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Abstract
Intramolecular electron spin exchange has been studied by X-band electron para-
magnetic resonance (EPR) spectroscopy in two long-chain flexible nitroxide biradi-
cals existing in fluid solutions in three spectroscopy-different spatial conformations 
as a function of temperature, solvent viscosity and polarity. Certain thermodynamic 
parameters of the conformational transitions were calculated from the EPR spectra. 
The process of spin-exchange in these biradicals dissolved in five different alcohols 
was compared with that in the non-polar solvents (toluene) and aprotic (acetonitrile), 
as well as with two other biradicals studied earlier, and with thermodynamic char-
acteristics of the solvents. A distinct correlation was found between macroscopic 
(solvent viscosity) characteristics of solvents and thermodynamic parameters of the 
intramolecular conformational transitions.

1 Introduction

Professor Lebedev has paid special attention to various paramagnetic systems revealed 
inter-spin interactions among which electron spin exchange was of particular interest. 
Stable nitroxide biradicals represent a large class of such compounds that can be for-
mally divided by several groups, e.g., chemically rigid, short-chain flexible, long-chain 
flexible, etc. A lot of articles describing electron spin exchange phenomena observed 
by EPR (electron paramagnetic resonance) spectroscopy were published during the 
last 50  years [1–15] and in references therein. Despite such huge number of publi-
cations which have analyzed the effect of chemical nature, the length of the spacer, 

Applied
Magnetic Resonance

 * Günter Grampp 
 grampp@tugraz.at

1 Institute of Physical and Theoretical Chemistry, Graz University of Technology, Graz, Austria
2 School of Chemical Engineering, Hanoi University of Science and Technology, Hanoi, Vietnam
3 Plekhanov Russian University of Economics, Moscow, Russian Federation
4 N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, 

Moscow, Russian Federation

http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-020-01219-9&domain=pdf


1032 G. Grampp et al.

1 3

temperature, solvent polarity, and viscosity, etc., the papers regarding this item are still 
appeared in the literature (see, e.g., [16–20] in which influence of high pressure [17], 
specific solvation in room temperature ionic liquids [19] or the structure of the nitrox-
ide radicals [20] on the dynamics of the intramolecular motions were examined. We 
should note that the interest in flexible long-chain biradicals continues being actual due 
to the importance of any new information concerning them.

Biradicals are in general more or less flexible, even those which look like chemically 
rigid systems [21–24], exist in liquid low-viscose solutions in several conformations 
with transitions among them [4–8, 11]. Long-chain flexible nitroxide biradicals contain 
usually at least ten intermediate chemical bonds between nitroxide rings, which can 
contain –S–, –NH–, –CH2–, –OCH2CH2–, –CONH–, –COO–, etc., atoms and groups.

It was shown in [4, 11] that the EPR spectroscopic behaviour of the long-chain 
biradicals in liquid solutions with low viscosities can be described in terms of the three-
conformational model with transitions among them which was represented in detail in 
Refs. [4, 5, 18, 20]. Such spin labelled “oligomers” were described in terms of short 
polymeric systems with a reasonable agreement with theory [6]. Peculiarities of such 
EPR spectra and their features are discussed below reflecting transitions between all 
conformations. The correctness of the model suggested in [4] was confirmed in all pub-
lications cited above.

In a previous paper, the effect of solvating paramagnetic > N–O fragments in vari-
ous media in the case of two biradicals with different functional groups in the bridge 
connecting two nitroxide rings, S[(CH2)4COOR6]2 (B3) and  (CH2)5[CONHR6]2 (B4), 
where  R6 is 1-oxyl-2,2,6,6-tetramethylpiperidine ring, has been reported [11]. That was 
the first attempt to analyse systematically the influence of the solvent nature on con-
formational transitions in long-chain flexible biradicals. This effect on intramolecular 
spin exchange in biradical systems is still one of the most unclear issues in the physical 
chemistry of nitroxide biradicals. Indeed, the authors of Ref [11]. tried to find correla-
tions between dynamic and thermodynamic parameters calculated from EPR spectra 
recorded at different temperatures (see below) and such solvent characteristics as vis-
cosity η, a characteristic activation energy value Eη which has revealed a non-linear 
dependence, with the widely used parameters like the so-called ‘Dimroth and Reich-
ardt’s’ ET (30) [25] and Kamlet and Taft’s π* [26], the longitudinal relaxation time, 
τL, which is known to play an important role in intermolecular electron transfer [27]. 
Unfortunately, no one parameter could perform reasonably good quantitative correla-
tion with experimental data performed in Ref. [11].

In this paper, we describe the effect of solvents with different viscosities and 
polarities on the intramolecular electron spin exchange in two other flexible long-
chain nitroxide biradicals.

2  Experimental

Biradicals  (CH2)8[COOCH2CH2R6]2 (B1) and  (CH2)8[CONHR6]2 (B2) in which  R6 
is 1-oxyl-2,2,6,6-tetramethylpiperidine residue, used in this work, were synthesized 
as described in [2, 3, 28] and their colors and melting points were in good correla-
tion with the published ones.
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Toluene, acetonitrile, methanol, ethanol, 1-butanol, 1-octanol, and cyclohex-
anol were selected as solvents because of their different viscosities and polarities. 
All organic solvents were specially purified according to literature procedures 
[29]. Solutions were prepared, bubbled with nitrogen for 20–25 min, where after 
0.5 mL was taken to a thin capillary under nitrogen, degassed by freeze—pump—
thaw cycles to remove molecular oxygen, and finally sealed off under vacuum. 
In the cases of 1-octanol and cyclohexanol, solutions were heated slightly while 
bubbling. Radical concentrations were kept sufficiently low (≤ 5 × 10−4  M) to 
eliminate intermolecular exchange broadening [30].

EPR spectra were recorded with a Varian E-101 X-band spectrometer equipped 
with a JEOL JNM-VT-30 temperature control unit (accuracy ± 1 K) within a tem-
peratures range of 263–393 K. The following parameters: the hyperfine splitting 
(hfs) constant a, the amplitudes and line widths of lines 1 and 2 (Fig.  1) were 
experimentally measured.

For flexible rather long-chain molecules, the influence of the solvent can be 
discussed as the “cage effect” [4, 5]. Temperature changes of the quintet spectra 
shown in Fig.  1 are typical for the case of strong (|J|> > a) exchange between 
three conformations: an “elongated” conformer ‘1’ with J1 = 0 and lifetime τ, and 
two conformations ‘2’ and ‘3’ with total lifetime ‘τC, in which the radical frag-
ments are located nearby each other in the “cage” of the solvent molecules but 
with J2 = 0, and |J3|> > a [4, 5]. The movement of the radical fragments inside the 
cage is fast, and transitions from outside to inside the cage are slow, i.e., a⋅max 
(τ, τC) > 1 [4, 5]. Some thermodynamic parameters of the intramolecular transi-
tions in the long-chain biradicals can be calculated. The ratio τC/τ can be esti-
mated from the experimental EPR spectra by the ratio of the integral intensities I2 
and I1 of the lines 2, 2′ and 1, 1′ respectively, according to [4]:

Fig. 1  EPR spectra of biradical 
B1 in acetonitrile at 263 (a), 283 
(b), 313 (c), and 343 K
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where d1 and d2 are the amplitudes and ΔB1 and ΔB2 the widths of lines 1 and 2 
averaged over the lines 1 and 1′ or 2 and 2′ (see Fig. 1). It has been obtained that [4]:

The analysis of lines 2 and 2′ narrowing with temperature led to conclude that the 
motion of the radical fragments inside the cage. In the case of fast modulation of the 
exchange interaction, the exchange broadening 1/T2 of these lines is described by the 
expression [4, 5]:

where τeff is a complex combination of the modulation parameters and its value is 
close to the longest characteristic times of the intramolecular motions. For Lorentz-
ian lines, a is taken in frequency units, and γe is the gyromagnetic ratio of the free 
electron.[4]:

Supposing the Arrhenius dependence between τC/τ, τeff and the temperature T is

one can calculate the values of the enthalpy ΔH and the entropy ΔS of the cage, as 
well as the parameters ε and τ0, which characterize movements inside the cage. Here 
τ0 is the characteristic time of the motions by which a transition between the con-
formation with J2 = 0 and |J3|> > a, would take place at the absence of the activation 
energy barrier ε between them.

3  Results and Discussion

Typical electron paramagnetic resonance (EPR) spectra of biradical B1 in acetoni-
trile at different temperatures are given in Fig. 1. For biradical B2, similar spectra 
have been recorded. For both biradicals, the temperature behavior of the spectra is 
analogous in all the solvents, but an interval of these changes sufficiently depended 
on its nature. Similar changes have been observed also for biradicals B3 and B4 in 
[11].

As an example, temperature dependences of the hfs constant a and the ratio τc/τ 
(in the Arrhenius plots) for biradicals B1 and B2 dissolved in methanol, ethanol, and 
toluene are given in Fig. 2. Temperature dependences of a are usually characterized 
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by the parameter da/dT [31] calculated from the EPR spectra, which are listed in 
Table 1. These values are very close to those presented in [11, 31] for biradicals and 
radicals with the same  R6 ring in their structure reflecting changes of a upon tem-
perature variation.

Earlier, for biradicals B3 and B4 [11], it has been shown that in protic solvents 
τc/τ decreases slightly with temperature, while in an aprotic solvent (toluene) τc/τ 
increases. Temperature changes of these parameters were very small since, for 
the long-chain biradicals, entrance into the cage is mainly connected with the 

Fig. 2  Temperature depend-
ences of (A) the hfs constant a 
and (B) ln(τC/τ) for biradical B1 
(filled circle, open circle) and 
B2 (filled triangle) dissolved in 
methanol (filled circle), ethanol 
(open circle), and toluene (filled 
triangle)

A

 B

τ
τ

–1 –1

Table 1  Thermodynamic parameters ΔH and ΔS of radicals B7 and B12

Solvent da/dT, G/K Biradical B1 Biradical B2

ΔH, kJ/mol ΔS, J/mol K ΔH, kJ/mol ΔS, J/mol K

Methanol − 0.0024 5.7 ± 1 30 ± 6 7.2 ± 1 20 ± 2
Ethanol − 0.0017 2.4 ± 0.5 8.1 ± 10 4.0 ± 0.6 26 ± 3
Acetonitrile − 0.0021 3.2 ± 1 1.9 ± 1 0.31 ± 0.3 9.2 ± 2
Toluene − 0.0019 – – 4.7 ± 1 19 ± 8
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steric, i.e. entropic, and not energetic factors [11]. Estimated parameters ΔH and 
ΔS in toluene were equal to 3.6 kJ mol−1 and 16.7 J mol−1 K−1, which is in good 
agreement with those published in [4]. In our case, parameters given in Table 1 
(see also Fig. 2b) represent a fact that ΔH has positive values, i.e., τc/τ increases 
slightly with temperature for all types of the solvent. To clarify this fact, it will be 
necessary to investigate this in more detail later. Surprisingly, we could not find a 
straight correlation between τc/τ, ΔH and ΔS parameters and the viscosity of the 
solvents used.

Figures 3 and 4 show linear dependences on the temperature of aτeff values in 
all solvents used for both B1 and B2 biradicals as it has been also observed in 
the case of B3 and B4 [11]. The appropriate thermodynamic parameters ε and 
τ0 were calculated for biradicals B1 and B2 by Eq. (6) and are listed in Table 2. 
In both cases, noticeable differences in the temperature—aτeff behavior, depend-
ing on the alcohol molecule size, were observed and they are comparable with 
those calculated for B3 and B4 in [11]. Note that a plot for B4 in water is in 
the same order [11]. ε values increase systematically, twofold from methanol to 
cyclohexanol (Table 2). The solvent characteristics such as viscosity at 298 K, η, 

Fig. 3  aτeff as a function of 
temperature for biradical B1 
dissolved in methanol (filled 
circle), ethanol (open circle), 
1-butanol (∇), 1-octanol (filled 
triangle), cyclohexanol (Δ), 
toluene (×), acetonitrile (upside 
down filled triangle)
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Fig. 4  aτeff as a function of 
temperature for biradical B2 
dissolved in methanol (filled 
circle), ethanol (open circle),1-
octanol (filled triangle), 
cyclohexanol (Δ), toluene (×), 
acetonitrile (upside down filled 
triangle)

0,0024 0,0026 0,0028 0,0030 0,0032 0,0034
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the viscosity energy, Eη, the solvent dielectric constant, εS, are given in Table 3 
for easier comparison with the data listed in Table 2. Two solvents (toluene, ace-
tonitrile) did not reveal such regularity. Parameters τ0 for both biradicals do not 
practically depend on the solvent nature. Their values around ~ 10–11–10–12 s are 
characteristic for rotational movements around usual σ-bonds.

A correlation between ε and solvent viscosity η has already been reported for 
short-chain flexible nitroxide biradicals [38], taking a linear dependence of lnη vs. 
 T–1 with a characteristic activation energy value Eη. It was interesting to compare 
the behavior of a bulk macroscopic characteristic of the solvent (η) with a similar 
parameter on the microscopic level (τeff or experimentally measured a τeff). Viscos-
ity parameters η for all solvents were taken from [32, 33]. Indeed, we have observed 
the appropriate experimental dependencies in all protic and other solvents used both 
for B1 and B2 (Fig. 5). Note that the correlation between ε and Eη revealed also a 
similar dependence for biradicals B3 and B4 (the corresponding values in Fig. 5 are 
taken from [11]. It follows from our data that the molecular motions (i.e., confor-
mational rearrangements) inside the cage depend on the bulk characteristics of the 
cage, which is formed by the corresponding solvent molecules.

Table 2  Thermodynamic 
parameters ε and τ0 for 
biradicals B1 and B2 

a Error is  10%
b Error is  0.3

Solvent Biradical B1 Biradical B2

ε, kJ/mola − log τ0
b ε, kJ/mol a − log τ0

b

Methanol 16.5  0.4 12.0 14.9  0.3 10.8
Ethanol 19.6  0.5 12.2 17.1  0.4 11.0
1-Butanol 17.2  0.4 11.6 21.3  0.4 10.0
1-Octanol 20.1  0.5 11.9 25.1  0.5 12.1
Cyclohexanol 32.5  0.8 13.4 39.3  0.7 13.8
Toluene 16.0  0.4 11.8 15.9  0.3 11.5
Acetonitrile 13.5  0.3 11.5 14.0  0.3 11.0

Table 3  Physical properties of 
the solvents used

The data were mainly taken from [17] unless otherwise noticed
a From [32, 33], b [32], c [34], d [35], e [36], f [37]

Solvent η, cP, at 298 Ka Eη, kJ/molb εS

Methanol 0.551 11.3 32.5c

Ethanol 1.08 15.0 24.3c

1-Butanol 2.57 19.8 16.0d

1-Octanol 7.36 24.9 10.3
Cyclohexanol 41.3 41.7 15,0e

Acetonitrile 0.369 7.5 35.8f

Toluene 0.553 9.1 2.4
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The results obtained allowed us to compare values of ε, characterizing move-
ments of the nitroxide rings inside the cage of solvent molecules, with parameters 
characterizing properties of the solvent, first of all of viscosity η, or better to say 
with the characteristic activation energy value Eη. The results obtained for all B1–B4 
biradicals are shown in Fig. 5. One can conclude that there is a rather evident practi-
cally linear correlation between ε and Eη in total. The differences, which could be 
observed between all four biradicals B1–B4 in Fig. 5 are likely to be attributed to the 
differences in the bridges of the biradicals as their nitroxide fragments are identical.

4  Conclusions

Two nitroxide biradicals  (CH2)8[COOCH2CH2R6]2 (B1) and  (CH2)8[CONHR6]2 
(B2), where  R6 is 1-oxyl-2,2,6,6-tetramethylpiperidine ring, were studied by X-band 
EPR spectroscopy and their properties were compared with two other biradicals 
S[(CH2)4COOR6]2 (B3) and  (CH2)5[CONHR6]2 (B4) investigated earlier. All EPR 
spectra are described well in terms of the three-conformational model. The energetic 
parameter, ε, describing the temperature dependence of the spin-exchange strongly 
depends on the solvent macroscopic parameters, characterizing bulk properties of 
the solvent, i.e., between EPR parameter ε and the solvent viscosity energy, Eη. The 
macroscopic influence was found from linear trends in plots concerning viscosity, 
with some degree of deviance found in the case of two solvents cyclohexanol and 
1-octanol. Possibly, this may, at least partially, be explained by the fact that Eη has 
been determined in the literature using a comparatively narrow range of tempera-
tures fit to a simple exponential model.
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