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We have investigated the static second hyperpolarizabilitlesf the singlet diradical systems with intermediate
diradical character involving phenalenyl radicals connected by acetylene and vimytmmgugated linkers,

1 and2, using the hybrid density functional theory. For comparison, we have also examingd/éiges of

the closed-shell and pure diradical systems with almost the same molecular diznd®. In agreement

with our previous prediction of the diradical character dependengeibfurns out that the values ofl and

2 are significantly enhanced compared to those of the closed-shell and pure diradical systems. In the present
case, distinct differences ip values are not observed between the twoonjugated linkers, though the
diradical character is found to depend on the kind of linker. Furthermore, we have investigated the spin
multiplicity effect on y. Changing from the singlet to the triplet state, thevalues of the systems with
intermediate diradical character in the singlet state are quite reduced, though those of the pure diradical systems
are hardly changed. Such spin multiplicity dependence f understood by considering the difference of
diradical character between their singlet states together with the Pauli principle. The present results provide
a possibility of a novel control scheme pfor phenalenyl radical systems involvimgconjugated linkers by
adjusting the diradical character through the change of the linked positiarcohjugated linkers and the

spin multiplicity.

1. Introduction m-delocalization have attracted much attention both theoretically
For the past three decades, the research field of nonlinear@"d experimentally due to their large susceptibilities, short
optics (NLO) has been rapidly developed in pursuit of their "€SPonse time, facm_ty of modification, hlgh laser damage
potential applications for optoelectronics and photohiés. ~ thresholds, and relatively low cost. In particular, structure
Materials with large NLO properties are promising candidates Property relationships have been deduced for the second
for applications to three-dimensional microfabricatfarptical hyperpolarizabilities f), which are the microscopic origin of
power ||m|t|n97 Opt|cal data processing and Storégdnoto_ the third-order NLO pl’Opel’tIeS, to realize h|gh|y active third-
dynamic therapy,and so on. So far, the molecular design of order NLO materials. For example, the extensionrafonjuga-
highly active NLO materials has been one of the modern topics tion length, the introduction of donor/accepter grddps' and
from both theoretical and experimental points of view. Indeed, the change in charged st&té® are primary tuning parameters
the NLO properties of several materials including inorganic Of y. Most investigations, however, have focused on the closed-
crystalg3 and organic moleculéd®!l have already been  shell systems, though a few pioneering studies on several open-
extensively studied. Although inorganic crystals, e.g., LiNbO  shell systems have been performed from the viewpoint of the
KH,POs, and BaTiQ, are traditional NLO materials, the use hybrid functional material$>1720
has been limited because of the slow NLO responses and the Recently, we have proposed a novel open-shell molecular-
difficulty of dealing with single-crystalline materials. During  based structureproperty relationship fop: the singlet diradical
the past two decades, organic molecular systems with extendedsystems with intermediate diradical characters show a significant
enhancement of values as compared to the closed-shell and
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CHART 1: Structures of (a) 1,2-Bis(phenalen-1-ylidene)ethene in the Singlet State (1(singlet)), (b) 1,2-Bis(phenalen-1-
ylidene)ethane in the Singlet State (2(singlet)), (c) 1,2-Bis(pyren-4-yl)ethyne (3), (d) 1,2-Bis(pyren-4-yl)ethene (4), (e) 1,2-
Bis(phenalen-2-yl)ethyne in the Singlet State (5(singlet)), (f) 1,2-Bis(phenalen-2-yl)ethene in the Singlet State (6(singlet)),
(9) 1,2-Bis(phenalen-1-ylidene)ethene in the Triplet State (1(triplet)), (h) 1,2-Bis(phenalen-1-ylidene)ethane in the Triplet
State (2(triplet)), (i) 1,2-Bis(phenalen-2-yl)ethyne in the Triplet State (5(triplet)), and (j) 1,2-Bis(phenalen-2-yl)ethene in
the Triplet State (6(triplet)) 2
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@ The molecular geometries are optimized at the UB3LYP/6-31G** level of approximatidh £)15, and6, and at the RB3LYP/6-31G** level
of approximation for3 and4 under the constraint o€, symmetry. Main contribution forms and coordinate axis are also shown.

diradical character dependencejofs explained by using the  supramolecule¥® Because the values of the singlet diradical
three-state model for the simplest singlet diradical system, systems are predicted to show a strong dependence on
i.e., Hp bond dissociation mod@&t22For such a model system,  their diradical characters, phenalenyl-based systems are expected
a bond dissociation process of the hholecule is classified  to construct controllable NLO systems. Indeed, we have
into three regimes by using the diradical character, i.e., weak- computationally demonstrated that theconjugated hydro-
correlation ¢y ~ 0), intermediate-correlationy(~ 0.5), carbons involving diphenalenyl radicals with intermediate
and strong-correlationy(~ 1) regimes, which correspond to  diradical characters exhibit a significant enhancement aé

the equilibrium-, intermediate-, and long-distance regions, compared to closed-shell hydrocarbons with simitazonjuga-
respectively. When the diradical character increases, thetion length?*

transition moment between the first and second excited states |n this article, we investigate the static longitudinpaalues
increases in contrast to that between the ground and firstof |inked-type phenalenyl radical compounds, in which two
excited states, which decreases toward a zero value, anchhenalenyl radical rings are connected by acetylene and vinylene
also the excitation energies of the first and second excited statesinkers, i.e., 1,2-bis(phenalen-1-ylidene)ethebleand 1,2-bis-
decrease and then coincide with each other in the large diradical(phenalen-1-ylidene)ethan2)#32¢ (Chart 1a,b), by the hybrid
character region. These features together with the pertur-density functional theory (DFT) method. To elucidate the
bation formula of y can lead to the diradical character giradical character dependencesyofvve also examine th@
dependence of: the y values attain the maximum in the yajues of the systems with small diradical characters, i.e., 1,2-
intermediate diradical character region. In previous studies, we js(pyren-4-yl)ethyne 3) and 1,2-bis(pyren-4-yl)ethened)(

have confirmed the validity of this structur@roperty relation-  (Chart 1c,d), and pure diradical systems, i.e., 1,2-bis(phenalen-
ship using s_everal singlet dlradl_caJconjugated systems such  2.y|)ethyne 6) and 1,2-bis(phenalen-2-yl)ether® (Chart 1ef).
as p-quinodimethane modél? twisted ethylene mod&f and Furthermore, the spin multiplicity dependenceyois investi-

ﬂ-ConjUgated molecules inVO'Ving imidazole and triazole riﬁﬁs. gated by Comparing thg values ofl (2) in the Sing|et state

In addition to these singlet diradical systems, recent develop- with those ofl (2) in the triplet state (Chart 1g,h) and the
ment of organic synthesis raises a novel class of thermally values of5 (6) in the singlet state with those &f (6) in the
stable open-shell systems involving phenalenyl radical triplet state (Chart 1i,j). The density analysis is performed to
rings, which are synthesized by Nakasuiji and Ké&bbhey have elucidate and analyze the spatial contribution of electrons to
proposed a bridging of two phenalenyl radicalsigonjugated y.15250n the basis of these results, we clarify the diradical
linkers?3a¢ to construct stable phenalenyl-based system. character and spin multiplicity dependences @nd discuss a
This approach is very fascinating because the variations of thenovel control scheme of the third-order NLO properties through
kind and the length of linker molecules are expected to give the modulation of diradical character by changing the structure,
the variations in diradical character. The phenalenyl radical is the spin multiplicity and the linked positions afconjugated
also regarded as a building block of various super- and linker in the linked-type diphenalenyl radcial systems.
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2. Theoretical Background and Computational Procedure

2.1. Geometrical Structures and Diradical Character.
Chart 1 shows the calculated molecules6, the geometries
of which are optimized using the hybrid DFT method, i.e.,
B3LYP method, with the 6-31G** basis set under the constraint
of Con symmetry. The B3LYP method is known to reproduce
the experimental structures of conjugated diradical systems

and our previous study has also shown that the optimized

structure for a typical singlet diradical moleculg;quin-
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(i = %y, 2) of applied electric fieldF and g, @, Bik, and
yik represent the permanent dipole moment, polarizability,
first hyperpolarizability, and second hyperpolarizability,
respectively. From this equation, the stgtican be expressed

by
1 o°E

= (4)
6 5F'9F oF aF ' lF—o

Yik =

odimethane, calculated by the B3LYP method is in agreement FOr all the systems examined in this study, thaxis is

with that by the quadratic configuration interaction method
including all singles and doubles (QCISB}which significantly
improves the description by the Hartreleock (HF) method in

the weak and intermediate correlation regimes. We therefore

employ the spin-unrestricted B3LYP (UB3LYP) method for the
open-shell diphenalenyl systenis2, 5, and6, and do the spin-
restricted B3LYP (RB3LYP) method for the closed-shell
dipyrenyl systems3 and 4, in which the UB3LYP method
actually gives the RB3LYP solutions.

So far, numerous efforts have been made to estimate the

diradical character of the systémand, to this day, the

determination of the diradical character attracts the broad interestyS

from the various research fiefd.In this study, we employ the

UHF natural orbital (UNO)-based calculation scheme proposed

by Yamaguchi et ad?~3! because this scheme is simple but

reproduces well the diradical character calculated by other

methods such as the ab initio configuration interaction (ClI)
method?%230|n this scheme, the diradical characterelated
to HOMO—i and LUMO+i is defined by the weight of the
doubly excited configuration in the multiconfigurational self-
consistent-field (MC-SCF) theory and is formally expressed
in the spin-projected UHF (PUHF) &s3!

2T,

1+ T2

=1 1)

taken to be the direction of the line joining the middle
point between sitea andb and that between sites and b’
(see Chart 1). The origin is chosen to be the molecular
center of mass, and the-y plane defines the molecular plane.
We focus on the longitudinal component of statjc
(yxxx9 because the longitudinal component is closely related
to the m-electron delocalization. The longitudinal com-
ponents are expected to provide the main contribution of the
orientationally averaged second hyperpolarizabilify) (ex-
pressed as

®)

We evaluate all components of staficvalues contributing to
ysin eq 5, i.e.yii andyijj, for some systems to investigate the
contribution ofyyux to ys. For the calculation of;ii and yij;,
the fourth-order numerical differentiation formulas are

= Voo T Vyyyy T Vzzzzt 2Vs00y T 2Vyy2T 272205

employed

Vi = ~[56E(0) — 3YE(F) + E(~F)} + 12{E(2F) +
E(—2F)} — {E(3F) + E(—3F)}]/36(F)* (6)

and

vy = —[72E(0) — 38{E(F') + E(—F) + E(F) +

E(—F)} +2{E(2F') + E(—2F) + E(2F) +E(—2F)} +

whereT, represents the orbital overlap between the correspond- 20{ E(Fi,Fj) + E(Fi,—Fj) +E(—Fi,Fj) + E(—Fi,—Fj)} -

ing orbital pairs and is determined by using the occupation
numbers ;) of UNO:

Nhomo—i — NLumo-+i
T, = 5

)

{E(2F F) +E(2F' ,—F)) + E(—2F' F) +E(—2F ,—F) +
E(F,2F) + E(F,—2F) +E(—F',2F)) +
E(—F,—2F)}I72(F)(F)* (7)

Here,E(F) represents the total energy in the presence of static

Because the PUHF diradical characters take values between @lectric field', which indicates théth componentsi(= x, y,
and 1, which represent the closed-shell and pure diradical states?) of applied electric field=, andE(F', F)) represents that for

respectively,y; represents the diradical character, i.e., the
instability of the chemical bond. The UHF approach is used

the applied electric field&' and Fi with different directions.
The values of' giving numerically stable values are chosen

for the calculation of occupation numbers of NO because the in the range from 0.0001 to 0.0300 au. The total energy of the
UDFT approach tends to underestimate the diradical character.System is evaluated within an accuracy of ¥au, which leads

2.2. Second Hyperpolarizability and Hyperpolarizability
Density Analysis.We employ the finite-field (FF) approath
to the evaluation of staticy. A power series expansion
convention (called B conventié) is adopted for the definition
of y. The total energy of the system in the presence of static
electronic fieldF is expanded as

| 1 .
E=E— ) uF' =~ oyFF -~ Zﬂiij'FJFk —
] 2 1) 3I,J,
1 i kel
- 2 P PFF — .. (3)
45k

whereE, is the total energy of the system in the absence of the
applied static electronic field;' indicates thath components

to y values with sufficient precision for the present study. The
y values are given in atomic units (au): 1.0 au of second
hyperpolarizability is equal to 6.2353%7 10755 C*m* J-2 and
5.0367 x 10740 esu.

The hyperpolarizability density analy’ig®is performed to
clarify the spatial contribution of electrons jovalue. From
the expansions of the charge density funci@nF) and of the
dipole moment in a power series of applied electronic field
y can be expressed by where

1,
Vin = = 3,/ Tef() dr ®)
3
i =—26— ©
R aFiaF 9 o
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Here,r' represents thith component of the electron coordinate. TABLE 1: Diradical Character y Calculated by the UHF/

This third-order derivative of the electron density with respect 6-31G** Method and Longitudinal Components of Second
h lied electric fieldso® . ferred h Hyperpolarizabilities y(yuxx) (in the Unit of 10% a.u.)
to the applied electric fieldsp;(r), is referred to as the Calculated by the BHandHLYP/6-31G* Method? for

density. The positive and negative values pf densities 1(singlet), 2(singlet), 3, 4, 5(singlet), 6(singlet), 1(triplet),
multiplied by F3 correspond to the field-induced increase and 2(triplet), 5(triplet) and 6(triplet)

decrease in the third-ord_er charge den_sity_and_induce _the t_hird- system y y [x 10°au]
order dlpql_e moment (th_|rd-order polarlzatlon) in the direction 1(singled) 0.6525 1568
from positive to negativey density. They density map, 2(singlet) 0.5184 1889
therefore, represents the relative phase and magnitude of change 3 0.1915 360
in the third-order charge densities between two spatial points 4 0.2297 324
with positive and negative densities. The relationship between 5(singlet) 0.9993 209
@)y - S . . 6(singlet) 0.9979 217
y andp;(r) is explained by considering a simple example: a 1(triplet) 461
pair of localized densities with positive and negative values. 2(triplet) 687
The sign of the contribution tp is positive when the direction 5(triplet) 198
from positive to negative density coincides with the positive B(triplet) 208

direction of the coordinate system. The sign becomes negative aThey values ofi(singlet),2(singlet),5(singlet),6(singlet), 1(triplet),

in the opposite case. Moreover, the magnitude of the contribution 2(triplet), 5(triplet), andé(triplet) are calculated by the spin-unrestricted
associated with this pair of densities is in proportion to the ~ BHandHLYP/6-31G* method, and those 8fand4 are done by the
distance between them. Thedensities are calculated for a grid ~ SPin-restricted BHandHLYP/6-31G* method.

of points using a numerical third-order differentiation formula

of the electron densities. The box dimensiord? A < x < set is slightly enhanced by 10% compared to that using the
v values obtained by integration are within an accuracy of 2% in this study are carried out using Gaussian*03.

of the FF results.

We employ the Becke's half and half LYP (BHandHLYP) 3: Results and Discussion
method® using the 6-31G* basis set for the FF calculation of ~ 3.1. Comparison of y between Singlet Diphenaleny!
. Our previous study on thg-quinodimethane model shows  Radicals (1(singlet) and 2(singlet)) and Closed-Shell Dipyre-
that the spin-unrestricted BHandHLYP (UBHandHLYP) results nyl Molecules (3 and 4). Table 1 gives the longitudinal
provide reliabley values for singlet diradical molecules with  components of stati¢ (yxx) Values calculated by the FF-
intermediate diradical character, whereas the spin-restrictedUBHandHLYP/6-31G* method and the diradical characters
BHandHLYP (RBHandHLYP) results provide reliabtesalues obtained from the UNO/6-31G** fod(singlet), 2(singlet), 3,
for diradical molecules with small diradical character or closed- and4. They values ofl(singlet) and2(singlet), which have an
shell moleculed!2Thus, we employ the UBHandHLYP method  intermediate diradical character gf= 0.6525 and 0.5184,
for the evaluation of for 1, 2, 5, and6, and the RBHandHLYP amount to 1568x 10°® and 1889 x 10° au, respectively.
method for3 and4.3¢ Approximate spin-projection scheme based Although3 and4, which haver-conjugation lengths similar to
on the Heisenberg model proposed by Yamaguchi is effective those ofi(singlet) and2(singlet), respectively, provide small
in the calculation of reliable ground-state energies of singlet diradical charactersy(= 0.1915 for3 andy = 0.2297 for4),
open-shell systen®:*" Indeed, forp-quinodimethane model,  the spin-restricted solutions are found to be stable at the B3LYP
they values obtained by the approximate spin-projection UMP2 and BHandHLYP levels of approximation. This result indicates
(APUMP2) method are improved as compared to those by the that3 and4 are nearly closed-shell systems or are regarded as
UHF and UMP2 methods, which give erroneous results, and closed-shell systems. Thevalues of3 and 4 are 360x 10°
are in good agreement with the results obtained at the reliableand 324x 10 au, respectively, and the ratiosjf1(singlet)3
UCCSD(T) level of theory!2 On the other hand, for the H and?2(singlet)4, are 4.4 and 5.8, respectively. This significant
dissociation model, the APUBHandHLYP method is found to relative increase of values forl(singlet) and2(singlet) is in
provide the maximumy values at a larger bond distance agreement with our prediction that singlet diradical systems with
(corresponding to larger diradical character region) than that at an intermediate diradical character tend to exhibit laggeslues
the full-CI (SDCl in this case) level of theoAf® This indicates than the closed-shell systems with a similarconjugation
that the spin-projection scheme based on the Heisenberg modelength?12.21b
tends to cause an overprojection on thevalues at the Parts a-d of Figure 1 show the’ density distributions for
UBHandHLYP level, which is thus suggested to include some 1(singlet),2(singlet),3, and4 obtained at the BHandHLYP/6-
static correlations in spite of the single-reference method. In 31G* level of approximation. In all the systems, i.gsinglet),
this study, therefore, we apply the usual UBHandHLYP method 2(singlet), 3, and4, the main contributions tg are found to
(without AP) to the calculation of values of the systems with  arise fromz-electrons, thouglr-electrons give small opposite
the intermediate and pure diradical characters. Although it is contributions toy. For 1(singlet) and?2(singlet), dominant
well-known that the use of the extended basis sets such as splitpositive contributions tgr come from the extended positive and
valence plus polarization basis set augmented with a set of pnegativey densities well-separately distributed on the left and
and/or d diffuse functions on the second-row atoms is necessaryright phenalenyl radical rings, respectively. Although small
for obtaining quantitativer values forz-conjugated systents, opposite (negative) contributions appear in theonjugated
we use the standard 6-31G* basis set because we focus on théinker, their contributions are much smaller than those of the
semiquantitative comparison gfvalues for the systems with  both-end phenalenyl ring moieties. The smallalues of3 and
different diradical character. Indeed, our previous study confirms 4 are understood by the significantly redugedensities at the
that they value ofs-indaceno[1,2,%d;5,6,7¢'d]diphenalene both-end pyrenyl ring moieties.
(IDPL), which is a singlet polycyclic aromatic diradical system As to the effect of ther-conjugated linkers, i.e., acetylene
involving two phenalenyl radical rings, using the 6-31G* basis for 1 and vinylene foR2, the acetylene linker tends to give larger
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(a) 1(singlet) ¥ =1568 x 10° a.u.
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Figure 1. y density distribution calculated at the level of BHandHLYP/
6-31G* approximation andg values for1(singlet), 2(singlet), 3, 4,
5(singlet),6(singlet),1(triplet), 2(triplet), 5(triplet), and6(triplet). The
spin-unrestricted method is employed fi{singlet), 2(singlet), 5(sin-
glet), 6(singlet), 1(triplet), 2(triplet), 5(triplet), and6(triplet), whereas
the spin-restricted method is used fdand4. The yellow and blue
meshes represent the positive and negatidensities with isosurface
with £100 au, respectively.

diradical character than the vinylene linker. To clarify the origin
of this feature, we compare the frontier orbitals and their
energies betweef(singlet) and2(singlet). Parts a and b of
Figure 2 show the orbital correlation diagrams figsinglet)
and 2(singlet), respectively, calculated by the RHF/6-31G*
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Figure 2. Orbital correlation diagrams of (a)(singlet) and (b)
2(singlet). The frontier orbitals of(singlet) and2(singlet) are shown

in the center, and those of isolated two phenalenyls and acetylene
(vinylene) linker are shown at both ends, respectively. All MOs are
calculated by the RHF/6-31G* method and the yellow and blue surfaces
represent the isosurfaces with0.01 and—0.01 au, respectively.
Symbols H, L, and S represent the HOMO, LUMO, and SOMO,
respectively, and symbols g and u denote the gerade and ungerade
orbitals with respect to the inversion center of the system, respectively.
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-
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LUMO energy gap. This is understood as follows. The correct
description of the ground state for the system with a small
HOMO—-LUMO energy gap requires the inclusion of the doubly
excited configurations, though the HF ground state configuration
is a good approximation to the true ground state in the case of
a large HOMG-LUMO energy ga@P39Such inclusion of the
doubly excited configuration in the case of near degenerate
HOMO—-LUMO energy gap reduces the ionic component
overestimated in the HF ground state and thus relatively

method. The degenerate singly occupied molecular orbitals increases the covalent (diradical) component, leading to the
(SOMOs) of the both-end phenalenyl radical rings are composedincrease of diradical character of the ground st#té®As a

of the symmetric and antisymmetric mixings of the SOMOs of
isolated phenalenyl radical rings, respectively. The HOMO
LUMO energy gap ofi(singlet) (4.982 eV) is smaller than that

result, we found that the larger HOM@UMO energy gap
for the acetylene linker than that for the vinylene linker leads
to the smaller HOMG-LUMO energy gap ofl(singlet) and

of 2(singlet) (5.906 eV) because the correlation between the then to a larger diradical character hinglet) {f = 0.6525)

both-end phenalenyl radical rings aneconjugated linker for
1(singlet) is slightly smaller than that f@&(singlet) due to the
larger HOMO-LUMO energy gap of acetylene (16.299 eV)

than that of vinylene (13.995 eV). In general, the system with

a relatively small HOMG-LUMO energy gap tends to give a
large diradical character compared to that with a large HGMO

as compared to that df(singlet) { = 0.5184). However, we
cannot observe a distinct difference jn values between
1(singlet) and2(singlet) (1568x 10° au for 1(singlet) vs 1889

x 10° au for 2(singlet)). This is due to the fact that both the
diradical characters of these two molecules lie in the intermedi-
ate diradical regioA!2210|n the case of longer-conjugated
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TABLE 2: Components of p, vii, and y;;, and the
Orientationally Averaged y(ys) (10° au) for 1(singlet),
2(singlet), 3, and 4 Calculated by the BHandHLYP/6-31G*
Method?

components

[x10° au] I(singlet)  2(singlet) 3 4
Vxxxx 1568 1889 360 324
Yyvyy 26 5.913 11 2.589
V2222 0.018 0.018 0.019 0.019
Vayy 140 28 —4.258 41
Vyyzz 0.068 0.043 0.057 0.071
Vzzxx 0.354 0.448 0.133 0.099
Vs 375 390 73 82

aThe spin-unrestricted methods are usedl{singlet) and(singlet),
and the spin-restricted methods are done3fand4.

linker, more significant difference iry values is expected

Ohta et al.

diradical characters nearly equal toyl= 0.9993 for5(singlet)
and 0.9979 for6(singlet) at the UNO/6-31G** level of ap-
proximation. They values of5(singlet) ands(singlet) calculated
by the FF-UBHandHLYP/6-31G* method are 26910 and
217 x 10° au, respectively, with the ratios of, 1(singlet)/
5(singlet)= 7.5 and2(singlet)b(singlet)= 8.7. Such significant
reduction ofy substantiates our previous predicf&Pthat the
singlet diradical system with an intermediate diradical character
exhibits a largely value than the pure diradical system with a
similar z-conjugation length. Parts e and f of Figure 1 show
the y density distributions fob(singlet) and6(singlet) deter-
mined at the UBHandHLYP/6-31G* level of approximation.
The previous features of are also well exemplified by thg
density distributions on the both-end phenalenyl rings with
dominant contribution: 5(singlet) and 6(singlet) show the
significantly reduced densities as compared to thodésifiglet)

between the acetylene and vinylene linker systems because thesgng 2(singlet), respectively.

linkers are predicted to provide a larger difference in HOMO
LUMO energy gap as well as smaller energy gap in the larger
chain-length region.

Finally, we investigate the components mainly contributing
to the orientationally averagedvalue,ys, which is important
for the comparison with the experimental values usually
measured in solution. Thes values and their individual
componentsy;i and yjj, for 1(singlet), 2(singlet), 3, and 4
calculated by the BHandHLYP/6-31G* method are listed in
Table 2. In all systems, thgwx values are at least 8 times as
large as other components, indicating that theis almost
determined by the component ¢fxx i.€., the longitudinal
component. The present result suggests that our previou
predictiorf!2bis also applicable to thes values, though the
amplitudes of off-diagonal components would be somewhat

enhanced by the augmentation of the present basis set with

diffuse p and/or d functions. In subsequent discussion, we
therefore focus on the dominant componentygfi.e., longi-
tudinal componentyxyxx

3.2. Comparison of y between Singlet Diphenalenyl
Radicals (1(singlet) and 2(singlet)) and Pure Diradical
Diphenalenyl Molecules (5(singlet) and 6(singlet))We ex-
amine they values and diradical characters a{singlet),
2(singlet),5(singlet), ands(singlet) to elucidate the difference
in v between the systems with intermediate diradical character
and the pure diradical systems. Here, molect(gsgglet) and
6(singlet) are theoretically designed to be in pure diradical states
by linking throughr-conjugated linker between the carbon atom
sitesa (with no SOMO distributions) of both-end phenalenyl
radical rings (see Figure 3a). This design scheme is verified by
examining the highest SOMOs far and  spin -electrons
(o- and f-HSOMOs) of 1(singlet), 2(singlet), 5(singlet), and
6(singlet) calculated by the UBHandHLYP/6-31G* method (see
Figure 3b-e). Apparently, the spatial symmetry of these orbitals
is broken. It is found that the- and3-HSOMOs of1(singlet)
and?2(singlet) are dominantly distributed on the left- and right-
hand side phenalenyl radical rings, respectively, though there
is a small distribution of HSOMO in the-conjugated linker

S

3.3. Spin Multiplicity Effects on y for Diphenanyl Radical
Molecules 1, 2, 5, and 6The spin multiplicity effect ory for
these diradical systems are investigated using the singlet and
triplet states ofl, 2, 5, and®6. It is found from the results by the
UBHandHLYP/6-31G* method with approximately spin-projec-
tion schem&3"that the singlet state is slightly more stable than
the triplet state forl and2 (Er—s (=Er — Es) = 2.426 kcal/
mol for 1 and 3.150 kcal/mol foR), whereas the singlet and
triplet states are near-degenerate 5caind 6 (Er—s = 0.8066
kcal/mol for5 and 1.190 kcal/mol fo). This feature is reflected
by the intermediate diradical character of sindleand 2 in
contrast to the pure diradical character of sin§land6.2° The
y values ofl(triplet), 2(triplet), 5(triplet), and6(triplet) calcu-
lated at the UBHandHLYP/6-31G* level of approximation are
listed in Table 1. Ther values ofl(triplet), 2(triplet), 5(triplet),
and 6(triplet) are shown to be 46% 10° 687 x 10° 198 x
103, and 208x 1C® au, respectively. It turns out that the ratios
of y for the systems with intermediate diradical character,
1(singlet)A(triplet) and 2(singlet)2(triplet), are 3.4 and 2.7,
respectively, whereas the ratios effor the pure diradical
system 5(singlet)b(triplet) and6(singlet)b(triplet), are 1.1 and
1.0, respectively. The significant decreaseyovalues in the
triplet states compared to those in the singlet statelsayfd 2
are predicted to be caused by the Pauli princiifén contrast,
for pure diradical system$,and6, such an effect is negligible.
This originates in the fact that- and-HSOMOs in the singlet
state of pure diradical systems are sufficiently well separated
from each other (see Figure 3d,e) in contrast to those of
intermediate diradical systems, which have some overlaps
betweeno- and g-radical orbitals through ther-conjugated
linker (see Figure 3b,c). Such well-separated SOMO distribu-
tions in the singlet states &fand6 give similar charge density
distributions and field-induced polarization to those of the triplet
state.

Figure 4 shows the spin density distributionsigéinglet),
2(singlet),5(singlet), 6(singlet), 1(triplet), 2(triplet), 5(triplet),
and6(triplet) evaluated at the level of UBHandHLYP/6-31G*

and some invasion to opposite-side phenalenyl ring. This featureapproximation. The spatial distributions concernimgand

exemplifies the intermediate diradical charactet(sfnglet) and
2(singlet). In contrast, the- and f-HSOMO distributions of

spins in the singlet state are symmetry-broken (spin-polarized)
because the spin-unrestricted method is employed. The spin

5(singlet) and6(singlet) are completely separated on the left- distributions in the singlet state can be interpreted to ap-

and right-hand side phenalenyl radical rings, respectively, which proximately indicate the feature of spatial correlation between

indicates the existence of two radicals localized, respectively, o and § spins, though such distributions are not observed in

in both-end phenalenyl radical rings, i.e., pure diradical states. the real system. In all the singlet systems, iHsinglet),
The calculated results of diradical charagteandy values 2(singlet), 5(singlet), and6(singlet), the primary distributions

of 5(singlet) and6(singlet) are given in Table 1. The pure of a andf spin densities are well separated on the left- and

diradical states o5(singlet) andé(singlet) are indicated by the  right-hand side phenalenyl rings, respectively, whereas small
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Figure 4. Spin density distributions of (al)(singlet), (b)2(singlet), (c)5(singlet), (d)6(singlet), (e)1(triplet), (f) 2(triplet), (g) 5(triplet), and (h)
6(triplet) calculated at the level of UBHandHLYP/6-31G* approximation. The yellow and blue surfaces represmshf spin densities with the

isosurfaces witht-0.01 and—0.01 au, respectively.

spin densities remain on the-conjugated linker. Such spin
density distributions substantiate thafsinglet), 2(singlet),
5(singlet), ands(singlet) are singlet diradical systems. Moreover,
the amplitudes of the spin densities distributedmweoonjugated
linker for 5(singlet) and6(singlet) are smaller than those for
1(singlet) and2(singlet), respectively, which supports the fact
that 1(singlet) and2(singlet) possess an intermediate diradical
character in contrast t&(singlet) and6(singlet) with pure
diradical character. In all the triplet systems, i.&({riplet),
2(triplet), 5(triplet), and6(triplet), the spin density distributions

6(triplet). Spin multiplicity effect ony mentioned in the
previous paragraph is understood by the variation of spin
density distributions for the different spin multiplicity. It is found
that the separation of the spin densities to the both-end
phenalenyl rings of the singlet system with intermediate
diradical character, i.el,and2, for the change from the singlet
to triplet state is more significant than that with pure diradical
character, i.e.5 and 6. Such significant change in the spin
density distributions of and2, localization on both phenalenyl
rings, for the change from singlet to triplet state provides the

are completely separated into the both-end phenalenyl rings andsignificant decrease of field-induced third-order polarization,

no spin densities are detected on theconjugated linker,

y, in the triplet state, whereas the insignificant change of

which originates in the Pauli principle. In contrast to the singlet the spin density distributions & and6 provide the negligible
states, the primano spin densities are distributed on the spin multiplicity dependence of for pure diradical singlet
both-end phenalenyl rings @ftriplet), 2(triplet), 5(triplet), and systems.
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