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Summary. A self-consistent reaction field (SCRF) method that accounts for full
electronic relaxation of the initial and final state in an electron transition is derived.
The absorption and emission spectra of p-N,N-dimethylaminobenzonitrile
(DMABN) and 6-cyanobenzquinuclidine (CBQ) are calculated in different solvents
as a test of the method. The results from the fully relaxed SCRF method compare
very well with results from a first-order relaxation SCRF model as well as with the
experimental absorption and emission spectra of the two molecules considered in
detail in this work.
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In this paper we develop a method to calculate absorption and emission electronic
spectra that accounts for full relaxation of the solvent electrons. The method is
formulated in a self-consistent reaction field (SCRF) fashion. Recently Karelson
and Zerner presented a paper in which the solvent relaxation was treated in
a perturbative way [1]. In this paper we will follow the derivation in Ref. 1, but
allow the wave function to fully relax in the field created by the electronic
transition. The method of full electron relaxation SCRF has previously been used
by Broo and Larsson for absorption spectra [2a] and later extended to account for
an elliptical cavity shape [2b] and to treat emission spectra [2c]. However, no
derivation of the method was given in those works, In the present work four
different approaches are considered, in analogy with the work of Karelson and
Zerner [1].

Among the most studied emission spectrum is certainly the dual fluorescence
found in para-dimethylaminobenzonitrile (DMABN), Fig. 1. Lipert et al. [3]
originally observed the phenomenon and assigned the two bands to two different
electronic states, one strongly polar (*La) and a second less polar (*Lb). Latter
Khalil et al. [4] ascribed the phenomenon to excimer formation in the excited state.
A third explanation was put forward by Rotkiewicz et al. [5], in which they
assumed that the emission occurred from two different conformers of the excited
state, one planar coformer (B*) and one in which the dimethylamino group has
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Fig. 1. A possible scheme for the TICT state formation in DMABN. The absorption takes place from
the planar conformer (B — B*). The planar excited state can either decay radiatively (k;g+) or non
radiatively (k,, p+) to the ground state or it can undergo a conformation change to the perpendicular
conformer. The conformation change is observed to be temperature dependent. The twisted excited
state can decay radiatively (k;,+) or nonradiatively (k,, A+)

NE=C N Fig. 2. 6-cyanobezquinuclidine (CBQ)

rotated 90° and is perpendicular to the benzonitrile plane (A*). They described the
excited state as a twisted intramolecular charge transfer (TICT) state. The reaction
scheme for the TICT model for DMABN is depicted in Fig. 1.

Today the latter explanation is commonly accepted [6] but new alternative
explanations of the dual fluorescence of DMABN are still being put forward. In
one alternative interpretation of the dual fluorescence of DMABN the N-inversion
vibration mode of the dimethylamino group is assumed to decouple the cyano
lone-pair from the n-electrons of the phenyl ring [7]. However, neither the results
from our work nor the results of a CASSCF/CASPT2 by Roos and coworkers [8]
support this alternative explanation without a rotation of the dimethylamino
group.

An experimental “proof” for the TICT mechanism was obtained when
Rotkiewicz et al. [9] synthesized and characterized the photochemistry of 6-cyano-
benzquinuclidine (CBQ). CBQ is an analog compound to DMABN in which the
amino group is fixed in an orthogonal conformation with respect to the benzonit-
rile plane, Fig. 2. The fluorescence spectrum of CBQ has just one broad band at
about the same energy as the low energy band (A*) in the fluorescence spectrum of
DMABN. The absorption and fluorescence spectra of DMABN and CBQ are
calculated as examples of how the fully relaxed SCRF method propose here works.

1. The electronic relaxed self-consistent reaction field method

In the self-consistent reaction field model [10-12] we assume that the solvent can
be represented as a structureless continuum. The dielectric properties of the
continuum are represented by the static dielectric constant ¢ and the high-fre-
quency dielectric response, set equal to the refractive index squared, n?. The solute
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Fig. 3. DMABN in the solvent free cavity
used in this work. The shaded area
represents the solvent (dielectric)
characterized by dielectric ¢ and index of
refraction n

is embedded in a solvent-free cavity. The cavity can be of arbitrary shape but in the

work proposed here we consider the case of a sphere with a radius a, see Fig. 3.
Assuming the solute is separated from the solvent by a sphere of radius q,

Kirkwood [13] derived a closed expression for the interaction free energy

Eim=—1/7-z Z g1 M, My, 1)

I m=-]1
g1(e) = Gmeo) {(! + (e — D/L( + e(l + 1)a® + 1]} @
The second term in the series is the dipole term [14] and is given by
Eiiz = —3{2(e — D/[(2e + Da*1}#? = —3g(op?, (3a)
ge) = gi(e) = g(D') + g(n?). (3b)

Equation (3b) defines D’ as the differnce between the equilibrium dielectric constant
and the high-frequency dielectric constant,

Although this can be generalized to include higher moments of Eq. (1) [15, 16],
we explore only the dipole term here.

Consider an uncharged molecule in solution that absorbs light. We assume that
the initial state is in equilibrium with the solvent, and is stabilized by the solvent
(— g(e)u?/2). If we further assume that the absorption or emission process is
instantaneous, then only the electron polarization reacts and the final state is
destabilized due to the change of charge distribution (g(n?)(p;- p; — pi- ps)/2),
where subscript i refers to the initial state and subscript f, to the final state. The
absorption or emission process is generally very fast and the solvent nuclei have no
time to rearrange in the new charge distribution. This is model A of Ref. [1]. The
energies of the initial and final states are given by

E, = E} = 3Dl ul> - il i) — 3 Gl mld - il sy, (9)
Ev,; = E$ —4g(D") <Yl mlryy - il g — 2gn®) il - gl . (9)
The energy difference between the initial and final state is given by
AE=E, ,—E,;
= E7 — E? — gD [¥sl s> - il > — Wil sy - <dil i) ]
— 2Ll - Wl nlY> — Yl plgd - Wl > 1. (6)
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This is the targeted energy difference for either models A or B. As we will discuss
below, it is not the only way to view the process of absorption or emission.

Consider the Schrodinger equation of a molecule interacting with an electric
field R,

H|\¥)=H"—p-RIY) (7a)
In our case, R is a reaction field as given below:
H|¥) = [H® — g(D) Yl pli) - — 3gm) [0l mled + bbb 1 119D
=W|¥> (7b)
with corresponding Fock operator given by
JaR) = (k) — g(D) Wil iy - pk) — 2g () (Wil ) + sl el D] - (k)
&)
and the orbital equation
JaR) ¢(k)> = &;] ¢;(k), )
The energy difference between initial and final states using these equations is given
by
AEqm = Wy — Wi = (Y [HO| ¥ — (| HO | ¥,
— gDV s> - il Wiy — Wil pley - <Yl i) ]
=39 [Yrluls > - Yl > = Qulplyd - Yalulyid]l (10)

AE,,, is not the original energy difference AE. AE represents the energy of the
solute and the solvent. Equations such as (1)—(6) are derived under the assumption
that the wave function is separable into solvent and solute parts. Equation (7) only
considers the quantum mechanical part and W therefore represents the energy of
the solute and its interaction with the solvent [1]. We must add to 4E,, the
term

Ay con = = 3g(D") Wil 19 - [l s> — <Pl ml¥id], (11
/ 4E = AEqm + AEsolv costs (12)

where AE,;, ...: may be viewed as the difference in energy between the final and the
initial states that the solvent lost in dissolving these two states of the solute.

An alternative way to derive a Fock operator is to require that the total energy
of each state be given directly by Egs. (4) and (5). This leads to a Fock operator
given by (model B of Ref. [1]).

Jolk) = (k) — 3g(D") il > - m(k) = 39 () LWl mlid + Url s 1+ k).
13)

With this approach, the energy difference AE is obtained directly from the quantum
mechanical calculation.

Another way to view the absorption or emission process is to assume that the
electrons of the solvent are in equilibrium with those of the solute during the entire
absorption (or emission) process. This leads to equations in which both ground and
excited state see a “mean” field. The Fock operators for this mean field approach
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are then given by (models Al and Bl of Ref. [1]).
Jarlk) = £O(k) — g(D) Pl ) wik) — 2g(n®) [l > + il mlis ) 1m(k),
(14)
Jor (k) = £O(k) = 2g(D) Yl s> k) — 2g(*) [l > + gl 1K),
(15)

Since the Fock operators, for all four models depend both on the wave function
itself and the (dipole) moments of the initial and final states the problem is solved
by an iterative scheme.

In our implementation one assumes for the first cycle that the excited state of
interest has zero elements, (/| p|y,> = 0, and uses the SCF ground state dipole
moment for (y;|p|y;>. The CI then yields values for (Y | pulv, > and |l
which are then used for an SCF-CI cycle. This procedure is considered converged
when the change in the ground and excited state dipole moments are less than 10~
Debye. By this criterion the transition energies are converged to within 1 cm™?.

This procedure works on a pair of states, [i;> and [/, ), at one time; that is,
|¥; > and |y, > are coupled. The states obtained in each calculation are orthogonal,
Yt y! > =0, but there is a different | y{ ) for each final state considered. Here the
superscript refers to a particular final state used in forming the Hamiltonian, and
this orthogonality problem arises as we are using a different Hamiltonian for each
pair of states. In practice, (Y |yf' > > 0.99 for all the cases we have examined.
Similarly Yf|yf:> #0 for f# /7, but their overlap is generally small. These
observations suggest, as we will see in the next section, that the first-order theories
Al, etc, yield results that are similar to these results in which the electronic
polarization is allowed to completely relax. In these first-order theories a single
diagonalization of a CI matrix is corrected for electronic polarization, and all states
obtained remain orthonormal.

Equations (8), (13)—(15) yield 4E directly. They are iterative in nature to do so.
A simpler model uses the Fock operator [1]

falk) = F(k) — g(&) Yl ul¥i) (k) (16)
or
fo(k) = Fa(k) — g@) il ul i) p(k)/2 (17)

for all states |y, >. These operators yield a system described by |i;> in complete
equilibrium with the solvent. These yield for 4E,,,

AEqm s =P H| W, ) — (HIHO Y
— g@<Wilulbiy - (sl s> — il uli)) (18)

and
AE 5 = (Vo HO |, — (W HO | P,
— g@<Wilplyd - (Yrlplhsd> — bilulyid)/2, (19)

respectively, to which corrections must be added to yield Eq. (6). Simply adding the
terms without correcting the wave function (i.e., using the wavefunction from Eqgs.
(16) or (17)) is equivalent to first-order perturbation theory. One of the important
goals of this paper is to numerically check the accuracy of this much simpler and
much faster “first-order” approximation, at least for absorption spectra. For
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Table 1. Comparison of calculated geometries with the crystallographic geometry

Bond Ground state INDO/1 INDO/1
lengths ROHF ROHF
(A) HF STO-3G CASSCF INDO/1 Exp. exc. 0° exc. 90°
(Ref. [21]) (Ref. [8]) (Ref. [20])
N1-C2 1.157 1.157 1.200 1.145 1.214 1.288
C2-C3 1.458 1.446 1.424 1.434 1.387 1.449
C3-C4 1.394 1.399 1.402 1.388 1451 1.451
C4-C5 1.379 1.391 1.389 1.370 1.354 1.433
C5-Cé6 1.402 1.406 1.407 1.400 1.447 1.462
C6-N7 1.446 1.388 1.399 1.367 1.387 1.426
N7-C8 1.486 1.460 1.422 1.456 1.422 1.434
Angles (degrees)
C3-C4-C5 120.8 120.0 121.0 - 120.5 120.5
C4-C5-C6 1211 1214 120.2 - 120.8 1209
C5-C6-N7 121.5 121.3 120.5 - 120.6 120.8
C6-C7-C8 1224 1222 1201 121.6 121.0 1191
C8-N7-C8’ 1151 115.6 119.8 1164 118.1 121.8

Dihedral angles (degrees)
C5-C6-N7-C8 418 21.2 0.0 119 0.0 0.0

emission we would need to replace |;) in Egs. (16) and (17) with |y, ) and attempt
the SCF problem for an excited state. This is often not successful.

2. Calculational details

All calculations have been performed with the ZINDO program package [17]. The
geometry optimization of DMABN and CBQ have been done with the INDO/1
Hamiltonian [18]. The geometry of DMABN was optimized with the C,, sym-
metry restriction. When the C,, symmetry restriction is used in the geometry
optimization, both a planar excited state and a twisted excited state can be
obtained. However, we force the dimethylamino group to be planar with this
choice of symmetry. An optimization of the ground state of DMABN without
symmetry restrictions was also performed to estimate the size of the error we
introduce by restricting the geometry to C,, symmetry. The geometry we obtained
from the latter optimization agrees very well with the C,, symmetry geometry and
the dimethylamino group remained planar. The INDO/1 geometry is compared
with experimental geometries and other calculated geometries in Table 1. The
geometry of the ground state and the first excited state of CBQ was also obtained
from a INDO/1 optimization. No symmetry constraints were used when the CBQ
geometry was optimized. The excited state geometries of both DMABN and CBQ
were obtained using a singlet restricted open-shell Hartree-Fock (ROHF) ap-
proach.

All spectra were calculated with the INDO/S Hamiltonian. All possible single
excitations from all occupied orbits of  type and lone-pair type to all virtual 7*
type and lone-pair* type orbitals were included in the spectra calculations of
DMABN. With this selection of the CI space a total of 257 configurations were
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included in the CI calculation, The CI space for CBQ was obtained in a similar
way and a total of 232 configurations was included in the spectral calculations
on CBQ.

In this work we have used a spherical solvent cavity. The cavity radius is
obtained from the mass density formula [1] and is 3.87 A for DMABN and 4.18 A
for CBQ. With this selection of cavity, the molecules are completely enclosed in the
solvent free sphere.

3. Results and discussion

In Table 2, the calculated absorption spectra of DMABN, in different solvents, are
compared with experimental absorption spectra. The character of the two first
excited states is not changed by the solvent, however, the relative order of the states
is sometimes shifted. The 1'A to 2'A transition is the most intense and is due to
an — n*transition (91% HOMO to LUMO). The transition moment is along the
molecular axis, from the benzonitrile group to the dimethylamino group. The
second transition is alsoa n — n* transition (22% HOMO-1 to LUMO and 76%
HOMO to LUMO + 1). The transition moment is perpendicular to the first
transition moment and is in the benzonitrile plane. The first-order SCRF results
are very close to the results obtained with the fully relaxed theory no matter which
model we use. The largest difference between the calculated absorption energies,
using the two SCRF formulations, is 600 cm ™! (0.07 eV). The mean difference
between calculated absorption energies using the two SCRF theories are for the 'B
state, 183 cm ™! (0.02 eV), and for the 'A state, 100 cm ™ (0.01 eV). The largest
difference of the predicted absorption energies using the two approaches is found
for the 'B state in pyridine solution using model B.

All four methods in both SCRF formulations give reasonable absorption
energies compared to the experimental numbers. The largest deviation from the
experimental energies is found for models A and B. However, the predicted
absorption energies are off at most by 2900 cm ™! (0.35eV) for the !B state in
cyclohexane solution (A(full) method). The mean deviation from experimental
energies for the SCRF [1] theory is 1525 cm ™! (0.19 eV) and for the SCRF (full)
theory is the mean deviation is 1675 cm™! (0.21 eV). All absorption energies are
calculated too low compared to the experimental energies. Thus, the solvent shift is
slightly overestimated. This can be due to too small a solvent radius, or to the fact
that the INDO/1 optimization predicts the dimethylamino group to be the planar.

One test calculation with the INDO/1 geometry and with the experimental
wagging angle of the dimethylamino group (12°) was performed. The wagging
vibrational mode of the dimethylamino group corresponds to a change in hybrid-
ization of the nitrogen atom from sp? to sp*. The predicted energies were shifted up
to higher energies by 1600 cm~! for the !B state and 900 cm ™! for the 'A state
(method A(1), acetonitrile). Furthermore, a small decrease in dipole moment was
observed. These observations argue against the N-inversion mechanism for the
dual fluorescence of DMABN proposed by Zachariasse et al. [7, 23]. However, to
be consistent we kept the INDQO/1 geometry in all further calculations.

The predicted absorption spectra of CBQ in methanol is compared with
experimental spectra in Table 3.

The positions of the absorption maximum of CBQ are almost solvent indepen-
dent. Thus, we have just calculated the absorption spectrum in one solvent. The
small solvent shift is due to the small change in the charge distribution upon
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Table 3. The experimental absorption spectrum is compared with calculated absorption spectra of
CBQ in methanol solution. The experimental spectrum is taken from Ref. [23]

Method  First strong band Second strong band Experimental
Energy  foo M Energy foo o Energy  &na  Energy  gma
(kK) D) (kK) (D)  (kK) (kK)

Methanol

A1) 36.9 030 116 436 024 9.7 35.9 3000 428 4000

A{full) 37.0 0.260 121 436 025 99

B(1) 37.0 0.30 9.3 437 022 178

B(full) 36.9 031 104 436 023 87

Al(1) 3713 030 11.6 438 024 9.7

Al(full) 373 030 108 438 0.23 9.0

B1(1) 373 0.31 9.3 438 022 78

Bi(full) 373 0.31 95 438 022 179

excitation. In the region of 31000-3700 cm™* three weak peaks appear but the
strong peak at 37000 cm ™! overlaps these transitions. The first weak transition
corresponds to a charge transfer from the amino group to the benzonitrile group.
Thus, the transition moment is polarized along the molecular axis. The first two
band maxima have 1 — n* character and the transitions are more localized to the
benzonitrile group. All four methods give good agreement with the experimental
results and the two formulations of the SCRF theory give almost identical results.

The above results give us confidence to apply the fully relaxed theory to the
emission problem. The potential energy surfaces of the ground state and the first
two excited states of DMABN, when the dimethylamino group is twisted, are
depicted in Fig. 4. All states are fully relaxed with respect to the solvent electrons
and the solvent nucleus. Thus, these are the potential energy surfaces for emission.
In the gas phase we predict a small barrier for the twisting of the 'A state
(2.9 kcal/mol); in cyclohexane the barrier is only 0.6 kcal/mol and in the two polar
solvents the barrier vanishes. The INDO method is not expected to give that good
an accuracy that these numbers can be used with great confidence. However, the
trend is in good agreement with the observed facts that in non-polar solvents the
fluorescence spectrum has only one peak (B*), and in polar solvents two peaks.

The predicted fluorescence spectra of DMABN are summarized in Table 4. The
experimental fluorescence spectrum of DMABN in nonpolar solvents has just one
peak but the band shape is unsymmetrical with a broader tail towards lower
energies. Schuddeboom et al. resolved the tail of the emission band in cyclohexane
solution by subtracting the fluorescence spectrum of 4-(methylamino)benzonitrile
[23]. In polar solvents of medium dielectric strength, two separate bands can be
observed and in very polar solvents the A* band dominates and the B* band is
observed as a shoulder on the very broad A* band. Furthermore, the lifetime of the
B* state is very small, in the picosecond region, while the lifetime of the A* state is
in the nanosecond region [23]. The calculated oscillator strengths for the emission
compare well with this picture. The oscillator strength is proportional to the
inverse of the lifetime. All the experimental fluorescence energies correspond to the
band maximum of each peak. In the fully twisted conformer the transition is
completely forbidden and emission would take place more readily from a vibra-
tional excited state (“hot fluorescence™).
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Fig. 4. Potential energy “emission” surfaces for DMABN in gas phase and two different solvents

Table 4. Comparison of calculated and experimental fluorescence spectra of DMABN. Experimental
number from Ref [22] and references therein, and from Ref. [23]

Method Planar (B*) Twisted (A*) Experimental
Energy Jose Energy Sose Energy Energy
(kK) (kK) B* (kK) A* (kK)
Cyclohexane
A(full) 30.6 0.75 229 0.00 29.0 26.0
B(full) 30.6 0.75 22.9 0.00
Al(full) 31.6 0.73 25.8 0.00
Bi(full) 31.6 0.73 258 0.00
Pyridine k
A(full) 28.5 0.98 12.5 0.00 274 22.6
B(full) 284 0.83 15.6 0.00
Al{full) 30.2 0.83 20.1 0.00
B1(full) 30.1 0.76 20.9 0.00
Acetonitrile
A(full) 28.8 1.10 9.8 0.00 274 210
B(full) 284 0383 156 0.00
Al(full) 30.1 092 177 0.00

B1(full) 29.7 0.77 . 194 0.00
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Table 5. Comparison between calculated and experimental fluorescence spectrum
of CBQ in different solvents

Method Calculated Experimental energy
(kK)

Energy Sose
(kK) (x 10%)

Isooctane

A(full) 272 1.0 253

B(full) 272 1.0

Al(full) 29.1 20

B1(full) 29.1 20

Methanol

A(full) 21.1 20 213

B(full) 224 1.0 :

Alful) 244 1.0

B1(full) 24.7 1.0

The question then is whether the calculated energies for the A* fluorescence
should be compared with the band maximum or with the low energy limit of the
A* band.

From the potential energy surfaces in Fig. 4 we can conclude that the fully
twisted conformer corresponds to a local energy minimum and every vibration
along the twisting coordinate will increase the calculated fluorescence energy. Thus
we conclude that the energies we calculated for the A* band are the low energy
limit. With the above interpretation of the calculated fluorescence spectra the
agreement between the calculated spectra and the experimental spectra is accept-
able, with an exception for model A.

The geometry of the amino group of CBQ corresponds to the twisted con-
former of DMABN with a wagging angle of about 30°. The experimental
fluorescence spectrum of CBQ has only one band and the position of the
band corresponds to the position of the A* band in DMABN. This was taken as
a proof for the TICT mechanism of the dual fluorescence but both the twisting and
the wagging effect are included in the CBQ geometry. The calculated spectra of
CBQ are compared with experimental spectra in Table 5. The calculated energies
for the fluorescence should correspond to the observed band maximum tabulated
in Table 5. The calculated fluorescence spectra agree well with the experimental
spectra.

Model A gives much too large a shift, especially in acetonitrile. If we assume
that the calculated energy for the A* fluorescence should be compared with the low
energy limit of the experimental spectra, the best agreement between theory and
experiment is obtained using model B.

4, Summary

We have presented a self-consistent reaction field theory that can be used to
calculate both absorption and emission spectra in solution. The solute, or perhaps
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the solute with several specifically bound solvent molecules treated as a super-
molecule, are treated quantum mechanically in a solvent that is treated as a con-
tinuum. The SCRF theory outlined here accounts for full electronic relaxation of
the solvent electrons. The results from the fully relaxed SCRF theory compares
very well with the results from a SCRF theory in which the solvent electrons are
allowed to relax only through first order in perturbation theory.

Both formulations of the SCRF theory give good agreement between calculated
absorption spectra and experimental spectra. The emission spectra of the two test
molecules reported here, as well as others, are reasonably well reproduced.

Our calculations support the TICT mechanism for the dual fluorescence of
DMABN and the wagging vibrational activation suggested by Zachariasse et al.
[7] seems to be less important. This conclusion was also reached by Serrano-
Andres et al. [8] based upon CASSCF/CASPT?2 (gas phase) calculations.
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