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Abstract. Ab initio configuration interaction calcula-
tions have been performed to examine the electronic
structures of both trans-4-dimethylamino-4'-cyanostil-
bene (DCS) and four types of perpendicularly twisted
DCSs, trans-DCS is predominantly excited into the S;
state out of low-lying excited states. The S; state is an
intramolecular charge-transfer (ICT) state in which the
dipole moment is about twice as large as that in Sy. The
excited DCS at the 4-dimethylanilino twisted conforma-
tion, which becomes S; in polar solvents, has a very
much larger dipole moment than that in S; to trans-
DCS. This means that the geometrical structure of the
twisted ICT (TICT) is the 4-dimethylanilino twisted
form, not the dimethylamino twisted one which is well
know from the TICT structure of 4-dimethylaminoben-
zonitrile.

Key words: Ab initio configuration interaction
calculation — 4-Dimethylamino-4’-cyanostilbene —
Push—pull stilbene — Excited states — Intramolecular
charge-transfer state

1 Introduction

4-Dimethylamino-4’-cyanostilbene (DCS), which has
both electron donating and accepting groups, is a typical
push—pull stilbene and is well known to be capable of
photoinduced intramolecular charge transfer (CT) in
polar solvents [1-18]. In spite of much effort to elucidate
the electronic structure and dynamics of DCS in excited
states, there is no widely accepted picture of them. The
recent experimental findings are summarized as follows:

1. In polar solvents, there are two species which are
characterized by red-shifted fluorescence [14-16, 18].
The first species, which is observed in the region
of shorter wavelengths, is instantaneously formed during
pulse excitation, then decays within a few picoseconds.
The second one is formed as the first one decays. In
other words, there is a precursor—successor relationship

between them. The second species has a much longer
lifetime of several hundred picoseconds and its emission
is observed in the longer wavelength region. The emis-
sion wavelengths of the two species and the decay rate
from the first species to the second one are dependent on
the solvent polarity.

2. In nonpolar solvents, on the other hand, only one
excited species is observed [15, 16, 18].

3. The cis—trans photoisomerization, which is fol-
lowed by nonradiative relaxation into Sy at the twisted
conformation, is a competitive route against the for-
mation reaction of the second species in the experimental
findings 1. The isomerization route from trans-DCS to
twisted DCS in S; has only a small energy barrier in the
gas phase [13], while it is practically hindered in polar
solvents [9, 11, 15, 16, 18].

In order to give a reasonable interpretation of the
experimental findings and to establish a new picture of
this reaction, we performed ab initio configuration
interaction (CI) calculations and estimated the free
energy in polar solvents by means of Onsager’s reac-
tion-field model. In order to justify the estimation, we
also performed state-specific multiconfiguration self-
consistent field (MCSCF) calculations combined with a
polarizable continuum model. In the present paper, we
focus on giving a reasonable interpretation of experi-
mental findings 1 and 2 mentioned above based on
ab initio results.

2 Method of calculations

The geometrical parameters of trans-DCS in S, were fully opti-
mized at the restricted Hartree—Fock level with a Huzinaga—Dun-
ning double-zeta basis set augmented by polarization functions on
the N atoms (ag = 0.80) [19]. Then CI calculations were performed
to characterize the electronically excited states as well as the ground
state. Here polarization (¢q = 0.75) and diffuse (x, = 0.0438)
functions were added to the original basis set on the linkage eth-
ylenic two carbon atoms in order to ensure the flexibility of orbitals
derived from them, following the calculation for stilbene [20]. The
configuration state functions (CSFs) taken into account in the CI
calculations were those including up to triple excitations from the
nine occupied n orbitals and the lone-pair orbitals on the N atoms
to the lowest ten unoccupied 7* orbitals and low-lying diffuse un-



446

occupied ones. In order to calculate the free energies in polar sol-
vents, we performed state-specific MCSCF calculations combined
with a polarizable continuum model [21]. We used the GAMESS
program [22] in the present ab initio calculation.

3 Results

First of all, we mention the optimized structure of trans-
DCS in Sy. All optimized parameters are listed in
Table 1. The numberings of atoms and the definition of
the four torsional coordinates are shown in Fig. 1. The
stilbene skeleton including the nitrile group is optimized
to be planar, i.e. 1, = 0° 73 = 180° and 74 = 0°. On
the other hand, the structure of the dimethylamino part
is calculated to be pyramidal, i.e., the wagging angle of
the dimethylamino group against the plane spanned by
the stilbene moiety is calculated to be 32.8° (1 is —2.04°,

Table 1. Optimized geometrical parameters of trans-4-dimethyl-
amino-4’-cyanostilbene (DCS) in S,

Bond lengths (A)

R(C'—C?) 1.3403  R(C'—HY 1.0744
R(C'—C?) 14733  R(C*—H?) 1.0735
R(C*—C% 14022  R(C*—HY 1.0712
R(C*—C) 1.3858  R(C°—HY) 1.0677
R(C°—C®) 14123  R(C™—H) 1.0676
R(CS—C7) 1.4073  R(C3—H®) 1.0733
R(C™—C®) 1.3901
R(C>—C° 14764  R(C'°—H!9) 1.0697
R(C°—C'%) 1.4059  R(C''—H') 1.0709
R(C"—C"! 13867  R(C—H") 1.0707
R(CM'—C"?) 1.3998  R(C™—H'") 1.0717
R(C"*—C"3) 1.3961  R(C'*—H%) 1.0790
R(C"—C') 1.3896  R(C'°—H") 1.0883
R(C*—N'"3 14017  R(C'*—H®) 1.0801
R(NP—C%) 1.4618  R(C'"—HY) 1.0790
R(NP—CV 1.4608  R(C'"—HDY) 1.0885
R(CP*—C" 1.4441  R(C'—H®) 1.0802
R(C'8—N") 1.1405
Bond angles (degrees)
a(/C3C'C?) 127.25 a(/H'C'C?) 118.92
a(/C*C3Ch 124.13 a(/H2C*CY) 119.30
a(/C3CHC?) 121.84 a(/H*C'C) 120.26
a(/COC3CH 121.48 a(/H3CCH 118.05
a(/C'CoC?) 116.73 a(/H'C’C®) 120.81
a(/CPC7CO) 121.06 a(/H3CBC) 118.35
a(/C°C*Ch 126.54
a(/C1°C°C?) 123.69 a(/H'COC?) 120.40
a(LCHCIOCY) 121.05 a(/H''C''C!Y) 119.98
a(/CC'C!Y) 120.35 a(/H3C3C'?) 119.92
a(LC3Ct2Cth 119.36 a(/HMCHCD) 119.15
a(LCHC3C?) 119.96
a(/N'3COC) 121.41 a( H*C'N') 108.87
a(/C'N'C®) 117.08 a(/HPCION') 112.77
a(/CN'C®) 117.03 a(/HEC'*N'%) 110.82
a(,CB3Ct2Cth 120.26 a(/H*C'N') 108.89
a(/NPCEC!?) 180.0 a(/HPCI'N') 112.84
a(/H°C'"N'5) 110.68
Dihedral angles (degrees)
T(/C'NPCeC?)  -21.30 H(MHCIONCY  -177.52
(/CYNPCeC)y  17.19 H(/HCIONCO) -57.04
H(/HCIONCO) 65.01
(/C*C3C!C?) 0.0 H(/H*CINLCO) 179.01
(LC°C*CICY) 180.0 H(/H*CINICO 58.46
r(/crocc?ch 0.0 H(/H*CINICO -63.52

gl clen1o

Fig. 1. Numberings of atoms of 4-dimethylamino-4’-cyanostilbene
(DCS). The torsional degrees of freedom, 7,, 73, and 74 are the
dihedral angles / C*C3*C'C?, /C°C*C!C?, and /C'°C°CC', respec-
tively. 7, is defined by the dihedral angle between two planes of
which the normal vectors are {r(C°C’) x r(C°N'>)} x r(C®N'3) and
{r(N'°C'%) x r(N'>C'7)} x r(CSN'®). 1, at the optimized geometry
of trans-DCS in S is calculated to be —2.04° (not 0°)

not 0°), although in the case of optimization without
polarization functions on the N atoms it is planar and so
is unrealistic. Next we refer to the geometrical features of
bond lengths. The bond length R(C'=C?) is 1.3403 A,
which is similar to a normal C=C double bond. On the
other hand, the bond lengths R(C'—C?) and R(C*—C?%)
are calculated to be 1.4733 and 1.4764 A, respectively;
so these linkage bonds of C'—C? and C>—C?, which are
connected with the ethylenic part and the phenyl groups,
have normal C—C single-bond character and are not
found to shrink due to m conjugation between the
ethylenic part and the benzene rings. The bond lengths
of the benzene skeletons, approximately 1.40 A, take
middle values between normal C—C single and C=C
double bonds, which are similar to those of benzene.
These features of bond lengths are also found in stilbene
[20]. Furthermore, the C*—N' length is 1.4017 A, which
is a value between normal C—N single and C=N double
bonds. This means that the lone-pair electrons on the N
atom of the dimethylamino group are resonant with the
7 electrons of the phenyl group connected with the
dimethylamino one.

Next we mention the electronic structures of low-ly-
ing excited states of trans-DCS at the equilibrium ge-
ometry in Sy. The excitation energies, dipole moments,
oscillator strengths, and the main CSFs of the first five
excited states as well as of the ground state are listed in
Table 2. It can be seen that the first excited-state mani-
fold consists of Sy, S,, and S; because the energy gap
between S; and S, is large. The most characteristic point
about the first excited-state manifold is that the dipole
moment in S; (14.575 D) is about twice as large as that
in Sy (7.243 D). This can be explained by the character of
the molecular orbitals (MOs) relating to the main CSF.
The S, state is mainly described by the single excitation
from the highest occupied MO (HOMO) to the lowest
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Table 2. Excitation energies, dipole moments, oscillator strengths, and the main configuration state functions (CSFs) of trans-DCS at the

equilibrium structure in Sy

Excitation energy Dipole moment Oscillator strength Main CSFs™?
eV) (D)
So 0.0 7.243 0.938(closed shell)
S, 5.030 14.575 1.306 +0.835(1-1") + 0.226(1-2") + 0.157(1-3")
—0.154(2-3") + 0.125(2-1) + 0.117(4-1)
S, 5.372 8.779 0.119 +0.564(4-1") + 0.375(2-2") + 0.372(1-2")
= 0.272(1-3") = 0.204(1-1") — 0.150(2-3")
+ 0.135(4-5") + 0.125(5-2")
S3 5.465 8.645 0.236 +0.474(1-3") — 0.378(1-4") — 0.340(3-1")
+ 0.328(1-2") — 0.249(1-1") + 0.220(3-5")
— 0.158(3-3") + 0.153(1-5") — 0.147(3-4")
+ 0.127(2-4") — 0.124(1-6")
Sy4 6.498 12.161 1.59 x 107 +0.910(1-R) + 0.137(2-R) + 0.121(5-R)
Ss 6.544 9.944 0.056 +0.771(2-1") - 0.243(12-1’2) - 0.126(4-2")

- 0.125(4-1") = 0.120(2-5") + 0.116(5-1)
+ 0.107(5-5") — 0.106(2,1-1",5)
—-0.104(2,1-1%)

#The CSFs with absolute values of configuration interaction coefficients greater than 0.1 are listed. The highest five occupied 7 orbitals and
the lowest six unoccupied 7* ones in the order of energy are designated by 5,4,3,2,1(HOMO),1'(LUMO),2",3’,4",5,6’, respectively. 1-1°
in parentheses, for instance, indicates the CSF of single excitation from orbital 1 to 1’

® R denotes the lowest diffuse orbital

HOMO

Fig. 2. Highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of trans-DCS

unoccupied MO (LUMO). As seen in Fig. 2, the HOMO
has a relatively high electron density in the region of the
4-dimethylanilino group (the dimethylamino group and
the benzene moiety connected with it) as well as in the
linkage ethylenic part, while the LUMO is able to accept
the electron in the region of the 4-cyanostyryl group;
therefore, S; is expected to be an internal CT (ICT) state
in which the electron is transferred from the 4-
dimethylanilino group to the 4-cyanostyryl one. This is
in agreement with the deduction that S; at the Franck—
Condon (FC) region is already an admixture of CT and
locally m 7* excited character based on experimental
findings [11, 14-16, 18]. Another notable point seen in
Table 2 is that trans-DCS is preferentially excited into S,
out of the first excited-state manifold. This is due to the

fact that both the matrix element of the transition dipole
by HOMO-LUMO excitation itself (9.53 D) and the
weight of the CSF derived from HOMO-LUMO single
excitation (0.835) are large. The two results, i.e. the
transition into S; is dominant and the dipole moment in
S, is twice as large as that in Sy at the FC region, imply
that the emission at the FC region is red-shifted in polar
solvents, which is in agreement with experimental find-
ings [14-16, 18].

Next we mention the electronic structures of the four
types of perpendicularly twisted DCSs and discuss the
excited states of these DCSs in polar solvents. The en-
ergy differences and dipole moments of the four (z,—714)
twisted conformations as well as those at the equilibrium
structure are listed in Table 3. The energy differences in
the polar solvent water estimated by means of Onsager’s
reaction-field model are also included. The striking point
is that the dipole moment in S, of the t,-twisted con-
formation (29.569 D) is about twice as large as that in S,
at the FC region (14.575 D) and so S, in the gas phase
becomes a global minimum in S; in polar solvents. On
the other hand, the dipole moment in S at the 7,-twisted
DCS conformation is not large and is similar to that at
the FC region. This implies that the energy difference
between Sy and S; for 1,-twisted DCS is smaller than
that at the equilibrium geometry of the trans form. In
other words, the emission from t,-twisted DCS is more
red-shifted than that at the FC region in polar solvents.
Here it is worthwhile explaining why the dipole moment
in S of 7,-twisted DCS is enormous. The main CSF is
still HOMO-LUMO single excitation (0.841 CI coeffi-
cient). As shown in Fig. 3, the electron in the HOMO
lies exclusively in the region of the 4-dimethylanilino
group, while the LUMO has the character to accept the
electron only in the region of the remaining moiety, i.e.,
the 4-cyanostyryl group; therefore the HOMO-LUMO
single excitation causes the electron to be perfectly
transferred from the 4-dimethylanilino group to the
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4-cyanostyryl one. As mentioned previously, the electron
transfer derived from the HOMO-LUMO single exci-
tation is partly seen even at the FC region just after
excitation from Sy and S;. As 1, increases, however, the
electron transfer from the 4-dimethylanilino group to the

Table 3. Energy differences (¢V) and dipole moments (D) at trans
and twisted conformations of DCS

Trans 7t twisted 7, twisted 73 twisted 74 twisted
So AEE®® 0.0 0.880 0.250 3.675 0.315
M“"V" 0.0 0.935 0.278 3.740 0.327
| il 7.243 5914 6.617 5.636 6.975
Si AEF® 5.030 6.290 5.715 4.866 5.831
AES"“ 4.527  6.106 5.739 4.242 5.770
| il 14.575 10.532 6.696 15.832 8.478
S, AEF® 5372 6.799 6.016 7.486 5.997
AE‘Olv 5.294  6.795 5.920 7.582 6.005
| il 8.779 17.316 9.107 4.678 7.065
S; AEF® 5.465 6.955 6.417 7.588 6.342
AEPY 5395 6.983 6.340 7.721 6.060
| il 8.645 6.588 8.785 3.195 11.934
Sy AEF® 6.498 7.763 6.723 7.728 6.858
AERY 6198 7.771 4.138 7.779 4.792
| il 12.161 7.054 29.569 6.015 26.632
Ss AEF® 6.544 7916 7.182 7.740 7.320
AES"“ 6.398 7.931 6.973 7.829 6.007
| il 9.944 6918 10.961 4.922 21.682
* AEE™ is estimated using AEF® = EF*° — E5*

bAESOlV is estimated using ESOI" = (Eg"S ESO]V) — (E§™ — E°M).
E*"'v = (6 —-1)/(2e + l)x\,u,z\/(4m¢0p ), where ¢ = 78.5 for water,
and p = 4.6 A for the radius of the cavity of DCS taken from Ref.
[15]. Tt is assumed that p is constant for all conformations

Fig. 3. HOMO and LUMO of
T5-twisted DCS

Top View

4-cyanostyryl one is gradually promoted and it is com-
pleted at 7, = 90°. This electron-transfer process can
also be rationalized in terms of the change in charge
populations. The Mulliken charges on each atom for the
three states relating to this process, i.e., Sop and S; at the
FC region of trans-DCS, and S, at the 1,-twisted DCS
conformation, are listed in Table 4. By the electronic
excitation from S, to S; at trans-DCS, the charge in the
region of the 4-dimethylanilino group moves to the 4-
cyanostyryl one by 0.226e. Furthermore, at the perpen-
dicularly 7,-twisted conformation, the charge separation
between the two groups is accomplished. As also shown
in Table 3, the excited states of 7;- or t3-twisted DCS in
polar solvents cannot be expected to be stabilized so
much that emissions at these twisted conformations are
not observed. As to the t4-twisted form, the dipole
moments of the S; and Ss states in the gas phase also
take large values and so are stabilized into S; and S, in
polar solvents, respectively; however, these are still
above S; at the FC region as well as the global minimum
in S;, i.e., S; at the t,-twisted DCS conformation.
Therefore, the second type of emission is unlikely to be
assigned to the emission from S; at t4-twisted DCS.
The above discussion on the electronic structures of
DCS in polar solvents is based on Onsager’s reaction-
field model. In this model, a solute dipole is placed
within a cavity of a dielectric continuum producing a
reaction field; so only the interaction of the solute dipole
with the solvent is taken into account and the other
terms, such as repulsion and dispersion, are completely
ignored. In the process treated here, the changes in the
dipole moments are enormous but the volume of the
cavity containing the solute molecule can be assumed to
be not changed so much by the torsional motion;

Side View

LUMO

HOMO



Table 4. Mulliken charges of S, and S; at the trans-DCS
conformation and S, at the 7,-twisted DCS conformation

Trans 7, twisted
So S S,
C! -0.264 -0.332 -0.742
c? -0.276 -0.283 -0.307
c? 0.477 0.561 0.588
ct -0.346 -0.391 -0.272
c’ -0.320 -0.288 -0.224
ct 0.471 0.494 0.564
c’ -0.322 -0.337 -0.238
c? -0.377 -0.323 -0.247
c’ 0.473 0.443 0.403
c'° -0.317 -0.384 -0.395
c' -0.305 -0.294 -0.317
ch? 0.234 0.208 0.139
chB -0.299 -0.355 -0.356
c -0.352 -0.308 -0.355
NS —-0.462 -0.384 -0.291
cte -0.385 -0.384 -0.391
cv -0.388 -0.387 -0.394
c 0.023 0.015 0.029
NP -0.225 -0.244 -0.292
H* 0.172 0.172 0.207
H2! 0.176 0.176 0.200
H?? 0.176 0.176 0.188
H? 0.196 0.196 0.193
H* 0.199 0.199 0.195
H? 0.182 0.182 0.190
H?2¢ 0.188 0.188 0.194
H? 0.215 0.215 0.218
H>® 0.216 0.216 0.217
H* 0.196 0.196 0.201
H* 0.170 0.169 0.172
H! 0.169 0.175 0.188
H3? 0.183 0.183 0.187
H3? 0.170 0.170 0.173
H* 0.168 0.175 0.186
H3* 0.184 0.185 0.188
4-Dimethylanilino 0.145 0.371 0.955
4-Cyanostyryl -0.145 -0.371 -0.955

therefore, the electrostatic interaction strongly depends
on the electronic structure and its geometrical confor-
mation but the other terms are not expected to be af-
fected by them. This implies that even a crude estimation
of the free energy by means of Onsager’s reaction-field
model can give a good picture of this photochemical
process. In order to justify the above assumption, we
performed a more reliable calculation for the electronic
structures in polar solvents, i.e., a MCSCF calculation
combined with a polarizable continuum model, which
includes not only electrostatic interaction but also the
repulsive and dispersion terms. Since the three states in
question can be well described by a closed-shell config-
uration for Sy at the equilibrium geometry of trans-DCS
(0.938 CI coefficient) and HOMO-LUMO single
excitation for S at the trans conformation and S, at the
To-twisted one (0.835 and 0.841, respectively), a state-
specific two-configuration SCF calculation combined
with a polarizable continuum model is suitable to esti-
mate the free energies and to reduce computational la-
bor. The free energies in water for these states are listed
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in Table 5. It can be seen that S, at the t,-twisted DCS
conformation is more stabilized than that at the trans-
DCS conformation in the polar solvent water. As
already pointed out, the electrostatic interactions are
strongly affected by both the geometrical and electronic
structures of DCS, while the other terms are similar to
one another. This means that the DCS behavior in polar
solvents can be deduced by means of a simple Onsager
reaction-field model.

Based on the present calculations, we give a reason-
able interpretation of experimental findings 1 and 2
mentioned in the Introduction. The dipole moment of S,
even at the FC region is already twice as large as that in
Sy and so S; is more stabilized than Sy in polar solvents,
therefore, the emission from S; at the FC region is red-
shifted. Furthermore, by twisting the 7, coordinate, ex-
cited DCS is more stabilized in polar solvents which
causes the direct change from trans-DCS into 1,-twisted
DCS in S;. Once 1,-twisted DCS in S; with a gigantic
dipole moment is produced in polar solvents, this state is
stabilized sufficiently to have a longer lifetime, while the
corresponding S, state is not so stabilized; therefore the
energy difference between them at the t,-twisted region
becomes smaller than that at the FC region. These are
explanations for why the lifetime of excited t,-twisted
DCS is much longer and why this second type of emis-
sion is observed at longer wavelengths. In nonpolar
solvents, on the other hand, the excited state with a gi-
gantic dipole moment at the t,-twisted conformation
cannot be stabilized and so the second type of emission
is not observed.

Before terminating the discussion, we would like to
point out that the twisted ICT (TICT) formation
mechanism and the geometrical structure of DCS men-
tioned above are quite different from those of 4-di-
methylaminobenzonitrile (DMABN), which has been
studied more. According to theoretical approaches [23—
25] DMABN at the FC region has locally © n* excited
character is S;, but CT character in S, at the FC region
even in polar solvents. The transition intensity of Sy to
S, is much larger than that of Sy to S;. At the di-
methylamino-twisted form, excited DMABN in polar
solvents becomes S; due to a larger dipole moment.
Therefore, following the first step that DMABN is
preferentially excited into S, at the FC region, excited
DMABN can have two kinds of relaxation route, i.e.
one is fluorescence from S; at the FC region after in-
ternal conversion of S, into S;, and the other is red-
shifted fluorescence at the TICT produced through the

Table 5. Free energies and their components (eV) at 298 K

Trans T, twisted

So S S
Internal energy -20730.709 -20725.120 -20724.605
Electrostatic interaction —0.445 —-0.881 —-1.687
Cavitation energy 1.728 1.728 1.740
Dispersion energy -1.105 -1.220 -1.233
Repulsion energy 0.460 0.480 0.486
Total free energy -20730.071 -20725.013 —20725.299
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torsional motion of the dimethylamino group. The
difference in the TICT formation dynamics between
DMABN and DCS originates from the character of
the electronic structures. A detailed and comparative
discussion will be published elsewhere.

4 Concluding remarks

In this paper, we reported both electronic and geomet-
rical features of DCS deduced by means of ab initio
calculations. For the optimized structure in S, the
dimethylamino group has a pyramidal structure, but the
remaining portion is planar. The 4-dimethylanilino
group and the 4-benzonitrile one are connected with
the ethylenic part through C—C bonds which have
single-bond character. On the other hand, there is some
n conjugation of the dimethylamino group with the
phenyl one, which leads to a shortening of the corre-
sponding C—N bond compared to a normal C—N single
bond. For the excited states, trans-DCS has a large
transition intensity from S, into S; out of low-lying
excited states. Sy is an ICT state in which the electron is
transferred from the 4-dimethylanilino group to the
4-cyanostyryl one. This electron transfer can be accom-
plished by perpendicularly twisting the C—C bond
connecting the 4-dimethylanilino group with the 4-
cyanostyryl one; so the 4-dimethylanilino twisted form
comes to have a much larger dipole moment, which is
enough for excited DCS to become a global S; minimum
in polar solvents while it is not stabilized in nonpolar
solvents. In this study, we gave a qualitative but reason-
able picture of the dynamics of the TICT formation.
What we should do next is to give a quantitative and
detailed picture of it. This is now in progress.
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