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ABSTRACT: Stable organic radicals with switchable spin states have attracted attention for a variety of applications, but a funda-
mental understanding of how radical structure effects the weak bonding interactions between organic radicals is limited. To evalu-
ate the effect of chemical structure on the strength and nature of such spin interactions, a series of 14 tethered aryl dicyanomethyl
diradicals were synthesized and the structure and thermodynamic properties of the diradicals was investigated. These studies indi-
cate that the nature of the dimer, and the equilibrium thermodynamic parameters of the diradical—dimer equilibria, are highly sen-
sitive to both the attachment point of the linker, the length of the linker, and the substituents on the radical itself. Values in the in-
tramolecular K, vary from as small as 5 to as high as 10° depending on these variables. An X-ray crystal structure for a linked or-
tho-substituted diradical shows that the diradical forms an intramolecular sigma dimer in the crystalline state with an elongated C-C
bond (1.637 A). Subtle changes to the radical structure influences the nature of the spin interactions, as fixing the dimethylamino
substituent on the radical into a ring to make a julolidine-derived diradical leads to the weakest bonding interaction observed
(AGonding = 1 keal mol") and changes the spin-paired species from a sigma dimer to a diradical pimer. This work has implications
for the design of stimuli-responsive materials that can reversibly switch between the dramatically different properties of closed-

shell species and the unique properties of diradicals.

Introduction. The ability of open-shell species to form weak
self-association complexes has made organic radicals attrac-
tive for a variety of applications including organic spin cross-
over materials,""! turn-on magnetic resonance contrast rea-
gents,””) stimuli responsive soft materials,”’ spintronics,'* and
dynamic covalent assemblies derived from stable radical
building blocks.”! However, a fundamental understanding of
how radical structure effects the weak bonding interactions
between organic radicals is limited by the scarcity of radicals
that engage in this behavior with sufficient stability for de-
tailed study.

Aryl dicyanomethyl radicals make attractive candidates
for such studies.” These radicals, and related species, have
been known for many years to persist long enough to collect
EPR spectra, but were long-overlooked for applications be-
cause they undergo an irreversible “head-to-tail” dimeriza-
tion'® that destroys the radical. However, in 2016 Seki and
coworkers demonstrated that these radicals become indefinite-
ly air and thermally-stable species provided that para substitu-
ents are added to block this dead-end head-to-tail dimerization
pathway.””  Normally, to achieve air stability organic radicals

must be substituted with sterically-blocking groups near the
radical center.””’ That these aryl dicyanomethyl radicals do not
require such sterically-blocking groups for stability is unusual
and permits these stable radicals to form weak bonding spin-
spin interactions in solution as diamagnetic dimers, straddling
the knife-edge between normal closed-shell molecules and
stable diradicals in both structure and properties. As a result,
they are intriguing building blocks for stimuli-responsive ma-
terials that can switch between the dramatically different prop-
erties of closed-shell species and the unique properties of
diradicals.

Following Seki’s discovery, we performed structure-
activity relationships on aryl dicyanomethyl monoradicals and
found that electron-donating groups appended to the aryl ring
shift the equilibrium towards the diradical,’® while withdraw-
ing groups shift the equilibrium towards diamagnetic dimers.
With para substituents, the bond strength is correlated with the
Hammett o,,, substituent parameter. Thus, the radical-radical
interaction can be tuned by substituents. However, whether
these radicals can be used in larger structures featuring multi-
ple radical centers remains unknown. A key problem in
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Figure 1: (Top) The 14 linked diradicals synthesized and studied in this paper. (Bottom) Generation and considered equilibria for

diradical.

achieving this objective is understanding how the radicals
interact when covalently-linked.

Here we report a detailed study of the effect of chemi-
cal structure on the strength and nature of the spin-spin inter-
actions for linked aryl dicyanomethyl diradicals. A series of
14 tethered aryl dicyanomethyl diradicals were synthesized
(Figure 1), and the thermodynamic bonding parameters were
elucidated using variable-temperature EPR and UV-Vis
spectroscopy, X-ray crystallography, and computational
analysis (Table 1). We find that the strength of the intramo-
lecular spin-spin interaction is exquisitely sensitive to both
the structure of the radical, the substitution position of the
linker, and the length of the linker, with the association con-
stant varying over five orders of magnitude by changing
these variables. Subtle changes to the radical structure are
found to alter the nature of the spin-spin interaction, as a p-
dimethylamino-substituted tethered diradical 50-DMA
forms a sigma dimer with an elongated bond, while a struc-
turally-related julolidine derivative 50-JUL forms an ex-
ceedingly weakly-bonded pimer (AGponging = 1 kcal/mol).
Furthermore, a serendipitously-discovered photochemical
coupling reaction allows the radicals to be irreversibly
locked upon irradiation via formation of a long-wavelength
absorbing rhodamine dye derivative (A,~725 nm) and for-

mal loss of a dicyanomethyl group, providing a potentially
useful tool for both irreversibly phototrapping metastable
dynamic covalent assemblies and providing an optical
readout. Overall, this work shows how structural changes
can be used to control the strength and nature of intramo-
lecular spin-spin interactions, which has implications for
dynamic covalent assemblies and stimuli-responsive poly-
mers using this new class of stable diradicals as building
blocks.

Results and Discussion.

Determination of equilibrium species. The diradicals shown
in Figure 1 were generated by quantitative oxidation of
malononitrile-substituted arenes with potassium ferricyanide
and the diradical purified from the inorganic byproducts by
partitioning between water and dichloromethane.

Prior to any quantitative measurements, we needed to
identify the species present in the equilibrium with the dirad-
icals. Four different equilibrium species shown in Figure 1
were considered: the free diradical, a sigma dimer, a pi dimer
(pimer), and higher-order aggregates. (See Figure 1, bottom).

To evaluate whether higher-order aggregates are
formed, the spin concentration as a function of diradical
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Figure 2: Electron paramagnetic resonance spectra of the diradical species of each compound with variable temperature stimulation

to study thermodynamic parameters.
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Table 1: Thermodynamic parameters for o-linked (a), p-
linked (b), and julolidine (c).

concentration was plotted for representative radicals 5O, 5P,
and 60-DMA, at concentrations ranging from 50 uM to 10
mM. The spin concentrations were determined by double
integration of the radical EPR signal. In all three cases, a
linear plot was observed, indicating that the percent radical is
independent of concentration, which is not consistent with
the formation of higher-order diamagnetic species (See Fig-
ure SI-63). Intermolecular dimerization would be concentra-
tion dependent and would be expected to lead to a curved
binding isotherm similar to what we observed for the inter-
molecular dimerization of the monoradicals.™ Thus, while
higher-order species may be contributors to the equilibrium
at higher concentrations than those studied, they are not ex-
pected to be relevant species to the equilibria at the concen-
trations used here.

Next, we considered whether the diradicals were form-
ing sigma or pi dimers. Both are possible modes of dimeri-
zation for stabilized free radicals. While both sigma and pi
dimers are diamagnetic and EPR silent, sigma dimers break
the conjugation of the radical and are generally colorless (or
slightly yellow), whereas pimers feature near-IR absorption
bands and are often colored species. Diradicals 2-60, 4-60-
DMA, and 2-6P have qualitatively the same behavior. At
low temperatures, the solutions are colorless or faintly col-
ored, while upon heating the solutions turn brightly colored
and are accompanied by the growth of an EPR signal (Figure
2 shows representative photos from each class of diradical)
and a UV-Vis band corresponding to the diradical. This
heating/cooling can be reversibly switched. This tempera-
ture-responsive behavior is consistent with an enthalpically-
favored sigma dimer in equilibrium with an entropically-
favored diradical.

In contrast, 5O-JUL has qualitatively different behav-
ior. At room temperature the solution is aqua-colored, which
becomes darker blue upon cooling with a growth of a near-
IR band >900 nm (Figure 3). As the temperature is de-
creased, the EPR signal also decreases and the UV-Vis band
associated with the diradical decreases. This behavior is
consistent with an enthalpically-favored diamagnetic diradi-
cal pimer existing in equilibrium with an entropically-
favored diradical, and is also consistent with what Seki and
coworkers observed for the monoradical.!”’ Computational
modeling of the pimer is described below. Thermal popula-
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tion of a sigma dimer cannot be ruled out, as the sigma dimer
is not visible by EPR or UV-Vis spectroscopy. From a prac-
tical point of view, the thermodynamic parameters deter-
mined in Table 1 for this species can be viewed as the EPR-
active diradical—EPR-inactive diamagnetic dimer equilibri-
um thermodynamic parameters, with the diamagnetic dimer
species possibly consisting of a Boltzmann population of at
least the diamagnetic pimer and possibly the diamagnetic
sigma dimer.
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Figure 3: UV/Vis spectroscopy showing the color change
of compound 50-JUL as it cools, signifying the formation of
a pimer band by the peak growing in from 850 nm.

Effect of linker attachment position and length on the spin-
spin interaction thermodynamics and equilibria. Having
established the nature of the equilibrium species, we next
evaluated the effect of changing the linker size for 3 different
substituted radicals (with differing para substituents) and two
different linker attachment positions, at the ortho (2-60) and
para position (2-6P) to the radical center. We determined
the thermodynamic intramolecular dimerization parameters
(AG®, AH®, AS°, K,) for these diradicals from van ‘T Hoff
plots measuring spin concentration determined by EPR spec-
troscopy (double integration) as a function of temperature
(see SI-60). See Table 1.

Several conclusions can be made from this thermody-
namic data. First, attachment position matters. In general,
ortho-linked diradicals feature lower association constants
for dimerization than the para-linked diradicals. For exam-
ple, 30 has a weaker binding constant than 3P by nearly two
orders of magnitude (K, =2.2 x 10° vs. 1.7 x 10°, respective-
ly). This can be attributed to strains experienced by the or-
tho-linked species with an insufficiently long linker. Second,
longer linkers generally favor the diradical, leading to lower
association constants. The exception is that shorter linkers
with 2 or 3 carbons for the ortho-linked (2-60 diradicals)
and 2 carbons in the case of the para-linked (2-6P diradicals)
have weaker binding constants. This can be attributable to
the macrocyclic ring strains encountered with an insuffi-
ciently long linker. The 4-carbon linker for the ortho-
substituted diradical and the 3-carbon linker for the para-
substituted diradical feature the largest association constants,
suggesting that these tethers represent the ‘ideal’ linker size
for tradeoff between added ring strain (in the case of a short

linker) and entropic penalty of binding (in the case of a long-
er alkyl linker). Interestingly, there is an alternating ‘even-
odd’ effect of linker size on the AH® in the 2-60 series, with
all even numbers of carbons in the linker having more nega-
tive AH® values than odd linker numbers. This even-odd
effect does not manifest itself in the K, values, however, as a
likely result of entropy-enthalpy compensation attenuation
and other effects being larger. In the para series 2-6P, it is
the odd number of carbons that always has a lower AH®. A
similar even-odd effect has been seen in the case of linked
viologen cation radicals."” In the cases of the 4-60-DMA
series, featuring a stronger donating dimethylamino group in
the para position, these diradicals all feature similarly ex-
tremely weak bonding interactions (e.g. AG’ponding <2
kcal/mol), making trends difficult to discern. A striking
result of this study is that changing the para-methoxy group
to a para-dimethylamino group leads to a smaller K, by 3-4
orders of magnitude.

Only one julolidine derivative (50-JUL) was synthe-
sized due to synthetic difficulties of making the diradical
precursors. Briefly, the palladium-catalyzed cross coupling
of the diaryl dibromide is poisoned by the extremely elec-
tron-rich tethered diaryl substrate, leading to mostly reduc-
tion of Br to H rather than substitution with malononitrile.
The julolidine is a more electron-donating substituent than
dimethylamino because it locks the nitrogen into a planar
conformation, forcing conjugation with the pi system of the
arene.

This julolidine-derived diradical features the weakest
spin-spin interaction (AG"bonding = 1 kcal/mol) of the series,
showing that more electron donating substituents shift the
equilibrium towards the diradical (OMe << NMe, < juloli-
dine). As described above, the nature of the spin-spin bond-
ing interaction also switches from an elongated sigma dimer
to a pi dimer (pimer).

Computational studies of the nature of the radical—radical
interaction. To gain insight into the nature of the bonding
interaction between the radicals, we turned to computational
analysis. First, we sought to identify a computational meth-
od capable of handling such diradical interactions. To do
this, we screened a variety of density functionals to see if
any could reproduce our previously-published” intermolecu-
lar binding free energies of the fluoro-substituted aryl dicy-
anomethyl monoradical (Figure 4C). Functionals lacking
dispersion corrections give nonsensical predictions of the
binding free energy, predicting it to be unfavorable and un-
derestimating it by 5-25 kcal/mol. The Head-Gordon func-
tional, ®B97XD/6-31+G(d,p), which includes a dispersion
correction, was found to best reproduce the binding energy
of this radical to within 3 kcal/mol. We then evaluated this
level of theory against 6 different substituted monoradicals,
for which we have previously determined experimental in-
termolecular binding free energies™® and span a range of
binding enthalpies (24.6 kcal mol™ for Cl to 12.7 kcal mol™
for NMe,). The RMSD error for the six radicals was <2 kcal
mol™, with the fluoro being the poorest predicted. The rea-
sonable prediction of the binding free energies using this
level of theory gives us confidence in using this method to
evaluate new radicals, as yet unsynthesized.
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Figure 4: (a) Crystal structures for 2,4,6-trimethoxy untethered diradical dimer and (b) 40. (c) Computational screen of density
functionals for accuracy in modeling p-fluorophenyl dicyanomethyl radical dimerization free energy. (d) Using the ®B97XD meth-
od to evaluate accuracy of dimerization thermodynamics over a small test set. (¢) Suggested qualitative o-dimer—pimer PES for
varying substituents. (f) HOMO of julolidine pimer showing pi overlap.

Regrettably, this method erroneously predicts the sigma di-
mer of 5O-JUL to be lower in energy than the pimer by 6.5
kcal/mol. In contrast, B97D/6-31+G(d,p), which gave good
predictions of the pimerization of the viologen cation radi-
cal,”! predicts the pimer to be more stable than the sigma
dimer by 4.5 kcal/mol. Thus, while ®B97XD appears to
accurately describe the diradical—sigma dimer bonding
thermodynamics, it fails for describing the sigma-dimer—
pimer equilibrium. A computationally feasible method that
can accurately handle the sigma dimer—pimer equilibrium is
currently being investigated.
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Figure 5: (Top) Amino-substituted diradical photochemistry
that transforms the diradical into a rhodamine dye derivative.
(Bottom) UV-Vis at different times of irradiation (Rayonet,
5x 10 M in toluene).

Radical stability and photochemical reactivity. In general,
the diradicals described in this study feature remarkable air
and thermal stability. For example, solutions of 2-60 and 2-
6P were stable for at least 12 months. Heat/cool cycles can
be performed multiple times without decomposition with
two exceptions. Compounds 4-60-DMA and 50-JUL de-
rivatives show some thermal instability at high temperature
(above 60° C and 40° C respectively).

We serendipitously discovered a photoreaction of the amino-
containing diradicals. Holding up tubes of the colored dirad-
icals to bright sunshine led to a rapid color change and irre-
versible loss of all EPR signal. UV-Vis experiments show
the formation of a species with a A,,,~725 nm, a remarkably
red-shifted absorption for a diamagnetic closed-shell species.
Mass spec and NMR data are consistent with a xanthene
dye-like structure corresponding to loss of a dicyanomethyl
group, leading us to propose the structure shown in Figure 5,
a derivative of the long-wavelength absorbing rhodamine
dye (See SI for spectra). Growth of this absorption band only
occurs for the amino-derivatives. This photoreaction could
prove to be useful for photochemically locking metastable
dynamic covalent chemistry intermediates derived from the-
se radicals in a way that can be monitored optically follow-
ing the growth of the 725 nm absorption band.

Materials and Methods.

Variable-temperature EPR experiments and van ‘T Hoff
plots. Variable temperature EPR studies were performed on
all diradicals to elucidate the bonding thermodynamic pa-
rameters for each diradical/dimer equilibria. All diradicals
were investigated in toluene solvent with concentrations
ranging from 1-5 mM, with the exception of compounds 5-6
O-DMA requiring dichloromethane as solvent. During the
EPR experiments, measurements were made using tempera-
ture increments of 10 K after allowing the sample to equili-
brate for 5 minutes at each temperature from 298 K to 378
K. A follow up EPR scan was performed after increasing the
temperature to ensure that no decomposition occurred.
Diradicals 4-60-DMA and 50-JUL all showed signs of
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decomposition at elevated temperatures and in light. In the
case of the more electron donating compounds (4-60-DMA
and 50-JUL), EPR experiments were performed by lower-
ing the temperature to as low as 188 K and then slowly rais-
ing the temperature up to 278 K to calculate thermodynamic
parameters.

For each sample studied, toluene or dichloromethane was
added to the solid sample to make a 1-5 mM solution of rad-
ical/dimer species. This solution was then purged and cannu-
lated into a pre-purged quartz EPR tube. EPR studies were
then performed at 10 degrees increments (298-378 K for
toluene and 208-298 K for dichloromethane) with an equili-
bration time of 5 minutes for each temperature increment.
The following instrument parameters were generally fol-
lowed for each sample: modulation frequency, 100 kHz;
receiver gain, 50 dB; modulation amplitude, 0.5; time con-
stant, 0.01 s; center field, 3330 G; sweep width, ~200 G;
microwave attenuation, 20 dB; microwave power, 2 mW;
number of data points, 2048; average number of scans, 15.

UV-Vis spectrum for 50-JUL. A 50 uM solution of SO-JUL
in toluene was carefully prepared to avoid any light, air, or
other contamination to detect the presence of a pimer band
growing in the near IR region as the temperature was low-
ered to 233 K. Low temperature spectra were made possible
by a liquid nitrogen cooler with a nitrogen blow off to avoid
condensation on the quartz cell walls.

Computational methods. All computations were carried out
in Gaussian16.""" Non-tethered dimers and radicals for the
computational benchmark were optimized using multiple
theoretical methods, BLYP,'” B3LYP,'”) PBEIPBE,""
B3P86,”  B9g!Y  wB9sxD/!”  B3LYP-D3,
B97D3,"" and B97D" under both Pople’s 6-31+G(d,p)
basis set and Dunning’s correlation-consistent cc-pVDZ
basis set. *” All optimized structures had zero imaginary
frequencies. Computed free energies of dimerization were
conducted by separately calculating the dimer and diradical
and using a frequency calculation to convert the electronic
energies to free energies. Intermolecular dimerization free
energies were corrected to the solution standard state of 1M.
Because implicit solvent models have difficulties with very
low dielectric solvents such as toluene (¢ = 2), the solvent
used for experimentally determining dimerization free ener-
gies, computations were carried out in the gas phase. Contri-
butions to the free energy from higher-energy conformations
were ignored.

Conclusion. In conclusion, we have investigated the intra-
molecular binding thermodynamics for a series of tethered
dicyanomethyl diradicals and determined that these diradi-
cals are promising building blocks for stimuli-responsive
polymers and plastics, as well as dynamic covalent assem-
blies, possessing remarkable stability. Stronger para donat-
ing groups weaken the bonding interaction and lower the
energy of the pimer relative to the sigma dimer. These dirad-
ical compounds have an advantage to the mono-radical di-
mer species in that they exhibit orders of magnitude weaker
binding, leading to an increase in the amount of radical at
lower temperatures, in addition to having a spin-spin interac-
tion that is concentration independent. In all cases, tempera-
ture-responsive switching was observed, and the sensitivity

can be tuned by both the attachment point and the length of
the linker by changing the bonding thermodynamic parame-
ters. Incorporation of these diradical building blocks into
solid-state materials are currently being explored.
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