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Antiferromagnetic coupling in TEMPO-based radicals can be enhanced
via self-assembly through London dispersion interactions in amphi-
philic solids. The synthesis, magnetic characterization, and three
crystal structures of the solid radical ion salts (R-DMAT-n)X with
various counterions X and alkyl chain lengths n are reported. Magnetic
susceptibility and absolute EPR signal intensity measurements show
singlet—triplet transitions in a number of cases, which is discussed
in relation to the crystal structures. Antiferromagnetic ordering
effects are sensitive to both the length of the alkyl chain and the
counter anion.

Organic radicals are attracting much attention in the field of
materials science since they have found applications as spin
labels, spin traps, and electronic, optical or magnetic materials.
Spin building blocks like nitroxide radicals,” verdazyl radicals®’
or sulfur/nitrogen containing radicals®' are stable enough to
be stored under ambient conditions and have been studied
intensively because of their interesting magnetic properties.'>*>
Cooperative magnetic effects, i.e. antiferromagnetism or ferro-
magnetism in fully organic materials depend on the interaction
between the unpaired electrons in the solid state and are there-
fore difficult to control."® An understanding of the relationship
between the packing of molecules in the crystal structure and the
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resulting magnetic properties is consequently of fundamental
interest. This process is often accomplished by quantum
chemical calculations, which help to identify the magnetic
topologies."*"> In recent studies, the magnetic properties could
be tuned by the use of hydrogen bond interactions,"® n-n
stacking interactions,"” fluorine-fluorine repulsion or ligation
to transition metals.'® Carbon centred radicals such as poly-
chlorinated triphenylmethyl radicals and nitrogen/oxygen
centred radicals, especially nitronyl and imino nitroxides,
have been studied most commonly since they do not show
any disproportionation or hydrogen abstraction reactions."
In contrast, in simple aminoxyl radicals such as 2,2,6,6-tetra-
methylpiperidinyloxyl (TEMPO), the presence of bulky alkyl
groups in the a-position tends to attenuate such intermolecular
magnetic interactions, owing to steric hindrance. Thus, only a
few examples of magnetic ordering effects in such solids have
been documented to date.'®™>* It is well known, however, that
nitroxide radicals bearing long alkyl chains can self-assemble
into micellar structures.”>**> With the ability to organize the
structure of organic compounds by London dispersion,”® the
question arises whether the latter interactions are also strong
enough to affect the magnetic properties in a suitable system.
First results are reported herein.

As a model compound class an amphiphilic system was
designed, where the TEMPO radical is attached to a 4-dimethyl
amino group bound to a linear alkyl chain with n C-atoms,
forming a radical ammonium salt R-DMAT-z iodide (R = C,Hyp41;
DMAT = dimethyl-amino-TEMPO). Such compounds have been
studied before as spin probes and in fluorescence quenching
studies.>*** However, no investigations of their magnetic properties
are known, except for R-DMAT-1, which shows antiferromagnetic
ordering at low temperature (Ty ~ 12 K)."” Here we present the
first systematic magnetic study of these radical cation salts. It
suggests that (1) the intermolecular dispersion interactions in these
compounds are apparently strong enough to facilitate cooperative
magnetic behaviour, and (2) the observation of antiferromagnetic
coupling requires alkyl chains of a certain length. The magnetic
behaviour can be modified further by changing the counter anion.
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Scheme 1 Preparation of the amphiphilic TEMPO ammonium salts
R-DMAT-n.

We commenced the studies by preparing a series of TEMPO
ammonium salts with different N-alkyl chain lengths (n = 1-18),
through stirring of DMAT with a slight excess of the corres-
ponding alkyl iodide in EtOH. They were obtained as orange
solids or oils (Scheme 1, for Experimental details, see ESIT). The
samples were purified by medium pressure liquid chromato-
graphy (MPLC) using a stationary phase functionalized with
amino groups.

Fig. 1 shows the temperature-dependent magnetic suscepti-
bilities of some members of this R-DMAT-n series. Clear
maxima are found at low temperature, characteristic of the
typical singlet-triplet transitions observed for antiferromagnetic
coupling. For example, in the case of R-DMAT-16 iodide, a Néel
temperature of Ty = 8.6(1) K is found. As illustrated by Fig. 1, the
Bleaney-Bowers model for spin-1/2 particles that are antiferro-
magnetically coupled into intermolecular dimers provides an
approximate description for these curves.””

4C

X =
2J
7(3+e0(-27))

C is the Curie constant and J the exchange coupling constant.
These are the two independent fitting parameters, which are
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Fig. 1 Left: Temperature dependent molar susceptibilities for various

R-DMAT-n iodide salts, displaying antiferromagnetic ordering. Red curves

are fits to the Bleaney—Bowers dimer model. Right: Plot of J against the

chain length n.
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Table 1 Experimental Néel temperatures Ty, antiferromagnetic coupling
constants J (in cm™) and Curie constants C (in K emu mol™Y), extracted
from fits of temperature dependent magnetic susceptibility data to the
Bleaney—Bowers dimer model in solid R-DMAT-n iodide salts

Sample Tn/K Jlem™! c

R-DMAT-1 12.5 —-7.0 0.294
R-DMAT-10 4.1 —2.6 0.260
R-DMAT-12 4.7 —-2.7 0.272
R-DMAT-13 5.2 —2.7 0.257
R-DMAT-14 6.7 —3.8 0.323
R-DMAT-15 5.8 —-3.2 0.312
R-DMAT-16 8.6 —4.8 0.351
R-DMAT-17 4.7 —-2.7 0.252

summarized in Table 1. In most cases, the agreement is only
approximate, indicating a Curie constant smaller than the theo-
retical value of 0.375 K emu mol ™" expected for a spin-1/2 radical
species. The deviations may be attributable to the presence of
diamagnetic impurities or partial decomposition of the radicals.
For molecules with shorter aliphatic chains, such as R-DMAT-n
(n < 10) the temperature dependent susceptibility data still
follows the typical Curie-paramagnetic behaviour of radical
compounds (see ESIf). Similar trends are observed for the
magnetization isotherms (see Fig. S18, ESIt).

Aside from R-DMAT-1, intermolecular antiferromagnetic
coupling is only observed at a chain length n > 10, with a
maximum near 7 = 16, where a J value of —4.8 cm ™' is found.
Interestingly n = 17 also corresponds to the longest non-folded
alkane chain.”® All of these findings suggest that London
dispersion interactions involving the linear N-alkyl chains are
key to get magnetic coupling in the corresponding salts. While
no crystal structure was available for this particular material,
we were able to solve and refine the crystal structures of
R-DMAT-15 iodide (see Fig. 2) as well as those of the mixed-
anion compounds (R-DMAT-15)], 45(CF3S03)o.55 and (R-DMAT-
14)1, 5(CF3803)05. Fig. 2 and 3 show details of the crystal
structure of R-DMAT-15 iodide measured at 100 K. The asym-
metric unit contains two molecules A and B, whose packing
diagram reveals two principal structural motifs. One motif
involves an antiparallel orientation of two neighbouring nitroxide
radicals forming a S-like shape (Fig. 3, top), with an inter-
molecular O1B---O1B distance of 4.394 A. The second motif
shows a U-like shape with a distance of 5.832 A between the
spin-bearing atoms O1A.--O1A. Not surprisingly, the latter
distance is too long for any relevant magnetic interaction.
The same features and very similar shortest O---O distances
occur in (R-DMAT-15)I, 45(CF5S05)0.55 (4.298 A) and (R-DMAT-
14)Io.5(CF3803)05(4.328 A) (see ESIT). In contrast, these distances
are absent in the crystal structure of R-DMAT-16 chloride
dihydrate, which behaves like a Curie paramagnet. In experi-
mentally determined structures, the alkyl chains are present in
the expected zig-zag conformation and the dispersion inter-
actions are obvious from the arrangement of the linear alkyl
chains in the crystal (Fig. 3, bottom). Evidently these distances
are sufficient for facilitating weak antiferromagnetic coupling
interactions. An estimate of the London dispersion interactions

This journal is © the Owner Societies 2018
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Fig. 2 Molecular structure (A molecules, top) and packing diagram
(bottom) representing the O---O and N---O interactions along the c-axis
in R-DMAT-15-1 (O1A. - -O1B 5.487 A; O1A---N1A 5832 A; O1B- --N1A 4.934 A).
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Fig. 3 Molecular S-like arrangement (top) and packing diagram (bottom)
of the crystal structure of R-DMAT-15 iodide, representing the O---O
interactions between the molecules “B” along the a-axis in R-DMAT-15-1
(O1B---O1B 4.394 A).

between the monomers for the crystallographically characterized
compounds is given in Table S7 in the ESI{ (Section 6.2) and
confirms the expected increase in strength with increasing length
of the alkyl chain.

The spin topology of R-DMAT-15 was determined by quantum
chemical calculations using the ‘“black-box” approach described
in ref. 15. It shows a zigzag chain with antiferromagnetic
couplings (J, = —0.98 cm ') along the yz direction (see Fig. 4).
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Fig. 4 The spin topology of R-DMAT-15. Only J; and J, have been
included in this model. Of the two identical chains only one is shown.
Each circle represents the center of mass of a molecule. Dashed lines
represent magnetic interactions to molecules outside the unit cell. The
magnetic cell vectors are shown in red, while the crystallographic cell
vectors are shown in black.

The chain has an additional antiferromagnetic coupling
(J; = —1.54 cm™ ') in y direction of the crystallographic unit cell.
Additionally, a second chain can be obtained by a C2 rotation
around the centre of the unit cell. The two chains in the unit
cell are connected by weak antiferromagnetic interactions, for
further information see Section 6.1 in the ESL.{

The predicted temperature dependent molar magnetic
susceptibility curve is depicted in Fig. 5. As the convergence
check is difficult, we only considered the strongest couplings
J1 and J, for the magnetic model, for which it is sufficient
to model two unit cells along the x direction. For this model
we observe a transition temperature to the paramagnetic state
of about 2.5 K in good qualitative agreement with the
experimental data.

To investigate the effect of the counter anion on the transi-
tion temperature, we performed anion exchange reactions
of R-DMAT-16 iodide with various silver salts (see ESIT).
In none of the mixed salts with CI~, Br~, BF, , SbFs , PFs~
cooperative effects were observable (see Fig. $22-S27, ESIf).
We further studied mixed-anion systems with different triflate-
to-iodide ratios. Fig. 6 shows that the strength of the

Experiment
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Fig. 5 Predicted and measured temperature (T) dependent molar mag-
netic susceptibility x(T) for R-DMAT-15 iodide salt.
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Fig. 6 (a) Temperature dependent magnetic susceptibility of R-DMAT-16
iodide/triflate solid solutions as measured by magnetic susceptibility
data (left) and (b) by absolute EPR signal quantification (right). The EPR
intensities were normalized to the maximum value. Solid red curves show
fits to the Bleaney—Bowers model.2®

Table 2 Experimental Néel temperatures Ty, Curie constants C (in K emu
mol™Y) and antiferromagnetic coupling constants J (in cm™?), extracted
from fits of temperature dependent magnetic susceptibility data to the
Bleaney—-Bowers dimer model in solid mixed R-DMAT-16 iodide/triflate
salts. Entries 1 and 2: data from magnetic susceptibility measurements.
Entries 3—7: data from EPR signal intensity measurements

Entry Sample Tn/K Jlem™* c

1 R-DMAT-16 75:25 4.5 —2.5 0.190
2 R-DMAT-16 100:0 8.6 —4.8 0.351
3 R-DMAT-16 0:100 5.8 —-3.3

4 R-DMAT-16 25:75 5.8 -3.3

5 R-DMAT-16 50:50 8.5 —4.7

6 R-DMAT-16 75:25 8.5 —4.7

7 R-DMAT-16 100:0 10.0 —5.6

intermolecular antiferromagnetic coupling as measured either
by magnetic force detection or absolute EPR signal quantifica-
tion is sensitively affected by the anionic composition (Table 2).

We note that the clear susceptibility maximum evident
in the pure iodide salt becomes increasingly obscured with
increasing triflate content, with a corresponding decrease of | J|
from 5.6 cm ™" (for the pure iodide) to 3.3 cm™* for the pure
triflate salt. Fig. 6 shows that the susceptibility maximum is
more easily detected via EPR spectra as the latter seem to be
less affected by impurities and defect sites.

In recording these EPR data, the microwave power was
varied systematically to ensure that maxima observed in the
EPR signal intensities were not caused by any saturation effects
at these low temperatures (see Fig. S4, ESIT). Although for the
n = 15 series, the X-ray data reveal slightly shorter O1B---O1B
distances in case of the mixed triflate/iodide salts (see above),
magnetic couplings are weaker in the hetero salts. The reason
for this behaviour is currently not understood.

The results of the present study illustrate that intermolecu-
lar antiferromagnetic couplings of TEMPO-based radical ions
can be realized through self-assembly via London dispersion
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interactions in amphiphilic systems containing linear alkyl
chain substituents. The strength of these interactions can
be controlled by the length of the alkyl chain and the counter
anion composition. Based on these initial results we are
currently developing similar architectures with different spin
building blocks in our laboratory.
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