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ABSTRACT: Mixtures of 2-(4,5,6,7-tetrafluorobenzimidazol-2-yl)-4,4,5,5-tet-
ramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl (F4BImNN) and 2-(benzi-
midazol-2-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl
(BImNN) crystallize as solid solutions (alloys) across a wide range of binary
compositions. (F4BImNN)x(BImNN)(1−x) with x < 0.8 gives orthorhombic
unit cells, while x ≥ 0.9 gives monoclinic unit cells. In all crystalline samples,
the dominant intermolecular packing is controlled by one-dimensional (1D)
hydrogen-bonded chains that lead to quasi-1D ferromagnetic behavior.
Magnetic analysis over 0.4−300 K indicates ordering with strong 1D
ferromagnetic exchange along the chains (J/k = 12−22 K). Interchain
exchange is estimated to be 33- to 150-fold weaker, based on antiferromagnetic ordered phase formation below Neél
temperatures in the 0.4−1.2 K range for the various compositions. The ordering temperatures of the orthorhombic samples
increase linearly as (1 − x) increases from 0.25 to 1.00. The variation is attributed to increased interchain distance corresponding
to decreased interchain exchange, when more F4BImNN is added into the orthorhombic lattice. The monoclinic samples are not
part of the same trend, due to the different interchain arrangement associated with the phase change.

1. INTRODUCTION
Control of magnetic exchange interactions in molecule-based
materials by tuning their crystallographic packing is a much-
pursued endeavor in soft matter materials, such as organic
molecular solids.1 Some short-range crystal assembly geo-
metries are predictable when strongly directional intermolec-
ular forces are involved, such as hydrogen bonds. However,
general predictions of lattice packing in organic molecular
crystals based only on structure are still not possible. Even
subtle changes in intermolecular packing of radicals based solely
on the upper row elements can give major changes in
qualitative magnetic behavior, since exchange in these systems
is significant only over distances less than 5 Å between sites
with large absolute spin density magnitudes. Although strong
exchange interactions require intermolecular spin orbital
overlap, overall magnetism in organic materials can also depend
crucially on small interactions involving close contacts between
small spin density sites or on more generalized dipole−dipole
interactions. This makes magnetostructural comparisons
difficult for materials composed of different molecules, because
their crystallographies frequently are quite different.
Comparisons are clearer between crystallographically iso-

morphous materials. One type of variable composition material
with strong potential to have the same or very similar
crystallography is the class of solid solutions (“alloys”). These

offer opportunities to study full phase diagrams of magnetic and
crystallographic behavior as functions of composition, with
enough similarity of solid-state packing behavior to allow
clearer comparisons between compositionally different materi-
als. A few studies of organic radical alloy-type mixtures have
been previously reported. The dilution by Awaga, Sugano, and
Kinoshita of galvinoxyl radical with its diamagnetic precursor,
hydrogalvinoxyl, was one of the first demonstrations of organic
radical solid solutions.2 Mukai and co-workers similarly studied
dilution3 of an oxoverdazyl TOV with its diamagnetic precursor
TOV-H. They also investigated the variation of magnetic
behavior in binary alloys, using pairs of radicals: p-CDpOV with
p-BDpOV,4 and p-CyDOV with p-CyDTV (see Chart 1 for
structures).5 The latter two sets of studies are the major body
of published work for purely organic radical/radical alloys.
They utilized powder X-ray diffraction (XRD) to determine
variation in unit cell parameters: changes in specific
intermolecular contacts were not available from this.
A preliminary study with full single-crystal XRD determi-

nation was previously reported6 for a 1:1 solid solution between
2-(4,5,6,7-tetrafluorobenzimidazol-2-yl)-4,4,5,5-tetramethyl-
4,5-dihydro-1H-imidazole-3-oxide-1-oxyl and 2-(benzimidazol-
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2-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-
oxyl, F4BImNN and BImNN, respectively. Both the
intermolecular crystal packing and the exchange behaviors
were similar to those observed6−9 in the pure individual
components. Although F4BImNN and BImNN are not
isomorphous, they form geometrically very similar hydrogen-
bonded chains; so does the 1:1 solid solution. A point of
particular interest for all of these samples is the strong one-
dimensional (1D) ferromagnetic (FM) exchange interactions
associated with chain formation in each. Because of this, and
because the individual components exhibit such similar
intermolecular packing, we decided to test the magneto-
structural behavior of a wide range of F4BImNN/BImNN
binary mixture ratios.
In this article, we report single-crystal XRD analyses and

magnetic studies for a full range of binary solid solutions, or
alloys, as they will be subsequently called in this article,
between F4BImNN and BImNN, (F4BImNN)x(BImNN)(1−x)
with 0 < x < 1. Single-crystal XRD gives a much more detailed
picture than lattice-only powder XRD for variation of
intermolecular packing in the (F4BImNN)x(BImNN)(1−x)
alloys with composition, including a crystal lattice phase
change. Low temperature magnetism studies for all of the
samples show ordering at temperatures that were tunable with
regular trends over much of the composition range, to the point
that the magnetic ordering temperature of pure BImNN was
successfully predicted before it was measured. The results
constitute a comprehensive structure−property study relating
magnetic ordering temperature to composition in a set of
closely related, purely organic, radical/radical magnetic alloys.

2. MATERIALS AND METHODS
2.1. Synthesis. F4BImNN7 and BImNN8 were synthesized using

literature procedures. Their purities were confirmed by high pressure
liquid chromatography (HPLC). Details are given in the Supporting
Information.
2.2. Sample Preparation and Characterization. F4BImNN was

crystallized from acetonitrile. BImNN and binary mixtures between
F4BImNN and BImNN were dissolved in chloroform and allowed to
crystallize slowly by diffusion of hexane vapor into the solutions at
ambient temperature in sealed containers. Individual crystals of the
mixture solids were tested by HPLC, which showed consistently very
similar component ratios for a given sample. Samples also were
checked by comparing XRD unit cell parameters at room temperature
for multiple single crystals selected from each sample; these also
showed the tested crystals to be in the same phase for each given
sample. For a few sample (F4BImNN)x(BImNN)(1−x) compositions x
∼ 0.8−0.9, diffraction grade crystals did not form to a significant
extent.
The alloy solids were also analyzed by thermogravimetric analysis

(TGA) under nitrogen and by FT-ATR infrared spectroscopy. TGA
decomposition temperatures Td were taken as the first, relatively sharp
maximum of the derivative of the data: some compositions also

showed more generalized, broad temperature range decomposition
processes for T > 275 °C.

2.3. Crystallography. Single crystals were analyzed by XRD at
100 K (Tulane); in several cases, crystals from the same sample were
also analyzed at room temperature (UMass Amherst). Low temper-
ature lattice parameters are given in the main text, and room
temperature lattice parameters are given in the Supporting
Information for the pure components and some of the binary alloys.
Full crystallographic details for all samples are given in the Supporting
Information.

For the low temperature analyses, full spheres of data were collected
on a Bruker-AXS Smart APEX CCD diffractometer using a
combination of ω and φ scans with scan widths varying between
0.3°and 0.5°, and exposure times chosen to provide the maximum
possible numbers of observable diffraction maxima. The raw intensity
data were converted to F2 values with SAINT,10 and at the same time,
a global refinement of unit cell parameters was performed. Empirical
absorption corrections and merging of symmetry equivalent reflections
were performed with SADABS.11 The structures were solved by direct
methods (SHELXS) and refined by full-matrix least-squares
procedures (SHELXL).12 In most instances, at least some of the
hydrogen atoms could be observed. Those attached to carbon were
placed in idealized positions while those attached to nitrogen (in the
alloys) were placed in positions derived from difference maps; all were
included as riding contributions with isotropic displacement
parameters tied to those of the attached atoms.

2.4. Magnetic Measurements. Magnetic dc-susceptibility meas-
urements were carried out over 1.8−300 K using a Quantum Design
MPMS-7 magnetometer in dc mode. Molar susceptibilities are given in
units of emu·Oe−1·mol−1; the numerical values are the same as would
arise if a commonly used alternative scheme of units, cm3·mol−1, were
used instead. Magnetization versus field data were obtained at a fixed
temperature of 1.8 K on the same instrument. Polycrystalline samples
were placed into gelatin capsules and held in place with a plug of
cotton. Temperature independent corrections were made by
extrapolation from the higher temperature raw susceptibilities. Ac-
susceptibility measurements at 0.4−1.8 K were carried out on
polycrystalline samples in PVC sample holders using a custom-built
apparatus that has been described13 elsewhere. Specific mathematical
models used to interpret susceptibility versus temperature and
magnetization versus field data are given in the text below, and in
detail in the Supporting Information.

3. RESULTS AND DISCUSSION

At most compositions, diffraction quality crystals of the organic
radical alloys formed readily. Fluorine-rich samples formed
fairly large, blue-black prisms, while fluorine-poor mixtures
yielded clusters of fine needles. HPLC of dissolved individual
crystals from each sample showed good quantitative agreement
with the input component ratios, to within a few percent.
Thermogravimetric analysis (TGA) of the mixtures each
showed single macroscopic decomposition temperatures Td,
consistent with a single alloy phase rather than mixtures of
different phases having different decomposition points.

Chart 1
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Single-crystal XRD analyses at 100 K confirmed formation of
solid solutions, with F4BImNN or BImNN occupying random
sites in a common lattice, in ratios quite close to the input
composition ratios. The unit cell lattice parameters at each
(F4BImNN)x(BImNN)(1−x) composition are given in Table 1,
as well as those for pure F4BImNN and pure BImNN; more
complete summaries at room temperature and 100 K are given
in the Supporting Information. The lattice volume contractions
found upon cooling from room temperature to 100 K were
3.0−3.5%. The (F4BImNN)x(BImNN)(1−x) compositions with
x = 0.90−1.00 crystallized in the monoclinic P21/c space group;
those with x = 0.0−0.75 crystallized in the orthorhombic Pbca
space group. Samples with x ∼ 0.8−0.9 tended not to give
diffraction quality single crystals but bundles of fibers that
diffracted poorly if at all. A sample with x = 0.83 yielded some
crystals with an orthorhombic space group (see the Supporting
Information). However, as will be described below, samples of
this composition gave anomalous magnetism, which we
attribute to a lack of a consistent crystalline phase formation
throughout the sample bulk.
Figure 1 compares corresponding views of alloy monoclinic

and orthorhombic lattices viewed looking down the axis along
which hydrogen-bonded chains form. It is convenient to

compare analogous packing motifs among the samples,
specifically the hydrogen-bonded stacking axis (herein, also
called the FM stacking axis for reasons described below), a
“butterfly” packing axis that roughly follows the direction in
which the benzimidazole π-electron clouds point, and an
interchain contact axis that roughly follows the direction of the
benzimidazole ring edges (C−F and C−H bonds). These
descriptions will be used to avoid confusion related to the
change of axial designations across the orthorhombic−
monoclinic phase transition. From the viewpoint of Figure 1,
the orthorhombic−monoclinic phase change involves one
“slab” of butterfly packed chains slipping vertically relative to
the other. In the orthorhombic phase, the interslab contact
region involves nearly edge-on aryl−aryl contacts, and methyl−
methyl contacts. In the monoclinic phase, the interslab slippage
leads to all all aryl−methyl edge-on contacts between chains. A
reason for this is suggested later, below.
Magnetic susceptibility measurements at 1.8−300 K were

carried out in a dc external field of 1000 Oe. Similarly to the
previous reports for pure F4BImNN,7 BImNN,8,9 and their
equimolar alloy6 with x = 0.5, all samples showed positive
Weiss constants from the abscissa intercepts of 1/χ versus T
plots, and strong upturns in χT versus T plots; both features

Table 1. Selected Properties of (F4BImNN)x(BImNN)(1−x) Alloys

fraction of F4BImNNa space group [Z]b V/Å3 a, b, c/Åc β (deg) TN(0)/K
d Td/°C

e J/k (θ)f

1.00 P21/c [4] 1454.7(3) 8.5019(11) 110.586(2) 0.761 172 22 Kg

20.951(3)
8.7237(12)

0.95 P21/c [4] 1441.1(4) 8.4721(13) 110.650(2) 0.64 * *
20.890(3)
8.7019(13)

0.90 P21/c [4] 1424.5(12) 8.436(4) 110.680(8) 0.74, 0.705 175 18 K (0.2 K)
20.805(11)
8.676(4)

0.88 Pbca [8] 2880.5(10) 8.8193(17) 90.000 0.62 * *
15.674(3)
20.839(4)

0.75 Pbca [8] 2848.4(4) 8.7678(7) 90.000 0.49, 0.50 187 12 (0.1)
15.6310(12)
20.7838(16)

0.50 Pbca [8] 2770.2(14) 8.694(3) 90.000 0.726 196 15 (0.3)
15.491(4)
20.569(6)

0.25 Pbca [8] 2709.2(5) 8.6527(8) 90.000 0.94, 0.95 206 13 (0.6)
15.3511(15)
20.396(2)

0.17 Pbca [8] 2695.4(4) 8.6503(8) 90.000 0.97 213 *
15.3100(14)
20.3524(18)

0.10 Pbca [8] 2687.7(19) 8.651(4) 90.000 1.05, 1.06 217 16 (0.7)
15.285(6)
20.327(8)

0.00 Pbca [8]h 2651.3(3) 8.6236(6) 90.000 1.16 225 22i

15.2101(10)
20.2137(13)

a(F4BImNN)x(BImNN)(1−x) solid solution composition x. bAll unit cell parameters obtained at 100 K. cBoldface numbers indicate the axis along
which Scheme 1 FM exchange chain propagates. dNeeĺ temperatures from zero field ac-measured χ vs T maxima. Double entries indicate duplicate
measurements for independent samples. eDecomposition temperatures determined as the maximum of a derivative plot of thermogravimetric mass
loss versus temperature. fExchange constants and mean field terms in Kelvin (K) from fitting χT vs T data in a dc external field of 1000 Oe with the
Pade ́ 1D chain model described in the text. gRef 7, evaluated without mean field. hFrom CCDC CIF entry REFXUV. iRef 8, evaluated without mean
field. *Not evaluated.
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indicate significant FM exchange interactions. Example χT
versus T plots are shown in Figure 2; most are for the

orthorhombic phases, but x = 0.9 data are given to exemplify
the similarity of monoclinic to orthorhombic sample magnetic
behavior when considering only dc susceptibility above 2 K.
From previous studies,7,8 the FM exchange in F4BImNN and
BImNN is attributed to hydrogen-bonded chain assembly of
the nitronylnitroxide units into stacks with a favorable spin
orbital overlap between large positive spin density on the O
atoms and small negative spin density on the radical C atoms.

The FM exchange thus comes from the Oα···Cβ spin orbital
contacts shown in Scheme 1. Assuming that these contacts

control the polarization of other spin density sites, all N−O
units in the chains will have positive α-spin density, producing
net FM exchange throughout the chain. Experimentally,
F4BImNN, BImNN, and (F4BImNN)0.5(BImNN)0.5 have
been shown to exhibit exchange constants of J/k = +22 K,7

+22 K,8 and +15 K,6 respectively, all evaluated using the same
Pade-́type magnetic 1D Heisenberg chain model14 with H =
−2J∑S1·S1+N. All of the samples in the present study form the
same hydrogen-bonded chains, propagating along the c-axis in
the monoclinic samples and the a-axis in the orthorhombic
samples. Fitting the χT versus T data for the alloys by the same
1D chain model using fixed g = 2.006 also yields relatively large,
positive values of J/k, as shown in Table 1 for samples analyzed
over 1.8−300 K.
All of the alloy samples in this study also showed

magnetization versus field (M vs H) behavior at 1.8 K that
fits to spin quantum numbers ranging over S = 6−11, based on
Brillouin function fitting. Several example M versus H curves at
1.8 K normalized against saturation magnetizations Ms are
shown in Figure 2. With limited variation, all of the alloy
samples show similar magnetic behavior. This is consistent with
assigning an important magnetic role to the highly reproducible
hydrogen-bonded chain motif in all of the crystalline alloys,
even across the phase change boundary with changing
composition. The values of S are much larger than the value
of S = 1/2 expected for radical spin units, because the spins in
the chain are strongly oriented by the intrachain FM exchange
coupling. The results reinforce the susceptibility results for the
general model whereby the full composition range of crystalline
binary alloys over x = 0.0−1.0 is magnetically dominated by the
strong FM chain intermolecular motif of Scheme 1. The phase
change in the fluorine-rich composition region does not much
change the dominating intrachain FM 1D chain motif; but, the
interchain geometry changes, as is discussed below.
Because of the strong intrachain exchange, the alloys can be

considered as quasi-1D ferromagnetic materials. Completely
isolated 1D exchange coupled chains cannot undergo magnetic

Figure 1. Relationships between packing in orthorhombic and
monoclinic alloy phases. Directionality of interchain contacts and
butterfly packing are indicated; the ferromagnetic (hydrogen-bonded)
stack contacts run into the figure view.

Figure 2. χT vs T plots for selected alloys at 1000 Oe, showing data
from 1.8 to 100 K. Inset shows normalized magnetization plots for the
same samples (same color coding) at 1.8 K; the theoretical M/Ms vs H
Brillouin curve for S = 1/2 is shown as a broken line curve.

Scheme 1. Spin Orbital Overlap at the Cβ···Oα Contact That
Leads to Ferromagnetic Chain Exchange Coupling

Journal of the American Chemical Society Article
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ordering throughout the bulk of the sample. However, in
practice, many such systems have small interchain exchange
interactions that lead to bulk ordering. Murata et al.7b

previously reported zero-field ac-susceptibility and heat capacity
studies showing that pure F4BImNN undergoes bulk ordering
as an antiferromagnet with a Neél temperature of TN(0) = 0.72
K in zero external field. Prior to the present study, this was the
only direct magnetic observation of the ordering temperature in
benzimidazole-functionalized nitronylnitroxides, although Su-
gano et al. recently reported15 BImNN to order at 1.0(1) K
based on detection of μSR magnetic fluctuations below that
temperature.
Several binary F4BImNN/BImNN alloys, as well as pure

BImNN, were studied under zero field ac-susceptibility
conditions below 2 K at 155 Hz frequency and 10 Oe
modulation fields. Pure F4BImNN was previously studied7b

under similar conditions. All samples showed χ versus T
maxima at varying temperatures, except for x = 0.83 mixtures
that barely showed a weak feature. The maxima for the other
samples behave in a manner consistent with antiferromagnetic
Neél transitions, since they shift to lower temperatures in
applied external magnetic fields (see Supporting Information).
The ordering temperatures at zero field, TN(0), are listed in
Table 1 for all samples subjected to sub 2 K magnetic analysis.
Figure 3 shows that the ac susceptibility plots, and Figure 4

shows a plot of zero field TN(0) as a function of sample
composition.
Pure F4BImNN gave TN(0) = 0.76 K, in good agreement

with the previous7b report. The variation of the rest of the Neél
temperatures with composition is roughly “check mark”-shaped
in Figure 4, with a minimum ordering temperature of 0.49 K at
x = 0.75. The minimum corresponds to the composition at
which the 1D exchange constant J/k in Table 1 is also a
minimum, based on the magnetic data above 2 K.
For the monoclinic compositions, TN(0) roughly decreases

in the narrow composition range where this phase is formed as
BImNN is added to pure F4BImNN. As described earlier, the
behavior of the x = 0.83 phase was anomalous, as seen in

multiple samples. The mixture compositions for x = 0.75−0.88
tended to be crystallographically problematic, frequently
precipitating into fibrous clusters that did not show good X-
ray diffraction. The lack of a clear ordering χ versus T ordering
cusp in this composition range is thus attributed to a lack of
orderly crystal lattice formation in the bulk of mixtures.
For the orthorhombic compositions, as the fraction of

BImNN increases for (1 − x) > 0.25, a linear increase in TN(0)
from 0.49 to 1.2 K is observed. The trend is so regular that we
could estimate TN(0) of pure BImNN (nearly the last sample
analyzed) based on trends from the rest of the data in Figure 4.
The extrapolated estimate turned out to be in good agreement
with the μSR-determined ordering temperature15 from Sugano
et al., and with the magnetic results eventually found in this
study.
Since interchain exchange is required to get nonzero ordering

temperatures, various correlations were considered for sample
composition and TN(0) with various interchain and inter-
molecular contacts. Figure 5 shows several correlations, using
the packing motif nomenclature from Figure 1, plus some
additional parameters described below. Monoclinic cell
volumes were doubled for appropriate comparison to the
corresponding orthorhombic parameters. Of course, the phase
change from an orthorhombic to monoclinic space group
obscures comparing the nominally corresponding axis lengths
across the phase change boundary, especially since the unit cell
angle β changes from 90° to 110−111°. But, across the range of
compositions, unit cell volume increases almost constantly as
fluorine content increases (Figure 5a,b), with a small
discontinuity at (F4BImNN)x(BImNN)(1−x) x = 0.9 corre-
sponding to the phase change boundary. The interchain contact
repeat distance increases slowly and monotonically as the
fluorine content increases, even across the phase change
boundary. The butterfly packing repeat distance sharply
lengthens at the phase change boundary as x increases above
0.88, accompanied by a 2.5% decrease in the FM stacking
repeat distance length.
Because of the general increase in lattice volumes with

increasing fluorine content, the phase change seems reasonably
attributable to internal, chemical pressure in the orthorhombic
lattice as the content of F4BImNN is increased. As F4BImNN

Figure 3. Ac susceptibility χT vs T data for alloys, normalized for each
curve to the susceptibility maximum for visual ease of comparison.
Upper chart shows fluorine-rich phase region data, lower chart shows
only orthorhombic phase data. Data acquired at modulation frequency
155 Hz, modulation amplitude 10 Oe.

Figure 4. TN(0) as a function of binary alloy compositions. Gray-
hatched zone indicates region of phase change between monoclinic
(M) and orthorhombic (O) phases.
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molecules increasingly replace BImNN and aryl C−F bonds
replace C−H bonds in the orthorhombic packing array of
Figure 1, the edge-on interchain aryl−aryl contacts should
produce increasing repulsion between the partial negative
charges on the increasing number of electronegative fluorine
atoms. Figure 6 shows a plot of density versus composition

from the 100 K crystal analyses, with a linear increase as the
F4BImNN content increases in the orthorhombic region. Of
course, adding heavier F4BImNN to a nearly constant lattice
should increase crystal density; but, F4BImNN also occupies
somewhat more volume than BImNN. As a result, increasing
crystal density due to increased F4BImNN content should
correlate roughly with increased internal chemical pressure.
When the F4BImNN content and density get high enough, the
phase change from the orthorhombic unit cell occurs with the
chains slipping relative to one another along the FM stack axis,
to eliminate aryl−aryl edge-on interactions. In the monoclinic
phase, the aryl C−F bonds at the periphery of the chains form
hydrogen-bond-like aryl−methyl interactions (Figure 1, mono-
clinic diagram) with the CH3 groups of the nitronylnitroxides.
There are still some moderately close contacts between aryl
rings in the monoclinic phase, but they are strongly slip-stacked
contacts, not edge-on. Once the monoclinic phase forms and
aryl−aryl edge-on steric interactions are eliminated, crystallo-
graphic density stabilizes, as shown in Figure 6.
To try to understand the gradual changes of packing with

alloy composition, some parameters were desirable to gauge the
shifting of chains away from one another, and their slippage
relative to one another along the FM stacking direction.
Scheme 2 shows a geometric model to describe the interchain
distance and translation of one chain versus another along the
FM chain propagation direction. The centroids of two

Figure 5. Plots of 100 K lattice parameter relative changes for binary alloys as functions of composition (full range in chart a, orthorhombic phase
region in chart b); actual axis to axis (chain to chain) distances from Scheme 3 (chart c); intercentroid distance (Scheme 2 definitions) of r*
interchain pair in Scheme 3, and “down axis” intercentroid distance along a single FM chain, both for orthorhombic phases (chart d).

Figure 6. Plot of density versus composition for 100 K crystallographic
analyses.
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symmetry equivalent nitronylnitroxide rings are convenient
reference points to define any FM chain (shown as a “cc axis”).
A third centroid in a neighboring chain allows description of an
interchain distance r(cc), and an angle describing translational
“slippage” between different chains (“ccc angle”).
Of course, the parameters of Scheme 2 depend on which

chains are compared. Scheme 3 shows a view similar to Figure

1, straight down the “cc” axes of Scheme 2. It shows the spatial
relationship between FM chains. Distance rb correlates directly
with the orthorhombic b repeat unit distance, while r*, r**, and
r+ are symmetry-unique chain-to-chain distances relative to any
one reference chain, with r* being the shortest interchain
distance. Figure 5c (compare Figure 5b for rb) shows how these
interchain distances increase as the fraction x of F4BImNN
increases. Figure 5d tracks the interchain geometry slippage
between the chains associated by r* of Scheme 3, with the
centroid-centroid distance definition rcc in Scheme 2. Variation
of the intrachain intermolecular distance r(cc axis) is also shown.
The interchain distance rcc* increases by about 0.2 Å, as the ccc
interchain slippage angle decreases by only about 0.4°. As
shown in the various charts of the figure, rb and r(cc axis) also
increase within the orthorhombic phases. Across the phase
change boundary, rb and r(cc axis) follow the Figure 5a trends of

the FM chain and butterfly packing axes as functions of
composition.
In the orthorhombic phases, especially, increased distances

between chains in the alloys with larger fluorine content
correlate well with observed decreases in TN(0), as shown in
Figure 7. But, attributing the TN(0) variation to specif ic

intermolecular contacts is not straightforward. Although the
strong FM 1D chain interaction can be assigned with
considerable confidence to the specific intermolecular contacts
shown in Scheme 1, no close contact exchange pathways
between chains involve sites of significant or even modest spin
density. Almost all of the nitronylnitroxide spin density is
confined to the O−N−C−N−O π system, whose smallest
density site is (−)16.8% on Cβ of Scheme 1 when computed
using the EPR-III method in Gaussian 09;16 only quite small
spin density is computed on the radical unit’s methyl groups
(<1% each). At the same level of computation, spin density
magnitudes are only 0.6−4.3% on the imidazole ring; the
benzimidazole benzene ring carbons all have spin density
magnitudes of ≤1%. Since both orthorhombic and monoclinic
phases order magnetically despite the change in specific
intermolecular contacts from the phase change, no specif ic
intermolecule contacts between chains seem def initively linked to the
interchain exchange in any of the alloys.
A possible explanation for the trends in Figure 4 is that

ordering is due to more generalized dipolar interactions

Scheme 2. Geometric Parameters within and between Two Hydrogen-Bonded Chains, Compared for Orthorhombic and
Monoclinic Alloy Phases

Scheme 3. Interchain Geometry Distances for Orthorhombic
Alloy Phases, Looking Down the FM Exchange Interaction
Chain Axisa

aThe vector for rcc from Scheme 2 is perpendicular to the figure view;
the centroid mark given for one nitronylnitroxide unit shows an
example site.

Figure 7. Plots of the Neél temperatures for alloys as functions of the
geometric mean of the four interchain distances shown in Scheme 3
(a), and of interchain distance rcc* (b) for the orthorhombic phases
only. For chart (a), circles are for the orthorhombic phases, triangles
for monoclinic.
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between the FM coupled chains of the alloys. One can crudely
consider the FM coupled chains as long aspect-ratio magnets
that are bundled along their long axes. Minor changes in the
interchain distance will affect dipolar exchange between them,
and the overall TN. Figure 6b shows the correlation between
TN(0) and both rcc* and the geometric mean of all of rb, r*, r**,
and r from Scheme 3. The correlations are quite good within
the orthorhombic phases but do not hold across the
orthorhombic to monoclinic phase transition.
It is possible to gauge roughly the effect of increasing the

fraction of F4BImNN on interchain exchange. By using the
1.8−300 K dc susceptibility χT versus T data for several
samples across the full range of compositions, and fitting to the
1D ferromagnetic chain model described earlier, the intrachain
exchange constants Jchain/k = 12−22 K. Equation 1 relates the
ordering temperature to intrachain Jchain and interchain zJinter
exchange:

≈ · | |·T S zJ J2 ( )N
2

inter chain
1/2

(1)

If we simplistically assume that the “isolated chain”
equivalent 1D FM chain exchange does not vary greatly with
composition in the orthorhombic lattices, the apparent
variation in the intrachain J/k would arise from variations of
interchain exchange. By using eq 1 and fixing the smallest value
Jchain/k = 12 K, the increase in TN from 0.49 to 1.05 K as the
BImNN content increases from (1 − x) = 0.25 to (1 − x) =
10.00 can be used to estimate that zJinter increases from ∼0.08 K
to ∼0.37 K, about 4.6-fold. By using the assumed Jchain = 12 K,
Jchain/zJinter ∼ 33−150. This is a very simplified approach, but
since zJinter represents an average over multiple distinct
interchain interactions, it is self consistent that the observed
small changes to the interchain distances should give such
changes in Jchain/zJinter and hence in the ordering temperature.

4. CONCLUSIONS
The binary (F4BImNN)x(BImNN)(1−x) alloys are truly “crystal
engineered” soft materials that allow one to obtain multiple
different, but crystallographically analogous samples to tune
magnetic behavior as a function of composition in a mixed
organic material. The retention of the hydrogen-bonded chain
motif found in both pure F4BImNN and BImNN shows the
importance of the nitronylnitroxide radical unit as a hydrogen-
bond acceptor in these and in the alloys, since Taylor and Lahti
showed17 that 4,5,6,7-tetrafluorobenzimidazole itself has very
different crystal packing from benzimidazole18 itself. Well-
defined cocrystal pairings of F4BImNN with BImNN
molecules could readily have been imagined as alternatives to
the alloys, as is seen in general in many cocrystals of
fluoroarenes with hydrocarbon arenes.19 In a recent case
comparable but different in outcome to the work in this article,
Rawson and co-workers20 cosublimed the radicals phenyl-
dithiadiazolyl and pentafluorophenyldithiadiazolyl to give
specific, 1:1 pairing of the components in a cocrystal.
The (F4BImNN)x(BImNN)(1−x) set of organic alloys have

some of the strongest15,21 chain-type FM exchange interactions
for organic paramagnets based on elements of the upper two
rows of the periodic table, as well as being among the most
magnetically anisotropic purely organic magnetic materials.
Overall, this study provides one of the most detailed
magnetostructural analyses of a set of organic all-radical alloys,
since full crystal structures, not just unit cell parameters, were
obtained at each composition. Although ordering temperatures

in the study are relatively low, they are tunable in a regular
manner in the orthorhombic portion of the alloy composition
phase diagram. If one accepts that variation in the
orthorhombic phase alloy packing arises from internal crystal
pressure effects due to intermolecular repulsions between
fluorinated regions of the molecules, and that the packing
variation induces the observed changes in ordering temper-
ature, the results of this study can be compared to recently
reported22 effects of external pressure on magnetic exchange in
pure F4BImNN. The level of control achievable in these all-
paramagnetic organic alloy materials encourages further efforts
to design and understand analogous materials with similar
crystallographic and electronic tunability.
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