussion.

The agreement of the experimental and theorctical emis-
sion energies (Fig. 8) appears to be almost perfect. This fact
should not be overestimated, since the contribution of the
internal relaxation to the Stokes shift is not included in the



P. Gedeck, S. Schneider / Journal of Photochemistry and Photobioiogy A: Chemistry 105 (1997) 165-181

178
Table 5 o . .
Comparison of experimental [3] and calculated absorption and emission energies of p-DMABN
Solvent Experiment Theory

Absorption (cm™") Emission Absorption Emission

Normal (cm™!) Anormal (cm™') e=0°(cm™") ¢=0°(cm™") ©=90°(cm™')

Hexane 35550 29050 — 28 840 28 810 27220
Benzene 34420 28350 sh 28730 28 730 26 830
CCl, 34400 28 150 — 28780 28 760 26 820
Diethylether 35150 27850 24450 28 580 27990 23820
CHCL - — — 28 260 27 730 23 580
Ethylacetate 34700 27550 22900 — — —
CH.Cl; 35800 27500 23200 27910 27130 22 140
Pyridine 33900 27400 22200 27620 26 870 21 850
Nitrobenzene - — — 27320 26510 21180
Acetone nm 27 600 — 27800 26 760 21030
DMSO - —_— —_ 27449 26 520 20930
Ethano! 34 000 — 21100 27650 26 540 20 880
Methanol 34450 - 21050 27680 26 480 20610
CH,CN — — — 27220 26610 20 620
H,0 - — — 27570 26 330 20 310

* For a graphical representation see the Lippert-Mataga plot of Fig. 8.
sh: shoulder; nm: not measurable.
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Fig. 8. Comparison of experimental and calculated absorption (top) and
emission (bottom) energies of p-DMABN in a Lippert-Mataga plot. Sym-
bols used: Absorption: Experimental data: @ absorption maximum. Calcu-
lated data: absorption (1 'L, « Sg, O 'Ly, « S;.. Emission: Experimental data:
©® normal, B anomal fluorescence. Calculated data: O normal (¢=0"),
O anormal (9 =90°) fluorescence.

calculations. (To correctly take this into account would
require the optimisation of the individual excited states which
is not easily possible in the present form of the program.)
The coincidence between absolute values of calculated and
experimentally observed emission energies is thus due to a
compensation of errors in absorption energy as discussed
above and the Stokes shift due to the geometrical relaxation
of internal coordinates other than those of the dimethylamino
group considered in this work. Further changes in absolute
transition energy could result from a possible variation of the
scaling factor relating the chosen cavity size to the van der
Waals surface. In accordance with previous studies on other
systems [44], we have chosen a value of 1.1. What is more
important than absolute values, is, however, that the experi-
mentally observed difference between normal and anomalous
fluorescence and the solvatochromic shift of both transitions
is very well reproduced. This implies that the course of the
potential energy curves along the selected internal coordi-
nates is well described.

4. Discussion
4.1. Comparison with other calculations

As was already mentioned, several methods had been used
in the past to calculate the photophysical properties of
p-DMABN. In order to form an opinion of the different cal-
culations, it is useful to look at characteristic properties of the
photophysical processes involved. In particular, the extent of
the selvatochromic shift of the normal and anomalous fluo-
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Fig. 9. Comparison of excited state free energies of different studies. In each
individual diagram, the energetics of the planar conformation are given on
the left, those of the twisted on the right. The energies of the solvent-
equilibrated states are indicated by a solid line. The Franck—Condon none-
quilibrium state is shown by a dotted line v,: normal emission, v,; anomal
emission. Information taken from Lipiiiski et al. [24], Gorse and Pesquer
[29]}, and Broo and Zemer [29].

rescence is of interest, since the latter can be easily compared
with experimental data. Furthermore, the solvent polarity
dependent amount of energy relaxation after an absorption or
emission event should be considered here. With increasing
polarity of the solvent, the energy difference between the
initially formed Franck-Condon and the equilibrated state
should increase. In addition, this energy difference should be
larger for the emission than for the absorption process and
larger for the anomalous than for the normal fluorescence. To
allow for an easier comparison, these characteristic quanti-
ties, calculated with the different methods, are displayed in
Fig. 9.

The first calculation that took solvent effects into account
was carried out by Lipiriski et al. [24] using the INDO/S-
CI. As can be seen from Fig. 9, their method gave almost no
difference between the Franck-Condon and the correspond-
ing solvent relaxed state. This neglect of nonequilibrium sol-
vation has an important consequeiice. To reproduce the
experimental solvatochromic shift, the calculated stabilisa-
tion of the TICT state must become larger. Therefore, the
calculated reaction energy for twisting in the excited state
rust tuiin out to be too large (=35 ki mol ™ ?).

The same line of argument is true for the CNDOQ/S-CI
calculations of Majumdar et al. [25]. They calculated a sol-
vatochromic shift of the anomalous fluorescence that is more
than twice as large as the experimentally observed shift.
Again, the calculated stabilisation of the TICT state in polar
solvents must be too large ( =80 kJ mol ™).

Soujanya et al. [ 26] applied, like we did, the AM1 method
for the calculation of the excited states. To determine the
absorption energies and the solvation energies of the different
states they used the same approximations as Majumdar et al.
{25]. The fluorescence energy was, however, calculated as
the difference between the energies of the equilibrium sol-
vated s:ates. This procedure is not correct, since in order to
be consistent, a similar equation as for the absorption process
should have been used (Eq. (2) in [26] ). As a consequence,
their calculation does not treat the solvent relaxation cor-
rectly. The calculated solvatochromic shift is twice as large
as experimentally observed. The energy of TICT state
formation is = 100 kJ mol ',

The solvaton model was first employed by Marguet et al.
[27]. Recently, Gorse and Pesquer [28,29] extended the
method to allow for the calculation of electronic transitions
in solution. To understand their results, it is worth to describe
the model more closely. A so-called solvaton is associated
with each atom. In the calculation of the equilibrium solvation
energy the charge of the solvaton is chosen as the opposite
of the charge of the associated atom. The interaction between
the solvaton and the atoms is controlled by an effectiveradius,
which can be used as a scaling parameter to adjust the cal-
culated results to the experimental data, as was done by Gorse
and Pesquer. The calculated relaxation energies turn out to
be almost independent of the solvent polarity (see Fig. 9). In
particular, in norpolar solvents, where they should be very
small, they are too large. This can be understood by looking
at the method that the authors employed to calculate the
solvation energy of the Franck-Condon state S formed after
the transition S « S,. Gorse and Pesquer assumed that the
solvaton charges used for the calculation of SfC are solely
determined by the charge distribution of the state S,. The
relaxation of the electronic polarisation is not treated at all.
As a consequence the calculated emission energies are too
small. This also implies that the calculated solvent stabilisa-
tion is overestimated.

Finally, we have to consider the results of Broo and Zerner
[1]. They included the influence of the reaction field in a
spherical solvent cage in the Feck-operator. With different
modifications of the operator they were able to calculate the
energies of Franck—-Condon and relaxed states directly.
Although they differentiate between electronic and orienta-
tional polarisation, the differences in relaxation energies
determined from their calculated excited state and transition
energies show a strange solvent dependence. In nonpolar
solvents, the relaxation energy turns out larger than in polar
solvents (see Fig. 9). Further, the energy calculated for the
normal emission is on the average 2000 cm ™' larger than
experimentally observed, while the anomalous fluorescence
is always too low in energy by 200-5400 cm™'. Taken
together, this indicates, that the relative energies of the excited
states cannot be correct. Especially the solvent stabilisation
of the TICT state should be overestimated by Broo and
Zerner.

4.2. Discussion of the various models

As was already mentioned, various models have been
proposed to account for the photophysical behaviour of
p-DMABN. The first explanation by Lippert et al. [2,3] was
based on the difference in dipole moment of the 'L, and 'L,
state, respectively. In more polar solvents, the 'L, state is
more strongly stabilized than the less polar ‘L, state and
consequently shifted below the latter one. This predicted
behaviour is in accordance with our numerical results. The
calculated transition energies between the down-shifted 'L,
and the corresponding Franck-Condon ground state do, how-
ever, not experience the experimentally observed batho-
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chromic shift (Fig. 7). Therefore, a significant alteration of
the geometry must occur upon transition to the anomalous
emitting state.

One intramolecular relaxation pathway that was proposed
by Schuddeboom et al. [13] is the increase of the pyrami-
dalisation angle of the dimethylamino group and connected
with this a possible charge separation in the excited state. Our
calculation clearly show, in accordance with other theoretical
studies [29], that this does not occur (see Fig. 4). Also, no
significant change of the charge distribution on planarisation
of the amino group was observed.

However, the result presented above, demonstrate that tor-
sion of the amino group accompanied with a rehybridisation
(planarisation) of the amino group is a possible variation in
geometry which produces a charge transfer (TICT) state,
whose characteristics are in accordance with experimental
findings. It must, however, be stressed that, in contrast to
previous theoretical studies, the energy of formation of the
TICT state is rather small ( —6 kJ mol ~! in CH,CN). There-
fore, both the activation barrier and the energy of formation
of the TICT state are sensitively dependent on structural
parameters. This is refiected by SCRF calculations within
the same set of approximations applied to p-(amino)-
benzonitrile (p-ABN) and p-(imethylamino)-benzonitrile
(p-MABN). They predict that TICT formation should not
occur in p-ABN for energetic reasons (AH =25 kJ mol~ !
E,=35 kJ mol™') and should be kinetically hindered
in p-MABN (AH=—12 kJ mol™}, E,=10 kJ mol™')
[65,66). Similar statements can be made for m-(dimethyl-
amino)-benzonitrile (m-DMABN) and 3,5-dicyano-di-
methylaniline (DCDMA) [65,66]. Without putting too
much emphasis on the absolute numbers, the presented exam-
ples should demonstrate the point that a comparison of the
fluorescence behaviour of p-DMABN and that of any of the
other model compounds cannot provide absolute evidence
for or against the validity of the TICT model in the case of
p-DMABN. Slight structural changes can alter the energetics
of the cxcited state significantly. This is also true, in our
opinion, for the observation by von der Haar et al. [16,17]
that larger alkyl groups on the amino nitrogen can cven
increase the yield of the CT state. Photoinduced isomerisation
of several compounds on a (sub-)picosecond time scale
[61,67,68] gives clear evidence for fast intramolecular rota-
tion provided the driving force is large enough. In accordance
with our experience [65], Sobolewski and Domcke [23]
pointed out that the energies of the locally excited states ( C,, -
symmetry) are sensitive to alkyl substitution and so are the
dipole moments. This means that the course of the potential
curve will be different for the isolated molecules and even
more so in solution, since the solvent cage has a different
size.

Sobolewski and Domcke [23] studied the stabilisation of
that CT state, which is formed by transfer of an electron from
the aniline 7-electronic system to the in-plane quasi #*
orbital of the cyano group (see Scheme 3c), accompanied by
a bending of the cyano group. They proposed that due to the

large dipole moment this state could become important in
polar solvents. Whereas the vertical excitation energy to this
state is about 7.2 eV for the ground state optimized geometry,
the nonvertical energy difference reduces to about 4.5 eV
(p-DMABN) and 4.63 eV (p-ABN) when the cyano group
is bent ( =120°). In the isolated molecule this state, with a
dipole moment of 54.8X107%° Cm (p-DMABN) and
44.4%107%* Cm (p-ABN) is consequently only 0.37 eV
(p-DMABN) and 0.46 eV (p-ABN) above the 'B; state. In
the ground electronic state, the destabilisation due to rehy-
bridisation is about 1.17 eV. Both data combined yield
a transition energy for CT fluorescence of 3.33 eV
(p-DMABN) and 3.46 ¢V (p-ABN). We have performed
SCREF calculations by systematically varying the torsional
and the cyano bending angle of p-DMABN in order to study
the solvent dependence of the planar intramolecular charge
transfer state [66]. Accorcing to these preliminary calcula-
tions, the solvent stabilisation of this CT state is not even in
acetonitrile large enough to lower its energy beneath the low-
est locally excited state in the planar ground state geometry.
A definite conclusion about the possible role of such a planar,
but bent CT state can be made only after the effect of intra-
molecular relaxation of the other internal coordinates is
included in the caiculation.

5. Conclusion

The results presented in this contribution demonstrate that
the SCRF model is suited to calculate the effect of solvation
on ground and excited state ¢nergies and dipole moments.
This is especially true if the variation of these quantities with
changes in molecular geometry are to be estimated since the
solvent cavity is shaped according to the van der Waals
surface.

The modelling of the electrostatic solvent—solute interac-
tion via the coulombic interaction between a surface charge
density and the solute-s charge distribution allows an easy
distinction between the effects of electronic and orientational
polarisation and thus provides a convenient basis to study the
interplay between intramolecular and solvent relaxation. The
most important improvement with respect to fluorescence
solvatochromism is the modelling of the solvent-equilibrated,
geometrically relaxed excited state and that of the Franck-
Condon ground state.

The results obtained for p-DMABN are in {avour of the
TICT state being the source of anomalous fiuorescence. But,
in contrast to previous theoretical studies, the calculated
energy of formation of the TICT state is rather small. TICT
state formation can therefore easily be influenced by struc-
tural changes. From this, it becomes evident that TICT for-
mation must not be considered an a priori decay channel
which is necessarily important whenever an aminogroup
linked to an acceptor is capable of undergoing internal
rotation.
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