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Design of a new nitronyl-nitroxide biradical and its
complexes: synthesis, crystal structures and
magnetic propertiesy
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A new nitronyl-nitroxide biradical, H,L, has been obtained starting from bisphenol A, through successive
nitration, formylation, and Ullman reactions. Using this molecule as a ligand, two isostructural binuclear
complexes. (EtsNH),[Co,L(hfac),-CHClz 1 and (EtsNH),[NisL(hfac),]-CHClz 2, have been synthesized and
characterized by single crystal X-ray diffraction. Their magnetic properties have been investigated and
revealed relatively strong antiferromagnetic interactions between the metal ions and the nitronyl-nitroxide
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Introduction derivatives. The richness of the nitronyl-nitroxide class of
ligands is directly related to the availability of various aldehyde

Nitronyl-nitroxides (NN), stable and persistent radicals  precursors. Indeed, the need for these molecules as ligands

(Scheme 1), are useful ingredients for designing molecular
magnetic materials." These molecules can act as ligands
towards paramagnetic 3d and 4f metal ions, generating
heterospin complexes with ferro- and antiferromagnetic
interactions between the spin carriers varying between large
limits. The interplay between the strong couplings and the
magnetic anisotropy, the last one brought by the metal ions,
leads to families of compounds with exciting magnetic
properties: molecular nanomagnets (single molecule magnets,
SMM, and single chain magnets, SCM), which are of high
interest for applications in data storage. The first single chain
magnet, reported in 2001 by Gatteschi et al.,” is a coordination
polymer constructed from cobalt() nodes bridged by a nitronyl-
nitroxide ligand. SCMs characterized by high coercive fields,>*”
or by a high blocking temperature (15.5 K)* are also cobalt(n)
coordination polymers with nitronyl-nitroxide bridging ligands.

These organic radicals are readily obtained from aldehydes
following or adapting Ullman's synthetic protocol.® The
nitronyl-nitroxide platform can be decorated with various
coordinating groups, arising from the starting formyl
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continuously stimulates the design of new aldehydes
functionalized with coordinating groups. Moreover, starting
from polyladehydes, polyradicals can be synthesized as well.
For example, ligands with two nitronyl nitroxide units in meta
position on the same phenyl ring led to mononuclear and
homometallic polynuclear metal complexes containing Mn",
CuH,G Ym’7 Prm’s Ndm’s,g Smm’s G dm’ Tbm, Dym’7710 HOIII’7 as
well as to heterometallic complexes: Ln"™-Mn" (where Ln: Gd,
Dy),""** Ln"™-Co" (where Ln: Gd, Tb, Dy, Ho),"” Ln™-Ni"
(where Ln: Tb, Dy),"* Ln""-Cu" (where Ln: Gd, Tb, Dy, Ho,
Y),"**® and Dy"-zn"™." Ligands with two nitronyl-nitroxide
units in para position on the same benzenic ring led to both
mononuclear complexes and coordination polymers containing
CuH,Ga’lS MnH,19 YIII’ de’ Tbm, and Dyln,zo metal ions.

Other families of biradicals are characterized by larger
distances between the two NN groups, which are attached
onto different fragments within the same molecule. The
structures of several compounds are depicted in Scheme 2.
For example, the two ligands derived from 2,2"-bipyridine (I

N

+N
_ 1
o

Scheme 1 Nitronyl-nitroxide radical.
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Scheme 2 Nitronyl-nitroxide biradicals.

and II) generate mononuclear complexes with 3d metal
ions.”"** The ligands III and IV, with NN fragments separated
by 4 or 8 methylene groups, led to 1D and 2D coordination
polymers with Cu™ nodes.>® For the biradicals V and VI, with
NN groups attached to imidazole rings separated by 2 or 4
methylene groups, chains and binuclear complexes of Gd™,
Tb™, and Dy™ have been obtained and characterized.>* The
biradical derived from di-phenyl-ether VII led to a 2D
coordination polymer of Cu",* while the one derived from
5-phenyl-3-pyridyl VIII generates an octanuclear Cu" complex
and Ln™-Cu" chains (where Ln: Gd, Tb, Dy).>®

In this paper we report on the synthesis of a new nitronyl
nitroxide biradical (Scheme 3) derived from bisphenol A, and
on the crystal structures and magnetic properties of two
dinuclear complexes generated by this ligand: (Et;NH),[M",-
L(hfac),]-CHCl;, where M: Co, Ni.

Experimental

Materials and methods

The 2,3-bis(hydroxylamino)-2,3-dimethylbutan,*” 4.4'-
(propane-2,2-diyl)bis(2-nitrophenol),*® were synthesized as
previously described. Silica gel wused in column
chromatography was silica gel 60 (0.062-0.200 mm) from
Merck. All other reagents and solvents were commercially
purchased and used without any further purification, if not
stated otherwise.

Synthesis

Synthesis of 5,5"-(propane-2,2-diyl)bis(2-hydroxy-3-
nitrobenzaldehyde). The synthesis of the dialdehyde was

This journal is © The Royal Society of Chemistry 2025
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devised and adapted from reported procedures on similar
compounds.’

Method (a). 4,4'-(Propane-2,2-diyl)bis(2-nitrophenol) (1.000
g, 3.142 mmol, 1 eq.) and hexamethylenetetramine (1.762 g,
12.568 mmol, 4 eq.) were dissolved in 10 mL of CF;COOH
under nitrogen and refluxed for 4 days. The reaction was
monitored daily by TLC. Then, after cooling the solution, 10
mL of 3 M HCI solution were added and refluxed for 1 hour.
After cooling, the solution was extracted two times with 25
mL of CHCl;, and the combined organic phases were washed
with 50 mL of 3 M HCI solution, 50 ml of H,O and then dried
over MgSO,.

After evaporation of the solvent under vacuum a crude
yellow-orange solid was obtained. The crude solid was
dissolved in minimum amount of CHCl; and purified by
column chromatography using silica gel, as stationary phase,
using as eluents CHCI; for the starting material, a mixture of
CHCl;: ethyl acetate = 19:1 (v:v) for the monoaldehyde and
a gradient from CHCl;: ethyl acetate = 19:1 (v:v) to CHCl;:
ethyl acetate = 1:1 (v:v) for the dialdehyde. The eluate was
collected as 50 mL fractions and products were identified by
TLC, hexane:CHCl; = 9:1 (v:v) with R = 0.8 for
monoaldehyde and R = 0.4 for dialdehyde. The
monoaldehyde fractions were evaporated and the solid
dissolved in ethyl acetate then, the obtained solution was let
to evaporate to obtain the monoaldehyde as a light yellow
powder 0.456 g, yield 42%. The dialdehyde fractions were
evaporated under vacuum and the solid dissolved in hot ethyl
acetate, the obtained solution was let to evaporate to obtain
an orange-yellow solid which was washed carefully with small
amounts of ice-cold ethyl acetate, filtered and dissolved again
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Scheme 3 Synthesis of monoaldehyde 3, dialdehyde 4 and nitronyl-nitroxide ligand H,L 5.

in hot ethyl acetate. Upon the slow evaporation of the
solution, dialdehyde was isolated as yellow crystals 0.149 g,
yield 13%.
2-Hydroxy-5-(2-(4-hydroxy-3-nitrophenyl)propan-2-yl)-3-
nitrobenzaldehyde (monoaldehyde) 3. Selected IR peaks
(em™): 3294 (m), 2966 (w), 2920 (w), 2876 (W), 1695 (vs), 1626
(s), 1589 (m), 1572 (m), 1539 (vs), 1462 (s), 1421 (s), 1408 (s),
1371 (s), 1348 (s), 1327 (vs), 1306 (vs), 1258 (vs), 1180 (s),
1157 (s), 1140 (m), 1107 (m), 1079 (w), 972 (w), 930 (m), 895
(w), 837 (w), 824 (w), 783 (w), 768 (w), 728 (w), 704 (m), 660
(m), 629 (w), 617 (w), 586 (m), 567 (W), 548 (W), 465 (w), 423
(w), 441 (w). 'H-NMR (500.13 MHz, CDCl;, § ppm, J Hz):
11.27 (s, 1H, OH), 10.53 (s, 1H, OH), 10.38 (s, 1H, CHO), 8.20
(d, 1H, Hy,, 2.6 Hz), 8.03 (d, 1H, Hy,, 2.5 Hz), 7.93 (d, 1H,
Hy;, 2.6 Hz), 7.32 (dd, 1H, H,,, 2.5 Hz, 8.8 Hz), 7.09 (d, 1H,
Ha,, 8.8 Hz), 1.73 (s, 6H, CH;) ppm. "*C-NMR (500.13 MHz,
CDCl;, § ppm): 188.86, 154.97, 153.82, 141.64, 140.79, 136.46,
135.15, 134.85, 133.12, 128.78, 125.43, 121.97, 120.51, 42.16,
30.28 ppm. MS (-ESI): [M-H] = 345.1 (m/z) (exact mass
346.08).
5,5'-(Propane-2,2-diyl)bis(2-hydroxy-3-nitrobenzaldehyde)

(dialdehyde) 4. Selected IR peaks (cm™): 3144 (w), 3092 (w),
3042 (w), 2978 (m), 2939 (w), 2880 (w), 2760 (w), 2662 (W),
2581 (w), 1695 (s), 1672 (vs), 1663 (vs), 1620 (m), 1595 (m),
1537 (vs), 1528 (vs), 1462 (s), 1422 (m), 1393 (m), 1373 (vs),

6464 | CrystEngComm, 2025, 27, 6462-6472

1348 (s), 1310 (s), 1294 (m), 1271 (vs), 1250 (s), 1217 (s), 1175
(m), 1159 (m), 1123 (w), 1109 (w), 1013 (w), 966 (m), 951 (m),
924 (w), 910 (w), 878 (w), 791 (m), 770 (m), 733 (m), 689 (W),
646 (w), 629 (W), 596 (W), 579 (W), 469 (w). 'H-NMR (500.13
MHz, CDCl;, § ppm, J Hz): 11.26 (s, 2H, OH), 10.39 (s, 2H,
CHO), 8.21 (d, 2H, Hy,, 2.6 Hz), 7.91 (d, 2H, Hy,, 2.6 Hz), 1.76
(s, 6H, CH;) ppm. "*C-NMR (500.13 MHz, CDCl;, 6 ppm):
188.59, 155.19, 140.80, 134.98, 134.86, 128.68, 125.67, 42.34,
30.29 ppm. MS (-ESI): [M-H] = 373.1 (m/z) (exact mass
374.08).

Method  (b).  2-Hydroxy-5-(2-(4-hydroxy-3-nitrophenyl)
propan-2-yl)-3-nitrobenzaldehyde (monoaldehyde) 3 (1.000 g,
2.888 mmol, 1 eq.) and hexamethylenetetramine (1.619 g,
11.551 mmol, 4 eq.) were dissolved in 10 mL CF;COOH
under nitrogen and refluxed for 4 days. The reaction work-up
and purification are the same as described in method (a).
The dialdehyde was isolated as yellow crystals 0.035 g, yield
3%.

Synthesis of 2,2'-(propane-2,2-diylbis(6-hydroxy-5-nitro-3,1-
phenylene))bis(4,4,5,5 tetramethyl-4,5-dihydro-1H-imidazole-
1-oxyl-3-oxide) (H,L) 5. The synthesis of the nitronyl-nitroxide
radical was adapted from previous reported procedures.*?’

5,5'-(Propane-2,2-diyl)bis(2-hydroxy-3-nitrobenzaldehyde)
(dialdehyde) (0.485 g, 1.297 mmol, 1 eq.) and
2,3-bis(hydroxylamino)-2,3-dimethylbutan (0.422 g, 2.853

This journal is © The Royal Society of Chemistry 2025
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mmol, 2.2 eq.) were dissolved in 30 mL of methanol and
refluxed for 48 h. After cooling, the methanol was evaporated
under vacuum and solid obtained was dissolved in 30 mL of
CHCI; and placed in an ice bath. Over, was added a solution
of NalO, (0.555 g, 2.594 mmol) in 30 mL of H,O and the
reaction was let to evolve 30 minutes under the ice bath and
30 minutes at room temperature. The organic phase was
separated and washed with 30 mL of H,O and dried over
MgSO, followed by the evaporation of the solvent under
vacuum. The crude product was purified by column
chromatography, using silica-gel as stationary phase, with the
elution system with a gradient, starting from pure CHCI; to
CHCl; : ethyl acetate = 9:1 (v:v) to CHCl;: ethyl acetate = 1:1
(v:v). The product was identified in the blue coloured
fractions by TLC, hexane:CHCl; = 8:2 (v:v) with Ry = 0.4.
The solvent was evaporated and the solid was suspended in a
small amount of cold ethyl acetate, filtered, washed with
small amounts of cold ethyl acetate and air dried to obtain
the radical as a blue powder 0.204 g, yield 25%. Selected IR
peaks (cm™): 3447 (w), 3082 (w), 2976 (w), 2941 (W), 2876 (W),
2725 (w), 2598 (w), 1736 (w), 1618 (w), 1582 (w), 1537 (vs),
1472 (m), 1450 (m), 1415 (w), 1393 (m), 1371 (s), 1339 (m),
1279 (m), 1215 (w), 1161 (m), 1134 (m), 1105 (w), 976 (W), 924
(w), 893 (w), 872 (w), 816 (w), 789 (w), 766 (w), 714 (W), 687
(w), 662 (W), 598 (W), 542 (w), 459 (w). UV-vis (nm): 399, 578.
MS (+ESI and —ESI): [M + H] = 629.2 (m/z) and [M-H] = 627.2
(m/z) (exact mass 628.25).

Synthesis of (Et;NH),[Co,L(hfac),]-CHCl; 1. Co(hfac),-2H,0
(0.0356 g, 0.0700 mmol, 2 eq.) was dissolved in 10 mL of
heptane and refluxed for 30 min. Then, after cooling down the
solution, another 15 mL of CHCI; solution containing H,L (5)
(0.0220 g, 0.0350 mmol, 1 eq.) and triethylamine (0.0073 g,
0.0717 mmol, 10 pL, 2.05 eq.) was added over. The solution
was refluxed for 30 min, cooled down and filtered. After
allowing the solvent to slowly evaporate for three days, brown-
red crystals of the product were obtained 0.0172 g, yield 26%.
Selected IR peaks (cm™): 3435 (w), 2992 (w), 2893 (W), 2673 (w),
2500 (w), 1649 (m), 1618 (w), 1553 (m), 1530 (m), 1476 (m),
1396 (W), 1362 (W), 1258 (vs), 1204 (s), 1148 (vs), 1099 (w), 950
(w), 925 (w), 900 (w), 870 (w), 827 (w), 810 (w), 793 (W), 764 (W),
743 (w), 673 (m), 586 (W), 546 (W), 529 (w), 454 (w). UV-vis (nm):
410, 550, 1168.

Synthesis of (Et;NH),[Ni,L(hfac),]-CHCl; 2. Ni(hfac),-2H,0
(0.0356 g, 0.0700 mmol, 2 eq.) was dissolved in 10 mL of
heptane and refluxed for 30 min. Then, after cooling
down the solution, another 15 mL of CHCI; solution
containing H,L (0.0220 g, 0.0350 mmol, 1 eq.) and
triethylamine (0.0073 g, 0.0717 mmol, 10 pL, 2.05 eq.).
The solution was refluxed another 30 min, cooled down
and filtered. After allowing the solvent to slowly evaporate
for three days, purple-red crystals of the product were
obtained 0.0135 g, yield 20%. Selected IR peaks (cm™):
3431 (w), 2993 (w), 2893 (w), 2681 (w), 2506 (w), 1645 (m),
1618 (w), 1553 (m), 1531 (m), 1475 (m), 1396 (w), 1362
(w), 1258 (vs), 1204 (s), 1148 (vs), 1096 (w), 947 (w), 924
(w), 901 (w), 870 (w), 826 (w), 808 (w), 793 (W), 764 (W),

This journal is © The Royal Society of Chemistry 2025
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743 (w), 669 (m), 584 (w), 546 (w), 528 (w), 457 (w). UV-
vis (nm): 402, 566, 748, 1093.

Physical measurements

IR spectra were recorded on a FTIR Bruker Tensor V-37
spectrophotometer (KBr pellets) in the range of 4000-400
em™'. UV-vis diffuse reflectance spectra were recorded on a
JASCO V-670 spectrophotometer on undiluted samples in the
range 200-1400 nm. The X-ray powder diffraction
measurements (XRPD) were carried out on a Proto AXRD
Benchtop using the Cu-Ko radiation with a wavelength of
1.54059 A in the range 5-35° 26. All nuclear magnetic
resonance (‘H and "*C NMR) measurements were recorded
on a Bruker Avance III Ultrashield Plus spectrometer
operating at 11.74 T, corresponding to the resonance
frequency of 500.13 MHz for the 'H nucleus at 25 °C.
Chemical shifts (0) are referenced to residual peaks of solvent
(CDCl;). For MS spectra Varian 310 - MS LC/MS/MS triple
quadrupole mass spectrometer fitted with an electrospray
ionization interface (ESI) was used. Air was used as drying
gas at a pressure of 19 psi and temperature according to
experiment. The nebulizing gas was nitrogen to 40 psi for
positive ionization and air to 55 psi for negative ionization.
The needle voltage had been established to the potential
5000 V for positive ionization and -4500 V for negative
ionization. The solution was injected directly into the
interface using a syringe pump Harvard 11PLUS, with a 0.010
mL min~" flow. Thus, protonated or deprotonated molecular
ion obtained was selected by the first quadrupole. Into the
second quadrupole, the protonated or deprotonated
molecular ion was fragmented by collision with an inert gas
(argon) to 1.5 mTorr pressure. Fragments were analyzed by
the third quadrupole. Prior to these experiments it was
performed the tuning of mass spectrometer using PPG both
for positive and negative. Direct current (DC) magnetic
susceptibility data (2-300 K) were collected on powdered
samples using a SQUID magnetometer (Quantum Design
MPMS-XL), applying a magnetic field of 0.1 T. All data were
corrected for the contribution of the sample holder and the
diamagnetism of the samples estimated from Pascal's
constants.’* > The field dependence of the magnetization
(up to 5 T) was measured at 2.0, 3.0, 4.0 and 5.0 K. The
temperature dependence of the magnetic susceptibility, as
well as the field dependence of the magnetization, have been
simultaneously analyzed using the PHI program.** The EPR
spectra of H,L 5 in toluene, dichloromethane (DCM) and
water solutions were collected using Jeol FA-100 X-band
spectrometer equipped with a nitrogen flow temperature
control unit. The EPR parameters set for these measurements
were: microwave power 1 mW, frequency 100 kHz, sweep field
100 G, center field 3217 G, sweep time 480 s, modulation
width 1 G. The EPR spectra were collected at variable
temperature for H,L 5 in water in the temperature range 20-
60 °C. The hyperfine coupling constants (ay) were evaluated
using WinSim software available from NIEHS.**

CrystEngComm, 2025, 27, 6462-6472 | 6465
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Crystal structure determination and refinement

The X-ray crystallographic data for compounds 1, 2 and 4
were collected on a Rigaku XtaLAB Synergy, Single source at
offset/far, HyPix diffractometer equipped with a graphite-
monochromated Mo Ka. radiation source (1 = 0.71073 A). The
structure was solved by direct methods and refined by full-
matrix least squares techniques based on F>. The non-H
atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were introduced in fixed,
idealized positions and refined wusing riding models.
Calculations were performed using SHELXT and SHELXL-
2015/2018 crystallographic software packages.’> A summary
of the crystallographic data and the structure refinement is
given in Tables 1 and S1. CCDC deposition numbers are
2478210 for (1), 2478211 for (2), and 2478212 for (4).

Computational details

The calculations for the two fragments were performed by
the broken symmetry approach in the frame of the
Gaussian09 program.*® We have considered two states, a high
spin (HS) one with S = 3/2 (S = 1/2 for radical and S = 1 for
the Ni"" ion) and a broken symmetry (BS) state with S = 1/2 (S
= -1/2 for the radical and § = 1 for the Ni"" ion). The energy
of this spin state was checked for the stability. The
calculations were performed with the B3LYP functional,®”
and the lanldz2,*® and TZVP,*® basis sets.

Results and discussion

The synthesis of the ligand (Scheme 3) started from
bisphenol A which was converted with nitric acid to 4,4'-
(propane-2,2-diyl)bis(2-nitrophenol).>® Subsequently, the nitro

Table 1 Crystallographic data and structure refinement parameters for
compounds 1 and 2

Compound 1-Co 2-Ni

Formula Ce2H71NgO1gF,4Cl3Co  CgrH71NgO,gF,,Cl3Ni
Formula weight 1896.47 1896.03

Crystal system Monoclinic Monoclinic

Space group P24/c P24/c

alA 12.7086(6) 12.6913(9)

b/A 34.9069(14) 34.9180(19)

c/A 18.9598(6) 18.9060(8)

Bl° 96.151(4) 95.976(5)

VIA® 8362.5(6) 8332.8(8)

V4 4 4

D /g em™ 1.506 1.511

T/K 293(2) 293(2)

/mm™ 0.612 0.668

Reflections collected 51187 37357

Independent reflection 14737 [Rine = 0.0330] 14 552 [Ripe = 0.0630]
Observed reflections [I 9401 7359

> 20(1)]

Final R indices [I > 0.0775, 0.2323 0.0716, 0.1893

20(1)]

R indices (all data)
Goodness-of-fit on F?

Apmin/Apmax (e Ais)

0.1117, 0.2637
1.044
1.53/-0.97

0.1423, 0.2311
1.020
0.89/-0.65
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derivative was formylated by Duff reaction,® using
hexamethylenetetramine and trifluoroacetic acid to obtain
the monoaldehyde 3 in 42% yield, and the desired
dialdehyde 4 in 13% yield. The attempt to convert the
monoaldehyde 3 to dialdehyde 4 via Duff rection, succeeded
only with a low yield of 3%, which may be explained by the
presence of the electron-withdrawing nitro group that
reduced the electron density on the aromatic ring.>*”
Nonetheless, after the tedious chromatographic separation,
the dialdehyde 4 was isolated and crystalized from ethyl
acetate. Single crystal X-ray diffraction measurements
revealed its molecular structure (Fig. S1). The dialdehyde 4
was further used as a precursor for the synthesis of the
nitronyl-nitroxide radical H,L 5 in 25% yield, using the
Ullman's synthetic pathway.*?” The binuclear complexes 1
and 2, were obtained by reacting cobalt(n) and nickel(u)
hexafluoroacetylacetonates with the paramagnetic ligand H,L
in the presence of triethylamine.

EPR spectra of the ligand H,L 5

The EPR spectrum of a nitronyl-nitroxide exhibits in most
cases five equidistant lines. In the case of the H,L 5 ligand,
the EPR spectra recorded at 295 K in different solvents show
more than five lines due to the spin-spin interactions of the
uncoupled electrons (Fig. 1). The literature describes two
mechanisms for spin-spin interactions: through space and
through bonds in the case of conjugated systems.**** In the
case of the H,L 5 biradical, the mechanism through which
spin-spin interactions occurs is through space, these being
determined by several factors: the nature of the solvent, the
conformation of the molecule, and the temperature. The line
intensities assigned to spin-spin interactions are dependent
on the nature of the solvent. In more non-polar solvents such
as toluene or dichloromethane (DCM) they are more intense
and broader (due to the presence of molecular oxygen) than
in a polar solvent, such as water. As the structure of the
biradical is flexible, the EPR spectra in solution represent a
sum of components corresponding to  different
conformations that bring the two paramagnetic groups at
various distances. Therefore, the ratio of spectral line
intensities in the experimental EPR spectrum changes

106

Fig. 1 The EPR spectra of H,L 5 in: a) toluene, b) dichloromethane, c)
water.

This journal is © The Royal Society of Chemistry 2025
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depending on the solvent and temperature. The values of the
hyperfine splitting constants (an; = anp) due to the
interaction of the unpaired electron with the nuclei of the
two equivalent nitrogen atoms are as follows: 7.45 G
(toluene), 7.64 G (DCM) and 8.20 (water).

Spin-spin interactions are defined by spin exchange
interaction constant J and the relative value to the hyperfine
coupling constant, ay, influences the shape of the EPR
spectrum. As such, in the case of biradicals bearing nitronyl-
nitroxide moieties, if J > ay, the EPR spectrum in solution
consists of 9 lines.*>*" The spectra displayed in Fig. 1 consists
of spectral lines attributed to spin interactions which are
present for all solvents, with the particularity that the high-
field lines, one attributed to exchange interaction and the
other to hyperfine coupling, are not resolved. In the case of
the biradical solution in water (Fig. 1c), the intensities of the
lines attributed to exchange interactions are very weak and
this can be explained by solvation effect and a conformation
of the biradical with the two paramagnetic groups at larger
distance. At 295 K, the EPR spectrum of the biradical is also
very similar to that of a nitronyl-nitroxide monoradical.
Therefore, the spectrum of the biradical H,L 5 in water
solution has been recorded at different temperature values in
the range 295-333 K (Fig. 2). It can be observed that, by
increasing the temperature, the lines assigned to exchange
interactions increase in intensity due to the increase in the
mobility of the molecule, allowing the two paramagnetic
groups to approach each other.

Crystal structures of 1 and 2

The cobalt and nickel complexes, (Et;NH),[Co,L(hfac),]-CHCl;
1, (EtsNH),[Ni,L(hfac),]-CHCI; 2, are isostructural. Therefore,
we describe here only the structure of the nickel derivative
(Fig. 3). The crystal structure of 2 consists of anionic dinuclear
species, [Ni,L(hfac),]*”, triethylammonium cations, Et;NH",
and crystallization CHCl; molecules. Each nickel(u) ion shows
an octahedral geometry, being coordinated by four oxygen
atoms from the hexafluoroacetylacetonato (hfac™) ligands,
and in cis positions by the phenoxido and aminoxyl oxygen
atoms from the paramagnetic ligand. The two
crystallographically independent metal ions are chiral and
display A (Ni1) and, respectively, A (Ni2) configurations. The
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Fig. 2 The EPR spectra of H,L 5 in water solution recorded in the
temperature range 295-333 K.
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Fig. 3 The X-ray structure of the complex anion 2, with nickel-green,
carbon-grey, oxygen-red, nitrogen-blue and chlorine-yellow; the
hydrogen and fluorine atoms have been omitted for clarity.

Ni1-O bonds vary from 2.004(4) to 2.065(5) A, and the Ni2-O
bonds from 2.027(4) to 2.042(4) A. The bond lengths of the
coordinated aminoxyl group to Ni1 (N1-O1 = 1.300(6) A) and
Ni2 (N5-09 = 1.290(6) A) are slightly longer than the ones from
the uncoordinated NO group (N2-02 = 1.273(6) and N6-010 =
1.274(7) A). The 2-nitrophenol fragments are tilted relative to
each other at an angle of 78.6°, with the nitronyl-nitroxide
moieties pending in opposite directions. Selected bond
distances and angles for compounds 1 and 2 are collected in
Table 2. In compound 2 the CF; groups are disordered over two
crystallographic positions assigned as A (0.411) and B (0.589).
For both crystallographic models, the packing diagram reveals
a network of intermolecular F---F interactions (2.805-3.285 A)
connecting the dinuclear units at supramolecular level (Fig. S2
and S3). Such interactions are frequently observed with
compounds containing C-F bonds, which play an important
role in the crystal packing.”® The diffuse reflectance spectra of
the two complexes and of the ligand are presented in Fig. S4.
Compound 1 shows, apart from the bands arising from the
organic ligands, one band due to the *T; — T, d-d transition,
(1168 nm) while compound 2 displays two bands which are due
to the d-d transitions: A, — T, (1093 nm) and *A, — *T; (748
nm). The assignments are made assuming the O point group.

Magnetic properties of 1 and 2

Based on the structures of compounds 1 and 2, we considered
them to consist of two metal-radical units that contribute
additively to the magnetic susceptibility, without significant
magnetic interaction between them. The y\T product for 1 at
300 K is 4.931 cm® mol™" K, (Fig. 4), a value that is smaller
than the expected one for two S = 3/2 (Co") and two S = 1/2
(radical) spins, if the orbital contribution characteristic for the
octahedral Co" ion is included (ca. 3 ecm® mol™ K/Co", the
spin only value being 1.875 cm® mol™ K/Co"). This suggests
that the Co" ion and the radical are coupled even at room
temperature. By lowering the temperature, y\,7 decreases
slowly to 3.98 em® mol™" K (100 K), than more and more,
reaching 0.410 cm® mol ™" K at 2 K. This behavior arises form
the magnetic anisotropy of the Co" ion, combined with the
antiferromagnetic intercation between each cobalt ion and the
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Table 2 Selected bond distances (A) and angle values (°) in compounds
land 2

1-Co 2-Ni

Distances (A)

Co1-01 2.028(4) Ni1-01 2.004(4)
Co1-03 2.042(3) Ni1-03 2.026(3)
Co1-011 2.098(5) Ni1-011 2.007(4)
Co01-012 2.064(5) Ni1-012 2.031(5)
Co1-013 2.047(4) Ni1-013 2.020(5)
Co1-014 2.067(5) Ni1-014 2.065(5)
Co2-08 2.047(3) Ni2-08 2.033(3)
Co02-09 2.061(3) Ni2-09 2.040(4)
Co2-015 2.081(3) Ni2-015 2.038(4)
Co02-016 2.070(4) Ni2-016 2.042(4)
Co2-017 2.057(4) Ni2-017 2.027(4)
Co02-018 2.074(3) Ni2-018 2.034(3)
Angles (°)

01 Col O3 89.4(2) 01 Ni1 03 89.8(2)
01 Col 014 84.5(2) 01 Ni1 014 91.8(2)
01 Col 012 174.4(2) 01 Nil 012 84.5(3)
03 Col 014 173.8(3) 03 Ni1 014 90.5(3)
03 Col 012 96.1(2) 03 Nil 012 174.1(2)
03 Col 011 90.7(2) 03 Ni1 011 92.2(2)
01 Col O11 92.8(2) 01 Ni1 011 94.0(2)
011 Col 014 88.8(2) 011 Ni1 014 173.5(2)
011 Col 012 86.9(2) 011 Ni1 012 90.1(2)
011 Col 013 171.0(2) 011 Ni1 013 85.3(2)
012 Col 014 90.0(2) 012 Ni1 014 87.6(2)
013 Col 03 93.1(2) 013 Ni1 03 95.2(2)
013 Col O1 95.3(2) 013 Ni1 01 174.8(3)
013 Col 014 88.2(2) 013 Nil1 014 88.6(2)
013 Col 012 84.6(2) 013 Nil 012 90.3(2)
08 Co2 09 89.4(2) 08 Ni2 09 90.0(2)
08 Co2 016 95.2(2) 08 Ni2 016 92.0(2)
08 Co2 018 90.2(2) 08 Ni2 018 89.9(2)
08 Co2 015 92.9(2) 08 Ni2 015 94.3(2)
09 Co2 016 174.6(2) 09 Ni2 016 89.4(2)
09 Co2 018 97.2(2) 09 Ni2 018 95.4(2)
016 Co2 018 85.1(2) 016 Ni2 018 174.6(2)
015 Co2 018 171.7(2) 015 Ni2 018 86.0(2)
015 Co2 09 90.3(2) 015 Ni2 09 175.3(2)
015 Co2 016 86.9(2) 015 Ni2 016 88.8(2)
017 Co2 08 176.9(2) 017 Ni2 08 177.3(2)
017 Co2 09 87.7(2) 017 Ni2 09 87.2(2)
017 Co2 016 87.6(2) 017 Ni2 016 87.8(2)
017 Co2 018 88.8(2) 017 Ni2 018 90.3(2)
017 Co2 015 88.2(2) 017 Ni2 015 88.3(2)

radical moiety. The magnetization vs. H/T curves recorded at
four temperatures (2; 3; 4; 5 K) (Fig. 4), do not reach

XT (em®mol'K)

— it

O T

0 50 100 150 200 250 300 350
Temperature (K))

Fig. 4
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saturation, in agreement with the temperature dependence of
the ypT product.

The experimental data was fit using the following
Hamiltonian:***474¢

A A A A A A — A A
H = -2]8:S, + pp(al + g,51 + 8,5:) B + alLS;

2
2.0( 22 22 2B2 A2 A2
+05B2<3LZ—L )+a 7(L+— 7) (1)

Here, the parameters are defined as follows: o = —(3/2)k is
the orbital reduction factor, k¥ = 1 (fixed) accounts for the
covalency contribution of the metal bond; S; = 3/2 and S, = 1/
2 corresponds to the spin of Co" and the radical; L = 1,
effective orbital triplet quantum number for Co"; electron
g-factor g; = g, = 2.0 (fixed); 2 = 170 em™" (fixed) is the spin-
orbit coupling constant. The fitting yielded the following
optimized parameters: B,(0) = 515 + 5 cm™ " is axial distortion
factor which represent energy between, ‘A, and “Eg;"® B,(2) =
-7.85 + 53 represent the rhombohedral distortion and can be
assignment to splitting of “E, levels;*® J = -16.5 + 0.5 cm ™' is
the Co"-radical magnetic interaction.

An alternative model that accounts for the pronounced
anisotropy of Co™ and enables estimation of the magnetic
interaction between the Co™ center and the radical is the
zero-field splitting formalism.””>' This approach is
particularly suitable for analyzing low-temperature data based
on the anisotropic Hamiltonian (2). Fitting the data with this
Hamiltonian yielded consistent parameters (D = 22.7 + 1.0
em™; |E| =5.59 £ 1.0 cm™; g = 2.10 + 0.03; J = -13.3 + 0.4
em™') with an exchange constant of comparable magnitude
to that obtained from the spin-orbit formalism (see plots in
the Fig. S16). It is worth noting the difference in the
magnetic interaction of compound 1 compared with a related
Co™ complex recently reported,” which exhibited an
antiferromagnetic interaction of approximately —-83 cm™ (-2/
=-166 cm™'). This discrepancy can be attributed to structural
features such as the Co-O bond length of 2.030 A, the Co-O-
N bond angle of 123.0°, and the Co-O-N-C dihedral angle of
67.8°. As it was shown in ref. 51 for the Mmn(u)-radical
complex, variations in these parameter (particularly the
dihedral angle and bond distance) play a decisive role in
determining the metal-radical magnetic interaction. In our
opinion, this effect becomes even more pronounced when

O 20K
30K 4
40K
50K

0 0.5 1 15 2 25
Field/Temperature (TK")

xmT product vs. temperature (left) and magnetization M vs. H/T (right) for compound 1 (Co).
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the intrinsic magnetic anisotropy of the Co" ion is
considered.

The yuT product for 2 at 300 K is 1.845 cm® mol™ K,
which is smaller than the expected value of 2.75 cm® mol™ K
for two § =1 (Ni'"") and two S = 1/2 (radical) spins (Fig. 5). The
xmT product have a constant decrease with respect of
temperature, from 1.85 cm® mol™ at 300 K to 1.17 cm® mol™
K at 100 K reaching a plateau which remains almost constant
down to 1.168 cm® mol™ K at 4 K where it exhibits a small
decrease to 1.041 cm® mol ™ K at 2 K.

The experimental data was fit using the following
Hamiltonian,*?

A A A — A A
H=-2J$8, + py B(g,51 + £,52)
R 1 3 A
w0 (S g0 +5(5-8,)) @

where S; = 1, S, = 1/2, g, = 2.0 (fixed) resulting the following
parameters g; = 2.34 + 0.01, D; = 7.7 + 1.6 cm™ ", |Ey| = 0.27
em™ and J = -147.4 + 0.3 cm™". The magnetization vs. field
curves are represented in (Fig. 5): at 2 K, the magnetization
reaches the expected value for saturation, taking into account
that the g value for Ni"" is 2.34, according to the fit to the yyT
vs. T data.

DFT calculations

Taking into account the structure of the ligand, with two
nitronyl-nitroxide paramagnetic centers on the same
molecule, well separated by the two phenyl rings connected
by the -C(CHj3),- group, we consider the magnetic interaction
between the two Ni" ions jxini = 0. Consequently, we
performed the calculations for compound 2 considering half
of the entire complex system, each fragment consisting in a
nitroxide part, a Ni"" ion and two hexafluoroacetylacetonato
ligands (Fig. S15). For this fragmentation of the ligand we
had added at each part a hydrogen atom, in order to avoid
the presence of other radical positions.

Starting with the Hamiltonian H = -2/Sy;Sra4, the J values
were calculated using the Ruiz formula,®® and are displayed
in Table 3:

2J = (Ess — Eus)/(2SniSrad + Srad) (3)

25

XT (cm®mol'K)

05F

fit
o yT

0 50 100 150 200 250 300 350
Temperature (K)
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Table 3 Calculated J values (cm™) for the two fragments
Lanldz2 TZVP
Fragment 1 -153.13 -164.73
Fragment 2 -171.29 -186.09

The J values obtained for the two fragments, with the
B3LYP functional and the lanldz2, and TZVP, basis sets,
confirming the antiferromagnetic Ni"-radical interaction, are
slightly different, because the two nickel ions are not
crystallographically equivalent. The spin densities isosurfaces
for the two states (HS and BS) of the first fragment, are
presented in Fig. 6. For both states, the spin density is mainly
localized on the Ni"" ion and to a lower extent on the nitronyl
and nitroxide groups.

The experimental and calculated J values for compound 2,
as well as the geometrical parameters associated to the Ni"-
NN fragments are close to the ones we found for the cation
[Ni(hfac),L']", where L' is (2-(2-hydroxy-3-methoxy-5-
nitrophenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-3-
oxide-1-oxyl), a nitronyl-nitroxide ligand derived from nitro-o-
vanillin (Table 4).>

Conclusions

In this paper we have shown that strictly binuclear complexes
with nitronyl-nitroxide ligands can be synthesized in a
rational way by designing the appropriate dialdehydes
decorated with phenolic groups. The crystals structure of one
biradical, obtained from 5,5-(propane-2,2-diyl)bis(2-hydroxy-
3-nitrobenzaldehyde), has been solved. The EPR spectra of
the biradical recorded in water solutions at various
temperatures consist of 9 lines. Two new complexes have
been synthesized and characterized, a nickel(n) and a
cobalt(u) derivative. The analysis of the packing diagrams of
the two crystalline complexes reveals the segregation of the
-CF; groups through F---F intermolecular interactions. The
cryomagnetic measurements reveals for both complexes
antiferromagnetic 2p-3d exchange interactions. In the case
of the nickel derivative, the value of the j parameter is
supported by DFT calculation.

O 20K
3.0K
40K
50K

0 1 2

3
Field (T)

Fig. 5 xmT product vs. temperature (left) and magnetization M vs. applied field (right) for compound 2 (Ni).
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Fig. 6 Spin densities isosurfaces (0.03) of the HS and BS states of the first fragments of the Ni'' complex.
Table 4 J values (with respect to H = —2JSy;Sraq) and geometrical parameters for selected mononuclear Ni complex and 2

[(EtsNH)[Ni(hfac),L']* 2
Compound Ref. 27 (Ni1) (Ni2)
Jninn (em™), experimental -175.5 -147.4
Jninn (em™), calculated (TZVP) -200.3 -164.7 -186.1
Ni-O (A) 2.072(4) 2.004(4) 2.040(4)
Ni-O-N (°) 126.1 124.2 124.9
Ni-O-N-C (°) 58.6 66.2 61.8

¢ L' = 2-(2-hydroxy-3-methoxy-5-nitrophenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-3-oxide-1-oxyl.
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