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The first organic magnet based on a high-nitrogen framework
of pyrazine-fused furazans Na(L'")(H,O); was found.
A quantum-chemical study of M(L*")(H,0),, where M = Li,
Na, K, Rb, NH,, revealed that exchange coupling energy
between the neighboring radical anions proved highly
sensitive to the motion of one L*~ relative to another.
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Stable organic radicals have been of great academic interest
not only in the context of fundamental understanding of
reactive intermediates but also because of their numerous
applications as functional materials.'~” An intriguing idea is
to create new types of magnetically active compounds
saturated with organic components based on synthetic
chemistry approaches. This would impart them the properties
typical of organic compounds: low density, -elasticity,
transparency over a broad range of electromagnetic spectrum,
high resistance to electric current, biocompatibility.3-19 Miller
drew attention to the fact that molecule-based magnets and
their precursors are frequently soluble in conventional organic
solvents and do not require energy intensive metallurgical
preparative methods.!! Persistent organic radicals are
considered to be promising building blocks for multi-
functional molecule-based magnetic materials and the design
of different devices.’!'>”!7 These radicals have emerged as
promising compounds for organic spintronics,'82% memory
devices,?!=2* spin sensors,? spin filters,?%2” probing quantum
interference effects in molecular conductance,?®?° gaseous
separation of small paramagnetic molecules’® and
magnetically driven micro and nanorobots.?!

However, reliably and reproducibly recorded bulk magnetic
ordering for organic compounds is an extremely rare
event.! 1232736 The structures of some of these compounds are
shown in Figure 1.

Note that the solid phases of these compounds are often
amorphous, which creates problems in studies of magneto-
structural correlations, or possess extremely low magnetization
and high sensitivity to oxygen or air moisture. These
circumstances stimulate active search for novel organic radical
platform of highly stable organic radicals’ possessing a new set
of physicochemical properties, which may be useful for studies
in the field of molecular/organic magnets.'!

© 2021 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

Here, a new type of highly stable radical derived from
pyrazine-fused furazans is described. This air- and water-stable
radical was found among the products of oxidation of the tricyclic
heterocyclic compound, viz. 4H,8H-bis(furazano)[3,4-b:3",4"-¢]-
pyrazine (H,L, Figure 2), previously investigated only in the
chemistry of energetic materials.3’>* Earlier, it was noted only
that the oxidation of H,L. with powerful oxidants (anhydrous
nitric acid, fluorine, chlorine, or hot Caro’s acid) could form
radical species.?#! We found that weaker oxidants could be used
for the oxidation of H,L, especially in alkaline media, and as
oxidants we chose PbO, powder and Br, gas (see Online
Supplementary Materials). The oxidation of H,L. was carried out
under heterophase conditions in both cases; due to this, the
oxidation could be easily stopped by filtering off PbO, or blocking
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Figure 1 Organic molecular magnets.
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Figure 2 H,L, HL", L2, L', HL", and L"* molecules.

the access of bromine vapor to the surface of the reaction mixture.
Figure 3 briefly illustrates the results of an electrochemical study
showing that the products of dissociation of H,L. and HL.", whose
contents drastically increase after the addition of a strong base to
the reaction medium, are oxidized more readily than H,L.

The oxidation of H,L is conveniently performed in water as
aqueous solutions of paramagnetic polycyclic pyrazines are
kinetically persistent under normal conditions for a long time
sufficient to grow high-quality M(L*")(H,0), single crystals.
However, well-resolved EPR spectra of radical species are more
conveniently recorded in organic solvents. Figure4 gives
examples of the experimental and theoretical spectra of the
radical anion recorded at a potential of 0.8 V in a two-electrode
Pt/Pt electrochemical cell placed in a resonator of an EPR
spectrometer. The results of spectrum simulation agree well with
the data of the quantum-chemical calculation of the HFC
constants for L7, namely, g;=2.0058, ay (4N, 8N) = 0.4 mT,
ay (IN, 3N, 5N, 7N) = 0.14 mT.

Salts NH4(L"")(H,0);, Na(L'")(H,0);, K(L")(H,0),5 and
Rb(L")(H,0) were obtained using the PbO, oxidant. For the
synthesis of Li(L"")(H,0); and L, the oxidation was performed

with Br, vapors. The reaction mixture should be vigorously
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Figure 3 Electrochemical potentials of H,L, HL~ and L?>3; CV curve
obtained in 0.1 M BuyNBF,/MeCN on a glassy carbon electrode (see Online
Supplementary Materials, Section 2 for details).
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Figure 4 EPR spectra of L°: experimental (red line; THF/
Bu,NCIlO,/+0.8 V) and simulated (blue line, g;=2.0059, ay=0.42 mT,
an=0.16 mT, LW = 0.04 mT).

stirred, limiting the contact time between the solution surface
and the Br, vapors in order to avoid the oxidation of L™ to L*".
Unlike colorless H,L solutions, L*~ and L™ solutions are colored
bright green and brown (see movie in Online Supplementary
Materials), respectively, which makes them easy to visualize
when they appear in the reaction mixture. The oxidation
potentials of H,L in different solvents are close (see Online
Supplementary Materials).

Our study of the magnetic properties of the compounds
revealed that Na(L*")(H,0); underwent magnetic ordering at low
temperatures. This result was reliably reproduced and did not
depend on any peculiarities of the synthetic procedure. For other
M(L")(H,0),, where M =Li, K, Rb, NH,, bulk magnetic
ordering was not recorded. L** is diamagnetic, which is fully
consistent with the results of our quantum-chemical study
(the ST gap for the L'* molecule is ~6100 cm™).

The field dependences of magnetization for Na(L"")(H,0); at
2, 3, and 4 K are presented in Figure 5. Magnetization increases
sharply with the magnetic field strength; above 7 kOe, it
increases monotonically. An analysis of the M(H) dependences
using the equation M = M+ xH made it possible to evaluate
spontaneous magnetization M, and magnetic susceptibility (see
Online Supplementary Materials). Figure 5 also gives the
temperature dependence of magnetization of the compound in a
magnetic field of H =200 Oe, which shows that magnetization
drastically increases below 4.5 K.
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Figure 5 For Na(L*")(H,0);: (a) dependence of M on H at different
temperatures; (b) dependence of M on T at H = 200 Oe.

T Crystal data for H,L.* C,H,N4O,, Fy =166.00, T=110 K, space
group P2,/n, Z=2, a=5.1253(1), b = 4.4839(1) and ¢ = 11.8178(3) A,
B =91.072(1)°, V = 271.54(1) A3, Dy, = 2.032 g cm™3,

Crystal ~ data  for H,L2DMFE. C,(H;(NgO,, Fy=312.31,
T=296 K, space group C2/c, Z=4, a=21.1751(12), b =4.1239(2)
and ¢ =184848(10) A, B =115567(2)°, V =1456.11(14) A3,
Dy = 1.425 gem™.

Crystal data for (NHy)(L7)(H,0);. C4H|(N,Os, Fy =234.20,
T =296 K, space group P2,/c, Z=4, a=8.6393(6), b = 6.7123(5) and
c =8.8415(6) A, B = 103.154(5)°, V = 499.26(6) A3, D . = 1.574 g cm™>.

Crystal data for L”. C4NgO,, Fy =164.10, T=296 K, space group
Cmeca, Z=4, a=15.935(4), b=5.6876(14) and c = 6.6326(18) A,
V=601.1(3) A%, Dy = 1.813 g cm 3,

Crystal data for Li(L"~)(H,0);. C4HgLiNgOs, Fyy = 225.09, T = 296 K,
space group Ce, Z=4,a = 16.4101(5), b = 6.4572(2) and ¢ = 8.6603(3) A,
B =104.164(2)°, V = 889.78(5) A3, D . = 1.680 g cm™>.

Crystal data for Na(L'7)(H,0);. C4HgNgNaOs, Fy =241.14,
T=296 K, space group Pl, Z=2, a=3.5452(5), b = 8.094009) and
c=16.2062) A, a=102.8159)°, B =94.891(10)°, y=90.540(9)°,
V = 451.60(10) A3, D . = 1.773 g cm™.

Crystal data for K(L7)(H,0),5. C4HsKNgO,s5, Fy =248.24,
T=283 K, space group C2/c, Z=38, a=22.6136(10), b =4.0120(2)
and c=20.2128(9) A, B =94.951(2)°, V = 1826.98(15) A3,
Dy = 1.805 g cm™,

Crystal data for Rb(L'~)(H,0). C,H,NO3Rb, Fy = 267.58, T =296 K,
spacegroupPi,Z =2,a=13.4013(5),b = 6.7965(3)and ¢ = 9.5489(3) A,
a=69.178(2)°, B =85.648(2)°, y=77.650(2)°, V =794.12(5) A3,
Dy =2.238 gem™.
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Figure 6 Fragment of the structure of Na(L'~)(H,0);.

For M(L"")(H,0),,, there is a large amount of structural
information” (see Online Supplementary Materials). Figure 6
shows only a fragment of the structure of Na(L'")(H,0);; in the
figure, the (yellow) columns of Na atoms surrounded by the O
atoms of H,O molecules and the N atoms of the furazan rings
separate the columns of L°~ radical anions situated one over
another. As the columns of L'~ radical anions form a structural
motif common to all M(L"")(H,0),,, the question arises: Why is
it only Na(L'")(H,0); that is liable to bulk magnetic ordering of
all M(L"")(H,0),;’s? According to our knowledge, this problem
has never appeared in the history of studies on organic magnets.
This is probably due to the fact that the ability to undergo
cooperative magnetic ordering among organic alkali salts was
recorded only once.>

Comparative quantum-chemical analysis of magnetostructural
correlations inherent in M(L"")(H,0),, (Table 1), revealed a high
sensitivity of exchange coupling energy among the neighboring
radical anions when one L'~ moved relative to another L~ in
parallel planes (insert, Figure 7). Table 1 shows two different
values of J in those cases when the packing of M(L")(H,0),
contains columns of two different types of L. The exchange
between the paramagnetic anions of neighboring columns is
insignificant and does not exceed 1-2cm™'. In the case of
Rb(L*7)(H,0), the exchange integrals between the radicals of the
neighboring columns are even smaller (<0.1 cm™).

To describe the revealed effect, which allows us to explain the
difference in the magnetic properties of Na(L*")(H,0); from

Table 1 Magnetic exchange coupling constants J (cm™).

Compound LC-BLYP cam-B3LYP PBE+U
Li(L*7)(H,0)5 —41.7, —44.3, -102.0
-27.8 -30.5
Na(L'")(H,0), 58.3, 56.7, 19.3
58.7 559
K(L")(H,0), 5 -130.3 -136.4 -103.8
Rb(L*7)(H,0) —48.7, -53.0, -52.0,
-58.4 -57.7 -70.0
NH4(L")(H,0)5 —43.2 -44.9 —46.5

The crystals suitable for an XRD analysis were mostly collected
directly from the mother solution and immersed into epoxide resin for
protection from medium effects. Data sets were obtained on Bruker
AXS — SMART APEX II and Apex Duo diffractometers (absorption
correction and scaling was done using SADABS program, ver. 2.10). The
structures were solved by direct methods and refined by full-matrix least
squares anisotropically for all non-hydrogen atoms. For the majority of
structures, the positions of H atoms were located in series of electron
density syntheses and refined in an isotropic approximation without any
restrictions. In some cases, they were calculated geometrically and
refined in a riding model with free thermal parameters. All calculations
on structure solution and refinement were performed with the Bruker
SHELXTL (ver. 6.14) and SHELX set of programs.®

CCDC 2081748-2081753 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.
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Figure 7 Calculated map of the sign of exchange integral for a pair of L'~
radical anions depending on the relative shift of their centers. Light green
(turquoise, then green, and then petrol blue at increased exchange energy):
regions of antiferromagnetic exchange; yellow: regions of ferromagnetic
exchange. Numbers at isolines: values of exchange integrals in cm™'. Red
asterisks: points corresponding to M(L*")(H,0),, where M =Li, K, Rb,
NHj. Insert: the vector connecting the centers of radical anions demonstrates
the relative shift of the neighboring L'~ radical anions.

other M(L"")(H,0),, salts (M = Li, K, Rb, NH,), it was useful to
construct a special ‘orientation-energy’ map of exchange
interactions (see Figure 7). This map reflects the dynamics of the
sign of exchange integral between two adjacent L' ’s during the
imitated ‘flotation’ of one species over the other in a parallel
plane at a fixed interplanar distance.

The data of Table 1 show that the values of exchange integrals
do not differ significantly for molecular and periodic DFT
calculations. As mentioned above, the columnar structure of the
paramagnetic anions spaced about 3.2 A apart is a structural
feature common to all M(L"")(H,0),, salts. The difference lies in
the relative shift of the centers of adjacent radical anions relative
to one another (in the insert in Figure 7, the shift is marked by a
red vector). It appeared that this shift determines the magnitude
and character of exchange interaction in the L*~ columns, which
was confirmed by the molecular DFT calculation of exchange
integrals for a wide set of the relative shifts of ligands along the
X andY axes (see Figure 7).

In the map, the regions of positive exchange integrals are
yellow, and those of the negative integrals are green. The points
that formally correspond to the relative shifts of ligands for
M(L"")(H,0),, are also marked in the map. It can be seen that the
map gives adequate values and signs of exchange integrals. The
map of the sign of exchange integral for a pair of L'~ radical
anions lying at a distance of 3.2 A in the parallel planes was
calculated for the chosen 2D variant. It can certainly be obtained
as a 3D image, although in reality the interplanar distances in
these compounds can be decreased by no more than 0.2 A (see
Online Supplementary Materials).

It should also be stressed that the results proved to be perfect
experimental support of McConnell-I exchange model.*® The
high sensitivity of exchange coupling energy among the
neighboring radical anions when one L~ moved relative to
another L*” in parallel planes (insert, Figure 7) is determined by
the character of spin density distribution in L'". Indeed, according
to the known McConnell-I mode,*® one would expect antiferro-
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Figure 8 Scheme of spin density overlap of the pair of radical anions L~
in Na(L'7)(H,0); with FM exchange integral (top) and in K(L"~)(H,0), 5
with AFM exchange integral (bottom). Top view. Pink: positive spin density,
blue: negative spin density; spin density surfaces of the level of 0.002 are
shown.

magnetic (AFM) exchange coupling in the L pair with
significant overlap of spin densities of the same sign and
ferromagnetic (FM) exchange coupling with significant overlap
of spin densities of opposite signs.

Figure 7 qualitatively confirms this correlation. Thus, the
region of the ferromagnetic exchange integral of 40-50 cm™' in
Figure 7 corresponds to a relative shift of the centers of radical
anions L*” by ~1 A on both axes. With this shift, the positive spin
densities of N atoms overlap the negative spin densities on C
atoms most effectively. This situation is close to the relative
geometry of arrangement of radical anions in Na(L*™)(H,0);
(upper panel in Figure 8). The lower panel in Figure 8 corresponds
to the relative geometry of arrangement of L™~ in K(L*™)(H,0), 5,
which is demonstrated by the AFM exchange integral. Although
the McConnell-I model is often criticized,’’ in our case it
adequately describes the experimental correlations between the
exchange sign and the relative arrangement of L~ radical anions
in M(L"7)(H,0),, solids.

In conclusion, the novel family of highly stable paramagnetic
organic salts M(L'")(H,0), have been synthesized. Their
structure was unambiguously confirmed by X-ray crystallo-
graphy. We revealed a novel organic magnet, which is a radical
anion derivative of bis(furazano)pyrazine, known but poorly
understood tricyclic framework. Paramagnetic derivatives of
polycyclic furazanopyrazines are also of interest from the
viewpoint of a quantum-chemical research, which was confirmed
by the results of the investigation of exchange interactions in
M(L")(H,0),. The calculated map of the sign of exchange
integral for a pair of L radical anions lying in parallel planes
allowed us to explain the presence of ferromagnetic exchange in
Na(L*")(H,0);. The results of this study show that careful
selection of substrates among high nitrogen compounds can lead
to the discovery of new molecular magnets.

This study was financially supported by the Ministry of
Science and Higher Education of the Russian Federation
(agreement with IOC RAS no. 075-15-2020-803).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2021.11.005.
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