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The diradical 1,15,5-tetramethyl-6,6dioxo-3,3-biverdazyl,6, crystallizes in a monoclinic unit cell wita
=4.224(1)b=17.378(2)c = 7.529(1) A8 = 96.02(1}, space group2,/c (No. 14). The crystal structure

of 6 shows locaD,, symmetry. ESR measurements in a frozen chloroform solution indicate that is6lated
has a singlet ground state with a triplet excited state 760094 eV) above the ground state with zero-
field splitting parameter® = 0.038 cm* andE = 0.0016 cmt. Semiempirical calculations (AM-1) suggest
that 6 is twisted in solution. Crystalliné shows a temperature-activated ESR signal with no features
characteristic of an isolated triplet. Strong intermolecutatacking interactions prevent the analysis of this
temperature activation in terms of intermolecular and intramolecular exchange parameters.

Introduction states when dopéd. Contrary to the results for these hydro-
carbons, the heteroatom analog bis(nitronyl nitroxide)s
twisted about the central bond and has a singlet ground'dtete.

In each of these systems, the lowest singlet and triplet states
are close in energy and confident prediction of the ground-state
gnultiplicity is clearly challenging. The continued investigation
of these and related systems is important to help clarify the
nature of these electronic interactions.

Biradical 6, whose ESR and absorption spectra were first
reported in 1980 by Neugebauér,can be considered a
heterocyclic analogue of TME. Determination of the ground-
state multiplicity and conformation @& are important in further
elucidating the nature of electronic interactions in disjoint
5biradicals. We report here the crystal structure, electronic
structure, and solution- and solid-state ESR spectr@ of

The interaction between unpaired electrons is an important
contributing factor governing the properties of many organic
solids. Electron-coupling interactions are directly responsible
for superconductivity and magnetism and have important
consequences on the behavior of conductors and semiconductor
The study of stable biradicals with closely spaced and/or
conjugated radical centers provides a useful starting point for
the investigation of intramolecular electronic interactions. By
studying such materials, it may be possible to build up a set of
empirical structure property relationships that can be correlated
with, and used to improve, theoretical descriptions.

Many recent studies have focused on paramagnetic center
linked “metathrough benzene®. These systems are predicted,
and found, to show ferromagnetic exchange between spins

giving rise to high-spin ground states. A second group of o .0
structures are the disjoint, even alternant systems typified by N+ ) \N_N .N_N/
the hydrocarbon tetramethylene ethdndME. \—y 0=< \> < o
\Y
iN +N N—N. N—N>=
. ) . . . I /
o 0
1 2 3 4 Results

Disjoint biradicals are formally derived from the connection ~ The diradical6 was obtainetf'® as very dark red-black
of two radicals at a point where each radical has a node in its Crystals. Aerated solutions 6fin organic solvents were found
SOMO. In the resulting molecules the two nonbonding mo- to decompose slowly at room temperature; consequently, as a
lecular orbitals, and hence the unpaired electrons, can beprecaution, samples were handled under nitrogen. Crystals were
confined to separate regions of the molecule. Coupling betweengrown by slow diffusion of THF into a chloroform solution of
the two unpaired electrons is predicted to stabilize a singlet 6. Several crystal morphologies were observed, including
ground staté2 but currently available experimental data on needles and rhombi; however, X-ray analysis revealed that all
biradical hydrocarbons refutes this prediction. TME itself morphologies had the same monoclinic unit cell. Solution of
appears to have a triplet ground stdiat probably has a twisted ~ the X-ray data gave the structure depicted in Figure 1.
D,4 conformatior® The related biradical 2,3-bis(methylene)- ~ The planar structure of the molecule is surprising. Lone
1,3-cyclohexadiene?, has a nearly planar triplet ground sfate  pair—lone pair repulsion would be expected to stabilize a twisted
and the biradicals 2,2-dimethyl-4,5-bis(methylene)-1,3-cyclo- structure for6; indeed, semi-empirical (AM1) calculations on
pentadiené, 3, and 2-(1-methyleneethenyl)cyclopentefiy, 6 suggest a bond order of 0.94 for the centrat@ bond and
both probably have triplet ground states. The dianion 0£9,9 atwist angle of 88in a geometry optimized structure. Though
bianthryl has been reported to have a triplet ground St AML1 calculations have been shown to overestimate lone pair
a Dy geometry. This result has been rationalized in terms of repulsion in 2,2bipyrimidine the qualitative prediction of a
the zero overlap between perpendicuteasystems and suggests twisted conformation is still valid. A plot of the dependence

that p-phenylene systems should also show high-spin ground of the heat of formation on inter-ring dihedral angle suggests
that although a twisted conformation is preferred, the minimum

® Abstract published ilAdvance ACS Abstractdanuary 15, 1996. is very shallow (Figure 2). The twisted conformation is
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Figure 1. Thermal ellipsoid plot o6 showing the atomic numbering
scheme used for crystallography, as well as selected bond lengths and
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Figure 3. Energy levels calculated (RHF) using AM1 parameters for
planar6: (a) as a singlet (total energy —3475.3816 eV) and (b) as
a triplet (total energy= —3477.4322 eV).

of the broad signal increases rapidlyTadecreases, reaching a
peak to peak line width of 20 mT at 210 K. This temperature
dependence, along with the broad signal expected for a triplet
in nonrigid media, leads to assignment of this signal to the triplet
state of6. Upon freezing of the solution, a spectrum charac-
teristic of a randomly oriented triplet with no hyperfine structure
is observed (Figure 4). The spectrum shows no hyperfine
structure. Assuming an isotropic g valtteanalysis of the

0 3 60 90 120 150 180 spectrum yields the zero field splitting paramet¢g,= 0.038

Dihedral angle (deg) cm™! and E = 0.0016 cm!. (The sign of D cannot be

Figure 2. Dependence of the calculated heat of formation (AM1) of determined from the spectra of randomly oriented species except
6 on inter-ring dihedral angle. at extremely low temperatures.)

Zero-field splitting results from the magnetic dipolar interac-
calculated to be more stable than the planar form by 7.6 kcal tion of the two unpaired electrons. The magnitude of the dipolar
mol~L. This result strongly suggests that although the molecule interaction depends strongly on magnetic field direction and
is planar in the crystal, this preference likely depends on packing interdipole distance. Consequently, the paramédeasdE are
forces independent of the preferred geometry for electronic strongly dependent on molecular symmetry and structure. A
interactions and it is certainly likely to adopt a twisted structure comparison of the observed values with those calculated from
in solution when such packing forces no longer dominate.  molecular orbital coefficients using a point dipole approximation

With an assumed planar structure like that observed in the can, in favorable cases, give some indication of preferred
solid state, selected energy levels could be calculated from themolecular conformatiof?1617 Figure 5 shows the calculated
AM-1 parameters employing a restricted Hari¢®ck basis set  dependence of the zero field splitting parame@ndE, as a
(Figure 3). These calculations predict the molecular orbitals function of twist angleg, with the orbital coefficients obtained
to be nearly identical in the singlet and the triplet. In addition from the triplet AM1 calculation. Unfortunately, the predicted
the HOMO and LUMO are very similar to those of TME  absolute value ob is much lower than the observed one and
modified by the additional bonding and antibonding interactions varies little with molecular conformation: the observed variation
with the other sphybridized atoms in the ring system. The s considerably less than the estimated error in the calculation.
total energy of the singlet is higher than that of the triplet by The predicted dependence®bn dihedral angle is considerably
2.1 eV (47 kcal mot?), as determined by the RHF calculation. more sensitive to initial wave function thaD; hence an
However, the results of UHF calculations indicate that the singlet interpretation of the measured value through the calculations
state is more stable than the triplet by only 0.12 eV (2.8 kcal shown in Figure 5 is risky. The approach Bfto zero aso
mol~1). The results of the UHF calculations are consistent with approaches 90is a feature required by symmetry. Conse-
the experimental findings presented below. quently, the measured non-zero value of E eliminates the

Chloroform solutions o6 show absorption spectra identical  possibility of aD,q (o0 = 90°) conformation for6 in chloroform
to those reported earliét. Beer’s law plots provide no evidence solution. In benzene, Neugebauer repobs ~ 0.030 cnr?,
of molecular association in solution. At room temperature, E ~ 0 cnt?! for 6.8 These values are very close to those
solutions in degassed chloroform show a single, relatively broad calculated for &,4 geometry. This suggests that the molecular
(peak-to-peak line width of 3 mT) ESR signal with no hyperfine orbital calculations are a good model fbin environments with
structure. As the solution is cooled below 250 K, the signal is weak solvent interactions but that significant perturbation of
resolved into a broad signal with highly temperature-dependentthe conformation and electronic structure occurs through
line width and a relatively narrow signal that exhibits hyperfine interaction with solvent molecules
structure consisting of at least 15 lines with a spacing of 0.54  Inspection of the low-field region of the ESR spectrum reveals
mT. The nature of the sharp signal was not determined but a half-field signal corresponding to transitions betweennthe
appears to result from chemical oxidation6of The line width = —1 andm; = +1 states of the triplet. The temperature
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Figure 5. Dependence of the AM-1 calculated absolute values of the

zero-field splitting parameter® andE, on ring—ring dihedral angle,
o.. The sign ofD is calculated to be negative.

Figure 4. ESR spectrum 06 in frozen chloroform at 200 K. The large central peak is due to a trace doublet impurity from the air oxidation of
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Figure 6. Temperature dependence of the half-field signal intensity
for 6 in frozen chloroform solution. The solid line is a best fit to the
modified Bleany-Bowers equation = (¢/T)/(3 + e’T) + p with

dependence of this signal allows the determination of the parameterd = 760 cm?, g = p = 0.5.

ground-state multiplicity and the singlet triplet energy separation

J. This method is preferred over measurement of the intensity stacking axis, giving a herringbone structure. The centraCC

of the Ams = 1 transitions, since the half-field region has no

bond in each molecule overlaps with ar-N group from each

interfering absorbances from doublet species. The half-field neighboring molecule in the stack.

signal of 6 shows strong temperature activation, indicating a

The effect of theser-stacking interactions is clearly seen in

singlet ground state. Fitting the temperature dependence of thethe optical absorption spectrum of the solid. A potassium

intensity of the half-field signal to the BleamBowers equation
(Figure 6¥° gave a singlettriplet energy separatiod of 760
cm™1 (0.094 eV).

In solution, the conformation d is probably twisted with
D, symmetry. In the solid state, the conformation is fixed with
local Dy, symmetry. This change in conformation is almost
certainly a result of strong intermolecular interactions within
the crystal lattice. The packing diagram (Figure 7) clearly
indicates strong-stacking interactions. Molecules are arranged

bromide pellet containing clearly shows a long absorption
tail extending into the near-IR. The ESR spectrum of the solid
also reveals strong intermolecular interactions. Both single
crystals and polycrystalline samples @&t room temperature
show a narrow (full width at half-maximum line width of 15
G) ESR line atg = 2.0014. Theg value is very close to
isotropic. No hyperfine splitting nor zero-field splitting effects
are seen, nor is a half-field transition observed. The signal is
strongly thermally activated, with the temperature dependence

into infinite stacks with a separation between molecular planes of y (the normalized susceptibility, determined from ESR signal

of 3.21 A. The molecules are tilted through °5fflom the

intensity) andynT, being plotted in Figure 8. After compensat-
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anisotropic hyperfine coupling. Importantly, the angle of
maximum low-temperature line width does not coincide with
the symmetry axis of the crystal. This suggests that the observed
low-temperature signal is caused by a doublet impurity incor-
porated into the lattice that remains after the excited ESR-active
states have been depopulated. At room temperature, the line
width is considerably narrower and shows an angular depen-
dence that corresponds to the crystal symmetry. After deter-
mination of the activation energy, the ratio of signal intensities
at low temperature and at room temperature can be used to
estimate the concentration of this impurity as 1%.

Discussion

To a first approximation] and6 would be expected to show
similar properties. Both molecules are anticipated to show
twisted conformations and similar electronic structures. AM1
calculations show that the molecular orbitals in these molecules
are closely related (Figure 3). In a frozen solution, the bis-
verdazyl6 shows strong antiferromagnetic coupling with the
singlet lying 758 cm? (0.094 eV) below the triplet, as is
predicted for disjointr systems. The bis(nitronyl nitroxid&)

) also has a singlet ground state, though by a smaller margin of
N 306 cnr! (0.038 eV). 1 and related hydrocarbon analogues

Figure 7. Packing diagram and unit cell f@& The view is along the
c axis. The inset shows the overlap between neighboring molecules in
a stack.
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(for which the prediction of singlet ground states were originally
made) appear to show triplet ground states in both twisted and
planar conformations, contradicting both the simple Borden
Davidson theor§ and high level calculations. Clearly, these

systems are still only poorly understood.

As a further indicator of the complexities of these systems,
we note that the zero-field splitting parameter for 6 is
anomalously large. The magnitudeDfis proportional to 1
wherer is the average interspin distance. The measOréor
6 is almost twice that observed fdy implying that the spins
are, on average, closer together, despite the fact that the more
extendedr system in6 would be expected to allow the spins
to stay further apart.

The planar structure @ in the solid state is remarkable but
not without precedent. Bipherfland 2,2-bipyrimidine?! are
twisted in the gas phase but show planar conformations in the
solid state. The crystal structures of these molecules show large
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Figure 8. Dependence of the normalized susceptibijity (a) and
the product of susceptibility with temperatyseT (¢) on temperature.
The solid line is a best fit to the functign'T = ke 28%eT) + p with
AE = 0.11 eV, k= 1037Q p = 120.

4

3.5 P . . . . .
N S e * librations about the central -€C' bond, suggesting either a
37 \\ /,~" statistical distribution of twisted states or a very low rotational
N ,/ energy barrier. 2,2Bipyrimidine hydrate, like6, shows a
E 2 '“‘--a-———'\\./ completely planar structure in the crystal. Presumably this is
£ - attained through the formation of hydrogen bonds with solvent.
E — - In solid 6, intermolecular electronic interactions between the
sy ~. ./’ unpaired electrons favor a planar conformation. The activation
e e— energy for interaction between paramagnetic centers in crystal-

line 6 is clearly close to the value determined for the singlet
0.5 triplet splitting in solution and also close to the value calculated

for planar6. It is tempting to interpret this energy as the
0 + + + + + + + . . fpat — A
0 225 a5 e75 s 113 1ss 188 180 smglet—tnpl.et spht}mg for planas6, but this interpretation may
Angle / degrees be rather simplistic.

In interpreting these data, we must consider the relative
magnitude of the intermolecular and intramolecular exchange
The domination of the intermolecular interactions
dominate seems unlikely since the magnetic properties of the
crystal would approximate two linear Heisenberg chains which

Figure 9. ESR line width (in mT) of a single crystal éfas a function
of crystal orientation at 300 Kl) and 77 K @). An orientation with
the crystallographic a axis oriented perpendicular to the magnetic field terms.
corresponds to0 The axis of rotation was not determined.

ing for Curie behavior (by plotting.nT), the signal shows
exponential behavior with an activation energy of 887-¢m  have nonzero magnetic susceptibility even at & Krurther-
(0.11 eV). The signal approaches a constant valueTas more, the magnitude of the intramolecular interaction is known
approaches zero. The nature of this residual signal is clearlyto be large in solution.

seen upon investigation of the angular dependence of the line A more reasonable model for these data assumes that
width at room temperature and at 77 K (Figure 9). The 77 K intermolecular interactions are small and that the triplet states
signal shows a (3 c88 — 1) angular dependence characteristic within the crystal (excitons) are extremely mobile. This model
of dipole—dipole interactions, in this case probably caused by was proposed by Nordio and co-workers to describe the ESR
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unit for the synthesis of new organic magnetic and conductive

materials. In this context, Dagotto and co-workémmoposed

i J2 that a hole-doped Heisenberg ladder should show supercon-
il ducting behavior.

By ; 3
J 2
Céj_lC)/" TS Conclusion

Figure 10. Possible magnetic interaction schemes in crystaBin@) Bisverdazyl, in solution, shows a singlet ground state lying
Heisenberg ladder; (b) alternating Heisenberg chain. Each ellipse @bout 3 kcal moi' below the lowest triplet A singletriplet
represents one verdazyl unit (i.e., one-half of mole@)le energy difference of 2.77 kcal mdlwas estimated from AM-1
calculations. Although this result is in agreement with theories
spectral properties of certain TCNQ s&tsRapid migration proposed for disjoint diradicals, the range of results reported
of the triplet excitons along the stack averages the hyperfine for conceptually similar molecules suggests that more elaborate
splitting to zero, whereas collision of excitons with the doublet theories may be required to reliably predict a priori the ground-
impurity or with another exciton scrambles the electron spins state multiplicities of these molecules. The crystal structure of
through exchange and likewise averages the zero-field splitting 6 shows that neutral diradicals can distort geometrically by
to zero. In this model, the measured activation energy corre- forming strong intermolecular interactions througlstacking.
sponds to the energy of a single exciton, which would approach
that of the isolated, planar molecule as the intermolecular Experimental Section
exchange is reduced. o _ ) _
Although the above model adequately explains the ESR data, Diradical 6 was synthesized using the procedure described
it neglects the spectroscopic and crystallographic data obtained?y Neugebauet? To minimize the concentration of doublet
for crystallinel. The close spacing of neighborimgsystems impurities i_n the mz_iteri_al, all manipulations ®fvere performed _
and the long-wavelength IR absorption both suggest that Under a nitrogen in nitrogen purged solvents. Spectroscopic
intermolecular interactions are important. Data from other Properties of6 were as previously describédl.
systems indicates that the assumption of small intermolecular ~ Crystallography. Very dark red lathe-shaped crystals were
interactions is unjustified in describingstacked systems. In  grown by layering a chloroform solution & with THF and
thesr-stacked (TCNQ}~ dianion, the two electrons can interact  allowing the layers to diffuse together. The analyzed crystal
so strongly that the dimer is diamagnetic, even at room had approximate dimensions of 0.%40.25 x 0.43 mm. The
temperaturé* The triplet exciton in tetraethylammonium data were collected at 173 K on a Nicolet P4 diffractometer,
tetracyanobenzoquinonide shows a singteplet splitting of equipped with a Nicolet LT-2 low-temperature device and using
0.38 eV!7 almost 4 times as great as that observed on agraphite monochromator with Mookradiation ¢ = 0.710 73
monomeric6. This triplet results from the face-to-face interac- A). Details of crystal data, data collection, and structure
tion of two radical anions. Clearly, intermolecular interactions refinement are listed in the supporting information. Three
in 6 must be at least great enough to overcome the nitrogenreflections (1,5-1; 0,2,3; 1,2,1) were remeasured every 97
lone-pair interactions and allow a planar conformation. Foe2,2 reflections to monitor instrument and crystal stability. A
bipyrimidine, the energy required to achieve a planar conforma- sSmoothed curve of the intensities of these check reflections was
tion has been experimentally determined to be 1.5 kcat H#éb used to scale the data. The scaling factor ranged from 1.00 to
in agreement with ab initio calculatiod®. AM1 calculations ~ 1.02. The data were corrected for Lp effects but not for
estimate that fo6 this energy is roughly 7.6 kcal mdl, based absorption. Data reduction and decay correction were performed
on the results summarized in Figure 2. Even with the lower using the SHELXTLPIus software packag®. The structure
value measured for bipyrimidine, these energies are comparablevas solved by direct methods and refined/rby a full-matrix
to the measured intramolecular exchange in solution. In light least-squares fitting prograftwith anisotropic thermal param-
of this result, the assumption of negligible intermolecular eters for the non-H atoms. The hydrogen atoms were located
exchange interactions is questionable. from aAF map and refined with isotropic temperature factors.
If intermolecular interactions are of the same order of The planar molecule lies on a crystallographic inversion center
magnitude as intramolecular interactions, the concept of isolatedat /2, ¥/, />. The maximum deviation from planarity for a
triplets and singlets is no longer useful and more complex hon-hydrogen atom is 0.01 A for C8. The functigm(|F,|?
models are required. Two possible interaction schemes are the— |F¢/%)? was minimized, wherev = 1/[(6(F,))? + (0.0528)?
Heisenberg ladd&t or the alternating one-dimensional Heisen- + 0.094P] andP = (|Fo|? + 2|F(|?)/3. Neutral atom scattering
berg chaif® (Figure 10). Though numerical solutions are factors and values used to calculate the linear absorption
available for the magnetic susceptibility expected from each of coefficient are from the International Tables for X-ray Crystal-
these models, they both approximate a simple exponentiallography (1992 Computer programs used in data treatment
function whenkT < J. Fitting of the available data to these have been described elsewhé&teAll figures were generated
models does not allow distinction between them and does notusing SHELXTLPIus?® Tables of positional and thermal
lead to unique solutions. We also note that the exponential parameters, bond lengths, bond angles, and torsional angles and
behavior of the susceptibility does not eliminate the possibility lists of observed and calculated structure factors are listed in
of planar6 having a triplet ground state with strongly antifer- the supporting information.

a) b) Iy

romagnetic intermolecular coupling. Halddhproposed that Molecular Orbital Calculations. Semiempirical electronic
the magnetic susceptibility deriving from such a model would structure calculations were carried out using MOPAC 6.00, as
also show exponential behavior at low temperature. included in the CAChe 3.7 software package, running on a

Unfortunately, the complexity of the intermolecular interac- PowerMacintosh 8100/80. The AM1 parameters used in the
tions in this nondilute magnetic system prevent the determination calculations were taken from the literatdfe Atomic coordi-
of the value for intramolecular exchange for the isolated planar nates used in the calculations were taken directly from the X-ray
molecule. The strength of these interactions suggest, howevercrystal structure data reported herein. Geometry optimization
that neutral radicals such &may provide a novel structural  was achieved when the change in energy was less than 0.0002
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kcal molL. Singlet RHF, biradical RHF, UHF, and triplet UHF
calculations were performed on the structure observed in the
solid state.

ESR Spectroscopy.ESR spectra were recorded on a Bruker
ESP300E X-band spectrometer equipped with a ER-4011
variable-temperature controller. Solution spectra were recorded
using a saturated solution 6fin argon purged chloroform. The
intensity of the half field signal was obtained by double
integration. Intensity data was fitted to the modified Bleany
Bowers equation

| = (T)/(3+e") +p

using a least-squares method to give the sirglgblet separa-
tion J along with the proportionality constarq and the
temperature-independent tepn The latter term was included
to allow for errors in baseline integration. Measurements at
77 K were achieved by immersing the sample in a quartz liquid
nitrogen Dewar flask that was designed specifically to fit within
the spectrometer cavity. The single crystal for the VT study
was glued to the end of a quartz rod with thexis (needle
axis) perpendicular to the rod. A marker glued to the rod
indicated the orientation of the crystal within the cavity. The
crystallographic axis parallel to the axis of rotation was not
determined. VT measurements were taken with the crystal-
lographic a axis perpendicular to the magnetic field. The
normalized magnetic susceptibilityy was calculated as

In= 500

wherel is the integrated signal intensity ahgois the integrated
signal intensity at 300 K. Data were fitted to the function

anT = ke 25D + g

using a least-squares method to giMe andp whereAE is the
energy gapk is a proportionality constant, arglis a constant
related to the concentration of the doublet trace impurity.

Supporting Information Available: Full details of data
collection parameters, tables of atomic coordinates, anisotropic
thermal parameters, bond lengths, and bond angle$ f&r
pages); list of observed and calculated structure factors (4 pages)
Ordering information is given on any masthead page.
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