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ABSTRACT: 2-(3',5'-Dimethoxy-4'-hydroxyphenyl)-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazole-1-oxyl (SyrNN) forms a
hydrogen bonded network of contacts involving phenolic OH
and nitronylnitroxide methyl groups as donors, and nitro-
nylnitroxide NO groups as acceptors. The SyrNN intermo-
lecular contact network is quite similar to that of 2-(4'-
hydroxyphenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-
1-oxyl (HOPhNN) (Cirujeda et al, J. Mater. Chem. 1995, S,
243—252), which shows ferromagnetic exchange interactions,
but SyrNN has an additional antiparallel stacking contact
between nitronylnitroxide NO groups that qualitatively and
computationally is expected to induce antiferromagnetic
(AFM) exchange between SyrNN molecules. Experimentally,

Inter-radical
close contacts

' in

SyrNN lattice

the magnetism of SyrNN shows evidence of multiple exchange interactions with overall low dimensional AFM exchange
behavior. Fits of dc magnetic susceptibility versus temperature data for SyrNN to AFM 1-D chain and 2-D square planar models

give J/k ~ (=)1-3 K

B INTRODUCTION

Hydrogen bonding is an important interaction to control
intermolecular packing of molecule based electronic materials,
including' magnetic materials. The magnetic exchange
interactions between unpaired electrons in an organic solid
can vary quite subtly with only modest changes in
intermolecular arrangement. Early efforts attempted to identify
simple, spin-orbital-overlap geometric models for predicting
magnetic behavior in organic molecular solids,> but further
study has shown that that these can be quite misleading,® save
for cases of close (<4 A) direct spin—orbital overlap between
sites with large magnitude spin densities. Relatively sophisti-
cated computational modeling based on experimental crystal
structures has given good agreement with experimental
magnetic behavior in some cases,* but experimental correlation
of crystal packing with magnetic behavior remains important
for identification of structure—property relationships for
organic molecule based magnetic materials.

OH
R R HOPhNN R=H
diBPNN R = t-butyl
SyrNN R =OCH,
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Magnetostructural relationships in the phenolic nitronylnitr-
oxide HOPhNN have been much studied.’ Its magnetic
properties may be linked to exchange via OH to ON hydrogen
bonds in its crystal structure, but the spin density on its OH
group is known to be quite small for a possible exchange
contact site. The analogue diBPNN also forms hydrogen-
bonded chains, but with different OH to ON chain contact
geometry due to steric hindrance from fert-butyl groups
flanking the OH group.® HOPhNN and diBPNN exhibit
ferromagnetic (FM) and antiferromagnetic (AFM) magnetic
exchange behavior, respectively. The difference invites the
question of what crystallographic differences yield the different
magnetic behavior. As part of investigations of these structure—
property relationships, we report the synthesis of 2-(3’,5'-
dimethoxy-4’-hydroxyphenyl)-4,4,5,5-tetramethyl-4,5-dihydro-
1H-imidazole-1-oxyl (SyrNN, for “syringyl nitronylnitroxide”)
and compare its magnetostructural behavior to those of
HOPhNN and diBPNN. As we describe below, SyrNN,
which lacks the steric hindrance of diBPNN, forms similar
OH to ON chains to those of HOPhNN but shows different
magnetic behavior due to additional important intermolecular
contacts.
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Scheme 1. Synthesis of SyrNN
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B METHODS

Synthesis. SyrNN was made’ by condensing 2,3-bis-
(hydroxylamino)-2,3-dimethylbutane hydrogensulfate with syringalde-
hyde, and then immediately oxidizing the isolated bis(hydroxylamine)
precursor with aqueous NalO, at room temperature as shown in
Scheme 1. The desired, deep blue nitronylnitroxide can be challenging
to isolate due to formation of a red impurity that shows additional
peaks in the EPR spectrum beyond those described below for SyrNN.
We obtained best results for larger scale oxidization step reactions by
the dropwise addition of the oxidizing agent at 0 °C. The crude
product was swiftly isolated, subjected to column chromatography, and
then crystallized by evaporation from ethyl acetate. On extended
standing in solution, the crystallization was sometimes accompanied by
formation of red crystallites that show extra EPR peaks beyond those
of SyrNN. We suspect that the red impurity is the iminoylnitroxide
analogue of SyrNN but were not able to prove this by purifying the
byproduct away from accompanying nitronylnitroxide. Fortunately, we
found that the red byproduct crystallites could typically be manually
separated from the dark blue, pure crystals of SyrNN.

Crystallography. A single crystal of SyrNN was selected and
analyzed using a Bruker Nonius KappaCCD instrument. Data work up
was carried out using® SHELXTL 97. ORTEP diagrams were
generated with ORTEP 3 (v2.02) for Windows;’ crystal packing
diagrams were generated using the Cambridge Crystallographic Data
Centre program Mercury (v3.0.1)."°

Magnetic Measurements. For measurements at 1.8 K and higher
temperatures, polycrystalline samples of SyrNN were placed in gelatin
capsules and held in place with a small plug of cotton. The capsules
were placed in a sample holder stick for a Quantum Design MPMS-$
magnetometer, purged with helium, and cooled for magnetization
versus field (M vs H) measurements at 1.8 K, and variable temperature
dc magnetic susceptibility (y) measurements at an external fields of
100 and 1000 Oe. Raw susceptibility values were corrected for
diamagnetic and sample holder contributions by extrapolation of the
high temperature data. The dc-y values at the two different fields were
essentially the same, so only the 1000 Oe results are shown
throughout this article, unless explicitly described otherwise.

For measurements below 1.8 K, magnetization versus field and
temperature were carried out using a custom built'" vibrating sample
magnetometer in a He refrigerator system. Ac magnetic susceptibility
measurements were performed'' in a *He refrigerator system, using
the mutual inductance coil technique with operation at 155 Hz
frequency and 10 Oe modulation field.

B RESULTS AND DISCUSSION

Polycrystalline SyrNN shows a relatively broad OH stretching
band in the infrared spectrum, indicative of hydrogen bonding
that was confirmed by crystallography as described later. Its
room temperature solution EPR spectrum in toluene has g =
2.0068 with pentet 1:3:5:3:1 hyperfine splitting characteristic of
two equivalent nitrogen atoms, ay = 7.56 G; additional
hyperfine is resolved in the higher field peaks, attributed to the
nitronylnitroxide methyl groups with ay = 0.27 G. The EPR
results are important, because they clearly show observable spin
density to be present on the nitronylnitroxide methyl groups,
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which thereby can play a role in intermolecular exchange
interactions.

SyrNN forms blue-black prisms that are quite stable to
ambient conditions once isolated as a solid, despite some
instability in solution. X-ray diffraction (XRD) results from the
single crystal analysis are summarized in Table 1. Figure 1

Table 1. Summary of the Crystal Structure Data Collection
and Refinement Parameters for SyrNN“

compound (1)
empirical formula CysH,N,O4
formula weight (grmol™) 309.34
temperature (K) 293
wavelength (A) 0.71073
crystal system monoclinic
space group Ce
a(A) 14.2986(5)

b (A) 14.2986(5)

¢ (A) 9.8965(2)

AQ) 123.1518(16)

volume (A%) 1611.86(9)

VA 4

calculated density (g cm™) 1.275

absorption coefficient (mm™") 0.096

F(000) 660

0 range (°) 4.49-25.03

index ranges h=-16—16
k=-16—16
I=-11-11

reflections collected 2714

independent reflections 5318 [R(int) = 0.03]

data/restraints/parameters 2714/2/202

goodness-of-fit on F? 1.058

final R indices [I > 20(I)]

R, = 0.034 (2592)

wR, = 0.0916 (2592)

R indices (all data) R, = 0.0368
WR, = 0.0937
APriny Bpray (¢ A7) —0.12, 0.15

“w = 1/[6*(F,2) + (0.0560P)* + 0.351P], where P = (F,> + 2F.)/3.

schematically shows three magnetically important intermolec-
ular contacts in the structure: hydrogen bonded OH:--O—N
chains, inter-radical chain contacts involving direct SOMO—
SOMO interactions, and interadical CH;:-ON contact chains.
The proposed roles that these play in SyrNN magnetism are
discussed below.

The molar magnetization versus field for SyrNN normalized
to an expected field-saturated magnetization of 5585 emu/mol
for S = 1/2 spin carriers (M/M; versus H, Figure 2) lies well
below the Brillouin curve expected for isolated S = 1/2 spins,
indicating significant intermolecular AFM exchange interac-

dx.doi.org/10.1021/cg301601c | Cryst. Growth Des. 2013, 13, 893—900



Crystal Growth & Design

CONTACTA

CONTACTB
\7 ,\y

Figure 1. Crystallographic intermolecular contacts involving the
SyrNN nitronylnitroxide units: hydrogen bonded OH:--O—N chains
(contact A), inter-radical N—O-+-C chain contacts (contact B), radical-
methyl CH;---ON 2-D network (contact C). The wireframe structures
in the bottom chart lie below the plane holding the tube-bond
structures.
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Figure 2. Molar magnetization normalized to saturation magnetization
(M/M,) versus field at 0.55 K (upper, black data) and 2.0 K (lower,
red data). The dashed line shows the Brillouin curve expected for
isolated S = 1/2 spins at 0.55 K.

tions. Figure 2 is nearly linear up to 40 000 Oe at 1.8 K, with a
very subtle inflection point at ~7000 Oe detectable in a second
derivative plot (see Supporting Information). At 0.55 K, M/M;
versus H becomes more complicated, with a concave down
region from the minimum measured 1000 to 7000 Oe, a
concave up region from 7000 to 40000 Oe, then a concave
down region above 40 000 Oe that saturates by ~50 000 Oe. A
semilog plot (Supporting Information) also shows three M/M,
versus H regions: a rapid rise lower field region, a slower rise
midfield region, and the saturation region (see Supporting
Information). In a mean field approximation,'> M/M, = gugH/
2z]-S where 2] is the averaged exchange interaction of an § = 1/
2 unit with z nearest neighbors. The 2 K data of Figure 2 yield |
zJ/kl = 7.7 K from the slope of the linear region of the plot,
using this relationship. Details are given in Supporting
Information. This value for exchange is in reasonable
agreement with analyses of magnetic susceptibility versus
temperature that are described below.

This multiregion M/M; versus H behavior indicates the
presence of multiple exchange mechanisms: the plot shape is
consistent with low-dimensional chain or 2-D interactions. So,
we considered possibilities for intermolecular exchange in the
SyrNN crystal lattice, based on the crystal structure, combined
with the SyrNN solution phase EPR-derived and computation-
ally modeled molecular spin density distribution.

B3LYP"/EPR-III'* computations using Gaussian 09" for
SyrtNN at the crystallographic geometry predict hyperfine
splittings of ay = * 02-0.7 G (0.04—0.1% spin density
magnitudes) for the nitronylnitroxide methyl groups, depend-
ing on rotational placement. This is in reasonable agreement
with experimentally observed small hyperfine of ay; = 027 G.
The observed methyl hyperfine comes from solution dynamic
averaging of multiple couplings as the methyl groups rotate and
the nitronylnitroxide ring puckers in solution. In the solid state,
the spin density on the methyl hydrogens depends on
pseudoaxial versus pseudoequatorial methyl group geometry®
in the nitronylnitroxide ring. So, it is not straightforward to
extrapolate the solution hyperfine to solid state exchange
behavior for intermolecular CH;--ON contacts described later.
The phenolic hydrogen is computed to have ay = +02 G
(0.05% spin density), on the lower end of range of predicted
methyl hfc. Similar levels of hybrid DFT computational theory
are known to reproduce solution phase EPR hfc in 2-aryl-NNs,
with a tendency to underestimate the experimental spin
polarization (and, in our experience, the nitrogen hyperfine
coupling).Sb’16 A graphical summary of the EPR-III computed
spin density distribution in molecular SyrNN is shown'~ in
Figure 4.

Solution phase spin density estimates do not necessarily
reflect solid state spin density distributions. But solid state
NMR studies for HOPhNN have shown®” experimentally
similar magnitude spin densities on OH and methyl groups.
Also, computations using isolated molecule models support'®
the similarity of OH and methyl hyperfine constant magnitude
in HOPhNN. So, O—H--O—N and C—H(methyl)--O—-N
contacts could both provide small intermolecular exchange
pathways in SyrNN and the related phenoxyl radicals due to the
closeness of the contacts and the large spin densities involved
on the NO group.

The dc magnetic susceptibility of SyrNN was obtained in
separate experiments at 0.6—20 K and 1.8—300 K, and the
combined data were plotted as shown in Figure 3. The data
were obtained at 1000 Oe, in the nearly linear M vs H region.
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Figure 3. Magnetic susceptibility versus temperature for SyrNN. Left panel shows yg4. versus T data at 1000 Oe external field. Right panel shows y,.
versus T data in zero external field (modulation 10 Oe, frequency 155 Hz). The solid red lines show fits to an AFM 2D square planar model for T >

1 K data without mean field correction.

Figure 4. UB3LYP/EPR-III computed spin density distribution in
SyrNN from the crystallographic geometry of one molecule, Z-clipped
at the approximate plane of the nitronylnitroxide ON-C-NO moiety.
The SOMO orbital contour value is 0.02, and the density value is
0.004 for both views.

The yg4. versus T curve lies well below the theoretical isolated-
spin S = 1/2 Curie curve, indicating AFM exchange. A Curie—
Weiss plot of 1/yy. versus T yields a Weiss constant from the
abscissa intercept of 8 = —14 K from the 1.8-300 K

896

experiment, also indicating AFM exchange (see Supporting
Information). Below 4 K, the plot rises monotonically until it
levels out below 1.5 K to give an ill-defined maximum at about
0.9 K. A zero field ac susceptibility plot over 0.35—10 K (155
Hz modulation frequency, 10 Oe modulation amplitude) shows
Jac Versus T to rise below 4 K, as is also shown in Figure 3.
Because there is no maximum in the zero field y,. versus T plot
there is no evidence that SyrNN forms a magnetically ordered
state above 0.35 K. The smooth trend in the M vs H data in
Figure 2 (no sudden rise) argues against possible metamagnetic
behavior, especially given the lack of an antiferromagnetic
transition in the y,. versus T data above 0.35 K.

The y4 versus T data were fitted to several magnetic
exchange models: antiferromagnetic (AFM) spin-pairing,"® 1-D
Heisenberg AFM chain,'® and 2-D Heisenberg AFM square
planar®® models for S = 1/2 spins, with and without a mean
field correction Oy, over the full temperature range and for T >
1 K (because of the change in the data trend for the y,. versus T
data). For all cases, interelectron exchange values are given
using the general Hamiltonian H = —JS-S;. Table 4 shows the
results for the T > 1 K fits, which were statistically better,
although the J/k values for fitting the full temperature range
were similar. Spin-pairing fits gave J/k < Oy, indicating model
inadequacy (see Supporting Information): since SyrNN
crystallography does not exhibit inter-radical dyads, this
model was not further considered. Both 1-D Bonner—Fisher
AFM chain and 2-D AFM square planar models gave relatively
good fits for T > 1 K even without a mean field term; inclusion
of a mean field term improves the fits and somewhat increases
the magnitude of J/k in both cases. For all the variations of 1-D
and 2-D fitting that were tested, J/k ~ (—)1.2—2.9 K. Figure 3
shows the 2-D AFM square planar fits without mean field
correction; the J,/k values obtained by fitting the T > 1 K data
are nearly the same for both the y,. and y,. data. Details of the
various fitting results are given in Supporting Information. It is
gratifying to note that the estimate of lzJ/kl = 7.7 K from the
above-described mean field treatment of the Figure 2
magnetization data is quite comparable to the J/k values from
the y vs T fits, if [J/kl = 1.9 K and z = 4 for the number of
nearest neighbor exchange interactions from a 2-D approx-
imation. Still, given the complexity of possible exchange paths
from the SyrNN crystallography, these results might be best
considered just to support low dimensional AFM exchange in
the system.
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As part of our effects to identify common or differing
magnetostructural relationships among the phenolic nitro-
nylnitroxides, Tables 2 and 3 compare selected molecular and

Table 2. Molecular Structure Parameters for SyrNN
Compared to Analogous Values for HOPhNN, diBPNN

compound SyrNN HOPhNN diBPNN
N-O bond lengths 1281, 1.285 1.274, 1.283 1275, 1.291
1275, 1289 1276, 1.291
1.299, 1276
ON-C-NO bond lengths 1.349, 1.349  1.341, 1.363  1.350, 1.333
1.331, 1.361  1.340, 1.347
1.326, 1.352
aryl-NN connecting bond 1.462 1452 1.452
length
1.444 1.450
1.453
aryl-O(H) bond length 1.359 1.360 1.361
1.368 1.359
1.357
aryl-NN dihedral angle® 16.47° 32.67° 35.41°
33.57° 35.25°
31.26°

“Plane-plane angle using all carbon atoms of pyrene and the ONCNO
atoms for the nitronylnitroxide unit.

intermolecular geometric parameters for SyrNN to analogous
parameters for HOPhNN and diBPNN. SyrNN forms 1-D
chains of O1—(H)--O5—N11 contacts, with the O—H donor
groups hydrogen bonded directly to large spin density sites on
acceptor nitronylnitroxide units at #(O1---05) = 2.782(2) A.
HOPhNN and diBPNN form analogous O—(H)---O—N chain
contacts at distances of 2.67—2.69 A and 2.88-2.95 A,
respectively; the value for SyrNN thus lies intermediate
between these. But steric effects in diBPNN force its O—H
group well out of the plane of the phenyl ring to approach the
“top” of a radical NO group, in the region of its singly occupied
molecular orbital (z-SOMO). Previous computational work
indicates that the bent hydrogen bond contact A in diBPNN
favors AFM exchange.® This is different from the case in both
HOPhNN and SyrNN, where the OH groups lie nearly in the
plane of their phenyl rings, as shown in Scheme 2. The
HOPhNN and SyrNN OH groups point toward NO group
lone pairs to give shorter, stronger, S-ribbon shaped hydrogen
bonded chains than the twisted diBPNN OH:---ON chains; the

Scheme 2. Linear and Bent Hydrogen Bonds in Phenolic
Nitronylnitroxides

NN o O O
o-

LINEAR H-BOND TO
N-O LONE PAIR

NN t-Bu
; Q

t-Bu H‘

BENT H-BOND TO
N-O LONE PAIR

Ar = phenol unit
NN = nitronylInitroxide

linear hydrogen bond geometry has been computed to favor®
FM exchange.

All three systems have multiple radical NO to radical methyl
group contacts that form chains or sheets. As described earlier,
these contacts are plausible sites for exchange, given the
nonzero spin densities on the methyl groups. Since they are
present in all of the molecular crystals, their magnetic exchange
effects may vary in magnitude but seem likely otherwise to
make qualitatively similar contributions to all of these phenolic
nitronylnitroxides.

But a major difference between SyrNN and the other two is
that only SyrNN forms stacked radical—radical contacts at just
about 4 A distance, shown in contact B of Figure 1. This is a
moderately long inter-radical contact for second row element
radical sites, but it occurs between sites bearing the largest spin
densities in SyrNN. Also, the contact B inter-radical geometry
forces direct SOMO—SOMO contact, making this an effective
exchange pathway for SyrNN. As shown in Table 3, HOPhNN
and diBPNN lack analogous B-type contacts between nitro-
nylnitroxide units, so their exchange behavior is most likely to
be controlled by A and C type contacts.

The exchange interactions between closest contacts in the
SyrNN lattice were computationally modeled using intermo-
lecular dyads at crystallographic geometries. Using method-

Table 3. Selected Intermolecular Contacts for SyrNN Compared to Analogues for HOPhNN, diBPNN“

compound
O(H)-+O—N (contact A type)
contact A computed exchange
closest N—O to N—O approach
N—0-C(NO), (contact B type)
contact B computed exchange

SyrNN

—0.06 K
3.993 [05--N8']
4.130 [05---C7']
—0.82 K

2782 [O1(H)--05]

C(H);+-O—N (contact C type)

contact C computed exchange

3.754 [C17+-04"]¢
3.740 [05--C17']
3.686 [C15--04"]
3.740 [C17--04"]
—0.82 K°

HOPhNN? diBPNN®
2.67, 2.69 2.88, 2.90, 2.945
+0.63 K¥ —0.16 K¢

476 5.58, 5.62

4.63 n/a

3.35-3.51 3.27-3.73

“All distances in angstroms. “From Cambridge Structure Database crystal structure HAFXOB, ref Sc. “From Cambridge Structure Database crystal
structure SAKWAD, ref 6. “From ref 6. “Contact B for SyrNN includes this NO to methyl contact; other variatiants of the contact C yield smaller
magnitude exchange values. The computed exchanges would also vary by the rotameric placement of C—H bonds in the methyl group.computed.

897

dx.doi.org/10.1021/cg301601c | Cryst. Growth Des. 2013, 13, 893—900



Crystal Growth & Design

Spin Density, S=0

Spin Density, S=1 @

Figure S. UB3LYP/6-31G* computed spin density distributions for contact A (N—O to N—O) dyad geometry in crystalline SyrNN (see Figure 3,
Table 3). The left graphic shows lower energy low spin state; the right graphic shows the high spin state. The views are Z-clipped to visualize more
easily the points of contact (arrows) between radical sites. Red = oxygen atoms.

ology similar to that used by Novoa for exchange modeling in
similar systems, hybrid density functional UB3LYP'?/6-31G*
computations in Gaussian 09" were used. Singlet state energies
were computed with broken-symmetry wave functions, and
triplet-singlet energy differences were corrected for the spin
contamination in the singlet computations by using Yamagu-
chi’s method®' in eq 1, where <S*> are spin expectation values,
and HS/LS signify high-spin and low-spin states, respectively:

ES_ET

AE, = ——S""T
<Sps > —<Si>

(1)

Table 3 shows the computed exchange interaction values for
the O(H)-+O—N contacts A in all three compounds, and
contact B between nitronylnitroxide units in SyrNN. Analogous
contact B distances in HOPhNN and diBPNN are too long to
give significant exchange interactions. The SyrNN contact B
gives a slightly larger magnitude AE(T—S) among these, a
negative AFM exchange value. Figure S shows the contact B
interaction as a spin density diagram at the crystallographic
dyad geometry, for both the low spin S = 0 and high spin S =1
UB3LYP/6-31G* computations. The points of contact
between the radicals in this geometry are readily seen, although
these shift somewhat between the spin states due to associated
movement of spin density (a- versus S-spin) nodal surfaces.

Taylor and Lahti previously suggested based on computa-
tional modeling that HOPhNN should have an FM exchange
interaction across the hydrogen bonding contact A.° This
suggests that contact A is important in causing HOPhNN to be
the only one of these phenolic radicals that has experimentally
observed FM exchange behavior (see Table 4). The SyrNN
contact A is not as linear as in HOPhNN. The SyrNN
nitronylnitroxide acceptor OS’ forms a dihedral angle of 9.3°
relative to the phenolic O(H) triad O1—C1—C6, because the
acceptor NO group lies a bit above the plane of the phenol.
The analogous out-of plane tilt in the two forms of HOPhNN
is only 4.9° and 6.5°. The difference may account for SyrNN
having a small and qualitatively AFM computed contact A
exchange, by comparison to the structurally analogous contact
having computed FM exchange in HOPhNN. The computa-
tions for the small magnitude contact A exchange are consistent
with the experimental observations, albeit that one must always
consider the dangers of overemphasizing one such magneto-
structural relationship®* among a set of multiple competing,
small exchange interactions.
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Table 4. Results of Fitting SyrNN Magnetic Susceptibility
versus Temperature Results to Various Models”

model J/k (Oye), T > 1K J/k (Oyp), all data
SyrNN 1-D —2.04 K —-1.80 K
AFM chain
292K (0 = +031 K) ~2.46 K (0 = +0.18 K)
SyrNN 2-D -1.38 K -1.17 K

square planar®

—2.19 K (0 = +0.45 K) —1.79 K (0 = +0.30 K)

HOPHNN 1-D +2.02 K (6 = —0.54 K)*
AFM chain

HOPHNN 2-D +1.26 K (0 = —1.12 K)4
AFM sheet

diBPNN 1-D —6.08 K (0 = —0.38 K)*
AFM chain

“Upper numbers for fits with T > 1 K, lower numbers for fits with all
data. Comparison literature experimental results are given for
HOPhNN and diBPNN. All exchange constants J/k reflect a general
hamiltonian H = —J;,S,-Sy; J < O reflects antiferromagnetic exchange;
Oy is @ mean field parameter where used. “Bonner—Fischer model of
ref 18. ©2-D model of ref 19. “From ref Sa; values doubled from those
reported for comparison to the Hamiltonian used in this article. “From
ref 6; values doubled from those reported for comparison to the
Hamiltonian used in this article.

If contacts A do influence heavily the qualitative behaviors of
HOPKNN, SyrNN, and diBPNN, quantitatively the magnitude
of the AFM exchange reported by Taylor and Lahti in diBPNN
(Table 4) is harder to explain. But other contacts can make
contributions to the overall behavior, of course. Since diBPNN
has some of the closest contact C type CH;-ON contacts
among the three phenolic nitronylnitroxides, these may play a
key role in giving diBPNN a more sizable AFM exchange by
reinforcing the exchange effect of the uniquely bent diBPNN
OH:--ON contact A shown in Scheme 2.

Finally, both ac- and dc-susceptibility behavior in SyrNN
below about 0.5 K suggest that a small FM exchange interaction
is present, in addition to the larger, low dimensional AFM
exchange interactions. This rise in lowest temperature magnetic
x vs T data may arise from small changes in the stacking
geometry during cooling, which could move the nitroxide OS
more directly over neighboring C7 in the contact B chains of
Figure 1; this would favor FM exchange interaction. In
addition, as shown in Table 3, there are multiple contact C
type CH;-ON contacts. One of these is computed to yield a
slight FM exchange interaction (not listed in Table 3, but given
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in Supporting Information as contact C2). The magnitude of
the smallest computed exchange here is such that one should
not trust too strongly in its being a significant contributor to
the overall magnetic behavior. While changes in computed
exchange magnitudes (and possibly even sign of exchange for
the smallest interactions) will likely occur if other basis sets or
functionals were used to compute the exchange, in a larger
sense the small exchange energies computed here demonstrate
the subtleties of trying to model effects of small geometry
changes upon overall magnetic behavior. Either small lattice
changes any specific CHj;--*ON contacts are somewhat
speculative individual contributors to the multiple exchange
interactions suggested by the magnetization behavior in Figure
2.

B CONCLUSIONS

A new, stable nitronylnitroxide radical with a phenolic
hydrogen bonding substituent, SyrNN, was synthesized and
characterized by crystallography and magnetic measurements. It
forms hydrogen bonded intermolecular chains involving both
the phenolic OH and radical NO groups. Although this chain
motif is similar to that formed in structurally related HOPhNN
that exhibits ferromagnetic exchange behavior at low temper-
atures, SyrNN shows low dimensional antiferromagnetic
exchange behavior, with evidence of multiple exchange
mechanisms (though no overall bulk magnetic ordering). The
different magnetostructural behaviors of SyrNN and HOPhNN
are attributed to the presence of intermolecular chain
interactions directly between nitronylnitroxide groups in
SyrNN, which are not present in HOPhNN. So, although the
hydrogen bonding pattern of the less substituted HOPhNN
system is retained in SyrNN, additional contacts form in the
latter that influence its overall magnetic behavior. Because of
the apparent balance of interactions in SyrNN, this radical may
be a candidate for magnetostructural tuning by applied external
pressure,”> or by cocrystallization®® with other phenolic
nitronylnitroxides.

B ASSOCIATED CONTENT

© Supporting Information

For SyrNN: synthetic details, FTIR and solution EPR spectra,
crystallographic information including a summary in CIF
format, magnetic analysis details for fitting to various models,
computational molecular spin density (with SOMO and spin
density diagrams) and crystallographic dyad intermolecular
exchange coupling summaries. This material is available free of
charge via the Internet at http://pubs.acs.org.
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