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Abstract

New nitroxide biradicals 'NR—C=C—(p-C¢H,),~C=C-'"*NR, (B2) and 'NR-
C=C—(p-C4H,),~C=C-'">NR; (B3), where R, denotes 1-oxyl-2,2,6,6-tetramethyl—
1,2,3,6-tetrahydropyridine ring, are synthesized and studied in liquid solutions by
continuous-wave electron paramagnetic resonance (EPR) spectroscopy. Hyperfine
interaction constants and exchange integrals are determined from the simulation and
fitting of experimental spectra and calculated ones. The best fitting of the EPR spec-
tra detected in experiments and their temperature dependence was achieved under
the assumption that the biradicals perform transitions between conformations with
different exchange integrals. The conformation of about 75% of biradicals has the
exchange integral |/l =4.4 G. Thus, the ground electronic state of these biradicals
has the conformation with /1 =4.4 G. About 20% of biradicals have the conforma-
tion with the zero exchange integral. A minor fraction of biradicals have conforma-
tions with |/l =11.2 G and |J1 =57 G. The activation energy for the transition from
the conformation with |/l =4.4 G to the conformation with J=0 is 8.5 kcal/mol,
while that for the reverse reaction is 1.7 kcal/mol. It is shown that the isotope substi-
tution provides a valuable resource in the EPR studies of the exchange interaction in
biradicals.
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1 Introduction

Electron paramagnetic resonance (EPR) studies of biradicals make it possible to
obtain information on the exchange interaction between radical centers, which are
connected by a system of covalent bonds, and the effect of the bond conjugation
on the exchange interaction between two radical centers in biradicals. EPR data
can also give unique information about transitions of biradicals between different
conformations including the rate constants of these monomolecular reactions [1].

Numerous nitroxide biradicals with different compositions and structures are
known nowadays ([1-7] and references therein). One may expect that conjuga-
tion of valence bonds in a “bridge” results in a rigid molecular structure. The
rigid molecular structures may be of advantage for studying mechanisms of the
exchange interaction, e.g., direct or indirect exchange or superexchange [8].
An important application of biradicals is their usage as polarization agents for
dynamic nuclear polarization (DNP). Biradicals may be of importance for the
optimization of the DNP enhancement [9, 10] and the implementation of two-
qubit quantum logic operations [11].

A series of biradicals Rc—(C=C),—R¢, where Ry is 1-0xyl-2,2,6,6-tetramethyl-
1,2,3,6-tetrahydropyridine ring, and n=0-3 were studied taking these aspects
into consideration [12-16]. They made it possible to study the dependence of
the exchange integral on the length of the bridge between unpaired electrons in
biradicals by varying the number of CC groups [17-19]. Biradicals Rc—C=C—p-
C¢sH,~C=C-R( and Rs—C=C-(p-C¢H,),-C=C-R5 (R5 is 1-oxyl-2,2,5,5-tetrame-
thyl-pyrroline-group) were also studied by EPR spectroscopy [15, 20-22].

The biradicals Rc—(C=C),—Rg4 with n=1, 2 were expected to be rigid because
of the conjugation of double bonds in the nitroxide rings with triple bonds of
the acetylene bridge. However, the UDFT/B3LYP/cc-pVDZ calculations have
shown [20] that the barriers for the intramolecular rotation around single bonds
in the bridge do not exceed 1 and 8 kJ/mol for biradicals Rc—C=C-C=C-Ry and
R—C=C—p-CcH,—C=C-Ry, respectively. Hence, this intramolecular rotation can
proceed rather fast at room temperatures. EPR spectra and the results of DFT
calculations of several biradicals such as Rs—'C=C-p-C¢H,~C="’C-R4 and
R-C="*C—(p-C¢H,),—*C=C—R; upon the isotope substitution have been studied
in [23, 24].

It is well-known [1] that manifestations of the exchange interaction between
two radical centers in biradicals depend on the splitting of EPR lines induced by
the hyperfine interaction (HFI) of unpaired electrons with magnetic nuclei. That
is why the isotope substitution in biradicals is of particular interest for studying
spin—spin interactions using the EPR technique. Indeed, within the Born—Oppen-
heimer approximation, the isotope substitution in biradicals does not change their
structure, spin density distribution of unpaired electrons, electron spin-dependent
exchange, and dipole—dipole interactions. The isotope substitution changes the
value of the nucleus spin and the HFI constant a of the unpaired electron since
different isotopes have different gyromagnetic ratios for their nuclear spins. Thus,
the ratio between the exchange integral J and the HFI constant a of the resonance
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frequencies also changes at the isotope substitution. The manifestation of the
exchange interaction in the EPR spectrum depends on this ratio. Therefore, the
isotope substitution provides an additional resource for determining the exchange
integral using EPR spectroscopy data. In this work, we used the potential advan-
tages of the isotope substitution when studying the exchange interaction in nitrox-
ide biradicals.

Magnetically symmetric biradicals “NR—C=C—(p-C4H,),~C=C-*NR (B1) were
studied in [22]. Symmetric biradicals have an interesting feature: their EPR spectrum
does not manifest any effect of the scalar Heisenberg exchange interaction under cer-
tain conditions. This occurs when unpaired electrons of two radical centers have the
same local magnetic fields, so that they become magnetically equivalent. As a result, it
is a problem to find a fraction of biradicals with the zero exchange integral. We discuss
this problem in detail below in Sect. 3. One way to solve this problem is to use asym-
metric nitroxide biradicals.

In this study, we report our experimental and theoretical results on
the features of EPR spectra for two new synthesized nitroxide biradicals
NR4~C=C—(p-C¢H,),-C=C—'*NR, (magnetically asymmetric biradical B2) and
NR~C=C—(p-C¢H,),~C=C-""NR (magnetically symmetric B3).

This work illustrates that the isotope substitution is a useful approach to studying the
exchange interaction in biradicals using EPR spectroscopy.

2 Experiment
2.1 Synthesis of Biradicals

New N/"N and N/*°N biradicals B2 and B3 were synthesized from compounds 1
[25] and 4 [26] prepared according to the published procedures. The synthesis proce-
dure for B2 and B3 is shown in Fig. 1 and described below in detail. Compound 1 was
synthesized from "NH,Cl (95% VEB-Berlin-Chemie) as described in [21] but without
deuteration. 4,4'-Diethinylbiphenyl was purchased from TCI (Tokyo Chemical Indus-
try), other reagents were purchased from Aldrich or Alfa Aesar. Anhydrous tetrahydro-
furane (THF) was used and Et;N was distilled from CaH, prior to use. Melting points
were determined with a Boetius micro melting point apparatus and are uncorrected.
Elemental analyses (C, H, N, S) were performed on a Fisons EA 1110 CHNS elemen-
tal analyzer. Mass spectra were recorded on a Thermoquest Automass Multi. IR spectra
were taken on a Bruker Alpha FT-IR instrument with ATR support (ZnSe plate). Flash
column chromatography was performed on Merck Kieselgel 60 (0.040-0.063 mm).
Qualitative thin-layer chromatography (TLC) was carried out on commercially avail-
able plates (20x20x0.02 cm) coated with Merck Kieselgel GF254.
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Fig. 1 Scheme of synthesis of o |
'SN/"N and "N/PN biradicals a
=
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2.2 4-lodo-2,2,6,6-tetramethyl-5,6-dihydropyridin-(1-° N)-1(2H)-yloxyl Radical
(2)

Compound 1 (1.71 g, 10.0 mmol) dissolved in EtOH (10 mL) was added dropwise to
hydrazine hydrate (0.06 mol, 3.0 mL) during 3 h, then the mixture was boiled at gen-
tle reflux for 1 h. After cooling, the colorless solution was evaporated to dryness, the
residue was taken up in a mixture of CHCl,—-MeOH (9:1, 15 mL). The organic phase
was washed with brine (5 mL), separated, the organic phase dried (MgSO,) with addi-
tion of PbO, (239 mg, 1.0 mmol). After bubbling with O, for 30 min, the mixture was
filtered, evaporated, and the residue (crude hydrazone) was used immediately in the
next step. The crude hydrazone was dissolved in anhydr. THF (10 mL) and added drop-
wise to a stirred solution of 7, (5.08 g, 20.0 mmol) and tetramethylguanidine (4.025 g,
35.0 mmol) in THF (10 mL). After addition of hydrazine, the mixture was stirred at
r. t. for 2 h, diluted with Et,O (30 mL), water (20 mL), and 5% aq. H,SO, (15 mL).
The organic phase was dried (MgSO,), filtered, and evaporated. The crude product
was subjected to flash column chromatography (hexane-Et,O). The first green band
was discarded and the second pink-orange band contained compound 2. Deep orange
solid 860 mg (30%), melting point (mp) 63—-65 °C, Ry 0.70 (hexane-Et,0), 2:1. IR:
1649 cm™! (C=C), MS (ED): m/z (%)=281 (M*, 22), 249(6), 154 (37), 139 (69), 81
(100). Anal. Calcd. for C9H15115NO: C, 38.45; H, 5.38; N, 5.34. Found: C, 38.55; H,
5.37; N, 5.30.

4-((4'-ethynyl-[1,1'-biphenyl]-4-yl)ethynyl)-2,2,6,6-tetramethyl-5,6-dihydropyri-
din-1(2H)-yloxyl radical (5) and 4,4'-([1,10-Biphenyl]-4,4'-diylbis(ethyn-2,1-diyl))
bis(2,2,6,6-tetramethyl-5,6-dihydropyridin-1(2H)-yloxyl) biradical (B1). To a degassed
solution of 3 (606 mg, 3.0 mmol) in THF (50 mL), Et;N (2.0 mL), Cul (10 mg,
0.05 mmol), and Pd (PPh;), (25 mg, 0.02 mmol) were added under N, and compound
4 (280 mg, 1.0 mmol) in THF (10 mL) was added dropwise. After stirring the mixture
3 h at room temperature, it was filtered through Celite, the solvent was evaporated and
the residue was dissolved in CH,Cl, (15 mL), washed with brine (10 mL), the organic
phase was separated, dried (MgSO,), activated MnO, (86 mg, 1.0 mmol) were added,
and O, was bubbled for 15 min. The mixture was set aside for 6 h, then filtered, evapo-
rated, and the residue was purified by flash column chromatography (hexane/Et,0) to
yield compound 5 at R;=0.51 (hexane-Et,0/2:1), as a yellow solid 120 mg (33%), mp
172-173 °C, IR: 3219 (=CH), 2101 (C=C), 1684, 1602 (C=C), MS (EI): m/z (%)=354
(M™, 16), 340 (33), 324 (76), 309 (36), 281 (51), 42 (100). Anal. Calcd. for C,5H,,NO:
C, 84.71; H, 6.82; N, 3.95; O, 4.51. Found: C, 84.60; H, 6.77; N, 4.01. The second
compound at Rz 0.25 (hexane/Et,O, 2:1) was biradical B1 [22] 80 mg (31%), deep
yellow solid, mp 230-232 °C. IR=1650 cm™! (C=C), MS (EI): m/z (%)=506 (M*,
32), 491(45), 476 (56), 461 (85), 446 (75), 165 (100). Anal. Calcd. for C;4,H;3N,0, C,
80.60; H, 7.56; N, 5.53. Found: C, 80.56; H, 7.45; N, 5.49.
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2.3 4,4'-([1,10 -Biphenyl]-4,4' -diylbis(ethyn-2,1-diyl))
bis(2,2,6,6-tetramethyl-5,6-dihydropyridin-1(2H)-(1-'* N)-yloxyl), biradical
(B2).

To a degassed solution of 2 (281 mg, 1.0 mmol) in THF (20 mL) and Et;N (2.5 mL),
Cul (20 mg, 0.1 mmol), and Pd (PPh;), (50 mg, 0.04 mmol) were added under N, and
after stirring for 15 min, compound 5 (354 mg, 1.0 mmol) in THF (5 mL) was added
dropwise. After stirring the mixture overnight at room temperature, it was filtered
through Celite, the solvent was evaporated and the residue was dissolved in CH,Cl,
(20 mL), washed with brine (10 mL), the organic phase was separated, dried (MgSO,),
activated MnO, (86 mg, 1.0 mmol) was added, and O, was bubbled for 15 min. The
mixture was set aside for 6 h, then filtered, evaporated and the residue was purified by
flash column chromatography (hexane/CH,Cl,) to yield compound B2 126 mg (25%)
as yellow solid, mp 230-232 °C, Ry 0.25 (hexane/Et,0, 2:1). IR=1650 cm™! (C=0),
MS (70 eV): m/z=507 (M*, 17), 477 (45), 462 (46), 446 (55), 431(49), 165 (100).
Anal. Calcd. for Cy4Hs5"NNO,: C, 80.44; H, 7.54; N, 5.71. Found: C, 80.31; H 7.55;
N, 5.68.

2.4 4,4'-([1,10 -Biphenyl]-4,4’ -diylbis(ethyn-2,1-diyl))
bis(2,2,6,6-tetramethyl-5,6-dihydropyridin-1(2H)- (1-'> N)-(1"-'> N)-yloxyl)
Biradical (B3)

To a degassed solution of 2 (281 mg, 1.0 mmol) in THF (20 mL) and Et;N (2.5 mL),
Cul (10 mg, 0.05 mmol) and Pd (PPh;), (25 mg, 0.02 mmol) were added under N, and
after stirring for 15 min, compound 3 (101 mg, 0.5 mmol) in THF (5 mL) was added
dropwise. After stirring the mixture overnight at room temperature, it was filtered
through Celite, the solvent was evaporated and the residue was dissolved in CH,Cl,
(10 mL), washed with brine (5 mL), the organic phase was separated, dried (MgSO,),
activated MnO, (86 mg, 1.0 mmol) were added, and O, was bubbled for 15 min. The
mixture was set aside for 6 h, then filtered, evaporated and the residue was purified by
flash column chromatography (hexane/CH,Cl,) to yield compound B3 55 mg (21%),
as a deep yellow solid mp 230-232 °C, R;: 0.25 (hexane/Et,0, 2:1). IR=1650 cm™
(C=0), MS (70 eV): m/z=508 (M*, 13), 493 (25), 478 (17), 463 (32), 447 (21), 42
(100). Anal. Calcd. for C3,Hsq 15N202: C, 80.28; H, 7.53; N, 5.90. Found: C, 80.33; H,
7.48; N, 5.75.

Reagents and conditions: (a) N,H, H,O (6 equiv.), EtOH, rt—reflux, 1 h, then
PbO,, O,, then TMG (3.5 equiv.), I, (2.0 equiv.), THF, rt., 2 h, 30%; (b) 3 (3 equiv.), 4
(1 equiv.), Cul, Pd(PPhs), (cat.), E;;N (excess), THF, rt., 3 h, 31% (5), 33% (B1); (c) 2
(1 equiv.), 5 (1 equiv.), Cul, Pd(PPhs), (cat.), Et;N (excess), THF, rt., 8 h, 25% (B2); (d)
3 (1 equiv.), 2(2 equiv.), Cul, Pd(PPh,), (cat.), Et;N (excess), THF, rt., 8 h, 21% (B3).

2.5 EPR Measurements

EPR measurements were performed on an Elexsys ES80 spectrometer (Bruker) at
X-band. The spectrometer was equipped with a commercially available cavity of
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Flexline series ER4118MD5 (X). The cavity was inserted into the CF935 cryostat.
Temperatures were controlled by an ITC503 temperature control system.

For liquid phase measurements, toluene was selected as a low-viscosity sol-
vent in which all biradicals are well dissolved. It was carefully purified according
to the literature procedure [27]. Solutions were prepared, bubbled with nitrogen for
20-25 min, 0.5 ml of a solution was taken into a thin glass capillary and degassed
by freeze-pump cycle three times to remove oxygen, and sealed off under vacuum.
Radical concentrations were sufficiently low (<4x10™* mol I7!) to eliminate inter-
molecular exchange broadening of EPR lines [8].

Continuous-wave EPR spectra of the biradicals at liquid phase were simulated
using the approach described in [1]. For our calculations, we used spin-Hamiltonian
parameters of similar nitroxide radicals collected in [28].

3 Theoretical Background

A theory of the EPR spectra of nitroxide biradicals with '* N isotopes is given in
detail in [1]. In the case of a low-viscosity medium, the anisotropic interactions, e.g.,
dipole—dipole interactions between two unpaired electrons of a biradical and those
between unpaired electrons and magnetic nuclei are effectively averaged to zero due
to fast enough rotational diffusion of biradicals. Then the EPR frequencies are deter-
mined by the isotropic spin-Hamiltonian

H = h(vy (S +8P) + (a, 81V + a,8P1?) + ISVSP — (v, IV + v, 1)),

ey

Here v, v, are the Zeeman frequencies of unpaired electrons and nitrogen nuclei,
respectively, e.g., v, = gf,H,/h, a is the constant of the isotropic hyperfine inter-
action (HFI) of unpaired electrons with nitrogen nuclei, J is the exchange integral.
Superscripts 1 and 2 denote different radical centers; S© are electron spin operators;
Sik) and Ii’”) are projections of the electron and nitrogen nuclear spins operators to
the Z axis, respectively; g is the isotropic g-factor of the radicals; g, is the Bohr mag-
neton;H,, is the external magnetic field induction; £ is the Planck constant.

Note that we did not include the isotropic HFI of the unpaired electrons with
protons and '*C nuclei into the spin-Hamiltonian Eq. (1). Typically, these HFI are
an order of magnitude less than the HFI with nitrogen nuclei in nitroxide biradi-
cals [28]. We assume that there are EPR lines induced by the HFI with nitrogen
nuclei, while other nuclei inhomogeneously broaden “nitrogen” components of the
EPR spectrum. In principle, all HFI terms can be easily included into consideration.
However, to highlight some characteristic features of EPR spectra of biradicals dis-
cussed below, the minor interactions with protons, which are small in comparison
with the major splitting of the biradicals EPR spectrum by the HFI with nitrogen
nuclei, can be omitted.

In the case of the spin-Hamiltonian Eq. (1), Z-projections of nuclear spins do not
change in time. This fact makes it possible to divide a given ensemble of nitroxide
biradicals into sub-ensembles of biradicals with fixed projections of nuclear spins
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M, and M,. For nuclear spin I=1 (**N isotope) M, = {1, 0, — 1}, and for nuclear spin
I=1/2 (PN isotope) M, = {1/2, —1/2}, k=1, 2.

In this situation, the EPR frequencies of sub-ensemble of biradicals with fixed
{M,, M, } are determined by the spin-Hamiltonian

H = h((vg + a,M)S" + (vy + a,M,)S? + 1SDSP) )

For the spin-Hamiltonian Eq. (2), in each sub-ensemble of biradicals two radi-
cal centers have resonance frequencies

v =Vvy+a M,
Vo = Vo + a,M,. &)
When v, = v,, the unpaired electrons of two radical centers become magnetically
equivalent. This situation occurs in the case of symmetric nitroxide biradicals when
a, = a, for sub-ensembles of biradicals with equal projections of nitrogen nuclear
spins M, = M,. The exchange interaction is not manifested in the EPR spectra of
these sub-ensembles of biradicals with magnetically equivalent radical centers.
Thus, the EPR spectrum of the symmetric biradicals always lines with the resonance
frequencies

v=vyy+taM . M=11-1,...,-1, 4)

which coincide with the resonance frequencies of individual radicals. It follows
that the EPR spectra of these sub-ensembles of biradicals do not make it possible to
determine the exchange integral for these sub-ensembles of biradicals.

The exchange interaction is manifested in the EPR spectrum in sub-ensembles of
biradicals with magnetically non-equivalent radical centers. They are implemented
for symmetric biradicals when projections of nitrogen nuclear spins are not equal
M, # M,.

In the case of asymmetric biradicals, when a; # a,, the unpaired electrons of the
two interacting radicals are magnetically non-equivalent independent of the projec-
tions of nitrogen nuclear spins, M, and M,.

For biradicals with the spin-Hamiltonian Eq. (1), the EPR spectrum is a sum of
the EPR spectra of sub-ensembles of biradicals with given projections of the spins of
nitrogen nuclei (see Eq. 2). In the presence of the exchange interaction (see Eq. 2),
the EPR spectrum of sub-ensembles of biradicals with magnetically non-equivalent
radical centers changes specifically as a function of the ratio g of the splitting of two
lines and the exchange integral:

q= |J/(V1 —Vz)| = |J/(a1M1 —azMz)‘ ®)

The EPR spectra of the sub-ensembles of biradicals, which have magnetically
non-equivalent radical centers, have two “nitrogen” components in their EPR spec-
tra without the exchange interaction (J = 0), since v; # v, (see Eq. 3). In the case
of v, # v,, the exchange interaction is manifested: it splits each component into
a doublet. The features of this splitting depend on the parameter g (5). When the
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exchange interaction is small compared with the distance between two EPR spec-
trum components, so that g < 1, the exchange interaction can be reduced to a secu-
lar spin-Hamiltonian

H, =hiSHs? (©6)

Under these conditions, each EPR nitrogen hyperfine structure component splits
into two components with resonance frequencies (v, +J/2) and (v, —J/2),k = 1,2
(see Eq. 3). This splitting is symmetric with respect to v, only in the approximation
linear over the parameter g (see Eq. 7).

For the arbitrary J value, the sub-ensemble of biradicals with the spin-Hamilto-
nian Eq. (2) has the EPR resonance frequencies {v,} and intensities S|, S, of corre-
sponding resonance lines as given by Eq. (7)

v v, J 1/ _ 2 2.0 _ 1 J .
El P P 2 2 (Vl VZ) +‘I’S1_S()<4 4\/m>,

I
I
+
I
|
I
|
I

Wyt 1 —v )4 2eg = IO S
Ey=3+2+35-3\(vi—w) +J,S2_SO<4+4m>,
) @)
V. 2 1 J
Ey=2+2 201 /(v —v,) +728, =8| 1+ —L— |:
T SR | vV 2, = L S
Ej=2+2+35+5\(vi—w) +J,S1_SO<4 4m>

The exchange interaction splits the resonance lines at frequencies v, and v, into
doublets with frequencies {E|, E,} and { E;, E,}. For the arbitrary J value, the split-
ting of lines into these doublets is asymmetric with respect to v, (Fig. 2). The split-
ting of two doublet lines is E, — E, = E, — E; = J (see Eq. 7).

The lines with frequencies £, and E, have intensities S|, while the lines with fre-
quencies E, and E; have intensities S, (see Eq. 7). According to Eq. (7), S, > S|,
when J > 0, and vice versa, when J < 0.

When J — o0, the components of the doublets with intensities S, tend to the
center of gravity of v, and v, frequencies, v, = (vl + v2) /2 = v,. The intensity S,
tends to the limit S, value.

At the same time, other lines of these doublets go far away infinitely. The inten-
sity S, tends to zero and these components of the spectrum become forbidden. This
occurs because the triplet and singlet states become eigenstates of two unpaired
electrons in the biradical for large enough exchange integral. As a result, when
J — o0, only the resonance in the triplet state with the frequency v, is manifested in
the EPR spectrum.

Note that even at / — oo, the EPR spectrum of the total ensemble of all biradicals
is not reduced to one line with the frequencyv,. Sub-ensembles of biradicals with
magnetically non-equivalent radical centers, which have different configurations of
nuclear spins {M,, M,}, have their own average frequency at J — oo
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a("N)
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a(“N) _ a("'N)

15N-15N 1UN-14N 14N-15N

J=0 J=0 J=0

3400 3410 3420 3430 3440 3450 3460 3470 3400 3410 3420 3430 3440 3450 3460 3470 3400 3410 3420 3430 3440 3450 3460 3470
Magnetic field, G Magnetic field, G Magnetic field, G

d e f

*] at*N) % _a('N) |

14N-15N

J=44G
15N-15N 14N-14N

J=44G J=44G

3400 3410 3420 3430 3440 3450 3460 3470
Magnetic field, G

3400 3410 3420 3430 3440 3450 3460 3470 3400 3410 3420 3430 3440 3450 3460 3470
Magpnetic field, G Magpnetic field, G

g h i

14N-15N

15N-15N N-1N J=10.3G
J=10.3G
J=103G

3400 3410 3420 3430 3440 3450 3460 3470 3400 3410 3420 3430 3440 3450 3460 3470 3400 3410 3420 3430 3440 3450 3460 3470
Magpnetic field, G Magpnetic field, G Magpnetic field, G

Fig.2 Calculated EPR spectra of biradicals containing '"N/N [left-hand column (a, d, g)], “N/'*N
[central column (b, e, h)], and “N/"°N [right-hand column (¢, £, i)] pairs for different exchange integral

values: J=0 [upper row (a—¢)]; J =4.4 G [middle row (d, e, f)]; 7 =10.3 G [down row (g—i)]. HFI con-
stants are a(N)=21 G and a(N)=15 G. A, = '1 +a(PN) =2+ (a(]SN)/Z)z‘ and
Ay = |7 = a(B5N) = /72 + (@(5N)/2)?

nitrogen nuclei of monoradicals. Note that to convert J and a from Gauss into rad/s they are to be multi-
plied by the factor of 1.76 x 107. The form of each resonance line is a Lorentzian absorption curve. The
width of all Lorentzian lines is 1.4 G

. The asterisk marks the lines corresponding to the HFI with

Var (M1, My) = vy + (M, + ayM,) /2 )

In fact, for a given sub-ensemble of biradicals with magnetically non-equiva-
lent radical centers, at any large but not infinite J value, there are two close reso-
nance lines with the following frequencies around the average frequency Eq. (8)
(see Egs. 7, 8).

("1—"2)2

Vo — T and Vay +

2
A\v =% — 0 when J - +o0.
It was pointed out above that in the case of symmetric nitroxide biradicals,
there are sub-ensembles of biradicals with M, = M, = M, the EPR frequencies

of which are not affected by the exchange interaction. These biradicals contribute

(i)

i The splitting of these two lines is
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the resonance lines with frequencies not disturbed by the exchange interaction to
the spectrum of biradicals

Vg =Vo+taM M =1,1-1,...,-1 9)

These speculations are illustrated by the results of calculations of resonance
frequencies of nitroxide biradicals using the spin-Hamiltonian Eq. (2), when the
exchange integral changes (Fig. 2).

The model spectra of nitroxide biradicals shown in Fig. 2 illustrate the character-
istic manifestations of the isotope substitution and the value of the exchange inter-
action in the form of the EPR spectrum expected according to theoretical consid-
eration presented above (Eqs. 1-9). It is assumed in the calculations that a certain
conformation of the nitroxide biradical is taken and the exchange integral J of the
interaction of the radical centers is given.

Naturally, at J = 0, the EPR spectrum of biradicals coincides with the sum of the
spectra of individual (non-interacting) radicals (see the upper row of the spectra in
Fig. 2).

In the case of biradicals with J # 0, the resonance lines of individual radicals are
observed only for biradicals with magnetically equivalent unpaired electrons.

e This situation is possible for symmetric biradicals under the additional condi-
tion of equal projections of the nuclear nitrogen spins in both radical centers of
the biradical (see Eq. 9) M|, = M,. The corresponding lines in the spectrum are
marked with an asterisk in Fig. 2.

e In the asymmetric biradical "*N/!>N at J # 0, the lines at the frequencies of indi-
vidual radicals in the spectrum are not expected, since in this case situations
with magnetically equivalent unpaired electrons of two radical centers cannot be
implemented (see spectra in the right-hand column in the middle and down rows
in Fig. 2).

In sub-ensembles of biradicals with magnetically nonequivalent unpaired elec-
trons of radical centers, the inclusion of the exchange interaction splits the spec-
trum lines into two lines (compare, e.g., the spectra in the upper and middle rows in
Fig. 2).

e In the case of symmetric biradicals, such sub-ensembles are the biradicals, in
which the projections of the nuclear nitrogen spins in the radical centers differ,
M, # M, (see spectra in the left-hand and middle rows in Fig. 2).

e In the case of asymmetric biradicals, all sub-ensembles are magnetically non-
equivalent (see spectra in the right-hand column in Fig. 2)

The spectra in Fig. 2 also show clearly that the splitting of the spectrum lines in
the ensembles of biradicals with magnetically nonequivalent unpaired electrons of
radical centers is asymmetric. In the sub-ensemble of biradicals with the exchange
integral J, the difference in the resonance frequencies of the two lines of the doublet
is J (Eq. 7). The corresponding splitting of lines in doublets are marked in Fig. 2.

@ Springer



534 R. B. Zaripov et al.

Thus, the positions of the lines in the spectra of biradicals make it relatively easy to
determine the HFI constants and exchange integrals in the ensembles of biradicals
with different conformations. Of course, it is necessary to take into account the shift
in the positions of the maxima of individual lines of the spectrum due to the overlap
of different lines.

The shapes of individual resonance lines were approximated as Lorentzians in
these calculations. In fact, each nitrogen HFI component in the EPR spectrum of
nitroxide radicals has inhomogeneous broadening due to the HFI with protons. The
real shape of the nitrogen components of spectra of individual radicals should be
presented as a convolution of Lorentzian spin packets line shape and the distribu-
tion of resonance frequencies of these spin packets due to the HFI with protons [29].
In our approximation, the inhomogeneously broadened nitrogen HFI components
are presented as “homogeneously” broadened lines with some effective widths. The
intensities of the line wings are overestimated if the Lorentzian approximation is
used.

When interpreting the EPR spectra of biradicals, it is necessary to keep in mind
that biradicals may have several conformations with different distances between two
radical centers, different electron spin density distributions, different HFI constants,
and different exchange integrals. An important issue is that any isotope substitution
affects only the HFI constants for all possible conformations of biradicals. Moreo-
ver, the HFI constants change only due to the change in the gyromagnetic ratios of
isotope nuclei and quantum numbers of isotope nuclear spins. The isotope substitu-
tion is a useful instrument to study the structure of biradicals and their transitions
between different conformations [1].

In the case of several conformations, the total EPR spectrum is a sum of spectra
of biradicals with different magnetic resonance parameters, e.g., J and a. This addi-
tive approach is justified if the conformational transitions are slow enough. In the
general case, the EPR spectrum is affected by the conformational transitions. For
example, the conformational transitions shorten the lifetime of the electron spin with
a definite spin-Hamiltonian related to one of the conformations. This leads to broad-
ening of EPR lines similar to broadening of EPR lines in the course of chemical
exchange. We will consider this problem below.

4 Results and Discussion
4.1 EPR Spectra

Figure 3 shows the experimental and calculated spectra of the asymmetric biradical
B2 (Fig. 3c), and the symmetric biradical B3 (Fig. 3a). The EPR spectrum of the
symmetric biradical B1 (Fig. 3b) [22] is shown to be of help in the analysis of the
EPR spectrum of the asymmetric biradical B2.

Figure 3 shows two simulated EPR spectra for each of the biradicals (Siml and
Sim2). The first simulation (Sim1) was done under the assumption that there is only
one configuration of biradicals with the exchange interaction between the radical
fragments of 4.4 G. This simulation describes well the positions of the intense lines
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Fig.3 Experimental (Exp) and T T T T T
simulated (Sim) EPR spectra

of biradicals B1 (b), B2 (c) and
B3 (a). Experimental spectra
measured at 300 K are shown
by thick curves. Thin curves
show spectra calculated at the
assumption that all biradicals
exist in only one conformation
with IJ1 =4.4 G (Sim1). Dashed
curves present the case of two
conformations with J; = 0 and
IJ,1 =4.4 G, while their statistic
weights are p;_, = 0.285 and
Pyi=aac = 0715 =1-p;,
respectively (Sim2) b Exp . . . . .
adapted from [22] with the 3420 3430 3440 3450 3460

permission of Springer) Magnetic field (G)

Intensity (arb. un.)

for the biradicals B1 and B3, but does not describe some lines for the biradical B2.
These lines are marked with an asterisk in Fig. 3. It should be noted that these lines
correspond exactly to the line positions in the EPR spectrum due to the HFI with
nitrogen nuclei (compare with asterisks in Fig. 2). The presence of these lines indi-
cates that there are biradicals in the system, in which the exchange interaction is
zero (see the upper row of EPR spectra in Fig. 2). The second simulation of the EPR
spectra (Sim2) was done taking into account that there are two conformations of
biradicals in the system with J, = 0 and |/,/=4.4 G. It can be seen that the second
simulation describes qualitatively the experimental EPR spectra much better.

To discuss the properties of biradicals, the EPR spectra are more instructive than
their derivatives (Fig. 3). The latter are also called EPR spectra. Figure 4 shows the
spectra obtained by integrating the derivative spectra shown in Fig. 3.

The shapes of the EPR spectra (Figs. 3 and 4) allow several observations: the
splitting of the experimental lines indicate the exchange interaction between radical
centers. Moreover, there are biradicals with different exchange integrals. This means
that biradicals under study have several conformations.

For all biradicals, there are resonance lines which correspond to resonance lines
for isolated radicals and have no splitting. It was shown above that this observation
is expected for the arbitrary exchange interaction in case of symmetric biradicals B1
and B3 with magnetically equivalent unpaired electrons of two radical centers (see
Fig. 2, the first and second columns and discussion in text). In the case of the asym-
metric biradical B2, this observation is not expected for the arbitrary exchange inte-
gral. It occurs only in the presence of biradicals with the zero exchange interaction
(see Fig. 2, spectra in the third column).

The possible conformations of biradicals B1, B2, B3 and populations of their dif-
ferent conformations should coincide within the Born—Oppenheimer approximation.

Keeping this in mind, first, we analyze the EPR spectrum of the “simplest”
biradical B3 in detail (see Figs. 3a, 4a). In this case, the EPR spectrum consists of
two groups of lines. Each of the nitrogen components is split due to the exchange
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Fig.4 Non-derivative EPR spectra of biradicals B1 (b, ¢), B2 (d-g), and B3 (a) studied at 300 K: the p
experimantal spectra are shown by thin curves, simulated one are shown by thick curves. Parameters
of simulation: (a, b, d) {67.5% at|J| = 4.4G; 27.5% at J = 0; 3% at |J| = 11.2G; 2% at |J|= 57.0G}; ¢
{79.0% at|J| = 4.4G; 16% at J = 0; 3% at|J|= 11.2G; 2% at |J| = 57.0G}; e {63% at|J| = 4.4G; 32% at
J=0;3% at|J| = 11.2G; 2% at|J| = 57.0G}; f (*a (B2) = 0.8; f(B1) = 0.2.%) {78.0% at|J| = 4.4G; 17%
at J = 0; 3% at|J| = 11.2G; 2% at|J| = 57.0G}; g (*a (B2) = 0.8; f(**N) = 0.2.%) {78.0% at |J| = 4.4G;
17% at J = 0; 3% at|J| = 11.2G; 2% at|J| = 57.0G}

interaction. The EPR spectrum of the symmetric biradical B3 shows that there
are four conformations. Best fitting of the EPR spectrum was found using the
isotropic HFI constant a(®N)=21 G. There are sub-ensembles of biradicals with
the exchange integrals |J| = {0;4.4;11.2;57.0} G, while their populations relate as
0.27:0.68:0.03:0.02, respectively. The ground state of the biradicals has the con-
formation with |J/| = 4.4 G. The effective linewidth used in the fitting procedure
was chosen as 1.4 G.

Thus, there is a mixture of biradicals with the zero exchange interaction (27%
of content), weak exchange interaction |J| < a(®N) (68%), strong exchange inter-
action |J| > a('>N) (2%), and intermediate exchange interaction (3%).

The EPR spectrum of the biradical B1 was simulated using parameters
obtained for the biradical B3 (see Figs. 3b, 4b, c). Note that the isotropic HFI
constant a("*N)=15 G was found as a(**N)=a('°N) (y(14N)/y(15N)), where y are
gyromagnetic ratios for the corresponding isotope nuclear spins. The equation
arises from the fact that the isotope substitution does not change the electron spin
density distribution in radical centers.

It was expected that the biradical B1 has the same relative content of differ-
ent conformations 0.27:0.68:0.03:0.02 as for the biradical B3. The EPR spectrum
simulated under this assumption is shown in Fig. 4b. Better fitting was achieved
for slightly different ratios of sub-ensembles of biradicals with different exchange
interactions shown in Fig. 4c. In this case, the relative content of different confor-
mations is 0.16:0.79:0.03:0.02.

In accordance with thermodynamics, the ratio of populations of conformations
with J=0 and |/|=4.4 G should be the same. However, the best fitting of the EPR
intensities given in Fig. 4a,c suggest different ratios of 0.27:0.68 and 0.16:0.79
for conformations with J =0 and |J|=4.4 G for biradicals B3 and B1, respec-
tively. This contradiction can be resolved if it is assumed that there are radicals
which are not coupled into biradicals. From the EPR spectroscopy point of view,
a biradical with J = 0 gives the same contribution to the EPR spectrum as two
individual radicals. Under this condition, it is possible even to suggest that there
are no biradicals with J = 0 at all. A sub-ensemble of biradicals with / = 0 can be
considered as a new sub-ensemble of individual radicals. It is shown below that
there is a temperature dependence of the EPR spectrum shape and its interpreta-
tion assumes that there should be biradicals with J = 0. Keeping this in mind, we
interpret the results shown in Fig. 4a—c that in the cases of biradicals B1 and B3,
there are biradicals with J = 0 and monoradicals simultaneously.
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However, the discrepancy between data concerning B1 and B3 biradicals may be
the result of the erroneous simulation, since the effect of the HFI with protons was
taken into account phenomenologically rather than theoretically consistent.

Figures 3c and 4d-g show the EPR spectrum for the asymmetric biradical B2.
The position of the lines of this spectrum are described well using the exchange
integrals and HFI constants, which have been already determined when studying
biradicals B1 and B3. This is the expected result.

Figure 4d shows the result of fitting the EPR spectrum of the biradical B2 under
the assumption that it has the same relative content of different conformations
0.27:0.68:0.03:0.02 as for the biradical B3. Best fitting of the relative intensities of
the central triplet band in the experimental EPR spectrum is obtained at slightly dif-
ferent relative content of different conformations of 0.32:0.63:0.02:0.03 (Fig. 4e).

Our attempts to present the experimental EPR spectrum as a sum of the calculated
EPR spectra of asymmetric B2 biradicals in conformations with |J|={0, 4.4, 11.2,
57} G were unsuccessful. In all cases, with different ratios of content of configura-
tions, the simulated spectra very poorly describe the region of the experimental EPR
spectrum that is related to radical centers with the N nitrogen isotope (Fig. 5d, e).
The discrepancy between the calculated spectra and the observed spectrum indicates
that the content of radicals with '*N and N isotopes in this system differs, i.e., in
addition to the asymmetric biradical B2, there are other particles in the studied sys-
tem. In principle, these can be symmetrical biradicals and/or monoradicals.

In fact, the EPR spectrum detected in the system containing asymmetric biradi-
cals definitely indicate that the number of radical centers with '*N and >N contain-
ing radicals are different. There should be more N radicals than °N radicals. This
statement results from two observations:

¢ In Fig. 4d, e the intensities of the experimental EPR lines are noticeably less than
intensities of the simulated spectra for the lines, which correspond to resonances
of the "N containing radicals (compare experimental and simulated spectra in
Fig. 44, e).

Fig.5 Experimental (gray) and T T T T T Exp
theoretical (black) EPR spectra - 340K —— Sim

of B2 at different temperatures. k;,=0.022 G
Fitting of calculated spectra u k;y=0.015G 1

is done under assumption that Z [ 330K
biradicals have two conforma- > F k,=0.021G
tions with J = 0 (state 1) and |J| £ kpy=0.007 G
= 4.4 G (state 2) and the chemi- =T 1
cal exchange between these G t 320K
conformations occurs § 3 #\N\/\/\/\/\\/\/\\/\/\N\/\/\/ﬁf(}'ozo G 4
= ky;=0.005 G
r 310K 7

k,,=0.018 G
- ky=0.004 G -

3350 3360 3370 3380 3390 3400
Magnetic field (G)
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e Integrated intensities of different parts of the EPR spectrum show that there is
an excess amount of '“N radicals in the studied system.

According to the above results (Fig. 2), the main electronic state in the stud-
ied biradicals is the configuration with the exchange integral |/|=4.4 G. This
exchange integral is less than the HFI constants of unpaired electrons with mag-
netic nuclei of nitrogen isotopes. Under these conditions, three lines in the center
of the spectrum, highlighted in Fig. 4d, e dotted, give the full contribution to
the EPR spectrum of all "N radicals whose nitrogen nuclear spin projection is
M =0. Therefore, we can do the following: we calculate the integral intensity of
the selected part of the spectrum registered in the experiment in the center of the
spectrum. This number is equal in conventional units /,=1. The parts of the EPR
spectrum to the left and right of the part highlighted in the center belong to the
1N radicals, whose nuclear spin projection is equal to M= {1, — 1}, respectively,
on the one hand, and to the '°N radicals, whose nuclear spin projection is equal
to M={1/2, —1/2}. The integral I, intensity of the low-field part of the spectrum
was found to be equal to /;=2.44 in conventional units, while the high-field part
gives I; =2.37. The differences between these total intensities and the contribu-
tion intensity of one-third of the '’N radicals with M=0, i.e., -1, and I, —I,
give the contribution to the intensity of half of the >N radicals with projections
of the nuclear spin of Y2 and — Y2, I, —I,=1.44, I, —I.=1.37, respectively.

Thus, we get that in the same conditional units, 14N radicals contribute
3*1 =3 to the integral intensity of the spectrum, and '’N radicals contribute
1.4441.37=2.81. This means that in a system containing B2 biradicals, there are
more '“N radicals than >N radicals. "Excess" '*N radicals can be in the state of
monoradicals or enter symmetrical biradicals B1.

The excess content of the '*N isotope may be overestimated for two reasons.

e First, it is known from the analysis of the spectra of symmetric biradicals that
about 5% of biradicals have a sufficiently large exchange integral. Sub-ensem-
bles of asymmetric biradicals with large exchange integral values can contrib-
ute to the integral intensity of the selected part in the center of the spectrum.
Therefore, the above value I,=1 overestimates the contribution of "N radi-
cals with the nuclear spin projection M =0.

e Second, there is the effect of overlapping lines. It can also change the above
integral intensities of different sub-assemblies of biradicals. Therefore, we
performed fitting of the EPR spectrum of the system with an asymmetric
biradical, taking into account that there should be more '“N radicals than N
one.

The examples of the best fitting assuming the excess amount of '*N radical are
shown in Fig. 4f, g. These curves were obtained under the assumption that 80% of
all nitroxide radicals are in the asymmetric B2 biradical state while the “excess” '*N
radicals are in the symmetric B1 biradical state (Fig. 4f) or the monoradical state

(Fig. 4g).
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The comparison of simulated spectra in Fig. 4d—g shows that taking into
account of excess '*N radicals leads to much better fitting of the experimental
EPR spectrum.

Thus, the analysis of the EPR spectra at 7=300 K allows the following
conclusions:

e The EPR spectra of radicals B2 and B3 and the EPR spectrum of the radical
B1 [22] show that there are four conformations, in which the exchange inte-
gral is 0, 4.4 G, 11.2 G and 57 G in all these nitroxide biradicals.

e Biradicals having the conformation with |J| = 4.4 G make the major contri-
bution to the experimental EPR spectrum. This means that the conformation
with |J| = 4.4 G is the ground electronic term for the studied biradicals.

e Biradicals having the conformations with |J| = 11.2 G or 57 G give 2-3% of
the intensity of the experimental EPR spectrum.

e The EPR data provide an estimate of the relative populations of two most pop-
ulated conformations of biradicals with |J| = 4.4 G and J = 0. The ratio p (/]
= 4.4 G):p(J = 0) is about 4:1 at room temperatures.

It was pointed out above that the analysis of the EPR spectra of biradicals at
one temperature does not make it possible to unequivocally state the presence of
biradicals with J = 0, since their EPR spectrum coincides with the sum of the
spectra of two monoradicals forming a biradical. However, EPR spectroscopy has
the resource to prove the presence of biradicals with J = 0. To this end, it is nec-
essary to study experimentally, the EPR spectra at different temperatures.

As the temperature changes, the ratio of biradicals with different configura-
tions changes, and this changes the ratio of the contributions of biradicals with
different exchange integrals to the EPR spectrum. This “chemical exchange”
between conformations characteristically changes the shape of the EPR spectra
of biradicals as well: it causes the shift in the resonance frequencies and changes
the width of the observed resonance lines [1]. For example, in the field of slow
chemical exchange (relatively slow conformational transitions in a biradical),
the lifetime of biradicals in one or another conformation is reduced. This in turn
leads to a broadening of the resonance lines due to the uncertainty principle for
the energy levels of spins in the biradical and the lifetime of the biradical in a
given configuration.

The experimental EPR spectra at several temperatures are shown in Fig. 5.

Figure 5 also shows best fitting of the EPR spectra. When simulating the tem-
perature dependence of the spectra we took into account only two conformations of
biradicals: with |J| = 4.4 G and J = 0. We expect that taking into account also the
conformations with |J|= 11.2 G and |/| = 57 G will not change drastically the results
since their content is minor, of 2-3% only.

To simulate the spectrum shape in the presence of chemical exchange, we used
the well-known approach [1]. We introduce spin density matrices p, and p,, which
describe the states of electron spins of biradicals in conformations with J= 0 or |J|=
4.4 G, respectively. The spin dynamics in the presence of conformation transitions is
described by equations
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dpy /0t = —i/h[H(), pi| = Ryypy = Kiopy + K5,

: (10)
9py/0t = =i/ h[H(2), po] = Roeipy + Ki2py = Ky 3,

where H(k), k = 1,2, is the spin-Hamiltonian given by Eq. (2) for /= 0 (state 1) and
|J/|= 4.4 G (state 2) plus the spin-Hamiltonian of the interaction of electron spins
with the microwave field. The operator R, describes the relaxation of spin level
populations and the relaxation of the transverse spin components within Bloch equa-
tions. Last two terms in Eq. (10) describe the effect of the chemical exchange: K, is
the rate constant of the monomolecular transition of the biradical from the confor-
mation with J = 0 to the conformation with |J| = 4.4 G; K,, is the rate constant of
the reverse monomolecular reaction.

The continuous-wave EPR spectrum is calculated using the steady-state solu-
tion of Eq. (10) in the rotating frame (p,),,. The EPR signal is proportional to

M, = Tr(pst(sly +SZy)) (11)

where p;, = p,(J = 0) + p,(|J| = 4.4G) and operators S;, and S, are spin projec-
tion operators of two radical centers in the biradical, respectively (see spin Hamilto-
nians Egs. 1 and 2).

This algorithm was used to fit EPR spectra. Best fitting of the EPR spectra and
rate constants of the chemical exchange are shown in Fig. 5. Best fitting rate con-
stants are given in units of the magnetic field induction, Gauss. To convert them
to 1/s units, one has to multiply K,, K, in G by 1.76-10.

The comparison of the experimental and the best fitting curves shows that they
coincide reasonably well. The rate constants of the chemical exchange increase
when the temperature increases. In equilibrium, the ratio n, /n, of the steady-state
concentrations of biradicals with various conformations is equal to the equilib-
rium constant K.q; = K5, /Kj,. According to the data given in Fig. 5, the equilib-
rium constant for the two-sided first order (monomolecular) reaction

K
n,(J = 0)~ ny(|J] = 4.4G)

Koy

takes values Koq = {1533535-333} at T={310 K, 320 K, 330 K, 340 K},
respectively. We see that at room temperature 300 K, 22% of biradicals B2 have
conformation with J = 0, while 78% of biradicals have the conformation with
|/|= 4.4G. Note that in these calculations we neglected the contribution of about
5% biradicals in conformations with |J/|= 11.2 G and |J|= 57 G. We expect that
taking into account these conformations does not change considerably the ratio of
populations of conformations with / = 0 and |/|= 4.4 G.

The rate constants shown in Fig. 5 make it possible to estimate the barriers for
the conformation transitions. These barriers for K, and K,, in temperature units
are about E,, = 850 K (1.7 kcal/mol) and E,, = 4300 K (8.5 kcal/mol), respec-
tively. The temperature dependence of the equilibrium constant K,,/K,, makes it
possible to estimate the energy level difference of the conformation with J = 0
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and |J| = 4.4 G. It is equal to AE = 3450 K=6.9 kcal/mol. These estimates cor-
relate with the DFT results [22].

5 Conclusion

We synthesized new biradicals and found their unpaired electron spin-dependent
interactions using the EPR spectroscopy methods. These biradicals were similar
to biradicals B1 studied in [22]. Here we studied biradicals B2 and B3 containing
rare nitrogen isotope (°N/'*N and '>N/'*N). The isotope substitution provides a new
“degree of freedom” for studying properties of biradicals.

Under the isotope substitution, the EPR spectrum of the biradical can change
strongly, but no additional unknown parameters appear. The spin of the nucleus and
the gyromagnetic ratio of the nucleus change under the isotope substitution. As a
result, the HFI constant of unpaired electrons with magnetic nuclei changes. But
this change takes place in a perfectly known manner. Therefore, under the isotope
substitution, changes in the spectrum can be predicted theoretically. This opens up
the possibility of independent fitting of the experimental spectrum. This allowed us
to fairly convincingly evaluate the relative content of biradicals in various conforma-
tions with different exchange integrals J. The study of the asymmetric biradical in
which the radical centers have different nitrogen isotopes was especially important,
since in symmetric biradicals, in the absence of conformational transitions, in prin-
ciple, it is impossible to distinguish biradicals with /= 0 from monoradicals using
EPR spectra.

The study of the temperature dependence of the EPR spectrum of biradicals made
it possible to estimate rather convincingly that at room temperatures about 20% of
nitroxide biradicals B1, B2, B3 have a conformation with negligible in EPR experi-
ments exchange integral, J=0, about 75% of those biradicals have |/|=4.4G, and the
rest 5% of biradicals have |/|=11.2 G and |/|=57G in almost equal amounts.

For further applications of biradicals, it is of major importance that the asymmet-
ric biradical B2 have relatively weak exchange interaction, i.e., the exchange integral
is much less than the nitrogen-induced HFI splitting of EPR lines. Due to this fact
electron spins in these biradicals can be selectively excited by the microwave pulses.
At the same time, the exchange interaction is strong enough to be able to create
entangled states of two unpaired electrons of those biradicals. So, the biradicals B2
may be of use in quantum computing and quantum informatics [11].
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