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Abstract

Methano[60]fullerenes with two and four nitroxide radicals are studied by EPR
spectroscopy. It is shown that nitroxide derivatives of fullerene Cgy, undergo con-
formational changes in liquid solution. It is established that transitions between the
two conformations take place in the case of the biradical adduct of Cg, fullerene.
For the tetraradical adduct in the trans-3 position, it is shown that the biradicals do
not interact and behave independently; therefore, the two-conformational model pro-
vides a good description of the experimental data. A more complicated situation
is implemented for the tetraradical adduct in the equatorial position. The biradicals
are not independent for this system, and their interaction leads to an increase in the
number of possible conformations. Thermodynamic parameters for these systems
are calculated.

1 Introduction

Since being discovered, fullerenes attracted much attention of researchers world-
wide. Interest is mainly due to the fact that this amazing molecule and its derivatives
are used in many fields, e.g., fullerene is applied as an additive to reduce friction of
the contacting parts, as a solar cell, as additives intumescent flame retardant paints,
carbon nanotubes, superconductors, etc. It should be noted that recently the usage of
fullerenes or rather their derivatives found new applications in pharmacology [1-6].
Since fullerene Cg, is hydrophobic, chemists are faced with the task of obtaining
water-soluble fullerene derivatives [7-9]. This task can be achieved by varying
the attached chemical groups. As a result, new effective fullerene derivatives may
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appear for the treatment of human diseases, e.g., human immunodeficiency virus
[10-12].

Fullerene Cgj is a convenient template for attaching a large number of stable free
radicals in different relative positions on the fullerene shell and for studying their
interaction [13-16]. A new class of nitroxide fullerene derivatives is promising for
obtaining previously unknown anticancer drugs and for studying the pharmacoki-
netics of fullerene derivatives in a living organism using electron paramagnetic
resonance (EPR) spectroscopy. In [13], fullerene was successfully used to prepare,
according to our proposed method [14], bis- and hexa-nitroxide derivatives of fuller-
ene Cg, which the authors used as active catalysts for the oxidation of primary and
secondary alcohols to aldehydes and ketones. Moreover, it was shown recently that
fullerene derivatives with pharmacophoric groups can be used as a supplement
to medicine to treat leukemia. For example, I.A. Nuretdinov et al. [14] (Arbuzov
Institute of Organic and Physical Chemistry, Russian Academy of Sciences) dem-
onstrated the biological activity of these substances. For the first time, it was shown
that nitroxide methanofullerenes in combination with the drug cyclophosphamide
exhibit the anticancer activity against leukemia, although the usage of cyclophos-
phamide alone at the same dose gives no positive effect [14].

In this paper, we study physical-chemical properties of exohedral fullerenes with
one and two stable nitroxide biradicals in their composition which can illuminate the
processes which take place in such systems. Our interest in nitroxide derivatives of
fullerene induced their potentials as drugs in pharmacology and functional materi-
als in optoelectronics. It is known that fullerene after photoexcitation turns into the
paramagnetic excited triplet state with electron spin 1. The strong exchange interac-
tion with polynitroxide of fullerene derivatives leads to a more complex multiplet
structure of the total system [17, 18].

On the initial step of our work we studied fullerene Cgq, adducts with 2 and 4
covalently linked nitroxide radicals in liquid phase. Since the photophysical and
physicochemical properties of fullerenes depend on the attached groups and their
interaction, we studied the Cg, fullerene derivatives with one or two covalently
bound nitroxide biradicals at different positions in the solution by continuous-wave
EPR spectroscopy.

2 Experimental
2.1 Synthesis of Fullerene Derivatives

Taking into account the results obtained earlier [14, 19], two new bis-methanofuller-
enes with the addition of the second addend at positions e (equatorial) and trans-3
(Fig. 1) were synthesized and characterized using the Bingel sequential cyclopropa-
nation reaction.

The high-performance liquid chromatography (HPLC) study was performed on
an Agilent Technologies 1200 Series chromatograph with a UV detector using a C g
reverse phase column (Partisil-5 ODS-3), eluent toluene/CH;CN (volume ratio 1:1).
Organic solvents were used dried and distilled according to standard procedures
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Fig. 1 Scheme of the synthesis of bis-methanofullerenes with the addition of the second addend at posi-
tions e (R3) and trans-3 (R2) to the initial methanofullerene (R1)

[20]. We used fullerene Cgy 99.9% pure (manufactured by Fullerene Center, Nizhny
Novgorod, Russia).

To a solution of 0.3 g (0.26 mmol) of methanofullerene (R1) in 200 ml of tolu-
ene was added 0.164 g (0.39 mmol) of bis (4-carboxy-2,2,6,6-tetramethylpiperidin-
1-oxyl)methane in 10 ml of toluene, 0.132 g (0.39 mmol) CBr, in 10 ml of toluene,
0.060 g (0.39 mmol) of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in 10 ml of tolu-
ene. The reaction mixture was stirred at room temperature for 7 h (during this time,
the starting monoadduct almost completely reacted according to HPLC data). The
reaction mixture was filtered, washed with distilled water (225 ml) and concen-
trated to minimum. The reaction products were isolated by column chromatography
on silica gel with toluene-hexane-acetonitrile as eluent in different ratios. Accord-
ing to the HPLC results, the relative yield of each isomer was: trans-3—16.8%,
e—27.6%; real yields for each regioisomer: trans-3—11.2% (45.6 mg), e—18.0%
(73.4 mg).

It should be noted that methanofullerene R1 is a biradical system and bis-metha-
nofullerenes R2 and R3 are a tetraradical one.

2.2 EPR Measurements

In this paper, we first studied tetranitroxide derivatives of fullerene Cg, (R2 and R3)
by EPR spectroscopy. Obtained EPR data were compared with the known methanof-
ullerene R1.

All experiments were performed at X-band frequencies on an EMX plus spec-
trometer (Bruker) equipped with a cylindrical super high sensitivity ER 4122SHQE
probehead. An ER4131VT temperature unit was used to perform temperature meas-
urements in the temperature range of 250-350 K. All simulations were performed
using Matlab and Mathematica program products.

Toluene was selected for liquid-phase measurements as a low-viscous and non-
polar solvent, in which all samples are well dissolved. It was carefully purified
according to the literature procedure. Radical concentrations were sufficiently low
(<5% 107 mol I7!) to eliminate intermolecular exchange broadening of EPR lines
[21]. Samples were degassed by several freeze/thaw cycles to remove oxygen.

@ Springer



982 R. B. Zaripov et al.

() (b) (©)

350K
—A\NAAA— _JW oo _J\/v\«/\/\m/\r_ e
—_— (\/\(\/ — 320K
320K
320K

_4\/\)‘(\/\/_29‘”( 200K
290K

260K
260K -—/\f\'/\,\/\/—— 260K

334 335 336 337 338 339 340 334 335 336 337 338 339 340 341 335 336 337 338 339 340 341
Magnetic field (mT) Magpnetic field (mT) Magnetic field (mT)

Fig.2 Temperature dependence of EPR spectra for R1 (a), R2 (b), and R3 (c)
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Fig.3 a EPR spectra of R1, R2, and R3 in toluene solution at 350 K. To calculate the thermodynamic
parameters, the EPR spectrum lines are numbered from left to right. b Experimental (Exp) and simulated
(Sim) EPR spectra of biradical R1. Simulation parameters: g=2.006, ay=42 MHz, 7,=1.37 7,, J,=0,

Jy=6ay, P, =Pp.=0.5. Moreover, EPR spectra of biradical R1 and tetraradical R2 are almost the same
(see Figs. 2 and 3a)

3 Results and Discussion
3.1 EPR Spectra

Figure 2 shows the temperature dependence of the EPR spectra for R1, R2, and
R3. The EPR spectra of the systems R1 and R2 consist of resolved five lines in the
total temperature range of 260-350 K, while the EPR spectra of the system R3 have
five lines at lower temperatures (260—290 K) and nine lines at higher temperatures
(300-350 K).

Figure 3a shows the EPR spectra of all samples at 350 K.

To explain experimental results, we consider polyradical systems in liquids. It is
well known that an EPR spectrum of a nitroxide radical like TEMPOL in liquid
solution and at low concentration consists of three well-resolved lines due to the
hyperfine interaction (HFI) with nitrogen nuclei ¥ N (/=1) with the intensity ratio
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of 1:1:1 (the super HFI interaction due to protons is disregarded) and the total spec-
trum width of 2a,. The EPR spectrum of a polyradical, in particular a biradical,
depends on the spin—spin interaction between the radicals. In [22], it was found that
the EPR spectrum depends on the relation between the exchange interaction J and
the HFI constant ay. When J~0, the EPR spectrum of a biradical coincides with
that of a radical. When the J value increases, additional lines appear and the total
spectrum width increases (see Fig. S1a and S2 in Supplementary Material). We note
that the lines appearing to the right and to the left of the extreme components of the
EPR spectrum of the radical due to the so-called “forbidden transitions”” move away
from them with increasing J, while their intensity decreases. The maximum pos-
sible number of 15 lines is observed in the range of J/ay~1-2 [22-24]. In the case
J>>ay, the EPR spectrum of the biradical consists of five lines with the intensity
ratio of 1:2:3:2:1 and the total EPR spectrum width is 2a, [22-24].

The same situation is implemented for the tetraradical. In the case of J~0, the
EPR spectrum of the tetraradical is the same as that for the radical. In the case of
Jio~Ji3~J1a~Jpz3~Jps~J34>>ay, the EPR spectrum consists of nine lines with the
intensity ratio of 1:4:10:16:19:16:10:4:1 [24], where J; is the exchange interaction
between the paramagnetic centers i and j (see Fig. S1b in Supplementary Material).

Figure 2a shows the EPR spectrum of biradical R1 consisting of five lines, how-
ever, its intensity ratio does not correspond to the case J>>ay. This also does not
correspond to the situation with 0 <J<a, because the EPR spectrum does not con-
tain more lines than that for the limiting case J>>ay,, namely, five lines for the
biradical and nine lines for the tetraradical. Moreover, the total spectrum width cor-
responds to the spectrum width of a nitroxide radical. This situation is very similar
to a model with conformational changes [24-26]. In this model, it is assumed that
the studied systems have several metastable conformations. In the simple case, we
assume that R1 has two conformations a and b with J,~0 and J,>>ay. The life-
times of these conformations are determined by 7, and 7,, respectively. In the lit-
erature, the a conformation is named as “far” and the b conformation is known as
“close” [25].

Using the dynamical model of a biradical, it is easy to calculate the shape of the
EPR spectrum [27]. Let each conformation correspond to certain exchange integrals
J,and J,, J, ,<<kT, i.e., the exchange interactions do not affect the dynamics of the
conformational transitions. Then, the dynamic equations for the joint spin density
matrices p, and p,, which described the conformations a and b, can be written as
follows:

op, i
ot = E [pa’Ha] - kabpa + kbapb = 0’
apy, i
o5 h P4 Hy| = kpap + ka0 = 0,
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_ [)a _ p a .. ..
where k,;, = T—a”, ky, = i, here k;; and p;; are the transition rate and transition proba-
bility from the conformation i to the conformation j, respectively.
In the rotating frame, the Hamiltonian of each conformation is written as follows:

1 1 2 2 1 He (D
H = (0,0 - 0)8," + (0,? = ©)5,? + a, V1,8,

D7 Qe @ 1) @) 1 1 e @2
+a2L,5,” + SV 4 08, D) 1 0 D5,®,

where @, is the electron resonance frequency; a* is the HFI constant in the
conformation j; a)x(") is the microwave frequency (k=1, 2; j=a, b), and J] is the
exchange coupling in the conformation j.

The EPR signal in this situation is determined by

EPR g = Sp[(pa + £) (Sx + 5,@)].

Figure 3b shows the experimental and simulated spectra of R1 at 350 K. The
model of conformational changes is in good agreement with the experiment when
the ratio t/t,=1.37 is used.

In this model, it is possible to simulate the EPR spectrum of the tetraradi-
cal compound R2. This fact indicates that biradicals in R2 do not interact with
each other. The EPR spectrum of R3 consists of nine lines and this indicates that
biradicals interact with each other. However, the intensity ratio is far from being
1:4:10:16:19:16:10:4:1. This distinction makes it possible to consider several
conformations and their transition into each other. Unfortunately, the model of
two conformations like that used above gives no appropriate simulation of the
experimental data.

In the literature, there are many works which made it possible to obtain ther-
modynamic parameters of transitions of the studied compounds from one confor-
mation to another using the temperature dependence of EPR spectra [24]. This
approach was proposed for biradicals in [28], which are extended to triradical and
tetraradical systems [24].

In this study, we used the EPR lines marked in Fig. 3a as a basis to determine
the thermodynamic parameters. For example, line pairs 1-5 and 2—4 (the central
line is not taken into account) are considered for the biradical R1.

For biradical R1 and tetraradical R2, the intensity of the lines 1 and 2 reflects
ratio of the lifetime in the conformation with J~0 to the total measurement time,
thus:

T
J R Ry}
T, +7,3

where 7,4, is the lifetime of the molecule in the conformation a (b), I is the total
integral intensity of the EPR spectrum. The factor 1/3 reflects the fact that the
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intensity of the first line with respect to the total intensity of the EPR spectrum is
three times smaller in the case of the conformation a.
It is possible to obtain the same expressions in the conformation b:
b T I, Tp 2

T F09 T, +5, 9
The coefficients of 1/9 and 2/9 in this case appear due to the fact that in the
case J>> ay, the first and second lines have a five-component EPR spectrum with

the intensities 1 and 2, respectively.
The total intensity of two lines is given by

3ra+rb£ 7, g

T, +17, 9

b b
L=1+1= L=5+1 =

T, +17, 9
and finally, we get
I 2t, 1, 3(L/1)

I " 3t,+1,1, 2-W/0)

a

where I, is the average integral intensity of the lines 1 and 5, I, is the average inte-
gral intensity of the lines 2 and 4 defined as described in [24, 25].
The ratios ;—2 were found for all of the EPR spectra at different temperatures. We

note that Fig. l2 shows the EPR spectra only at four temperatures for less cluttering
of the figure. The Arrhenius dependence In(z,/z,) as function of 1/T was plotted after
the treatment of the temperature dependence of the EPR spectra. It is known that
entropy and enthalpy determine the Gibbs energy AG = AH — TAS, where AH is
enthalpy, AS is entropy, T is temperature. On the other hand, AG = —RTInK, where
R is the gas constant, T is temperature, K is a factor of equilibrium. In this case,
K=1,/7,. Solving the last equation for [nK, we get

(a) (b) (©)
0.2 0.2
08 m 2n
% 0.0 % 04 o 1M
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Fig.4 Arrhenius plots of biradical R1 (a), tetraradicals R2 (b) and R3 (c¢). Arrhenius plot of R3 (c¢),
obtained for three ratios /,/1; (black square), Iy/I; (open cycles), 1,/I; (gray triangles)
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T RT R

a

ln<2> = _af + E

Neglecting the temperature dependence of enthalpy and entropy, we find that in
the coordinate system ln(i—’ ) vs. 1/T, the temperature dependence of the equilibrium

constant is shown by a stra‘{ight line whose parameters are the slope of —AH /R and
intercept of AS/R.

Figure 4 shows the Arrhenius plots of biradical R1 (Fig. 4a) and tetraradical R2
(Fig. 4b).

Figure 4 shows that the ratio 7,/7, increases with increasing temperature, and con-
sequently, the residence time of the molecule in the conformation b is increased.
This result is in good agreement with the temperature dependence of the EPR spec-
tra: the temperature increase leads to the increase in the intensity of line 2 with
respect to line 1 (see Fig. 2a and b).

The experimental points were approximated by a linear dependence to determine
the thermodynamic parameters. The result is presented in Table 1. Table 1 shows
that the entropy (enthalpy) values of R1 and R2 do not differ significantly from each
other. This fact indicates that the assumption of conformational changes between
two conformations and the absence of interaction between the biradicals in R2 is
true.

For the nitroxide tetraradical R3, the same step was applied. In our consideration,
only two conformational models are taken into account. We used the same expres-
sion as given in [25]:

7, 27(L/1) T _ 271/ ©,  27U,/1,)

t, 4-(L/I)t, 10—z, 16—(/1)

Figure 4c shows the Arrhenius plot for the tetraradical R3 using different ratios
I/, L/, 1/,

Figure 4c indicates that for R3, the residence time of the molecule in the con-
formation with larger exchange interaction values increases with the increase in
temperature.

Table 1 shows the entropy and enthalpy values of three nitroxide polyradi-
cals. Three sets of the thermodynamic parameters are obtained for the tetra-
radical R3. Moreover, the difference of entropy and enthalpy values is great

Table 1 Thermodynamic parameters of R1, R2 and R3

System  1,/I, 11, L/,
AH+0.4,kKl/mol AS+5,J/ AH+04,kJ/mol AS+5,J/ AH+0.4,kl/mol AS+5,]/
(K*mol) (K*mol) (K*mol)
R1 8.0 24 - - - -
R2 9.0 25 - - - -
R3 19.8 61 12.2 36 16.3 45
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(discrepancy >20%). This is probably due to the assumption that only two confor-
mation models are implemented in the tetraradical R3. Probably this assumption is
wrong and it is needed to take into account more conformations.

4 Conclusions

In this work, several radical adducts of fullerene Cgq, were studied. The temperature
dependence of the EPR line shape was analyzed for all samples and thermodynamic
parameters of the fullerene C, derivatives in the solution were obtained. As a result,
it is concluded that nitroxide biradicals in bis-methanofullerene R2 do not interact
with each other. It is found that for R1 and R2, the exchange interaction occurs only
between radical fragments inside the biradical. The positive enthalpy AH value indi-
cates the endothermic nature of the transition between the “far” and “close” confor-
mations. The “far” conformation is the more stable one.

Since entropy AS is a measure of ordering of the system, the positive AS value
and its increasing for bis-methanofullerene R3 (equatorial isomer of fullerene Cg,
adduct) shows the increase in the system disorder. Since the thermodynamic param-
eters for the tetraradical R3 obtained from the analysis of different components of
the EPR spectrum do not coincide with each other, it is possible that the model of
the two conformations does not fit. Later, we will try to obtain some expressions and
simulations for the tetraradical in the case of conformational changes with the num-
ber of conformations larger than two.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00723-021-01419-x.
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