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The electronic structures of linear magnetic clusters composed of eleven triplet methylenes, eleven quartet nitrogen
atoms, and five triplet methylenes plus six quartet nitrogen atoms were investigated by the unrestricted Hartree—Fock
(UHF), post UHF and their spin-projected wavefunctions in combination with the Heisenberg model. The effective
exchange integrals (/o) in the Heisenberg model were calculated by the difference between the total energies of the highest
spin (HS) and lowest spin (LS) UHF-based wavefunctions of the clusters. The J, values by the UHF-based and spin-
polarized DFT methods were compared with those of the SO-C1, MRSDCI, CASSCF, CASPT2, and MRMP2 calculations
in the case of small linear clusters, such as a triplet methylene dimer. The spin-polarized density functional (BLYP and
B3LYP) calculations followed by the size-consistent spin projection were carried out for dimer, trimer, and clusters with
eleven magnetic sites to obtain the J,, values, since the DFT methods were heavily utilized in solid state physics. It was
found that all of the methods, except for DFT, provide similar J,, values in the magnetic region of the dimer, where the
interatomic distance is longer than 3.0 A. However, the spin crossover from the LS state to the HS state occurs at a larger
distance in the cases of MRSDCI and MRMP2. The spin projection for LS spin-polarized wavefunctions becomes less
important in the case of long linear clusters, such as (CHz)11. The DFT results are generally biased to stabilize the low-
spin states. The implications of the calculated results are discussed in relation to the molecular magnetisms in mesoscopic
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molecular aggregates.

Molecule-based magnetic materials have received con-
tinuous experimental and theoretical interest. As is well
known, the electronic structures and thermodynamic proper-
ties of low-dimensional magnetic clusters, chains, and sheets
are classic and fundamental problems, and many theoreti-
cal studies have already been carried out.” During of the
past decade these systems have also been extensively inves-
tigated in relation to the magnetic behaviors of transition
metal complexes,” as well as the so-called high-T. super-
conductivity of copper oxides and related systems.? Possi-
ble organic analogs to copper oxides have also received both
theoretical and experimental interest, and several interesting
results have been recently reported." However, theoretical
studies on inorganic and organic systems with strong elec-
tronic correlations are usually based on the effective model
Hamiltonians derived from experimental results. First-prin-
ciple calculations have been rather limited, though many
experimental results have been reported.!?

From the recent discovery of magnetic long-range orders
in organic solids,? it can be seen that the transition temper-
atures (7.) for ferromagnets are very low, and the working
hypotheses for raising 7, are hardly derived only from the
experimental results. Therefore, theoretical studies of or-
ganic radical solids are crucial and important for the molecu-
lar design of high-T organic ferromagnets and new magnetic
materials. Such efforts have been already initiated by several
groups.™¥ Previously, we also examined dimer to pentamer

in order to elucidate the overlap and orientation principles for
spin alignments and to calculate the effective exchange in-
teractions (J) in the Heisenberg model.” The organic ferro-
magnetism of para-nitrophenyl nitronylnitroxide (p-NPNN)
was successfully explained by using the calculated effective
exchange integrals.” ,

Very recently, magnetic clusters with short-range orders
have attracted great interest from the view point of macro-
scopic quantum tunnelling (MQT) and related phenomena,
such as a single-molecule magnet. Several experimental
studies have been carried out for elucidating both the static
and dynamic behaviors in the species. Judging from the re-
cent experiments,” nano-scale magnetic clusters are not only
interesting from the viewpoint of fundamental chemistry, but
are also important concerning applications to molecular de-
vices. Since the magnetic clusters which presently concern
us are rather large, the size-consistency problem becomes
serious in any theoretical treatment of the species. Ab initio
size-consistent calculations of the J,, values are thus one of
current theoretical problems.

In this paper we first summarize the theoretical aspects in
Section 1 in relation to molecular magnetism. Both spin-
restricted and unrestricted post Hartree—Fock methods are
briefly reviewed in relation to the first-principle computation
of effective exchange integrals. The J,, values calculated
by the UHF-based methods were compared with those pre-
viously estimated by SO-CI, MRSDCI, CASSCF, CASPT2,
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and MRMP? calculations® in the case of small linear clus-
ters such, as the triplet methylene dimer. However, the Jy,
values of the clusters in the mesoscopic region have not yet
been thoroughly studied. We discuss the electronic struc-
tures of linear magnetic clusters comprising eleven triplet
methylene, eleven quartet nitrogen atoms, and five triplet
methylenes plus six quartet nitrogen atoms in Sections 2 and
3. Spin-polarized density functional (BLYP and B3LYP) cal-
culations followed by a size-consistent spin projection have
also been carried out for comparisons with these methods,
since the DFT methods are heavily used in the solids state
physics. The effective exchange integrals for these species
in the Heisenberg model were calculated based on the dif-
ference of the total energies between the lowest-spin (LS)
and highest-spin (HS) states. Both UMP2 and DFT com-
putations were carried out for clusters with eleven magnetic
sites, since the latter method is now heavily used for metal
clusters and large clusters. The implications of the calculated
results are discussed in relation to the molecular magnetism
in mesoscopic molecular agregates.

1. Theoretical Backgrounds

1. 1. UHF Solutions for Polyradicals. = We first sum-
marize theoretical aspects which are necessary for ab initio
calculations of the J,, values."” Let us consider the potential
curve of linear clusters with a variation of the interatomic
distance, as illustrated in Fig. 1. It is often classified into
three regions.” Region I is a nonmagnetic or weak correla-
tion region, which is characterized by strong orbital interac-
tions and the formation of strong covalent bonds. Region
IIT is regarded as being a magnetic region where component
radicals exhibit weak intermolecular interactions. Region
II is characterized as a transition region from the nonmag-
netic Region I to the magnetic Region IIl. The ab initio
restricted Hartree—Fock (RHF) molecular orbital (MO) and
closed-shell DFT methods®*® have been utilized to elucidate
the electronic structures of closed-shell linear clusters in Re-
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Fig. 1. Schematic illustrations of potential curve for the low-

est-spin (LS) ground state of one-dimension cluster with
variation of interatomic distance R. Regions I is a nonmag-
netic region, IIl is a magnetic regin, and II is a intermediate
region.
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gion I. However, the intrinsic deficiency of the RHF MO
and closed-shell DFT methods is that they can not describe
the dissociation process of a covalent bond from Region I
to I, even in a qualitative sense.” One approach to this
problem within the Hartree—Fock (HF) MO and DFT frame-
works is to use the unrestricted HF (UHF) and spin-polarized
DFT theories.!® The bifurcation of the RHF (DFT) close-
shell MOs into the UHF different-orbitals-for-different-spins
(DODS) or spin-polarized DFT MOs occurs at the triplet (T)
instability threshold where the lowest eigenvalue of the T-in-
stability matrix is zero (1o =0)."""'¥ This means chemically
that the molecule under consideration has a singlet biradical
or polyradical character'® if the interatomic distances exceed
the instability thresholds.

The UHF MO and spin-polarized DFT methods offer qual-
itatively correct orbital pictures and an orbital correlation
diagram for the dissociation of a covalent bond, being ap-
plicable to biradical and polyradical species.'> However, the
UHF-based and spin-polarized DFT wavefunctions for sin-
glet biradicals and low-spin species suffer from spin con-
taminations arising from high-spin states,'® leading to spin-
projection procedure.'S™'® Previously, we examined several
aspects of the spin projections in the case of dimers of triplet
methylenes.

The dynamical correlation correction for UHF wavefunc-
tions are usually taken into account by the Moller—Plesset
(MP) perturbation!” and coupled-cluster (CC) theories.?”
However, the spin-contamination terms cannot be removed
by the MP and CC corrections. The projected UMP
scheme'’?" is in principle feasible for any polyradicals,
but causes a small energy unbalance between spin multi-
plets in the case of an approximated scheme implemented
in the GAUSSIAN 94 program package.” On the other
hand, the Lowdin-type spin projection®” for the UHF CC
(UCC) wavefunctions has not yet been developed. Here, we
use an approximate but size-consistent spin projection (AP)
scheme for UMP and UCC, and DFT solutions presented
previously.>'®

However, the size-dependency of the Jy, values has not
yet been thoroughly investigated.>® Experimentally, super-
paramagnetism and short-range orders have been observed if
magnetic cluster sizes exceed a certain limit.'”? This in turn
means that the spin-projection effect for broken-symmetry
UHF and DFT should be more or less reduced for large mag-
netic clusters. In fact, such a tendency is confirmed later.

1. 2. UNO CAS CI and UNO CASSCEF for Polyradi-
cals. In order to include all spin coupling terms, the full
configuration interaction (FCI) by the use of all natural or-
bitals related to the dissociation processes shown in Fig. 1 is
one of the practical approaches. As an extension of the UHF
MO-theoretical approach to unstable molecules, we have in-
vestigated the utility of approximate natural orbitals?™® and
their occupation numbers determined by UHF calculations
for selections of active orbitals of the complete active space
(CAS) configuration (CI) or the multi-reference (MR) CI**
and for the rapid convergence of MCSCF calculations.”
Judging from the magnitude of the occupation numbers,
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UNOs are classified into (1) core, (2) active, and (3) sec-
ondary groups.?® The full CI (FCI) is performed within active
UNOs as

@ (UNO CASCI or UNO CASSCF) = 2C; &, (1

where @; are all of the configurations constructed of active
UHF NO (UNO) and C; are their expansion coefficients. The
size of CAS is usually taken to be sufficient for descriptions of
the highest-spin (HS) and lowest-spin (LS) states of polyrad-
icals. When the UNO and CASCT vector are utilized as trial
orbitals™ for the more refined CASSCF calculations®” of
the state under consideration, the procedure is often called a
specific UNO CASSCFE.%2) Dynamical correlation correc-
tions can be incorporated by the second-order perturbation
(PT2) method based on the CASSCF wavefunctions. This
CASPT2 approach®V is efficient for smaller polyradicals,
but cannot be applicable to larger systems, since CAS often
becomes over 15 orbitals. Therefore, more practical meth-
ods are necessary for ab initio calculations of the J,;, values”
for the nanoscale magnetic clusters of our present concern.
1. 3. Approximate Spin Projections for UHF and DFT.
The UNO CASSCEF calculations give by Eq. 1 are desirable
for depicting potential curves in all regions shown in Fig. 1.
Such treatments are, however, very difficult for magnetic
clusters, since the number of CAS active orbitals exceeds the
current limit (15 orbitals at the present state). On the other
hand, spin projection is easy for the Heisenberg (HB) clusters
in Region II, since UHF and spin-polarized DFT orbitals for
radical sites are essentially orthogonal. Since the total ener-
gies of the HS and LS UHF (or DFT) solutions correspond
to those of the HB models, respectively, the energy gap can
be used to estimate the effective exchange integrals (Jup)> as

T(Z) = [E@) - “E@))/ A2D), 2

where,
AZD) =4 (N —1) SaSb, 3

and Z = UHF or DFT, and N is the number of spin sites
in clusters under consideration. S, and S, are the sizes of
spin at sites a and b, as illustrated in Fig. 2. The energy
gain by the spin projection can be estimated by Egs. 2 and
3, since Jy, (Z) is determined even for larger systems. If
the electron correlation is taken into account under the UHF
approximation, the effective exchange integrals by UHF in
Eq. 2 are replaced by that of UHF-X (X = MP, CCSD, CCSD-

(T)).
Jar(UHF-X) = ["E(UHF-X) — “E(UHF-X)]/AZI).  (4)

On the other hand, the spin projection of the UHF-X wave-
functions in Region II is a difficult task, since the orbital

:Jab: /Jab\ i-]ab\

Sa Sp Sa Sp
Fig. 2. One-dimension magnetic cluster with sizes of spins,
Sa and Sy, at sites a and b, and also a uniform effective
exchange integral (Jap) between sites a and b.
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overlaps between radical orbitals are significantly large. The
Lowdin-type spin-projection scheme'” is utilized for this
purpose. However, it often provides incorrect J,, values
because of the introduced approximations.® Alternately, ap-
proximate spin projections™® are feasible for UHF-based and
spin-polarized DFT methods to calculate potential curves for
dissociations from Region I to Region M. To this end, we
have considered an approximate but size-consistent spin-pro-
jection procedure, where the denominator in Eq. 2 is modified
50 as to reproduce the extremal values of total spin angular
momentum in Regions I and III as®

AZID =B« & >2)- < §*> @)
=S, < 8% > (Z) — S:(S: + 1], Q)

where g(N) =N — 2)2 /N (N > 2 and even numbers), (6a)

or =(N-3) (N > 3 and odd numbers), (6b)

and Z = UMP, UCC or DFT, and S, denotes the exact spin
angular momentum for the clusters under discussion:

Sr=1 (82— Sv) (N =2n), (6¢)

or St =n(Sa—Sp)+Sa (N=2n+1). (6d)

The effective exchange integral by the approximate spin-
projected (AP-) UMP, UCC, and DFT methods are, therefore,
given by*> =3

J(AP-Z) = ["°E(Z) — “E2)]/ A@ZI). @)

The J,,(AP-Z) value almost reduces to that of Eq. 2 in mag-
netic Region III, whereas it becomes a theoretical parameter
for the spin projection in the intermediate (II) and strong
overlap (I) regions, where the spin-contamination effects in
UHF and spin-polarized DFT wavefunctions are more or less
decreased.

The potential curves by the UMP method often show
humps's~'® arising from the spin contaminations. The
Ja(AP-Z) values in Eq. 7 can be used to improve the shapes
of the potential curves Z, as illustrated in Fig. 3.>® The total
energies by AP-Z are given by®

SEAP-Z) = E@Z) + T (AP-Z)[F < 82 > (Z)—S:(S; + )]
x [T —h(N)], ®)

where AN) =N — 2)2 /N2 (N > 2 and even numbers), (9a)

or =(N—-3)/(N+1) (N> 3 and odd numbers). (9b)

The AP-Z energy reduces to that of RHF-X or ORHF-X
(X =MP, CC) in Region I, since the second term in Eq. 8
disappears, whereas it becomes equivalent to the projected
UHF-X energy by Eq. 2 in Region Ill. As previously
shown, " the AP-Z potential curves are good approxima-
tions to those of UNO CASSCF PT2 (CASPT2) in the case
of small hydrogen clusters. The energy correction by spin
projection should be normalized by the size of the cluster
(N) in order to appropriately estimate the projection effect
for large N.
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HSg(uHF - X)="5E(PUHF - X)
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Fig. 3. Schematic illustrations of the potential curves of spin- .

unprojected and -projected post UHF solutions (UHF-X) for
mesoscopic clusters with N-magnetic sited.

AE(AP-Z) = [E(AP-Z) — “SE(Z)]/N (10)

=Ja(AP-Z)[ < §* > (Z) — 5:(S: + DI[1 — h(N)]/N
(11)

Figure 4 shows variations in the size correction term (/ —
h(N)) with the total spin site number (V). Since 'S < 52> (Z)
is approximately proportional to N, the projection effect of
Eq. 11 approaches zero if N becomes larger. In fact, for large
N, '

AE(AP-Z) = 4 J;n(AP-Z)/N. (12)

Therefore, the spin-projection correction for the LS state
decreases along with an increase in the cluster size (N) and
the energy correction by the spin projection is negligible if
the site number N exceeds a certain limit.

1. 4. Orbital Average Effective Exchange Integrals.
The effective exchange integrals (/) can be extended to
radical sites with more than one electron, and are generally

1-h(N)

0.5

\

Fig. 4. Variations of the size-correction term (1 —A(N))
shown in Egs. 8 and 9 of text with the total site number
N.
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described by an orbital average form given as

1 m n
D2 13)

mxn g 4s

Jab =

where m and n denote the number of unpaired spins at radical
sites a and b. Therefore, the sign of J,, is determined by the
detailed balance of the orbital components (J;;).

It was previously*”*® demonstrated that the treatment of
the orbital average effective exchange integrals is applicable
for describing the effective exchange interaction of clus-
ters of transition metals, such as Mo(I[)** and Cr(I).*> The
electronic structures of Mn(III)-Mn(IV) pair*? and [Fe,,S,]
systems,””*? which have different spin sizes at the nearest
radical sites, are also well presented by the orbital average
effective exchange integrals. The clusters comprising triplet
methylene examined in this paper have two radical orbitals
on the carbon atoms, while the quartet nitrogen atom has
three radical orbitals. The clusters of triplet methylene are
typical examples of organic systems possessing more than
one electron at radical sites. The clusters comprising triplet
methylene plus the quartet nitrogen atoms also correspond
to a system with different spin size at radical sites.

1. 5. Shapes of Potential Energy Curves.  The effec-
tive exchange integrals (/) in the Heisenberg model were
calculated by the difference between the total energies of the
highest spin (HS) and lowest spin (LS) states of the clus-
ters as shown in Egs. 2, 4, and 7. Estimations of the total
energies of the lowest spin state by an approximated spin-
projected wave function are given by Eq. 8. Profiles of their
energies are schematically illustrated in Fig. 3. It is inter-
esting to draw the potential energy curves of HS, LS, and
approximated spin-projected (AP-) LS states of real clusters
examined in this paper in order to elucidate the behaviors of
the potential energies with size effects of clusters before the
Jab values are discussed.

As examples, drawn in Fig. 5 are the potential energy
curves of the face-to-face (parallel conformation) dimer of
triplete methylenes and a cluster comprising eleven triplet
methylenes, as illustrated in Fig. 6B, at the level of UMP2.
The UMP2 method for the face-to-face dimer of triplet meth-
ylene gives potential energies curves similar to those previ-
ously obtained by the CASPT2(D) method,® suggesting that
the APUMP2 method can reproduce effective exchange inte-
grals obtained by CASPT2(D) in a semi-quantitative manner.
It is applicable to larger clusters which have antiferromag-
netic or ferromagnetic spin couplings of high-spin molecules.

It can be seen from Fig. 5 that the approximated spin-
projected states of the LS state for both dimer and clusters
of eleven methylenes are lower in energy than the LS state
over the entire regions of the interatomic distances. These
behaviors obviously indicate that the clusters examined here
atleast do not belong to region I shown in Figs. 1 and 3. From
Fig. 5, the energy lowerings from the LS state to the AP-LS
state for both the dimer and eleven-cluster are comparable to
each other with values nearly equal to 0.005 au. However,
according to the energy correction defined by Eq. 10, the
projection effect of the LS state in the cluster of (CHy);; is
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Fig. 5. Potential energy curves of highest-spin (HS), lowest-
spin (LS) and the approximated spin-projected (AP-) LS
states of (A) dimer of triplet methylenes and (B) cluster
composed of eleven triplet methylene estimated at level of
UMP2.

(A)
(CH, ), [parallel]

(CH, ), [parallel]

Fig. 6. Schematic illustrations of liner clusters composed of triplet methylenes and quartet nitrogen atoms; (A) trimer of triplet
methylenes in the face-to-face stacking, (B) eleven triplet methylenes in the face-to-face stacking, (C) eleven triplet methylenes in
the perpendicular stacking, (D) five triplet methylenes and six quartet nitrogen atoms.
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apparently smaller than those in the dimer of CHj, indicating
that the approximated spin-projection is less important for a
larger size of clusters.

2. MO Calculations of J,;, Values

2. 1. Linear Clusters of Triplet Methylenes.  Let us
first consider the face-to-face (parallel conformation) dimer,
trimer, and cluster (N=11) of triplet methylenes, as illustrated
in Figs. 6A and 6B. The effective exchange interactions
between triplet methylenes in the dimer (1) were calculated
from Eqgs. 2 and 7 using the total energies of the lowest-
spin (LS) singlet and the highest-spin (HS) quintet states
of 1 by the UHF/6-31G™ method. Table 1 summarizes the
calculated results. The calculated J,,values were negative
(antiferromagnetic) in sign over the entire intermolecular
interaction region (3.0 A<R<10 A) examined here. The
magnitude of J,,(UHF) by Eq. 2 and J,,(APUHF) by Eq. 7
are quite similar, showing that the orbital overlaps between
the magnetic orbitals are very small in the region.>® The
Jan(APUHF) values are also close to the corresponding Jy,
values by CASSCEF, which utilizes the four active orbitals and
four active electrons {4,4}.9 This indicates that both APUHF
and UNO CASSCEF involve only the so-called nondynamical
correlation within the {4,4} space.”® It is noteworthy that
a larger CAS space than {4,4} is necessary for the latter
approach to include dynamical correlation corrections.

Next, we examined the trimer (2) of triplet methylenes, as
illustrated in Fig. 6A. Only the nearest-neighbor Jy, values

(©)
( CH, ), [perpendicular]
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Table 1. Effective Exchange Integrals J,, (cm™!) of Clusters Composed of Triplet Methylene

(CH2x[ |1

(CHp)11[L1?

UHF®

141.7

(CH2)u[}j1”

(CH[|®

APUHF®
144.5

APUHF®

—371.6
-216.9
—123.7

UHF?
—395.4
~222.0
—-1236

APUHF*®

UHF®

CASSCF®

—411.7
—-233.1
—-130.5

APUHF*Y

UHFY

(—393.3)
(—220.0)
(—123.0)
(—67.67)
(—36.42)
(—19.04)
(—4.616)

—400.7
—228.7
—129.6

(—393.3)
(—221.4)
(—123.4)
(—67.80)
(—36.46)
(—19.05)
(—4.617)

—405.7
—230.2
—130.1

(—386.5)
(—219.3)
(—122.8)
(—67.66)
(—36.43)
(—19.04)
(—4.616)

—396.6
—-227.1
—128.8

(—390.8)
(—220.7)
(—123.3)

(—67.79)
(—36.46)

(—19.05)
(—4.613)

—401.2
—228.6
—129.3

3.0
3.2
34
3.6
3.8

4.0

87.54
51.58

29.76

85.37
50.15

28.88

—68.83

-37.31
—19.58

—67.82
—36.46

—-19.05

—72.49

—40.19
—21.94

—72.64

—40.23
—21.95

-71.9
—38.7
-20.2

—-4.9

—72.30
—39.98

—72.46
—40.03
—-21.71

16.89

16.37

9.461

9.167
2772

—21.69
—5.876
—1.366

2.863

—4.764
—0.9420
—0.0305
—0.0016
—0.00

—4.617
-0.9120
—0.0295
—0.0016
-0.00

—6.507
—1.852

—0.618

—6.507
—1.852

—0.618

—5.877
—1.366

4.4
4.8

0.8079
0.0637
0.0069
0.00

0.7821
0.0617
0.0067
0.00

(—0.9118)
(—0.0291)

(—0.9118)

(—0.291)

—0.96

(—0.9118)

(—0.9118)

—0.03
—0.001
—0.00

—0.0604 (—0.0295)
—0.0055 (—0.0014)

—0.0604 (—0.0295)
—0.0055 (—0.0014)

5.5
6.0

10.0

—0.0466 (—0.0013)

—-0.00

—0.0466 (—0.0013)

—0.00

(0.00)

a) [|[] means a parallel stacking [face-to-face stacking] shown in Figs. 6A and 6B. b) [L] means a perpendicular stackin shown in Fig. 6C.

e) 4-31G basis set.

(0.00)

(0.00)

0.00

(0.00)

0.00

d) 4-31G basis set in parenthesis.

c) 6-31G* basis set.
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were explicitly considered to derive Egs. 2 and 7 for clusters,
asillustrated in Fig. 2. Table 1 also summarizes the calculated
Jav values for 2 by the UHF/6-31G* method. The magnitude
of the J,,(UHF) and J,,(APUHF) values are almost the same,
even for the trimer (2). The J,, values for 2 are also close to
the corresponding Jy, values for the dimer (1). This supports
the nearest-neighbor approximation used in Eqgs. 2 and 7.
The slight difference on the Jy, value between the dimer (1)
and trimer (2) should be related to the weak delocalization
effect in the latter.

A linear cluster (3) comprising eleven triplet methylenes in
face-to-face stacking, as illustrated in Fig. 6B, was examined
by the UHF/4-31G method. The total energies of both the
LS triplet and HS 23-th multiplet (§ = 11) states of 3 were
calculated with changing the intermolecular distance, R. The
calculated J,, values are also given in Table 1. From Table 1,
both J,, values by UHF and APUHF are negative in sign,
showing an antiferromagnetic spin alignment within the clus-
ter (3). The difference between J,,(UHF) and J,,(APUHF)
is small, even in 3, in accord with the small orbital overlaps
between the magnetic orbitals in the Region IIl shown in
Fig. 1. The magnitude of the J,, value for the cluster (3)
is quite similar to the corresponding value for the dimer (1)
and trimer (2), showing a non-dependency of the size effect
of clusters. The present numerical results conclude that the
sign and magnitude of the J,, values for magnetic clusters
comprising triplet methylenes can be estimated on the basis
of small cluster models, such as dimer and trimer. There-
fore, our previous® results for the J,p, values calculated from
the dimer to pentamer of organic radicals, such as p-NPNN,
should be applicable to larger clusters as well.

The calculated J,, values for face-to-face clusters of triplet
methylenes are negative in sign. The negative Jy, values
mean that the spins (S, =S, = 1) at sites a and b align inter-
molecularly in the antiparallel manner. The orbital average
Jap value for the dimer (1) is given by

Jab = (2 % 2) ™ (Tpo—ps +JInn + 2J0—py), (14)

where J;,_p,, Jn-n and J,,_, denote, respectively, the effec-
tive exchange integrals for the ps—py, n—n (n: lone pair
orbital), and n—p, orbital pairs as illustrated in Fig. 7A.
Although the sign of J, _,. and J,_, should be negative
(antiferromagnetic) because of non-zero orbital overlaps, the
sign of J,_p, becomes positive (ferromagnetic) because of
the orbital orthogonality. The negative J,, value implies that
the py—ps orbital overlap interaction plays a predominant
role for the effective exchange interaction in this conforma-
tion, in conformity with our orbital overlap and orientation
principles for molecular magnetism.*?

Similarly, the orbital average J,;, value for the dimer in the
perpendicular stacking illustrated in Fig. 7B is given by

T = (2 X 2) " (Upo—pe +Tnps + Jpgen + Jnn). (15)

It is expected from a consideration of the orbital orthogonal-
ity and non-zero orbital overlap interaction that the J,_p, and
Jn—p, values should be positive in sign, and J,,_, and J,_,
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Fig. 7. Schematic representations of the orbital averaged
effective exchange integral J., composed of exchange inte-
grals between interatomic orbitals. (A) (CH,),; face-to-face
conformation, (B) (CHa),; perpendicular conformation, (C)
dimer composed of quartet nitrogen atoms, (D) dimer com-
posed of quartet nitrogen atom and triplet methylene

are negative. It can be seen from Table 1 that the calculated
Jap value for a cluster (4) of eleven triplet methylene in the
perpendicular stacking shown in Fig. 1C are positive in sign
in all of the interatomic regions examined here. This indi-
cates that the orbital orthogonality effects of ps—pr n—px are
more important for the effective exchange integral in 4 than
the orbital overlap interaction of ps—n and n—n, in contrast
with the case of the face-to-face comformers (1—3).

The UNO CAS for 3 and 4 is twenty two active orbitals
and twenty two active electrons {22,22}. The J, values for
3 and 4 by APUHF should be close to those of CASCI{22,
22} and CASSCF{22,22}.

2. 2. Linear Cluster of Quartet Nitrogen Atoms. The
ground state of the nitrogen atom is a quartet and the orbital
average J,, value for the dimer (5) of the quartet nitrogen
atom is given by, as illustrated in Fig. 7C,

Jp=(3%x3)" ! (Jpo—po + 2Jpx—px +4Tpg_py + 2Jpx_py), (16)

where Jy,_ o, Jpo_py and Jpx_py denote, respectively, the ef-
fective exchange integrals for the p,._ps, Po—Py, and p.—p,
orbital pairs. The sign of J, _p, and J,,_p. should be nega-
tive (antiferromagnetic) because of non-zero orbital over-
laps, but the sign of Jpv_py and Jpx_py becomes positive
(ferromagnetic) because of the orbital orthogonality. Since
the ps—ps orbital overlap interaction plays a predominant
role for the effective exchange interaction in 5, the J,, value
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for 5 should be negative, but its magnitude becomes smaller
than that of the triplet methylene dimer, since the latter two
terms in Eq. 16 are contributable.

In order to confirm the above prediction, a linear cluster
(6) comprising eleven nitrogen atoms with equal interatomic
distance was examined by the UHF/4-31G method. Both the
LS quartet and HS (S =33/2) states were constructed, and
the total energies of these states were calculated to obtain a
Jap value for 6 using Eq. 2. They are summarized in Table 2.
The J,, values for 6 are negative in the region 3.0 A<R<10
A, showing that the antiferromagnetic spin alignment is more
stable than other spin alignments, such as the ferromagnetic
one. The J,, values by UHF and APUHF were calculated to
be quite similar, in conformity with the small orbital overlaps
between the magnetic orbitals in 6. The magnitude of the
Jap value was reduced to about one-tenth of the Jy, value
of the methylene cluster (3), supporting the above orbital
interaction arguments based on the model in Fig. 7.

The UNO CAS space for 6 becomes thirty three active
orbitals and thirty three active electrons {33,33} CASCI and
CASSCEF calculations using this large space are impossible
at the percent stage. On the other hand, the present and previ-
ous results™® show that the approximate spin-projected UHF
(APUHEF) procedure can be used to estimate the effective ex-
change integrals, even for large clusters of organic radicals,
such as triplet methylene and quartet nitrogen atom. It can
be used as a practical technique when the UNO CASCI and
UNO CASSCEF calculations are impossible because of too
many active orbitals.

2. 3. Linear Cluster of Six Quartet Nitrogen Atoms
Plus Five Triplet Methylenes.  Figure 6D shows a linear
cluster (7) comprising five triplet methylenes and six quartet
nitrogen atoms. This cluster has a distinct size of spins, such
as S, =3/2 and Sy, = 1, at sites a and b for nitrogen atoms and
methylenes, respectively, being different from those having
an equivalent size of spins of S, =S, = 1 in the case of linear
clusters comprising triplet methylenes. The orbital average
Jap value for the dimer of the nitrogen atom and methylene,
which is illustrated in Fig. 7D, is given as

Table 2. Effective Exchange Integrals Ju, (cm™ ') of Linear
Clusters of Ni; and N-(CH,—N)s Using 4-31G Basis Set

R N N—(CH;-N)s
A UHF APUHF UHF APUHF
3.0 —31.77 —31.96 —120.0 —117.3
32 —15.82 —15.82 —64.31 —64.06
34  —7.896 —7.919 —34.17 —34.41
3.6 —3.913 —3.930 —17.90 —18.13
3.8 —1.891 —1.901 —9.152 —9.302
40 —0.8737 —0.8786 —4.519 —4.601
44  —0.1533 —0.1542 —0.9490 ~0.9674
48 —0.0195 -0.0197 —0.1547 —0.1577
55 —0.0023 —0.0024 —0.0031 —0.0032
6.0 —0.0000 —0.0000 —0.0001 —0.0001
10.0 0.0000 0.0000 0.0000 0.0000




2104 Bull. Chem. Soc. Jpn., 71, No. 9 (1998)

Tab = (3 X 2)™ (Jpx—n + Jpy—n *+ Jpgen + oy + Jox—po + Jps—po)»
)

where Jp,_q, Jp,_n, and Jp,_p. values should be negative in
sign because of a non-zero orbital overlap, which the pr_n,
Jpy_ps» and Jp, ;. values becomes positive in sign due to
the orbital orthogonality. The effective exchange integrals
(Jab) at the levels of UHF/4-31G and APUHF/4-31G are
also summarized in Table 2. The J,, values are negative
in sign for both methods in the region 3.0 A<R<10.0 A
examined here, indicating that an antiparallel spin alignment
(antiferromagnetic) is more stable than a parallel spin align-
ment (ferromagnetic). The negativity of the J,, values comes
from greater contributions of J,, 4, Jp,_n, and Jp,_p, rather
than Jp, n, Jp,_p,» and Jp,_p,. Jp,_p, could be expected to
be the main factor because of a strong ps_ps overlap. It is,
furthermore, noted that the APUHF method gives J,, values
similar to those of UHF method, even different sizes of spins
at sites a and b, compared with the cases of equivalent sizes
of spins at sites a and b. _

The UNO CAS space for 7 is twenty eight active orbitals
and twenty eight active electrons {28,28}. Judging from the
computational results given in Table 1, the APUHF would
be a good approximation to UNO CASSCF {28,28},9 which
is impossible for this ferrimagnetic cluster (7) at the present
stage.

3. Dynamical Correlation Corrections for J,;, Value

3. 1. Comparison Among Several Post Hartree—Fock
and Density Functional Methods. Dynamical correlation
corrections are usually essential for the Hartree—Fock solu-
tion and even for the UNO CASCI and CASSCF solutions
to depict reliable potential curves for organic reactions.”*39
The situation should be similar to the computations of the J,
values for organic radical clusters. It is, therefore, important
and instructive to discuss here the correlation correction for
Jav. We previously carried out several post Hartree—Fock cal-
culations; namely, UHF Moller—Plesset perturbation (UMP)
and coupled-cluster (UCC) calculations followed by the ap-
proximate spin-projection (AP), as shown in Egs. 7, 8, and

Table 3.

Exchange Interactions in Mesoscopic Magnetic Clusters

9.9 Second-order configuration interaction (SOCI) and mul-
tireference single and double CI (MRSDCI) calculations
were also examined in order to obtain the J,, values for
the triplet methylene dimer (1).9 In addition, we previously
performed second-order perturbation calculations based on
the CASSCF solution®” in order to compare with the varia-
tional CI and perturbation method:® namely, the CASPT23D
and MRMP2%49 computations of the J,, values for 1. We
summarize the previously calculated results in Table 3. From
Table 3, we can make the following conclusions:

(1) The Jy, values by the APUMP2 and APUCCSD meth-
ods are negative over the entire region examined here. The
sign of J,, does not change after dynamical correlation cor-
rections for the UHF results by the MP2 and CCSD methods.

(2) The Jy, values by the SOCI method are negative over
the entire region examined here. However, the sign of the
Jap value by MRSDCI changes from negative to positive
near to the intermolecular distance R =4.5 A, showing a spin
crossover from the LS state to the HS state.

(3) The J, values by CASPT2(D)*” are negative over the
entire region like the SOCI. However, the sign of the Jy,
value by MRMP2 changes near R = 5.5 A, showing a spin
crossover, as in the case of MRSDCI.

From the above results, well-balanced descriptions be-
tween the LS and HS states are necessary to obtain reason-
able J,;, value. The MRSDCI and MRMP2® methods should
be carefully used for computations of very small Jy, val-
ues, since the MRSDCI and MRMP2 methods suffer from a
size-inconsistency error in the dissociation region. In other
words, the SOCI method should involve well-balanced con-
figuration of much more triple, quadruple, and other higher
excitations, which are responsible for the product term of
single and double excitations of fragments, such as triplet
methylene. The UMP2 followed by an approximate spin
projection (AP), APUMP2, can be used as an effective al-
ternative to SOCI or CASPT?2 for larger clusters of organic
radicals.

The density functional (DFT) methods have been suc-
cessfully applied to computations of the potential surfaces

Effective Exchange Integrals Ju, (cm™') of Face-to-Face Dimer of Triplet

Methylene with Effects of Electronic Correlations Using 6-31G™ Basis Set
There values are referred to Refs. 6a and 6b.

R post UHF CI CASMP
(A) APUMP2 APUCCSD SOCI MRSDCI  CASPT2(D) MRMP2
3.0 —463.1 —494.8 —466.6 —460.1 —492.6 —496.1
32 2664 —279.0 —266.3 —260.8 —283.6 —283.7
34 —152.1 —-157.2 -150.0 —145.0 —161.7 —162.7
36 —8596 —88.10 —-82.9 —78.2 —91.18 —91.49
3.8 —47.86 —48.76 —44.7 —40.2 —50.61 —50.60
40 -26.11 —26.48 —234 —19.0 —27.51 —27.34
44 —7.126 —7.175 —5.65 —-1.4 —7.450 —17.198
4.8 —1.652 —1.652 —1.13 32 -1.719 —1.498
5.5 —-0.0768 —-0.0768 -0.037 32 —0.0830 10.0638
6.0 —0.0055 -0.0110 0.0 4.0 —0.0073 0.0971
10.0 0.0000 0.0000 0.0 4.2 0.0 0.6399
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organic reactions. Therefore, it is particularly interesting to
examine the applicabilities of the DFT methods to compute
the J,, values for the triplet methylene dimer (1). The spin-
projection scheme by Eq. 2 is equally applicable to the DFT
method, since it utilizes the expectation values of the total
spin angular momentums. Table 4 summarizes the calculated
results. From Table 4, the following conclusions are drawn:

(4) The Jy, values by BLYP are negative over the entire
region. However, the magnitude of the J,,(AP-BLYP) is

several times larger than those of APUMP2 and CASPT2 in -

the region; 3.0 A<R<4.8 A. The stability of the LS state is
relatively overestimated by BYLP.

(5) The |J| values by B3LYP are smaller than those of
BLYP, showing a significant improvement in the overstabi-
lization of the LS state by BLYP. However, the magnitude
of Jun(B3LYP) is still larger than those of APUMP2 and
CASPT2 over the entire region. From Tables 3 and 4, the
B3LYP method is seen to be applicable for qualitative dis-
cussions of J, values for organic radical clusters.® It is,
however, noteworthy that the DFT method often overesti-
mates stability of the low-spin state for a radical cluster.*”

Table 4.  Effective Exchange Integrals Jy, (cm™') of Face-
to-Face Dimer of Triplet Methylene at Level of DFT/6-

31G*

R BLYP B3YLP

A BLYP APBLYP  B3LYP  APB3LYP

3.0 —1060.7 —981.1 —826.1 —790.1

32  —655.0 —623.5 —502.1 —488.6

34 —404.2 —392.1 —305.5 —300.6

3.6 —2474 —2429 —184.6 —182.9

38 —149.8 —148.3 —110.7 —110.1

40  —88.80 —88.26 —65.02 —64.83

44  —-2897 —28.87 —20.95 —20.93

4.8 —8.552 —8.535 —6.144 —6.143

5.5 —0.8049  —0.8049 —0.5765 —0.5765

6.0 —0.1341  -0.1333  —0.0961 —0.0961
10.0 0.0000  —0.0000 0.0001 —0.0000
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3. 2. APUMP2 Calculations of Clusters with Eleven
Magnetic Sites. The preceding results demonstrate that
the dynamical correlation corrections are crucial for quanti-
tative discussions of the J,, values for radical clusters. For
example, the |/,n| value for the triplet methylene dimer (1) at
R =3.0 A by the Hartree—Fock mean-field approximation in-
creases by 17 and 25% after correlations by MP2 and CCSD,
respectively. Similarly, the |[J,p| value by CASSCF increases
by 20 and 21% after dynamical correlations by CASPT?2 and
MRMP2. respectively. However, the sign of the J,, value
for 1 in the large R region becomes incorrect when using
the MRSDCI and MRMP2 methods after these correlation
corrections. Therefore, it is interesting to examine the re-
liability of the APUMP2 method for clusters with eleven
magnetic sites. We examined clusters comprising eleven
triplet methylenes in the face-to-face (parallel) and perpen-
dicular stackings, as shown in Figs. 7B and 7C, together with
a mixed column with five triplet methylenes and six nitrogen
atoms in Fig. 7D. The Jy, values calculated for these three
clusters by UMP2/4-31G are summarized in Table 5.

From Table 5, the signs of the J,, values of all the clusters
are kept in all of regions examined here, showing that the spin
crossovers do not occur between the LS and HS states. The
Jap values of a face-to-face cluster of eleven triplet methyl-
ene, estimated by APUMP2 method, are slightly smaller than
those of dimer (in Table 3) because of different basis sets,
such as 6-31G™ and 4-31G, in harmony with the tendency be-
tween the UHF and APUHF methods for the cluster of triplet
methylene shown in Table 1. The |Jy| values of (CHy)y;
in the face-to-face stacking and N—(CH,—N)s by UMP2 and
APUMP?2 are larger than those by the UHF and APUHF
methods, respectively, being similar to the case of the dimer
of triplet methylenes under correlation corrections. On the
contrary, the Jy, values of (CH,)(; in perpendicular stacking
at the levels of UMP2 and APUMP?2 are much smaller than
those at the UHF levels. This implies that the LS state is
much more stabilized by the dynamical correlation correc-
tion than the HS state in this conformation.

Table 5. Effective Exchange Integrals J;» (cm ') of Linear Clusters Estimated at Level

of MP2/4-31G
R (CHy) i [||1P (CHp)y [ L]” N—(CH,-N)s®
A UMP2 APUMP2 UMP2 APUMP2 UMP2 APUMP2
3.0 —467.7 —423.2 127.4 128.8 —144.9 —138.5
3.2 —263.9 —250.0 78.17 79.17 —78.19 —76.50
3.4 —147.6 —144.0 46.77 47.39 —41.78 —41.42
3.6 8145 -80.80 27.46 27.84 —21.96 —21.93
3.8 —43.96 —44.06 15.89 16.11 —11.25 —11.28
40 —-23.02 —23.20 9.084 9.209 —5.546 —5.576
4.4 —5.580 —5.650 2.856 2.895 —1.158 —1.166
4.8 —1.098 —-1.113 0.8287 0.8402 —0.1873 —0.1886
5.5 —0.0352 —-0.0356 0.0667 0.0676 -0.0039 —0.0039
6.0 —0.0018 —0.0019 0.0075 0.0076 —0.0001 —0.0001
10.0 —0.0000 —0.0000 0.0000 0.0000 0.0000 0.0000

a) Face-to-face stacking shown in Fig. 6B. b) Perpendicular stacking shown in Fig. 6C.
¢) Linear stacking shown in Fig. 6D.
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Table 6. Effective Exchange Integrals J,, (cm™') of Linear Clusters Estimated at Level of B3LYP/4-31G

R (CH)u[]1? (CH)n[L]Y Ny N—~(CH,-N)s®

A B3LYP APB3LYP B3LYP APB3LYP B3LYP APB3LYP B3LYP APB3LYP

3.0 -=792.7 —590.8 56.35 55.19 —93.93 —89.73 —-307.7 —260.0

3.2 —478.7 —396.6 38.95 38.71 —52.38 -51.18 —182.5 —164.7

34 -287.6 —256.9 25.52 25.55 -29.23 -28.93 —106.9 —100.8

3.6 —=2023 —189.9 16.37 16.44 —15.89 —15.83 —61.41 —59.58

3.8 —99.25 —96.18 10.45 10.52 —8.471 —8.468 —~34.16 —33.71

4.0 —55.98 —55.29 6.699 6.750 —4.342 —4.348 —18.43 —18.36

4.4 —16.09 —16.16 2.718 2.742 —1.107 —1.110 —4.509 —4.528

4.8 —4.143 —4.177 0.9939 1.003 —0.1687 —0.1692 —0.8994 —0.9049

5.5 —0.3106 —0.3134 0.1152 0.1162 —0.0126 —0.0126 —0.0375 —0.0378

6.0 —0.0460 —0.0464 0.0208 0.0210 —0.0001 -0.0001 —-0.0074 —0.0074
10.0 —0.0006 —0.0006 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

a) Face-to-face stacking shown in Fig. 6B. b) Perpendicular stacking shown in Fig. 6C.

3. 3. DFT Calculations of Clusters with Eleven Mag-
netic Sites. The utility and applicability of the density
functional method were also investigated for linear radical
clusters comprising eleven triplet methylenes, eleven quartet
nitrogen atoms, and five triplet methylenes plus six quartet
nitrogen atoms at the B3LYP/4-31G level. The calculated
Jab values are summarized in Table 6, giving the following
results:

(1) The [J,p| values of (CH,);; by B3LYP are larger than
those of APB3LYP in the small intermolecular region (R<3.5
A) for face-to-face stacking, showing a significant orbital-
overlap effect under the DFT approximation.

(2) The |Jp| values of (CH,);; in face-to-face stacking
at the level of APB3LYP/4-31G are larger than those at the
APUMP2/4-31G level with the correlation corrections shown
in Table 5. Similarly, the |Ja| values of N—(CH,—N)s are
still larger than those of APUMP2.

(3) The |Jp| value of Ny; are several times larger than
those of APUHF shown in Table 2.

(4) The Jy, values of (CH;)1; in the perpendicular stacking
at the level of APB3LYP/4-31G are surprisingly smaller than
those by APUMP2.

(5) The density functional methods have tendencies to
emphasize the negativity (antiferromagnetic character) and
to suppress the positivity (ferromagnetic character) of the
effective exchange integrals for the linear radical clusters
examined here.

Based on Tables 5 and 6, the B3LYP method is seen to
be applicable for qualitative discussions of the Jy, values for
organic radical clusters, even with long linear stacking. It
is, however, noteworthy that the DFT method often overes-
timates the stability of the low-spin state and the contribu-
tion from the exchange integrals of non-zero orbital over-
lap for radical clusters. Therefore, it predicted a negative
(antiferromagnetic) J,p value for a hydrogen-bridged system,
though the experiment showed a positive (ferromagnetic) Jy,
value.*»

4. Concluding Remarks

In this paper both spin-restricted and unrestricted ab initio
calculations of effective exchange integrals were carried out

c) Linear stacking shown in Fig. 6D.

for dimer, trimer, and clusters with eleven magnetic sites,
where triplet methylene and quartet nitrogen atoms were
used as the magnetic components. As a spin-restricted ap-
proach, the CASSCEF calculations were first carried out for
the dimer of triplet methylene, followed by the SO-CI, MRS-
DCI, CASPT2(D), and MRMP?2 calculations for dynamical
correlation corrections. It was found that all of the post
CASSCF methods provide similar J,, values in the interme-
diate region, where the intermolecular distance (R) is variable
from 3 to 4 A. However, the MRSDCI and MRMP2 showed
a spin crossover from the low-spin (LS) state to high-spin
(HS) state at R=4.5 A and at R =5.5 A, respectively. This
implies that well-balanced computations of both the LS and
HS states are crucial, even in the spin-restricted approaches.
On the other hand, the MP2 and CCSD(T) methods based
on the UHF solutions provided similar J,, values to those
of SO-CI and CASPT? if a size-consistent spin projection is
performed, as discussed here.

In changing the cluster size of the triplet methylene from
2 and 3 to 11, J;,(APUMP2)-values remains reasonably
constant, showing that the approximate projected UMP2
(APUMP2) method has merit in that it can be applicable
to large magnetic clusters. In fact, APUMP2 was success-
fully applied to magnetic clusters with eleven magnetic sites.
The APUMP?2 calculations of ten to one-hundred hydrogen
clusters (H;o—Hjqp)” were already carried out to elucidate
ten potential curves and Jy, values in mesoscopic clusters.
The potential curves before and after a size-consistent spin
projection were almost the same for the H;gp magnetic clus-
ter, supporting Egs. 8, 9, 10, 11, and 12 and Fig. 4.

The hybrid method (B3LYP) provided reasonable J,, val-
ues for the organic radical clusters examined here, being a
useful hand for qualitative purposes, though it is still insuf-
ficient for quantitative purposes, because of a general over-
stabilization of the low-spin (LS) state. The more reliable
hybrid procedures in the DFT formalism to reproduce the
SO-CI and CASPT?2 results® are desirable for quantitative
discussions of molecular magnetism."

Recently, nanoscale magnetic clusters have been synthe-
sized by several groups.*® These are indeed receiving current
interest in relation to opportunities of new chemical physics,



T. Kawakami et al.

such as superparamagnetism, macroscopic quantum tunnel-
ing (MQT), single molecular magnet and active controls of
molecular magnetism by the external fields.*” Carbene and
nitrene groups as well as many other radicals have been
used as building blocks for mesoscopic organic magnetic
clusters, though chemical reactivities of radical sites should
be suppressed by appropriate procedures. To avoid such
instabilities of spin sources in molecular magnets, hybrid
systems comprising organic spin couplers and spins of tran-
sition metal ions would be the next synthetic targets in this
field. Both experimental and theoretical efforts® are desir-
able. The UMP2 and B3LYP methods, followed by size-
consistent spin projection, will be hopefully used for the
molecular design of such new dni—pm conjugated systems.

This work was supported by Grants-in-Aid for Scientific
Research on Priority Areas (No. 283, “ Innovative Synthetic
Reactions” and No. 282, “Electrochemistry of Ordered In-
terface”) from the Ministry of Education, Science, Sports
and Culture.
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