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We study the third-order optical nonlinearity for some interestingpnjugated systems involving sulfur (S)
atoms. First, we investigate the static second hyperpolarizabilitlef( 1,6,6a-trithiapentalene (TTP) and

its donor (D)- and acceptor (A)-disubstituted model species by using ab initio molecular orbital and density
functional methods. By using the second hyperpolarizability density analysis, which can elucidate spatial
contributions of electrons tp, these molecules are found to exhibit interesting differences in contributions
of unusual binding structure, i.e.;-$—S bridged structure, to the longitudinal. Secondly, we investigate

the staticy for anotherr conjugated system involving sulfur atoms, i.e., cation radical state of tetrathiafulvalene
(TTF). This molecule is found to provide unique third-order optical nonlinearity, i.e., large negativie

finally discuss a possibility of multiproperty aggregate systems combining the unique third-order optical
nonlinearity and high electrical conductivity.

1. Introduction @ L B !
. . . . ' | ‘2 X =H, NH,. NO,

Many experimental and theoretical studies on the third-order CO
optical nonlinearity for organic systems have been performed 5 4f W7
in order to explore the relations among nonlinear optical ‘“R*;“‘“““ o s o s
response properties and electronic structures and to design novel )\/K/M\X<—> M
third-order nonlinear optical material2.In previous paper? O Valones awommtion
we investigated a structure-property correlation rule for second T S A
hyperpolarizability {), which can describe molecular third-order X/W‘\x XJ\)\)\X

nonlinear optical polarization. It was found thais considered  Figure 1. (a) Labeling of the atoms in 1,6,6a-trithiapentalene (TTP

to be a measure of third-order electron fluctuation andthat (X = H)) and disubstituted TTP (% NH, and NQ). (b) Single-bond

remarkably affected by slight changes in the electronic structure. no-bond resonance structures. (c) Valence tautomerization between the

In this study, as a new class of third-order nonlinear optical two alternate forms.

systems, we consider someconjugated systems involving

sulfur (S) atoms with unique binding and electronic structures. Methods, e.g., MallerPlesset second-order perturbation (MP2),
Firstly, they value of 1,6,6a-trithiapentalene (TTP) shown MP4, and density functional (DF) methods can provide

in Figure 1a (X= H) is investigated. Its electronic and molecular SYMMetric structures in the ground stafel® Namely, the
structures have been investigated experimentally and theoretj-9round-state potential is concluded to be a very flat U-shaped
cally for many years because of the unusual three-coordinatedfUnction with a smgle minimum. There_fore_, the unique electronic
structure around the S atofis® There were two types of ;tructurg of. TTP is expected to provide ||_1terest|n_g fgatures of
structures proposed as shown in Figures 1b and 1c. Thelts longitudinal y. In _th|s_ study, the_spatlal con;rlbutlons of
resonance structure shown in Figure 1b indicates the “single- €l€ctrons to the longitudinad are elucidated by using the plots
bond no-bond resonance”, corresponding to the symmeg@ical of second hyperpolarlzab_lllty denstycalculated by ab initio
structure, while the structure shown in Figure 1c is interpreted MP2 and DF methods using standard and extended basis sets.
by valence tautomerization between the two alternate forms, Secondly, we examine the longitudinafor donor (D)- and
which are asymmetric structures. In this case, @g form acceptor (A)-disubstituted TTP models shown in Figure 1a (X
represents a transition state. For the structure shown in Figure= NHz and NQ). Considering the very flat U-shaped energy
1b, the energy potential has a single minimum, while for the curve and unique SS—S binding for TTP, the ground-state
structure shown in Figure 1c, the energy potential has a doubleelectronic states are expected to be sensitively influenced by
minimum. If the energy barrier is too low to be observed by minute chemical perturbation, e.g., the introduction of D and
the experimental methods used, distinctions between real (FigureA groups into the2 and5 positions (See Figure 1a). We consider
1b) or time-averaged (Figure 1d},, symmetry may be two model systems which are respectively disubstituted by
impossible. Recent experimental and theoretical studies eluci-D(=NH>) and AENO;,) groups (See Figure 1a, % NH; and
dated that TTP can be@,, symmetrical equilibrium structure  NOy). The y values and their densities are calculated by DF
with a unique linear arrangement of three-center S afohits. method using extended basis sets. Since these substituent groups
was also found that ab initio Hartre€ock (HF) method with are considered to largely affect theelectron distribution on
large-size basis sets can predict incorrect equilibrium structures,S—S—S sites, thes values for these systems are expected to be
which are asymmetric forms, while the electron correlation significantly different from that for unsubstituted TTP.
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The sign ofy is important in quantum optic%:the positive (a) N\@ @/\/\
value causes the self-focusing effect of an incident beam, while ~
the negative one does the self-defocusing effects. Further, it is

interesting to investigate the nonlinear optical systems with (b) (') 8 8 (')
negative large’ since such systems are rare in general and the \N/\IE\BI/ i \%/\N/

signs and magnitudes gfare exceptionally sensitive to subtle

changes of the structuré$314Namely, these systems are also (¢)

expected to be a candidate for fundamental systems of “control- -—

lable nonlinear optical material4’On the basis of our structure-

property correlation rule fory, systems which have large @ S g S S
contribution of symmetric resonance structures with inversible

polarization (SRIP) are expected to exhibit negative As @> <@ @> <@
models with negativey, we have proposed anion radical S S 5 S
condensed-ring conjugated systédfsand nitronyl nitroxide Figure 2. Symmetric resonance structures with inversible polarization

radical system& 16 Their y values were predicted to be negative (SRIP) for varioust-conjugated systems, i.e., (a) charged soliton-like

P . — . . oligomer, (b) nitronyl nitroxide radical, (c) anion radical state of
in sign by using high-order electron Correlaltgon methods starting pentalene, and (d) cation radical state of tetrathiafulvalene {JTF
from coupled HartreeFock (CHF) results:

Finally, therefore, as a novel model system with negative (auno)z(/'tmn)z
we consider an alternantconjugated system involving S atoms, y“' = R (4)
i.e., the cation radical state of tetrathiafulvalene (TJBhown r(?nr:rs EﬁoE 0

in Figure 2d. From our recent studylongitudinaly for TTF* _ -
calculated by DF method using extended basis sets was found€re.un is the transition moment between the ground and the
to be negative in sign. This system is also considered to be Nth excited statesumn is the transition moment between the
element molecules constructing various types of molecular Mth and thenth excited statesyn, is the difference of dipole
aggregates including high electrical conductive molecular ag- Moments between the ground and tite excited states and
gregated? In this study, therefore, we predict the featureyof ~ Eno iS the transition energy given by( — Eo). From these
for segregated molecular aggregates based on the calculatioffduations, apparently, the contributions of types | and Ill are
result of TTF, and also discuss a possibility of multiproperty ~ POSitive in sign, whereas the contribution of type Ilis negative.
aggregate systems combining unique optical nonlinaerity and For conventional molecular compounds with large posijive
high electrical conductivity, from the viewpoint of our structure-  there are two characteristic casesy'| > || ~ |y (y > 0)

property correlation rule for unique third-order nonlinear optical and ii|y'| =0, [y"| < [y"| (V > 0).1In thg cgse'i, the compounds
systems. have large nonsymmetric charge distributions which are re-

sponsible for largeu., whereas in the case ii, the compounds

are centrosymmetric systems in which the contributions of type

| disappear. The third case, i.e., fii'l =0, [y > |y"| (y <

0), is interesting because the systems with negative static

rare in general. Such systems are symmeitig, & 0) and

" exhibit strong virtual excitation between the ground and the first

excited states|fon| > |unml). This indicates that the symmetric

systems with large ground-state polarizability)(tend to exhibit

negative y. Figure 2 shows resonance structures mainly

contributing to the ground state of conjugated systems with

large oy, i.e., (a) charged soliton-like oligomer, (b) nitronyl

nitroxide radical, (c) anion radical state of pentalene, and (d)

TTF*. These indicate the resonances between polarized struc-

tures with mutually opposite directions, and they can signifi-
We here briefly explain our structure-property correlation rule cantly contribute to the stability of ground-state electronic

for molecular systems. The perturbative formula focan be  structures. The large contribution of these resonance structures

partitioned into three types of contributions (I, Il, and Ill) as also correspond to the fact that the magnitude of transition

The present paper is organized as follows. In section 2, we
explain our structure-property correlation rule jorln section
3, we explain the calculation and analysis methods and show
molecular geometries of model systems. The results of TTP and
D (A)-disubstituted TTP are discussed in sections 4 and 5
respectively. In section 6, the results of TFland a prediction
of features ofy for a segregated aggregate model are presented.
A possibility of multiproperty aggregate systems combining
unique optical nonlinaerity and high electrical conductivity is
also discussed. This is followed by a conclusion in section 7.

2. Structure-Property Correlation Rule for Third-order
Nonlinear Optical Systems

follows:3 moment fi0) between the ground and the first excited states
are large. As seen from the previous results for systems (shown

R e T T (1) in Figure 2a-c)2*16 a system with resonance structures

contributing to the stability of the ground state and inducing

where the polarization in the mutually opposite direction tends to

exhibit negativey and remarkable electronic structure depend-

2 2 ences of they. The large contribution of the stable resonance
| (t4n0) (tre) 2 structures with large dipole moments corresponds to an en-
V= 4 3 @ hancement of the magnitude of the transition momemng) (

n0 between the ground and the allowed first excited states. This

4 contribution also leads to a reduction of the transition energy

I (tn0) (Eno) between the ground and the allowed first excited states

v == 3 ®) with large contributions from the resonance structures. As a
=1 Eq result, a system with large contribution of symmetric resonance

structures with inversible polarization, i.e., SRIP, satisfies our
and criteria for the system to have a negative
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basis set. In this study, we use 6-3H3¥d (Cp,q = 0.0523 for

C atoms,(p,q = 0.0402 for S atoms, angh 4 = 0.0719 for O
atoms) and 6-31G* basis sets in order to elucidate the basis set
dependence of for TTP. The relatively compact basis sets,
i.e., 6-31G*d and 6-31G**d ({p,q = 0.0523 for C atoms,
Cp,a=0.0402 for S atoms,, ¢ = 0.0582 for nitrogen (N) atoms,
andgp = 0.0719 for O atoms), are used for disubstituted TTP
and TTP*, respectively, to avoid large-scale calculations.
Judging from our results for pentalene, these basis sets are
predicted to well reproduce the values for these systems
calculated by using 6-31:6pd and 6-31G*%pd. A DF method,

i.e., BBLYP method, is applied to the calculationsyofince
electron correlation effects gnare known to be well reproduced

by B3LYP method?! For TTP, an ab initio electron correlation

(d) TTF*+ method, i.e., MP2 method, is also used in order to compare the
\3/25 N s electron correlation effects considered by MP2 method with
N f\ﬁ{ those considered by B3LYP method. We confine our attention
A\Sﬁ 5\3/{ to the longitudinal components,z;; (y), which are main
: components for systems considered in this study.

10
trithiapentalene (TTP), (b) donor(NHdisubstituted TTP, (c) acceptor In finite-field (FF) approach, they is calculated by a
(NOy)-disubstituted TTP, and (d) cation radical tetrathiafulvalene numerlcgl dlfferentlatlon of the total energywith respect to
(TTF*™). The structure of TTP (a) is optimized by B3LYP method with the applied field by
6-311G**, For the disubstituted TTP (b and c), only the structures of
NH; and NQ groups are optimized by B3LYP method with 6-31G*  y,,,.= { E(3F%) — 12E(2F?) 4 39E(F’) — 56E(0) +
using the fixed TTP structure a. The structure of TTE optimized 2 2 -
by B3LYP method with 6-311G**. The numbers labeled on atoms are 39E(_FZ) — 12B(—2F") + E(—3F)}/36(F)" (5)
also shown.

Figure 3. Bond distances [A] and bond angles [deg] of (a) 1,6,6a-

Here, E(F?) indicates the total energy in the presence of the
field F# applied in thez direction. In order to avoid numerical
errors, we use several minimum fields strengths. After numerical
differentiations using these fields, we adopt a numerically stable
y, which is found to be obtained by using fields, 0.002 au, for
these systems.

3.2. Hyperpolarizability Density Analysis. We explain
hyperpolarizability density analysis of the statjc in FF
{';\pproach. The charge density functie(n,F) can be expanded
in powers of the fieldr as

3. Calculation Methods, Calculated Molecules, and
Analysis Method

3.1. Calculation Methods and Calculated Moleculeg-igure
3 shows molecular geometries for (a) TTP, (b)=INH,)-
disubstituted TTP, (c) AENOy)-disubstituted TTP and (d)
TTF*. It was found that TTP optimized by MP2, MP4, and
DF (B3LYP!9) methods possess planar structures wik)
symmetry and their structure parameters are in good agreemen
with experimental daf though the structure optimization by
HF method provides incorrect asymmetric structures. Therefore, ) )
we optimize the geometries of TTP under the constraint of p(r,F)=p(r) + z o (NF; +
planar structures witlC,, symmetry by using B3LYP method
with 6-31G** basis set. In this study, we confine our attention
to the qualitative effects of the introduction of D and A groups
to the 2 and 5 positions of TTP on they and its density
distribution. Therefore, we consider D(A)-disubstituted TTP From this equation and the following expansion formula of
models (See Figures 3b and 3c), in which only the structures dipole moment in powers of the field:
of D and A groups are optimized by using B3LYP method with
6-31G* basis set, and the structure of TTP skeleton is fixed to W(F) = —fr'p(r,F) drd — U+

that of unsubstituted TTP shown in Figure 3a. The geometries ‘ - e
z oy F' + Z By FF+ Z YiPFF + ... (7)
J J J

J
1 o1 .
— z PR PR+ — ; pRNFFF + .. (6)
21 4 3! 4

of TTF* are optimized by using B3LYP with 6-311G**. All
calculations are performed by using GAUSSIAN94 program
package?

It is well-known that extended basis sets augmented by diffuse the staticy can be expressed by
and polarization functions (p and d) are at least necessary for
reproducing qualitativer for hydrocarbon compounds. In the
previous paper$!d we investigated the basis set dependences
of y for three charged state pentalenes (neutral, anion radical,
and dianion states) by using the standard (split-valence (6-31G))
and extended basis sets augmented by diffuse and polarization
functions (6-31G-pd (Cp,¢ =0.0523 for carbon (C) atoms) and
6-31GH+d (§g =0.0523 for carbon (C) atoms). The exponents
of these functions g, 4 and {q) were determined from the
outermost two exponents of 6-31G by the even tempered This third-order derivative of the electron density with respect
method. It is found from this investigation that the calculations to the applied electric fields is referred to as the second
using 6-31G-d basis set can reproduce at least longitudinal hyperpolarizability £) density. In this study, we confine our
components of for pentalene calculated by using 6-3td attention to they density @@(r)) which are calculated at each

1 .
vin =~ 3; JrefR(r) dr’ ®)
where

33
P =—L—

. 9
IF9F*aF ©

F=0
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systems, we consider thedensity distributions on the plane

z
—Q—‘>+ Yz >0 located at 2 au above the molecular plane.

4.1. Comparison between B3LYP and MP2 ResultsAs
<+ t gy <0 shown in Figure 5, the qualitative featuresjofvalues andy
W* density distributions calculated by B3LYP method are similar

to those by MP2 method. This supports our previous restlts,
09y s in which B3LYP method is shown to reproduce theralues
Os P X - HHeUs :
and y density distributions calculated by high-order electron

PP <0 . . . ;
] ) _. Sl o correlation methods, e.g., MP4 and quadratic configuration
Figure 4. g)chemanc_magram of the second hyperpolarizabilityz} interaction involving single and double excitations (QCISD)
densitieso(r). The size of circle represents the magnitude@{r), methods. To better investigate the electron correlation effects

and the arrow shows the sign pf,,.determined by the relative spatial

involved in B3LYP results, we should obtain thevalues and
configuration between these twd’(r). n

y density plots calculated by higher-order electron correlation
methods, e.g., MP4 and QCISD methods using extended basis
sets, which are difficult to be performed for these large-size
systems anywhere due to the lack of computer resources at the

spatial point in the discretized space by using the following third-
order numerical differentiation formula.

@)y present time. In this study, therefore, we use jthealues and
pzAr) = y density plots calculated by B3LYP method in the following
{p(r,2F) — p(r,—2F") — 2(o(r F?) — p(r,—F?))}/2(F)® discussion.
(10) 4.2. Basis Set Dependency ¢f First, we consider a partition

of the y density distributions for the system into two spatial

wherep(r,F?) represents the charge density at a spatial point  regions, respectively involving-85-S and H-C—~CH-C—

in the presence of the fiele. The charge densities over athree- CH—C—H units. This partition is described by dotted lines

dimensional grid of points are evaluated by the density matrix shown in Figures 5a and b. We also calculate;jthealues for

obtained by GAUSSIAN 94 program package. these two regions. Thesevalues are considered to reflect the
In order to explain the analysis procedure by using the qualitative features afr-electron contributions from these two

densities £2(r)), let us consider a pair of localized(r) units, i.e., S-S-S and H-C—CH—-C—CH-C—H, though the

shown in Figure 4. The positive sign of tb@l(r) implies that y values are calculated only at a plane located at 2 au above

the second derivative of the charge density increases with thethe molecular plane.

; : : o~ : The basis set dependence is found to be remarkable. As
increase in the field. The arrow from a positive to a negative . . .
@) . I P . 9 changing the basis set from 6-31G* to 6-3H33d, the sign of
p4r) shows the sign of the contribution determined by the . . o - . .
y is changed from negative to positive and its magnitude is

relative spatial configuration between the tagf(r). Namely, about 8 times enhanced (see Figures 5a and b). It is found from

the sign of the contnpunon pecomes positive when Fhe direction they density plots (Figures 5a and b) that the main contribution
of the arrow coincides with the positive direction of the - ; . . .
to the y originates in the SS—S region, which provides

coordinate system. The con.tr|b.u_t|on determlned. bypﬁ§r) . negative (at 6-31G*) and positive (at 6-31&5d) contributions.

of the two points is more significant, when their distance is ;g change in sign is caused by the appearancedgnsities

larger. with large positive contributions in the outer regions. Namely,

the augmentation of diffuse (p and d) functions are considered

to be necessary for the qualitatively adequate description of
Figure 5 shows values and density plots for TTP (shown  electron contribution in the -SS—S region. In contrast, in

in Figure 3a) calculated by B3LYP and ab initio MP2 methods H—C—CH—C—CH—C—H region, there is no remarkable ap-

using 6-31G* and 6-31G*pd basis sets. Since it is well-known pearance ofy densities in the outer region and considerable

thatz-electrons dominantly contribute to thdfor zz-conjugated cancellation among positive and negatveontributions occurs

4.y and y Densities for TTP

(@ TTP7y,,,=-1940 au. (B3LYP/6-31G*) (b) TTPY,,,= 15200 a.w.( BSLYP/6-31G*+pd )

5

47440

4.88 a.u.

(c) TTPv,,, = -7410 a.u. ( MP2/6-31G*) (d) TTP v,,,,= 12400 a.u. ( MP2/6-31G*+pd )

zere

Figure 5. Calculatedy,,,,values and plots of,,.,densities on the planes located at 2 au above the molecular planes of 1,6,6a-trithiapentalene
(TTP) (shown in Figure 3a). The B3LYP (a and b) and MP2 (c and d) results are shown for a standard (6-31G*) and an extendetlp@)-31G*
basis sets. The,,,,values in two regions (partitioned by dotted lines), i.e5S5S and H-C—CH—C—CH—C—H regions for B3LYP results are

also shown in the right hand-side of each plot. Contours are drawn at 50, 10;-1, 6,10, and—50 au.
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Mulliken charge density for TTP

Figure 6. Mulliken charge density plots for 1,6,6a-trithiapentalene
(TTP) (Figure 3a) calculated by B3LYP/6-31&pd method. The
positive and black circles represent positive and negative charges,
respectively.

J. Phys. Chem. A, Vol. 103, No. 16, 1993107

(a) NH,-disubstituted TTP  v,,,, = 28700 a.u.( BALYP/6-31G*+d )

X

though the augmentation of basis set is found to reverse theFigure 7. Calculatedy...values and plot of...densities on the plane

sign of the partitioneg in H—C—CH—C—CH—C—H region.

4.3. Feature ofy Density Distribution. Judging from our
structure-property correlation rule using SRIP and the mai
resonance structure shown in Figure 1b, theof TTP is
predicted to be positive in sign. In fact, thevalue for TTP
calculated by B3LYP/6-31Gtpd is found to be positive in sign.
It is found from Figure 5b that the main contributiontdfor
TTP originates in the SS—S region. It is also found that the
mr-electron contribution tgv in the HC—CH—C—CH—-C—H
region of TTP is negative, while that in the-S—S region is
positive.

In order to estimate the features of SRIP contributions for
TTP, we investigate the Mulliken charge density distributions
of TTP (see Figure 6). It is found that S atonBatis positively
charged (0.263), while the other S atomd aind6 are slightly
negatively charged-0.057). On the other hand, the+C—
CH—C—CH—C—H region is found to exhibit a remarkable
positive-negative charge separation: the central C ato&aat
is positively charged (0.422), while the both-side C atont3 at
3, 4, and5 are negatively charged-0.233 @ and4) and—0.483
(2 and 5)). From such feature of charge distributions, it is
presumed that in the -S5—S region of TTP, small SRIP
contribution and large 3p electron contributions lead to the
large positive partitioneg (166.8 au on the plane shown in
Figure 5b), while in the HC—CH—C—CH—C—H region of
TTP, relatively large SRIP contribution due to the positive-
negative charge separation causes negative partitio(re84.9
au on the plane shown in Figure 5b). It is noted that the feature
of y density distribution in the HC—CH—C—CH—-C—H
region of TTP is similar to that of charged soliton-like oligomers
which are found to exhibit negative!123

n

5.y and y Densities for D- and A-Disubstituted TTP

Figure 7 shows values and’ density plots for DENH2)—
and AENOy)-disubstituted TTP (shown in Figure 3b and c)
calculated by B3LYP method using 6-31&#8 basis set.
Similarly to the TTP case, we consider theensity distributions
on the plane located at 2 au above the molecular plane.

Both disubstituted TTP are found to exhibit about two times
largery values than TTP. However, these enhancemenis of
are not considered to be caused only by the contributions of
the substituent groups (NHand NQ).

For NH.-disubstituted TTP (Figure 7a), thedensities in the
S—S—S region, which contributes tp positively, are remark-
ably enhanced compared with those for TTP (see Figure 5b).

located at 2 au above the molecular planes of (ay-Niid (b) NGQ-
disubstituted trithiapentalene (TTP). The B3LYP method using an
extended (6-31G*d) basis set is used. Contours are drawn at 50, 10,
1, 0,—1, —10, and—50 au.

TTF" Y22, = -5200 a.u. (B3LYP/6-31G**+d)

L.

Figure 8. Calculatedy,,,;value and plot ofy,,,,density on the plane
located at 2 au above the molecular plane of cation radical tetrathia-
pentalene (TTF). The B3LYP method using an extended (6-31&t)
basis sets is used. Contours are drawn at 10, +,10,and—10 au.

This indicates that the contribution in the-S—S region is
enhanced by electron donation caused by the introduction of
D(=NH>) groups inta2 and5 positions (see Figure 1a). On the
other hand, the contribution in the NHC—CH—C—CH—-C—

NH; region is shown to be small due to the cancellation of
positive and negative contributions though the magnitudes of
y densities in that region are somewhat enhanced bydyblips
compared with those in the- HC—CH—C—CH—C—H region

for TTP.

In contrast, for N@-disubstituted TTP (see Figure 7b), the
remarkable enhancementsioflensities are found to occur in
the NO—C—CH-C—CH-C—NO, region. Namely, the posi-
tive contribution in the SS—S region is reduced and that in
the NG—C—CH—-C—CH—C—NO; region is remarkably en-
hanced. Although the negative contribution is detected in the
internal region of NG—C—CH—-C—CH—-C—NO,, i.e., the
C—CH—-C—-CH-C region, the large positive contribution
caused by both ends of the N@roups is found to make the
total y positive. This feature indicates that the contributions in
the S-S—S and NQ—C—CH-C—CH-C—NO; regions are
respectively reduced and enhanced owing to electron attraction
caused by the introduction of ANO,) groups into2 and5
positions (see Figure 1a).

6.y and y Densities for TTF"

6.1.y Density Analysis of TTF". Figure 8 shows a plot of
y density andy value for TTF* calculated by B3LYP method
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(a) (b)

Unigue third-order
optical nonlinearity (y < 0)

-
5+

TTF

0=

D
|+

-

&+
&+

&+

High electrical + Donor molecular plane
o -

conductivity
Mixed-valence donor stacks
Figure 9. (a) Two-step redox reaction process for tetrathiapentalene
(TTF). (b) A multiproperty aggregate model combining high electrical
conductivity and unique third-order optical nonlinearity. The mixed-
valence stack is composed of partially cationic donor molecules.

using 6-31G**-d basis set’ They density distribution located

Nakano et al.

Judging from SRIP contributions of TTFshown in Figure 2d,
these partially cationic radical states of D molecules tend to
have large contribution of SRIP in the direction perpendicular
to the stacking direction (see Figure 9b). If ihés nearly equal

to 0.5 and the SRIP contribution is large enough to provide
negativey, there is a possibility of realizing a multiproperty
aggregate system combined with high electrical conductivity
and unique third-order optical nonlinearity, i.e., negativén

the direction perpendicular to the stacking direction.

7. Concluding Remarks

In this study, we theoretically presented a new class of third-
order nonlinear optical systems involving S atoms and inves-
tigated the features of thejrby ab initio and DF calculations.

First, we analyzedr-electron contribution for TTP to the
longitudinal y by usingy density plot. It was found for TTP
that thesr-electrons in the SS—S region mainly contribute to
the longitudinaly positively, while therr-electron contribution

at 2 au above the molecular plane is drawn since we confine in the H-C—CH—C—CH—C—H region is small negative.

our attention to the contribution of electrons, which mainly
contribute to they.

Judging from the contribution of SRIP shown in Figure 2d,
TTF* (Figure 3d) is expected to exhibit negative longitudinal
y. In fact, they value for TTF* calculated by B3LYP/6-
31G**+d is found to be negative in sign. The contributions of
y density distributed on S atomg, (5, 7, and 10 (see Figure
3d) are found to be negative, while the contributiong density
distributed on C atoms3( 4, 1, 6, 8, and9 (see Figure 3d) are
found to be positive. Since the magnitudesyalensities on S
atoms are found to be much larger than thosg dénsities on
C atoms, the totay becomes negative in sign.

6.2. A Prediction of y for Segregated Molecular Ag-
gregates.It has been well-known that some molecular crystals
composed ofr-molecular D and A molecules have considerably
high electrical conductivity®24These materials form the field
of “organic semiconductors”. Particularly, tetracyamouino-
dimethane (TCNQ) radical anion forms a large number of

Secondly, we investigated the effects of the introduction of
D(=NH;) and AENO,) groups into2 and5 positions of TTP
on the longitudinal. Although they values for both systems,
i.e., NH- and NQ-disubstituted TTP, were found to be largely
enhanced compared with that of TTP, there were found to be
remarkable differences in the feature of spatial contributions to
y. Namely, the electron donating property of bigroup
enhances the positive contribution in the S-S region, while
the electron attracting property of NQgroup reduces the
contribution in the SS—S region and enhance that in the NO
C—CH—-C—CH—-C—NO:; region. Judging from these results,
the magnitude of contribution forr-electrons to they for
disubstituted TTP is expected to be controlled by changing the
electron donating and attracting properties for D and A groups.

Finally, as a rare molecule with negatiye cation radical
TTF was proposed based on our structure-property correlation
rule using SRIP contribution. From the longitudinabnd its
density plot calculated by B3LYP calculation, thevalue and

organic semiconductors with various cation molecules such asthe contribution ofr-electrons were found to be negative. This
TTF. Many of these crystals have a 1:2 ratio of cation to TCNQ. molecule is also well-known to be a good D molecule
It was found that the high electrical conductivity is closely constructing high electrical conductive molecular aggregates,
related to the crystal structures composed of the segregatect-d-, mixed-valence stacks composed of partially cationic radical
stacks of D and A molecules which are planar molecules packedstates of D molecules. In such systems, the conduction electrons
face-to-face. Ther overlap and charge transfer (CT) interaction are considered to transfer in the stacking direction and the unique
between adjacent molecules in the stacking direction are foundnegativey is also expected to be generated in the direction
to be responsible for the electrical conductivity in the direction. Perpendicular to the stacking direction. This suggests a pos-
In general, there are found to be three types of segregatedsibility of multiproperty systems combining high electrical

molecular crystals: (A) ionic crystals in which complete CT
occurs from D to A molecules, (B) neutral crystals in which no
CT occurs due to Coulomb interactions, and (C) partially ionic,
mixed-valence crystals in which incomplete CT occurs. It is
well-known that the type C system tends to exhibit high
electrical conductivity in the stacking direction, while the types

conductivity and unique third-order optical nonlinearity €

0). At the next stage, band calculations involving the correlation
between conduction electrons in the stacking direction and third-
order hyperpolarization in the perpendicular direction to the
stacking direction will be performed in order to confirm the
prediction and suggestion presented in this study.

A and B systems become a low-conductive or nonconductive ) )
aggregate&® We here particularly consider the type C system  Acknowledgment. This work was supported by Grant-in-
in relation to a possibility of multiproperty system combined Aid for Scientific Research on Priority Areas (Grant 10149101)

with unique third-order nonlinearity and high electrical con- from Ministry of Education, Science, Sports and Culture, Japan,

ductivity.

In the case of mixed-valence crystal (type C), the D stacks

have partially positive charges due to incomplete CT from D
to A molecules. In chemical picture, the cation radical state of

and a Grant from CASIO Science Promotion Foundation.
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