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In order to elucidate the features of the second hyperpolarizabilifider(n-center radical systems,(integer),

we investigate ther of symmetric one-center radical models, i.e.,8BHCHs, and NH*, and three-center

radical models, i.e., BH(Chh~, CH(CH,),, and NH(CH),", by various electron-correlation and a density
functional methods using extended basis sets. Since these models are isoelectronic systems involving 9 and
23 electrons, respectively, thevalues are expected to reflect the features of their charge density distributions.

It is actually found that the values for the isoelectronic systems sensitively depend on their charged states.
For instance, the one-center radicals exhibit posifiwealues at high-order electron correlation level using
sufficiently large basis sets, while, for the three-center radicals, only NB¢Cks found to possess negative

y. These features are analyzed usjndensity plots, which can provide a local view of spatial contributions

of electrons to the, and are discussed in relation to our structure-property correlation rule.

1. Introduction resonanty value was found to be negative (in order 39-
10734 esu) in conformity with our prediction.

The third-order nonlinear optical properties for many organic  In general, most of organic third-order nonlinear optical
compounds have been actively studied both experimentally andmolecules have been closed-shell systems and so far only a few
theoretically = because of their large nonlinearity and fast open-shell (radical) systems have been investigated. As men-
responses. In particular, the second hyperpolarizabilify ( tioned above, however, radical systems are expected to have
which is the origin of a macroscopic third-order nonlinear optical negativey as well as other attractive properties. In this study,
response, has been investigated using quantum mechanicale consider two types of symmetric radical molecular models
calculations: In previous paperd® we have presented a from the viewpoint of our structureproperty correlation rule
structure-property correlation rule of and proposed a criterion 5, y. We investigatey for isoelectronic one-center radicals,
of exhibiting a negativer. This criterion states that the systems i.e., BHy~, CHs, and NH;*, and three-center radicals, i.e.,
with large contribution of symmetric resonance structure with BH(CH,),~, CH(CHb)2, and NH(CH);*, using ab initio MO
inversjble poIarizgtion (SRIP) to the groynd state t.end to exhibit and a density functional (DF), i.e., B3LY® methods. These
“ega“ve% The sign ofy is known to be |mportanF Inquantum . n4els have a possibility of exhibiting the SRIP though the
optics: the positive value causes the self-focusing effect of an degree of its contribution to the ground state of each system is
incident beam, while the negative one does the self-defocusmgdiﬁerem from each other. Since the systems with large SRIP
effects Itis also well-known that most organic nonlinear optical contribution tend to exhibit remarkable electron-correlation

systems exhibit positivey. Therefore, the design and the dependence of %8 various electron-correlation methods are

investigation of the molecular systems with negatjveare - .
considered to provide profounder insight into the mechanism apphed to the. CalcuIaPSons .Of theand the. results are analyzfed
of the third-order nonlinear optical processes for organic using y (jen5|ty plots® which can elucidate a local s_pat|al
molecular systems. On the basis of our structyperty contribution of electrons to thg. From our previous studi¢s
: the magnitude, signs, and electron-correlation dependences of

correlation rule, we proposed a new class of third-order ) e
nonlinear optical compounds, nitronyl nitroxide radical (NNR), ¥ for radical systems are found to sensitively reflect the

the longitudinaly of which is predicted to be negative using ab difference in the charge distributions and the degree of SRIP
initio molecular orbital (MO) calculations involving high-order gontrlbutlon. Thgrefore, we confine our attention to the elucida-
electron correlation effecfsWe also investigated thevalues ~ tion of the relations among the charged states, the degree of
for phenyl nitronyl nitroxide radical (PNNR) systems involving SRIP contributions, and the spatial contribution to;thaf these

the NNR using semiempirical MO methods, and elucidated that radical systems.

the large negative values originate in the electron fluctuation The present paper is organized as follows. In section 2, we
in the NNR unit? A series of such molecular systems is known briefly explain our structureproperty correlation rule foy.

to be thermally stable and to include molecules exhibiting In section 3, we explain the calculation and analysis methods
attractive magnetic propertiéRecently!! an analog involving  and show possible SRIP for the molecular model systems. The
the NNR, i.e., 2-phenyl-4,4,5,5-tetramethylimidazoline-3-oxide- results of one- and three-center radicals are discussed in
l-oxyl (PTIO), was experimentally investigated and its off- connection with our structureproperty correlation rule in
sections 4 and 5, respectively. This is followed by a conclusion
* Corresponding author. in section 6.
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Figure 1. Symmetric resonance structures with inversible polarization
(SRIP) for nitronyl nitroxide radical (NNR).

2. Virtual Excitation Process and Structure—Property
Correlation Rule for Third-Order Nonlinear Optical
Systems

They can be described by the fourth-order virtual excitation
processes in the perturbation thedifhe perturbative formula
for y can be approximately partitioned into three types of
contributions (the first term (1), the second term (Il), and the
third term (l11) in the right-hand side of eq 1) s

(Uno) ()’ (o0
- +

y= Z
n= Ego

whereun is the transition moment between the ground and the
nth excited statesymn is the transition moment between the
mth and thenth excited statesynn is the difference of dipole
moments between the ground and tite excited states, and
Eno is the transition energy given bye( — Ep). From these
equations, apparently, the contributions of types %) and

(1) (M) are positive in sign, whereas the contribution of type
(1) (yM) is negative. For conventional molecular compounds
with large positivey, there are two characteristic cases:|¢¥|

> |yW) x|y (y > 0) and (i) [yO] = 0, [y] < [y (y

> 0). In case (i), the compounds have large nonsymmetric
charge distributions which are responsible for latgg whereas

in case (ii), the compounds are centrosymmetric systems in
which the contributions of type (1) disappear. In the third case,
i.e., (i) [yW =0, |[yW] > |y(M] (y < 0), the systems exhibit
negative staticy. Such systems are symmetrie,{ = 0) and
exhibit strong virtual excitation between the ground andnthe
excited states|fon| > |unnl)- In case (iii), the systems have the

(Uno) )’
— )

— 3 2
n= Eno EnOEmO

mn=1
(me=n)

large contribution of resonances between polarized structureswhile the functions after *,

with mutually opposite directions. That is, the large contributions
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Figure 2. Symmetric resonance structures with inversible polarization
(SRIP) for one-center radicals: (a) BH(r(B—H) = 1.2118 A), (b)
CHjs (r(C—H) = 1.0776 A), and (c) Nkt (r(C—H) = 1.0237 A). These
molecular geometries are optimized using B3LYP method with
6-311G(3d2f,3p2d).

optimized using the B3LYP method with 6-311G(3d2f,3p2d)
basis set’” Ab initio MO and the B3LYP calculations in this
study are performed by the GAUSSIAN 94 program packége.
Figure 2 shows possible SRIP of the one-center radicals.
Although each optimized structure takes an equilateral triangle
(r(B—H) = 1.2118 A,r(C—H) = 1.0776 A, andr(C—H) =
1.0237 A), we only consider the structure changes by SRIP in
the directionx since we focus on theyxxx component in this
study. It is well-known that the use of extended basis sets, which
are augmented by diffuse and polarization functions, is indis-
pensable for reproducing semiquantitatiyespecially for small
systems. To elucidate basis set dependence &r these
systems, we employ some standard and extended basis sets
involving diffuse p, d, and/or f functions on B, C, and N atoms
and diffuse s and/or p functions on H atom. All the exponents
of these diffuse functions are determined by the even-tempered
method (see Table 1). The inner polarization functions are
represented in parentheses and the diffuse functions are repre-
sented by the notation, e.g-p/d. It is noted that the functions
before “/” are set on B, C, and N atoms, while the functions
after “/” are on H atom. For the inner polarization functions in
parentheses, the function before “,” are set on B, C, and N atoms,
“” are on H atom.

The three-center radical models, i.e., BHE#, CH(CHy)2,

of the stable resonance structures with large dipole momentsand NH(CH),*, are assumed to be planar structures in order

correspond to a reduction of th&o between the ground and
the allowed first excited states with large contributions from

to clarify the contribution ofr-electrons to the. Figure 3 shows
the possible SRIP for the three-center radicals. The geometries

the resonance structures and to an enhancement of the magnitud@f the three-center radicals are Optimized using the B3LYP

of the uno between the ground and the allowed first excited
states. As a result, a system with a large contribution of
symmetric resonance structures with inversible polarization, i.e.,
SRIP, satisfies our criteria for the system to have a negative
We have already proposed someconjugated systems with
large SRIP contribution, e.g., charged soliton-like oligoAder,
NNR 2915anion radical state of pentaleh@nd cation radical
state of tetrathiafulvalene (TTH§.As an example, the SRIP of
the NNR is shown in Figure 1. Thesevalues are predicted to
be negative in sign by ab initio MO calculations including high-
order electron-correlation effects.

3. Calculated Molecules, Calculation Methods, and
Analysis Method

3.1. Calculated Molecules and Calculation MethodsThe
one-center radical models, i.e., BH CHs, and NH™, have 9
electrons. Therefore, the featuresjofire expected to reflect

method with 6-311G(2d,2p) basis 3étor the calculation of

¥, we use the standard 6-311G and 6-311G(d,p) basis sets and
extended basis sets augmented by diffuse f function on B, C,
and N atoms and diffuse d function on H atom (see Table 1).

It was also found that the electron-correlation effectsyon
are significantly large for open-shell systeffs'8In order to
elucidate the electron-correlation dependenceg &dr these
systems, we perform the MgltePlesset perturbation methods
(MP2, MP3, MP4DQ, MP4SDQ, and MP4SDTQ) and the
coupled-cluster methods (CCD, CCSD, and CCSD(T)). The
Hartree-Fock (HF), the MP2, the quadratic configuration
interaction (QCISD), and the B3LYP methods are applied to
the construction of density plots. It is noted that the QCISD
method is known to be able to reproduce the total energy
calculated by the CCSD method satisfactorily. Here the symbols
S, D, T, and Q denote the inclusion of the correlation effects
caused by the single, double, triple, and quadruple excitations,

the feature of each charged state. The one-center radical modelsespectively. The CC and QCI methods can include these
are assumed to be planar structures. Their geometries arecorrelation effects to the infinite order.
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TABLE 1: Exponential Gaussian Orbital Parameters for Diffuse Functions Added on the 6-311G Basis Set

B C N H
p d f p d f p d f S p d
+p/s 0.0310 0.0483 0.0590 0.0324
+d/p 0.0310 0.0483 0.0590 0.0324
~+pd/sp 0.0310 0.0310 0.0483 0.0483 0.0590 0.0590 0.0324 0.0324
+f/d 0.0310 0.0483 0.0590 0.0324
+pf/sd 0.0310 0.0310 0.0483 0.0483 0.0590 0.0590 0.0324 0.0324
A ' Where/l0 is the permanent dipole moment. The Hellmann
@) SBITINE T SN Feynman theorem asserts that eqs 7 and 8 are compatible. For
' ' ' ' the nonvariational methods such as MP and CC, the Hellmann
' . Feynman theorem is not satisfied. Practically, however, there
C C . . . .
(B) SELINE e > SEIINE - are little computational differences between the hyperpolariz-
i

] 1
© \gzN\é, — \-/ng,
1 1 1

Figure 3. Symmetric resonance structures with inversible polarization
(SRIP) for three-center radicals: (a) BH(@k, (b) CH(CH),, and

(c) NH(CH),t. These molecular geometries are optimized using
B3LYP method with 6-311G(2d,2p).

The total Hamiltonian in the presence of a uniform electric
field F is expressed as

H=H,+ Y Fr— ZZ|F'RI 2)

where indices andl signify electrons and nuclei, respectively.
Z, is the atomic number of theh nucleus andHy is the field-

abilities in these two expansioA$In this study, we use the
definition of hyperpolarizability based on eq 7.

We confine our attention to thexxxcomponents o7, xxxx
for the model systems since relations among« and the
resonance structures with polarization in the direction are
primarily considered in this study. Thexxare calculated by
the numerical differentiation of the total enerBywith respect
to the applied field by

= {E(3F %) — 12E(2F *) + 39E(F *) — 56E(0) +
39E(—F %) — 12E(—2F ) + E(—3F Y} {36F )"} (9)

‘}/XXXX

Here, E(F ¥) indicates the total energy in the presence of the
field F applied in thex direction. This method is referred to as

the finite-field (FF) method. In order to avoid numerical errors,
we use several minimum field strengths. After numerical

free Hamiltonian. The total energy can be obtained as the gitferentiations using these fields, we adopt a numerically stable

expectation values for the wave functidifsin the presence of
the field.

E=[WHWYO 3)
Similarly, the dipole moment is expressed as
u= IjllJ|ZZ|R| - zri|lp|:| 4)
I
Differentiation of eq 2 with respect t6 ' gives
oE II” ‘ ‘ oH ‘ oV
= [ el S vl [r = @

If W is the true wave function, the first and third terms on the
right-hand side of eq 5 is equal to zero by the Hellmann
Feynman theorerf. The variational methods such as CHF
satisfy the theorem. If the Hellmanfreynman theorem is

satisfied, the dipole moment defined by eq 4 can be expresse

as

' = — 9E/oF (6)

Yxxxs Which is found to be obtained by using fields 0.601
0.003 au for these systems.

3.2. Hyperpolarizability Density Analysis. In this section,
we provide a brief explanation ¢fdensity and the method for
analysis using its spatial plot. This analysis is useful for
obtaining pictorial and intuitive understanding of the spatial
contribution toy 81318

The charge density functigs(r,F) can be expanded in powers
of the fieldF as

1 .
pF) = %0+ 3 pOF + 0% p0F I+
J 2! J
L (3) IE k!
Egpjm(r)[: F'F'+ ... (10)
|

From this equation and the expansion formula of the dipole

Gmoment in powers of the field (eq 8), the stajiccan be

expressed by

In general, the total energy and dipole moment can be expanded

as the power series of the applied field:
E=E— SuF' =Y o;F ' Fl =1, F 'FIFK—
Iz (0} 2; ij 3 ¢ ij
%,Zyijk,F FIFF!'— .. ()
i

W=+ S o+ Zﬂiijij-l- ZyijleijF' -
] ] ] (8)

1 .
Vi = T 3y fr'pj(ﬁ)(r) dr® (11)
where
3) &°p
; =—=r 12
pjkl (r) 8F laF kaF | F=0 ( )

This third-order derivative of the electron density with respect
to the applied electric fields is referred to as theensity. In
this study, we confine our attention to thgy densities

(0(r)) corresponding o/, Which are calculated at each
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Figure 4. Schematic diagram of the second hyperpolarizabijityQ
densitieso(:‘)g(r). The size of circle represents the magnitud@@j(r)

XX

and the arrow shows the sign pfdetermined by the relative spatial
configuration between these tw@(r).

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

p(r) = {p(r,2F ") — p(r,—2F ) — 2(o(r,F ) —
p(r,—F)}H2(F*)° (13)

Wherep@(r) represents the charge density at a spatial point
in the presence of the field .

In order to explain the analysis procedure by using)tg«
densities 6°)(r)), let us consider a pair of localizegf)(r)
shown in Figure 4. The positive sign of tbg))g(r) implies that

Yamada et al.

adding diffuse and polarization functions g for BHs™ is
sufficiently converged at the 6-311G(3d,31f)d basis set level.

For CH; (see Figure 5, c and d), the tendency of electron-
correlation dependencesgéxusing various basis sets is shown
to be similar to each other though the magnitudeygkx is
different from each other. The augmentations of diffuse func-
tions are shown to enhance the magnitude,gfy of CHs (see
Figure 5c). Although the augmentation of a set of inner
polarization d/p functions to 6-311G is shown to significantly
enhance the magnitude of«xfor CHs, the further augmenta-
tions of the inner polarization d/p functions to 6-311G(esf
are shown to reduce the magnitude of thgx (see Figure 5d).

As a result, the use of both diffuse f/d functions and inner
polarization d/p functions are found to be indispensable for
reproducing reliable s for this system.

As shown in Figure 5e, the magnitude jg§xx for NHs™ by
using extended basis sets is shown to be larger than that by
using standard 6-311G basis set at all electron-correlation levels.
However, the feature of variation i 0f NH3" for different
electron-correlation methods depends on the types of extended
basis sets used. For instance, thgxof NHz™ obtained using
6-311GHd/p basis set at the MRn = 2—4) and the CC levels
are smaller than those at the HF level, while thg using
6-311GHf/d basis set at the CC levels are larger than those at
the HF level. The electron-correlation dependencesgkfor

the second derivative of the charge density increases with theNH3+ by using 6-311G-f/d, 6-311G+pf/sd, and 6-311&df/

increase in the field. The arrow from a positive to a negative
p)((i)x(r) shows the sign of the contribution determined by the
relative spatial configuration between the tw@(r). That is,

pd are similar to each other. On the contrary, as shown in Figure
5f, the electron-correlation dependenceg,gfxfor NHs™ using
the extended basis sets augmented by inner polarization d/f

the sign of the contribution becomes positive when the direction functions to the 6-311&f/d basis set are shown to be quite

of the arrow coincides with the positive direction of the
coordinate system. The contribution determined bypﬁ’;{r)

of the two points is more significant, when their distance is
larger.

4.y and y Densities of One-Center Radical Models

It is predicted from Figure 2 that the SRIP contributions to
the stability of the ground states of Gldnd NH™ are small

different from each other. This feature can be presumed by the
fact that the augmentations by inner polarization functions are
important for the description of the electronic states of cation
radical, i.e., NH™. However, electron-correlation dependence
of yxxxx for NHz* is shown to become small at the 6-311G(3d,
3p)+fid basis set level. This suggests that the large-size basis
set somewhat compensates the deficiency in electron-correlation
correction at the low-order levels obtained by smaller basis sets.

since the resonance structures have unstable features of the Judging from these basis-set dependences ofythg the

charge separation (for GHhown in Figure 2b) and the bond
breaking (for NH*™ shown in Figure 2c). Although the SRIP
contribution of BH~ (Figure 2a) is somewhat expected, the

6-311G(3d,3p)-f/d basis set is expected to provide qualitatively
converged electron-correlation dependenceg iy for each
one-center radical model. Therefore, the 6-311G(3d;8p)is

Coulomb repulsion due to the extra electron in the resonanceused in the next section.

structures may reduce the SRIP contribution.
4.1. Basis Set DependencyFigure 5 shows electron-
correlation and basis-set dependencesgkfor the one-center

4.2. Electron-Correlation DependencyAs shown in Figure
5, there are remarkable differences in the magnitude and
electron-correlation dependences i for these radicals

radicals. Figure 5, a, c, and e, shows the augmentation effectscalculated by 6-311G(3d,3p}/d basis set. Theyxxxd of BHz™

of diffuse functions to the 6-311G basis setjag., and Figure

is found to be the largest, while that of NHis found to be the

5, b, d, and f, shows the augmentation effects of inner smallest. A remarkable electron-correlation dependence is

polarization functions to the 6-31H3/d basis set Oryyuxx It
is found that one-center radicals, especially;BHave large

observed for BH™. All the MPn (n = 2—4) methods provide
large negativeryxxfor BHs™ (Figure 5b), while the CC methods

basis set dependences. As shown in Figure 5a, the differenceprovide positiveyxx. This indicates that higher-order electron

in the types of adding diffuse and polarization functions is

correlation methods, i.e., CCSD method at least, are found to

considered to change a degree of enhancement of the electronbe indispensable for obtaining qualitatively converggdx of

correlation effects oy of BH3™. That is, the augmentations of

BH;™. That is, the S and D effects up to infinite order are

diffuse p/s and d/p functions are shown to slightly enhance the predicted to have significant influence on the qualitativgx

electron-correlation effects opxxx Of BH3™, while the aug-
mentation of diffuse f/d functions are shown to enormously

for BH3~. From the comparison of CCSD and CCSD(T) results,
the T effects are found to slightly change the.«at the CCSD

enhance the effects. The augmentation of inner polarization d/plevel. For CH (see Figure 5d), although the electron-correlation
functions is also shown to enhance the electron-correlation effects on the/yare not small, the electron-correlation effects

effects onyxxx0f BH3™ (see Figure 5b). However, only a slight

beyond the MP2 level are considered to be relatively small.

difference is shown between the electron-correlation dependencelhe electron-correlation dependence jgf«x for NHs™ (see

of yxxx Of BH3™ by 6-311G(2d,2p)f/d basis set and that by
6-311G(3d,3p}f/d basis set. This indicates that the effect of

Figure 5f) is obviously small compared with that for other
radicals. It is found from these results that the features of the
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Figure 5. Variations in they0f three-center radicals ((a) and (b) for BH(c) and (d) for CH, and (e) and (f) for NHI") for various basis sets
and electron-correlation methods. Thgx values at the QCISD/6-311G(3d,3g)d are 791 000 au (Bkf), 480 au (CH), and 40.4 au (N&f).
The yxxx vValues at the B3LYP/6-311G(3d,3p/d are 1 000 000 au (Bt), 550 au (CH), and 46.5 au (Nkf).

electron-correlation dependences)@f«x are strongly depend

on the charged states for these radicals.
The remarkable electron-correlation dependencggk for

BH3™ is considered to originate in the SRIP contribution (see
Figure 2a) to the ground state of BH However, the sign of
yxoxfOr BHs™ at the CCSD(T) level is shown to be positive. If
the SRIP of BH~ contributed significantly to the stability of

the ground state, B4t would have negativgxxx As predicted
previously, therefore, the SRIP contribution for BHis

3p)+f/d basis set. A plane at which thgxdensities are drawn
is located at 1.0 au above the molecular plane since we focus
on the contribution ofr-electrons to thexyx

Figure 6 shows that all thgxxdensity distribution patterns
of BH3™ are similar to each other, except for the case at the
MP2 level. The inner regions gk« densities obtained by the
HF, QCISD, and B3LYP methods exhibit negative contribution,
while the outer regions exhibit positive contributions, which
mainly determine the totajxw. The sign of yux density

considered not to be so large. This implies that the resonantdistribution of BH;~ obtained by the MP2 method is shown to
structures are not so stable. This feature is considered to bebe opposite to that by other methods. Thewx density
caused by the strong Coulomb repulsion due to the extra electrondistribution at the MP2 level reflects the lower-order electron-

in the resonant structures of BH

4.3. vy Density Analysis. Figures 6-8 show the results of
yxxxdensity analysis angiyxxvalues for the one-center radicals

by using HF, MP2, QCISD, and B3LYP methods. All the

correlation effects (MR (n = 2—4)) on theyxxxx 0f BH3™ (see
Figure 5b), the effects of which make thgx0f BH3™ negative

in sign. The outepyxdensity distribution regions at the QCISD
level are shown to reduce (Figure 6¢) compared with those at

density distributions are obtained using extended 6-311G(3d,the HF level (Figure 6a). This indicates that the electron-
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(2) HF/6-311G(3d,3p)+f/d .. =36l au.
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correlation effect at the QCISD level significantly decreases the the B3LYP method (Figure 7d) is also shown to be similar to
positive contribution t@/xxx0f BH3™, the effect of which causes  those using the QCISD method though thewx density

the fact that the magnitude g for BH;™ at the QCISD level distribution regions at the B3LYP level are somewhat enhanced
decreases compared with that at the HF level. As shown in compared with those at the QCISD level. As a result, the
Figure 6d, theyxxx density distribution and theu«x value of electron-correlation effects gny«x0f CHz at the B3LYP level

BH3™ at the B3LYP level are shown to more similar to those at is considered to be qualitatively similar to those of {3 the

the QCISD level than those at the HF level. This suggests thatMP2 and the QCISD levels.

the B3LYP method can well reproduce the qualitative electron-  Figure 8 shows thex density distributions of Ngi". All

correlation effects opyxxfor BH3™ at the QCISD level atleast.  the distributions are shown to be much similar to each other.
Figure 7 shows they density distribution of CHl In a There are found to be two dominant outer density distribution

comparison of thexxx density distribution of Cliat the HF regions, which provide a positive contribution to the.. The

level (Figure 7a) with that at the MP2 level (Figure 7b), the electron-correlation effects are shown to just provide slight

electron-correlation effect at the MP2 level on thgdensity changes in the magnitude pfxdensity distributions of Ngi".

distribution is shown to slightly enhance the ouggixdensity These slight changes in thgwxdensity distributions well reflect
region, which provides dominant positive contribution to the the moderate electron-correlation dependencgg,gffor NHz™

total yxxxx This causes the increase in the magnitude,gfx (see Figure 5f).

(Figure 5d). As seen from thayxdensity distributions of CH As can be seen from thg.x density distributions of these

at the MP2 (Figure 7b) and the QCISD levels (Figure 7c), there one-center radicals at the QCISD level (Figures 6c¢, 7c, and 8c),
is no great difference in the electron-correlation effecty Qg the qualitative distribution patterns are similar to each other,
densities of CH at the MP2 and QCISD levels. This feature and an essential difference in thgwx density distributions is
supports the electron-correlation dependencexak for CHs observed in their magnitudes. That is, the dominagkdensity

(Figure 5d). The/wxxdensity distribution of Cllobtained using distribution of BH;™, particularly in the outer region, which has
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Figure 8. Contour plots ofpfx’)g(r) distribution on the plane located at 1.0 au above the molecular plane fgf. Kidntours are drawn at 0.10,
0.010,—0.010, and—0.10 au. Lighter areas represent the spatial regions with I@f@@r) values.

the largestyxwx{ in these three radicals, is considered to be remarkably enhances the electron-correlation effectsgrof
much larger than that of N&, which has the smalle$yyxx« BH(CH,),~, especially at the higher-order electron-correlation
in these three radicals. Apparently, this feature reflects the factlevels, i.e., CCSD and CCSD(T) levels. That is, the signs of
that the anion radical has an extended charge distributiony. for BH(CHy),~ obtained using extended basis sets,
compared with the cation radical. 6-311GHf and 6-311G-f/d, are found to be negative as well

It is found that the one-center anion radical BHhas a as those using standard basis sets, 6-311G and 6-311G(d,p), at
positiveyxxs Originating in the outepy«density distributions all the MPn (n = 2—4) levels, while at the CC levels thgxxx
at the high-order electron-correlation level, though that has values using the extended and standard basis sets are found to
somewhat SRIP contribution (Figure 2a), which relates to the be positive and negative, respectively.
negative contributions of innes.distributions (Figure 6). This As shown in Figure 9b, the/ values for CH(CH),
suggests that the SRIP contribution in $Hs reduced due to  obtained using the extended basis sets, 6-31ldhd 6-311G-f/
strong Coulomb repulsion in the resonance structures and thatd, are much larger than those using the standard basis sets,
an excess electron in BH significantly enhances the positive  6-311G and 6-311G(d,p), at all the electron-correlation levels
contribution originating in the virtual excitation processes though both the calculation methods using extended and standard
involving high-lying excited states (type (lll) in eq 1). basis sets provide positivguxx In contrast, for they s of

It is concluded that the magnitude, signs, and electron- NH(CH,),", the calculation methods using the standard and
correlation dependences pfux for one-center radicals sensi-  extended basis sets provide similar values at all the electron-
tively reflect the difference in the charge distributions and the correlation levels (see Figure 9c).

degree of SRIP contribution. The difference in the basis set dependences,gf, for
N ] BH(CH,),~ and NH(CH)," is considered to reflect that in the
5.y and y Densities of Three-Center Radical Models charge distribution for each charged state of these radicals. Since

As shown in Figure 3, CH(CH): is not expected to have _achargg distribution region of the anion radical (B_H(é):fl) _
large SRIP contribution by the destabilization of the resonance IS considered to be larger than that of the cation radical
structures due to the charge separation, while BHjgHand (NH(CH),"), the augmentation of diffuse functions is consid-
NH(CH,)." are expected to have large SRIP contributions. ered to be more important for obtaining the qualitatively
Judging from the case of one-center anion radical {BH converged electron-correlation dependencggffor BH(CH,),~
however, it is predicted that the SRIP contribution of BH¢H than for NH(CH)".
is reduced, while an excess electron in BHEBH significantly Since the extended basis sets, 6-3t1@nd 6-311G-f/d,
enhances the positive contribution (given by type (lll) in eq 1). are found to provide similayyxx and the electron-correlation
Thus, theyxxx0f BH(CHy),™ is predicted to be positive in sign.  dependences ofxxx for these systems, the results calculated
As a result, only NH(CH),* is expected to have a negative Using 6-311G-f/d basis set are employed in the following
Vo006 discussion on electron-correlation dependences.gfand their

5.1. Basis Set Dependencyigure 9 shows basis sets and density distributions for these systems.
electron-correlation dependences)Qixx for the three-center 5.2. Electron-Correlation DependencyAs shown in Figure
radicals. Since the basis set dependences are known to b&a, a remarkable electron-correlation dependence is observed
reduced for they in the longitudinal direction of larger-size  for BH(CHy),~. All the MPn (n = 2—4) methods provide
systemg}! the effects of the augmentation of diffuse functions negativeyxx for BH(CHy),~, while the CC methods provide
to the 6-311G basis set on thexwx are mainly investigated. large positiveyxxx Although such remarkable electron-correla-
From the results of the one-center radicals, the extended basigion dependences gk« for BH(CH,).~ suggest the existence
set used here, 6-31H8/d, is considered to be sufficient for of SRIP contribution, the higher-order electron-correlation
elucidating the qualitative electron-correlation dependences of methods are found to provide large positjugfor BH(CHy),™.
Vxxxe Figure 9a shows that the augmentation of diffuse functions This indicates that the positive contribution g (type (III)
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Figure 9. Variations in theyx.Of three-center radicals ((a) BH(GH,
(b) CH(CH),, and (c) NH(CH).") for various basis sets and electron-
correlation methods. The.w« values at the QCISD/6-3115/d are
85600 au (BH(CH);"), 3950 au (CH(CH),), and —361 au (NH-
(CHy)2"). The yyx values at the B3LYP/6-311:&/d are 93200 au
(BH3™), 3890 au (CH(CH),), and —419 au (NH(CH),").

in eq 1) for BH(CH),~ exceeds the negative contribution of
the ywxx (type (II) in eq 1) at the higher-order electron-

Yamada et al.

contribution to the stability of the ground state due to the charge
separation of the resonant structures for CH{{zKsee Figure
3b).

The signs ofyxxx for NH(CHy)," at the MR (n = 2—4)
levels are shown to be negative similarly to the case of
BH(CH,),~ (see Figure 9c). On the other hand, thgxx of
NH(CH,),* remains negative at the CC levels. This indicates
that the|type (I1)] contribution in NH(CH)," exceeds théype
(1 | contribution at the CC levels. These features also coincides
with our prediction based on the large SRIP contribution for
NH(CH,),".

5.3.y Density Analysis.Figures 16-12 show the results of
Yxxxx density analysis for the three-center radicals obtained by
the HF, MP2, QCISD, and B3LYP methods using 6-3#i@
basis set. A plane at which thgxdensities are drawn is located
at 1.0 au above the molecular plane since we focus on the
contribution ofz-electrons to the/yxx

As shown in Figure 10ad, theyyxxxdensity distributions of
BH(CH,),~ at the HF, MP2, QCISD, and B3LYP levels have
a similar distribution pattern, in which the inner and the outer
regions provide the negative and the positive contributions to
the yxx respectively. Since the contribution of the outer region
is found to be larger than that of the inner region, thgx at
the HF, QCISD, and B3LYP levels become positive in sign. In
contrast, at the MP2 level, the inner contribution (negative) is
found to exceed the outer contribution (positive), so that the
yxxx @t the MP2 level becomes negative. The feature that the
contribution at the MP2 level is different from other results is
similar to that for the anionic one-center radical (BH As
shown in Figure 10a,c, although thg«wx density distribution
pattern at the QCISD level is shown to be similar to those at
the HF level, the outeyy«xx density region at the QCISD level
is shown to expand. The change in the shapexgf density
distribution causes the difference between the magnituglg.af
at the HF level and that at the QCISD level. Although the outer
region ofyyxdensity distribution for BH(CH),~ at the B3LYP
level is shown to be slightly enhanced compared to that at the
QCISD level, the total«xx value and its density distribution
feature well coincide with those at the QCISD level.

Figure 11 shows theyx density distribution of CH(CHa.
Similarly to the neutral one-center radical case {lthere is
no noticeable difference in thexx density distributions of
CH(CH,), among at the HF, MP2, and QCISD levels (see Figure
11a,c). This indicates that the electron-correlation effect on the

correlation levels, i.e., CC levels. The decrease in type (Il) 7xxxdensity distribution of CH(CH) is relatively small. This
contribution is considered to be caused by the reduction of SRIPresult is considered to be in good agreement with the prediction
contribution owing to strong Coulomb repulsion in the resonance Using SRIP contribution to the ground state of CHgHIt is

structures as in the case of BH The large type (lll)
contribution ofyxxx for BH(CHy),~ is presumed to reflect the

noted that theyxx density distribution of CH(CH), at the
B3LYP level (Figure 11d) more resembles that at the QCISD

extended charge distribution, which enhances the contributionlevel in the magnitude ofx««densities compared with the HF

of the virtual excitation process (type (Ill)) involving higher-

and MP2 cases. Considering the results for the neutral one- and

lying excited states. This presumption is considered to be alsothree-center radicals, the B3LYP method is suggested to be able

supported by the remarkable basis set dependencguof
particularly at the CC levels for BH(Cht~ (see Figure 9a).
That is, the signs ofxxx at the CC levels obtained using the

to reproduce the qualitative featuresjoflensity distributions
of neutral radical systems.

From the remarkable changes in thgy distributions for

extended basis sets, which are necessary for a sufficientNH(CH,)," at the HF and MP2 levels (Figure 12, a and b), the
description of the feature of charge distribution for the anion electron-correlation effects on thewx density distributions of

radical, are shown to be positive though thoseg,qfxobtained
using the standard basis sets are shown to be negative.
Figure 9b shows that the sign gfxfor CH(CH,), is positive
and the electron-correlation effect on thgxbeyond the MP2
level is relatively small. Both the positive sign and relatively
small electron-correlation dependence)Qfx for CH(CH,),

NH(CH,),* are found to be enormously large. Although there
are only twoyxxxx density distribution regions at the HF level
(Figure 12a), the regions of which provide positive contribution
to theyxuxx 0f NH(CHy)2™, SiX yxxxxdensity distribution regions
involving the negative contribution regions appear at the MP2
and QCISD levels (Figure 12b,c). Since the negative contribu-

coincide with our prediction using SRIP, which hardly has tions in the outer regions at the MP2 and QCISD levels are
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(a) HF/6-311G+f/d Yoo = 43800 a.u. (b) MP2/6-311G+{/d Yoo = 12400 a.u.
Pt EE TR b
EEEE

e ST R e
festbabbitobrritsieit i it
e

e

Suapes ok

z iaviann

Frateniniy
SevEses

R0n wass
Hhr

£
£

5
%
daises.
Shws

e
s
ik

Slicnaissiiiicny
o 3
o5 e

o
L

7
i
i ITT T

e
0:‘
£i2

i
i
g g
o

13
2
I3
b

o

ERGE R,
e

S,

i
Yanse

B
e
a3
s

T
e
Saep

S55 9
#5555
% 9%

Su

T
s
‘B ey,
i

e

i >
Siesisniiii il
sEEseieistis it
Bittetiiin Tvidl :
Ez*ﬁ&@0!‘!“’0.‘3‘::‘&3’&&&: »‘nmm {éida
bbb e BE e e
it et e R e T B A T T

bibdids
frdbddotiaes
RS R
AERAS NIRRT L AT mah DL AT AR TGN REY

/
R )
P 4
Srerstebaiaiiniis $54
. :v»»u»‘:g! e
Lt e
5

e
it

(c) QCISD/6-311G+/d Yo = 85600 a.u. (d) B3LYP/6-311G+f/d Yoo = 93200 a.u.
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Figure 11. Contour plots oto(fxb(r) distribution on the plane located at 1.0 au above the molecular plane for Gh(Cldntours are drawn at 50.0,
10.0, 1.0,—1.0, —10.0, and—50.0 au. Lighter areas represent the spatial regions with I@f@m values.

shown to slightly exceed the positive contributions in the inner the large SRIP contribution for this system (see Figure 3c). It
regions, relatively small positivexx values are observed at is also noted that they.values and their density distributions
the MP2 and QCISD levels. The each magnitude of positive using QCISD and B3LYP methods well coincide with each other
and negativerxxxdensity distribution of NH(Ck),™ at the MP2 in the signs, magnitude, and shapes of the distributions.
level is considerably enhanced compared with that at the QCISD

level though theiryxx density distribution patterns and shapes g concluding Remarks

are similar to each other. This feature is considered to lead to

the fact that the magnitude g%« at the MP2 level is much It is found from the present study that the augmentation of
larger than that at the QCISD level. These remarkable changesdiffuse and polarization functions is essential for reproducing
in the magnitude and pattern pfxdistribution of NH(CH)," the qualitatively convergeghwxx and its qualitative electron-
for these electron-correlation methods are considered to reflectcorrelation dependences for one- and three-center radicals,



7114 J. Phys. Chem. A, Vol. 103, No. 35, 1999 Yamada et al.

(a) HF/6-311G+f/d ¥, =3390au. (b) MP2/6-311G+/d ¥, =-1640 au.

o Mwm»-min:::i'rmvﬂwwﬂmx‘..‘* bt ieid

HBEEY €D R SR TOBRREPE R s e v e
e Sy B
E it

iage
v S Rh@eRe B ORI FILEeu R A
eon L

gesanan
Ladse
LSt aray

It e
TarestatiloliATIILES
PRt s Tt R ettt i M b i
P *

-
5
o1
*

Preas

¢
SE2 585

. Sva.
s St
i ¢ Lt

s

% e
Hre sy A43ansu.

PEErAGI ST Lt
M figealadise
5

$ s
SrRbsseshntanssoiny Ries A
[eet ievisteidateatnt i s Aexs:

sl

Goi e

Sl

:
4 Bae 45 AR ARREREDREY )
; Th

Sebuanen
S0 Ed nb

Lugnssnaigon
R RRTEIS
BavANEEss

5.
e (it
DR CRGAS B
SR EEDD 908 b
Bysssens

e

:
i e
i

b s

P
SepwaRE il iaagige e
n e BAN S 0% A SR ADE pEriartedeet et
%53 TN et s e B e
ey SBanR AT IR YD awuons-»::z::: :::" ittt #;
Penavos PYEBASIROS B BERRD DGO b s s PEED e al

BIARTIEAe o eIt e
HH * EeRnn hr : 16y

£ 554 BAUNS SR SBERITES K

SEiegrenrenban i

B 0RE G s HHE O ERET

ENGRSU L SaTRURETE SR
G ead

e

T T T e

L ity

Fea g

(c) QCISD/6-311G+/d Y. =-361au. (d) B3LYP/6-311G+/d %= -419 au.

s onph e fs

3
sear e 4 $394
Mityen « Brrspaen bty
oy e
& ]
b4
»
5

SRR CD AR
SEerauashey

¥
e
o

s
BEROARSRBE

Hrrberirabite tasaiesactean:
B B EE b P i i # Eppi2reold
HAisAESasanpetaysad

T e

it

.

=
@
o
.

R abeng B b
r ke
BeuaLE N
SRR

> i
Ghnhans tue b
FAa B e
Wrexpese i en
A AR H A
Babenan gaman
HenhensaRE
ARans

33
)
e
bt
borat
s

&
5
B4
5
e
£s

it
¥
[t
2

¥

%
&
SEISCLLTL

et ias
weny

SEEREREAT

Bh ek en
i

AREEBRER

piteies

3

Sieeis 252 =
SiRiniiaialy 3ok e
Frariiicis

%
3
Hre

3 9.

o 2e
gy g
St a

$5
£1

&
@
.
s
=
L

45w
st
Fea9

AENEELE

@
rana it
%

#

BESABE
Savneds
548 3

it
BIFBEIEY

BEpER e

Bt 5
REH Sw H& ¥ 6 B &
rEtiaE Rt
4 BEBIUSEEOEIR (OB D8 5 VDEEEE b
e L e
FRERRELSLDDHRARDR 000 BDRELU U TS GG S P i b B

1
»

R G

4
B
i :
i

jotspeptiad % r H

Eoanend bohal gy
fRameraREasATE L
Bhe6 s R HERYTIE
AREPRARABMNIRYE

2
S
»
et
i
s
3
:
5
&
&
&

1
B
3

Figure 12. Contour plots ofpf(ilg(r) distribution on the plane located at 1.0 au above the molecular plane for Nj(CBontours are drawn at
50.0, 10.0, 1.0;-1.0, —10.0, and—50.0 au. Lighter areas represent the spatial regions with I@@gr) values.

especially for the anion radical models. It is also found that the charge distribution is restricted to small regions for the cationic
yxxx Values of charged radicals, except for NH exhibit radicals.

remarkable electron-correlation dependences, which can be From the present results, we here mention the applicability
predicted based on the SRIP contributions for these chargedof the B3LYP method to the calculation pffor radical systems.
radicals. As expected from our structufieroperty correlation 1t js elucidated that the.x density distributions for cationic,
rule using SRIP contribution, thgu values for the anionic  neytral, and anionic one- and three-center radicals at the B3LYP
and cationic three-center radicals at the high-order electron- jeve| can qualitatively well reproduce those at the QCISD level.
correlation levels, i.e., QCISD and CCSD levels, are found to Therefore, if the exchange and correlation functionals of a DF
be largely positive and slightly negative in sign, respectively. method were more improved or tuned to the calculatioty,of
Itis also found from theodensity analysis that the differences  the pr method could qualitatively better reproduce;thalues

in the magnitude Of xx for the one- and three-center radicals 5 their density distributions far-center radical systems at
are found to reflect those in the extent of their charge e gyficiently high-order electron-correlation level.

d|str.|but|ons. . ) Although our prediction ofy is based on the degree of the
Itis concludec_i that th@x_x_xxvalues of isoelectronic one-and  .qnibytion of SRIP, the estimation of its contribution is
three-center radicals sensitively reflect the features of the charge,

T S performed in a qualitative manner in this study. In order to
d|_str|but|ons and the degree_ of_SR_lP cont_rlbutlons_as foIIc_)ws. obtain more quantitative prediction f some efficient extrac-
.F'rSt’ the extended charge d|str|bupon.reg|on for anion ra(.illcals tion methods of the valence-bond pictures mainly contributing
is considered to enhance the contribution of type (lll) (positive) to the ground state would be useful.
in eq 1. This makes thigype (I1l)| contribution larger than the . . . )
itype (I1)| contribution though the anion radicals have somewhat . Jud9ing from the results in this study, the magnitudey of
SRIP contribution, which enhances the type (Il) contribution. [OF N-center cation radicals is presumed to be small even if the
This is also understood by the fact that the strong Coulomb S9N Ofy is negative. On the other hameicenter anion radicals
repulsion due to the excess electron in the SRIP for the anion &€ Presumed to tend to have positjuédowever, if the charge
radical systems leads to reduced SRIP contribution, while the polar!zat|on structure of a neutratcenter radical sufﬁ_uently
excess electron in the extended region causes the enhancemefPNtributes to the ground state, such neutral radical has a
of the type (11) contribution involving high-lying excited states. Possibility of a large negative. The neutral five-center radical,
Second, the charge polarization structures of SRIP in the neutrali-€- Nitronyl nitroxide radical, which have been proposed in our
radicals are considered to have only slight contributions to the Previous paper$?*°is considered to correspond to this case.
ground states of neutral radicals. In this case, [tige (1Il)| In this system, the highly polarizableD unit is presumed to
contribution is larger than thggype (II)| contribution, so that ~ Make it possible for the SRIP with a remarkable charge
the totaly becomes positive. Third, the charged defect in three- Separation to significantly contribute to the ground state.
center cation radicals is considered to enhance the SRIP
contribution. In this case, the three-center cation radical (NH-  Acknowledgment. This work was supported by Grant-in-
(CHy)2™) exhibits negativexxxsince thetype (I1)] contribution Aid for Scientific Research on Priority Areas (No. 11166239
exceeds thetype (lll)| contribution. However, the magnitude and 10149101) from Ministry of Education, Science, Sports and
of the yyuxfor NH(CHy), is shown to be small at the CC levels.  Culture, Japan, and a Grant from CASIO Science Promotion
This is considered to be caused by the fact that the extent of Foundation.
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