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CONFORMATIONAL STRUCTURE OF NITROXIDE BIRADICALS
USE OF BIRADICALS AS SPIN PROBES
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and G. M. Zhidomirov

The present review deals with the problems of interpreting the experimental ESR spectra of
nitroxide biradicals in dilute liquid and vitreous solutions. The problems associated with ob-
taining information on the structure and intramolecular motion of biradicals by the ESR method
are discussed. Examples of the use of nitroxide biradicals as spin probes are examined.
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I. INTRODUCTION

In recent years there has been a considerable increase in interest in the study of the microstructure of
solutions, liquid crystals, biological membranes, and macromolecules by the spin probe (SP) method [1-7].
This method is based on the recording of the electron spin resonance (ESR) spectra of paramagnetic spin probes
specially introduced into the system being studied in order to reflect various aspects of the processes taking
place in the matrix. Usually, stable nitroxide monoradicals are used as probes. The theory of the ESR spectra
of these radicals is well developed and makes it possible to obtain experimentally extensive information on the
properties of the system being studied. The data which can be obtained by the SP method can be divided into
five main groups:

1) the point of localization of the radical in multicomponent or heterophase systems and the polarity of its

environment — from the magnitude of the hyperfine coupling constants (HFC) in liquid solutions (&) or
in solutions frozen at 77°K (A” ) [3-51;
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2) the rotational mobility of the radicals, the degree of anisotropy of the rotation, and the influence ex-
erted on these factors by structural rearrangements in the system being studied — from the magnitude
of the correlation time 7, of rotational diffusion over a wide range of frequencies [2, 4, 5] and the
anisotropy parameter of the rotation € [4, 51;

3) the translational mobility of the probes, the frequency of their collisions active in spin exchange v,
- and the influence of steric or other forms of hindrance on the magnitude of v — from the measure-
ment of the bimolecular rate constant for spin exchange ks [6]. The "spin labeling—spin prohe"
method is based on the measurement of kg 2];

4) the degree of crystallinity of the frozen solution or polymer being studied [4, 71, the degree of orienta-
tion and dynamics of the structures of liquid crystals {5, 7, 8] and biomembranes [2, 5, 7-9];

3) the characteristic features of the spatial distribution of the probes in the matrix, the characteristic
features of the cerystallization of solutions and polymers ~ from a comparison of the local C;and
average C; concentrations of the probes, determined from the experimentally measured values of ke
in liquid solutions [4, 11] or from the broadening of the lines of the spectrum as a result of dipole -
dipole interaction hetween the radicals in frozen solutions [11-13].

A large number of nitroxide monoradicals which differ considerably in their solubilities in various sol-
vents and which make it possible to carry out selective studies of various types of molecular systems have now
been synthesized. An extensive group of stable nitroxide biradicals — molecules containing two paramagnetic
nitroxide N-O fragments — is also well known [4, 14]. In spite of the availability of compounds of this type and
the promising possibilities which they provide as spin probes, their use up to the present has been extremely
restricted. The explanation is that until recently it was impossible to carry out a sufficiently complete inter-
pretation of specific "hiradical" ESR spectra.

Biradicals have a number of advantages over monoradicals as probes. By studying the motion of the
molecule of the biradical as a whole or by observing its intermolecular interactions, it is possible to obtain
the same data as are obtained using monoradicals, In addition, however, it also becomes possible to study the
intramolecular mobility and three-dimensional structure of the biradical, and these are generally most sensi-
tive to change in the state of the matrix. The study of intramolecular processes in biradicals makes it possible
to study the following specific features:

6) the characteristic features of intramolecular spin exchange and the thermodynamics of intramolecular
motion;

7) the number of conformations in which the biradical exists, and the characteristic features of transi-
tions between the conformations when the system is subjected to different influences;

8) the study of dipole —dipole interaction between the paramagnetic N~O groups of the biradical makes
it possible to measure sufficiently accurately the distance r between them and to observe the change
in r in conformational rearrangements. In some cases it is possible, by determining r and the mutual
orientation of the N—O fragments, to establish the three-dimensional structure of the molecule di-
rectly in the solution.

The present review was made necessary by the fact that published data on the study of biradicals by the
ESR method are widely scattered (systematic theories of the interpretation of the ESR spectra of nitroxide bi-
radicals have been developed only recently) and may not be familiar to research workers involved in applied
studies. Existing reviews [15-17] and monographs [4-6] dealing with the problems of the interpretation of the
ESR spectra of biradicals do not deal with this problem at the level of understanding now reached, with one ex-
ception [10].

The intramolecular interactions of the unpaired electrons of a biradical are usually divided into two
types: anisotropic dipole -dipole interaction, which is usually the interaction of magnstic dipoles; and the in-
dependent isotropic exchange interaction, arising as a result of the overlap of the wavefunctions of the unpaired
electrons {4, 10, 15, 18].

Dipole -dipole interaction can be detected only in solutions with a high viscosity, oriented structures (for
example the nematic phase of liquid crystals), or in frozen solutions; sufficiently rapid rotation of the mole-
cules of the biradicals leads to complete averaging of the dipole —dipole interaction (together with the aniso-
tropic Zeeman and hyperfine interactions). Thus in the ESR spectra of solutions with a sufficiently low vis-
cosity, it is possible to detect only isotropic exchange interaction.
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Thus the study of the anisotropic and isotropic ESR spectra of biradicals makes it possible to obtain
qualitatively different information on the molecule of the biradical. We shall subsequently examine in detail
only the cases of dilute liquid solutions of low viscosity and dilute polycrystalline solutions.

Tn the present review we shall formulate the basic principles of the analysis of the ESR spectra of liquid
and vitreous solutions of nitroxide biradicals, methods for calculating the values of the exchange integrals and
the thermodynamic parameters characterizing the intramolecular motion in biradicals, and methods for mea-
suring the distance between the N— O fragments of biradicals, We shall then examine briefly various charac-
teristic features of the use of the molecules of biradicals as SP, and also the chief results obtained in the study
of specific biological systems.

Problems associated with the study of biradicals by double electron—electron resonance [19], the elec-
tron spin echo method [20, 22], and chemically induced electron polarization [23], and also the study of biradi-
cals by the ESR method in single crystals [17, 24-29] and liquid crystals {4, 10, 30-35] will not be discussed in
the present review, because of the specific features of these methods and lack of space,

II. STUDY OF BIRADICALS IN DILUTE
LIQUID SOLUTIONS
1. Elements of the Theory of Electron Spin Exchange

in Biradicals

It is well known [4, 5, 14] that the isotropic ESR spectra of nitroxide monoradicals in dilute liquid solu-
tions witha low viscosity consist of three lines of approximately equal intensity and with a splitting ¢ ~14-16 Hz
(~3-108 rad/sec), due to the interaction of the unpaired electron of the nitrogen nucleus UN (nuclear spinIy=1).
The exchange interaction of the unpaired electrons in the biradicals leads to delocalization of the unpaired
electron from one radical fragment onto the other. It is natural that for a very strong exchange interaction
the electronsg are found to be, asitwere, equally divided between the two radical centers I36]; in this case, in-
stead of the triplet of lines characteristic of the monoradical we should observe a spectrum consisting of five
components with intensity ratio 1:2:3:2:1 and with a splitting between the lines equal to a/2 (Fig. 1).

This "delocalization” interpretation of a complex quantum-mechanical effect is of course extremely ar-
_bitrary. The exchange interaction can be described more correctly by the operator [18}:

7 — 2 (1)
Vexch = JSMS®),

where S(K) denotes the spin operator ofthek-thelectron (S(k) =1/2). The quantity J is a characteristic of the
nstrength" of the exchange interaction and is called the exchange integral,T The value of J is determined by

the overlap of the wavefunctions ¢, and ¢y, of the radical fragments:
7= [ e @ ra'e.@ e 0 dudy,

1 Strictly speaking, in quantum mechanics the exchange integral is usually the name given to the quantity J,=
—~J/2 [87).
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Fig, 1. Characteristic spectra of liquid
toluene solutions of nitroxide mono- and
biradicals: a) monoradical of 2,2',6,6'-
tetramethyl-4-hydroxypiperidine-1-oxyl,
b) biradical II, c) biradical XLIV,
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{ry5 is the distance between electrons 1 and 2).

Generally speaking, it is not known beforehand how the overlap of the wavefunctions of the unpaired elec-
trons takes place in the biradical (by direct overlap through a vacuum or indirectly, involving the atoms of the
biradical itself or solvent molecules), Thus the determination of the mechanism of electron exchange interac-
tions represents a separate theoretical and experimental problem.

a) Form of the ESR Spectrum of a Biradical with One Conformation

In the case where J is independent of time (for example the biradical exists in only one conformation},the
influence of exchange interactions on the ESR spectrum of the biradicali can be calculated exactly [4, 15, 30].

Since in a liquid with low viscosity the dipole—dipole interaction of the electrons, the anisotropic hyper-
fine interaction, and the anisotropic Zeeman interaction are completely averaged, the spin Hamiltonian 3¢
should take account of only the isotropic hyperfine and Zeeman interactions. In the most interesting situation,
when the two radical fragments are identical and each have only one nucleus with nonzero nuclear spin I,

# =0, (s + s+ a (501 + s - ysths®, (2)
where the spin Hamiltonian is written in frequency units, and the superscripts 1 and 2 refer to different radical
fragments; we =gBH; [4, 30].

The "correct” wavefunctions corresponding to the spin Hamiltonian (2) can be expressed in terms of the
electron spin functions « and 8:

Yy = o,

. = 3 (B - - —Ba)!

‘!fzﬂ—m__:;—‘ﬁx(aﬁ - Py + A (ap—Beyl, (3)
s = PB,

o= e (—A (B Bo) + (2B —Ba)},

TAT R
where A =a (m, — my)/2J and m, and m, are the projections of the nuclear spins.

The energies corresponding to these wavefunctions are equal to

Ey = —gB Hy + (1/4)] = (1/2)a(m; + my),

Ey = (14 — (1240 — VT a¥(m;—my)},
Ey = gp Hy + (ST — (1/2)a(my + my),
E, = —@M + (2 — V= Sl )

For each pair of values of my and m,, four transitions are observed with AMg =+ 1: the transitions 1 <2
and 2 < 3, which correspond to transitions between "triplet” (for |J/>>a|m; — m,|) states and which are called

T The calculation of the ESR spectra of triradicals is discussed in [31, 71, 72].

Fig. 2

Fig. 2. Dependence of the position of the lines in the ESR spectrum of a nitroxide biradical

on the ratio |J/a| .

Fig. 3. Dependence of the integral intensity of the ESR lines for the nitroxide biradical on the
ratio |J/al. The figures correspond to the numbering of the components in Fig. 2. The intensity
of the component "0" is taken as equal to unity.
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T transitions, and transitions 1< 4 and 3« 4, which correspond to transitions between ntriplet” and "singlet"
states and which are called S transitions. The frequencies of these transitions are equal to

op = 0, — (2)a(m+-my) + W20 ~ VIZ T aXm—my?),

o, = o, —(/2)a(mtmy) + (1200 + VI am—mp. (5)

In the usual case for nitroxide biradicals 1J |«<kT, the intensities of the transitions are determined by the
square of the matrix element <y |S{) +S_(‘_2 |¢§> and are equal to

pp = WAL + IV I T g},
Py = (W21 — JIV I & (m—my)°} ®

(the total intensity of all four transitions is constant and equal to two) [4].

It may be noted that the position of the components of the isotropic ESR spectra of biradicals depends only
on the absolute magnitude of the ratio |J/z| ; experimentally, the sign of this ratio can be found only be analyz-
ing the anisotropic ESR spectra [30].T

From Egs. (5) and (6) it follows that the isotropic ESR spectra of biradicals with identical radical frag-
ments should always contain components corresponding to the ESR spectrum of the noninteracting radical
fragment. These components correspond to the situation m;=m,, and their intensity is independent of the mag-
nitude of J and amounts to 1/9 of the total integral intensity of the spectrum. We shall call these components
nhasic® or "monoradical."” The characteristic components, which have positions different from those of the
main components and which are due to the existence of exchange interaction, are usually called "biradical" [4].

The analytical expressions making it possible to determine the magnitude of |J| from the position of the
biradical components in the experimental spectrum are simple and can readily be found independently from
Egs. (5). For convenience we give in Fig. 2 a graph showing the dependence of the position of the lines in the
ESR spectrum of a nitroxide biradical on the magnitude of |J/a|. The intensity of the separate lines of the
spectrum is best compared with the intensity of the basic lines "0" (see Fig. 2). Figure 3 gives agraphical rep-
resentation of the dependence of these relative intensities of the lines in the spectrum on the magnitude of
|J/a| ; this relationship was obtained by means of Egs. (6).

Tt should be emphasized that for the correct determination of |J/a| , one value of |J| should correctly
describe the position and integral intensities for all lines of the spectrum simultaneously.

b. Model of the Intramolecular Motion of a Biradical [45]

The case of constant J examined above cannot often be applied directly to the description of real biradi-
cals. In fact, since the exchange interaction is short-lived and its magnitude is determined by the overlap of
the wavefunctions of the unpaired electrons, even small displacements of the atoms in the molecule during
thermal motion should lead to appreciable modulation of the value of J, and this in turn should influence the
form of the ESR spectrum.

A useful and apparently sufficiently accurate model of intramolecular motion in a biradical is that in
which it is assumed that the biradical has a definite number N of confor mations, and that each conformation "j"
can be characterized by an average lifetime 7; and a relative concentration Pj (thatis, the proportions of the
molecules present at a given moment of time in the conformation "j), and that the transitions from the confor-
mation "j" to another conformation "I "takes place abruptly with an arbitrary probability Byl -

For the quantities Pj and D1 defined in this way, the following normalization conditions shouldbe fulfilled:
P =1, @

i
1

e

+1n the limiting situation, when |J|>a and in addition the absolute value of J is comparable with the thermal
energy (|J|~kT), the sign and magnitude of J can be determined by studying the temperature dependence of the
paramagnetic susceptibility of the specimen or the integral intensity of the ESR spectrum of the biradical [24-
27, 38-43]. In fact, under these conditions a signal is observed only from the triplet state of the biradical;. the
probability pr of being found in the triplet state is readily obtained fromthe condition for thermal equilibriums:

pr=3/{3+exp (J/kT)}.

The integral intensity (I) of the ESR signal will then be I ~pp/T (see [44]).
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N 8
X =t ®

I=1, (#]j

The quantities 7, P, and p are not independent parameters, since in the stationary case for conformational
transitions the principle of detailed equilibrium should be fulfilled:

Pypyfty = Pypy;lt (9)
Thus Egs. (7)-(9) show that for a complete description of the intramolecular conformational motion of the

biradical with N conformations it is necessary to know (2N - 1) independent dynamic parameters. Subsequently,
we shall use the values of Pj and 75 as these parameters.

It should be noted that in fact the number of independent dynamic variables may be slightly smalier. Thus
for N=2, P;/Py=1,/7,, so that, for example, it is possible to take as independent quantities only 7, and 7,.

In another case important for subsequent analysis, where N=3, we readily obtain from Eqgs. (7)-(9)
Py = Py, + Pty — P It \t, /2P (10}

(Here and subsequently, j, 7, n=1, 2, 3; j=I,n; [ =n).

Since the condition pj; = 0 must be fulfilled, we have for the values of Py / Tj the "triangle inequality"

Piry+ Plv, > Pt = 1Py — P/, (11)

which in a number of cases (for example for B, /7, <« P;/17) can effectively decrease the number of independent
dynamic parameters.

A decrease in the effective number of dynamic parameters can undoubtedly also be expected for the case
where N > 3.

c. Calculation of the Form of the ESR Spectrum of Dynami® Biradical Systems

Within the framework of this dynamic model of the biradical we can readily carry out the complete calcu-
lation of the form of the ESR spectrum., We assume that each conformation corresponds to a definite value of
the exchange integral Jj, and that IJJ-[«kT, that is, that exchange interactions do not influence the dynamics of
the conformational transitions. The dynamic equations for the combined (paired)spin density matrix i de~
scribing the j-th conformation, can then be written in the following form [18, 45, 46]:

Z)i:ip[—pjﬂ‘ Rp; 0,7, (12)
v Tj il— PR U FEAar 3 23
I=1

T a rotating system of coordinates, the spin Hamiltonian of the conformations is

= (0= 0) S0 (662 — ) 5+ IS < dPISE 1SS 1 oD+ oS 13)

B x v

where wg‘) is the resonance frequency of the electron; a (&) is the HFI constant of the spectrum in the confor-
mation j; and cuﬂg) is the Zeeman frequency of the electron in the radiofrequency field (k=1, 2 gives the num-~
bering of the radical centers). The operator R takes account of the linewidth (1/ Tz)é:’) not related to spin ex~
change,

Without going into the details of the calculation {45, 46], we would point out that the form of the ESR spec-~
trum is given by the expression

Fit 2

+ . -5
=In ¥ R X C SN ¢ o 1
4= P S (T, D, 7D, ), a9
=1 () e (D
e + + - - . .
where the quantities by, My Emﬂnz’ Cmym,; and ¢y, ,m, can be found by solving the linear system of equations
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(T (4 (D S to o
bmx‘mg [1 h nJ + ¢ (Aml i ll’)i - lgl bm.m.pjl + iuJ‘ Cﬂ"’lxm: = i‘Y‘rj'
‘ #i (157
T (4. i (AD v io oot
cme {1+ 1y 1(A0) £ w;)] & Camam P ju F Wby, = 1XT;
1£j
Here,
) - k) I; * —_ . i
A(ir);kl"j(‘”(e Vi a®m —e),  ny=g),

uy = erj/z, X = oth(e 2ET)/2I0 + DRI + ).

It can readily be seen that when there is intramolecular motion, the overall ESR spectrum of the biradi-
cal, as in the static case, consists of the superposition of the solutions of the system of equations (15) for all
possible combinations of the pairs m; and m,. Thus for an analysis of the influence of conformational transi-
tions on the form of the spectrum it is sufficient to examine only one pair of values m; and my; for a fixed value
m,y and m, the biradical can be regarded as a system containing unpaired electrons with fixed resonance fre-
quencies:

o, = o+ oWm, 0,= m£2> - a®my; (16)

in the absence of exchange interactions the corresponding ESR spectrum will consist of two lines with positions
wqand w,.

The influence of intramolecular motion on the form of the ESR spectrum can be demonstrated most
clearly for the case of the simplest situation when the hypothetical biradical has only two conformations "1" and
n2n and its dynamics are described only by the parameters 74 and 7,4 [46].

Analysis of the solution of Eqs. (15) makes it possible to distinguish two ranges of values of the param-
eters T, and T, in which the structure of the ESR spectra of the biradical shows characteristic qualitative
features,

T Equations (15) make it possible to take account of the possibility of change in the value of the constant a ofthe
isotropic hyperfine interaction with change in the value of the exchange integral J. Nevertheless, we shall not
discuss a number of interesting phenomena which would be observed if there existed a correlation between a
and J, since at present there are no experimental data on the existence of a correlation of this kind.

Exchange Ty>> Ty Ty~ Ty ) T,;<< T,

i omme] A 0| A
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Fig. 4. Dependence of the form of the ESR spec-
trum of a hypothetical biradical made up of two
radicals with resonance frequencies w(é and w(g)
without HFI on the strength and rate of exchange.
For slow exchange it is assumed that \J1| « Aw,
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Fig. 5. Alternated broadening of the lines of a biradical with two conformations and |Ti»a.

Fig. 6. Comparison of the effects of chemical and spin exchange. The heavy arrows show what must
beregarded as exchange processes (it is assumed that the conditions for strongly dephasing exchange
arefulfilled (J, 72)2 =1). Pij is the probability of a transition between the corresponding energy levels,
and Fis a function of J, and 7.

Thus in the case where
Aw-max {1y, T,} > 1 an

(A& = |wy = @, ), the frequency of the intramolecular motion is too small to have any significant influence on the
ESR spectra of the individual conformations, In this case the position and intensities of the components of the
spectra of the separate conformations are described by the static relationships (3) and (6), and the overall ESR
spectrum of the biradical consists of the superposition of the spectra of the two conformations; the superposi-
tion takes account of the corresponding statistical weights P; and P, of the conformations (in this case the sta-
tistical weight is also proportional to the values of 7, and 75. The widths of all the components of the spec-
trum for slow motion are practically independent of 7 and equal to one another.

In the case where
Ao max {1y, T, <1, 18)

rapid intramolecular motion leads to averaging of the ESR spectra of the two conformations, and we observe
the ESR spectrum of one "effective" conformation, and the ESR parameters of this spectrum are average
values, taking account of the statistical weights of the different conformations. Thus the position of the lines in
the spectrum is described by the average exchange integral

J\Py— TP, J 1y =TT, 19

I = PP, T T,

Thus the interpretation of the ESR spectra of biradicals should depend to a significant extent on whether
condition (17) or condition (18) is satisfied. In accordance with the physical significance, these conditions are
conveniently described as the conditions of slow and rapid exchange respectively.

For the qualitative characterization of the form of the ESR spectrum of the biradical, it is also convenient
to use the concept of strength of exchange. Thus for strong exchange | le 3> Acw (for slow exchange) or | 3) [
Acw (for rapid exchange), the ESR spectrum being discussed generally shows more than two lines. For weak
exchange (| Jj|<< Aw or | J| < Aw), only two "monoradical” lines are observed,

A complete scheme for this classification of the ESR spectra of the hypothetical biradical being discussed
according to the rate and strength of the exchange interaction is given in Fig. 4 [46].

Rapid exchange is associated not only with averaging of the exchange integral but also with another im-
portant phenomenon, familiar in the literature as alternated broadening of the HFS components of the biradical
[45, 47, 48]. We shall consider this effect in slightly more detail.

In real biradicals, as a result of the existence of HFI, the value of the quantity Aw will be different for
different combinations of the projections of the nuclear spins m; and my; the extent to which conditions (17) and
(18) are fulfilled will therefore also be different. It is easy to see how this influences the form of the ESR
spectrum.
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For the case where

Ao-max {75, T} K1, (182)

in spite of the fact that the condition for rapid exchange is fulfilled, the averaging of the spectra of the two con-
formations is not complete. Thus the lines will be extensively broadened, in spite of the fact that their position
is described by the averaged value J.

For the case where
Aw-max {77, T} €1 (18b)

(which is always fulfilled for the "basic" components for which Aw =0) complete averaging is observed, and the
width of the ESR lines is independent of the relationship between 7 and Aw and is determined by a factor which
is not related to conformational transitions,

Thus in the case of rapid exchange the biradical lines due to those combinations m; and m, for which Aw
is greatest are also broadened to the greatest extent. With increase in the rate of exchange, all the biradical
lines become narrower, and their alternated broadening disappears (Fig. 5).

Numerical calculations show that appreciable alternated broadening does not alter the integral intensity
of the components of the spectrum relative to the values calculated from the static equations (6) (but naturally
using the value of J) [47, 48).

The problem of the analytical calculation of the width of the ESR lines showing alternated broadening for
a two-conformation biradical has been discussed many times in the literature [10, 47-50], but it cannot yet be
regarded as fully solved. This is due to the fact that all the works cited discussed the effect of alternated
broadening within the framework of Redfield's relaxation equations [4, 51], which are applicable only in the
case where the time theory of perturbation is applicable. For biradicals with electron spin exchange this is
equivalent to the condition that the change in the phase of the precession of the spins as a result of the existence
of the biradicals in the conformation "j" with J5 (equal in order of magnitude to the magnitude of the product
JjTj) is small; in other words, the condition of weakly dephasing exchange

J ;:sz <1
should be fulfilled, In this case the broadening of the lines can be calculated using the spectral density function

(9 =% 5' {F (0) — T [J (£) — 71 cos Qdt,

where J(t) is the value of the magnitude of the exchange integral at the moment of time t, which depends on the
model of intramolecular motion used [4, 10, 47-50].

The broadening of the T lines is described by the expression [50]
A(4/T, = j(0) sin* @ + j(AQ) sin? 20/4, (20)

and that of the S lines by the expression'
AW/T,) = j(0) cos* @ -+ J(AR) sin® 20/4, (21)
where tan 2 =a (m; —my) /J,
AQ =T cos 20 - a(my; — m,) sin 2.

For many biradicals having typical "biradical" spectra with |TI>a, |@]< 45° so that the coefficient of j(0) in
Eq. (20) is smaller than that in Eq. 21). Thus the width of the S lines is more sensitive to modulation thanthe
width of the T lines.

In the case where rapid exchange takes place between two conformations A and B [4],

g VAT T 22)
F(AQ) = (T —Tg)? (ui):n)g o

where

T = TATB!(tA + Tp)-
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Fig. 7. Influence of the rate of exchange on the form of the ESR spectrum of a biradical with
two conformations. 74/7,=1,J; =0, J;=33a, a (Ty,=9.

Fig. 8. Influence of the rate of motion within the cage on the form of the ESR spectra of a bi-
radical with three conformations: P;=0.5, Py=P3=0.25, aT7;=60, T4=73, J;=J5 =0, J3 =300a,
a (T2)0=9.

In the case where | J |>a, the alternated broadening of the observed T lines is described by the expres-
sion [4, 47]
AT, = amy — my)2(AQ)/AT2. (23)

Equations (20)-(23) become unsuitable, however, when the condition of weakly dephasing exchange is no longer
fulfilled. In this case, which is encountered frequently, Egs. (20)-(23) decrease considerably the width of the
broadened ESR lines.

The alternated broadening of the lines in the general case apparently cannot be expressed analytically;
moreover, an exact analytical expression of this kind may also prove to be useless for the interpretation of ex-
perimental spectra, in view of the need to take account of the intrinsic width of the components and the distor-
tion produced by the superposition of different lines; all this makes it necessary to use the computer for the
detailed analysis of the spectra. In this case it is undoubtedly more rational not to use analytical equations but
tousethe system of equations (15) directly. We shall nevertheless put forward some considerations which may
prove to be useful in the semiquantitative analysis of alternated broadening in the case where | J|>a.

Since dynamic electron spin exchange in biradicals is associated with conformational transitions, it is
possible in the calculation of the linewidths to use the analogy between chemical and dynamic spin exchange.
This analogy is not obvious, in spite of the fact that the transition from one conformation to another is ordinary
chemical exchange. There is considerable misunderstanding of this question in the literature devoted to ni-
troxide biradicals, so that we shall consider this problem in some detail (see also [18]}.

In the case of chemical exchange, when one spin jumps between two states and the difference in the Zee-
man frequencies is Aw, while the average lifetimes of the states are T, and 7, respectively (Fig. 6), the form
of the ESR spectrum is effectively described by modified Bloch equations [52, 53]. This is a classical system
and it is well known [52] that for this system the condition for averaging of the two components of the spectrum,
that is, the condition for rapid exchange, is given by

AePlun/i + P« 1, 24
and the broadening of the Lorentzian line obtained on averaging is equal to

(25)

A (UT:) chem, exch, = (A0)*T213/(Ty + To)0.
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In the biradical, however, we have a case of spin exchange, involving two spins simultaneously., We can
consider the previously examined simplest model of a hypothetical biradical with two conformations and with
spin resonance frequencies w, and w, For simplicity we shall assume that | J1{<{ Aw, | Tyl Aw, and T4« T4
(see Fig. 6). We shall also assume that the exchange integral is sufficiently large for significant changes in the
phase of the precession of the spins to take place in a time interval 7, (in other words the condition for strongly
dephasing spin exchange is fulfilled (Jz'r?)zz 1). Using the language of chemical exchange for the description of
spin exchange in the biradical, we should say that the process determining the form of the spectrum is the ex-
change of the resonance frequencies w; and w, by means of the exchange interaction J, in a time 7, It can be
seen from Fig. 6 that in this case the picture of spin exchange coincides with the picture of chemical exchange,
but the transitions take place between states with equal lifetimes. Both of these timesareequal to 7,/F,
where F =1/2 is determined by the dephasing "strength" of the spin exchange and is given by r= T(IJ;—%')T

2ve
(see for example {6, 54, 55)), For (Jz'r?)z»l, F=~1/2, From this it can be seen that in the case of strongly de-
phasing spin exchange being discussed, the condition for rapid exchange is the inequality Aw2712<<1 {or in more
general form Aw - max {r,, T,} <« 1), and not the condition Aw - min {74, 75}«1, as follows from Eq. (24).

Here, the broadening of the lines A(1/T), calculated by means of Eq. (25) for chemical exchange, is
found to be equal to

A(UTﬂ)spin exch™ (At)?t,/3F. 27

More rigorous calculation using the dynamic equations for the spin density matrix leads to the same result.
Equation (27) is applicable for |J|> Aw for both strongly and weakly dephasing exchange. In the case where
T9= T4, simple expressions of this kind could not be obtained for A(1/T,), but numerical calculations using Egs.
(15) show [18, 45] that in this case Eq. (27) apparently still remains fully applicable.

From this it may be concluded that the alternated broadening A(1/T,) of the ESR lines of real biradicals
is conveniently described (at least for |J|>a) by means of an effective value Tqgf, Which has the sense of the
time between two successive exchange interactions:

AUIT,) = (Ao)t gk, @8)

In the case where the biradical has a large (N=>3) number of conformations, the classification of the spec-
tra developed for the simplest model of the biradical cannot be applied directly. This is due to the fact that to
determine the rate of exchange it is now necessary to take account of not only the values of 7; but also the
values of the probabilities of the transition p;; into other conformations. This may lead to a situation in which
it is possible to divide all the conformations of the biradical into separate groups, within which rapid (with
frequencies vy, =p;/1; = Ao) averaging motion takes place, while the transitions between different groups will
correspond to the conditions of slow exchange (v;, < Aw). In this case the overall ESR spectrum of the biradical
is roughly the superposition of the ESR spectra of separate groups of conformations with the properties indi-
cated. The position of the ESR lines of each group of conformations with rapid exchange within the group can
be described, as in the case of the two-conformation model, by the averaged exchange integral

J=Z7,pJ2P, (29)
where the prime denotes summation over all conformations of the group with rapid exchange within the group.

It should be noted that the averaging in Eq. (29) is carried out with respect to the relative concentrations of the
conformations, and not with respect to their lifetimes, as is frequently postulated in the literature [47, 48].

As an illustration, Figs. 7 and 8 give the spectra of dynamic biradicals with two or with three conforma-
tions, calculated on a computer using Egs. (15).

2. Interpretation of the Experimental ESR Spectra of Liquid

Solutions of Biradicals. Effective Conformations

The difficulty of interpreting the isotropic ESR spectra of liquid solutions of biradicals is associated
chiefly with two features.

Firstly, it is not known beforehand whether the spectrum is the superposition of the spectra of different
conformations or whether it represents a picture averaged by rapid intramolecular motion, Simple inspection
of the spectrum is often insufficient to resolve this problem, since, as noted above and as can be seen from
Figs. 7 and 8, the qualitative form of the ESR spectra may be the same for cases of rapid and slow exchange.
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Secondly, it is generally not known how many conformations the biradical possesses, and what should be
an accurate dynamic model, It is known that even for comparatively simple nitroxide biradicals it is possible
to distinguish six or more conformations [30]. Moreover, the marked orientational dependence of the magnitude
of the exchange interactions [56] leads to a situation in which even rotational isomers [57] of the molecule with
identical distances between the N—O fragments can be regarded as different conformations from the ESR view-

point.

The first of these problems can in principle always be resolved. In fact, a characteristic feature ofrapid
exchange is that the ESR spectrum consists of alternately broadened lines, the position of which is described by
the averaged value of the exchange integral J. By changing the conditions of the experiment, for example by
changing the temperature of the specimen, it is possible to produce a significant change in the averaged value
J, that is,to change the positions of the biradical components of the spectrum. In the case of slow exchange
(and naturally in the case where there are no side factors such as the formation of chemical compounds by the
molecules of the biradical and the solvent), change in temperature should not influence the position of the bi-
radical lines. Moreover, the superposition of spectra, that is,the existence of slow exchange, can be detected
from the deviation of the integral intensity of the components from the relationship given by Egs. (6), and also
from the presence in the spectra of a larger number of lines than predicted by Egs. (5). Thus a correctly de-
signed experiment will give a sufficiently unambiguous answer to the question of whether rapid or slow ex-
change is taking place.

The problem of the adequacy of the dynamic model is much more complicated. This problem can ap-
parently be resolved (more or less completely) only within the framework of the concept of the effective con-
formations of the biradical.

The basic idea of the method of effective conformations is as follows [18, 58]. We assume in the simplest
case that the complete set of conformations of the real molecule of the biradical can be divided into two groups
{1a, 1b. ..., 1n;} and { 2a, 2b, ..., 2n,} (see Fig. 9), and also that:

a) the exchange integrals in each group have similar values, for example

Ml < e and J,; = J,, (30)

b) the frequencies of the conformational transitions »jnt within each group are much greater than the
frequency of the transitions between conformations from different groups, that is,for the energies of activation
of the transitions the following relationship applies:

&y 82,K e (31)
(see Fig. 9).

If in addition
Vint > a, (32)

it is impossible to determine by the ESR method how many conformations (one or more) are in fact present in
each group, since, as indicated above (p. 110), with condition (32) each group will behave as a single effective
conformation (denoted "1" and "2" respectively). Conditions (30) and (31) also make the conformations within
each group thermodynamically indistinguishable (naturally, within a definite temperature range).

Effective Effective
conformation conformation
1

Fig. 9. Determination of
the effective conforma-
tion.



. Each of the two effective conformations can be assigned its own lifetime 13, and when condition (31) is
fulfilled the ratio 7,/7, is described by the Arrhenius equation

Tof1y = exp {AS/R — AH/RT}. (33)

Here, AS and AH are constants having the significance of the difference in the entropies and enthalpies of the
effective conformations, With condition (31)

. 7, (34)
AH = 3} HyPy;— 3 HyPy
j=1 =1
and
n, n,
AS = gi SyiPe5— 121 S4Pyp (35)

where S and H are the entropies and enthalpies of the real conformations, and P represents the normalized rel-
ative concentrations in each group;

gipuzglpzi= t
(compare with the averaging of Eq. (29)).
For the lifetime 7, the following relationship is fulfilled:
Ty = Ty exp{e/RT}. (36)

where T, is the characteristic time for the motion by means of which a transition would take place between the
effective conformations in the absence of an energy barrier between them.

As a consequence of condition (30), each effective conformation is described by the exchange integrals

Eid L]
Ji= 3 TPy and o= 3 TPy
=1 =1
which are independent of temperature.

A noteworthy feature is that conditions (30)-(32) are necessary and sufficient for the realization of the
Arrhenius relationships (38) and (36). Thus if the form of the ESR spectrum of a real biradical is described
sufficiently effectively by the system of Eqgs. (15) for the two-conformation model, then the experimentally ob-
tained Arrhenius relationship (33) for the ratio 7,/7, will provide a strong argument for the applicability of
the two-conformation model.

This relationship in the case of slow exchange is determined from the statistical weights of the spectra
of the different effective conformations (by means of Egs. (6)), and in the case of rapid exchange it is deter-
mined from the broadening of the biradical components of the spectrum or the displacement of the lines as a
consequence of change in the measured average exchange integral J (19).

The concept of effective conformations is naturally also applicable in the case where the ESR spectrum
of a real biradical cannot be described by the simplest two-conformation model. In this case the term effec-
tive conformation is used to describe that group of real conformations of the biradical for which conditions of
types (30)-(32) will be applicable. The effective conformation "j" is characterized by the exchange integral Jj»
the average lifetime 75, and the relative concentration Pj (53] Pj =1) (compare with the previous section).

The following procedure can be proposed for the experimental separation of the individual effective con-
formations [18, 58]: In the ESR spectrum of the biradical it is necessary to distinguish groups of lines, the
positions of which are described by Egs. (5). As already noted, the presence of several such groups in the
spectrum indicates the superposition of spectra, that is, that there is slow motion (for nitroxide biradicals
y<a~ 3-108 rad/sec ~5. 107 Hz) in the biradical.

If with change in temperature the position of the lines of any group remains unchanged, and the width is
the same for all lines of this group and the relative intensities of the lines are described by Egs. (6), this
group of lines must be assigned to a single offective conformation with a corresponding exchange integral. As
a consequence of condition (30), this integral characterizes sufficiently effectively the corresponding real con-
formations of the biradical, We cannot exclude the possibility that superpositions of the spectra of effective
conformations with identical Jj may be observed (the probability of this situation is particularly high for |Jj| <«
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a or | Jj |>>a). These conformations can be distinguished only by carefully verifying the applicability of re-
lationships of types (33) and (36) between the experimentally determined Tj and Pj.

If the position or width of the lines changes with change in temperature, the effect of rapid intramolecular
motion is being observed, and the given group of lines corresponds to not one but two or more effective con-
formations. To determine the true number of effective conformations taking part in rapid exchange, it is again
necessary to carry out a detailed analysis of the displacement or broadening of the lines with change in tem-
perature and to study the applicability of Eqs. (33) and (36).

To conclude this section it may be noted that the study of biradicals by the ESR method loses sight of
conformations with a small statistical weight and with any value of J, if they are not taking part in rapid ex-
change, In the case where conformations of this kind are involved in rapid exchange, even a low concentration
of these conformations may produce an appreciable influence on the values of, for example, J and A(l/Tz).
Thus from the viewpoint of the study of the intramolecular dynamics of biradicals or the use of biradicals as
SP, the use of biradicals with rapid exchange is generally preferable. For this purpose it is particularly con-
venient to use biradicals with [J|~a and rapid exchange — the simultaneous study of the change in the position
and width of the biradical components of the spectrum can give the most complete information on the state of
the molecule of a biradical in solution.

3. Study of Intramolecular Motion in Biradicals

In the present section we examine specific examples of the analysis of the dynamics of the intramolecular
motion of nitroxide biradicals,

a. Examples of Rapid and Slow Exchange in Biradicals

The spectra of a toluene solution of biradical I, recorded at different temperatures [59], are given in Fig,
10. Itcan readily be seen that the entire set of biradical lines "1," "2," and "3" of each spectrum in Fig, 10 is
effectively described by Egs. (5) with a single value of | J| (compare with Fig. 2). With change in temperature,
however, the biradical lines are displaced (Fig. 10). As noted above, the explanation for this displacement of
the lines is that the position of the components of the spectrum is determined by the averaged value of the ex-
change integral J, Thus the biradicals I provide a typical example of a biradical with rapid exchange. The
rapid (v > 5107 Hz) intramolecular motion apparently corresponds to rotation about the S—O bond, since these
rotations are not associated with a high activation energy.

O_DO\S/O‘Q\'—O 1

It is reasonable to assume that fulfillment of the conditions of slow exchange can be detected in biradicals
for which conformational transitions are hindered by high activation energies.

An example of a biradical of this kind is provided by the biradical I {59], which is similar to biradical I,

0N »0 0 -
\ N-~0 II

Q=0

Fig. 10. ESR spectra of a tol- Fig. 11. ESR spectra of
uene solution of biradical 1. a toluene solution of bi-
radical II,
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Fig, 12, Temperature dependence of the measured value of J for
the biradical II in different solvents: —-—*) data [70] for CHCly,—)
data [48] for: 1) CHCl;, (for CHBr; the values of J are the same
[481), 3) dimethylformamide (the points ® correspond to the data
from [30] for the same solvent), 4) CS, (for CH;l, Si(CH;),, CH;0H,
CH,Cl,, and CH3CCl; the values of J are the same [48]), 5) isopen-
tane, 6) n-hexane; ¢--) data [59, 61] for toluene, benzene, CCl,,
acetone, and C,H;OH; O) data [70] for: 7) water, 8) CH;COOH, 9)
acetone, 10) dimethylformamide, dimethyl sulfoxide, and CH;OH,
11) xylene, 12) hexane, The broken part of curve 3 corresponds to
measurements from the position of the T resonance lines 2 and 3
(see Fig, 11) without corrections for overlap of the lines.

and for which rotation about the C— O bond is hindered by the carbonyl oxygen atom. The changes in the ESR
spectra of a toluene solution of biradical II with change in temperature are shown in Fig. 11. It can be seen
from Fig. 11 that the position of the biradical lines is again effectively described by Eqgs. (5) for |J| =1.8a. In
contrast to the situation for biradical I, however, for biradical II the position of the biradical lines "2" and "3"
is practically independent of temperature (see Fig. 12).f Moreover, it can be seen that with increase in tem-
perature the relative intensities of the lines "2" and "3" decrease compared with the intensity of the basic lines
11" The decrease in the intensities of the lines "2" cannot be explained on the basis of alternated broadening
of the components of the spectrum, since in the temperature range 273-338°K the ratio of the intensities of the
lines "1" and "2" changes by a factor of almost two (Fig. 11) while the widths of these lines remain constant
(within the limits of accuracy of the measurements). Thus in the ESR spectra of biradical II, superposition of
the spectra of different conformations is observed, and this is an indication of slow (v<5- 107 Hz) intramolec-
ular motion in biradical II. Here, the value of | J|~1.8 a, which is measured from the spectra and which is
independent of temperature, is a parameter characterizing the effective (in the sense of conditions (30)-(32))
conformation of this biradical.

Analysis of the temperature dependence of the value of J for the biradical I and the ratio of the intensity
of the biradical component "2" to the intensity of the basic component "1" for biradical II makes it possible to
reach certain conclusions regarding the relative thermodynamics of the conformations in these biradicals [18,

611.
In fact, for biradical I, with decrease in temperature | J|—0, indicating the existence of conformation 1"

with | J;|«a. Since there are grounds for assuming the existence, in this biradical, of another confor mation
nan with | Jo|~ (7.4 = 0.5)a (see below, p. 137), Eqs. (19) and (33) can be used within the framework of the

tThe reported [38, 48] significant increase in J for biradical II when the specimens are heated above 60°C (see
Fig. 12) is probably not real. This may be due to the fact that at sufficiently low temperatures the measure-
ment was carried out from the position of outer satellites (S lines), which make it possible to measure J with a
high accuracy. The rapid decrease in the intensity of the S lines (corresponding to the decrease in the intensity
of the T lines) with increase in temperature makes it necessary to use for the measurement of J the position of
the lines "2" (T lines). As a consequence of the poor resolution of the spectrum and the low intensity of the
lines "2" at t > 60°C, the values of | J| calculated from the observed position of the lines "2" are found to be
appreciably too high, without an appropriate correction for the overlap of the components of the spectrum (see

for example [60]).
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two-conformation model to find the ratio /7, and obtain the estimate AH=(3.0 + 0.1) kcal/mole andAS =(—0.2 =
0.1) eu. It should be noted that the ratio 72/71 is given by a straight line on Arrhenius coordinates, and this
apparently indicates that the two-conformation model is applicable to the description of the change in biradical
I. Thus for biradical I the difference in the lifetimes of the conformations is determined practically entirely by
the difference in their enthalpies, and the thermodynamically most favorable conformation is that with the small
| J| . Assuming 7,~10"!! sec, we obtain from condition (18) for rapid exchange the estimate €< 6 keal/mole.

For biradical II, again assuming the existence of two conformations ~ "1" with J;=0 and "2" with | J,| =
1.8z — and using Egs. (6), we can readily determine the change in the statistical weights of the different confor-
mations with change in temperature and hence find the temperature dependence of 71,/7;. This relationship is
also given by a straight line on Arrhenius coordinates, and AH=(— 3.1 + 0.1) keal/mole and AS=(8 + 1) eu.

From condition (17) for slow exchange, the activation energy € for the conformational transitions in this biradi-
cal can be estimated as € > 4 kcal/mole., Thus for biradical I the energetically most favorable conformation is
that with high | J|, but it is not favored by entropy.

b. Mechanism of Spin Exchange in Long-Chain Biradicals

The establishment of the fact of rapid exchange inbiradical Iwas favoredby thefact that for this biradical
| J|~a, and change in temperature is accompanied by a marked displacement of the biradical components of the
spectrum. Unfortunately, for a considerable number of biradicals which have been synthesized, the observed
ESR spectra correspond to the case of very strong exchange (| J|> a), and this excludes the possibility of ob-
serving an appreciable displacement of the lines in the case of rapid exchange (see Fig, 2).

These characteristic five-line spectra (Fig. 13) are typical of nitroxide biradicals with a long chain (8-10
or more —CH,— fragments), in which exchange interactions between the radical centers of the molecule take
place by direct collisions of the N—O fragments [4, 14, 62-67] (the values of the exchange integral | J|~ 100-
10! rad/sec [24-27, 38-43)).

A detailed analysis has been carried out [68] for the ESR spectra of the long-chain biradicals

R,OCO(CH,),S(CH,),COOR,; III RyOCO(CH,),S(CH,);COOR, IV
RGNHCO—(CH,),—CONHR, V and R,—(0—Si(CHy))e—O0—R4 VI

(Here and subsequently, R6=qNLG),

The marked decrease in the width of the biradical lines 2 and 2' for these biradicals with increase in
temperature (see Fig. 13) indicates unambiguously that there is rapid modulation of the exchange interaction by
intramolecular motion. At temperatures when the width of the lines 2 and 2' is close to the width of the lines
1 and 1', however, the distribution of the line intensities in the spectrum differs appreciably from the ratio
1:2:3:2:1 (see Fig. 13), predicted by the model of the biradical with two conformations and with strong rapid
exchange. The measured ratio of the integral intensities indicates the superposition of the spectra of different
conformations, that is, slow exchange.

Thus for a sufficiently correct interpretation of intramolecular motion in long-chain biradicals it is
necessary to take account of at least three different conformations.

In fact, we can assume that there exists an "elongated" conformation "1," in which J,=0, and that there
also exist conformations "2" and "3," in which the radical fragments approach one another, and that in confor-

Fig. 13, Temperature dependence of the

-]
& form of the ESR spectrum of a dimethyl
sulfoxide solution of the long-chain birad-
25° ical VI,
'/"
10 G
et
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Fig. 14. Diagram of the proposed "cage" mechanism of exchange interactions in long-chain nitroxidebi-
radicals.

Fig. 15. Dependence of the values of (7 cage/’l') and a7 egf, calculated from Eqgs. (40)-(42), on the form of
the ESR spectra of biradicals with three conformations. For all the spectra P1=1/ 3 ((Tcage/T)theor =2),
aTy=60, 3;=J5=0, J3=300a, a(Ty=9. a) P,=1/3, at,=0.6, a 73=0.6, (Tcage/T)expt =0.6, aTefr= 0.31;
b) Py=0.6, a73=0.6, a 73=0.0667, (TCage/T)expt=0-55s aTeff=0.35; ¢) P;=0.0667, a 74=0.0667, a7g3= 0.6,
(Tcage/T) expt =2-0, a7 opp=0.04.

mation "2," J,=0, and that in conformation "3," | J3|>a (Fig. 14). In other words, it is assumed that when
they approach one another, the radical fragments enter a common "cage," in which they may or may not inter-
act. If the lifetime of the radical fragments is Tgage in the cage, and 7 outside the cage, it follows that for
sufficiently long lifetimes Teage and 7(a - max{'rcage, T}> 1) superposition of the ESR spectrum of the cage and
the ESR spectra of the radicals outside the cage will be observed (with statistical weights TCage/ (Tcage +7)
and /(7 cage +7) respectively). Here, in the case of rapid motion of the radical fragments within the cage the
ESR spectrum of the cage is described by the model of rapid exchange.

Thus the change in the width of the lines 2 and 2' must be attributed to changes in the conditions of modu-
lation of the exchange integral only within the cage, whereas the observed ratio of the intensities of the lines is
due to the superposition of the ESR spectra of the cage and the radicals outside the cage.

The fact that the width of the lines 2 and 2' is due entirely to motion within the cage is confirmed by the
fact that in identical solvents in biradicals with similar structures the width of the lines 2 and 2' depends only
on temperature, but not on the chain length [68]. At the same time the relative intensity of these lines de-
creases with increase in the chain length, since there is a decrease in the ratio Tcage/ 7, and hence in the sta-
tistical weight of the spectrum of the cage.

The applicability of the qualitative cage model for the interpretation of the ESR spectra of long-chain bi-
radicals is confirmed by analysis of the form of the spectrum of the systematic three-conformation model of
the biradical [18, 45].

In fact, if for the state "1" of the biradical outside the cage the inequality a7>>1 is fulfilled, then in the
case of rapid motion within the cage, at,, aT3<1 and

P, P 1—P, (87
Tcage™ ™ 2P1 =U"p -

For those biradicals for which biradical lines are observed, Py+P;~ Py, and, since 71> T4, T3, Eq. (11) leads
necessarily to the relationship
(38)

Pylvy =2 Pyl

Thus the dynamics of intramolecular motion in the proposed model of long-chain biradicals are described
in principle by four independent parameters, for example
;r1' Tas .'Fa a}id P1 (39)
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Fig. 16. Temperature dependence of the observed values of: a)
Tcage/T and b) a7 egr for biradicals III-VI. ©) Biradical III in DMSO,
O) III in benzene, @) III in toluene, 4) IV in DMSO, ) V in benzene,
4) VI in DMSO.

Here, as expected, the spectra obtained by calculation using Eqgs. (14) and (15) give all the characteristic
features of the experimental ESR spectra of long-chain nitroxide biradicals. For example, Fig. 8 demonstrates
the influence of the rate of exchange within the cage on the form of the overall ESR spectrum.

Detailed analysis [45] of the possibility of a complete interpretation of the experimental ESR spectra of
long-chain biradicals showed that, unfortunately, it is impossible to determine all the parameters of the intra-
molecular dynamics and exchange directly from the ESR spectra, since in addition to the parameters (39) the
ESR spectrum is also described by the intrinsic width (1/ Ty, ofthe ESR lines ((1/T2)0=\/—37§-AH1 — see Fig, 15),
and by the value of the exchange integral J;, which is not known a priori. Moreover, the calculations show that
for sufficiently rapid motion within the cage the characteristic features of the motion within the cage (for ex-
ample long and short duration of exchange interactions) cannot be determined in principle (see Fig. 15), and the
interpretation of the experimental spectra is most complete within the framework of the cage model.

Since the cage is described by one averaged conformation with strong rapid exchange (that is | 3|>>a),
the experimental ESR spectra can readily be used to find the ratio Tcage/ T, by comparing the integral infensi-
ties I; and I, of the lines 1,1' and 2,2’ respectively. The order of magnitude of the ratio of I, to I, can be esti-
mated from the simple relationship

I, & (AH

T, ~ 3, (AdL,)P (40)

(the symbols are defined in Fig, 15). Since the observed spectrum is the superposition of two spectra (triplet
and quintet) we obtain

Teage  3I,/I, (41)

T 251,

Numerical calculations show (see Fig. 15) that for a width of the biradical components "2" close to the width of
the basic components "1 " the calculation of 'Tcage/ 7 from Eqgs. (40) and (41) gives a sufficiently accurate re-
sult, and that even in the case of extensively broadened biradical lines these equations give the correct (al-
though slightly high) order of magnitude of Tcage/ 7. For a more accurate determination of the values of
’Tcage/ T it is necessary to use numerical modeling of the alternately broadened spectrum of the biradical, for

example with the assumption that we are observing the superposition of two spectra with lines of Lorentzian
form, broadened in accordance with Eq. (28).

TABLE 1. Parameters AH, AS, 7, and € for the Long-Chain Bi-
radicals III-VI (from the data in [68]).

AH, - log + 0.6,
Biradical Solvent kealdnole | 25, eu ()21, healhnole
T, sec
I Benzene <0,5 4,142 11,5 3,2
IiI Toluene <0,5 2,942 11,7 3,4
11 Dimethyl sulfoxide (DMSO) 2,7+1,5 11,844 12,2 - 4,2
v | DMmso 1,341 2,042 14,7 3,7
A Benzene «<0,5 2,942 12,4 3,5
A% DMSO 2,4%0,5 9,0+2 11,7 2,9
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Fig. 17. ESR spectra of toluene solutions of the biradicals
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Fig. 18. Schematic representation
of rapid (—) and slow (----) confor-
mational transitions detected in bi-

radicals VI-X.

TABLE 2. Characteristics of the Transitions
_between the Conformations for the Biradicals

VI-X (from the data in [58])

=1lo
Biradical |AH, keal/mole assf eu | &, keal/mole (‘q,),gsec
VII - - 240,2 10,7
VIII 0,6+0,1 1,2 4,840,8 13,2
IX 0,510,1 —1,0 >5 -
X 2,310,3 11 - -




Using the concept of effective time 7off {see Eq. (28)) of the modulation of the exchange interaction, it is
possible to reach certain conclusions regarding the motion of the radical fragments within the cage.

For the cage model being examined, 7g¢r is a complex combination of the parameters 7,4, 73, and J;, and
its significance corresponds to that of the time between two successive exchange interactions within the cage.
With allowance for Eq. (28) and the fact that the form of the lines is close te Lorentzian, we obtain

av, ¢ = 346(AH, — AH)la. (42)

The values of the quantities Tcage/T and aTqpe for the biradicals IM-VI, calculated from Eqs. (40)-{42),
are given in Fig. 16a on Arrhenius coordinates. An interesting feature is that, as expected, ‘Tcage/T depends
very little on temperature, since for long biradicals, entry into the cage is determined chiefly by steric factors
(that is,entropy factors), and not energy factors.

Table 1 gives a summary of the entropy AS and enthalpy AH of the cage, found from Fig. 16, and also the
parameters 7, and €, describing the temperature dependence of TCage/ T and T opp With the assumption that
Tcage !t = exp{AS/R—AH/RT}
and
Toir = T oxp{e/RT}
(compare with Egs. {33)-(36) for "real" effective conformations),

An interesting feature is that the observed values of 7 for the biradicals III-VI are practically indepen-
dent of the nature of the solvent and are equal to ~ 10”1 sec, characteristic of the rotation about simple o
bonds.

c. Study of Complex Conformational Equilibria in Solutions of Nitroxide Biradicals

The above examples of biradicals in which the intramolecular motion observed by the ESR method is
described sufficiently accurately by the two- or three-conformation model are the most typical. Nevertheless,
there also exist nitroxide biradicals for which the description of the ESR spectra requires allowance for at
least five different conformations.

Studies have been made [58] of the biradicals

N NHCHQR‘6 N NHCHZRG
CL@N vii CL-@N Vil

N ONHCH,R. N “NHRg

N NMRg N NHRg
CL—@N X clL Q X

N OONHRg N “NHRg

(Here and subsequently, R5=\QNLO).

The spectrum of biradical IX (Fig. 17c) consists of a quintet of lines "1" and "2," characteristic of the long-
chain biradicals examined above. The broadening of the biradical lines observed with decrease in temperature,
and also their low relative intensity, indicates the existence in this biradical of at least three different effective
conformations: "C," "D," and "E," with | Jol«a, | Ip|=a and | Jg|>»a, and that rapid transitions (with v >
5-107 Hz) take place between conformations "D" and "E," whereas conformation "C® undergoes only slow intra-
molecular motion.

The ESR spectra of biradicals VII and VIII {Fig. 17a and b), in addition to the groups of lines "1" and
*2," also show other groups of lines "3." The position of these groups is described by Egs. (5). Since the
position of the lines "3" changes with change in temperature, these groups of lines must correspond to at least
two conformations "A" and "B" (| J, |« a and | Jg|> 0.4a) with rapid transitions between them. Thus for the
description of the ESR spectra of liquid solutions of biradicals VII and VIII it is necessary to take into account
at least five different conformations.

The ESR spectra of the biradical X differs from the spectra of biradicals VII and VIII only in that in place
of the lines "2" there is observed a group of lines "4" (Fig. 17d), the position of which does not change with
change in temperature, that is,the lines "4" correspond to one effective conformation "F" with | Jp| = (3.3 =
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0.2)a. The disproportionately high relative intensity of the lines "1" indicates the presence in the biradical of
another effective conformation "C" with | Jol«a, with slow transitions from it, Thus the ESR spectra of the
biradical X are described by a model taking account of four effective conformations.

Diagrams of the observed conformational transitions in biradicals VII-X are given in Fig. 18. Various
thermodynamic parameters of the observed conformational transitions have also been determined [58]. Equa-
tion (41) has been used to find the ratio of the total lifetime (v DE) of the biradicals in the conformations D and
E to the lifetime (TR) of the biradical in all other conformations. Table 2 gives the values of AH and AS found
from these ratios using Egs. (33), and the parameters € and 7,, which were determined from Eqs. (36) and (42)
and which describe rapid transitions between the conformations D and E.

The measured temperature dependence of the value of the exchange integral | 3! , characterizing rapid
transitions between the conformations A and B, made it possible to estimate the difference in the enthalpies
AHp p between these conformations. In fact, from Eqgs. (19) and (33) with the condition | Jp i< a it follows that

) T(T))_ ASap_ AH,p
40 a R

Jp—T(T) (43)
RT e |

+ln|

where J (T) is the measured value of the averaged exchange integral, which depends on the temperature T. The
value of Jp is unknown, so that it is possible to estimate approximately only the ratio of the values of AHpp for
different biradicals, since the temperature dependence of In|J/z| is determined chiefly by the enthalpy term
of Eq. (43). It was found that AHAR(VI)) ~ AHAR(VII)~2.4 AHAB(X), that is,the difference in the enthalpies of
the conformations A and B is much greater for piperidine-oxyl biradicals than for pyrrolidine-oxyl biradicals.

4. Mechanism of Exchange Interactions in Short Nitroxide

Biradicals

An important stage in the study of biradicals is the investigation of the mechanism of the electron ex-
change interactions of the unpaired electrons. In principle, exchange interactions are short-lived, and it is
often postulated that spin exchange requires the close approach (o ~ 3—51&) of the N-O fragments. It is un-
doubtedly the case that for biradicals with widely separated N—O fragments (for example for the long-chain
biradicals examined above), this approach is in fact necessary. As already noted, however, in addition to ex-
change by the direct overlap of the wavefunctions of the unpaired electrons, it is also possible in principle to
have the participation, in the transfer of exchange interactions, of the atoms of the biradical itself ("indirect
exchange mechanism") or a "bridge" of solvent molecules.

The possibility of the existence of an indirect mechanism of spin exchange in the molecules of nitroxide
biradicals has been discussed practically since their original synthesis [4, 67]. Nevertheless, distinct experi-
mental proof of the existence of indirect exchange was obtained only comparatively recently.

Studies have been made [18, 61] of a number of short biradicals of similar structure, in which piperidine
rings are joined to one another by one C, S, Si, or P atom or two O (or N) atoms.

Rg—0—S—0—R, XI Ry—0—S—O0—R, X1l
I I\
0 6 0
Rg—O—P—0—R,4 XIII R.—O;P:O—R, XIV
0/\ch-. & “cu—cH,
Rg—0—P—0—R, XV RB—O;P\—O—RG cl XVI
N : /
_o/ CH=CH—CgH; d  CH=C—C/H;
R,—0—Si—0—R, XVII R,—0—Si—0—R, XVIII
SN
H,C,  CoH, H  CH,
Ry—O0—Si—0—R, XIX RB—NH——(IJI——NH—RB XX
H,G, Gl 0

It was indicated above that the behavior of the ESR spectra of biradical II is described by the slow ex-
change model. For radicals XVII-XX it is known that the magnitude of the measured | J | is independent of
temperature [69, 70]. For biradicals XI-XVI in the range 17-70°C, no appreciable change in .the ESR spectFa
was observed [61]. The relative intensities of the biradical lines of their spectra coincide Wlt%l the theoretical
values, so that the biradicals XI-XVI are present in solution in practically only one con'fo_rmatlon._ Thus the
values of | J| determined from the ESR spectra of biradicals II and XI-XX refer to definite effective conforma-
tions; these values of | J| are summarized in Table 3.
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TABLE 3. Exchange Integrals at 25°C and Distances between the
Iminoxyl Fragments at 77° for Toluene Solutions of the Biradicals
I, II, XI-XX (from the data in [18, 61, 70])

Con- r£0.6 & rio.r];\ r£0.54 o
Biradical |P¢¢T" R £0.2G Tal from the from the from Tmin:"maxv
108 t second dipole= | AML. =2 A
atom moment dipole S
1 i splitring |
11 C 15,3 1,8 11,2 — 11,7 -
XXt | C 15,2 1,2 — — — —
1 S 15,3 0,4% 11 11,6 10,8 7+15
X1 S 15,3 7,6 10,8 12,0 — —
XI11 S 15,3 71 ) 10,7 11,8 10,3 813
XI1II P 15,3 6,4 10,6 10,6 — 8-+13
X1v P 15,4 6,5 10,3 10,9 i0,2 8-+-13
Xv P 15,3 6,7 . 10,7 10,7 — 8-+13
XVI P 15,3 - 6,5 10,0 11,6 — 8--13
XVIi—
XIX Si 15,6 8-9 — — — —

tIn biradical XX the O atoms of the connecting bridge are re-
placed by NH groups. The data were taken from [70] for a solu-
tion in xylene and in acetone,

fAs a consequence of rapid exchange, the given value of J is in
fact J.

TABLE 4. Values of J and a, Measured for Biradicals II
and XX in Various Solvents at 22°C

Biradical II Biradical XX|, . .
Solvent o sl c ’a, = Literature cited

Isopentane 26 [48]
Hexane 24,3 15,2 | 15,8 | 15,2 [70]
245 [48]

Benzene 2841 61}, 591

Toluene 28+1 | 15,3 [61], [59]
Xylene 274 15,2 | 18,6 | 15,2 [70]

ccl, 28+1 {61}, [59]
CH,C, 29 [48]
CH,CCly 28 [48]
CH,l 29 [48]
CS, 29 [48]
Dimethylformamide 28,9 16,0 | 18,7 | 15,8 [70]

28 [30], [48]
Dimethyl sulfoxide 288 | 1571 17,2] 158 {70]
Acetone 30,3 156 | 18,2 | 15,5 [70}

28+1 {591, {611

. C.H;0H 2841 [61], [59]
CH;0H 28,7 16,0 | 17,4 | 16,4 {701
: 29 {48]
CH,COOH 34,7 16,2 | 20,6 | 16,4 | [70]
CHCl, 35,6 158 | 24,2 | 15,9 [70]
34 [48]
CHBr, 34 [48]
Water 38,6 170 234 | 171 T170]

A noteworthy feature is that for biradicals II and XI-XIX the magnitude of the exchange integral J for the
effective conformation depends little on the nature of the substituents at the connecting atom (this makes pos-
sible the assumption, used above, that in biradical I there is an effective conformation with J, close to the
values | J| =(7.1-7.7)a for biradicals XI-XII). Moreover, for biradical II the magnitude of the exchange inte-
gral J, depends very little on the nature of the solvent (see Fig. 12 and Table 4). For biradicals III- VII also,
J showed no appreciable dependence on the solvent.

An important characteristic of a conformation is the distance r between the N—O fragments, Table 3
summarizes the results of the measurement of this distance (see below) in toluene solutions vitrified at —19g°C.
It can be seen from Table 3 that the values of r are similar for all the biradicals discussed and are greater
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than the minimum possible values ry,in (Table 3) obtained from an examination of Stuart —Briegleb molecular
models.

The weak dependence of J on temperature and the solvent for biradicals II and XI-XX indicates that the
measurements in liquid solutions give a static value of J corresponding to a definite conformation of the bi-
radical. Moreover, the results of the direct interpretation of the spectra of the frozen solutions (see below)
indicate that in vitreous toluene solutions of the biradicals II, XI, and XII the conformations stabilized are ap-
parently those for which the values of J are measured in the liquid. Thus spin exchange in biradicals II and
XI-XX takes place in the absence of .direct "collisions" of the N—- O groups, since the values of J refer to con-
formations with v > 10 A,

In view of the very large distance (~ 11—1211) between the N—O fragments, spin exchange by direct over-
lap of the unpaired electron clouds is extremely unlikely. It is difficult to reconcile exchangethrougha "bridge"
of solvent molecules [73, 74] with the weak dependence of J on the nature of the solvent. At the same time, none
of the experimental data contradict a mechanism of exchange along the chain of ¢ bonds of the molecule of the
biradical, This also explains the unambiguous dependence of the magnitude of J on the nature of the connecting
atom. The fact that the values of | J| in the biradicals XI-XIX are greater than that in the biradical I can be
attributed to the participation of the d orbitals of the Si, P, or S atoms in the delocalization of the unpaired elec-
trons. Similar results for the comparative "electronic conductivity" of the C and Si atoms in the molecules of
stable monoradicals were obtained by the NMR method [75]. An interesting feature is that the "electronic con-
ductivity" of N atoms is lower than that of O atoms; this can be seen by comparing the values of J for the bi-
radical I and the biradical XX [70], which differs from II only in the replacement of the O atoms of the connect-
ing bridge (see Tables 3 and 4) by NH groups, and in which slow exchange is also observed.

If moreover it is assumed that a significant role is played by the hyperconjugation mechanism in the
transfer of exchange interactions, it becomes possible to explain the dependence of the magnitude of J on the
angle of rotation of the piperidine rings about the S—0 or C—0O bonds in the biradicals I and IL

It is necessary to emphasize specially the long-range action of the exchange interactions in biradicals I,
II, and XI-XX, In spite of the fact that the unpaired electrons in these biradicals are separated by ten (!) o
bonds, the energy of the electronic exchange interactions along the chain of these bonds reaches 4 - 108 Hz.
From the analogy between electronic spin exchange and the process of electron transfer [74], in a number of

TABLE 5. Change in the Magnitude of the Ex~
change Integral with Change in the "Bridging"
Groups Connecting the Radical Fragments (from
the data in [18, 61, 69, 70, 79, 80))

[
Connecting atom . 9o
or group Biradical | 1yt ‘Ego. v
LES
255
Si XVII | 841 si |t
c I |1,8+01 ] Si |4,5+05
S XI, XII | 7,440,3 | Si |1,1402
P Xil— {65402} si |1,2x£0.2
XVI
3) Iml18+01] 0 (1
NH XX |1,45+04] O [4,12401
_ - XXVIL | 10+1 | (—) [
_)(CH=CH~— — — 17
(—)(CH=CH~-) ) o2t
(—)(CH=CH—), XXVIII |3440,2 | (—) |3,2+£0,5
(—)(CH==CH—), XXIX |1,840,4 | (—) |56+t
XXX |1,7+0,4 | (=) | 6%t
=) (@-) XXXI [2740.2 | (=) |3,7£05
) (Ii |l'>

TFor the biradicals XXVII-XXXI the values of

| 3/a| relate to the averaged value of J at 20°C.
¥obtained by comparing v for the biradicals
XXVII, XXVII, and XXIX.
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cases it is possible to expect an appreciable probability of electron transfer over large distances along a chain
of o bonds, and this may be significant for an understanding of a number of biochemical processes,

In addition to the biradicals I, I, and XI-XX, a number of shorter rigid biradicals are also known (for

example [4, 14, 28, 29, 76])
O‘@CNLO XXt )t>= N=( NS0 XX
)<_§C><_>( XXIE ./N@N/ XXty

in which exchange interactions undoubtedly take place along a chain of atoms in the biradical itself, In the
rigid molecules of the biradicals

Ry—(C=C),—R,
OH HO\
R,\ /R,
(C=C),
R—N=CH—CH=N—R,
R;—N = CH—~(CH = CH),—CH = N—R;
Ry—N = CH—(CH = CH);—CH = N—R,

Rg=N=CH CH=N~R5 XXX

Rg—N=CH -—@—CH =N-Rg  XXXI
S

(see [77-80}), which contain unsaturated double or triple bonds in the connecting bridges, the indirect mecha~
nism of exchange is observed at even greater distances than in biradicals of types I, O, and XI-XX

0

The available experimental data make it possible to estimate the "quenching® (y) of the exchange integral
J with delocalization of the unpaired electrons through different atoms or groups of atoms and bonds. An anal-
ysis of the data in [18, 61, 70, 79, 80] is given in Table 5. For the biradicals II, XI-XX, the calculated param-
eter vy is the ratio of the values of the exchange integrals of the individual conformations, and for the biradicals
XXVII-XXXI it is the ratio of the values of the average exchange integrals J at the same temperature (in these
biradicals, rapid spin exchange is observed). In principle, the last comparison is not a strictly correct pro-
cedure, since the exact values of Jj and Pj for the corresponding effective conformations are not known, and a
detailed study of the temperature dependence of J is necessary. In view of the weak temperature dependence
of J in the range 15-65°C for the biradicals XXVII-XXXI [79-801, however, the calculated values of y are ap-
parently fairly accurate.

For the biradicals I and XI-XX the values cbtained for vy characterize the decrease in J relative to the
Si (or O) atom; for the biradicals XXVII-XXXI the values of v characterize the absolute decrease in the ex-
change integral when the corresponding group of atoms and bonds is introduced into the chain.

To conclude the present section we shall consider possible reasons why the value of J depends little on
temperature and on the nature of the solvent, noted for the biradical II, which has been most extensively
studied [30, 48, 61, 70]. It can be seen from Fig. 12 and Table 4 that an appreciable increase (up to 30-40%) in
| J| is observed in strongly polar solvents (water, chloroform, bromoform, acetic acid). In [70] it was pointed
out that the most probable reason for the increase in J in these solvents is an increase in the "electronic con-
ductivity" of the bridge of ¢ bonds as a consequence of the formation of weak biradical —solvent complexes with
hydrogen bonds at the C=0 group of the bridge. The importance of complex formation at the C=0 group, and
not the N—O group, is indicated by the difference in the effects of the solvent on J and a (see Table 4). The
same qualitative influence of the nature of the selvent on J is observed for the biradical XX, which is similar
to the biradical II [70].

The slight (< 109 at 100°) increase in the measured value of | J| with decrease in temperature may be
due, on the one hand, to an increase in the extent of the above complex formation, and on the other hand, to the
fact that the intramolecular motion in biradical II, which corresponds to the criterion of slow exchange at tem-
peratures = 0°C, neverthless leads to slight averaging of the measured value of J. Finally, a third reason for
the increase in | J| may be that the observed effective conformation with | J|~2a in fact consists of several
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conformations with similar values of J and that with decrease in temperature a conformation with slightly
greater exchange interaction is stabilized.

5. Influence'of the Interaction of the Molecule of the Biradical

with the Solvent on the Dynamics of Conformational Transitions

As already noted, it is most convenient to use as SP biradicals with rapid exchange and | J|~a. In [81]
a biradical of this kind was used to demonstrate the sensitivity of the thermodynamics of the intramolecular
motion of these biradicals to the nature of the matrix. A study was made of the biradical

R NHCH,CH,Rq XXXII

with rapid exchange and | J|~a, readily soluble in water and organic solvents. The temperature dependence

of the measured value of J for this biradical in various solvents is shown in Fig. 19. It can be seen from the
figure that all the solvents studied can be divided into three groups according to their influence on the value of
J: a) polar solvents — alcohols, b) the nonpolar toluene and dioxane, and ¢} water. The temperature dependence
of J is the same within each group, within the limits of experimental error.

It was shown that the observed temperature dependence of J for the biradical XXXII is described fairly
effectively by the dynamic model with two conformations. Since the form of the ESR spectra shows that at low
temperatures | J|<«a, it may be assumed that | Jy|<«<a, so that

T = Jyl(ty + To)- (44)
From Egs. (33) and (44) it follows that

AS AH

J_As A
| R TFRF "

In

12:7 l (45)

so that, in principle, the unknown values of J5, AH, and AS can be determined from the deviation of thetempera-~
ture dependence of J from the Arrhenius relationship at high temperatures. The expressions giving the experi-
mental temperature dependence of J for ethanol, dioxane, and water were treated on a computer by the method
of least squares using Eq. (45). The optimum parameters AS, AH, and J,, found by minimization of the disper-
sion

= (2ot 70—~ Theor T} [Zepe (70
are given in Table 6. It may be noted that AH is obtained with the greatest accuracy, since it is determined
chiefly by the slope of the curves at low temperatures (see Fig. 19). The value of J, is ql_otained with the lowest
(logarithmic) accuracy, since the observed deviations of the temperature dependence of J from the Arrhenius
relationship are small.

1g{i/a)
0,6

Fig. 19. Temperature dependence of the mea-
sured value of the exchange integral for the
biradical XXXT in different solvents: A)wa-

0,4

02 ter, O) dioxane, ®) toluene, O) methanol, [J)
& ethanol, A) n-butyl alcohol, ®) isobutyl al-
o- N cohol,
A
~0,2 L i T T T T
2,5 2,9 3,3 3,7
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TABLE 6. Optimum Values of
AH, AS,andlog|Jy/a]| for the Bi-~
radieal XXXII in Different Sol-

vents

o 4
Solvent! 2\7“‘2 % %«1
[*} i3
Z2E143 | =
Dioxane 3.8 12,4 | 0,62
Ethanol 4.3 10.0 | 0,9%
Water 5,6 16,7 | 0,70

TWithin the limits of accuracy of
the experiment, the set of opti-
mum parameters found for di-
oxane also applies to toluene, and
that for ethanol also applies to
methanol and butanol.

It follows from the data in Table 6 that the values of J, are the same in all the solvents, within the limits
of accuracy of the measurements. The apparent reason is that in the short biradical XXXII, as in the biradicals
I, II, and XI-XX, spin exchange takes place along a chain of ¢ bonds, and not by collisions of the N—O fragments.
The indirect mechanism of exchange in the biradical XXXII is confirmed by the fact that Jo~5-10% rad/sec is
appreciably smaller than the value 101%-10!! rad/sec, characteristic of exchange involving collisions (see above).

The nature of the solvent has a considerable influence on the values of AH and AS. The difference in the
enthalpies AH measured in nonpolar solvents is close to the value characteristic of rotational stereoisomers.
At the same time, in polar solvents (particularly alcohols and water), the molecules of which can form hydrogen
bonds with the molecule of the biradical XXXII, the difference in the enthalpies of the conformations "1" and n2n
is much greater. A noteworthy feature is the large difference in the entropies of the conformations in all the

solvents. This probably indicates that the conformation "2" is much less extensively solvated than the confor-
mation "1.,”

6. Summary

To conclude the present section, we can summarize briefly the conclusions regarding the information

which it is possible in principle to obtain by studying the isotropic ESR spectra of liquid solutions of nitroxide
biradicals.

1. It is possible to observe transitions between conformations with different values of the exchange in-

tegral, and it is possible to determine the minimum number of conformations between which transitions are
observed.

2. For the observable conformational transitions it is possible to reach unambiguous conclusions as to
whether they correspond to the conditions of rapid (v>5- 107 Hz) or slow (v< 5-107 Hz) exchange.

3. In the case where slow conformational transitions are observed, it is possible to determine the rela-
tive statistical weights of the effective confor mations, and in a number of cases this makes it possible to
establish the differences in the enthalpies and entropies of these conformations.

4. Tn the case where rapid intramolecular motion is observed from the alternated broadening of the ESR
lines it is possible to determine the characteristic frequency of this motion and its corresponding activation

energy. Unfortunately, the values determined cannot be related unambiguously to the time parameters of the
conformational transitions.

5. In the case where the observed rapid motion corresponds to the averaged value of the exchange integral
| J |~a, it is usually possible to estimate the difference in the enthalpies and entropies of the conformations
between which the transitions take place, and also to estimate the magnitude of the exchange integral in the cor-
responding separate effective conformations.

6. If the ESR spectra make it possible to carry out accurate measurements of the value of the exchange
integral, it is possible in a number of cases to reach a sufficiently unambiguous conclusion regarding the way
in which the exchange interactions take place, and in some cases to relate the observed values of the exchange
integral to a definite three-dimensional biradical structure.
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7. Comparison of the dynamic and thermodynamic parameters of inframolecular motion in different sol-
vents makes it possible to reach conclusions regarding the extent of the solvation of the molecule of the biradi-
cal and the part played by its influence on the different types of intramolecular motion,

II1. THE STUDY OF BIRADICALS
IN DILUTE VITREOUS SOLUTIONS

When a solution is frozen, the ESR spectra of the biradicals reveal not only the isotropic exchange inter-
action but also the magnetic dipole —dipole interaction of the radical fragments. Since the magnitude of this
interaction is closely related to the distance between the paramagnetic centers of the biradicals (it is under-
stood that the solutions of the biradicals are sufficiently dilute to exclude the possibility of dipole —dipole inter-
action between different molecules), the correct interpretation of the ESR spectra of biradicals in frozen solu-
tions makes it possible to obtain extremely important information on the structure of the biradical and on the
influence of the solvent matrix on this structure.

The forms of the ESR spectra of vitreous solutions of nitroxide biradicals are extremely varied (see Figs.
22, 26-28). Nevertheless, the determination of the magnitude of the dipole —dipole interaction from these spec-
tra now presents no particular difficulty, since several independent methods of measurement are known. The
determination of the relative spatial orientation of the paramagnetic fragments and the magnitude of the intra-
molecular exchange interactions in vitreous solutions is much more complicated; even these problems, how-
ever, are now being successfully resolved.

1. Influence of Dipole — Dipole Interaction on the ESR Spectrum

of a Radical Pair in a Vitreous Solution

The simplest model which makes it possible to follow the influence of the magnetic dipole —dipole inter-
action in biradicals on the ESR spectrum is the model of a radical pair} with paramagnetic centers exhibiting
low anisotropy (compared with the magnitude of the dipole-dipole interaction) of the g factor and the magni-
tude of the HFL

The Hamiltonian of the dipole—dipolei interaction of the pair can be written as follows [88-90]:

_ (1)g(2) 3 (1) (2)
Vaa = gzsz {f__s;g_ . (rlas ) ("'ms )}’ (46)

Y i
where 14, is the vector connecting the two electrons "1" and "2", and the operators S(l) and S(Z) relate to the
first and second electrons.

In the case being considered, as a consequence of strong electron—electron diffraction, the "correct"
spin wavefunctions are described by the total spin 8= 8 1 8. For radicals with electron spin $5=1/2 there
exist one singlet wavefunction with Sotal =0 g = (1/V2)@p — Ba)) and three triplet functions with 8,57 =12
- 47
Vol—1) = BB, $(0) =(1/V/3)(ep+ pa) and plt) = ac. N

In ESR, transitions are observed between the triplet wavefunctions: two allowed transitions with AMg=
1 (the transitions ¥p(—1) < ¥p0) and $0) < (1)} andone nforbidden" transition with AMg=2 (the transition
\PT(—ﬂ had IPT(ﬂ)

By selecting the "dipole™ system of coordinates in such a way that the Z axis is directed along the vector
Ty, it is possible to obtain for the ns electrons from the Hamiltonian (46) a spin Hamiltonian of simple form
[88-90]

Haq=D(S3—UBSE+ D) (48)

where

" ¥ The polycrystalline ESR spectra of triradicals are discussed in [82-86]. . )
+ Here and subsequently we shall not consider the pseudodipole part of the electron—electron interaction [15,
44, 87] Dpgeudo = ~1/8)3{ (1/% @©| - 2)2(g, — 2)%,. which for the values of the alnsol;ropy .of the g ffxctors (Ag <
0.01) and values of the exchange integrals (1 J}= 101 Hz) typical of nitroxide biradicals is appreciably smaller

than the magnitude of the true dipole —dipole interaction.
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3
D = 5 g2/}, (49)

(D is expressed in frequency units.)

In the general case, when the unpaired electrons cannot be represented in the form of point dipoles, the
spin Hamiltonian of the dipole —dipole interaction can be obtained using the one-electron molecular orbitals of
the first and second radical center (a and b respectively) [88, 89, 31]. The complete triplet wavefunction ¥ is
equal to the product of the antisymmetric spatial wavefunction

? = (1/V2)[a(1)b2) — b(1)a(2)]
(the figures in parentheses relate to the electrons) and the spin triplet function (47)
Y= ‘P"PT(MS}.

where Mg=-1,0,1. Inthe case of real functions ¢ and b the spin Hamiltonian jcjq, obtained from the Hamil-
tonian (46), has the form

Hgq= < a(i)b(2)l?dd|a(1)b(2)> — <b(1)a@)F g4la{1)b(2)>. (50)
The spin Hamiltonian (50) represents a matrix containing all possible combinations of paired products

SiSj, where i, j =x, y, z. By diagonalizing this matrix it is possible to find the principal "dipole" system of co-
ordinates X, Y, Z in which the spin Hamiltonian takes the simple form

%dd=D(S§~%S(s-;-i))-:—E(SzX—S%,). 61

In the principal system of coordinates

- 322 \ (52)
Y R P 3
N\ i i 4
and
2 _ 2
E=(3/4)g353< I _-”_*ZT:% q,\/\, (53}

where xy,, ¥,5, and z, are the components of the vector r;,. In the case where the two radical centers are
separated from one another by a distance which is greater than the dimensions of the range of delocalization of
the unpaired electrons, the axis Z is directed along the straight line joining approximately the centers of gravity
of the clouds of the unpaired electrons. It can be seen from Eq. (53) that for radical pairs exhibiting a suf-
ficiently high symmetry with respect to the Z axis, E=0.

In principle, the values of D and E can be calculated with a high accuracy by examining only the two-cen-
ter Coulomb integrals. Here it is possible to use data on the distribution of the spin density (p;) of the unpaired
electrons and model descriptions of the atomic orbitals {10, 91].

In fact, in the case where the unpaired electrons are localized on different molecular groups, the second
term in Eq. (50) can be neglected, so that 5¢gq can be calculated as the classical dipole —dipole interaction be-
tween two dipoles distributed in space with a probability density equal to the probability density of finding the
unpaired electron at a given point. For the simplified calculation of ¥gqq in the case where the molecular or-
bitals are represented in the form of LCAO, it was suggested in [28] that simple models be used to replacethe
real three-dimensional electron density distribution of the atomic orbitals (AO). In particular, it is suggested
that the "dumbbell" np-AO (the unpaired electrons in organic radicals are generally distributed in 2p-A0 [4])
be replaced by two point half-charges qi; =pi/2, situated at a certain distance h; on either side of the atom "i"
along the direction of the np-AOQ (I =1, 2).

From Egs. (46) and (50) in this case we obtain the simple expression

SIS 3 (r ;80 (r; 8@
oy = 3913 ol [T SO0 (50
i T3 i

Lp

where the summation is carried out over all thecharges modeling the AO, rjj is the vector connecting the
charges qj; qjp (¢ , p=1, 2), and the superscript relates to the corresponding radical center. The spin Hamil-
tonian (54) is brought to the form (51) by the method described above.,
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r”“\l/ILﬁ ; : - Fig. 20. Absorption spectrum (above) and
}..,2..2%}“' L.:.- L-}ljﬁi its first derivative (below) for a radieal
; =< 5t pair with an isotropic g factor without HFI:
A Ny i a)E=0,b) E=0.
A AT

The complete spin Hamiltonian of the radical pair {the HFI is here regarded as a perturbation) is written
in the form [29, 88, 93]

% = B,HesS + D (55— (1/3) S (S + 1))+ E (5% — 53)- (53)

By solving the cubic equation corresponding to the secular determinant of the spin Hamiltonian (55), we
find that the transitions Pp(—1) & v7(0) and H4(0) «pp(1) correspond to two magnetic field intensities H; and H,
respectively. In the case where the ESR is observed at a constant frequency v, of a superhigh frequency field,
the position of the lines of the spectra in the zeroth approximation is given by the expression [89]

Hyo=H + (T — 358212 + (D + 3E)ym2/2 — Dn2), (56)

where H=hv (/gBe, D= D/gePe, E= E/geBe, &=[kzl®+ e4ym?+£2,n*]/? and I, m, and n are the direction cosines
of the dipole system of coordinates relative to the external magnetic field. For ESR in the X range (v~ 9.5
GHz) the visible dipole —dipole splitting d =| H;—H,| is described sufficiently effectively by the zeroth approxi-
mation even for large values of the dipole —dipole interaction [29, 94]

d®, 9) = (D(3 cos?® — 1) + E-3 sin? 6 cos 2q). (57)

Here, 0 and ¢ are the spherical coordinates of the dipole system of coordinates relative to the direction of the
constant magnetic field Hy.

. Thus in the case of a smgle crystal the Z axis of the deole system determines the maximum splitting
[ 2D|, the X axis the splitting |-D+3E| andthe Y axis | D+3E]|.

The polycrystalline ESR spectra of radical pairs, taking account of the random orientation of the radical
pairs in polyerystalline specimens, were calculated in [88]. The absorption spectra corresponding to the cases
E=0and E =0 are given in Fig. 20. It can be seen that in the case where E =0 the ESR spectrum of the pair
should show two "parallel" components of the spectrum with a splitting between them | 2D| correspondlng to
the orientation of the pairs Z|| Hy, and two "perpendicular" components with a splitting between them | D]
corresponding to the orientation ZLH; (see Fig. 20a). In the case where E = 0, cach "perpendicular" component
is split into two (Fig. 20Db).

The observed magnitude of the components of the g tensor (2) is calculated from the average field inten-
sity H=(H, +H,) /2 and the relationship hy ;=gBeH. In the case where the dipole—dipole interactions are suf-
ficiently large, the true values of gxx, gyy, and gz 7 (it should be remembered that these elements of the g
tensor here correspond to the dipole system of coordinates and may not be the characterlstlc values of the g
tensor) can be found from the experimentally determined values of Exx, EYY, 77, D and E by means of the
simple expressions [29, 95]

Bxx = gxxit — @ +Ey/sH?
gyy = gyyll — O —D)sH?,
€22 = Ezzl1 — ER2I).

(68)

The problems associated with the procedure for determining the parameter D in the case of uniform and
nonuniform broadening of the ESR spectra of radical pairs, and also in the case of saturation of the signal
AMg=1, are examined in [91, 96-98].

If it is assumed for simplicity that the two radical fragments are oriented in symmetrical fashion rela~-
tive to the axes X, Y, and Z, and if the hyperfine structure from the 4N nucleus is regarded as a perturbation
[29], it is found that the X, Y, and Z components of the ESR spectra are split into three lines of equal intensity
the case | J|« | Ajj| , where Aj; represents the components of the HFI tensor) or five lines with intensity ratio
1:2:3:2:1 (case | J|> [Ajj|) (the case D~ |J|~| Aji| is examined in a separate section). Here, the mag-
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nitude of the splitting is equal to Axx, Ayy, and Azy or AXxX/2, Ayy/2, and Az 7 /2 respectively (the compo-
nents of the A tensor, like the components of the g tensor, are here given not in the principal axes of coordi-
nates of these tensors, but in the axes of the dipole system of coordinates).

The existence of the dipole ~dipole interaction makes the t*forbidden® transition with AMg=2 allowed
[90, 99, 100]. As a consequence of this, in the "half* field [101]

Hyy=[0f — (413) D2] /%12, 59

a weak signal corresponding to g~ 4 is observed. The form of this signal corresponds to the signal with AMg=
1 in the absence of dipole —dipole interaction {28, 90, 102].

The ratio of the integral intensities I; andI, of the signals with AMg =1 and AMg =2 depends on the magnitude
of D 99, 100]; for a polycrystalline specimen this ratio is given by [44, 100, 103]

a:_la_:_%_(_l’__)z (60)

I, 15\ &b Hoyol"

For | J|~kT, the two integral intensities I; and I, show the same temperature dependence (see footnote to p.
108), so that « should be independent of temperature.

2. Electronic Structure and Anisotropy of the é and A Tensors

of the N~ O Fragments of Nitroxide Radicals

and the Relationship between the Parameter D

and the Distance between the N - O Fragments

An important feature facilitating the interpretation of the polycrystalline ESR spectra of nitroxide biradi-
cals is that in the study of the ESR spectra of single crystals [4] and x-ray diffraction data [4, 104] it has been
established that the N—O fragments in nitroxide biradieals have the same electronic structure as the N—O
fragments of the corresponding monoradicals, and hence analogous parameters of the § and A tensors. Tt has
been established that the N— O bond can with a sufficient degree of accuracy be regarded as lying in the plane
C—N-C [4, 104], and that the unpaired electron is practically completely localized in the 2p orbitals of the N
and O atoms {the spin densities on the atoms are pp=0.3+0.1 and pg=0.7 + 0.1 [4] respectively).

As a consequence of this, the principal axes of the g and A tensors practically coincide and can be re-
lated to the structure of the N—O fragment as shown in Fig. 21a. Typical values of the parameters of these
tensors (for the case of the di-t~butyl radical {4, 105]) are as follows:

£z = 20061, g, = 2,0089, g = 2,002,
4.,=7G, A4, =50G, 4,,= 32G.

X
{the values of the analogous parameters for other nitroxide radicals are indicated in [30, 106-111]).

As shown above (Egs. (52)-(54)), the values of D and E depend on the distribution of the electron density
of the unpaired electrons between the paramagnetic centers. As a consequence of this, the distance r deter-
mined from Eq. (49) is a quantity characterizing the paramagnetic centers as a whole. The relationship be-
tween the magnitude of r and the distances between the separate parts of the paramagnetic N—O fragments was
discussed in [28, 92, 102, 112]. '

It was shown that for r =4 A the magnitude of r determined from Eq. (49) corresponds with a high ac-
curacy to the distance between the centers of the N—O fragments.

a b
9y 9o

4 T

SN e— ()

7B

9 9

Fig. 21. Principal axes of the é and A tensors
of the N—O fragment in nitroxide radicals (a)
and the modeling of the electron density dis-
tribution in the N—O fragment by means of
four point charges (b).
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For a more detailed interpretation of the magnitude of r, a description of the N—O fragment based on the
Heitler — London approximation was proposed [28, 92]. The wavefunction ¢ in this approximation is given by

P = T[n; (1) 75 (2) — wptt)ny ()],
where 1rA and TrB represent the antibonding m-molecular orbitals of the two unpaired electrons on each N-O

group. For the group k (k=A or B) in the simplest approximation of LCAO, the antibonding orbital ”k is de-
scribed by the following expression:

=) T (250) =Y P (20

where pNi and p Qi are the electron populations of the 2py orbitals of the Nk and Ok atoms respectively. Fig-
ure 21b gives a simplified model (see p. 132) of the distribution of electric charges in the N- O fragment.
Agreement between the calculated argd experlme?tally measured values of D was observed [28, 92] for qn=
0.135-0.15; 4=0.365-0.35, ! =1.3 A; h=0.6-1 A,

3. Interpretation of the Experimental ESR Spectra of Vitreous

Solutions of Nitroxide Biradicals with Large D

The theory of the polycrystalline ESR spectra of radical pairs given above was used in [28, 29, 92, 94,
102, 113, 114} to find the three-dimensional structure of the conformations of nitroxide biradicals stabilized in
glasses.

As a typical example we shall examine the interpretation of the ESR spectra of a dilute solution of the
biradical XXTI in n-butyl alcohol at — 115°C [102] (Fig. 22). In the spectrum of the allowed transition AMg=1
we can readily distinguish groups of lines relating to the situation where the external field H, is parallel to the
axes X, Y, or Z of the tensor of the dipole ~dipole interaction.. We can examine these groups of lines.

a. The two outer lines of the spectrum with a splitting between them 242 + 2 G correspond to the situation
where H || Z. Thus D=121+1 G. The center of gravity of these two lines corresponds to gzz =2.0063 + 0.0002,
which is close to the value of gz for the corresponding monoradicals [101, 105]. This apparently indicates that
7 is directed along the x axis of the g tensor. Since from Eq. (49) r=6.12 A and with allowance for the above
remarks regarding the relationship between r and the distance between the N—O fragments, we can put forward
for the biradical XXIII the three-dimensional structure indicated in Fig. 22,

b. The remaining lines of the spectrum correspond to the situation Hy| X and Hyl| Y. The remaining lines
in the spectrum are: A) two intense lines with a width of approximately 8 G, separated by 134 G, and B) five
lines of lower intensity on either side of the spectrum (with a linewidth of approximately 5 G).

This lndtcates that the triplet does not have axial symmetry (E = 0). From Egs. (57) we conclude that (5 +
3E) 134+ 2 G, (D 3E) 112+2 G, thatis, $=3.5+1GandD=123+ 2@, is followed from the lines corresponding
to Z|| Hy.¥

7 Accordmg to the data in [29], the interstitial single crystal for this biradical shows two conformations, one
with 2D =246 + 3 G and E =2.2 £ 0.5 G, and the other with 2D=393 +5 G and E=2.0 = 0.5 G, which corresponds to
r=6.09 and 5.20 A respectively.

H

w06 a b
Fig, 22, Allowed (a) and "forbidden" (b) ESR
- spectra of a n-butyl alcohol solution of the bi-
Houz' T BB radical XXIII, vitrified at —115°C, and its con-
Holtx ! "g———*x—-'—l '+ D-3E formational structure corresponding to the
y -
HoMlY L_—qg———" D+3E given spectra.
YY
6y, Y
Qoy ‘:{/gz_x
-_I__g: . E, __l
&10 A 7/ 0z
2t 1y
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The corresponding values of g for the groups of lines A and B are ga =2.0085 = 0.0002 and gg =2.0026 =+
0.0002. The average value gaver =1/3(g77 +gA +gp) =2.0058 + 0,0002 agrees with the value g,=2.0061 + 0.0002,
obtained in the liquid solution. Comparison of ga and gp with the known values of gyy =2.0089 £ 0.0001 and
g77 =2.0021 = 0.0001 for the corresponding monoradical indicates that the group of lines A should be assigned
to the situation Hy|| Y, and the group B to the situation Hy|| X (see Fig. 22).

In the multiplets B, which correspond to Hy| X, five lines separated by 16 G are observed; the intensities
of these lines correspond approximately to the ratio 1:2:3:2:1. Thus this biradical corresponds to the case
of strong exchange (| J|>» IAiil) and Axx =32 G. Since inliquid solution for this biradical a =14.5 G, it follows
that A7z and Ayy should be equal to approximately 6 G (Azz =~ Ayy=(3a ~AXX)/2), that is all the lines cor-
responding to Hy|| Y and Hy|| Z should be split into five components with a splitting of 3 G. The observed line-
width ~ 8-9 G agrees with this conclusion.

An interesting feature is that the simplicity of the analysis of the hyperfine structure of this spectrum
became possible as a result of the fact that the biradical XXIII is stabilized in a symmetrical conformation with
axes X, Y, and Z directed approximately along the principal axes of the g tensors.

The forbidden transitions AMg=2 for the biradical XXIII are observed in a field of 1670 G and have a five-
line HF'S (see Fig. 22), which corresponds, as it should, to the case of strong exchange. The fact, observed in
[102], that the intensity of the spectrum of the forbidden transition is independent of temperature in the range
123°K < T < 223°K indicates that for the conformation of biradical XXIII with r =6.12 A the magnitude of the ex-
change integral | J|< 20°K. /

The intensity of the forbidden signal AMg=2 was found to be dependent on temperature [28] for the bi-
radical XXIV withr=4.8 A. Here it was found that J=—170 = 15°K, that is, the ground state of the biradical
XXIV is a triplet.

4. Interpretation of the Polycrystalline ESR Spectra

of Nitroxide Biradicals with |J| and/or | D|~] Aji |

All the recommendations given above on the procedure for analyzing polycrystalline ESR spectra of
nitroxide biradicals become inapplicable when the order of magnitude of | J | and/or | D| is the same as that
of | Aji |, which is always the case at r =9 A. In this, firstly, the wavefunctions of the biradical cannot be
divided into "purely" triplet and "purely" singlet functions (see Eq. (5)) and, secondly, it is necessary to take
account of the mutual orientation of the radical fragments relative to one another and relative to the dipole sys-
tem of coordinates. This orientation is given by means of five independent (and unknown beforehand) Eulerian
angles ay, By, ay, By, and vy—y, (Fig. 23).

Fig. 23. Parameters of the spatial
orientation of the radical fragments
in the molecule of the biradical.
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Fig. 24. Form of the polycrystailine ESR spectra of nitroxide biradi-
cals for different relative orientations of the radical fragments for
B=5G @), D=17 G M), and D=20 G (¢). For all the spectra, J=0.
Here and subsequently, the arrows indicate the positions of the com-
ponents of the ESR spectrum of the monoradical (see Fig. 28), calcu~
lated for the same values-of the parameters of the é and A tensors.

Fig. 25. Dependence of the form of the polycrystalline ESR spectrum
of a nitroxide biradical on the relative orientation of the radical frag-
ments with exchange interaction J=90 G {a) and on the magnitude and
sign of the exchange integral for the same relative orientation of the
radical fragments (b). For all the spectra, D=20 G.

Since the parameter E is small compared with D, the complete spin Hamiltonian of the biradical can be
written in-the form [30, 115]

B = pHEFDSOL B HFDSD 4 SOADID L gFOYD 4
€ ) !

3 1 (61)
+ JSWS® 4 D, {? sPs@ — 2 swsm}_

In Eq: (61) the quantization of the electron spin is carried out along the direction of the field Hy, and not
along an axis of the dipole system of coordinates, so that Dg=D(1-3 cos26).

The caleulation of the corresponding energy levels and the probabilities of the transitions for arbitrary
values of @, R, D, J and @, B, v is given in [115]. The numerical calculation of the polycrystalline spectra
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Fig. 26
26. ESR spectra of toluene solutions of biradicals II, XI, and XII, vitrified at 77°K.

Fig.
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Fig. 27. ESR spectra of toluene solutions of the biradicals I, XXXII, and XXXIV vitrified at

77°K, and the sugg

ested conformational structures corresponding to these spectra.

TABLE 7. Parameters of the Relative Orienta-
tion of the Radical Fragments of the Biradicals
I, XXXIII, and XXXIV [115]

Biradical . & 8s/1 B/ (P—va)/n
I 11,8+0,2 0,31+0,1 0,740,4 0,54+0,25
XXXIr | 414,840,2 | 0,35+0,05 | 0,65+0,05 | 0,5:£0,4
XXXIV i 13,8+0,3 1 0,54 0,54 1

under these conditions indicates that the form of the spectrum depends to a very marked extent on the relative

orientation of the radical fragments, and also on the magnitude and sign of J (Figs. 24 and 25),

It was shown

that from the presence of the characteristic lines in the ESR spectrum of the biradical 1t is possible to reach

qualitative conclusions regarding the magnitude of |J].

Thus for D~15-20 G (r~10—12A) in the case where

| J|>40 Hz (here and subsequently J= J/geBe) either a quartet of lines in the center of the spectrum (Fig. 25a)
or characteristic satellites (Fig. 25a, curvel) are observed. Comparison of the experimental ESR spectra of the
biradicals II, XI, and XII (Fig. 26) with the theoretical spectra in Fig. 25 indicates that even in the vitrified
solrtions there is appreciable exchange interaction (J =40 G) between the radical fragments of these biradicals
{this conclusion provides direct confirmation of the indirect mechanism of exchange in II, XI, and XII).

When the condition ]3]«40,(} is fulfilled, the biradical ESR spectra make it possible to determine the
Table 7 gives these parameters for the three biradicals studied in

values of r, and also the angles 8 and 7.

[115], biradical I,

and R BOH— (CHE}{_HOR 6

XXXIV

vitrified in toluene at 77°K. The corresponding experimental polycrystalline spectra of these biradicals are
given in Fig. 27. Figure 27 also gives the three-dimensional structure of the conformations of these biradicals,

defined by means of the parameters r, 8, and y.

From the data in {115] it follows that the biradical XXXIV has practically the same structure in the
vitrified solution and in the single crystal [116].
tures of different nitroxide biradicals directly in frozen solutions apparently makes it possible to observe and
interpret even the small changes taking place in the biradicals when the system being studied is subjected to

various influences.

This possibility of obtaining experimental data on the struc-
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TABLE 8. Comparison of the Distances r between
the N— O Fragments, Found by Different Methods
from the ESR Spectra of Solutions ‘Vitrified at 77°K
{the solvent is indicated in parentheses: t — toluene,
e — ethanol, m — methanol)..

Biradical . T, A8 le.,_Z\bJ Ec' r;?d, }:eo mputer’ ng'
I(W — 11,4 10,8 | 14,6 11,8 —

XI(t) — 110,8 ] — | 12,0 — -
X1 — 107|103 119  — —
X1 — (106 — | 10,8 — -
X . — | 10,3 10,2 | 10,9 — —
XV (t) — (107} — {107] — -
XVIQ) — 100 = | 116 — -
1113 131,20 11,7) — —. -
XLIV®) — {94 | 93} - — -
XXX — 10,8 | 14,5 | — — -
p:9.941440] — lags a2 27 ] 18 —
XLv= (t) 185 — | — | — 17,8 19,5
XLVIt(e) 134|129 ] — | — — —
XXXIV (e) 13211381 — | — i3,8 -
ViL{m)- — 139 = { — — 13,0
Vi1 (m) — ] 105 ] — - - 10,7

IX (m) — sl — — - 11,3
XXXv(© — |55 — | — 15,7 14,9

a) r was calculated from x-ray diffraction data [104,
116] for single crystals as the distance between the
centers of the N—O fragments; b) from the data in

[61, 121, 128}; ¢) from the data in [103]; d) from the
data in [61]; €) Tcomputer Was obtainedby comparing
‘the experimental spectra with the spectra calculated
on a computer [115, 1221; f) from the data in [121, 123].
*Radical XLV ROOC(CH,);COOR;. '
 Radical XLVI R¢(CH,),Rq. '

In practice, the magnitude of ry is usually determined from the dependence of ¢ on the concentration C
of the biradical [103}:
o = 38/r%, 4 160C/ R3. (63)

Here, R(&) has the significance of the distance of greatest approach of the paramagnetic centers of the two bi-
radicals. Measurement of o makes it possible to calculate two important characteristics of the molecules rg
and R, but extremely high concentrations of the biradicals are required (C = 10019 spin/crrf). In [103] this
method was used to determine the values of rg for seven biradicals with 9.3 A=r <11.7 A:

3. Since the dipole —dipole interaction splits the ESR lines of the allowed signal of monoradicals, that is,
increases the second moment of the spectrum, the value of r can be determined directly from the magnitude of
the second central moment M, of the ESR spectrum [90}, which by definition is equal to

+oo
f (H — HopF(H)dH

—o0

My = = —
{ Feyan

~—00

(64)

where F(H) gives the form of the absorption line of the spectrum as a function of the intensity of the magnetic
field H, and the center of the spectrum H, is found from the relationship
+w (65)
f (H — Hy) F(H) dH = 0.

—
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5. Brief Summary of Methods for Determining the Distance

between the N — O Groups

In addition to the methods indicated for the measurement of r by the direct determination of the dipole -
dipole splitting or from the relative intensity of the forbidden signal AMg=2, there also exist several methods
which make it possible to determine r (and D) in those cases where the methods indicated above are inappli-
cable,

For convenience we shall summarize in one place the characteristic features of the known methods for
determining r between N—O fragments.

The distance r between the N-O fragments of biradicals can be measured by the following methods,

1. From the magnitude of the dipole —dipole splitting D of the lines of the ESR spectrum. In this case

\ ~
rp=(§ gffe)“g:m( )T, (62)

~ [+
where D is expressed in G, and r in A,

If the magnitude of the dipole —dipole interaction in the biradical is large (D 200 G), it is possible to
neglect the amsotropy of the spectrum and to find experimentally the value of 9D from which it is possible to
calculate rp=6-7 A

In the case where 7 A =r <13 f\__ the measurement of D from the ESR spectra of vitrified solutions of
biradicals is a complicated problem, since the production of additional lines (relative to the ESR spectrum of
the monoradical) may be due not only to dipole —dipole splitting but also to spin-exchange interaction (if the
mafrmtude of the exchange integral - J'= | Ajj|) and the relative orientation of the principal axes of the § and
A tensors of the N—0O fragments.

The calculation of the form of the ESR spectrum of biradicals in vitreous solutions, carried out in [115],
showed that in the case where | J <« | Aj; , for spectra in which it is possible to distinguish an intense central
doublet of lines, the splitting of the lines of this doublet can with sufficient accuracy be taken as equal to D
(see Fig. 29).

2. From the relative intensity of the lines of the ESR spectrum of the "forbidden" transitions,i corre-
sponding to AMg=2 (g~4) [100, 103]
a:gzi@iﬁ_;)i 2

.
Ts

Here, I, and I, are the integral intensities of the spectra of the correspondmg transitions, Hy~ 3200 G is the
intensity of the constant magnetic field, and rg is expressed in A.

t The authors c;f the present review do not know of any studies in which D (and r) for nitroxide biradicals have
been determined from the position of the signal AMg=2 (Eq. (59)).

Fig. 28 Fig. 29

Fig. 28. ESR spectra of solutions vitrified at 77°K: methanol solution of the biradical VHI and
toluene solutions of the biradicals XXXV and XLIV and the monoradical 2,2 ,6,6'-tetramethyl-
4-hydroxypiperidine-1-oxyl (R).

Fig. 29. Dependence of the form of the ESR spectra of vitrified solutions of nitroxide biradi-
cals on the value of D for the case where the relative orientation of the radical fragments is a
random function with an equal-probability distribution. For all the spectra, J=0, (1/Tye=4 G.

139



In [117] it was shown that ’che contribution to M, due to dipole—dipolé interaction between the unpaired electrons
(AMy) in a polycrystalline specimen is directly related to the distance ry; between them:

AMy =M, — M, (0) = %giﬁfs (54113 AR
or
rar = 23.4(AMp)Y/S. (67)

Here, My(0) is the secondamoment of the spectrum of the monoradical in the absence of dipole~dipole interac-
tion, r)f is expressed in A, and AM, in (52. “This relationship is applicable for ESR spectra of any form and
makes it possible to measure r =15-16 A (see for example [61, 118].

It should be noted that Eq. (66) does not take account of the possibility that when there is exchange inter-
action the second moment of the spectrum is not measured completely, since for large | J| (] J|> | Aji|) the
spectrum contains widely separated components of low intensity, which are usually not recorded by the instru-
ment, so that they "carry away" part of the second moment. Various questions associated with this problem
are discussed in [119, 120]. Nevertheless, the use of Eq. (67) is fully applicable even for an unknown value of
J, since the value of ry; calculated from Eq. (27) depends very little on the error in the measurement of AM,.

It has been established for biradicals of different structure that all the above methods of determining r
give the same values of r within the limits of error of the measurement, so that any of them can be used (Table
8). The fact that it is impossible to measure distances r < 15-16 ‘f\, however, imposes a significant restriction
on the methods listed above, and prevents their extensive application for the study of macromiolecules.

4. In [121] it was shown that at distances r > 12 A the biradicals have three-component ESR spectra (Fig.
28), characteristic of monoradicals, and that for many biradicals the magnitude of the empirical parameter
dl/ d differs considerably from (d;/d),, characterizing dilute solutions of monoradicals even when within the
limits of accuracy of the measurements the second moment M, does not differ from that for the monoradical
Mz(O). .

The same authors [121] measured and compared the values of d;/d and the distances r, calculated from
the values of My, for nine nitroxide biradicals vitrified in different matrices: toluene, aliphatic alcohols, and a
50% water —glycerol mixture. The empirical dependence of T on the parameter A=(d;/d) — (d,/d), was obtained,
described by the relationship [121]

rg= 9.3 +0.77/4, (68)

where for biradicals of the piperidine series with the "chair" confor mation of the ring

A=d/d+ 0036 4y —1.76; 4, G, inA (69)

In {121] it was shown that Egs. (28) and (29) can be extrapolated for the determination of r in the range
from 13 to 30 A.

The form of the ESR spectra of nitroxide biradicals with values of r from 14 to 21 A has also been calcu-
lated [122] (Fig. 29) for the case where the relative orientation of their N—O groups is a random parameter.
The model adopted for these calculations of biradical spectra is apparently applicable to some extent for the
description of the vitrified solutions of biradicals which are not very long but which are flexible - the fact that
their polycrystalline ESR spectra do not contain characteristic biradical lines indicates that several conforma-
tions are stabilized sim&ltaneously in the glasses (probably configurations with fairly close values of r). The
results of the treatment of the theoretical spectra by means of relationship (68) confirms that the extrapolation
of this relationship to r > 16 A, carried out in [121] is correct,

Thus the methods at present available make it possible, for dilute vitrified solutions, to determine with
a high accuracy the distance between the N—O fragments in biradicals in the range 4 A <r<=30A. As an illus-
tration, Table 8 gives the values of r for 18 biradicals determined by different methods. An interesting
feature is that in those cases where it is possible to make a comparison, the values of r measured in vitrified
solutions agree within the limits of the error in the measurements with the results of the x-ray diffraction
study of single erystals of the same biradicals,
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IV. APPLICATION OF BIRADICALS
AS SPIN PROBES

In conclusion we can examine the use of nitroxide biradicals for the study of specific biological systems.
The literature on this topic is not yet very extensive, but it illustrates the extensive possibilities provided by
bhiradical SP and paired spin labels (see also the review [10}}.

The studies known to the authors of the present review can be divided into three groups. Firstly, biradi-
cals have been used as sensitive probes for the study of biological and model membranes {124-129]. The
second group consists of studies in which hiradical molecules have been used as specific inhibitors of the active
centers of enzymes [130-132]. In the third group of studies, the authors cited have combined two spin labels in
one macromolecule, and subsequently studied spin exchange or dipole —dipole interaction in this "biradical”
117, 118, 133, 134, 139].

The importance of the use of biradicals or molecular probes is based on the fact that the characteristic
features of their solvation, rotational diffusion, and intermolecular spin exchange can be readily studied ex-
perimentally.

The paramagnetic N—O fragments of nitroxide biradicals in solutions with different polarity are generally
solvated by the solvent molecules in the same way as the monoradicals with the corresponding structure of the
piperidine or pyrrolidine ring. As an illustration, Fig. 30 compares the dependence of the HF] constants ¢ and
Ay, onthe nature of the solvent (toluene, octanol, ethanol, methanol, and H,0} for the monoradical 2,2',6, 6'-
tetramethyl-4-hydroxypiperidine-1-oxyl and the biradicals I, V, XX, XXXII, and XXXV,

COOR,

Q
(i)\ Xxxv 0—-%::><TZX<:> XXXV1
COORg N

5.
The values of @ were measured at 25°C, and the values of A at 77°K. The fact that the HFI constants @ and
A” for the mono- and biradicals in identical solvents are the same makes it possible, by measuring ¢ or A I s
to investigate the localization of a biradical probe in heterophase systems in the same way as when monoradi~
cals are used [1353].

The possibility of the exact determination of the correlation time of rotational diffusion 7 ¢ for nitroxide
biradicals was analyzed in [124] for the case of the biradical XXXVI (methods for determining 7C by means of
this biradical are reviewed in [10]).

R
A G

Fig. 30

Fig. 30. Dependence of the values of ¢ (at 25°C) and A (at 77°K) for nitroxide mono- and biradicals on
the nature of the solvent, Monoradical (R) 2,2',6,6'-tetramethyl- 4~ hydroxypiperidine-1-oxyl; biradicals
RR): o) XXXII, O) XXXV, &) I, 4) V, 0) XX,

Fig. 31. a) ESR spectra of the biradical V at 28°C and concentrations: a) 1074, b) 7.5 x 1073, ¢) 1.5
1072 M. Solvent: 2% ethanol +987% toluene (by volume). b) Dependence of the relative intensity of the
components of the ESR spectrum of the biradical V on its concentration: A) L/1, B) L/I;, C) Iy +1)/
(I; +1, +Ip).

141



It has been suggested that biradicals of type XXXVI be used as SP for the study of membranes, since the
large value of D=230 G (E=18 G« D) is appreciably greater than the anistropy of the g factor and the HFI
tensor, and this facilitates the analysis of the changes in the ESR spectra of biradical XXXVI, The authors
cited examined the change in the form of the spectrum of biradical XXXVI with change in 1 /T and put forward
empirical calibrations which make it possible to measure 7 for the biradical over a wide range of times 4-
1074 <70 <1077 sec.

A study has been made [125] of the dynamic structure of the micelles formed by sodium dodecyl sulfate
(NaDS) in aqueous solutions, using biradical XX with slow exchange (see p. 124). It was found that with in-
crease in the concentration of NaDS above the critical concentration of micelle formation a decrease in the
magnitude of the exchange integral J was observed, and the broadening of the "basic" lines indicated a decrease
in the rate of rotational metion to values of the order of 7~ 1079 sec. It was shown that the exchange of the
molecules of biradical XX between the micelles in the aqueous phase of the solution takes place extremely
slowly, with a frequency v =107 Hz. The process of aggregation of the molecules of the biradical to form
micelles with increase in the concentration of biradical XX in the solution above 107 M was studied. The ef-
fects of the interaction of the biradicals with one another must be taken into account in the study of the mem-
branes in other heterophase systems, since neglect of intermolecular interactions may lead to erroneous con-
clusions.

It is possible in principle to distinguish the contributions of intramolecular and intermolecular exchange

in the ESR spectrum of a biradieal [140]. We can demonstrate this for the case of solutions of biradical V. A
typical change in the form of its ESR spectrum with change in concentration is shown in Fig. 31a. It can be
seen from Fig. 31 that increase in concentration leads to a marked change in the relative intensity of the "ex-
change" and "basic" components of the spectrum. This relationship is represented quantitatively in Fig. 31b,
where »

I, _ 4 (AH)? (69

I dy BH)Y
d; and dy are the intensities, and AH; and AHy the widths of the corresponding components (see Fig. 31a). The
fact that the ratio (I; +I,)/(I; +I5+I;) is independent of concentration leads to the important conclusions that the
intramolecular spin exchange taking place on the collision of the N—O fragments of the same biradical is not
influenced by collisions between the paramagnetic centers of different molecules (that is,intermolecular ex-
change), that is, it is in fact possible to distinguish these two processes experimentally, and the concentration
broadening of the central component of the spectrum makes it possible to determine the magnitude of the rate
constant of intermolecular spin exchange k.

The influence of the ionic strength and pH of the solution on intramolecular spin exchange has been
studied [141] for the biradicals

co co

) ><-‘-§< XXXV ><=§< XXXV
N ’ N
! lo ls
0 ? 0 2

HOOC —@— CONH_ CONHCH,—

/, H0OC -VCH,ZT—CHQ (CH3)2N§CH2)2NHCOCH2T—CH2

XXXIX
2

containing the ionizable groups ~COQ~ or —NH +(CH3)2. The changes in the ESR spectra are discussed within
the framework of the model of rapid exchange and it is suggested that biradicals of this kind can be used for
the study of pH-dependent conformational changes in membranes.

A new highly amsotroplc biradical spm label XL, analogous to XXXVI has been proposed as a sensitive
probe for the study of the structure of membranes [114]

ONHCH, CH, NHCO

Xk
N

10
0
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The value 2D ~455 G was used to calculate the distance r between the N~ 0O groups, equal to 5 A, and the
geometry of biradical XL was refined: Thepiperidine ring in this biradical has the "twist" form. The study of
synthetic dipalmitoyllecithin membranes spin-labeled with the biradical XTI showed that their use as a probe is
more effective than the use of monoradicals for the investigation of the orientation and molecular organization
of membranes, since the anisotropy D~200 G is much greater than the anisotropy of the HFI (about 25 G).

A number of authors [126-128] have recorded structural transformations in membranes from the changes
in the ESR spectra, associated with a change in the intramolecular exchange interaction in biradicals.

In [126] a study was made of the change in the form of the ESR specirum of the biradical X1I in different
solvents and the outer membranes of nerve cells. Unfortunately, the authors cited did not achieve their main
aim, which was to record the conformational transitions in the membrane as an excitation potential passed
through the nerve. The explanation was that the probe was situated in regions which did not undergo conforma-~
tional changes, namely in the hydrophobic regions of the lipid fraction of the membrane.

The conformationaltransitions in mitochondrial membranes have been studied [127]. Changes inthe ESR spec-
tra ofthe probe XLII were produced by adding oxidizing substrates (succinate) and were decreased by adding inhibitors
of oxidative phosphorylation (Zn2+ions) . Unfortunately, the calculation of the kinetic characteristics — "frequencies" -
of spin exchange was not carried out correctly, so that only the qualitative interpretation of the results if of inter-
est The same can be said of [128], which describes a study of the conformational changes in membrane Nat,

—dependent ATPase.

0 Re—0  O—R,
i \P/
R,NHCO(CH,),S(CH,),CONHR, XLII
8 2)28 2)2 6 0w y XLIV 0/ \F
0 CHy XLIII

CHy

A study of the confor mational rearrangements in a photoreceptor membrane by means of the biradical
XLIV has been undertaken [129]. The subsequent development of this work appears extremely promising,

The next group of papers [130-132] described the use of the biradical XLII, which is a specific inhibitor
of esterases containing a serine residue in the active center of the enzymes. The probe XLIII combines with
the OH group of the serine and makes it possible to obtain information on the structure of the active center and
to measure the values of the inhibition constants. The following enzymes were studied: o-chymotrypsin [130-
132], cholinesterase [130, 131], trypsin, elastase, thrombin, and various subtilisins [131]. Attention was drawn
not only to the change in the mobility of the probe as a whole (and the relationship between the degree of re-
tardation of the biradical XLIII and the possible structure of the active center), but also to the change in the
intensity and form of the "exchange" components. Although a quantitative analysis of these effects was not
carried out, it was concluded in [130] that they are highly sensitive to the geometry of the active centers, since
a definite relative orientation of the paramagnetic fragments is necessary for intramolecular spin exchange to
take place.

The last group of papers [117, 118, 133, 134, 139] described the paired labeling of different amino acid
groups in proteins and in enzymes by monoradical spin labels. In the absence of intermolecular interaction
between the macromolecules, this system is the analog of a biradical., Measurement of the distances between
the labels makes it possible to characterize quantitatively the geometry of the macromolecule and the changes
which it undergoes in various rearrangements [117, 118, 133, 134], and the observation of spin exchange be-
tween the pair of labels makes it possible to reach conclusions regarding the dynamics of intramolecular
motion in biopolymers [133, 139].

Thus in [118] the distance between labels attached to the SH-5-93 group and the FG-4 histidine residue
of human hemoglobin was measured, and a decrease of 3.5 A in this distance was observed during the thermal
denaturation of the protein. In [117] an estimate was made of the distances between different functional groups
in lysozyme (histidine, lysines), myoglobin (histidines), and myosin (SH groups). An important feature is that
the results obtained for hemoglobin show satisfactory agreement with x-ray structural models of these proteins
[136-138].

In [133] the cyclic decapeptide gramicidin S was studied by labeling the two ornithine residues in the
molecule with a eyanuric chloride spin label and hence obtaining an analog of a biradical. At a temperature
above +30°C, spin exchange between the N—O fragments involving collisions was observed. The study of the
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temperature dependence of the relative intensity of the "exchange" components, and measurement of the dis-
tances between the N—O groups in ethanol and chloroform, made it possible to reach conclusions regarding the
spatial arrangement of the side chains of the modified ornithine residues in these solvents. These data show
good agreement with the existing model of gramicidin S,

In [139], measurement of the broadening of the biradical components of the ESR spectrum of the doubly
spin-labeled dinucleotide of uridylic acid was used to find the frequencies of the characteristic intramolecular
motion.

Spin-labeled nucleosides have been synthesized by using an appropriate nitroxide spin label to acylate the
21(3")-OH groups of ribose and the phosphate group in adenosine monophosphate (AMP) and guanidine mono-
and diphosphates. Spin exchange in aqueous solutions of a biradical derivative of AMP has been studied [142].

The determination of the geometry of a macromolecule by means of the paired attachment of spin labels
has been most fully and systematically used for the investigation of the conformational state of the biologically
active linear nonapeptide bradykinin [134]. Circular dichroism, 1*C NMR, and potentiometric titration data

-were used to carry out a theoretical conformational analysis of the bradykinin molecule. The four most ener-
getically favorable structures of this hormone were determined. By attaching two labels to different amino
acid groups, the authors cited [134] obtained six different "biradical" derivatives. By comparing the experi-
mentally measured distances between the labels with the results of the structural conformational analysis, it
was possible to establish the single conformation of the biradical formed in solution.

V. CONCLUSION

The data given in the present review clearly indicate that the ESR spectra of nitroxide biradicals are
extremely sensitive to even small changes in the conformational state of the molecules of the biradicals. By
studying the characteristic features of spin exchange and the dipole—dipole interaction between the paramag-
netic ceniers in biradicals, it is possible to extract definite information on their structure, the dynamics and
thermodynamics of conformational transitions, the delocalization of spin density (electronic "conductivity")
along chains of bonds in the molecule, and the possibility of collisions (and hence chemical reactions) between
groups separated in space in the same molecule. The use of biradicals as spin probes and labels makes it -
possible to detect fine changes in biologically important systems and to obtain unique information on their
intimate mechanisms. The subsequent extensive application of biradicals in these studies will probably provide
the answers to many unsolved problems in molecular biology.

The authors thank K. I. Zamaraev for interest in the work and for valuable comments during discussion.
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