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Abstract: We report the preparation, crystallization, and solid-state characterization of the first members
of a new family of spiro-bis-(1,9-diamino-substituted-phenalenyl)boron neutral radicals. The crystal structures
show that the three radicals are monomeric and without close contacts in the crystal lattice. In all cases
magnetic susceptibility measurements confirm the presence of free radicals with one unpaired spin per
molecule. Two of the new radical compounds are among the most highly conducting neutral organic solids,
with room-temperature conductivities reaching orr = 4 x 1072 S/cm. The measured conductivities correlate
with the closest intermolecular contacts in the solid state and with the calculated band dispersions, even
though the bandwidths are much smaller than those found in other organic conductors.

Introduction on internal charge transfer and the work has been reviewed

. . recently®
Since the discovery of charge transfer (CT) salts based on v .
Molecular conductors based on single-component neutral-

7,7,8,8-tetracyanp-quinodimethane (TCNQ)over 40 years dical " it i hto the desi f latti
ago, it has been accepted that organic molecular conductors acicals represent an afternative approach to the design of fattices

require two components: a donor and an accebtdRecent with spins. An array of radicals in a neutral lattice could function

work has led to the development of single component organo- like atoms in an elemental me@a%?_’ In this way, the unpaired
metallic neutral molecular conductors with extended tetrathia- €/6CONS serve as the charge carriers and orbital overlap between
fulvalene (TTF) dithiolate Iigands, such as [Nl(tn@nmdt — a.djacent rad.icals generate§ a half-filled energy band Sulfur
trimethylenetetrathiafulvalenedithiolate), which exhibits metallic Nitrogen radicals were the first class of neutral radicals to show
conductivity and three-dimensional Fermi surfaces for both holes onductivity based on this principé.The idea of using the
and electrond-® More recently, a single component three- phenalenyl system as a building block for designing intrinsic

dimensional conductor based on Mgptrinuclear clusters with ~ Molecular conductors and superconductors is not only appealing
dithiolate ligands has been reportedll these conductors can ~ butalso challengin§;®and this system has attracted theoretical

be classified as single component molecular conductors basec®nd experimental attentidfi-*® Phenalenyl is an odd alternant
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hydrocarbon with high symmetnyDgn) and can exist in three
different stable forms: the diamagnetic cation, the paramagnetic
radical, the diamagnetic anion, all of which are planar and
spectroscopically well characteriz&d141%-21 The paramagnetic
phenalenyl radicals are prone to dimerization eitherzogs-
sociation or byo-association. The first report of the solid-state
characterization of a dimeric pair of sterically hindered 2,5,8-
tri-tert-butyl substituted phenalenyl radicBgrovided a new
understanding of the nature of the intermolecular interaction
between phenalenyl radicdts617.22Recent work has demon-
strated that the intermolecularassociations in the 2,5,8-tri-
tert-butyl substituted phenalenyl system can take place by
formation of the normal two electron bond to formredimer
(radicat-radical) that is favored in solution, or by the formation
of a one-electron bond to form a-pimer (radicat-cation),
which is favored in the solid stafé.

cal, and opticaf? which has been rarely realized in a single
system0 Interestingly, these crystal4é Gnd3) undergo phase
transitions from high-temperature paramagnetic states to low-
temperature diamagnetic states, accompanied by an increase in
the conductivities by two orders of magnitude. Recently, we
reported the first one-dimensional phenalenyl-based neutral
radical molecular conductat.2’ In the solid state, phenalenyl
units of 7 pack perpendicularly in the- and z directions,
whereas the phenalenyl units are parallel to each other in the

In our pursuit of phenalenyl-based neutral radical molecular y-direction and pack in a-step stack fashion. Most recently,
conductors, we have recently reported a series of spiro-bis(1,9-we have reported the first example of light mediateet@
disubstituted phenalenyl)boron neutral radicdls,7 (Scheme o-bond formation between two radical molecules63f Thus
1).23-28 Spiro conjugation at the central boron atom leads to an 6 exists as two different forms: a free radical semiconductor
intramolecularz—x energy level splittinge; on the order of and an insulating-dimer, and the formation of these crystalline
0.5 eV (see Scheme 2), and the lower level is the singly occupiedforms is dictated by the presence or absence of light.
molecular orbital (SOMO) thus generating a quarter-filled  The distinctive features of these molecular solids include: (1)
energy band in contradistinction to conventional neutral radi- the absence of stacking and obvious conducting pathway(s) in

cals!® Since the discovery of the first (monomeric) boron
containing neutral radical molecular conductby lpearing the
phenalenyl based N,O-ligand systémye have reported a class

of dimeric neutral radical molecular conductots §) differing

only in the length of the alkyl groups (Scheme 1). Radidals
and 3 form face to facer-dimers so that there is selective
registry between spin-bearing carbon atoms of the phenalenyl
units2* These dimeric neutral radicals énd3) simultaneously
exhibit bistability in three physical channels: magnetic, electri-
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most compounds; (2) versatility in solid-state packing; (3)
sensitivity of the structures and solid-state properties to small
changes in the pattern of substitution; for example, radscal
with hexyl substituen® on the nitrogen shows the highest
conductivity prr = 5 x 1072 S/cm), of any neutral organic
solid, while radical4 with pentyl substituen®§ shows a
conductivity of orr = 4 x 1077 S/cm which is five orders
smaller in magnitude than that 6f (4) difficulty in rationalizing

the structures, band structures, magnetism, and conductivity to
provide a consistent picture of the electronic structure.

There are number of difficulties that must be surmounted if
molecular metals and superconductors based on phenalenyl are
to be realized, and the current class of compounds directly
addresses some of these problems. The presence of perpen-
dicularmr-systems effectively inhibits the simple one-dimensional
stacking that is characteristic of many organic charge-transfer
salts. RadicaV adopts a 1-Dr-step structure, but the packing
constraints do not allow efficient overlap, and this compound
circumvents the usual charge density wave instabilities that are
characteristic of 1-D systems. Due to the fact that there is only

(29) Itkis, M. E.; Chi, X.; Cordes, A. W.; Haddon, R. Gcience2002 296,
1443-1445.
(30) Miller, J. S.Angew. Chem., Int. Ed. Eng?003 42, 27—29.
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one spin per two phenalenyl rings, the large on-site Coulomb romethane. The electrochemistry 8fBPh,~—10"BPh,~ is

correlation energyl) which leads to an insulating ground state

in most the half-filled

compounds (although further reduction of U is likely to be

important).

We have now crystallized a new family of spiro-bis(1,9-

band structuresis absent in these

disubstituted-phenalenyl)boron neutral radiésl0 based on
the diaminophenalenyl system (Scheme 1). In the presentsubstituents, the reduction potentials of the new compounds

presented in Figure 1, where it may be seen that each of these
salts shows a well-behaved reversible double reduction corre-
sponding to the successive generation of radical and anion
(Scheme 4). The reduction potentials and the disproportionation
potentials AE2~1 = E2;, — E1;)5) are given in Table 1.

As would be expected based on the electronegativities of the

manuscript, we report the synthesis, electrochemistry, crystal- 4.0x10°
lization, and solid-state properties of three radic8sX0). In @ E,=-102V 8
the solid state, these radicals remain monomeric; they do not I
form o- or m-dimers. Magnetic susceptibility measurements 0.0 L
show that these radicals exist as isolated free radicals with one
spin per molecule, although the degree of interaction between
the individual molecules in the solid-state dictates the electronic -4.0x10° -
structure, conductivity, and low-temperature magnetic behavior T I TR R !
of these three compounds. Two of these radicals are among the e ® Bl 7106V °
most highly conducting neutral organic solids. We assess the <
strength of the interactions between the molecules in the lattice < 0.0 |-
by using extended Hikel theory (EHT) band electronic §
structure calculations and discuss some challenges remaining
in understanding the relationship between crystal structure, -4.0x10° |-
magngtism: optics, and conductivity in this new class of neutral 3.0x10° _'(C) L E'1 ;_1.'01\-/ =5
organic solids. 12
Results and Discussion 00 -
Preparation and Electrochemical Properties of Radicals
8—10.The syntheses of radicafis-10 followed the same basic -3.0x10° -
procedure that has been used to prepare radicals?324.27.28 L
We first prepared the chlgridg §a|8;+CI*—10+CI*)., but finally . 18 16 14 12 10 -08 -06
the te.traphenylb'orate anion is introduced to achieve the required Potential (Volts vs. SCE)
solubility properties (Scheme 3). The tetraphenylborate sits ( Figure 1. Cyclic voltammetry of (a)8"BPhi", (b) 9"BPhy", and (c)

BPh,~—10"BPhy~) were purified as air-stable, but light sensitive

10*BPh,~ in acetonitrile, referenced to SCE via internal ferrocene (not

red crystals by recrystallization from methanol and dichlo- shown).

J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005 8187
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Table 1. The Half-Wave Potentials and Disproportionation
Potentials (Volts vs SCE) for Spiro-bis(1,9-disubstituted
phenalenyl)boron Salts in CH3CN

salt E11/2 E21/2 AE!
1"BPhy~ —0.75 —1.10 —0.35
2"BPhy~ —0.75 —1.10 —0.35
3tBPh~ —0.73 —1.09 —0.36
5tBPh~ —0.74 —-1.11 —-0.37
6"BPhy~ —-0.74 -1.12 —0.38
7tBPhy~ —0.68 —-1.02 —0.34
8tBPh~ —1.02 —-1.37 —0.35
9tBPh~ —1.06 —1.41 —0.35
10"BPhy~ —1.01 —1.39 —0.38

(8"BPh;"—10"BPh,™), occur at more negative potentials than
those of 1*BPh,~—7"BPh,~, while the disproportionation
potentials AE?~1) are very similar. TheAE?~! value largely
determines the on-site Coulomb correlation enetdy it the
solid state, and it is well established as an important discrimina-
tor for organic metalg!32

(31) Garito, A. F.; Heeger, A. Acc. Chem. Red.974 7, 232-240.
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8; Ry = Methyl, R, =H
9; Ry = Methyl, R, = Methyl
R, 10; Ry = Hexyl, R, = H

We crystallized the radical8—10 by use of a chemical
reductant (Scheme 5) in an H-cell and obtained moderate yields
of high quality, long black needles of radical crystals. Cobal-
tocene was used as reductant as its oxidation pote &l
—0.91 V) falls slightly below the first reduction potential of
8"BPh,~—10"BPh,~ salts. To ensure high crystal quality the
H-cell was loaded in a drybox and the solvent (acetonitrile) was
degassed a minimum of three times on a vacuum line before
mixing reductant and salt. Crystal growth started on the glass
frit after overnight standing, and the crystals reached their
optimum size and quality in about-¥days. Though solutions
of the radical are extremely oxygen sensitive, the crystals are
sufficiently stable to allow ambient chemical analyses, X-ray
crystal structures, and solid-state measurements.

X-Ray Crystal Structures of 8—10. Table 2 provides crystal
data and Figure 2 shows ORTEP drawing of the radicgds (
10). There are eight molecules 8fand four molecules 09

(32) Torrance, J. BAcc. Chem. Red.979 12, 79-86.
(33) Robbins, J. L.; Edelstein, N.; Spencer, B.; Smart, J1.@m. Chem. Soc.
1982 104, 1882-1893.
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Table 2. Crystal Data for Radicals 8—10

radical 8 9 10
empirical formula GOH258N4 C32H3oBN4 C40H4GBN4
Fw 453.36 481.41 593.62
temp 218(2) K 223(2) K 223(2) K
color black black black
crystal system orthorhombic monoclinic monoclinic
space group Pbca P2,/c P2i/n
a A 19.300(4) 14.293(6) 13.519(3)
b, A 9.2553(18) 19.354(8) 16.220(4)
c, A 25.467(5) 9.355(4) 15.878(4)
o, deg 90 90 90
p, deg 90 103.517(14) 112.008(6)
y, deg 90 90 90
Vv, A3 4549.0(16) 2516.2(18) 3228.1(13)
z 8 4 4
crystal size, mm 0.550.290.10 0.320.220.01 0.550.46 0.17
goodness-of-fitF? 1.030 1.031 1.061
final Rindices [ > 20(1)] R1=0.0443, wR2=0.0948 R1= 0.0599, wR2= 0.1397 R1= 0.0568, wR2= 0.1396
Rindices (all data) R%* 0.0788, wR2=0.1209 R1=0.1127, wR2= 0.1619 R1= 0.0954, wR2=0.1721
a
@ 4

3.38A

0 343 A

=OROEo=~0

Figure 2. ORTEP diagrams and closest intermolecular-C distances among the spin bearing carbon atoms of phenalenyl units in the crystal lattice of
8—10 (hydrogen atoms are omitted for clarity): (a) radiBalb) radical9, and (c) radicall0. One of the hexyl chains attached to the N(3) atom in radical
10is disordered (site occupancy ratio of 60% to 40%).

and 10 in their corresponding unit cells. The most important based free radicals usually require steric hindrance to suppress
point for our purposes is the absence of simpl®r zz-dimer- o-dimerization in the solid staté;%¢ and we are not aware of
ization. We did not employ any bulky substituents at the active any other system where resonance stabilization has been
position of the phenalenyl nucleus in order to suppress sufficient to allow the realization of carbon-based free radicals
intermolecular carbor-carbon bond formatio#?:3435Carbon- in the solid state. The radicasand 10 differ from 8 only by

the presence of substituents on the phenalenyl ring sygem (
or the amino substituent (), but each radical adopts an entirely

(34) Haddon, R. C.; Wudl, F.; Kaplan, M. L.; Marshall, J. H.; Cais, R. E.;
Bramwell, F. B.J. Am. Chem. S0d.978 100, 7629-7633.

(35) Haddon, R. C.; Chichester, S. V.; Stein, S. M.; Marshall, J. H.; Mujsce, A.
M. J. Org. Chem1987 52, 711-712. (36) Griller, D.; Ingold, K. U.Acc. Chem. Red.976 9, 13—19.
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(@)

(b)

z

Figure 3. (a) Packing of radica8 in they-direction showing four pairs of
slippedz-dimers (b) Closest intermolecular<GC contacts (3.64 A) among

the spin bearing carbon atoms of phenalenyl units between two pairs of
slippeds-dimers in crystallines.

different solid-state structure. The stereoviews dowrxthgis
(see Figure S1 in Supporting Information), indicate a zigzag
packing pattern ir8 whereas the other two radical® #nd 10)
pack as chains. A closer examination of the packing of molecule

tFigure 4. The packing of crystallin® showing an infinite array of slipped

8, reveals that. a pf”“’ of Sp'“. bearing carbon_ atoms on adjacen -dimers which form chains: (a) viewed down thexis, (b) a diagonal
phenalenyl units display an intermolecular distance of 3.38 A ;.

just below the sum of the van der Waals atomic separations for
carbon (3.4 A for G-C). The closest approach between spin atoms is 3.64 A (Figure 3b). The most important feature of the
bearing carbon atoms in radicis 3.43 A, whereas in radical  packing of radical is the existence of a continuous array of
10 the closest intermolecular distance between spin bearingslippedsz-dimers as shown in Figure 4. The closer view shown
carbon atoms is 3.69 A (Figure 2). In terms of intermolecular in Figure 5 makes clear that the two halves of the molecule are
interactions, it is obvious that radic@snd9 are quite different not interacting symmetrically with adjacent molecules. The
from radicall0, and it has been previously established that the closest intermolecular distance between the two parallel phen-
orientation of the radicals in the lattice plays the determining alenyl rings (‘A’ type) is 3.43 A, whereas for the other two
role in influencing the conductivity propertié3lt is clear that phenalenyl units (‘B’ type) it is 3.54 A. The slippeddimers
the carbon atoms with the shortest intermolecular contactsthat are characteristic of the solid-state packing of radiBals
possessr-orbitals which are oriented for efficient overlap in  and9 are absent in radicdl0. The phenalenyl units of nearest-
the case oB and9, but not10. neighbor molecules in radicdlO are nearly perpendicular to
The most important intermolecular contact in crystallBie  each other (dihedral angle of 83)4vith a closest intermolecular
involves an interaction between a single pair of spin bearing distance between the spin bearing carbon atoms of 3.69 A and
carbon atoms on phenalenyl units of nearest neighbor moleculegshe molecules pack in the direction gfaxis (Figure 6); the
which are parallel to each other, and we refer to this mode of almost perpendicular arrangement of the phenalenyl units in the
packing as slippeda-dimers, and this mode of interaction bears lattice has been previously shown to lead to very low conduc-
an obvious resemblance to thestep structure of7.2” The tivities.2> Thus, there are no intermolecular contacts which
slippedn-dimers themselves pack in the direction of yhaxis approach the van der Waals atomic separatiodnand it
as shown in Figure 3a, and the interaction between pairs of appears that the molecules sit in the lattice completely inde-
slippedz-dimers is poor as a result of the orientation of the pendent of one another. It seems reasonable to assume that the
molecules and because the closest approach between carbosolid-state packing of these radicads-(L0) is primarily dictated

8190 J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005
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Figure 5. Closest intermolecular ©C contacts (3.54 A) between two
pairs of slippedr-dimers in crystalline9.

by steric factors. The hexyl substituents in radib@hpparently
hinder the parallel approach of the neighboring phenalenyl units
that is characteristic of the packing of the other two radicals, Figure 6. Packing of crystallind0: (a) showing the closest intermolecular

; ; ; distance between the spin bearing carbon atoms of the phenalenyl units
ztnodn?SWhICh bear smaller substituents (methyl) at the nitrogen which repeat along the y-direction, and (b) a different view showing the

) o ) adjacent phenalenyl units that are approximately perpendicular to each other.
Magnetic Susceptibility of 8-10. Figure 7a shows the

magnetic susceptibilitieg) of 8, 9, and10 over the temperature

fits for compoundB in the temperature range 2830 K J =

range 4-330 K. At high temperaturesT(> 100 K for 8, T > —26.6 cn’, a. = 0.8), and for compoun@lin the temperature

. = — 1 = ili i
50 K for 9, andT > 35 K for 10), the data can be described by fange 16-150 K 0 = —19.7 cmr*, a = 0.6). The utilization
Curie-Weiss behavioy = C/(T—©) with Weiss constan® of the alternating antiferromagnetic Heisenberg chain model is

= —55, 70, and—14 K and Curie constar€ = 0.36, 0.37, appropriate in the case of compoun8sand 9 because the
and 0.34 K*emu/mol foB, 9, and10, respectively. The Curie crystallqgraphic structgres show alternating intermollecullar
constants are close to 0.375 K*emu/mol, the value expected SeParation between spin-bearing atoms along the chain direc-
for a neutral radical with one unpaired spin per molecule. The ions: 3.38 and 3.64 A (compourg Figure 3) and 3.43 and
low-temperature data show significant deviations from Carie -4 A (compound, Figure 5), while for compoundO there
Weiss behavior due to antiferromagnetic coupling of the 1S N0 alternation (_Flgure §a). The antiferromagnetic coupling
unpaired spins, with maxima in theT) curves affyax = 42, along the l-p chains dqmmates the temperature dependence of
33, and 20 K for8, 9, and 10, respectively. the magneﬂc suscept|b|llty at low tgmperatures 'altho'ugh

We used the analytical representatfoof the Bonner-Fisher _contrlbuyons frqm alternative magnetic pathways |n_v0IV|ng
model for theS = 1/2 antiferromagnetic Heisenberg chain of Ntérchain coupling cannot be completely excluded (Figure S2
isotropically interacting spiféto fit (T) for compoundL0in of supportmg Informatloq); th(_a strong antiferromagnetic inter-
temperature range 830 K (Figure 7a), and we obtained an actions suppress the Cl_Jrle spin count per molegfl€/Q.375)
intrachain exchange constaht —10.1 cnT™. We were unable &t low temperatures (Figure 7b).

to obtain a satisfactory fit to the magnetic date of compounds Eléctrical Conductivity of 8 —10.The single-crystal electrical
8 and 9 with this model, but we found that the alternating conductivities ¢) of 8—10 were measured using four-probe

antiferromagnetic Heisenberg chain mdfein which the contacts, and the temperature dependence of the conductivity

antiferromagnetic interaction along the chain alternates between'S Shown in Figure 8. A number of crystals were evaluated with
values of J and oJ (0O<a<1), provided satisfactory similar results. The values of the room-temperature conductivi-

ties areorr = 4 x 1072 S/cm @) and 1x 1072 S/cm Q); these

(37) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hodgson, Dndrg. Chem. values are among the highest obtained for neutral organic solids
1978 17, 1415-1421. i 2

(38) Bonner, 3. C.. Fisher, M. Bhys. Re. 1964 135 AG40. and are comparable to radicdlg1.0 x 102 S/cm),3 (2.4 x

(39) Duffy, W.; Barr, K. P.Phys. Re. 1968 165 647—654. 1072 S/cm), ands (4.9 x 1072 S/cm)2324The room-temperature
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Figure 7. (a) Magnetic susceptibility of crystallin@—10 as a function of temperature; the dashed lines represent the-QMeiss fit, whereas the solid
lines represent the fits by the alternating-Heisenberg-linear-chain modgbfat9, and uniform-Heisenberg-chain model fif. (b) Fraction of Curie spins
of crystalline8—10 as a function of temperature.
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Figure 8. Single-crystal conductivity d8—10as a function of temperature.

conductivity of 10 is 4 orders of magnitude smallesgy = 7
x 107% S/cm) and is comparable with radical(1.4 x 1076
S/cm) and radicad (4 x 1077 S/cm)2>26The conductivity data
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spectra of single crystals 8—10 and the results are presented

in Figure 9a; transmission measurements are possible because
of the needlelike morphology of the crystals, some of which
are quite thin. The most important feature in the transmission
spectra is the strong increase of absorption that occurs between
0.40 Ey) and 0.47 eV ) for radical8, 0.41 Ey) and 0.49

eV (Eg) for radical9, and 0.46 Ey) and 0.57 eV i) for radical

10, (wherekEy is the frequency of the absorption onset dhd

is the frequency where the absorption reaches a plateau), and it
is apparent that the fundamental absorption edges are quite broad
in these radicals. The measured optical band ggpo( Ey)

can sometimes be correlated with the activation energly (
calculated from the temperature dependence of the conductivity
(Eg ~ 2 x A). The absorptions in the mid-IR from 650 to 3000
cm~! are due to the molecular vibrations of the radicals.

We performed solution phase IR measurements of the radicals
in dichloromethane in order to better understand the nature of
the solid state near-IR (NIR) absorptions (Figure 9b). The
absorption at~0.5 eV in the NIR solution spectra results from

show semiconducting temperature dependence with activationexcitations from the singly occupied molecular orbital (SOMO)
energies ofA = 0.15 @), 0.16 ), and 0.36 eV 10).

Optical Measurements of 8-10. To obtain further informa-

to the lowest unoccupied molecular orbital (LUMO); these
orbitals (SOMO and LUMO) result from the spiro-interaction

tion on the electronic structure, we measured the transmissionbetween the symmetrical and antisymmetrical combinations of

Energy (eV)
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(@)

0,40 eV

l
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Figure 9. IR and UV-visible transmission spectra of: (a) single crystal8efl0 and (b) solution o8—10 in dichloromethane.
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Figure 10. Calculated band structures of: (a) crystallBigb) crystalline9, and (c) crystallinel0.

the 1,9-disubstituted-phenalenyl molecular orbitals (Scherffe 2). Table 3. Measured and Calculated Solid-State Parameters for

The solution spectra show absorption maxima at lower energy Radicals 810

(0.45 eV) for8 and 9, than is observed for radicdl0 (0.59 shortest max. band

eV), indicating that the gap between SOMO and LUMO8in radical distance (A) dispersion (eV)  orr (Slem) A (eV)  Ei () (€V) J(cm™Y)

and9 is smaller than that irl0. 8 3.38 0.085  4<102 0.15 0.47(0.40) —26.6
Band Electronic Structure of 8, 9, and 10.To address the 9 3.43 0.078 102 016 049(041) —19.7

. : : ) 3.69 0.034 7106 0.36 0.57(0.46) —10.1
question of solid-state packing and the electronic structure of

8—10, we carried out extended tdkel theory (EHT) band
structure calculatiort$ on the crystal structures. Such calcula-
tions have been very useful in understanding the electronic
structure of the organic molecular supercondudtamad thin-

film field effect transistor$? but it should be noted at the outset
that there are certain objections to the application of tight binding
band theory to the neutral radical molecular conductbis,

that the calculations are unable to correctly describe the open
shell electronic structure of the materials as indicated by the
occurrence of Curie paramagnetism. A characteristic feature of
the previously reported radical$5) has been the very narrow
ggzd:‘/\cl;gazsffgru?hde\év;tr::;ﬁpiﬂ:d(;a:gullit:;rl]; ES“: ?ﬁ;ﬁ g!slpee\r/, the trends observed in the conductivity daghas the highest

whereas most organic metals show EHT bandwidths in the rangefr? n(ljuct|V|tty an(;d tr:.e .?lghecftbbar(;d dghsper.smn., V:E et‘E(hl;as
0.5-1.0 eV24243Radical 7 proved to be an exception with a ?qolvvt(.es i?n buiv\I/VI y aSn id Zr: ‘ |§t)erst|on "C]2 Zsefngs.
1-D m-step structure resulting in Heisenberg antiferromagnetism elationship between Solid-State Structure, Conductivity,

: . . I ' Magnetism, Optical Spectra, and Band Structure in 8, 9,
a substantial band dispersion (0.37 eV, along b*), indicative of . . . .
metallic character and no observable superlaffiddowever, and 10.We have proposed that the spiro-bis(1,9-disubstituted

radical 7 exhibits semiconducting behavior with a low room- phenalenyl)boron neutral _radlca5)(c§n be desprlbed as a
temperature conductivity afer = 1.4 x 10-3 S/cm which is degenerate MottHubbard insulator with a localized ground

3 . . .
very difficult to reconcile with the structure and remaining state? a_nd this model prowde_s a reasona_ble p!cture of the
properties. electronic structure of the spiro-bis(1,9-disubstituted phen-

Figure 10 shows the results of the band structure calculationsalir;yl)t:i?/iror}nnriufral Ir ardICE;Ich |s:[olratzd tonglater.l ;yprlclaltliy 'ntl:]?
carried out on the lattices found in the X-ray crystal structures. conductivity olecuiar conductors depends on the relationship

The bands (sixteen bands f8rand eight bands for each 6f between the bandwidti\) and the on-site Coulomb correlation

and 10) are derived from the SOMO and the LUMO 8f 9 energy U), which often determines the activation energy for

and10 of the molecules in the unit cell (eight molecules or 1€ conductivity {), so thatA ~ U. SinceU is primarily a
and four molecules fod and10); these basically consist of the molecular property that is often related to the disproportionation

symmetric and antisymmetric combinations of the 1,9-disub- potentialAE,*"* it is to be expected that the valueslohould

stituted phenalenyl cation LUM&:4° Alternatively, they can be similar for radicals, 9, and10, whereas we obserus =

be viewed as arising from the nonbonding molecular orlSitéls 8'15’ 0'|16’ agd O.3%ev f(?’ 9 ark;dlocﬁ(sliect;]\{e:]y: Thus thte
of each of the phenalenyl units in the unit cell (sixteen are vajue ol provides a lower boun » WhiCh IS subjec

. ; . to reduction by the solid-state packing and finite bandwidths
henalenyl units foB and eight phenalenyl units f h®f :
phenaieny! units Tod and eignt pnenaleny? Units for eac observed for the radical8{10). The room-temperature con-

and10). In a tight-binding band picture, these orbitals (sixteen
for 8 and eight for each dd and10) now accommodate a total
of eight electrons fo8 and four electrons for each 8fand10,
leading to a quarter-filled band complex. The tight binding
picture fails, of course, because the magnetic susceptibility
shows that the electrons are unpaired at most temperatures.
It may be seen that the band dispersions found3fand 9
are higher thari0. The maximum dispersions are 0.035 (along
a*), 0.085 (b*), and 0.05 eV (c*) ir8, 0.045 eV (along a*),
0.024 eV (b*), and 0.078 eV (c*) i9, and 0.016 (along a*),
0.034 (b*), and 0.006 eV (c*) in0. The band dispersions reflect

(40) Haddon, R. C.; Chichester, S. V.; Marshall, J. Trétrahedron1986 42, ductivities of 8 and 9 are similar while the measured room-
6293-6300. i ; ;

(41) Hofmann, RSolids and Surface&/CH: New York, 1988 tempera’gure conduct|V|t¥ for rad'lca[) !s smaller by 4 orders

(42) Haddon, R. C.; Ramirez, A. P.; Glarum, S. Atv. Materials 1994 6, of magnitude. Table 3 lists various important measured and
316-322. -

(43) Haddon, R. C.; Siegrist, T.; Fleming, R. M.; Bridenbaugh, P. M.; Laudise, calculated _So“d state parameters. These param_eters Clearly
R. A.J. Mater. Chenl995 5, 1719-1724. correlate with the observed intermolecular separatior8f®;
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and10. The band dispersions correlate with the strength of the particular case, the measured room-temperature conductivities
antiferromagnetic interactions as manifested by the increase inshow an inverse relationship with the closest intermolecular
the magnitude of thé-values:—10.1,—19.7, and-26.6 cn?, distance in the solid state and a direct relationship with the
for compoundsdlO, 9, 8, respectively (Table 3 and Figure 7a). maximum band dispersions obtained from EHT calculations.
The conductivity data show semiconducting temperature-de-

pendent activation energiess = 0.15 @), 0.16 @), and 0.36  Experimental Section

?V (10)_’ thus demonstrating a _trend of mcreagmg with Materials. All reactions and manipulations were carried out under
increasing intermolecular separation. The closest intermolecularan atmosphere of dry argon using standard Schlenk and vacuum-line
distance between the spin bearing carbon centers is 3.38 A intechniques. Triethyloxonium tetrafluoroborate (Fluka), hexylamine
radical8, and this compound shows the highest conductivity in (Aldrich), 1.0 M boron trichloride solution in C4#l, (Aldrich), sodium
the series, whereas radich shows the lowest conductivity  tetraphenylborate (Aldrich), and cobaltocene (Strem) were used as
and the largest intermolecular separation (3.69 A). received. 9-Hydroxy-1-oxophenalene, 9-hydroxy-5-methyl-1-oxo-
The prec|se mecharusm of Conduct|0n |n th|s Class Of pl']e‘ﬂa.lerlé‘,1 and 9N-methylamino-l-OXOphenaleﬁeNere Synthesized
compounds remains to be explained, but it is apparent that theaccording to Iiteraturt_a proce_dures. Toluene was disti_llgd from s_oo!ium
low on-site Coulomb correlation energy plays an important role benzophenone ketyl immediately before use. Acetonitrile was distilled
. . . . from P,Os and then redistilled from CaHmmediately before use. The
and allows effective carrier transport despite the relatively large NMR s .
. . . . - . pectra were recorded on a Varian Inova 300 spectrometer.
intermolecular Separ_at'ons' The 'n_tera(_:t'ons_between _ne'ghbonng(:hemical shifts downfield from the reference standard were assigned
molecules are dominated by their orientation, and in the case pqsitive values. Cyclic voltammetric measurements were performed
of 8 and 9 the neighboring molecules are better oriented for on a Pine AFCBP1 potentiostat using a Pt wire electrode in dry
intermoleculars-orbital overlap thanl0, where the adjacent  acetonitrile under argon atmosphere with nBBF; as the supporting
phenalenyl units are nearly perpendicular to each ethar electrolyte with a saturated calomel reference electrode. The ferro-
arrangement that has previously been shown to lead to verycenium/ferrocene couple was used as internal reference.
low conductivities (as in the case 22> The spiro conjugation 9-N-Methylamino-5-methyl-1-oxophenalene A mixture of 9-hy-
at the central boron atom dictates the energy level splitting droxy-5-methyl-1-oxophenalene (2.1 g, 10 mmol) and aqueous meth-
between the phenalenyl unitg;j and this gap is larger (0.59  Ylamine (15 mL, 70% solution) was placed in a heavy-walled sealed
eV) for radical10 than for8 and9 (~0.45 eV), as observed in tube with an Ace thread at one end and sealed' with Teflon plug (Ace
the solution IR spectra. Additional splitting of the levels due to Glass Inc., Vineland, NJ). The contents were stirred atL2for 7 h.
. . . . . The mixture was allowed to cool, the tube was vented, opened, and
intermolecular interaction in the solid state can lead to a

. . 4 . the contents were poured into 100 mL of distilled water. The aqueous
reduction of the optical gapand hence the optical band gap mixture was extracted with benzene, and the organic layer was

(Eg or Ey) will depend also on the solid-state bandwidths of *genarated, dried with sodium sulfate. The solvent was removed with a
the radicals. The electrochemical data (Figure 1, Table 1) suggestotary evaporator, and the crude product was purified by column
similar values for the on-site Coulomb correlation energig)s (  chromatography on ADs with chloroform to give an analytically pure

of compounds8, 9, and10, while the activation energy of the  orange solid of the title compound (1.72 g, 77%). mp 1€7*H NMR
conductivity (A) is significantly larger in the case df0, than (CDCly): 611.95 (b, 1H), 7.94 (d, 1H), 7.78 (d, 1H), 7.69 (s, 2H),
for 8 and9 (Table 3), which correlates with the optical gaps 717 (d, 1H), 6.98 (d, 1H), 3.22 (d, 3H), 2.55 (s, 3H). IR (6@DO0

(Ey, Table 3). This suggests that only those charge carriers thatc™ ): 3028(w), 2920(w), 1637(m), 1606(w), 1597(m), 1570(m), 1533-
are thermally excited to antibonding states across the observedS): 1506(W), 1483(w), 1435(w), 1418(w), 1383(w), 1358(w), 1299-

. - . - , 1280(m), 1247(m), 1222 (w), 1176(m), 1157(s), 1109(w), 1070(w),
optical gapEy (Ey) (Table 3) participate in the conductivity. It (m)
is therefore apparent that conductivity can be limited by the 1061(w), 963 (w). 920(m), 876(m), 836(s), 8L1(m), 784(w). 750(m).

; . ) 702(w), 675(m). Anal. Calcd for £H13NO: C, 80.67; H, 5.88; N,
bandwidths ) or the on-site Coulomb correlation energy){ 6.27. Found: C. 80.51: H 5.83: N. 6.28.

as expected for compounds close to the degenerate Mott limit. 9-N-Methylamino-1-N'-methylimino-phenalene (L%). Triethyloxo-

Conclusion nium tetrafluoroborate (1.140 g, 6 mmol) was added to a solution of

Bv ch . he d d th bsti 9-N-methylamino-1-oxophenalene (1.255 g, 6 mmol) in 40 mL drg-CH
y changing the donor atoms and the substituents, a neWCIZ. The solution immediately turned wine-red, and then a yellow

family of spiro-bis(1,9-disubstituted phenalenyl)boron neutral precipitate formed. The reaction mixture was stired 10 h af@5
radical conductors based on N,N-ligand system has beenang then methylamine (6 mL 2M solution in MeOH, 12 mmol) was
synthesized and characterized and the solid-state propertiesadded, whereupon the yellow precipitate dissolved to give a deep red
investigated. The disproportionation energies, which largely solution. The reaction mixture was stirred atZ5for an additional 6
determine the on-site Coulomb correlation energy in the solid h. The mixture was poured into 50 mL distilled water; the organic layer
state, are very similar to the spiro-bis(1,9-disubstituted phen- was separated and dried over sodium sulfate. The solvent was removed
alenyl)boron neutral radicals based on N,O-ligand system With arotary evaporator and the crude product was purified by column
reported previously1—7). This is reflected in the measured Cchromatography on A0 with ethyl ether to give an analytically pure
conductivity of this new class of materials which resembles red crystalline solid (") (1.0 g, 75%). mp 173C (it mp 147°C).®

1] .
closely that observed for spiro-bis(1,9-disubstituted phenalenyl)- (: NSI\S;Q ;gg%)éHilféoéég;légg ' CZ%Z)Q 7?;)?11(&’) 423)7’17(\'5)3253559_

bor_on neutral radical based on N,O-Ilgand system._Two of the (w), 1635(s), 1608(s), 1587(s), 1522(s), 1470(w), 1399(m), 1366(m),
radicals 8 and9) are among the most highly conducting neutral  1301(m), 1247(w), 1230(w), 1186(m), 1157(s), 1118(m), 1065(w), 965-
organic solids. The conductivity of the solid is largely deter- (w), 921(m), 909(w), 832(s), 815(vs), 778(m), 755(m), 730(w), 680-
mined by the molecular packing; nevertheless these radicals
show weak intermolecular interactions and the conducting (44) Haddon, R. C.; Rayford, R.; Hirani, A. M. Org. Chem1981, 46, 4587~
pathways are very subtle in comparison with the classical 4588.

X 1 (45) Haddon, R. C.; Chichester, S. V.; Mayo, S.3ynthesid985 639-641.
organic conductors (TTF andsgcharge-transfer salts). In this  (46) Franz, K. D.; Martin, R. LTetrahedron197§ 34, 2147-2151.
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(s). Anal. Calcd for GsHi4aN2: C, 81.03; H, 6.36; N, 12.60. Found: C,
81.42; H, 6.44; N, 12.51.
9-N-Methylamino-5-methyl-1-N'-methylimino-phenalene (L?). Tri-
ethyloxonium tetrafluoroborate (1.44 g, 7.6 mmol) was added to a
solution of 9N-methylamino-5-methyl-1-oxophenalene (1.70 g, 7.6
mmol) in 50 mL dry CHCl,. The solution immediately turned wine-
red, and then a yellow precipitate formed. The reaction mixture was
stirred 2 h at 25°C, and then methylamine (8 mL 2M solution in MeOH,
16 mmol), was added whereupon the yellow precipitate dissolved to
give a deep red solution. The reaction mixture was stirred 4C2for
an additional 6 h. The mixture was poured into 100 mL distilled water;

the organic layer was separated and dried over sodium sulfate. The4000 cnr?):

under reduced pressure and used for the next step without further
purification. MS (MALDI), m/iz = 593.

Preparation of 8"BPh,~. A solution of 0.30 g of NaBPh(0.87
mmol) in 10 mL MeOH was added to a solution &fCl~, (0.25 g,
0.51 mmol) in 10 mL of MeOH. A red precipitate formed immediately.
The mixture was stirred for 15 min, and the red solid was separated by
filtration and stored in the dark. The crude product can be purified by
recrystallization from dichloromethane/methanol mixture to give red
crystals of the title compound (0.3 g, 76%). MS (MALD#)z = 453.
IH NMR (CDsCN): 6 8.35 (d, 4H), 8.19 (d, 4H), 7.68 (t, 2H), 7.46 (d,
4H), 7.27 (m, 8H), 6.98 (t, 8H), 6.83 (t, 4H), 3.05 (b, 12H). IR (600
3058(w), 3006(w), 1627(s), 1577(s), 1539(w), 1516(s),

solvent was removed with a rotary evaporator to yield a dark red pasty 1493(w), 1474(w), 1456(w), 1424(m), 1417(m), 1362(m), 1349(s),

solid, and this was purified by column chromatography osOAMith
ethyl ether to give an analytically pure red solicP( (1.1 g, 61%). mp
109°C. *H NMR (CDCl): 612.83 (b, 1H), 7.63 (d, 2H), 7.54 (s, 2H),
7.19 (d, 2H), 3.35 (s, 6H), 2.52 (s, 3H). IR (668000 cnTl): 2963-
(w), 2924(w), 2859(w), 1631(m), 1604(vs), 1579(m), 1527(s), 1466-
(m), 1399(s), 1362(m), 1312(m), 1276(m), 1170(s), 1120(w), 1074(w),
1039(w), 963(m), 930(s), 865(s), 844(w), 813(s), 784(m), 759(w), 744
(w). Anal. Calcd for GeHigN2: C, 81.32; H, 6.82; N, 11.85. Found:
C, 81.11; H, 6.87; N, 11.77.
9-N-Methylamino-1-N’'-hexylimino-phenalene (L%). Triethyloxo-
nium tetrafluoroborate (0.57 g, 3 mmol) was added to a solution of
9-N-methylamino-1-oxophenalene (0.63 g, 3 mmol) in 20 mL dry,CH
Cl,. The solution immediately turned wine-red, and then a yellow
precipitate formed. The reaction mixture was stirred 10 h at@b

1320(s), 1251(m), 1203(m), 1161(m), 986(s), 901(m), 882(w), 840-
(m), 822(w), 815(w), 763(w), 748(w), 734(s), 705(s). Anal. Calcd for
Cs4HaeB2N4: C, 83.95; H, 6.00; N, 7.25. Found: C, 83.71; H, 5.95; N,
6.90.

Preparation of 9"BPh, . A solution of 0.5 g of NaBPh(1.46 mmol)
in 10 mL MeOH was added to a solution ®fCI~, (0.5 g, 0.97 mmol)
in 10 mL of MeOH. A red precipitate formed immediately. The mixture
was stirred for 15 min, and the red solid was separated by filtration
and stored in the dark. The crude product can be purified by
recrystallization from dichloromethane/methanol mixture to give red
crystals of the title compound (0.57 g, 73%). MS (MALDHyz =
481.'"H NMR (CDsCN): 6 8.29 (d, 4H), 8.02 (s, 4H), 7.43(d, 4H),
7.26 (m, 8H), 6.99 (t, 8H), 6.84 (t, 4H), 3.02 (b, 12H), 2.61 (s, 6H). IR
(600-4000 cnrl): 3010(w), 2971(w), 2928(w), 2869(w), 1633(s),

and then hexylamine (0.80 mL, 6 mmol) was added, whereupon the 1593(s), 1522(s), 1483(s), 1424(s), 1372(s), 1343(m), 1326(m), 1316-

yellow precipitate dissolved to give a deep red solution. The reaction
mixture was stirred at 25C for additional 6 h. The mixture was poured

(s), 1291(s), 1197(m), 1162(s), 992(s), 969(w), 901(w), 874(m), 826-
(s), 748(m), 734(s), 709(s). Anal. Calcd fogHs0B2N4: C, 83.99; H,

into 50 mL water; the organic layer was separated and dried over 6.30; N, 6.99. Found: C, 84.01; H, 6.38; N, 7.11.

sodium sulfate. The solvent was removed with a rotary evaporator,
and the crude product was purified by column chromatography gDsAl
with ethyl ether to give an analytically pure orange solid)((0.725

g, 83%). mp 61°C. *H NMR (CDCl): 613.33 (b, 1H), 7.637.72

(m, 4H), 7.28 (t, 1H), 7.21 (d, 1H), 7.20 (d, 1H), 3.60 (m, 2H), 3.35
(s, 3H), 1.84 (m, 2H), 1.56 (m, 2H), 1.40 (m, 4H), 0.94 (t, 3H). IR
(600—-4000 cn1?): 2959(w), 2937(w), 2863(m), 1652(w), 1633(s),

1608(s), 1587(m), 1573(m), 1520(s), 1470(m), 1366(s), 1310(m), 1245-

(w), 1228(w), 1182(s), 1163(s), 961(w), 919(s), 834(s), 819(s), 757-
(m), 738(m), 679(s). Anal. Calcd for,@H.4N2: C, 82.13; H, 8.28; N,
9.58. Found: C, 82.41; H, 8.46; N, 9.44.

Preparation of 8"Cl~. 9-N-Methylamino-1N'-methylimino-
phenalenel(*, 0.31 g, 1.4 mmol) in chlorobenzene (60 mL) was treated
with boron trichloride (0.7 rh 1 M solution in CHCl,, 0.7 mmol)
under argon in the dark, and the mixture was refluxed for 20 h. The
red precipitate was isolated by filtration (0.26 g, 76%). MS (MALDI),
m/z = 453. IR (606-4000 cnt?): 3083(w), 2989(w), 2881(w), 1633-
(s), 1577(s), 1520(s), 1495(m), 1458(m), 1424(w), 1418(w), 1403(w),
1364(w), 1349(s), 1322(m), 1310(m), 1252(m), 1205(m), 1162(s), 990-
(s), 903(m), 884(w), 853(m), 842(s), 822(m), 784(m), 740(m), 690-
(m).

Preparation of 97CI~. 9-N-Methylamino-5-methyl-IN'-methylimino-
phenalenel(?, 0.49 g, 2.1 mmol) in chlorobenzene (50 mL) was treated
with boron trichloride (1.0 b 1 M solution in CHCl,, 1 mmol) under
argon in the dark, and the mixture was refluxed for 18 h. The red
precipitate was isolated by filtration (0.48 g, 93%). MS (MALD#)jz
= 481. IR (600-4000 cntl): 3003(w), 2920(w), 1631(m), 1591(s),
1524(s), 1481(m), 1458(w), 1420(m), 1366(s), 1347(m), 1318(m), 1289-
(m), 1197(m), 1166(m), 992(s), 969(w), 876(s), 823(m), 788(w), 698-
(m), 684(w).

Preparation of 107Cl~. 9-N-Methylamino-1N'-hexylimino-
phenalenel(?, 0.61 g, 2.1 mmol) in toluene (30 mL) was treated with
boron trichloride (1.0 b 1 M solution in CHCl,, 1 mmol) under argon
in the dark, and the mixture was refluxed for 14 h. The red sticky oil

Preparation of 10*BPh,~. A solution of 0.72 g of NaBPh(2.1
mmol) in 10 mL MeOH was added to a solution 18"Cl-, (0.78 g,
1.24 mmol) in 30 mL of MeOH. An orange precipitate formed
immediately. The mixture was stirred for 15 min, and the orange solid
was separated by filtration and stored in the dark. The crude product
can be purified by recrystallization from dichloromethane/methanol
mixture to give red microcrystals of the title compound 0.19 g (17%).
H NMR (CDsCN): 8.36 (d, 2H), 8.32 (d, 2H), 8.18 (d, 4H), 7.67 (t,
2H), 7.47 (d, 2H), 7.38 (d, 2H), 7.27 (m, 8H), 6.98 (t, 8H), 6.83 (t,
4H), 3.38 (m, 4H), 3.08 (b, 6H), 1.64 (m, 2H), 1.48 (m, 2H), 1.12 (m,
4H), 0.95 (m, 8H), 0.52 (t, 6H). IR (6084000 cn1t): 3058(w), 2959
(w), 2928(m), 2869(w), 1632(s), 1588(s), 1515(s), 1493(m), 1453(m),
1408(w), 1358(m), 1347(w), 1328(m), 1255(m), 1207(m), 1161(m),
1036(w), 988(m), 961(m), 905(s), 842(s), 821(m), 736(m), 703(s). Anal.
Calcd for GaHesB2N4: C, 84.19; H, 7.30; N, 6.14. Found: C, 83.85;
H, 7.27; N, 6.23.

Crystallization of 8. An invertible H-cell with a glass D frit was
loaded in a drybox. A solution of 50 mg &BPh;~ (0.065 mmol) in
12 mL dry acetonitrile was placed in one container, and 15 mg of €oCp
(0.080 mmol) dissolved in 12 mL of dry acetonitrile in the other
container. The H-cell was removed from the drybox and attached to
the vacuum line, and the containers were taken through three cycles of
freeze, pump, and thaw to degas the solutions. The H-cell was inverted
slowly, and the solutions were allowed to diffuse through the glass
frit. After sitting in the dark for one week, the cell yielded 17 mg of
black shining crystals. IR (6684000 cnT?): 3036(w), 2889(w), 1629-
(m), 1577(m), 1547(m), 1522(w), 1481(m), 1470(m), 1445(w), 1402-
(s), 1362(w), 1351(w), 1324(w), 1257(s), 1205(m), 1170(m), 1130(m),
1114(m), 1078(w), 920(s), 828(m), 805(m), 742(m), 709(w), 688(w),
671(w). Anal. Calcd for GH2sBN4: C, 79.48; H, 5.78; N, 12.36.
Found: C, 79.10; H, 6.02; N, 12.33.

Crystallization of 9. An invertible H-cell with a glass D frit was
loaded in a drybox. A solution of 112 mg 6fBPh,~ (0.14 mmol) in
15 mL dry acetonitrile was placed in one container, and 32 mg of €oCp

was separated by decantation of toluene; residual solvent was evaporate@.17 mmol) was dissolved in 16 mL of dry acetonitrile in the other
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container. The H-cell was removed from the drybox and attached to were attached. Full details, including bond lengths and bond angles,
the vacuum line, and the containers were taken through three cycles ofare given in the Supporting Information.
freeze, pump, and thaw to degas the solutions. The H-cell was inverted Magnetic Susceptibility MeasurementsThe magnetic susceptibil-
slowly and the solutions were allowed to diffuse through the glass frit. ity was measured with a George Associates Faraday balance operating
After sitting in the dark for one week the cell yielded 24 mg of black at 0.5 T.
shining crystals. IR (6064000 cn?): 2907(w), 2812(w), 1635(m), Conductivity Measurements.The single-crystal conductivities,
1595(m), 1558(s), 1531(s), 1476(s), 1458(w), 1453(w), 1414(s), 1366- of 8, 9, and10 were measured in a four-probe configuration. The in-
(m), 1347(m), 1310(s), 1285(w), 1253(w), 1212(s), 1187(s), 1159(s), line contacts were made with silver paint. The sample was placed on
1122(s), 1097(s), 990(m), 963(w), 907(vs), 807 (s), 790 (w), 688 (s). a sapphire substrate, and electrical connections between the silver paint
Anal. Calcd for GoH3oBN4: C, 79.82; H, 6.29; N, 11.63. Found: C, contacts and substrate were made by thin, flexiblex25 diameter
79.12; H, 6.11; N, 11.59. silver wires to relieve mechanical stress during thermal cycling of the
Crystallization of 10. An invertible H-cell with a glass D fritwas ~ sample. The temperature dependence of the conductivity was measured
loaded in a drybox. A solution of 91 mg d0"BPh,~ (0.1 mmol) in along long axis of the crystals in the range 3%2 K for 8, 332-83
10 mL dry acetonitrile was placed in one container, and 23 mg of goCp K for 9, and 312-109 K for 10. The data are presented for the crystals
(0.12 mmol) was dissolved in 11 mL of dry acetonitrile in the other Wwith dimensions 2.00< 0.25 x 0.03 mn¥ for 8, 1.60 x 0.16 x 0.03
container. The H-cell was removed from the drybox and attached to mn® for 9, and 1.4x 0.59 x 0.16 mn{ for 10. The measurements
the vacuum line, and the containers were taken through three cycles ofwere carried out in a custom-made helium variable-temperature probe
freeze, pump, and thaw to degas the solutions. The H-cell was invertedusing a Lake Shore 340 temperature controller. A Keithley 236 unit
slowly and the solutions were allowed to diffuse through the glass frit. Was used as a voltage source and current meter, and two 6517 Keithley
After sitting in the dark for one week the cell yielded 14 mg of black electrometers were used to measure the voltage drop between the
shining crystals. IR (6084000 cnTl): 2954(w), 2932(w), 2859(w),  potential leads in a four-probe configuration.
1631(s), 1585(s), 1558(w), 1520(s), 1497(w), 1456(s), 1416(w), 1349-  Single-Crystal Optical Spectroscopy.The infrared transmission
(m), 1326(w), 1274(w), 1251(w), 1232(w), 1203(w), 1157(m), 1036- measurements were carried out on a FTIR Nicolet Nexus 670 ESP
(w), 986(w), 963(m), 940(w), 899(m), 840(s), 819(s), 759(m), 694 (m). Spectrometer integrated with a Continuum Thermo-Nicolet FTIR
Anal. Calcd for GoH46BN4: C, 80.91; H, 7.82; N, 9.43. Found: C, microscope.

80.38; H, 7.72; N, 9.65. Band Structure Calculations. The band-structure calculations were
X-ray Crystallography. Data were collected on a Bruker SMART  performed by using a modified version of the extendeahélitheory
1000 platform-CCD X-ray diffractometer system (Mo-radiatian= (EHT) band-structure program supplied by M.-H. Whangbo. The

0.71073 A). The crystals were coated with paratone oil and mounted Parameter set is chosen to provide a reasonably consistent picture of
on glass fiber. The crystallographic parameters and unit cell dimensionsPonding in heterocyclic organic compourfds?

are summarized in Table 2. Absorption corrections were applied to  Acknowledgment. This work was supported by the Office
the raw intensity data using the SADABS program in the SAINTPLUS of Basic Energy Sciencesl Department of Energy under Grant
software packag¥. The Bruker SHELXTL (Version 6.10) software No. DE-FG02-04ER46138.

packagé® was used for phase determination and structure refinement. ) ] . .

Atomic coordinates, isotropic, and anisotropic displacement parameters  SUPPorting Information Available: ~ Additional structural

of all the non-hydrogen atoms were refined by means of a full matrix Packing diagrams, tables of crystallographic and structural
least-squares procedure d¢i#. All H-atoms were included in the  refinement data, atomic coordinates, bond lengths, bond angles,
refinement in calculated positions riding on the atoms to which they and anisotropic thermal parameters (PDF). This information is
available free of charge via the Internet at http://pubs.acs.org.
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