8736 J. Phys. Chem. 2006,110,8736-8743
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Ab initio complete active space self-consistent field (CASSCF) calculations combined with polarized continuum
model (PCM) have been performed to examine the charge transfer (CT) state formaticem®d-
dimethylamino,4cyanostilbene (DCS) in a solvent. In a polar solvent, the globally stable geometry in S
takes a twisted conformation where the electron-donating dimethylanilino group is highly twisted against the
other part of the electron-withdrawing 4-cyanostyryl group. In addition, skeletal relaxation where the aromatic
benzene rings turn to be a nonaromatic quinoid structure is essential to stabilize the CT state. In a nonpolar
solvent, the stable geometry in takes a nontwisted conformation, though the skeletal relaxation is also an
essential factor. By means of the free energy decomposition analysis, it is found that the stable CT geometry
which depends on solvent polarity mainly comes from two factors: the linkage bond between the
dimethylanilino and the 4-cyanostyryl group and the electrostatic interaction. In a polar solvent, the linkage
bond has a single bond character to slightly prevent the torsional motion. This twist geometrically assists the
charge separation so as to reinforce the electrostatic interaction. In consequence, the twisted internal CT
(TICT) conformation is stable. In a nonpolar solvent, on the other hand, a nontwisted CT state is stable
because the linkage bonds greatly increase a double bond character so as to prevent the torsional motion,
while the electrostatic interaction is not so enhanced even by the geometrical twist.

1. Introduction

The formation of the photoinduced charge transfer (CT) state
of the push-pull z-conjugated molecule is one of the most
important processes in photochemistry. The main concern is
what the geometry of the CT state is. As a typical example, the
CT geometry of 4-dimethylaminobenzonitrile (DMABN) has
been of great interest from both experiment and thédrynost
promising candidate for the CT geometry has been the twisted
internal CT (TICT) geometry where the dimethylamino group
is perpendicularly twisted against the remaining parhis is
because the geometrical twist serves to accomplish the charge
separation between the electron-donating group and the electron-
withdrawing group. However, we recently proposed that another
factor of the skeletal relaxation (i.e., transformation from the
aromatic benzene into the nonaromatic quinoid structure) is also C
important to stabilize the TICT stateOur new model is, in a CS N
sense, a proper incorporation of a conventional TICT model gigure 1 foumtéerings of até)ms of Eih?' D%Sbsﬁletg_?]- 'ghel tors:onal
with another PICT (planar internal CT) model. In the present 9€9r€es ot ireedom, s, andr, aré oetined by the dihedral angles,
study, we examine(F?f both factors of)geometrical twliost and =CCicree, <CieeCeCY, and <CiCrCrC?, respectively.r: is

’ . . S defined by the dihedral angle between the two planes of which normal
skelet_al relaxation are important for the C_T formation in another yectors arg r(CACH) x r(C*CH} x r(CHNS) and{r(NsC?) x r(NCo)}
z-conjugated system dfans-4-dimethylamino,4cyanostilbene  x r(NsC#). DCS is divided into three fragmentsA, dimethyanilino
(DCS) in a solvent (see Figure 1). group (CH).N—CsHs—; B, ethylenic part—C*H=C*H—; and C,

In the following, we make a brief review on the photochem- benzonitrile group-CeH.CN.
istry of DCS in a solvent. The photochemical behavior of DCS,
which is strongly dependent on solvent polarity, has been also ) o )
extensively studied from experimehti2 In nonpolar cyclo- 560 nm, respectiveli? The.reln it is observed that there is a
hexane, only one emitting state with a lifetime of 85 ps exists Precursor-successor relationship between the two emitting
at 440 nm. In polar dimethylsolfoxide (DMSO), on the other states. As the former emission with a lifetime of 4.5 ps decays,

hand, two types of red-shifted emitting states exist at 490 and the latter one with a much longer lifetime of 920 ps emerges.
To confirm what the geometry for the red-shifted emission is,

* Corresponding author phonet81-18-889-2625; fax:+81-18-889- the photochemical behaviors of several DCS derivatives were
2601; e-mail: amatatsu@ipc.akita-u.ac.jp. examined. In case of the rigidifigedimethylamingy”’-cyano, 1-
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1'-bi-indanylidene which is prevented from bothk and 74- TABLE 1: Characteristic Optimized Parameters of DCS
torsional motions defined in Figure 1, the more red-shifted Srbare Q/CHEX S/DMSO S/CHEX S/DMSO
emission around 560 nm is not observed irrespective of solvent -

ity 5,10,11 eai L Bond Distances (A)
polarity>*%+1On the other hand, two types of emissions similar  ~ocw 1.331 1331 1331 1.447 1.374
to that of DCS are observed in another rigidifiedpt8imethyl- Cclce 1.478 1.478 1.478 1.394 1.487
anilino,7-cyano,1,2-dihydro)-naphthalene which is bridged by crce 1.478 1.478 1.478 1.414 1.411
a six-membered ring between the ethylenic portion and the C'C? 1.413 1.414 1.414 1.456 1.442
benzonitrile group to hinder the- andz,-torsional motiorf:1° cc 1.391 1.391 1.390 1378 1.367
Also two types of red-shifted emissions are observed in another €C L1424 L1424 1424 1.452 Laar

4Co 1.395 1.395 1.394 1.451 1.450
rigidified (3-(5-N-methylindolinyl), 7-cyano,1,2-dihydro)- C5C8 1.401 1.402 1.402 1.356 1.392
naphthalene which is prevented fram, 73- and r4-torsional csct 1.400 1.400 1.399 1.461 1.425
motions® From a theoretical side, we examined the potential C*C? 1.412 1.412 1.418 1.452 1.432
energy surfaces with respect to the four torsional angles et 1397 1.397 1.393 1377 1.377
(refer to Figure 1) so as to give a reasonable interpretation on 24,85, i'jgg i'jgg 1'2(1)8 1'2?8 i'jgg
the experimental findings mentioned abdv¥é? That is, the csCe 1.385 1.385 1.398 1376 1.366
nontwisted CT state forms very fast after electronic excitation, cecy 1.406 1.407 1.394 1.432 1.450
and then the nontwisted CT changes into the TICT state by the NsC* 1.408 1.409 1.411 1.336 1.340
dimethylanilino (i.e.,r,) torsional motion in a polar solvent. NSCZ 1.463 1.464 1.465 1.467 1.469
To the best of our knowledge, however, there are no experi- (N:j%g i'jgg i'f{gg i-f{gé 13% ijgg
mental and theoretical realizations that an additional factor is Zon 1.140 1139 1137 1142 1135
important for the CT formation process in a solvent besides .
the torsional motion of the dimethylanilino group and solvent o 39 _‘go:;suonal A_n7g|665 (deg) 04 43
polarity. In the present study, we examined the skeletal 0.0 —04 0.0 0.9 90.0
relaxation effect on the CT formation of DCS in a solvent by 180.0 179.9 1795 —178.3 179.7
means of a reliable ab initio complete active space self-consistent 74 —-0.0 -0.5 -0.4 1.3 -0.8
field (CASSCF) calculation combined with polarized continuum Wagging Angle (deg)
model (PCM). o 34.9 36.1 38.0 0.1 0.3
a2 The wagging angle is calculated by the inner product between
2. Method of Calculation r(C*N9) and the bisector vector of CaNsCP.
In the present calculations with the GAMESS progréwe energy and electrostatic interaction. Therefore, we express the

reduced computational labor based on the results of our previousfree energyFi(z,) for a statei by eq 1

CASSCEF calculation®! The active space was taken into account

of the highest four occupied and the lowest four unoccupied F () = E™(z.) + EES 1
orbitals (denoted by (8,8)CASSCF). This is because the present (7)) = B () + E(w) (1)
interest of $ with respect to the,-torsional coordinate is well int £s .

described by the configuration state functions within the Where E'(z2) and E(zz) are the internal energy and the

excitations between the highest four occupied and the lowest €1ECtrostatic interaction for a staitet z. ) .
four unoccupied orbitals. The diffuse orbital basis set, which In the present calculations, we took the following steps. First,

was put on the ethylenic carbons in the previous calculation, W& OPtimized the geometry ofo$h a polar solvent of DMSO
was found to be less important for the present interest and the(SYDMSO) and the globally stable ge_ometry_olf_lﬁ DMSQ
ethylenic carbons were removed. So we used a little smaller (S/DMSO). We then performed _S|_m|lar optimizations in a
basis set: the Huzinag®unning doublez basis set augmented ~ "ONPolar solvent of cyclohexane (similarly denoted PACBIEX

by polarization functions on the N atomeg&0.80) and the ~ and S/CHEX, respectively). To examine the solvent effect on
central ethylenic C atoms=0.75) to ensure the flexibility of "€ stable geometry in)3we performed an additional optimiza-
orbitals derived from them. In the free energy evaluation by tion of a bar.e DCS molecule inb$So-bare) by means of (8,8)-
means of (8,8)CASSCF calculation with PCM, we took into CASSCF without PCM. Then we evaluated two types of free
account only the electrostatic interaction as the interactions EN€rgy CUrves in Swith respect torz, wherer, changes from

between DCS and a solvent. In general, the free energy can b to 90° but the other geometrical parameters are fixed to those
expressed by summation of the internal energy in a solvent, of SYDMSO, S/DMSO, S/CHEX, and $/CHEX, respectively.

electrostatic interaction, dispersion and repulsion energies, and'© Check the validity of the present model by means of
cavitation energy which is intrinsic within a framework of PCM. CASSCF, we performed the second-order multireference Mo
However, as shown previoustythe cavitation, dispersion, and  €r—Plesset perturbation (MRMP2) calculations at several
repulsion terms are not so changed as far asrtfersional important conformations.

motion is concerned. The constancy of these terms can be
understood as follows. The dispersion and repulsion as well as
the cavitation are mainly due to the contacts between the solute 3-1. § Geometry in Cyclohexaneln Table 1, we listed the
DCS and a solvent. So they are affected by a cavity shape ofcharacteristic optimized parameters. The geometrieg/GHEX

the solute within a framework of PCM. It was found that the as well as §DMSO are found to be similar togShare. This
shape and volume of the cavity are not so changed during themeans that the stable structure ip iS not so affected by a
7o-torsional motion, although they are strongly dependent on solvent. The €GC* bond distance is a typical<€C double bond,

the 73 torsional motion which relates to the eirans photo- and the CC bonds in the benzene rings are similar to that of the
isomerization process. In addition, it was found in our experience aromatic benzene ring. ThesGf bond is somewhat shorter than
that the evaluations of the dispersion and repulsion terms area normal N-C single bond, which is ascribed to resonance
much more time-consuming steps than those of the internal between the dimethylamino group and the adjacent benzene ring.

3. Results
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TABLE 2: Dipole Moments and Mulliken Charges on Each Fragment

Mulliken charge

geometry state T2 solvent dipole mome#x A B C
Se-bare 9 -0.0 none 7.19 0.13 —0.16 0.03
So-bare S —-0.0 none 18.41 0.42 —0.22 —0.20
SyY/CHEX S -0.4 cyclohexane 7.39 0.13 -0.16 0.03
S/CHEX S -0.4 cyclohexane 21.60 0.51 —0.23 —0.28
SY/CHEX S -0.4 none 19.44 0.47 —0.24 —0.23
S)/CHEX S 0.9 cyclohexane 27.63 0.60 -0.23 —-0.37
S/DMSO S -0.0 DMSO 7.43 0.12 —0.16 0.04
S/DMSO S -0.0 DMSO 30.52 0.68 —0.16 —0.52
S/DMSO S -0.0 cyclohexane 21.82 0.49 -0.20 -0.29
S(90)/DMSC) S 90.0 cyclohexane 33.70 0.76 -0.21 —0.55
S(90)/DMSO S 90.0 DMSO 36.08 0.80 —0.19 —0.61
S/DMSO S 90.0 DMSO 38.27 0.81 -0.31 —0.50
S/DMSO S 90.0 cyclohexane 35.93 0.78 —0.32 —0.46
S,(0)/DMSC) S 0.0 DMSO 30.08 0.65 —0.28 -0.37

aUnits are given in Debye. The geometry of §90)/DMSO is obtained by, = 90°, but the other parameters are fixed to those ADESO.
¢ The geometry of §0)/DMSO is obtained by, = 0°, but the other parameters are fixed to those #DISO.

A similar feature is found in the€@C® bond due to the resonance another effect: the skeletal relaxation, where the aromaticity
between the cyano group and the adjacent benzene ring. Orof the benzene rings disappears and the bond alternation over
the other hand, the resonance among the ethylenic part and thehe wholez-conjugated system of DCS stabilizes the CT state
benzene rings is relatively small so that the linkage bonds of in S;. In consequence, the stablg gometry in cyclohexane
C!C* and C'CY almost hold a normal €C single bond (i.e., S/ICHEX) is a CT state of which geometry takes a
character. From the four torsional anglescés, DCS is found nontwisted but skeletal-relaxed conformation. The analysis of
to keep dransform in § substantially. The wagging angle is  Mulliken charge in each fragment gives more detailed insight
o = 36.1° so that the dimethylamino group takes a nonplanar of the CT character mentioned above. In comparison of Mulliken
structure against the remaining stilbene skeleton. On the othercharges in $ with those in $ at S-bare, the electron is
hand, the stable geometry in Strongly depends on solvent transferred from the dimethylanilino (i.e., fragmektdefined
polarity. Regarding the; Stable geometry in a typical nonpolar in Figure 1) into the 4-cyanostyryl part (i.e., fragmeBisC).
solvent of cyclohexane (i.e. /£HEX), the torsional angle; That is, the dimethylanilino and the 4-cyanostyryl parts play
as well as the other thregs (i=1,3,4) are not so different from  roles of electron-donating and electron-withdrawing groups,
those of S/CHEX. In other words, the stable; §eometry in respectively. In cyclohexane, the electron is more transferred
cyclohexane takes a nontwisted conformation. However, the from A to C, while the electron population @ is almost the
skeletal bond distances as well as the wagging anglee very same as that in;&t S-bare. This implies that the solvent assists
different from those of @CHEX. The aromatic benzene ring the terminal fragments oA and C to be more polarized. At
of the dimethylanilino group turns to be a nonaromatic quinoid S;/CHEX, the electron is further transferred frakrto C, which
structure: the &% and CC8 bonds shrink into a normal-€C ascribes to the skeletal relaxation as well as the polarization by
double bond, while the &2, C3C* C*C®, and CC! bonds the surrounding solvent. Consequently, these two factors
become longer. The other aromatic benzene ring of the stabilize the CT state at&£HEX in cyclohexane.
benzonitrile part also turns to be a quinoid structure. The 3-2. § Geometry in DMSO. In turn, we focus on the stable
ethylenic GC* bond elongates, while the linkage bonds of geometry in an aprotic polar solvent of DMSO. As pointed out
ClCx, C¥CY, and C'C® become shorter. Thes¥* bond shrinks in the previous subsection, the stable geometryqil(i.8., S/
drastically, and the wagging angle is 0.1° so that the DMSO) is not so affected by the surrounding solvent. However,
dimethyamino part takes a planar structure. This means that thethe properties of the ;State are strongly affected because of a
dimethylamino part becomes much more resonant with the CT character in § The most characteristic change is that the
adjacent benzene ring. On the basis of the above computationaktable geometry of;:3n DMSO takes a,-twisted conformation
findings, the skeletal relaxation, which leads to bond alternation (z;=90.C° in Table 1). This has been already pointed out by
of thesz-conjugated system over the whole DCS skeleton, is an previous experiments and computatiéfisl* However, we
important factor to stabilize DCS im$ a nonpolar solvent of ~ would like to point out another essential geometrical factor of
cyclohexane. Si/DMSO. The benzene ring of the dimethylanilino part loses
Next we discuss the electronic structure in relation with the its aromaticity and turns into a nonaromatic quinoid structure,
geometrical feature of  8CHEX mentioned above. As seen in as found in the case of{&HEX. The linkage RC* bond
Table 2, the dipole moments in fake a large value irrespective  becomes much shorter than that gfD31S0O, and the wagging
of conformations so that DCS in;$has a CT character. In  angle of the dimethylamino part is close to. @herefore, the

addition, it is found that the dipole moment in & S-bare resonance between the dimethylamino and the adjacent benzene
(i.e., without a solvent) also takes a large value. This meansring enhances more than that ip. $n the other hand, the
that the CT character is intrinsic in 8f DCS itself. However, linkage GC* bond with a normal &C single bond character

we also find out the dipole moment in the CT state depends onis similar to that at §DMSO, and, in addition, the dimethyl-
the conformation and solvent polarity. The dipole moment of anilino part is twisted against the remaining 4-cyanostyryl part.
S, at S/CHEX (21.60 D) is somewhat larger than that at the In consequence, it is possible for the dimethylanilino part to be
same conformation without a solvent (19.44 D). In other words, off-resonant with the 4-cyanostyryl part. The 4-cyanostyryl
the surrounding solvent more polarizes DCS inF&irthermore, group takes a planar structure substantiaby——178.3,

the S dipole moment at §CHEX (27.63 D) is larger than that  7,=1.3°). The ethylenic €C* double bond is longer, and the
at S/CHEX (21.60 D) in cyclohexane. This is ascribed to linkage C'CY and C'C® bonds become shorter than those at
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(a) $;(0)/DMSO

HOMO
Figure 2. HOMO and LUMO (a) at §0)/DMSO and (b) at $DMSO.

LUMO

SY/DMSO, respectively. The aromatic benzene ring turns to be
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= 90° but other parameters are fixed to those gD#SO.
Based on these discussions, we can ascribe a gigantic dipole
moment at FDMSO to solvent polarity, geometrical twist of
72, and the skeletal relaxation. Mulliken charges give us more
detailed information on the stabilization process of the TICT
formation in DMSO. Upon electronic excitation intq &t S/
DMSO, the electron is transferred from the dimethylanilino part
(i.e fragmentA in Figure 1) into the benzonitrile part (fragment
C). This means that the surrounding DMSO stabilizes both
terminal fragments of the cationf and the anioni€ so as to
promote the electron transfer. Ap-twisted S/DMSO, the
electron is further transferred from the dimethylanilidg (nto

the ethylenic partg). In comparison with the Mulliken charge
at §(0)/DMSO, it is found that the geometrical twist o$

a nonaromatic quinoid structure. Based on these features, wepromotes additional electron transfer from the dimethylanilino
can conclude that the electron-withdrawing 4-cyanostyryl group into the adjacent ethylenic part.

is stabilized by the delocalization over the-conjugated
fragment. Herein it is worthwhile comparing/BMSO with
Si/CHEX. The loss of the aromaticity of the benzene rings is
commonly found at both geometries. However, the linka§e*C
bond distance is very different from that al GHEX. The GC*
bond at $DMSO is slightly shorter than a normaHL single
bond, while that at CHEX greatly increases the=€C double
bond character. This difference is due to thdorsional angle:
90.C¢ for S/DMSO and 0.9 for S;;CHEX. In other wordsz,-
torsion leads to a loss of the-conjugation of the dimethyl-
anilino part with the 4-cyanostyryl part, while nontwist enhances
the z-conjugation between them.

Next we comment on why DCS at/®MSO has a gigantic
dipole moment in DMSO. We can point out the following three
factors from Table 2. The;Slipole moment at $DMSO (30.52
D) is much larger than that at the same geometry in cyclohexane
(21.82 D). This means that polar DMSO polarizes DCSin S
more than nonpolar cyclohexane. A similar feature is also foun
at another perpendicularly twisted;/BMSO (38.27 D in
DMSO, 35.93 D in cyclohexane, respectively). However, the
difference of the dipole moments which depend on the solvent
polarity is much smaller than that at nontwistefCB1SO. This
relates to another factor of the-twist. The S dipole moment
at S/DMSO (38.27 D) is much larger than that at nontwisted
S;(0)/DMSO (30.08 D), of which geometry is obtained by
= 0° but other parameters are fixed to those gD$SO. This
means ther,-twist assists the charge separation between the
dimethylamino group and the 4-cyanostyryl group geometrically.
In Figure 2, we show the highest occupied molecular orbitals
(HOMOSs) and the lowest unoccupied molecular orbitals (LU-
MOs) at §(0)/DMSO and ¥DMSO, respectively, which are
important in describing the ;Sstate. As seen in Figure 2a,
especially the LUMO is delocalized over the DCS skeleton at
nontwisted $0)/DMSO. At perpendicularly twisted;®MSO,
on the other hand, the HOMO and the LUMO are localized
over the dimethylanilino part and the 4-cyanostyryl part,

d

3-3. Free Energy.To obtain more detailed information on
the photochemical behavior in a solvent, we evaluated the free
energies as a function of. In Figure 3, we show the free energy
curves and its components of the internal energy and the
electrostatic interaction in nonpolar cyclohexane. The free
energy curves (denoted by SH-GM and S/CH-GM) in Figure
3a were obtained as a function®f while the other geometrical
parameters are fixed to those ag/GHEX and S/CHEX,
respectively. In other words, the aromaticity of the benzene rings
is kept in the YCH-GM curve, while it is lost in FCH-GM.

It is found that both the free energy curves have a minimum
aroundr, ~ 0° with respect tor,. Furthermore, gCH-GM is
lower than $/CH-GM irrespective ofr,. This means that loss

of the aromaticity and transformation into the quinoid structure
are important to stabilize the; State of DCS in cyclohexane.
The energy decomposition gives an answer to why the skeletal-
relaxed conformation without,-twist is stable in nonpolar
cyclohexane. As; increases, bothg8H-GM and S/CH-GM
curves of the internal energy incline, which implies that the S
state with CT character in a nonpolar solvent preventsrthe
torsional motion intrinsically (see Figure 3b). However, both
So/CH-GM and $/CH-GM curves of electrostatic interaction
decline (see Figure 3c). In other words, thetwist promotes

the electron transfer so as to reinforce the electrostatic interaction
with a solvent, as pointed above. Furthermore, th€8-GM
curve is lower than $CH-GM irrespective ofr,. That is, the
electrostatic interaction at a skeletal relaxed form is stronger
than that at an aromatic nonrelaxed form. However, reinforce-
ment of the electrostatic interaction throughtwist cannot
overcome the increase of the internal energy so that the
nontwisted but the skeletal-relaxed form is the most stable in
S; with CT character.

In turn, we mention the free energy curves and their
components of the internal energy and electrostatic interaction
in polar DMSO. In Figure 4, we show the free energy curves

respectively (see Figure 2b). In consequence, the chargeof S;in a polar solvent of DMSO with respect tg where the

separation is accomplished by thgtwist. Once the charge
separation is accomplished geometrically, however, the sur-
rounding solvent serves only to stabilize the cationic and anionic
fragments of the TICT geometry and is much less important to
polarize DCS in & This is why the difference of the dipole
moments which depend on the solvent polarity is much smaller
than that at §DMSO. The third factor is the skeletal relaxations
of both dimethylanilino and 4-cyanostyryl groups where the
aromaticity of the benzene rings disappears. It is found that the
To-twisted quinoid geometry of ;ADMSO has a larger dipole
moment (38.27 D) than thex-twisted aromatic geometry of
S(90)/DMSO (36.08 D), of which geometry is obtained By

other geometrical parameters are fixed to those gDESO

and S/DMSO (denoted by DM-GM and S/DM-GM,
respectively). The aromaticity of the benzene rings is kept in
the S/DM-GM curve, while it is lost in the 8DM-GM. With

an increase ot,, the $/DM-GM curve slightly inclines the
same as $CH-GM. In contrast, 3DM-GM drastically declines

so as to form the TICT state. Furthermorg/C8V-GM is lower
than $/DM-GM irrespective ofr,. This implies that the skeletal
relaxation where the aromaticity of the benzene rings disappears
is an essential factor for the TICT formation. The energy
decomposition in Figure 4b,c gives insight into the photochemi-
cal process in polar DMSO. The internal energies increase in
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Figure 3. (a) Free energy, (b) internal energy, and (c) electrostatic Figure 4. (a) Free energy, (b) internal energy, and (c) electrostatic
interaction in cyclohexane with respectsto The other parameters are  intéraction in DMSO with respect to. The other parameters are fixed
fixed to the optimized parameters a{GHEX for S/CH-GM (in solid to the optimized parameters af BMSO for S/DM-GM (in solid line)
line) and S/ICHEX for S/CH-GM (in dotted line), respectively. The ~ and &/DMSO for S/DM-GM (in dotted line), respectively. The free

free energies and internal energies are relative to the free energy in S €nergies and internal energies are relative to the free energyah S
at S/CHEX. S/DMSO.

both S/DM-GM and S/DM-GM with an increase of,. In other
words, 7o-torsional motion brings about the instability of DCS
itself in S;. In more detail, however, inclination of ®M-GM

7o-torsional motion. In the former case, théG2 bond is similar
to a normal C-C single bond, which easily brings about the

7o-torsional motion. In the latter case, thé@® bond is shorter
with respect tor; is different from that of g§DM-GM: the and slightly increases the double bond character so as to prevent

former much more slowly inclines than the latter. This is the ro-torional motion. Regarding the electrostatic interaction,
ascribed to the linkageC* bond distance which governs the both S/DM-GM and $/DM-GM curves declines as increases,
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Figure 5. Force acting on each atom in 8t (a) /CHEX and and
(b) S/DMSO.

as found in ¥CH-GM and $/CH-GM. This can be rationalized
by the same reason; the-torsional motion assists the charge
separation geometrically. However, the magnitude of the
electrostatic interaction in a polar solvent is much larger than
that in nonpolar cyclohexane (compare Figures 4c with 3c). In
consequence, the softness of thgtorsional motion and
reinforcement of the electrostatic interaction lead to stability
of the TICT conformation in a polar solvent.

3-4. Relaxation Path.In this subsection, we mention the

relaxation path in a solvent on the basis of the above discussion

and additional information. In nonpolar cyclohexane, the free
energy curves with respect t@ have a minimum around, ~
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TABLE 3: Dynamic Electron Correlation Effects on the S;
Energies at Important Conformations?

geometry CASSCF MRMP2
Cyclohexane
S/CHEX 5.344 4.147
So(90)/CHEX 5.522 4.479
S/CHEX 4.446 3.349
S1(90)CHEX 5.040 3.986
DMSO
S/DMSO 4.797 3.415
Sy(90)/DMSO 4.905 3.807
S1(0)/DMSO 4.388 3.053
S)/DMSO 3.885 2.877

2The S energies are relative to they 8nergy at the stable,S
geometry in each solvent. The units are given in eV.

tions where the static electron correlation is included but the
dynamic electron correlation effect is quite ignored. So we
estimated the dynamic correlation effect by means of MRMP2
with CASSCF wave function. In Table 3, we listed the energetic
corrections by MRMP2 at several important conformations. It
is found that the MRMP2 energetic corrections relative to the
CASSCEF energies are almost constant-at B eV, irrespective

of conformations. So we think that a model based on MRMP2
calculations, which are impractical for the moment, will not

change the present model by CASSCF so much.

The essence of our present model of DCS photochemistry is
to point out the importance of the skeletal relaxation as well as
the dimethylanilino (i.e.,r2) torsional motion for the CT
formation in a solvent. So we estimated the effects of the skeletal
relaxation and the torsional motion in a solvent in terms of the
following functions of(z,) and Ti(r2). 1) is defined in the
free energy difference at in eq 2

Sry) = Fi(7) — Fo(7) )

0° (see Figure 3a). This means that electronically excited DCS where Fi(r2) and Fy(72) are the free energies of the skeletal-

directly relaxes into the most stable geometry in(&/CHEX)

relaxed conformations (i.e.®&£H-GM or S/DM-GM in Figures

which is characterized by a nontwisted and skeletal-relaxed 33 and 4a) and the aromatic conformations (i.6/C8-GM or

form. In Figure 5a, we show the, $orce acting on each atom
at S/CHEX where the electronic excitation takes place. Judging
from the directions of the force vectorsy/GSHEX directly
changes into $CHEX without ther;, torsion. It can be easily
imagined that the reaction path in polar DMSO is different from
that in nonpolar cyclohexane. This is becausetth®rsion in

SYDM-GM) at 75, respectively. Considering that the free energy
is decomposed into the internal energy and the electrostatic
interaction,S(z,) can be also expressed by eq 3

St = S"(z,) + Sy ©)

addition to the skeletal relaxation is essential to reach the mostwhere S"(r,) and S(r,) are the differences of the internal

stable ¥DMSO. So a question is which is the most realistic
reaction path of the following three: (i) the skeletal relaxation
takes place first and then the dimethylanilino group tkkis

twisted, (ii) the two events of (i) take place in reverse order,
and (iii) both motions take place simultaneously. As seen from

energies and the electrostatic interactions between the skeletal-
relaxed conformations and the aromatic conformations,at
(refer to Figures 3b,c and 4b,c). In other wor8<r,), S"(12),

and §z,) are measures for how many degrees the skeletal
relaxation atr, affects the free energy, the internal energy, and

Figure 5b which is substantially the same as Figure 5a, the the electrostatic interaction, respectively(r,) is defined by

skeletal relaxation is the most likely to take place even in
DMSO. Furthermore, as deduced from the shape #DI8-
GM aroundr, ~ 0° (i.e., a positive curvature around = 0°
with respect tory), the ro-torsional motion is not so promoted
upon electronic excitation into;SHowever, after the skeletal
relaxation around the FranelCondon (FC) region, the--twist
takes place easily (see/BM-GM in Figure 4a). In summary,

the free energy at, relative to that at nontwisteth = 0° in eq
4.
Ti(r) = Fi(r) — F(0) (i=0,1) (4)

By similar conversion of eq 2 into eq 3, we obtain eq 5 from
eq 4:

only the skeletal relaxation takes place to reach the most stable

S)/CHEX in nonpolar cyclohexane. In polar DMSO, on the other

hand, the skeletal relaxation first takes place to some extent,

and thenr,-torsional motion takes place to reach the most stable
Si/DMSO.
3-5. Perspective of the ModelThe present model of DCS

photochemistry in a solvent is based on the CASSCF calcula-

T(t) = T"(rp) + T () (i=0.,1) (5)

Ti(t2), T™(z2), andTE(z,) are measures for how many degrees

the torsion up ta, from O° affects the free energy, the internal

energy, and the electrostatic interaction, respectively. In Tables
4 and 5, we showed the skeletal relaxation and torsional effects
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TABLE 4: Skeletal Relaxation Effect? calculationsi314the CT state is Satt, = 0°, but it is § at 7
T 1) (7)) 1) = 90° even in their semiempirical calculations. This implies

that the CT state diabatically connectsa®br, = 0° with Ss at

Cyclohexane _ .

0° ~0.899 ~0.759 ~0.140 72 = 90°. However, the change of the dipole moment as a
90° ~0.482 —0.347 ~0.135 function of 7, seems to exhibit a little strange behavior (refer
DMSO to the middle panel of Figure 2 in ref 16). That is, the dipole

0° —0.413 —0.484 0.071 moments of $to S, do not increase as an increaserpfrom

90° -1.018 -0.923 —0.095 0°, while only the dipole moment ofs3nonotonically increases.

This leads to an unrealistic interpretation that the CT state
suddenly changes fromy $1to S at a givenr, (~30°). As far
TABLE 5: Torsional Effect? as their potential energy curves are concerned, however, it can
. ; be hardly imagined that the CT state suddenly changes fiom S
) int ES
conformatiof Ti(90) T7(90) T 190) into S at 7, ~ 30°. Instead, as pointed out in the caption of
Cyclohexane Figure 2 in ref 16, the Sstate interchanges with the State at

aUnits are given in eV.

0 0.1/8 0.439 :0'261 72 = 73° due to an avoided crossing. This means that the CT
1 0.594 0.850 0.256 . .
character in gholds up tor, ~ 70°. In this case, however, we
DMSO cannot reasonably interpret why the dipole momerde®reases
0 0.105 0.547 —0.442 . .
1 0500 0.108 —0.608 up to 7z ~ 70°. As commented above and in our previous

papers;314the 7o-twist geometrically assists DCS to promote
the charge separation between the dimethyanilino group and
‘the remaining group. More strange for us to say, they did not
make any comment on the skeletal relaxation effect on the CT
in terms ofS(z2) andTi(zz). From Table 4, the skeletal relaxation  formation. Considering our present computational result, it is
effect on the internal energy (i.697'(z2)) depends om, while hard to imagine that the two aromatic benzene rings remain
the electrostatic interaction (i.65;%,)) is almost independent  unchanged after electronic excitation inta S

Of bOth CyC|0hexane and DMSO. In nOI‘lpO|aI’ CyC|Ohexane, the In the present paperl we emphas|zed the importance Of the
stabilization of the internal energy (i.e., value in negative) due skeletal relaxation as well as the torsional motion and solvent
to the skeletal relaxation ap = 0° is larger than that at, = polarity in the CT formation process. To validate our present
90°, while it is in the opposite situation in polar DMSO.  model where the CT geometry is determined by three factors
Therefore, we conclude that the skeletal relaxation effect on of the skeletal relaxation, torsional motion, and solvent polarity,
the internal energy determines the CT geometry in a solvent. yve will do more calculations and apply our model to reinter-

In terms of Ti(zz) of Table 5, we also come to the same pretation of many experimental findings as well as that by
conclusion but from a different approach. In nonpolar cyclo- Arzhantsev et al.

hexane, the torsional motion stabilizes DCS through the
electrostatic i_nteraction of which is almost constant irrespective 4 Concluding Remarks
of the aromatic or skeletal-relaxed conformations. However, the
torsional motion much more destabilizes DCS due to the In this paper, we reported the CT formation of DCS in a
increase of the internal energy in any cases. The destabilizationssolvent by means of CASSCF combined with the PCM method.
of the internal energies (i.e., value in positive) are much larger In a nonpolar solvent, the stable CT state, in which the electron
than those of the stabilization due to the electrostatic interactions.is transferred from the dimethylanilino into the 4-cyanostyryl
Especially, the skeletal-relaxed conformation severely impedespart, takes a nontwisted conformation. However, an additional
the torsional motion. Therefore, the nontwisted but skeletal- skeletal relaxation, where the aromaticity of the benzene rings
relaxed conformation is the most stable in cyclohexane. In polar disappears and the bond alternation over the wheatenjugated
DMSO, on the other hand, the electrostatic interaction more System takes place, is essential for the stabilization of the CT
stabilizes DCS than in cyclohexane irrespective of the aromatic state. In polar DMSO, the stable CT geometry takes a twisted
or the skeletal relaxed conformations. In addition, the internal conformation where the dimethyanilino part is highly twisted
energy at a skeletal-relaxed conformation much less impedesagainst the remaining 4-cyanostyryl part. In addition, the skeletal
the torsional motion. In consequence, the torsional motion leadsrelaxation where the aromaticity of the benzene rings disappears
to a stabilization of the skeletal relaxed CT geometry in DMSO. is an important factor to stabilize the TICT state. The geo-
From these discussions, we conclude that the skeletal relaxationmetrical difference between the stable geometries in polar and
plays an important role in the CT formation process. In other nonpolar solvents is due to two factors: (i) the linkage bond
words, the CT geometry is determined by an exquisite entangle-between the dimethylanilino and the 4-cyanostyryl groups and
ment of three factors: the skeletal relaxation, the torsional (ii) the electrostatic interaction with a solvent. In a polar solvent,
motion, and solvent polarity, as already pointed out in our the linkage bond has a single bond character so that the torsional
previous paper on DMABN. motion takes place easily. The electrostatic interaction is already
Contrary to our model, Arzhantsev et al. very recently large even at a nontwisted conformation and is reinforced
proposed that the DCS photochemistry is determined only by through the dimethylanilino-torsional motion. In consequence,
solvent relaxatiod® That is, no geometrical twist is needed after the TICT geometry is stable in a polar solvent. In a nonpolar
electronic excitation into S but the linear response to the solvent, on the other hand, the less electrostatic interaction and
surrounding solvent governs the CT formation process of DCS. the hardness of the torsional motion lead to stability of a
If all their computational results by semiempirical calculations nontwisted CT conformation.

2 Units are given in eV® Conformations of “0” and “1” mean the
aromatic benzene conformations and the nonaromatic quinoid ones
respectively.

(refer to Figure 2 in ref 16) were reliable enough, netwist As confirmed in the present study about DCS as well as the
could be right. However, we think their semiempirical calcula- previous one about DMABNthe skeletal relaxation where the
tion seems to give inconsistent conclusions aboutersional benzene ring loses its aromaticity is essential to stabilize the

process. As also found in our previous ab initio CASSCF CT state in a solvent besides the torsional motion. So we
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