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Organic molecular magnetism has advanced significantly
in the past decadewith improved recognition of crystal-
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lographic packing motifs that give predictable, or at least Figure 1. T-stack spin site contacts give 1D ferromagnetic chain exchange
rationalizable, exchange between unpaired spins. HydrogenPehavior by favorable spin overlap.

bonding in radicals has been particularly promising, giving
some control over intermolecular geometric relationships that
affect the subtle interplay of unpaired spins in a séhtixed
crystals and materials offer even wider possibilities for
creating and influencing new electronic properties in ways
that are not possible in single-component systems. In this
article, we report an unusual, solid-solution crystallization
of two organic radicals to give strong 1D chain ferromagnetic
exchange that is mostly controlled by hydrogen-bonding
assembly of the radicals.

Yoshioka and co-worketshowed that hydrogen-bonded
chains in the benzimidazole group assemble nitronylnitroxide
radical groups in BImNN into “T-stacks” that favor ferro-

F4BIMNN remains sufficiently strong to assemble virtually
identical chains to those in BImMNN. Notably, the magnetism
of FABImMNN aboe 2 K is also quite similar to that of
BImNN, and fits 1D Heisenberg chain FM exchange with
Jip = +17 K. The crystallographic scaffold imposed by the
benzimidazole hydrogen bonding appears to control the
magnetism in both of these materials.

Fluorinated and unfluorinated compounds can cocrystallize
in motifs that do not form in the single-component crys¢als.
BImNN and F4BImMNN were recrystallized from a 1:1 mol:
mol ratio solution to test whether they would co-
crystallize. Deep blue-black needles formed, which thin layer

magnetic exchange by a through-space spin polarization (SPFhromatography and mass spectrometry showed to incorpo-
model. Figure 1 shows the interaction between close contact'@te both radicals. Quantitative HPLC of a visually single

sites of appreciable spin density in this arrangement. Favor-
able contacts occur when spin orbitals of opposite spin
density overlap, leading in the case of BIMNN to ferromag-
netic (FM) exchange. Magnetic measurements supgdhe
SP model, showing 1D Heisenberg chain ferromagnetic (FM)
exchange in BImMNN.

Murata et al. reportédthat the fluorinated analogue of
BImNN, F4BImNN, forms a surprisingly similar crystal
structure to that of BImMNN. The hydrogen bonding in
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crystal showed a 46:54 mol:mol ratio of F4ABImMNN:BImNN.
Differential scanning calorimetric measurements of the
mixture showed a decomposition exotherm at 199
whereas FABIMNN decomposes at £T@) and BImMNN at*
217-219°C. If the product mixture were substantially het-
erogeneous, it should show decomposition points for the com-
ponents instead of (or, in addition to) one different from both.
X-ray diffraction (XRD) analysis of several single crystals
of the mixture confirmed that the fluorinated and nonflu-
orinated radicals intimately co-mingle. The analysiSone
crystal at 100 K is summarized in Table 1, with molecular
and intermolecular structure data given in Table 2. The
reflection data showed a mosaic spread of Oiddicating
that crystal does not have heterogeneous diffraction regions.
The analysis showed the crystal to incorporate fluorinated
and unfluorinated benzimidazole rings randomly into a
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Table 1. Crystal Data and Structure Refinement for Alloy System

empirical formula GgHzoF4 Ng O4

fw 618.60 (1:1 FABImNN:BImMNN)

T (K) 100(2)

wavelength (A) 0.71073

cryst syst orthorhombic

space group Pbca

a(h) 8.694(3)

b (A) 15.491(4)

c(A) 20.569(6)

V (A3) 2770.2(14)

o (deg) 90

B (deg) 90

v (deg) 90

z 4

Dcalcd (g/cn?) 1.483

abs coeff (mm?) 0.120

F(000) 1288

cryst size (mrf) 0.25x 0.09x 0.03

6 range for data collection (deg) 1.923.31

index ranges —9=<h=<9,-17=<k=17,
—22=<1=22

no. of reflns collected 15925

no. of independent reflns 200B(int) = 0.0808]

completeness t6 = 23.31 (%) 100.0

abs correction semiempirical from equivalents

max. and min. transmission 0.9962 and 0.9705

refinement method full-matrix least-squaresrén

data/restraints/params 2003/168/221

GOF onF? 1.136

final Rindices | > 20(1)]
Rindices (all data)
largest diff. peak and hole (e3f

R; =0.0663wR, = 0.1541
R; =0.0839,wR, = 0.1638
0.332 and-0.281
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Figure 2. ORTEP style diagram for alloy crystal of FABImMNN/BIMNN,
showing two molecules generated byt 1/2,y, —a + 1/2) symmetry
operation. Ellipsoids shown at the 50% probability level. Fluorine and
hydrogen atom positions on the benzenoid rings are actually random in

Table 2. Comparison of F4ABImNN, BImNN, and Alloy System .
solved crystal structure, but are shown on separate rings to reflect the actual

FABIMNN  BImNN alloy molecular structures. The NHON hydrogen bond is shown as a dashed
r(N)O=C), T-stack (A) 3.139(4) 3.17(8) 3.077(4) bond, the NG-C “T-stack” contact is shown by the arrow.
r((N)H~O(N)), H-bond (&) 2.01 1.99 1.90 3.00 5000
r([N)H=N), H-bond (A) 2.75 2.79 2.72 3
O([N)H---O—N), H-bond angle (deg)  55.1 1484  158.0 3 5000
O([N)H---N=C), H-bond angle (deg) 110.2 108.3  110.1 ~ 250 £ 4000 |
BIm-NN torsion (deg) 22.1(5) 23(8) 20.1(5) o E 3000 F S=112
Jip, K (cmY) 17(11.8) 22(15.3) 15.1(10.5) £ 200 S 000 (theor)

[+] =
aSee ref 5P See ref 3b¢ See ref 4. (©] 1000
) ) ) ) X 150 0T L
common lattice as a solid solution or alloy. In such materials, g 0 25000 50000
a large amount of a dopant compound or ion can occupy S 1.00 Field (Oe)
numerous, random lattice sites in a material, retaining one =
overall lattice with varying compositiochThe ORTEP style 0.50
picture shown in Figure 2 shows one ring fluorinated and
one nonfluorinated for ease of reference to Table 2, but the 0.00 10 20 0 20 50
analysis does not distinguish specific lattice positions for each
radical Temperature (K)

Figure 3. »T vs T plots for polycrystalline FABIMNN/BImNN alloy at
1000 ©), 5000 (), and 10 000 @) Oe. Solid line shows fit to a 1D
Heisenberg ferromagnetic chain model (see text for details). Inset shows
molar magnetization) vs field (H) data at 1.8 K ©), and theoretical
M(H) curve forS= 1/2.

Figure 2 shows two important intermolecular contacts in
the lattice: the N2H2n---O2—6 hydrogen-bonding interac-
tion (dashed bond), and the N3GL8—6 T-stack contact
(arrow). The N2-H2n---0O2—6 hydrogen bond is nonlinear,
like that in FABIMNN and BIMNN® (Table 2), but is
reinforced by a somewhat long N2H2rN1—-6 hydrogen- BImMNN as average molecular weight. AT vs T plot at
bond-like interaction. The hydrogen bonds assemble thelowest field (Figure 3) shows the characteristic low-temper-
radicals into 1D chains of T-type stacks in the motif of Figure ature upturn of ferromagnetic exchange. The downturns at
1. These are very similar to those in the pure component higher fields are due to easy saturation, shown in the
radicals, as shown by the comparisons in Table 2. These 1Dmagnetization vs field inset of the figure. This is also seen
chains induce the main exchange interaction between un-in BImNN* and FABImNN due to the strong chain exchange.
paired spins in the lattice. This occurs at the N3@18—6 Similarly to BIMNN® and F4BImNNS the magnetization vs
contact ([O1:+-C8—6] = 3.077(4) A) in the T-stack, where field plot lies well above the theoretic8l= 1/2 curve, close
the major spin densities of the nitronylnitroxide radicals are to that expected for an effecti@= 11.

FM aligned as shown in Figure 1. These contacts therefore A nonlinear least-squares fit of the 1000 Oe data to a 1D
should induce ferromagnetic exchange along the whole chainHeisenberg chain modelwith spin HamiltonianH =

of T-stacks, based on qualitative spin orbital overlap. —2Jy §(i)S(j) givesJdip = +15.1+ 0.2 K, and a mean field
Computational analysis of the very similar FABImMNN 1D constan®) = 0.34+ 0.02 K; the uncertainties are statistical
chain T-stack arrangement shows high-spin FM exchange95% confidence limits. These results are in good accord with
in agreement with experimeht.

Dc paramagnetic susceptibility of the alloy was mea-
sured, using the HPLC-determined ratio of FABIMNN:

(8) Cf. Callister, W. D., Jr.Materials Science and Engineering: An
Introduction 7th ed.; John Wiley & Sons: New York, 2006.
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Figure 4. Interchain contacts in BImNN, the alloy, and F4BImNN; chains run into the figure, which shovedplane for BImNN,bc-plane for the alloy,
andab-plane for FABImNN. Red circles show methyhethyl and aryt-aryl interactions, yellow circle shows methylF—C aryl) interactions.

SP expectation for a ferromagnetically coupled chairsof in the nitronylnitroxide and FC groups on the aryl ring;
= 1/2 molecules and are compared to the results obtainedthe strong electronegativity of thef€ groups makes these
for the separate pure components of the mixture in Table 2.favorable dipolar contacts. BIMNN, by contrast, exhibits
Thus, the magnetostructural relationship first shown for methyl-methyl and ar#-aryl (CH---HC) close contacts. The
BImMNN and reproduced in FABImNN is maintained even in alloy lattice more closely resembles the BImMNN lattice.
a solid solution, because the placement of spins and spinPresumably, at some composition range for mixing the two,

density is so similar.
Sharmin et at® reported that BIMNN solid EPR spectra
exhibit peak-shape changes and decreasing averagkles

there should be a change from the F4BImMNN type to BImMNN
type lattice, or heterogeneous crystallization of different
lattice types (phase separation of the solid solution).

at low temperature, consistent with systems having strongly  Neutral constituent organic magnetic alloys have not been
uniaxial exchange. FABIMNN also exhibits peak-shape much explored? Mukai and co-workers studied alloys of
changes and decreasing averagealue as temperature verdazyl radicals by powder XRD, EPR, and magnetidm.
drops. Although the powdered mixture also shows line shape Their magnetic behaviors vary by mixture components and
changes, its averaggvalue increases as the temperature composition. But, their detailed crystallographic structures
drops (see the Supporting Information). are not available. In the present case, the alloy lattice has
The FABIMNN and BImMNN radicals are nearly inter- been clearly determined.
changeable in the alloy lattice because of their similar shape  FABImNN and BImNN are electrostatically more different
and volume. From their separate crystal structures, thethan the verdazyl alloy components. As in the verdazyl cases,
molecular volumes for F4ABIMNN and BImMNN are 285.4 and the similar size and shape of BIMNN and F4BImNN assist
265.9 A, respectively:! Comparable unit-cell volumes for  alloy formation, but their directional N+ON hydrogen-
the two are 3010.8 and 2732.4,Ausing two unit cells for  bond formation add a crucial new element for assembling
BIMNN to maintain the same number of molecules per unit them into T-stacks for FM exchange, despite the difference
volume. in electrostatic natures of their benzimidazole rings. Still,
Although this mixture of F4ABIMNN/BIMNN behaves as  the balance of effects controlling the packing can be subtle.
a solid solution alloy, it must be noted that the phase diagram Yoshioka and co-workers have shown that modest structural
of this two-component system has not yet been explored overchanges to BIMNN can give significant changes in solid-
a range of composition. In particular, pure FABIMNN and state crystal packing and magnetic-exchange beh#tior.
BIMNN have subtly different crystal structures, despite their phase diagram studies for FABIMNN/BImMNN mixtures are
similarities of molecular conformation and crystal chain planned to determine possible variations of their crystal-

formation. Figure 4 compares contacts between 1D hydrogen-ography as a function of composition.

bonded chains in F4BImNN, BImNN, and the alloy.
FABIMNN exhibits close contacts between methyl groups
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