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Theoretical Analysis of Intermolecular Covalentaz—a Bonding and Magnetic Properties of
Phenalenyl andspiro-Biphenalenyl Radical z-Dimers
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Singlet-triplet splittingsAEst and intermolecular covalent—sx bonding characteristics of the prototypical
phenalenylz-dimer and eightspiro-biphenalenyl radicalz-dimer structures are analyzed with the aid of
restricted and unrestricted density functional theory calculations and paramagnetic susceptibility data fitted
using the BleaneyBowers dimer model and the Curi®Veiss model. Single determinant approximations

for AEst as a function of transfer integrals and on-site Coulomb repulsion energy are presented for the two-
electron two-siter-dimers of phenalenyls and the two-electron four-gigimers ofspiro-biphenalenyl radicals.
Within the range of intermolecular separation of 34D < 3.51 A, for the shorter separations, restricted
theory works quite well and indicates the presence of a relatively strong intermolecular cavratebhbnding
interaction. For the longer separations, the singigplet splittings are small; electron correlation plays a
significant role, and only the unrestricted theory provides results that are in qualitative agreement with
experiments. The bonding interactions in thkelimers are gradually weakened with increasihgshowing

a transition from lowD values with significant intermolecular—x bonding and electron delocalization to

high D values with localized spins and a biradicaloid character.

1. Introduction CHART 1: Phenalenyl Radical (1) and Its SOMO

Organic molecular crystals of neutralradicals are exciting
because of their potentials as molecular métébenalenyl 1)
is an organic neutral radical with an unpaired electron in the
singly occupied molecular orbital (SOMEChart 1). Because
of the large delocalized domain of the SOMO electrins
stable in solution as indicated by electron spin resonance (ESR)
but it undergoes-dimerization in the solid state (Schemée?#).
Substitution with bulkytert-butyl groups leads to a-dimer-
ization in the solid state for 2,5,8-tiert-butylphenalenyl radical,
2 (Scheme 1}. ESR, UV-vis, and MS also confirm the
s-dimerization of2 in solutions and even in the gas phase.
The overlap between the two SOMOs is effective in the
staggered conformation shown in Scheme 1, bottom right.
The intermolecular separatidnin the z-dimer of2 is about 2 OO
3.2-3.3 A/ slightly shorter than the sum of the van der Waals
(vdW) radii, indicating the presence of attractive intermolecular
multicenter covalent—s bonding interactiod:>7 This bonding
is enhanced if all six of the spin-bearing C centers participate
in the bonding interaction. When the overlap is favorable as
for 2, the strength of suclv—x bonding interaction is on the
order of ca. 9 kcal/mdi,which is only slightly weaker than the
o-bond in theo-dimer of 1 by 1-5 kcal/mol38 Such intermo-

lecular covalentr—x bonding exists not only for neutral 2 é%
2

'SCHEME 1: o¢-Dimerization of Phenalenyl Radical (1)
and z-Dimerization of 2,5,8-Tri-tert-butylphenalenyl
Radical (2@

|
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|

radical§ but also for charged-radicald® such as tetracyano-
ethylene dimer dianion, [TCNEJ,>!! and oligothiophene
a-dimer dicationt? Similarly interesting are closed shedtri-
mers3which will not be addressed here, however. The common !
feature of these radical-dimers and trimers is their sub-vdW aNote the inversion center in the-dimer at the bottom right.
intermolecular separation.

Haddon et al. have recently reported a seriesspiro-

*To whom correspondence should be addressed. Tel: 202-687-5761. i i _ 14-20 iat-
Fax: 202-687-6209. E-mail: kertesz@georgetown edu. biphenalenyl (SBP) radical8;-10 (Chart 2)} each consist
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Figure 1. w-Dimers of butyl-SBP %, top) and pentyl-SBP§( bottom)
with six pairs and two pairs of spin-bearing C overlaps, respectively,
as indicated by the red asterisks. Hydrogens are left out for clarity.

CHART 2: SBP Neutral Radicals with Various

Substitutions
R
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CH 0
et
\
R

the two phenalenyl SOMO electrons fills into the atomic orbital
(AO) of the electron-deficient boron atom, leaving one unpaired
electron in the frontier molecular orbital (MO). These SBPs
exhibit diverse packing motifs in the solid state depending on
the substituents. Unlikel and 2, hexyl-SBP {) remains
monomeric, and its magnetic properties indicate ta¢haves

as a free radical with one spin per molectl&enzyl-SBP 8)

3. R= Ethyl

4. R=Propyl

5. R=Butyl

6. R = Pentyl

7. R=Hexyl

8. R=Benzyl

9. R=Octyl

10. R=Cyclohexyl
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Figure 2. Schematic of ar-dimer of SBP neutral radicals; each
molecule is represented by two joint ellipses indicating spiro-conjuga-
tion at the boron atom (see Chart 2). The four phenalenyl units are
denoted as sites a, b, ¢, and d. The transfer integtaland t,,
characterize the intramolecular spiro-conjugation (between a and b and
between ¢ and d) and the intermolecutarr overlap (between b and

c), respectively.

and magnetism often go hand-in-ha¥dt, is also important to
investigate theoretically the magnetic properties of these
m-dimerized SBP radicals to gain insight into the structural and
bonding characteristics of theseradicals. To make the story
complete for thex-radicals 3—6 and 9, we also studied
theoretically ther-dimer of2 from the perspective of magnetism
and compared the obtained results with the available magnetic
(ESR and SQUID) and spectroscopic data 2010ur density
functional theory (DFT) calculations indicate that the stacked
m-radicals 2, 3, 5, and 9 are bound tighter together due to
multicenter covalentr—sx bonding interactions.

2. Theoretical Framework

We followed a two-pronged approach. We performed first
principles all-electron DFT calculations to obtain realistic
parameters to be compared with experimental data. The
Computational Methods section contains the relevant technical
details. Electron correlation is an essential feature of the
interactions of two radicals; the consideration of electron
correlation beyond the restricted MO theory is necessary to

aggregates in the solid state into a quasi one-dimensional (1D)understand the nature of intermolecular interactions in these
m-step stack. The overlap between neighboring molecules isz-dimers. Therefore, we supplemented these DFT calculations
favorable only for one out of the six spin-bearing C atoms per with analysis based on MO theory and the Hubbard dimer

phenalenyl unit® The magnetic properties 8fwere interpreted
by an antiferromagnetic Heisenbef§ = 1/2 linear chain
model!® The rest of the SBP radicals, excluding cyclohexyl-
SBP (L0), form zz-dimers similar to2. The z-dimers of ethyl-
(3), propyl- @), butyl- (5), and octyl-SBPs9) involve six pairs

of intermolecular G-C overlap, with intermolecular distances
ranging from 3.12 to 3.40 A%15192lwhile the m-dimer of
pentyl-SBP 6) has only two pairs of intermolecular -€C

model. The Hubbard model is completely defined by the
Coulomb repulsion parametér and the transfer integral®*
Each phenalenyl unit is represented by one site in the model,
with a Hubbard on-site Coulomb repulsion enetgy corre-
sponding to the Coulomb repulsion energy between two
electrons localized on one site. The Hubbard transfer integrals
are of two different kinds: One represents thezx interaction

(t;), and the other, in the case of SBPs, corresponds to the spiro-

overlap and the intermolecular separation at 3.51 A is a bit larger conjugation interactiontd). Therefore, the dimer o2 corre-

accordingly!® Two SBPz-dimers are illustrated in Figure 1.
For 10, neighboring molecules adopt similardimer stacking
as in2—5 and9 using six overlapping pairs of spin-bearing C
atoms; furthermore, intermolecular multicentersr overlap of
10 with both left and right neighbors leads to quasi Z&ghain

sponds to two sitedqis absent), and the dimers of the SBPs
(3—6 and9) correspond to four sites shown in Figure 2. The
number of SOMO electrons is two in both cases; thus, the dimer
of 2 corresponds to half filling, while the dimers of SBPs
correspond to quarter filling. The energy differentdst

along which the intermolecular separation between phenalenylbetween the ground singlet state and the low-lying excited triplet

rings is 3.28 A2° Theoretical calculations indicate that the good
intermoleculart—m overlap leads to a large bandwidttand
efficient electron delocalization along thechain of 10 provid-
ing a pathway for unusually high electrical conduction for this
purely organic neutral radical mater?al.

In this paper, we focus on-dimerization among the three
kinds of n-type aggregatesttstep,-dimer, andz-chain) of

state can be qualitatively analyzed on the basis of these two
radical electrons in the-dimers.

2.1. Restricted MO Theory and Single Configuration
Approximation. Our discussion is presented on the basis of
symmetry-adapted M(O%:26We confine ourselves first to the
restricted MO theory level, and then, we consider the inclusion
of electron correlation. This strategy allows us to discern when

the SBP radicals. Some of the intermolecular separations in therestricted MO theory is a good approximation and when

m-dimers3—6 and 9 are slightly shorter than the sum of the
vdW radii similar to thes-dimer of 2, implying additional
attractive covalentr—x bonding on the top of vdW forces.
Multicenter covalentz—sx bonding has been characterized by
MO theory and by structurdland spectroscopic measuremérfts

correlation plays a significant role.

With the assumption that the-radicals are bound together,
at least partially, by multicenter covalemt-;r bonding interac-
tion in thes-dimers, MO theory is applied as follows to these
dimer systems. As shown earl®®%7 two sets of monomer

for 2 but not for the SBP radicals. Because chemical bonding orbitals overlap in ther-dimers to give a set of dimer orbitals.
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For the materials in this study, the monomer radical SOMOs
are isolated in energy from the rest of the MOs and play a
dominant role in the formation of-dimers; therefore, we focus
first on the SOMO-related dimer orbitals as the active orbitals.
The overlap of the two SOMOs produces an orbital with in-
phase orbital interaction and another with out-of-phase orbital
interaction. The highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of the dimers
are indexed as 1 and 2, respectively. The wave functions of the
dimer HOMO and LUMO arey; and y,. Assuming an
inversion center, the dimer HOMOs and LUMOs hayeand

ag symmetry, respectively. Their energies afeand e, and

the dimer HOMGO-LUMO splitting (e2 — €1) reflects the
strength of ther—x covalent bonding (non-vdW) part of the
intermolecular interactions.

Depending on the occupancy of the dimer HOMO and
LUMO, there are six basic Slater determinants shown in
Figure 3. The correct symmetry-adapted combinations replace
Yp andyg:

Yo = % W + ve) )
and
Ve == — 10 ®)
NG

The energies of these determinants can be expressed in term
of the one-electron enerdy, Coulomb integrall;, and exchange
integral Kj; using the notation of Szabo and Ostluiid:

h = @alfilpaldi, = Ty(Lya(2l81 1Ly (2)T ete. (3)

Assuming that the dimer HOMO and LUMO energies are

constant for the six determinants shown in Figure 3, we can
replace theh, terms in the energy expressions with the orbital

energiesg; ande,, wheré’

e,=h; +J, 4)

and
€=h,+23,— K, (%)

Thus, we obtain four energy values corresponding to four
configurations. The energy of the ground singlet configuration
So (¥a) is

Es, = 2h + J;y = 2¢; — Jy (6)

The energy of the low-lying excited triplet configuration g
Ye, andyp) is
Er=h+th+J,-K,=€+te6—-Jd3-J, (7)
The energy of the excited singlet configuration($e) is
Esl= h,+h,+J,+K,=
€1t €=y — Jip+ 2Ky, (8)
The energy of the third singlet configuration @) is

Es, = 2h, + 3,,=2¢, — 4, + 2K, + I,y 9

The symmetry species of these four configurationsage3A,,
1A, andAg, respectively?®

Huang and Kertesz
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Figure 3. Six Slater determinantsya—ye of radical z-dimers
indicating the occupancy of the phenalenyl SOMO-derived dimer
HOMO and LUMO with indices 1 and 2, respectively. For the four-
site cases (dimers @&—6 and9), there are two further higher lying
dimer orbitals derived from phenalenyl SOMOs (see Figure 4).

The singlet-triplet splitting in this single configuration
approximation is

AEgr=Eg —Er=¢;— €, Iy (10)

which is associated with theoS— T transition and can be
observed indirectly through the paramagnetic component of the
magnetic susceptibilityAEst is negative when the triplet is
above the singletAEst is on the order 0of-0.3 eV for2 from
ESR measurement&. The S configuration also has an effect
on AEst. In the case of very weak—s bonding interactions,
the dimer HOMG-LUMO splitting (e2 — €;) is small and one
has to go beyond the single configuration approximation, for
example, by using configuration interaction (Cl), to obtain the
correct energies of the weakly bondedlimers. In fact, among
the four configurations, only the mixing betweep&hd $ is
possible by symmetry. Such admixture of the doubly excited
sonfigurationye into the singlet ground statga leads to a
biradicaloid charactet) for which a broken-symmetry ap-
proach:31 can be employed instead of Cl to address the
correlation effects.

When AEst is positive, then the triplet is below the singlet
and it becomes the ground state (spin crossover). This situation
may occur when the dimer level splitting is small as compared
to the exchange term,

€~ € <Jp, (11)

However, in general, the single configuration approximation
becomes less accurate when € ¢;) is small. Consequently,
when such a situation arises, the single configuration approach
can only indicate but not prove the presence of such a spin
crossover. We shall show that all of thedimers in this study
have singlet ground state even in the case whenathe
bonding interaction is very weak.

The § — S transition is characteristic of radicatdimers
and is usually termed the charge transfer (CT) transition,
AEcT,%233which reflects the transfer of one radical electron from
a monomer to its neighboring molecule in thedimer. The
corresponding energy differenc&Ecr, is on the order of the
on-site Coulomb repulsion energy.®* This transition is
observable by UVW-vis and is not our concern in this paper.
We shall focus on the S— T transition observable through
magnetic susceptibility, because tiEst value can be a
measure of the covalemt—z bonding strengtf®

We now turn to the two-electron two-site and four-site
theoretical models to obtain approximate relationshipaegr,
U, and the transfer integrats (ts), which will be useful in the
analysis of the all-electron DFT calculations on the dimers of
2—6 and9.

2.2. AEst for Two-Site Systems.First, we investigate the
st-dimer of 2 consisting of two phenalenyl units that are coupled
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by the transfer integrat,. The secular equation of a two-site  SOMO wave functions of the four phenalenyl sitesdeare¢,,

system is ¢b, ¢, andeg, respectively.
Because of th&; symmetry of ther-dimers, we construct
- 1 =0 (12) the symmetry-adapted linear combinations of these site orbitals
t, —e as follows.
where € represents the dimer orbital energies apds the 1
transfer integral due ta—x overlap. We define the electronic ¢ = 7 (Pat ¢q) (20)
interaction throughr—s overlap of the twor-stacked phenale- 2
nyls by the out-of-phase orbital combination so thas positive.
Solving eq 12, we obtain the HOMO and LUMO as ¢, = % (¢p + &) (21)
2
1 1
Y= 72 (¢at ¢p) andy, = 72 (Pa— ) (13) . ( | o
3= (9.~ ¢ 22
where¢, and¢y, are the local SOMO orbitals. The energies of : V2 ‘
the HOMO and LUMO are
1
€, =—t ande, =t (14) ¢y = 7 (¢ — 90 (23)
Equation 10 becomes
The plus combinations are associated vathsymmetry, and
AEgr=—2t,+Jp, (15) the minus combinations are associated veigtsymmetry. We

define the electronic transfer integrals through spiro-conjugation
Substituting eq 13 into the expression of the Coulomb integral and z—s overlap by the out-of-phase combinations of the
Ji2 gives adjacent phenalenyl moieties so that bigndt,, are positive?22

1 1 The matrix elements of the secular equation are
3= [1 @@ Jvam@ g 600 +

1 N N
Hy, = 5 ([ | Hlp [+ [y H|py[H

1
= — 16 ~ A
(Pupeltup)] = 5 (@deldata) (16) B8O BaPle D= o (24

where we keep only on-site Coulomb integrals using the 1
Hubbard model for the on-site Coulomb repulsion which H.=H.. == Hib. [H Ao H
leads to the following in the single configuration approximation 12 2 Z(Qbal 1% mﬁ”" 19 R
(gl HIppH [glHIpD = —tg (25)

AEg =2t + % 17)
I .
Next, we show that this MO-based derivation is consistent Hpp = 2 ([pplHIppTH (b HIg L
with the Hubbard model containing a transfer integraihd an [/ Hl¢H @A, =a —t, (26)
on-site Coulomb repulsiol in terms of energies. The exact ¢ ¢ i
solution to AEst within the Hubbard model #8:36.37

H33 = % (l—_‘ba“:”(f’a']"‘ @dlﬂlqﬁdD—
.| Alp 0 [BlAlp0 = o (27)

Y 2V e (VY
AEg=5—C=5— \/4¢+ (2) (18)
In the limit of large 4/U, using Taylor expansiorG ~ 2t.
The physical meaning oft4s the bandwidtiW of a 1D chain _ _1 . .
of sites. At the large #U limit, this is a weakly correlated Hay = Has 2 ([@alHIgF [plHigcT
system, that is) < W.38 Therefore, Byl H|ppH byl Hlo 0= —t, (28)

o+ 9= AE, <0 (19) 1. . )
2 Haa =5 ((@plHIgpLH [pelHId L [pplHIcl-

This indicates that in the weakly correlated limit, MO theory is BJHp D=0 +t, (29)

a good approximation, and thedimers can be described as

being bonded by intermolecular covalent-z7 bonding. We

shall use DFT to calculatAEst for the covalentr—z bonded

systems. As we can see later, the MO approximation breaks t

Settinga. = 0, the secular equation is

down in case of weakly bonded (strongly correlated)imers, _te e S ¢ 8 8

and correlation plays an important role. Under such circum- s T B =0 (30)
stances, we go beyond MO theory and perform broken- 0 0 —€ &

symmetry unrestricted (U) DFT calculatioh&. 0 0 —t et

2.3. AEgt for Four-Site Systems.Next, we turn to the SBP
m-dimers consisting of four phenalenyl units. These can be The solutions to the above equation are, in the order of
represented as four-site systems as shown in Figure 2. The locaincreasing energies:
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(@) = V; T (31)
oy = ”2+4t (32)
()= —t,+ «/;f + 4t 33
FORLARL Bt ”;Mtz (34)

These four energy levels are shown in Figure 4. The energy
differences of 2 — ¢1) and €4 — €3) are equal tot,. This
derivation is based on the assumption that the ovei$ss 0

for i = j. These small overlaps are not completely negligible,
and they are partially responsible for the fact that in the actual
DFT calculations the values otf — ¢1) and €4 — €3) are
different. We will take the average of these two values to
calculatet,. With the value oft, so obtainedts can be solved

by using the €3 — €;1) or (e4 — €2).

Assuming that the two SOMO electrons occupy only the
lowest two levels shown in Figures 3 and 4, we arrive at the
same four single configurations as shown in eg®96In the
single configuration approximation, eq 10 becomes now

AEgr=—1,+J;5 (35)
As we will see later, the value df, depends on the intermo-
lecular separations in the SBP radigatlimers, while the values
of t; are more or less constant across the family of SBPs.
Therefore, the coefficients gk throughgy in 11 andy, depend
on the relative magnitudes @fandt,. Accordingly, unlike eq
17 for a two-site system, th&, term in eq 35 is not constant
and it depends on the&/ts ratio leading to the following
relationship

n U
[4 + (/)]

Equation 36 is derived similar to eq 17 where we keep only
the on-site Coulomb integrals. This approximation strongly
influences the value of;,. Nevertheless, we shall see that the
estimated value o for the four-site SBRr-dimers based on
eq 36 is consistent with that from the two-sitedimer of 2.

AEgr~ —t

44

(36)

3. Computational Details

Molecular calculations were performed with the Gaussian 03
program3® The z-dimer 2 (Scheme 1) was excised from the
X-ray crystal structure o2,* and the geometry was used in a
dimer calculation without further geometry optimization. This
dimer approach is justified by the crystal packinfzafhowing
that the neighboringr-dimers are well-separated and nearly
perpendicular to each other, leading to very small overlap
betweenz-dimers. This dimer approach was also employed for
the calculations of ther-dimers of 3—6 and 9, since the
neighboring #-dimers of the SBP radicals are also nearly
perpendicular to each other, similar to the crystal packing of

Huang and Kertesz

Monomer  7dimer

Figure 4. Development of the four SOMO-deriveddimer orbitals
starting from the half-SBP moiety as a result of spiro-conjugation
(monomer) andr—z overlap (z-dimer). Orbital splittings are expressed
in terms of transfer integratsandt,. Boron atoms({) are at the center

of spiro-conjugation; substituents are omitted. Top views of the first
and the fourth dimer orbitals are shown; the second is similar to the
fourth one, and the third is similar to the first one, except for the spiro-
conjugation.

Moiety

were tested fo@, including nonhybrid PW91? BLYP,*! and
hybrid B3LYP#2 By comparing these results with the experi-
mental data oR, we chose the B3LYP density functional to
calculate total energies of the-dimers of 3—6 and 9. To
account for electron correlation effect, we employed more
affordable broken-symmetry unrestrict8dUDFT calculations.
For the initial guess, the HOMO and LUMO are mixed to lift
the spatial symmetries, thus producing unrestricted wave func-
tions for singlet states. Wave function stability anal{%sisas
performed on the restricted singlet wave functions obtained from
the RB3LYP single-point calculations on thedimers of3—6
and9 to further check the UDFT results.

We also took an alternative approach to calculakssr for
the #-dimer of 2. Solid-state calculations were performed for
the three-dimensional (3D) X-ray crystal structure2ofising
the plane wave based Vienna ab initio simulation package
(VASP)#* The singlet and triplet states were obtained by
different NUPDOWN parameters, which specify the difference
between the numbers of electrons with up and down spins. We
used a 4x 4 x 4 k-mesh.

To investigate the dependenceAiEst ont, for the z-dimer
of 2shown in eq 17, transfer integrals are calculated for a series
of staggeredr-dimers ofl with the same staggered packing as
that of 2 shown in Scheme 1. Interplanar separatidof the
m-dimers ofl s in the range of 3.84.0 A. The bond distances
of C—C and C-H in 1 are fixed to 1.40 and 1.08 A,
respectively. All bond angles are fixed to 120 and each
phenalenyl is completely planar. Calculations 2aefer to the
experimentaD value. Using thesg-dimer geometries, transfer
integralst, were calculated from half of the dimer HOMO
LUMO level splitting (eq 14) obtained from the single-point
calculations of the ground singlet states. Unlike the total energy
calculations using B3LYP density functional, a different density

Total energy and transfer integral calculations using these dimerfunctional, PW91, was used for the transfer integral calculations.

X-ray structures are described below in detail.

Single-point total energy calculations were performed for both
the singlet ground state and the low-lying excited triplet state
for 2—6 and9 to obtainAEst values. Several density functionals

This theory has been validated in our earlier work for organic
molecular materialé> This methodology validated fdr and 2
is then applied to the SBR-dimers3—6 and9 to study the
AEst—t, correlation for four-site systems shown in eq 36.
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TABLE 1: Comparison of AEst for the #-Dimers of 2 from 1.2
DFT and Hartree—Fock (HF) Calculations with Experiments —o— UBSLYP (triplet)
theory A AEsr (eV) " —8—RB3LYP (singlet)
RDFT )
RPWOP 0 —0.573 . 0.8 - —aA— UB3LYP (singlet)
RPWOE 0 ~0.569 3 \
RBLYP 0 —0.592 3 061
RB3LYP 0.2 —0.353 g:
UDFT and UHF < 041
UBLYP 0 —0.580 (—0.592) E
UB3LYP 0.2 —0.376 (—0.383) 0.2 4
UB2LYP 0.5 —0.237
UHF 1 —0.15% 0
experiments AEst (eV) 02
E(S?Ig”jg :8'%38 2.8 3 32 34 36 38 4 42

Dimer separation (A)
Figure 5. Total energies calculated with R(U)B3LYP/6-31G* for the

s-dimers of1 relative to that of the RB3LYP singlet at 3.3 A. The
bifurcation point of the two singlet curves is at 3.2 A.

a A is the amount of exact exchange use8olid-state calculations
using plane-wave basis séfThis and the rest are dimer calculations.
46-31G* basis sett From ref 7, 6-31G basis s€étThis work, 6-31G*.

9 Ref 4." —6.64 kcal/mol, ref 29.

Transfer integrals, andts are calculated from the four SOMO-  framework section, in situations when the dimerz bonding
related orbital energies using eqs-334. t, was approximated  interactions are weak, the mixing of theahd $ configurations

as €2 — €1 + e4 — €3)/2. Thist, value was substituted back cannot be neglected and electron correlation plays an important
into (e3 — €1) and €4 — ), and then, the average value was role. Unrestricted UDFT includes some of this mixing; therefore,
taken to obtain the transfer integial the total energy of the lowest singlet is slightly lowered. This

According to our earlier basis set convergence study on is illustrated in Figure 5 using the staggereetimers of1,

transfer integralé® we used the 6-31G* basis set for the Which has the same packing motif as tirelimer of 2. Figure
molecular calculations and a plane-wave basis set with kinetic 5 shows that the UB3LYP ground singlet state energy is the
energy cutoff of 286.7 eV for the solid-state calculations, which same as the RB3LYP singlet value when the intermolecular
have been shown to be sufficient for organic compounds separation is small, that is, when the bonding interaction is

containing first-row atomé4? strong. However, the UB3LYP singlet curve diverges from the
RB3LYP singlet curve at a Coulsetfisher bifurcation point,

4. Results and Discussions which in this case is around 3.2 A. On the right side of the

_ _ bifurcation point, the UB3LYP singlet energies are lower than

4.1. Two-Site SystemsWe calculated the\Est with both the RB3LYP singlet energies as a result of electron correlation.

restricted (R) and unrestricted (U) DFT for thedimers of2, This behavior is very similar to the potential energy curves of

and the results are tabulated in Table 1 together with thosethe ground singlet state of Hnolecule?” Although there is a
obtained from SQUID and ESR measurements. Some theoreticalsrgssover between RB3LYP singlet curve and UB3LYP triplet
results from ref 7 calculated with a smaller basis set (6-31G) curve at ca. 3.55 A, with UB3LYP, the singlet energies are
are also included for comparison. always lower than the triplet energies. In comparisfsr
First, we compare the calculations performed on the 3D obtained from UBLYP is the same as that from RBLYP for the
crystal and ther-dimer of 2 using RPW91 density functional.  experimental geometry of the-dimer of 2. (Note that BLYP
The value ofAEst for the 3D crystal calculation using a plane- js a nonhybrid density functional and thag = 0.) We found
wave basis set is in good agreement with that calculated from that the corresponding bifurcation point with BLYP is at a rather
thes-dimer excised from the unit cell using a 6-31G* Gaussian |arge intermolecular separation of 3.6 A. The actual intermo-
basis set. This good agreement justifies the dimer approach.lecular separation of 3:23.3 A of thez-dimer of 2 is close to
The dimer approach is also corroborated by the band structurethe bifurcation point at 3.2 A shown in Figure 5, explaining
showing very small dispersion, which is therefore not presented the slight difference of th&Esr values between the restricted
here. The small dispersion of the bands points to negligible and the unrestricted B3LYP calculations in Table 1. Because
interdimer interactions. The rest of the calculations are per- this difference is small, we conclude that the restricted level of
formed on ther-dimers excised from the unit cell & theory is a good approximation for thedimer of 2, and the
RB3LYP provides a smalleAEst value than RPW91. This  single configurations offer a qualitatively correct description
can be ascribed to the fact that B3LYP contains 20% exact usingya for Sy and any one of the triplet configurationss,
exchange A« = 0.2; see Table 1) in the exchange-correlation ¢, andyp for T. Therefore, the two radicals in thedimer
functional. The unrestricted UDFT and UHF results of Takano of 2 can be described as being held together by intermolecular
et al. shown in Table 1 indicate a trend that with higher degree covalentz—z bonding interaction.
of HF exchange included, the magnitudeAfsr is smaller’ Comparison between the theoretically calculatdgsr with
It has been shown that HF often overestimates the relative the experimental results from ESR measurements shown in
stability of the high spin stat¥. In comparison, calculations  Table 1 indicates that B3LYP and B2LYP hybrid density
with RBLYP give AEst comparable to those of RPW91 since functionals provide the best agreement with experiment among
both are nonhybrid density functionalsy(= 0). the theories shown. Earlier SQUID measurkBst is much
Comparing the restricted RDFT results with the unrestricted lower than that of the later ESR measurement, which is generally
ones, we can see that the unrestricted UB3LYP result has amore sensitive than SQUID. B3LYP theory has been widely
slightly larger AEst. As we discussed in the theoretical used forAEst calculations, giving good agreement with post-
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density functional overestimates thé&st values while B3LYP
overestimates the transfer integréisA better approach is
therefore obtained by using B3LYP to calculate thiést and
using PW91 to calculate the transfer integrals, and this approach
is termed the B3LYP/PW91 combination. TiAdEsr—t, cor-
relation obtained in this way is shown in Figure 6 willEst
andt, calculated by R(U)B3LYP and RPW91, respectively.
First, let us look at the RB3LYP/RPW91 results. The data point
of the z-dimer 2 is very close to the results df showing that

the tert-butyl groups do not affect thdEst—t, correlation
significantly. The data points of the-dimers1 can be well-
described by a linear fit with a slope of ca&2, in good
agreement with eq 17. The interceft/2) of the linear fit for

the RB3LYP/RPW91 combination provides a value of on-site
Coulomb repulsion energy) = 1.3 eV, which is in good
qualitative agreement with those obtained from electrochemis-
try.51 This U value is on the order of 1 eV fot-radicals??-34

and it varies slightly depending on which phenalenyl moiety it
corresponds to. The redox potential difference for phenalenyl
and the singly reduced phenalenyl anion are 13 Mading to

the estimate ofJ = 1.6 eV forl. TheU value of2is ca. 1.5

only at the experimental geometry; see the inset for an enlarged view) eV 42 Derivatives of phenalenyl tend to have smallevalues,
calculated by the B3LYP/PW91 approach, which refers to a combina- dye to the increased domain available for delocalization of the

tion of B3LYP for AEst and PW91fort,. The straight line shows the
best linear fit withAEst = —2.245t, + 0.667 & = 0.9991). The
ideal linear relationship for single determinant approximationksr
= —2t, + U/2; see eq 17.

HF correlation calculations and with experiments for a variety
of organic molecule$® We will see that it provides good

electrons and the reduced electraiectron repulsion in their
anions. The experimenttl values of the perchloro-phenalenyl
radical and the perchloro-2,5,8-triazaphenalenyl radical are 1.22
and 1.35 e\P3 In comparison, the RB3LYP/RB3LYP or
RPW91/RPW91 combinations produce on-sitealues of 2.4

and 0.6 eV, respectively, which do not agree as well with the
U values from electrochemistry, even though the slopes of their

agreement with experimental values from paramagnetism mea-j;,ar fits are close to-2 (—1.902 and—1.994, respectively).

surements for the SBP radicaldimers as well. For the-dimer
of 2, AEstis —6.64 kcal/mol from ESR and is8.14 kcal/mol

from RB3LYP calculations. We can compare these values with

the dimer binding energWEp, defined as the energy difference
between ther-dimer and the two well-separated monomer
radicals. The dimer binding energies have been measured for
by ESR and UV+vis, and the values are9.5 and—8.8 kcal/
mol, respectively. Michl pointed out that the §— S; energy

difference is related to the energy for heterolytic dissociation .

and the § — T transition is linked to the chemical bonding
strength, that is, the energy for homolytic dissociation, which
is reflected by the dimer binding energyEp.*® It turns out
that theAEst and AEp values for2 are comparable, indicating
the covalentt—x bonding strength is on the order of-710
kcal/mol. This bonding strength is only slightly weaker than
the o-bond in theo-dimer shown in Scheme 28 which is

Note that the theoreticdl values are only expected to correlate
with but not to agree with those obtained from electrochemistry
in solution.

The dashed curve in Figure 6 was obtained from the Hubbard
dimer model shown in eq 18 witd = 1.3 eV. Within the exact
Hubbard modelAEst is always negative with the decreasing
t;, as opposed to the RB3LYP calculations. However, this trend
is well-reproduced with UB3LYP/RPW91 calculations as shown
in Figure 6 since UB3LYP calculations include some electron
correlation. In any case, with increasing the restricted or
unrestricted B3LYP calculations and the Hubbard model gradu-
ally converge, showing that restricted MO is a good approxima-
tion and electron correlation is less important. This should hold
true for thesz-dimer of 2, indicating once again that the MO
theory is a good approximation and the two phenalenyl radicals

surprising in the sense that the intermolecular separation, if it &€ Pound together by intermolecular covalentz bonding

can be called as#—s bond length,” is almost twice as long as
the o-bond length. Our earlier study shows that suchx
bonding effect is significant, leading to an unusuwalr bonded
intermediate in the Cope rearrangement ayalo-biphenale-
nyl.5C 1t is also the driving force of the unusual four-center two-
electron CC bonds with very long distance of 2.8 A in the TCNE
dimer dianiont!

Next, we examine the correlation betwe®Bst andt, shown
in eq 17. To control the transfer integral, we consideratimers
of 1 with variable intermolecular separatioB. The corre-

interaction.

4.2. Four-Site Systemsin the following, we examine the
five m-dimerized SBP radicals. The magnetic susceptibilities
have been measured using a Faraday balance by Haddon et
all41% The paramagnetic susceptibilitigg are obtained by
subtracting diamagnetic susceptibilities using Pascal’s’tand
are collected in Figure 7 as a function of temperafuréropyl-,
pentyl-, and octyl-SBPs each show a maximunTaix = 34,
29, and 28 K, respectively, which is a signature of antiferro-
magnetic interactioff Below Trmax xp decreases with decreasing

sponding data are plotted in Figure 6, together with the data T, but rises up again at low temperaturelQ K; see Figure 8

for the m-dimer of 2 at the experimentaD. For the reliable

for detail). They, values of ethyl- and butyl-SBPs exhibit a

calculations of intermolecular transfer integrals, one can use ajump atT = 130-150 and 326-350 K, respectively, corre-

nonhybrid DFT in combination with either sufficiently large
Gaussian basis sets or plane-wave basis*sétdvleanwhile,
the reliable calculations oAEst require the B3LYP hybrid
density functionaf® As we have mentioned before, the PW91

sponding to the phase transition of the two materials. jfhe
curve of butyl-SBP further exhibits hysteresis at its phase
transition temperature. It is apparent that thgsealues, except
that of octyl-SBP, tend to the same value~d.001 emu mol!
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Figure 7. Paramagnetic susceptibilify, of the 7-dimers of the five
SBP neutral radicals as a function of temperaftirdrrows show the
hysteresis of the butyl-SBP radical. Experimental data are from refs
14a, 15, 16, and 19.
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Figure 8. Two-parameter BleaneyBowers dimer model fit for the
st-dimer of propyl-SBP neutral radical. Experimental data are from ref
15.
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at around 350 K. Thig, value gives g,T value of~0.35 emu
K mol~1. This experimental limiting,T value is close to but
still lower than 3/8 emu K matt, which is the idea),,T value
at highT for spins withS = 1/2.

The strength of the interaction between the twiadical spins
is characterized by the value ofEst, which can be extracted
by an analysis based on the Blean®owers dimer model

J. Phys. Chem. A, Vol. 111, No. 28, 2005311
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Figure 9. Two-parameter BleaneyBowers dimer model fit for ethyl-
and butyl-SBPs for both low-phases and higfiphases. Experimental
data are from ref 14a.

0 50

below 10 K. The same fit can be applied to pentyl- and octyl-
SBP as well. The analyses for the ethyl- and butyl-SBP radical
dimers are performed for both loivand highT phases (Figure
9). As one can see from Figure 9, everiat 400 K, the value
of xpT is still lower than the ideal value of 3/8 emu K mél
The dimer model fitting parameters are collected in Table 2.
The goodness of fit indicates that the Blean®owers dimer
model instead of the tetramer motfaés applicable because there
are only two spins even though tledimers have four sites.
An alternative, albeit less precise analysis, is provided by
the application of a CurieWeiss fit:

to=T=5 (38)
where6 is the Weiss temperature. A negati@endicates an
antiferromagnetic interaction, and a positige indicates a
ferromagnetic one. This is exemplified with propyl-SBP, and
the highT phases of ethyl- and butyl-SBPs shown in Figure 10
and Table 2. The analysis for the lolvphases of ethyl- and
butyl-SBPs is not performed because of impurities. All of the
negatived values for ther-dimers show that the interactions
between ther-radicals have antiferromagnetic characteristics.
It is worth pointing out that although the sign éfprovides
information about the intermolecular interaction (ferromagnetic
or antiferromagnetic), the magnitudedEsr is a better indicator

for bonding strength. By comparing thEst values from
Bleaney-Bowers dimer model fit and from theoretical calcula-
tions, we will be able to tell in what cases restricted MO theory
is a good approximation and the two radicals are bound by

together with a consideration for the paramagnetic contributions covalent bonding interactions.

from P percent impurity often following Curie law at low
temperatur&s55

NAQZP‘B2
kg T[3 + exp(— AEg /K T)]

11 = =P+

NAgzﬂla2
Ak T

whereN, is Avogadro’s numbery is the gyromagnetic factor,
ug is the electronic Bohr magneton, akgl is the Boltzmann

P (37)

constant. The results of such an analysis are illustrated in Figure

8, which shows a two-parameter fiAEst and P) performed
with the SigmaPlot program for the data from propyl-SBP.
The impurity term is necessary to account for the rigipgalues

In Table 2, thes-dimers are arranged in the order of
increasingD. The four ethyl-SBP structures were determined
by Haddon et al. at four different temperatures: 20, 100, 173,
and 293 K. The highF phase structure of the butyl-SBP is not
yet available in the literature. The trend of the Weiss temper-
atures is consistent with that 8, indicating stronger interac-
tions between radicals at smaller This trend is also reflected
in the AEst values obtained from the BleaneBowers dimer
model fit. The fit results are corroborated by th&st values
obtained from theTmax calculations by using the following
equatior?s57

|AE¢,| = 1.604T,, (39)

Note that for the highF phases of ethyl- and butyl-SBPs,
the Tmax does not exist because of phase transition, but they are
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TABLE 2: Comparison of the Curie —Weiss Fit Results and BleaneyBowers Dimer Model Fit Results with Theoretical
Calculations Based on Restricted and Unrestricted B3LYP Calculations

Huang and Kertesz

RB3LYP UB3LYP

AEst (eV, AEst (eV, from impurity AEst AEst [(Blof
dimers D (A)2 0 (K) from Thay)®  Bleaney-Bowers)  R? of fit P (%) (eV) (eV) singlet
butyl, 5 (low-T phase) 3.12 —0.094 0.994 21 —0.096 —0.135 0.521
ethyl, 3 (low-T phase) 3.16 —0.037 0.978 3.2 —0.014  —0.082 0.646
3.18 —0.002 —0.076 0.669
ethyl, 3 (high-T phase) 3.31 —83d —0.016 —0.017 0.974 32 0.193 —0.019 0.928
3.35 0.197 —0.018 0.993

butyl, 5 (high-T phase) —460d —0.012 —0.013 0.998 24
octyl, 9 3.4 -37 —0.004 —0.008 0.677 5.6 0.246 —0.013 0.972
propyl, 4 3.40 —244 —0.005 —0.005 0.994 24 0.227 —0.016 0.967
pentyl,6 3.51 —17 —0.004 —0.004 0.990 3.0 0.415 -—0.001 1.060

ap, interplanar separation from the X-ray structures (see refs 14a, 15, 16, altdJs#)g eq 39 and assuming that the impurity effect is small.
There are no directly observélchax values for the hight phases of ethyl- and butyl-SBPs, but they are obtained from our Ble@Bmyers fit.
¢ Curie—Weiss fits for the highF phases of the ethyl- and butyl-SBP structufgsit with a constraint ofC = 0.375; theC values in pentyl- and
octyl-SBPs are close to 0.375 from fittings without constraints (refs 16 and T@g impurities of hight phases are constrained to be the same
as those from lowF phases fit without constraintRef 19.9 Ref 16.

0.006 case oR, the difference between RB3LYP and UB3LYP results
o R = Propyl for the low-T phase structure of butyl-SBR-dimer is small,

0.005 4R = Butyl implying that the correlation effect is small, and single config-
o R = Ethyl uration MO is a good approximation. This is also the case for

the low-T phase structures of the ethyl-SBP, albeit to a lesser

= a0 degree. Starting from the highphase structures of the ethyl-
=B SBP, UB3LYP calculations provide negatiwEst values, in
E 0.003 contrast to the RB3LYP results, showing that the spin crossover
5 based on RB3LYP calculations is not real and that electron
2 0.002 correlation is critical for ther-dimers withD larger than 3.3
A. The RB3LYP calculations are incomplete, and the “spin
e crossover” of a molecular dim®&g5859 should rather be
’ explained by a switch between delocalization and localization
of the two radical electrons. This behavior is analogous to the
0.000 solid-state Mott transition when the bandwiditt decreases

0 50 100 150 200 250 300 350 400

o while U remains constatf We further performed stability

_ _ o _ analyses for the RB3LYP singlet wave functions for all
Figure 10. Curie-Weiss fit for propyl-SBP and the higher temperature ~ stryctures in Table 2. We obtained exactly the same results for
phases of ethyl- and butyl-SBPs. Experimental data are from refs 14at0ta| energies and®(values as those from direct UB3LYP

and 15. . L .
calculations, providing further evidence for the correctness of

obtained based on the BleaneBowers fit. That should be the ~ our UB3LYP results.
reason why the agreement between Atgst values from the Recent UB3LYP calculations on ethyl-SBP (173 K structure)
two approaches is so good for ethyl- and butyl-SBPs. Neverthe- by Taniguchi et af! obtained a ferromagnetic interactiohHst
less, the agreement is excellent for propyl- and pentyl-SBPs, = 0.032 eV) for a “nonr-dimer pair”, which refers to a pair of
except for octyl-SBP where the goodness of BlearBgwers molecules between neighboringdimers. The distance between
fit, R, is much lower than for all of the other cases. This lower these two SBPs in the “nam-dimer pair” and the oblique
R? value of the BleaneyBowers fit for octyl-SBP may partially ~ orientation of ther-orbitals would indicate that the correspond-
come from the larger amount of impurity. According to the trend ingt values are small. Nevertheless, this finding raises a question
of interaction strength shown I, 6, andAEst, we can predict to the z-dimer approach used in this paper. If such a strong
that theD of butyl-SBP radicalz-dimer in the hight phase ferromagnetic coupling indeed exists among the various SBP
should be somewhere between 3.35 and 3.40 A. molecules, then the dimer model and the analysis based on the
Next, we compare the theoretical valuesAdEst with those Bleaney-Bowers fit of the susceptibility may be called into
from the BleaneyBowers fit. TheAEst values were calculated  question. The calculations by Taniguchi etfalincluded a
using thez-dimers excised from the crystal structure without correction factor based on th&Cvalues in addition to the total
further geometry optimization. With RB3LYP, theEst values energies of the two states. Thd=st thus obtained for the two
are negative for the lowW- phases of butyl- and ethyl-SBPs, high-T phaser-dimer structures of ethyl-SBP were).033 and
indicating singlet ground states for these dimers. The RB3LYP —0.031 eV, almost two times larger than our values calculated
AEst values are positive for the rest of thedimers, indicating directly from the total energies, which agree with those obtained
a spin-crossover (triplet ground state) at this level of theory. from the BleaneyBowers dimer model fit. Our calculations
However, experimental results based on the Bleatixywers reproduced their results for thedimers when$[values are
fit indicate otherwise with alAEst values being negative. To  included as they did, but we could not reproduce the ferromag-
partially account for the &S, mixing, we performed broken- netic interaction for the “nome-dimer pair”. Our calculatedEst
symmetry unrestricted UB3LYP calculations for aldimers. for the “nonst-dimer pair” is virtually O eV using the same
For the lowT phase of the butyl-SBP, the UB3LYP result is methodology as that for ther-dimers, indicating that the
only slightly lower than the RB3LYP result and both agree with interdimer interaction is negligible. It appears that the Bleaney
the Bleaney-Bowers dimer model fit. Similar to the-dimer Bowers dimer model is applicable for the highphase since
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the R? value of the highF phase fit is as good as that of the 0.7
low-T phase fit. Taking the strong ferromagnetic interaction at o Dimers of SBP
face value, and in light of its relatively large calculated value 0.6 | O Dimers of 1
of AEst = 0.032 eV as compared to their antiferromagnetic
counterpart, the value g4 T should be larger than the limiting 0.5 -
high-T S= 1/2 value of 3/8 emu K mot. This is not found in
the experiment. We conclude that the calculated ferromagnetic —~ 04
interaction might be an artifact in ref 61. J

However, the calculations for the antiferromagnetic coupling <03 o
also have limitations especially for large values of the interplanar
separationD. In the propyl- and pentyl-SBP cases, although 021
UB3LYP provides the correct sign fatEsr, the agreement with
the experimental BleaneyBowers fit is poor. This discrepancy 0.1
indicates that one should employ higher order post-HF calcula- °
tions instead of UB3LYP to account for the subtle correlation 0

3 31 32 33 34 35 36

effects, although such calculations are prohibitively expensive Intermolecular separation D (A)
and therefore not practical for the SBP radical dimers today. _. . . .
Figure 11. Transfer integralst; as a function of intermolecular

Nevertheless, our UB3LYP calculations allow us to reach separatiorD for the z-dimers of1, 3—6, 9, and10 showing the nearly
conclusions on the bonding character between the SBP radicalsexponential relationship betweey and D. The t, value of the
For z-dimers withD shorter than 3.2 A, restricted MO (single  cyclohexyl-SBPLOatD = 3.28 A comes from the analysis of the band
configuration approximation) is appropriate, and the two radical Structure on the basis of 1D ‘idkel mode#** at several reciprocal
electrons are partially delocalized in the bonding HOMO. The Points® The data point of pentyl-SBP & = 3.51 A does not follow

- . - . . the exponential trend, and thig value is nearly zero. Note the large
radicals in them-dimers can be descr_lbed as _belng b(_)und parallel offset for pentyl-SBP: see Figure 1.
together by covalent—s bonding interactions. For intermediate
distances in the 3.2 & D < 3.4 A region, the mixing of the
doubly excited configuration Snto the ground statesSeads
to the two electrons partially localized in the two SOMOs
producing a biradical character as shown by the gradually
increasing®values with increasin®. 7-Dimers in such cases
can be described as open-shell singlet. For thedeners, there
is still a certain degree of delocalization, and thesr bonding
interactions still exist in ther-dimers. In the case d = 3.51
A, which is larger than the sum of the vdW radii, the two

0.9

RB3LYP/RPW91

0.7 1
054"

0.3 1

AE gt (eV)

electrons are more localized on the two radicals and correlation 0.1 1
plays a significant role. This creates a limiting case where the

m-dimer may be better described by an antiferromagnetic 0.1 1
Heisenberg exchange interaction associated with the Heisenberg

spin Hamiltoniaf® as shown by the much smaller calculated 03

AEst as compared to those of the othedimers. 03

The accurate estimate &Est for pentyl-SBPz-dimer is tr(eV)

challenging. The packing motif for the pentyl-SBP shown in Figure 12. A!EST as a function of, for the z-dimerized _SBP radicals

Figure 1 indicates that the spin-bearing carbon atoms are notcalculated with the RB3LYP/RPW91 approach, which refers to a

right on top of each other leading to a very small transfer integral SOmpination of RB3LYP for\Esr and RPW91fot... The various lines
or . . . are from eq 36, withts = 0.23 eV, and foul values as indicated.

(o). This is illustrated in Figure 11 where it is compared {0 pata points refer to dimers of SBPs with the following substituents

other SBP systems. The cyclohexyl-SBP formsehain instead  from left to right: pentyl, propyl, octyl, ethyl (293, 173, 100, and 20

of azr-dimer, but itst, valué? at D = 3.28 A is also included  K), and butyl (173 K).

for comparison. The dependence of the transfer integral3 on

is generally found to be close to exponential in a Wilé2.7—

3.5 A) region?>63 The #-dimers of1 and of the SBP radicals

0 0.1 0.2 0.5

to the lower end of this range. During the derivation eq 36, we
only used two SOMO-derived orbitals out of the four available
follow the exponential relationship betwegnandD with the and we neglected many terms other than the on-site Coulomb
exception of pentyl-SBP @ = 3.51 A. The SBP dimer curve  integrals leading to a rather crude general relationship between
is lower than the phenalenyl dimer curve simply because of AEst andts.
the normalization factor and the fact that the orbitals in SBP
contain small contributions from the spiro-linkages as well.
The calculatedAEst values of all theser-dimer structures Magnetism is related to chemical bonding through the
are plotted as a function ¢f in Figure 12 and analyzed with  antiferromagnetic coupling of a pair of electrons. On one hand,
the aid of eq 36. On the basis of our discussion of the two-site the exchange interaction between spins can be viewed as the
systems, we employ only the RB3LYP/RPW91 combination for borderline case of a very weak chemical bonding, and on the
these four-site systems. In Figure 12, we also provided four other hand, a regular single bond can be viewed as an extreme
theoreticaAEs+(t,) curves corresponding to four different values case of antiferromagnetic coupling. This understanding has been
of U. Thets values are about 0.23 eV and were obtained from well-accepteéf2® and is applicable to ther—x bonding of

5. Conclusions

dimer calculation® and from solid-state calculatioA& The
intercept is aU/4. From this, we obtaity values in the range
of 1.6—2.7 eV. The experimental and two-slievalues are close

organiczr-radicals as well. The SOME@SOMO overlap is the
driving force of such covalent—x bonding, which brings the
two radical molecules slightly closer together than the sum of
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the vdW radii. The singlettriplet splittingsAEst can be used
as a measure of bonding strengt?
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