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New Paradigm for Design of High-Spin Organic Molecules: The Mechanism of
Spin-Dependent Delocalization in Exchange-Coupled, Mixed-Valent Organic Species
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A theory is developed to describe the electronic structure of mixed-valent, exchange-coupled organic biradicals.
The phenomena described are analogous to those of spin-dependent delocalization observed in binuclear
inorganic complexes in the sense that coupling of delocalized hole states favors a triplet state over a singlet
state. However, the mathematical description of the delocalization is quite similar to Kramers’ treatment of
antiferromagnetic and ferromagnetic terms in metal oxidRs/$ical934 1, 182). There is a similarity in

that a delocalized orbital in the mixed-valent biradical anion can play the role of oxide in conventional
superexchange. As in Kramers’ theory, there are two terms that result from the analysis, a second-order term
and a third-order term. However, the significance of the terms is different for delocalized magnetic orbitals
than for the metatbridge-metal system considered by Kramers. The computational chemistry shows that
the third-order ferromagnetic term dominates for large dihedral angles, in agreement with previous experimental
results. The mechanism presented suggests a new paradigm for the design of high-spin organic molecules.

Introduction (SQ).22

High-spin organic moleculeSE& 1) have been the focus of —ZnL —ZnL
intense study both from a theoretical perspective and as ligands +Bu +Bu o .
to prepare molecule-based magnetic matefidisMost high- Na

spin molecule design involves attaching paramagnetic functional

= 4CH3 = 4CH3
. t-Bi t-B
groups to am-system (a coupler) so as to achieve a cross- LZr() u LZr(J u
O o) o]
/

conjugatedz-topology?1°Such conncectivity gives nondisjoint 0
NBMOs!! that give rise to substantial exchange integrals that tBu O—2ZnL tBu O—ZnL
stabilize high-spin ground-states. For example, the structural ~ (LZn)3(SQj3) Na*[(LZn)3(SQ,Cat)]"

features of trimethylenemethane angttaxylylene form the

basis of a plethora of high-spin molecul@§:?Up to the present  Herein, we develop a theory to account for the observed

time, this remains the only design paradigm for preparing high- enhancement in ferromagnetic coupling in the mixed-valent

spin molecules. biradical anion. Our theoretical treatment is supported by
Certain mixed-valent metal complexes exhibit a sgspin calculations on two model systemE*(and 12)-)—that serve

coupling mechanism for which there is no organic counterpart: asanalogues of (LZg(SQkand [(LZn)k(SQ.Cat)[", respectively-

double exchange, also called spin-dependent delocalizationas well as a model biradica2?.

(SDD)313-15 The salient feature of SDD is that the highest spin-

multiplicity state is preferentially stabilized by electron delo- H\;/CH;H H\S}(":'H MG oH
calization, according to the transfer (resonance) integfal, e 2R H \ﬁ((ﬁ H\(/‘(rﬁ
Despite the large number of mixed-valent organic compounds, ° * * ° * *
H H H H H H
only a few examples have molecular structures that enforce 2

significant exchange coupling. Of these few, none exhibit either 13 1(27)- 2
new coupling pathways or enhanced ferromagnetic couifling.
We feel that mixed-valent organic ligands hold a great deal of Methods

promise for new properties/behavidfs?® particularly when the Model systems consisting of triradica* and biradical??
mixed-valent organic ligands have more than one unpaired ghown in Figures 1 and 2, respectively, were studied using
electron. Hartree-Fock (HF) and post-HF methods. The role of electron

Recently, we reported the first example of enhanced fer- correlation in determining the lowest spin state was tested using
romagnetic coupling in a mixed-valent molecule that methods that included configuration interaction (Cl) using three
lacks an effectiver-type ferromagnetic coupler ([N§ different methods. The first method is a Cl calculation that
[(LZn)3(SQ.Cat)]"), formed from one-electron reduction of an  includes singles, doubles, and triples (QCSB#f The second
antiferromagnetically coupled, isovalent triradical, (L#n)  method is a coupled cluster approach that also includes singles,
doubles, and triples (CCSDT.28 The third method used for
* Corresponding author. comparison was a complete active space method CASSCF(4,6)
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Variable torsion angle 1c ¢ c.y 0° and 90, p-orbitals can haver- and z-type interactions,
90° respectively. The model shown in Figure 2 was also used for
calculation of the triradical®).

Results

Spin-State Ordering in a Biradical Model. We first
calculate the singlettriplet gap for a biradical using the active
electron approximation for magnetic orbitals on centers 1 and
2, respectively. This treatment follows that presented by Kahn.

) o . ) B In an orthogonalized magnetic orbital picture for two centers,
Figure 1. Model triradical *) and biradical anion 1(>)-). The the wave functions are

unpaired electrons are on the three methylene groups. The p-orbital on
each of the methylene groups serves as the atomic orbital in the

orthogonalized magnetic orbital model. These molecules serve as — 1 + a 1
models for the spin systems of the semiquinone species studied in ref ¥+ ﬁ{ ¢+ 43} @
19.
_ 1
Variable torsion angle tc ¢ ¢4 Y= ﬁ{d)l —¢5} b 2)
90°
The Hamiltonian
— H=nh(1)+ h(2)+ 1/, 3)

is used to calculate the one-electron integrals:

o= [a(1)[h(1)la(1)0= (1)Ih(1)Ib(1)E=
Figure 2. Model biradical £*). The unpaired electrons are on the A(2)Ih(2)1a(2)5= D2)Ih2)Ib2)0 (4)

two methylene groups. The p-orbital on each of the methylene groups _
serves as the atomic orbital in the orthogonalized magnetic orbital f = A1)Ih(1)b(1)0= A(2)Ih(2)Ib(2)I ®)
model. The molecule serves as a model of a spin system of the

semiquinone species studied in ref 19. jO = Aa(1)a(2)|1/r,la(l)a(2)0 (6)
and CASSCF(6,10), where CASSQEW) represents all pos- )
sible electron configurations oN electrons inM active ] = [A(1)b(2)I1/ryla(l)b(2)  Coulomb (7)

orbitals?®~32 Comparison calculations were also run using
density functional theory (B3LYP%34 Gaussian98 was em-
ployed using a 6-31G** basis s&.CASSCF is not further .
discussed because initial agreement at the level of CASSCF- | = [A(1)b(2)I1/r,Ib(1)b(2)0  Hybrid 9)
(4,6) was not reproduced in the CASSCF(6,10) calculation (see
Supporting Information). The DFT calculations are not discussed The singlet and triplet states of the ground configuration (GC)
below because they too fail to accurately determine the spin are
gaps in any of the molecular models considered (see Supporting
Information). While we cannot explain the failure of CASSCF I (GC)= 1 {a(1)b(2) + a(2)b(L)} (10)
or B3LYP calculations to obtain the correct spin ordering, we g 2
note that the weak coupling of organic radicals appears to be
well-represented only using CI that includes singles, doubles, 3 _ 1 _
and triples (CISDT or coupled cluster CCSDT). Agreement with T(Go)= @{ a(1)b(2) ~ a(2)b(1)} (11)
experiment is approached systematically in a trend from HF to
CC(')SD to CC(')SDT All calculations were carried out on the The first-order corrections to the energy become
SGl/Cray Origin 2000 and IBM SP supercomputers at the North
Carolina Supercomputer Center (NCSC). 1 _ .

The geometries of the radicals were systematically varied in E( FQ(GC» 2a+]+k (12)
order to determine conformational effects on the spin state
energies, as shown in Figures 1 and 2. The figures define the

dihedral anglec,,-c,~c-+ and show the extreme dihedral angles ) ) . ) o
used in the calculations. Calculations were carried out at four @nd the singlettriplet gap is the ferromagnetic contribution to

k= @&(1)b(2)|1/ra(2)b(1)d  Exchange (8)

ECT,(GC)) =20+ — k (13)

values of there, ¢, ¢+ dihedral angle: § 3C°, 6(°, and 90.  the exchange parameter:
The model calculations are intended to compare a neutral, N 5
isovalent biradical ) species shown in Figure 1 with a Je = E(T4(GC)) — E(T(GC)) = 2k (14)

delocalized biradical anion1®)~) shown in Figure 2. The

neutral biradical model fo2? has two electrons in p-orbitals  if one assumes zero overlap=t 0) for orthogonalized magnetic
orthogonal to the plane of the Gldroups. The biradical anion  orbitals following Kahre The triplet state is stabilized with
model for 1)~ has four electrons delocalized over the three respect to the singlet state due to the exchange interagtion (
CH, groups shown in Figure 2. There are two structurally 0). On the other hand, charge transfer between the two magnetic
important limiting cases. For dihedral anglestgf-c,-c—+ = centers stabilizes the singlet. The charge-transfer configurations
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(CTCs) are TABLE 1: Energy of Neopentyl Radicals in eV as a
Function of the C,—Cyq—C;—H Dihedral Angle?
r g+(CTC) = i{a(l)a(Z) + b(2)b(2)} (15) energy
ﬂ/é molecule angle HF CCsD CCSDT  QCISDT

. 1 2 0 -5303.15 —5325.55 —5326.73 —5326.75
T, (CTC)=-—Ha(1)a(2) — b(2)b(1)} (16) singlet 30 —5302.54 —5325.22 —5326.56 —5326.55
V2 60 —5301.2 -5324.7 —5326.77 —5326.67

90 —5302.34 —5325.16 —5326.57 —5327.28

The energies of the states are 22 0 —5305.71 —5325.92 —5326.51 —5326.52
triplet 30 —5305.75 —5325.95 —5326.55 —5326.55
1~ + _ -0 60 —5305.75 —5325.95 —5326.55 —5326.56
E(T, (CTC)) =20+ "+ k ) 90 —5305.73 —5325.93 —5326.53 —5326.54
1> 0 —5287.98 —5307.18 —5307.75 —5308.62
E(T, (CTC) =20+~ k (18) doublet 30 —5287.98 —5307.13 —5307.67 —5308.54
60 —5287.96 —5307.08 —5307.63 —5308.49
Thus, the energy differencB(.T(GC)) — E(Lg"(CTC)) = . R - S A e i e
3 A o ) . . . . .
ECT(GC)) — E(Ty (CTC)) = — |°. The singlet and triplet  quaret 30 -5288.02 —5307.11 —5307.65 —5308.49
energies are changed by the second-order correction to the 60 —5288.07 —5307.17 —5307.71 -5308.57
energies 90 —5288.02 —5307.12 —5307.66 —5308.52
1= 0 —5283.55 —5305.98 —5307.16 —5308.17
1~ + singlet 30 —5282.77 —5305.33 —5306.59 —5307.6
EA(r) = Ory(GCYHIT, (CTCY (19) 60 528097 —5303.77 —5305.27 —5306.22
1 _ gt 90 —5279.81 —5302.63 —5304.3 —5305.18
[E( rg(GC)) = rg cToN 1= 0 —5285.22 —5305.56 —5306.22 —5307.12
o — triplet 30 —5285.22 —5305.5 —5306.16 —5307.09
o 8r(GC)H|'T, (CTC)A 60 —5285.16 —5305.3 —5305.94 —5306.71
E(T) = —3 Fr— (20) 90 528515 —5305.65 —5306.35 —5307.19
[ECT(GC)) — E(Ty (CTC))] . e
aThe G,—Cy—C,—H dihedral angle is defined in Figure 1. The
- energy is reported for Hartred=ock (HF) and three post-HF methods
We find that that include configuration interaction.
Or(GC)HI'T, (CTC)O= 28 + 2 (21)

for the conformation withrc,—c,~c—1 = 90°. The QCISDT

and calculation predicts that a singlet state will be significantly
e stabilized in ther-type geometry fovtcm_cq_C,_H = 90° shown

Br(GC)H| I, (CTC)=0 (22) in Figure 1. On the other hand, the CCSDT calculation predicts

) ) _ o that the singlet state will be destabilizedra},-c,~c,—1 = 90°
The second-order term is an antiferromagnetic contribution to (g|ative totc,—c,-c,-+ = 0°. Itis evident from the above theory

the exchange parameter due to the configuration interaction of jhat the charge-transfer interaction is decisive for the stabilization
CT states for orthogonalized magnetic orbitas<(0). of the singlet relative to the triplet. Although it is difficult to
2 estimate the magnitude of the integrals for the simple model
4B +1) : S .
p=—— (23) above in terms of the calculated energies, it is clear that orbital
(- JO) overlap plays a role in determining the relative contribution of
Jr and Jar to the spin state. The splitting is negative in sign
(singlet state is lowest for all conformations) but has a maximum
value (i.e. smallest negative value) near a dihedral anglef 30
likely due to the reduced overlap between the p-orbitals on the
neighboring CH groups at this dihedral angté.

The antiferromagnetic term can be as large as or larger than
the ferromagnetic term, leading to a ground-state singlet in a
biradical, since the exchange parameter is a sum of ferromag-
netic and antiferromagnetic contributions:

J=Jet Jae (24) The model does provide a framework for interpretation of
Hartree-Fock (HF) and post-HF calculations. The exchange

Model. Biradical 22 (Figure 1) was used as a model compound interaction is included at the HF level, and charge transfer state

for the calculation of the relative energy of the singlet and triplet contributions will only be evident if CI is included in the
spin states. This energy gap provides a computational assessmef@lculation. Table 2 shows that the sign and magnitude of the
of the intrinsic coupling ability of the $gcarbon in a biradical ~ Singlet-triplet gap depend greatly on electron correlation. At
and can be compared to similar calculations on trimethylene the HF level the triplet state is significantly lower in energy
and related biradicafs3¢-3° To ensure that electron correlation than the corresponding singlet state, consistent with a dominant
has been adequately accounted for, the calculations were carried¢ontribution for the exchange interactionda It is evident that

out at various levels for the biradical. If only singles and doubles calculations that include higher electron correlation stabilize the
are included, that is, QCISD or CCSD, there is still a triplet singlet relative to the triplet, as predicted by the tekmin the
ground state in the biradical. Itis first at the QCISDT or CCSDT  grthogonalized magnetic orbital model given in eq 23.

level that we see a positive singtdtiplet gap energy (i.e.,

singlet lower in energy than the triplet) for the biradical case ~ Spin-State Ordering in a Triradical. The model triradical
(Table 1). There is a conformational dependence to the 1% shown in Figure 2 provides a structure for calculation of
magnitude of the singlettriplet splitting, as shown in Table 1.  the spin states of both the neutral (three-electron system) and
The QCISDT and CCSDT calculations agree quite well except anion (four-electron system). In an orthogonalized magnetic

Calculation of the Singlet-Triplet Gap in a Biradical
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TABLE 2: Spin Gaps of Neopentyl Radicals in eV as a
Function of the C,,—Cy—C,;—H Dihedral Angle?

spin gap

molecule  angle HF CCSD CCSDT  QCISDT
2% 0 2.56 0.364 —0.214 —0.225
singlet- 30 3.21 0.727  —0.0186 0.00299
triplet gap

60 4.55 1.25 -0.215 —0.105

90 3.39 0.769 —0.0434 —0.743
13 0 -0.0816 —0.190 —0.218 -0.272
doublet- 30 0.0413 -0.019 —0.0266 —0.0544
quartet gap

60 0.113 0.0822 0.0792 0.0816

90 0.0625 0.0302 0.0268 0.0272
1@~ 0 1.68 —0.420 —0.941 —1.05
singlet- 30 2.45 0.172  —0.435 —0.511
triplet gap

60 4.184347 1528841 0.668843  0.485248

90 5.343282 3.016597 2.051835 2.013344

2 The spin gaps calculated using the CCSDT and QCSIDT methods
correspond to the plots in Figure 4.
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Figure 3. Comparison of the energy of the high-spin (quartet or triplet)

and low-spin (doublet or singlet) states of three model molecules as a

function of the G—Cq—C,—H dihedral angle shown in Figures 1 and
2 calculated using QCISDT.

orbital picture for three centers, the wave functions are

Ye= %{¢1 — ¢3} (25)

1
Ve :76{051 — 2¢, + ¢3}

1
WAZE{¢1+¢2+¢3}

b (26)

c 27)

The energies of the orbitals aog (o) andog (aa anday),

J. Phys. Chem. A, Vol. 107, No. 21, 200895
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Figure 4. Calculated spin gap in inverse centimeters for three model
molecules as a function of the,€ C;—C,—H dihedral angle shown in
Figures 1 and 2. The definition of the spin gap is low spin minus high
spin. (A) The singlet state is lower in energy than the triplet state for
all dihedral angles, but is near zero af30he QCISDT and CCSDT
results differ qualitatively for the two molecules at a dihedral angle of
7=290°. (B) The doublet-quartet spin gaps are negative for all dihedral
anglest < 50° in both calculations, indicating that the doublet state is
lowest in energy for these energies. (C) Both calculations indicate that
the singlet is lower in energy than the triplet wher< 50° and the
triplet is the ground state far > 50°.

respectively. For a three-electron system, the doublet state will
be the lowest in energy for either ordering of the orbitals unless
the energy differenceiz — o is less than the spin-pairing
energy. The possible configurations and stateg/afea® (*A);
Yedyal (CE, °E); andye?ywa? (1A, 2A, 1E). The lowest energy
configurations emerge from post-HF calculations as discussed
below.

Calculation of the Doublet—Quartet Gap in a Triradical
Model. Triradical1** (Figure 2) was used as a model compound
for the calculation of the doublequartet spin gap. This energy

ap provides a computational assessment of the intrinsic
coupling ability of the spcarbon in a triradical. Calculations
at the highest level of correlation practical for the two methods
QCISDT and CCSDT gave good agreement for the doublet
quartet spin gap (Figure 3). Fd# the spin gap is negative
(indicating a doublet ground state) fog,—c,-c—1 < 40° (see
Figure 4). For larger dihedral angles a quartet ground state is
calculated for1®; however, the spin gap is quite small relative
to the singlet-triplet gap for the biradical anion (see Figure
4).

Spin-State Ordering in a Biradical Anion Model. The
orthogonalized magnetic orbitals approach can be applied for
four electrons. The Hamiltonian is

H = h(1) + h(2) + h(3) + h(4) + 1/r, + Lhry3+ Lirg,+
Lhryy+ 1y, + 1ir 5 (28)
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_ﬁ_ ﬂ J_ in the biradicalanionthere are aleo hol_e states that result from
VA YA YA admixture of the totally symmetric orbital{) into the doubly
\I/EL l VE — 4_' \l»’El ﬂ degenerate pair¥{g) via Wa — We excited configurations

A Ground Configuration A Charge Transfer Configuration A Hole Polarization Configuration (Flgure 5) .

) i . . In the following we consider the hole polarization (superex-
Figure 5. Electron configurations for the three orbital, four electron h ¢ that It f ti tributi Th
biradical anion: left, ground configuration; center, charge-transfer change) terms that result in a ferromagnetic contribution. The

configuration; right, hole polarization configuration. hole polarization states (HPCs) are

In the derivation of the intrinsidg andJar coupling, electrons "T(HPC) = (2) {[c(3)b(2) + b(3)c(2)la(1)a(4) +
3 and 4 are passive: [c(3)a(1) + a(3)c(1)]b(2)b(4)} (31)

'T(GC) = (2) "a(1)b(2) + a@)b(L)lc(3)c(4) (29)  °T(HPC) = (2)4{[c(3)b(2) — b(3)c(2)]a(l)a(4) +
[c(3)a(l) — a3)c(1)]b(2)b(4)} (32)

II'(HPC) could be eithetA or E, and®I'(HPC) is®A. The
second-order HPC corrections have the form

*I(GC) = (2) "a(1)b(2) — a(2)b(1)]c(3)c(4) (30)

and the ferromagneticJf) and antiferromagnetic (via CTC L
involving SOMOs: Jaf) terms are the same as those derived EQ(r) = Br(GC)HI'T(HPC)3 (33)
above for the biradical, eqs 14 and 23, respectively. Orhétals [E(lF(GC)) — E(1F(HPC))]

andb (eqgs 25 and 26) in the biradical anion are not the same as
a andb of the biradical2 (eqs 10 and 11), but they play the

Ar(GC)HPr(HPCY3

same role. In other worda,andb in the biradical anion generate EQCr) = - . (34)
the same ferromagnetic and antiferromagnetic terms. However, [ECT(GC)) — ECT(HPC))]
A Singlet state B Triplet state

o-type mixing (t¢.c.c. = 0°)

o-type mixing (t¢,.c.c-n = 0°

§—
a -
e
|t |4
+ vl
ol
Singlet state Triplet state
C < D i

n-type mixing (t¢,.c.cn = 90°) n-type mixing (t¢,.c.c.q = 90°)

8 ——

ol
—*

oL

Figure 6. Orbital pictures forl(*)—: (A) singlet state withr = 0°; (B) triplet state withr = 0°; (C) singlet state withr = 90°; (D) triplet state
with 7 = 90°.
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T = 0°: o-type overlap Superexchange )
promotes antiferromagnetic coupling

®) L _%gﬂ%%g

T = 90°: mt-type overlap: Delocalization promotes
ferromagnetic coupling

Figure 7. (A) Classic superexchange present in the hole polarization configuratis®of (B) Ferromagnetic exchange in the= 90° conformation
of 1@~

Third-order HPC corrections have the form degenerate set, as shown in Figure 6. EQrc-c-n=0° a
singlet ground state is predicted due to antiferromagnetic
1 E‘lF(GC)|H|1F(HPC)ﬁE1F(HPC)|H|1F(HPC)] coupling that arises from the second-order HPC correction (eq
EOCT) = 33) that dominates far-type orbital overlap. The singletriplet

1 1
[E(T(GC)) — E(T(HPC))Y (35) gap in1®)~ is 4 times as large as that &) for this geometry

due to the contribution of this term. Feg, -c,—c-1 = 90° a

EOCT) AN(GC)H|’T(HPCYAE (HPCYH|*I (HPCYJ triplet ground state is calculated fa#)~ due toz-type orbital
= 3 3 overlap that permits a third-order HPC correction to dominate.
[ECT(GC) ~ K F(HPC))]2 (36) The superexchange theory developed above predicts that delo-

calized spin states will couple to give a triplet ground state, but

ly for th t try.
This treatment differs from double exchange, where the higherony or the correct geometry

multiplicity state is stabilized by the first-order correction, which

is larger for the high-spin state than for the low-spin state, and pjscussion

is more similar to Kramers’ superexchangén Kramers’

derivation the second- and third-order terms are responsible for 1,4 phenomena described here are analogous to the phen-

fgrr()_][nagnetmf?rr:d antlferromhagneth cou;;hng, lresplt_ecu;@lye i omenon of spin-dependent delocalization observed in binuclear
significance ot the superexchange terms for delocalized magne IC’morganic complexes in the sense that coupling of delocalized
orbitals (egs 31 and 32) is different in that the second- and third- . . .

. : - . hole states favors a triplet state over a singlet. The mathematical
order terms result in antiferromagnetic and ferromagnetic

Lo . - o . description of the delocalization is quite similar to Kramers’
contributions, respectively. Since the hole polarization configu- treatment of antiferromagnetic and ferromagnetic terms in metal
rations (HPCs) are higher in energy that the ground configura- _“" " - . omagnet 9 o
tions (GCs), the energy denominatand therefore the second- omdgs.ﬁ There is a similarity in that the hole pol_arlzatlon state
order HPC term given by eq 33s negative and consequently of 13~ can play the rgle gf oxide in conventional superex-
antiferromagnetic. On the other hand, the third-order HPC term hange, as suggested in Figure 7A.
given by eq 35 is ferromagnetic, since here the energy There are two terms that result from the analysis of the
denominator is positive. The triplet terms given in egs 34 and admixture of hole polarization states. The second-order HPC
36 are both zero. These terms are significantly larger than anyterm is antiferromagnetic, and the third-order HPC term is
third-order correction that would involve CT configurations ferromagnetic. The computational chemistry shows that the
(Figure 5) because the HPC configurations are much closer in hirqorder HPC ferromagnetic term dominates for large dihedral
energy to the ground configurations. angles, that issc,—c,-c,—+ > 60°. The delocalization that gives

Calculation of the Singlet-Triplet Gap in a Biradical rise to the ferromagnetic term is illustrated in Figure 7B. The
Anion Model. CCSDT and QCISDT calculations predict that computational results for the antiferromagnetic exchange coup-
biradical aniord®)~ (Figure 2) will have a triplet ground state jing in 1> and 2 are in accord with the previously reported
for dihedral anglesc,,—c,-c-+ > 40°. The triplet ground state  experimental results for (LZgSQs) and the protonated biradical
for large dihedral angles arises due to the delocalization possible[(LZn) 3(SQHCat)]22 Most importantly, the mixed-valent spe-
for z-type symmetry, as shown in the orbital diagrams in Figure jes1(2)- is a ground-state triplet, consistent with experimental
6, which gives the ordering of the energies of thel SQMO, results for(INa*][(LZn) s(SQ,Cat)]).22
HOMO, and LUMO for four conformations of the biradical
anion. The ordering of the MO energies in the QCISDT and  The application of Kramers-type superexchange to mixed-
CCSDT calculations corresponds closely with the orbital model valent organic molecules forms the basis for a new paradigm
proposed in egs 2527. Although the E symmetry orbitals are  for high-spin molecule design. To maximize the effect, one must
not rigorously degenerate in the calculations, they are close maximize the ratio of ferromagnetic to antiferromagnetic
enough in energy that they can be represented as a doublycontributions. By combining egs 33 and 35, we get
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‘g = {|BT(GC)H|*T(HPCYABT (HPC)H|' T(HPC)Ix
A
[E(T(GC)) — E(T(HPC))}/
{[E(T(GC)) — E(T(HPC))FEr(GC)H|'T(HPCYH} =
‘ BL(HPCYHI'T(HPCY | _ ‘ E(T(HPC))
E('T(GC)) — ECT(HPC))  |E(*T(GC)) — E(*T(HPC)) B

(37)
Singlet-triplet Gap = ca. 1750 cm™ 3218 cm™’

As can be seen in eq 37, the maximum ferromagnetic Figure 8.
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