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Two terephthalonitrile radical salts have been synthesized, isolated
and characterized as Li*(tpn)* (THF), and Na*(tpn)* (THF) (tpn =
terephthalonitrile; THF = tetrahydrofuran). Single crystal X-ray
diffraction reveals that the lithium and sodium ions are bridged by
tpn*~ and further coordinated by THF solvent molecules, forming
1-D and 3-D coordination networks, respectively. While the lithium
salt exhibits paramagnetic behaviour, the sodium analogue is dia-
magnetic in the solid state due to strong n—= interactions between
tightly stacked tpn®~ pairs. These readily isolable radical salts are
versatile precursors for cross-coupling reactions and mild organic
reductants, and could be used as attractive ligands for designing
high temperature molecular magnets and conductive materials.

The design of molecule-based conductive materials and/or
room temperature magnets requires the use of molecular
components that enable a large delocalization of the charge
and/or the spin." Using organic radicals as bridging ligands in
coordination polymers is strongly attractive in this context,*®
especially if the unpaired electron is fully delocalized on a &
system with significant d-r orbital overlap.”™*? In particular,
organonitrile radicals were found to be efficient magnetic
relays for making high temperature molecule-based magnets
such as V[TCNE],-yCH,Cl, (x ~ 2,y ~ 1/2) (TCNE = tetracyano-
ethylene; T, = 400 K),"® or could promote electrical conductivity
in solids, as in [TCNQ][TTF]"* or [TCNA][TTF]**> (TCNQ = tetra-
cyanoquinodimethane, TCNA = tetracyanoazulene, TTF = tetra-
thiafulvalene). Other interests of organonitrile radicals reside
in the good predictability of their self-assembly through linear
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coordination modes, and the stabilization of their radical redox
states owing to the electron-withdrawing cyanide groups.

One of the simplest organonitriles is 1,4-benzenedicarbo-
nitrile, also referred as 1,4-dicyanobenzene or terephthaloni-
trile (tpn). This versatile reagent has been reported to be redox
active and can be reduced to either a persistent radical-anion
(tpn®*)'*® or dianion (tpn>")."® Interestingly, DFT calculations
have shown that the unpaired electron in tpn®~ is delocalized
across the entire molecule,"®*° making it an excellent linker for the
design of high temperature magnets and conductors. Additionally,
it recently gained attention as a precursor or intermediate for
electrochemical cross-coupling reactions®>* and reductions.'®"”
However, tpn®~ has typically been generated in situ without
isolation,>** or only poorly characterized.*>>” We report
here the straightforward syntheses of Li*(tpn)® (THF), and
Na'(tpn)* (THF) (THF = tetrahydrofuran) along with their
structural, spectroscopic and magnetic characterizations.

Both alkali salts can be prepared by a dropwise addition of
THF solutions of lithium or sodium 1,2-dihydroacenaph-
thylenide®® into a colorless solution of tpn in dry THF. Alter-
natively, they can be prepared by a stoichiometric reaction of
tpn with the corresponding alkali metal (see ESIf). Upon
addition, olive-green crystals of Li'(tpn)* (THF), precipitate
immediately, while the more soluble Na'(tpn)* (THF) was
obtained by subsequent addition of dry diethyl ether (see ESL; T
solubilities in THF: 0.6 g L™ ' vs. 1.1 g L),

In solution, the radical exhibits stability in dry THF. Cyclic
voltammetry of tpn in THF reveals two reversible reductions
at —2.25 and —3.16 V vs. Fc'/Fc (Fig. S3, ESIf). Each of
these processes involves a one-electron transfer, indicating
that the radical is fairly stable with a comproportiona-
tion constant of ~2.5 x 10'°. This is further corroborated
by EPR of both solutions (Fig. S4, bottom, ESIt), which
give g values of 2.0025 and 2.0037, respectively. UV-vis spectra
of the dark solutions of the lithium and sodium salts in
THF display intense absorption bands at 397 and 431 nm
characteristic of n-n* transitions in organonitrile radicals
(Fig. S5, ESIT).%°
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Fig. 1 Portion of the crystal structure of Li*(tpn)*~(THF), at 250 K, show-
ing the 1-D coordination network. Thermal ellipsoids are depicted at a 50%
probability level. Hydrogen atoms are omitted for clarity.

Single crystals were successfully isolated directly from THF
solution or by vapor diffusion of diethyl ether (Fig. S1 and S2,
ESIT), allowing the crystalline solids to be characterised by
powder- and single-crystal X-ray diffraction. Both compounds
crystallize in the monoclinic C2/c space group.

At 250 K, Li*(tpn)* (THF), forms a one-dimensional (1-D)
coordination polymer with radical anions bridging lithium
cations. Each Li" center adopts a tetrahedral geometry, coordi-
nated by two THF oxygen atoms (d(Li- - -O) = 1.942(5) A) and two
nitrile nitrogens (d(Li---N) = 1.999(5) A) from tpn®~ forming
corrugated chains, as illustrated in Fig. 1. These chains remain
well-isolated in the crystal structure (Fig. 2, left).

Remarkably, cooling to 120 K results in a reversible phase
change where the initially equivalent chains become three
crystallographically distinct chains as depicted in blue, red,
and green in the top part of Fig. 2. While the space group
remains C2/c, the unit cell volume expands from 1641.7(7) A® to
6257.4(6) A*. The interatomic distances within the three chains
are similar (d(Li- - -N) = 1.974(6)-2.008(6)A — Table 1). The phase
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Fig. 2 Top left: stick representation of the packing of the chains in the
crystal of Li*(tpn)*~(THF), at 250 K. Color code: C grey, N blue, O red, Li
pink, and H atoms are omitted for clarity. Top right: stick representation of
the packing of the three crystallographically independent chains at 120 K.
Bottom: thermal evolution of the powder X-ray diffractograms between
300 and 120 K.
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purity of the samples at both temperatures was checked by
powder X-ray diffraction (Fig. S7, ESIT), and the reversibility of
the structural phase transition was further evidenced by
the thermal evolution of the diffractograms (Fig. 2 bottom
and Fig. S9, ESIT).

Unlike the corrugated chains of Li'(tpn)* (THF),, the
sodium analogue, Na'(tpn)*~(THF), self-assembles into a three-
dimensional coordination network. This architecture results
from the octahedral coordination of the Na ions bridged by
bis-y,-tpn and terminal p-THF ligands. The structure features
linear arrays of sodium ions extending along the c-axis, with each
Na' connected to its neighbors through one p-THF and two bis-
p-bonded nitrile groups from the tpn®~ (Fig. 3 and Fig. S10,
ESIt). The Na* ions adopt a distorted N,0, octahedral geometry,
with the oxygen atoms alternatively in cis- and trans-positions
(d(Na---0) = 2.484(2)—2.490(2) A) and d(Na---N) = 2.373(2)-
2.4662(2) A). Notably, the tpn®~ ligands form stacked pairs with
an average interplanar spacing dipn—pn Of 3.24 A (Fig. 3), indicat-
ing significant n-n interactions between radicals.*® Thus, the
tpn®~ units serve dual roles, where they bridge sodium ions
while engaging in radical-radical interactions.

Beyond the charge balance considerations, which supports
the presence of tpn in its radical form, the analysis of the
intramolecular bond distances is essential to further demon-
strate the formal oxidation state and, more importantly, to gain
further insights into the electronic rearrangement upon
reduction. While the crystal structure of neutral tpn is well
documented, we selected a high-resolution and low-temperature
reference structure for reliable comparison®" (Table 1). As expected,
significant differences are observed when comparing bond dis-
tances for the neutral tpn and tpn®~ in the lithium and sodium
salts. The nitrilic C=N bond lengths increase only slightly,
whereas the Ccn—C, distances shorten significantly but are
temperature-independent. Furthermore, the C,~Cg distance in the
aromatic ring is increased after the reduction while the Cg-C,
distance is shortened, reflecting a more quinoidal character upon
reduction. Both these trends and bond distances are in good
agreement with the DFT-optimized geometry of tpn®~,>° for which
the calculations further confirm delocalization of the unpaired
electron across the entire molecule.®® This electronic structure
underscores the potential of tpn® ™~ as a linker for high temperature
molecule-based magnets and conductors.*>

Although the N=C bond lengths show only minor changes
upon reduction, the FT-IR spectra reveal (Fig. S6, ESIf) a
pronounced ~120-145 cm ™' red-shift of the vg =y stretching
from 2229 cm™' in neutral tpn to 2104 cm ' in
Li*(tpn)* (THF), and 2084 cm ' in Na'(tpn)* (THF) (Fig. Se,
ESIY). This significant influence on the nitrile stretch provides
strong spectroscopic evidence for radical anion formation,
consistent with previous reports.>®

Magnetic susceptibility measurements were carried out on
polycrystalline powders of Li*(tpn)* ~(THF), and Na'(tpn)*(THF)
(see ESIf). Fig. 4 shows the temperature dependence of the
magnetic susceptibility (y) of Li*(tpn)* ~(THF), at 0.1 and 1 T plotted
as a yTvs. T plot between 1.85 and 300 K. The T product at 300 K is
0.372 cm® K mol * in good agreement with the Curie constant of
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Table 1 Comparison of the bond lengths (A) from neutral terephthalonitrile and radical terephthalonitrile in Li*(tpn)*~(THF), and Na*(tpn)*~(THF)

tpn at 100 K*' Li(tpn)(THF), at 120 K

Li(tpn)(THF), at 250 K Na(tpn)(THF) at 120 K

N=cC 1.151(1) 1.156(4)-1.172(4)
Cen—Cy 1.434(1) 1.397(5)-1.408(5)
C,—Cp 1.392(1)-1.397(1) 1.419(5)-1.436(5)
Cp—C, 1.382(1) 1.358(4)-1.365(4)
Cy - -Cy 2.748(1) 2.815(4)-2.827(4)

Fig. 3 Projection along the b axis of a portion of the 3-D coordination
network of Na*(tpn)* ~(THF) at 120 K. Thermal ellipsoids are depicted at a
50% probability level. Hydrogen atoms are omitted for clarity.

0.5 [ T T T T T ]
T 04Ff .
o) [ ERRORKOO000RRRRRONN o4
S i ]
e 03— ]
(42} 4
e ]
g 0.2 ¢ .
~ i ]
= 0.1 . °© 01T ]
[ X 1T ]
0 -. e b by by b by .-

0 50 100 150 200 250 300

T/IK

Fig. 4 Temperature (T) dependence of the 4T product at 0.1 T (between
1.85 and 100 K) and 1 T (between 10 and 300 K) for Li*(tpn)*~(THF), (where
1 = M/H is the molar magnetic susceptibility normalized per formula unit).
The solid red line is the best fit of the experimental data to the regular S =
1/2 spin chain model described in the text.

0.375 cm® mol " K expected for an S = 1/2 radical species with a g
factor of 2. As the temperature decreases, the presence of sub-
stantial antiferromagnetic interactions between radical molecules
is highlighted by the marked decrease in the y7 product below
50 K. Based on the crystal structures shown in Fig. 1 and 2, the
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1.160(4) 1.163(3)-1.164(3)
1.401(4) 1.400(3)-1.398(3)
1.398(5)-1.405(5) 1.421(3)-1.428(3)
1.350(4) 1.354(3)-1.360(3)
2.816(4) 2.820(3)

strongest antiferromagnetic interactions between (tpn)*~ spins
should be mediated by the Li cation along the Li'(tpn)*~ chain.
Accordingly, a regular chain of S = 1/2 quantum spins with a single
magnetic interaction, J, between (tpn)*~ radical centers (H =
-2J>"S:S:1) was used to model the magnetic susceptibility data.
In 1964, Bonner and Fischer reported on this chain model and
derived the analytical expression for the susceptibility,>*™> which
was used to fit the y7'vs. T data shown in Fig. 4 (solid red line). This
regular chain model is able to reproduce the experimental data
well, with an estimated intrachain exchange coupling of J/kz =
—1.39(6) K (with a g factor of 1.99(5)). In marked contrast to
Li'(tpn)* ~(THF),, Na'(tpn)* (THF) is completely diamagnetic
below 300 K (with less than 0.15% of S = 1/2 Curie impurities -
Fig. S11, ESIt), with an experimental diamagnetic susceptibility of
—0.64(5) 10~* ecm® mol ", which compares well with the rough
theoretical values derived from the molecular weight (MW; —0.5 x
MW x 10" % = —1.1 10~* ecm® mol™ ") or from Pascal’s constants
(=1.3 107* cm® mol™").*® This magnetic behaviour results from
strong n-7 interactions between the neighbouring tpn®~ radicals,”*
forming diamagnetic radical pairs in the structure of Na'(tpn)® -
(THF) (dypn-tpn = 3-24 A; Fig. 3). This is also consistent with the EPR
results. While the salts in solution display clear and expected EPR
signals (Fig. S4, bottom, ESI{), the resonance for the solid
Na'(tpn)* " (THF) is weak, revealing only a few percent of tpn
radicals, in marked contrast with the solid Li*(tpn)* ~(THF), under
the same conditions (Fig. $4, top, ESIt).

In conclusion, the terephthalonitrile radical has been suc-
cessfully synthesized, isolated and characterized as lithium and
sodium THF-solvated salts. While neutral tpn has been widely
used as an organic ligand, its radical form presents unique and
compelling opportunities. These radical salts hold significant
potential as (i) precursors for cross coupling reactions,
(if) versatile reductants and (iii) promising ligands for design-
ing high-temperature molecule-based magnets or conductors.
The latter application is particularly intriguing due to a remark-
ably large delocalization of its unpaired electron over the whole
molecule, which could enhance the electronic and magnetic
properties in these complexes.
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