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Photon Transfer Reactions in Free Radicals. Spin pH Probes

V.V.Khramtsov and LM.Vainer

The kinetics and thermodynamics of proton transfer processes with participation of short-lived and stable radicals are surveyed.
The extensive possibilities for the use of pH-sensitive nitroxy-radicals for the measurement of acidity in microheterogeneous
chemical and biological systems, including cells, are demonstrated.
The bibliography includes 102 references.
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I. INTRODUCTION

Proton transfer is one of the commonest reactions in organic
chemistry.1'2 The study of the proton transfer reaction is timely
because of its important role in acid and alkaline catalysis2'3 and in
technological and biological processes.4 The simplicity of these
reactions, which proceed without the interaction of the electron
shells of the reactants, making it possible to model the given
reactions by methods of theoretical chemistry and promoting a
deeper understanding of the nature and kinetics of the elementary
step in condensed media, has also attracted physical chemists.1'2'5

The large hydrogen isotope effect has stimulated numerous investi-
gations of such effects in proton transfer reactions. They serve as an
important test of the theory of isotope effects and yield significant
information about the mechanisms of the processes considered.5'6

As a consequence of the unique properties of the proton (the
absence of an electron shell, anomalous mobility), proton transfer
reactions are the fastest reactions occurring in solution; this gives rise
to methodological complexities in the study of the kinetic parameters
of such reactions. Relaxation methods (methods based on the
abrupt change in temperature, pressure, the electric field pulse, etc.)
as well as the NMR method (the study of the broadening of the *H
and 17O lines in the NMR spectra) are most often used to study the
kinetics of proton transfer.1 The relaxation methods are based
on the observation of the kinetics of the return of the system to the
equilibrium position (by optical or electrical procedures) after a
rapid change in external parameters; their application is restricted to
reversible proton transfer reactions. The NMR method is free from
this limitation, since its application is based on the analysis of the
form of the spectrum of the molecule participating in the reaction.
However, when it is used, it is essential to have large concentrations
of the reactants and, in the case of complex unresolved NMR
spectra, the problem of the interpretation of the experimental data
arises. Methods which make it possible to follow directly the state of
the reacting species in the course of the proton exchange process
(among the procedures indicated, the NMR method is of this kind)
are of greatest interest. Evidently, the development of new method-
ological approaches which yield quantitative information about the
kinetic and thermodynamic characteristics of proton exchange is a
problem of extremely urgent current interest. The use of the EPR
method, which is highly sensitive and makes it possible to observe

directly the paramagnetic reactant and to obtain quantitative
information about the kinetics of proton transfer, is promising. It
may be expected that the application of the EPR method to proton
transfer reactions in stable radicals will make it possible to employ
such reactions as model processes for securing quantitative informa-
tion about the influence of the steric factor, the solvent, and the
electron-donating and electron-accepting substituents on the kinetics
and equilibrium parameters of proton transfer. When a reversible
proton transfer reaction takes place in radicals, the pH may influ-
ence the EPR spectra of the radicals. The possibility of measuring
pH by the EPR method thus arises.

The measurement of pH is one of the most important problems in
chemistry and biology, since the occurrence of an enormous number
of chemical reactions and many processes involved in the vital
activity of cells and cell organelles depends on this quantity. The
electrometric method using glass electrodes is traditionally employed
for this purpose.7 Its main disadvantage is the large size of the glass
electrodes and the impossibility of introducing them into closed
structures (cell organelles, model membrane vesicles, etc.). Despite
the recent development of microelectrode pH measurements,8 this
limitation in most cases precludes the use of glass electrodes for the
measurement of local changes in pH (within the structures indicated,
at interfaces, etc.). Fluorescent probes and the NMR method are
therefore widely used nowadays in biological systems on the basis of
the influence of the pH of the medium on specific characteristics of
the spectra of these probles (fluorescence intensity, the chemical
shift).9"16 The application of fluorescent probes is restricted by the
complexities in the interpretation of the fluoresecence intensity,
which is sensitive to the interaction of the probe with the lipid
membrane, to the type of buffer employed, to the ionic strength of
the solution, etc. A significant limitation of the NMR method is its
low sensitivity. The employment of stable nitroxy-radicals (NR) as
pH probes is therefore promising, in view of the high sensitivity of
the EPR method and the major advances in the organic chemistry of
NR_ 17,18 T h e considerable influence of pH on the EPR. spectra of
stable NR observed recently19"21 makes it possible to take a fresh
look at the prospects for their employment in the study of the
mechanisms of proton transfer reactions and as pH probes.

The present review examines the results of studies of the influence
of pH on the EPR spectra of short-lived and stable radicals of
different types. The proton transfer in imidazoline and
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imidazolidine radicals has been considered in especially great detail,
because these radicals actually make it possible to obtain
information about the mechanism of the proton transfer and are
most promising for use as pH probes in various systems, including
biological systems.22

II. THEORETICAL EXAMINATION OF PROTON TRANSFER
REACTIONS IN RADICALS

The reversible proton transfer reaction (proton exchange)
between the conjugate base (the R radical) and acid (BH+) is
described by the equation

JIRH+ + B . (1)

A necessary condition for the application of the EPR method in
following the course of reaction (1) is a difference between the
magnetic-resonance parameters of the radical in the R and R H +

forms. In this case, reaction (1) should lead to rapid exchange
between the corresponding components of the EPR spectra of the
radicals in the R and R H + forms. The line shape of the EPR signal
G(X) in the case of rapid exchange involving two positions, corre-
sponding to the R and RH + forms of the radical, is described by the
equation23

(H-a R T R )( l + a R H + T R H + ) - l j ' ( 2 )

where Go is a constant coefficient, TR and IRH+ are the lifetimes of the

radical in the R and R H + forms respectively, pK = TR/(TR + TRH+),

.PRH + = fRH+/(tR + TRH+), «R = O / ^ Z ) R - iyX, «RH + — (1/72)RH + ~

iy(X + Δω/γ), Δω is the difference between the frequencies of the
corresponding lines in the EPR spectra of the radical in the R and
R H + forms, (T 2 )R and (T2)RU+ are the transverse relaxation times
of the radicals R and R H + respectively, and γ is the gyromagnetic
ratio of the electron. The variable X is linked to the "permanent"
magnetic field ϋΓ0 by the relation X = Ho - H$, where i/R is the
field strength corresponding to the centre of the EPR signal of the
radical in the form R.

In conformity with Eqn.(2), different cases of exchange are
realised experimentally: rapid (1/TR, 1/TRH+ > Δω), slow (1/TR,

1/TRH+ < Δω), or intermediate (1/XR, 1/TRH+ — Δω) in terms of the

EPR time scale. Regardless of the frequency of the R ?± RH +

exchange, the ratio TR/TR H+ can be determined from the EPR spectra
using Eqn.(2). On the other hand, analysis of Eqn.(2) shows that
the determination of the lifetimes TR and XRH+ is possible only in the
case of the intermediate exchange.23 In the presence of well resolved
lines in the EPR spectra, Eqn.(2) simplifies greatly and it is sufficient
to know the positions and widths of the lines in order to find TR and
TRH+·2 3 Knowing the ratio TR/TRH+, it is possible to determine the
equilibrium constant K:

K — klk [BH+][R] _ ..!g_[BH!L
[B][RH+] TRH+ [B]

When reaction (1) describes the exchange with a solvent proton
(BH+ = H£/V, i.e. a solvated proton), Eqn.(3) relates the
equilibrium constant Κ to the concentration of protons [H+], i.e.

(3)

The quantities TR and TRH+ determine the kinetic parameters of
reaction (1), namely the rate constants fc/and kr:

Λ _L [ B H + ] , kr = ~^-[B] m ( 4 )
T R TRH+

Thus in the cases indicated analysis of the form of the EPR signal
makes it possible to obtain quantitative information about the
thermodynamics and kinetics of the proton exchange in radicals.

In the case of irreversible proton transfer reactions in radicals, the
difference between the magnetic-resonance parameters of the R and
RH + forms permits the direct recording by the EPR method of the
accumulation (disappearance) of one of the forms of the radical.
The characteristic times accessible to investigation by the EPR
method are limited by the time required to "start" the reactions (for
example, in the stopped flow method, the time taken to mix the
reactants is ;>10"3 s).

III. PROTON EXCHANGE IN SHORT-LIVED RADICALS

Changes in the EPR spectra of a series of alcohol radicals ROH
in an acid medium have been observed.24"26 These changes are
manifested by the reversible merging of the lines of the doublet,
which arises from the hyperfine interaction (HFI) with the hydroxyl
proton, to a singlet as a consequence of the proton exchange:

(5)

Reaction (5) alters the projection of the nuclear spin of the hydroxyl
proton of the ROH radical and thus leads to frequency exchange
between the lines of the doublet due to the HFI with the given
proton. Analysis of the positions and widths of the lines in the EPR
spectra of the ROH radicals made it possible to determine the
proton exchange rate constant k\, which is in the range 6.5 χ 106 to
1.8 χ 108 litre mol"1 s"1. The temperature variation of the rate
constant for the protonation of the hydroxymethyl radical k\, char-
acterised by the activation energy AE = 2.8 kcal mol"1, has also
been found.26

Whereas the influence of pH on the EPR spectra is a consequence
of the protonation of the OH group in hydroxyalkyl radicals in an
acid medium in the studies24"26 mentioned above, in other investiga-
tions27"29 such influence was caused by the deprotonation of the OH
group in accordance with the reaction

ROH -|- OH" + H2O . (6)

The difference between the EPR spectra of the ROH and RO" forms
made it possible to determine the pK of the radicals investigated
and, in the two cases where intermediate exchange was observed,
also the rate constants: pK = 11.51 and ki = 7 χ 109 litre mol^s" 1

for the radical CH3CHOH and pK = 1203 and kx = 9 χ 109

litre mol"1 s"1 for the radical (CH3)2CHOH.27"29 It is noteworthy
that, in the case of slow and intermediate exchange, the EPR spectra
of the test radicals28 had a very complex form at pH 2* pK.
Therefore 1 Μ orthophosphoric acid with pK = 12.32 was added
to the solution of the radical. The rate of proton exchange then
increases,30'31 which simplifies the EPR spectrum. The essential
feature of the proposed approach can be readily understood by
considering all the proton exchange reactions with participation of
the radical and the added buffer B:30

(a)

(b)
(7)

which leads to the possibility, in principle, of using radicals as pH
probes.
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The quantities pKx, pK2, and pK3 are linked by the relation31

The addition of a buffer to the system alters only the kinetic
parameters of the R ?± R H + exchange (TR, TRH+), while the
equilibrium in this reaction (TR/TRH+) is undisturbed:

(8)

(a) 1/τκ = ,

(b) 1/TRH* = k_s [B] = *_3B0/(l + 1 0 p / ^ p H ) ,

(c) + p ^ p H

(9)

where Bo = [B] + [BH+] is the buffer concentration; here it is
understood that fc3[BH+] > ki[H+], and fc_3[B] > fc_i. According
to Eqns.(9), the most effective acceleration of the exchange (decrease
in TRH+ and TR) is observed under conditions where pK\ <x pK2.

The proton exchange reaction between two forms of the glycine
radical has been investigated:

NH2-CH-COO- +H2PO7 £ NHt—CH—COOH + ΗΡΟΓ. (1Q)

In the absence of a buffer, the proton exchange via reaction (7a)
leads to slow exchange between the corresponding lines of the EPR
spectrum of the glycine radical. The addition of the phosphate
buffer (pK2 = 6.4) made it possible to pass to the region of the
intermediate exchange and to calculate the rate constants for the
proton exchange reaction (10): k$ = (2.5 + 0.5) χ 109 litre mole"1 s"1

and Jfc_3 = (1.4 ± 0.5) χ 109 litre mol"1 s"1. Rapid R ?± R H +

exchange occurs in 0.5 Μ phosphate buffer and pK\ = 6.65 for the
carboxy-group in the glycine radical was calculated from the pH
dependence of the HFI constants: «^(pH) and ON(PH). In the
analysis of the a(pH) dependences use was made of Eqn.(ll), which
can be readily obtained for the case of rapid exchange from Eqns.(2)
and (9c):

where <ZR and <JRH+ are the HFI constants of the radicals in the R
and RH + forms respectively.

An interesting case of the manifestation of the deprotonation of
the OH group has been observed32 in a hydroxynitroxy-radical:

\| I
/\N/\H

I
Ο-

ι = a R ° H = 14.45 G

g = 2.0057

+H2O ;
(12)

g = 2.0057

The protonated (ROH) and deprotonated (RO~) forms of the radical
differed in their HFI constants. In the region where pH a: pK, the
rapid ROH τ± RO~ exchange was observed and the a-s = α $̂(ρΗ)
dependence was described by Eqn.(ll).

The influence of pH on the EPR spectra of a series of spin
adducts formed in the reaction

(13)

R=OH,Oj(HO2),CH2OH,O4 .

has been observed.33 The change in the EPR spectra of the short-
lived NR formed via reaction (13) in the pH range 2—5 was
explained by the authors of the above study by the protonation of

the N(3) atom. A number of studies34"38 have been devoted to the
investigation by the EPR method of the proton exchange reactions
in semiquinone, semidione, and other short-lived radicals.

Thus the manifestations of the proton exchange in the EPR
spectra of short-lived radicals have been fairly thoroughly investi-
gated. Analysis of these spectra makes it possible to measure both
the equilibrium constants of the proton exchange reactions and the
bimolecular protonation constants. It has been noted in a number
of studies that the pK of the radicals are appreciably lower than
those of the corresponding diamagnetic molecules,27"31 which has
been attributed to the electron-accepting influence of the radical
centre. The protonation constants are in the range 5 χ ΙΟ6—1010

litre m o l " 1 s-1.24-26,28,30,31,35-37

The use of the radicals considered as pH probes is in general
impossible as a consequence of their instability.

IV. PROTON EXCHANGE IN STABLE NITROXY-RADICALS

As can be seen from the previous Section, the presence of groups
capable of being protonated (deprotonated) in the structure of the
radical in the immediate vicinity of the radical centre leads to a
difference between the EPR spectra of the protonated (RH+) and
deprotonated (R) forms of the radical. However, the simultaneous
fulfillment of two requirements—the presence of a functional group
near the radical centre and the stability of the radical—is not easy.
The manifestation of proton exchange in the EPR spectra of stable
radicals has therefore been recorded only in rare instances.

The greatest changes in the parameters of the EPR spectra of NR
are to be expected when the latter are protonated at a radical centre
where the main bulk of the spin density is localised.

1. Protonation of Nitroxy-radicals at the Radical Centre

The spin density in di-t-alkylnitroxy-radicals is localised mainly on
the nitroxy-fragmnent [po ^ 0.6; PN ( 1) =* 0.4 3 9 ] , in nitronylnitroxy-
radicals (NNR) it is localised on the two nitroxy-groups [pN(i> —
PN(3> ^ 0.22; po(6) — ρδ(7) — 0.21 3 9 ] , while in iminonitroxy-radicals
(INR) it is localised on the nitroxy-fragment and nitrogen of the
imino-group [p?j(1) m 0.38; pS(6) ^ 0.4; ρ&(3) as 0.16 ^

A·
di-t-alkyl nitroxide nitronyl nitroxide iminonitroxide

The Ν—Ο fragment in NR is protonated only in acid media.41"43

Such protonation of the radical (I) in aqueous 80% sulphuric acid
solution increases the constant α^ΔαΝ = 5.7 G) and decreases the
g-factor (Ag = 0.0013) of the radical and also leads to the appear-
ance of additional doublet splitting (aH = 3.12 G) due to the HFI
with the added proton:43

I v/

o·

(I)

aN=15.87G
g = 2.0059

\l .
/\ N /

ι
o·

(II)

°N(3) = 7
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For the majority of NR, protonation at the oxygen atom of the
Ν—Ο fragment cannot be observed, since in aqueous solutions this
process is accompanied by the disproportionation of the NR to the
corresponding oxoammonium and hydroxyammonium cations.44

The protonation of the oxygen atom in the same fragment of NNR
in aqueous solutions has not been observed as a consequence of the
disproportionation of these radicals in an acid medium.45 However,
in benzene, in the presence of trifluoroacetic acid, it has been pos-
sible to observe the EPR spectrum of the radical (II) protonated at
the oxygen atom of the nitroxy-group; the constants of the HFI
with both nitrogen atoms then decreased (ΔαΝ = 1.8 G; Aa'N =
2.8 G) and an additional doublet splitting appeared due to the HFI
with the added proton (aK = 4.7 G).4 5

In contrast to the di-t-alkylnitroxy-radicals41"43 and the nitronyl-
nitroxy-radicals,45 protonated at the nitrogen atom of the imino-
group N(3), which is more basic than the nitroxy-group, has been
observed for INR: 4 0 · 4 6

-N

jl-x

H20

\
i / t

. N . - H 0 H H ^

JL_x

I I
o- o·

(III) X = Ph; pK = 1.9;
flN(D=9.9G; a N ( 3 ) = 4 . 5 G
(IV) X = NH 2 ; pK = 6.4;
(V) X = N (CH,)2; pK = 6,8

I
O'

«N,,, = 6.2G
eN<,> = 4.9G
a H = 4 . 6 G

The large spin density in INR at the N(3) atom is responsible for the
greater changes in the constants of the HFI with the nitrogen atom
when the latter is protonated [Eqn.(14)]. The constant for the HFI
with the added proton an in the protonated form of the radical (III)
at pH > 1 is not observed as a consequence of the rapid (in terms
of the EPR time scale) exchange [via reaction (14)]. The determina-
tion of the Η + concentration at which additional doublet splitting
due to the HFI with the added proton appears in the EPR spectrum
of the radical form (III)-H+ made it possible to estimate the lifetime

I
of the = Ν···ΗΟΗ hydrogen bond in the radical (III): τ Η =* 2 χ
10"10 s.46 The condition for the rapid R ?± RH + exchange in the
radical (III) makes it possible to determine the lower limit to the
bimolecular protonation constant: k\ > 5 χ 107 litre mol"1 s"1.
According to other data,40 the averaging of the signals of the R and
R H + forms of the radical (III) is incomplete and the exchange has

a measureable effect on the position and width of the lines of the
EPR signal; this made it possible to calculate the rate constant for
the protonation of the radical (III): k\ sa 109 litre mol"1 s"1. The
values of k\ have also been obtained for three other INR and were
found to lie in the range 3 χ ΙΟ6—109 litre mol"1 s"1.40

Iminonitroxy-radicals can also form equilibrium complexes in
aqueous solutions not only with the proton but also with a series of
diamagnetic metals [Hg(II), Zn(II), Cd(II); Ag(I), etc.40·47]. Complex
formation with participation of the N(3) atom in the INR and of the
metal leads to a change in the HFI constants a^\) and flN(3), which
can be recorded by EPR, and to the appearance of HFI with the
nucleus of the metal [the HFI constant aH g ^ 40 G for Hg(II) ^J.

Among the radicals investigated in a series of studies,40"43'45·46

only two [(IV) and (V)] can be used as pH probes in aqueous solu-
tions in the pH range of practical interest. However, the interpreta-
tion of the EPR spectra of the radicals (IV) and (V) at pH ~ pK is
extremely complex, since these spectra are formed as a result of the
superposition of the signals of the R and RH + forms, in each of
which HFI with three non-equivalent nitrogen atoms and protons of
the substituent X is manifested.40

2. Protonation of the Functional Groups of Nitroxy-radicals

The influence of pH on the EPR spectra of radicals of the
piperidine type [(VI) — (VIII)] containing functional groups capable
of being protonated (deprotonated) at C(4) has been observed:48

NH 2 COOH HjCCONH COUH NH 2 CONHCH2COOH

(VII),

N "

I

o·
( V I ) , p K = i

O"
(VIII), pK = 5.8

I
o·

(IX)

A decrease in the HFI constant a-siAa-^ = 0.15 — 0.3 G) and an
increase in the g-factor (Ag ~ 0.0001) have been observed for these
radicals with decrease in pH. On the other hand, the EPR spectrum
of the radical (IX), which has no group capable of protonation at
C(4), did not change over the pH range 2-12. The authors48

therefore explained the observed changes in the EPR spectra by the
reversible protonation of the amino-group in the radicals (VI) and
(VIII) and the deprotonation of the carboxy-group in the radical
(VII). The slow exchange between the R and RH + forms of the
radicals (VI) —(VIII) leads to the asymmetry of the EPR spectra,
which is manifested most markedly by the decreased intensity of the
high-field component. It has been suggested that the pH dependence
of the consant «N and also of the parameters characterising the
asymmetry of the signal (the ratio of the intensities of the central
high-field components, etc.) be used to determine the pK of the
radical by the EPR method. The pH dependence of a^ can be
employed to determine the pK also in the absence of the asymmetry
of the signal, as in the case of the rapid R ?± RH + exchange. The
sensitivity of the EPR spectrum of the radical (X) of the piperidine
type, with the NH 2 group at C(4), to the pH has been reported.49

However, the authors49 did not interpret the observed slight increase
in the HFI constant (ΔαΝ ~ 0.13 G) in the alkaline pH range 8 to
10.5, which in our view is due to the deprotonation of the NH2

group (pis: = 9.5 5 0 ):

NOH Ph

Ν—ΝΗ-

N O H , |

V_c—N—C-
x I I I

o·

(XII)

COOH

\

\ !

\l/\N/
ι
o-

(XIII)

V
\

\\ΌΗ

,OH

I

o·
(XV)

(XVII)

I

o·
(XVI)

For another radical of the piperidine type with the = NOH group at
C(4) [the radical (XI)], an increase in ON iQ a n alkaline medium has
also been observed (ΔΟΝ = 0.16 G).5 1 The observed reversible
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change in a N over the pH range 10—12.8 was explained by the
reversible deprotonation of the = NOH group. This is confirmed by
the similar pK values found by the EPR method from the depen-
dence of a N on pH for three radicals of different types containing
the =NOH group:51 the piperidine type radical (XI) (pK = 11.35;
Aas = 0.16 G), the acyclic di-t-alkylnitroxy-radical (XII) (pK =
11.55; ΔΟΝ = 0.34 G), and the radical (XIII), which is of the
3-imidazoline 3-oxide type (pK = 10.7; ΔαΝ = 0.22 G). Much
lower pK values have been found for the 3-imidazoline 3-oxide type
radicals (XIV) and (XV) with other functional groups, amounting to
1.6 and 1.9 for the = N - N H group in the radical (XIV) (ΔοΝ =
0.47 G) and the COOH group in the radical (XV) (ΔΟΝ = 0.15 G)
respectively. A difference between the EPR spectra of the R and
R H + forms of the imidazolidine type radicals (XVI), which are
analogues of hydroxamic acid (pK = 7.0; Δ«Ν = 0.24 G), and the
pyrrolidine type radicals (XVII) with the carboxy-group at C(4)
(pK - 3.5; ΔαΝ = 0.31 G ) 5 1 has also been observed. The influ-
ence of pH on the EPR spectra of the pyrrolidine type radicals
(XVIII)-(XXI) has been reported recently:52

COOH CONH2

0"
(XVIII)

I

ο
(XXI)

CONH,

/

The spectra of these radicals at pH 2 and pH 12 differed in the
values of the HFI constant (ΔαΝ = 0.3—0.5 G). However, in
contrast to Nakie et al.48 and Khramtsov et al.,51 Matthew and
Dodd52 presented no data concerning the pH dependence of the
parameters of the EPR spectra (aN, ^-factor), so that the question of
the pK of the groups protonated in the radicals (XVIII)—(XXI)
remains open. The prospects for the use of these radicals as pH
probes are also obscure. We may likewise note that the difference
between the EPR spectra of the R and R H + forms can be deter-
mined by the influence of the protonation of the functional groups
of the radical on its intermolecular or intramolecular interactions.

Changes in the EPR spectra of a series of radical analogues of
histidine (XXII) have been observed as a function of pH:5 3

HNN
— Η

CH 2

+H3NCHCOO-
(XXII)

N-»O Ο—Ν Ν

v \^
CH2 CH 2

+H,NCHCOO- +H3NCHCOO-

(XXIII) (XXIV)

The protonation of the carboxy-group in the radicals (XXIII) and
(XXIV) altered the constants for HFI with the non-equivalent
β-protons of the methylene group. This was explained by the ion—
dipole interaction between the electron-deficient nitronylnitroxy-ring
[for the radical (XXIII)] or the iminonitroxy-ring [for the radical
(XXIV)] and the carboxylate anion. The protonation of the
carboxy-group disturbs such interaction and shifts the equilibrium
between the conformations responsible for the non-equivalence of
the constants for the HFI with the methylene protons. An
analogous ion—dipole interaction between the imidazole ring and
the carboxylate ion in histidine has been observed by NMR.5 3

The pH influences the EPR spectra of the spin-labelled aliphatic
acids (XXV) and (XXVI) in an aqueous lecithin suspension:54

I

ο·

/(CH^COOH

NCH^CH,

(XXV) m = 12, η = 3
(XXVI) m = 5, η = 10

The spectra of the radicals (XXV) and (XXVI) have the form
characteristic of immobilised radicals and the order parameter S,
characterising the degree of hindrance of the rotation of the NR,5 5

depended on the pH of the medium in the pH range 4—7. Since no
influence of the pH on the EPR spectra of the methyl ester of the
radical (XXVI) was observed under these conditions, the pH-
dependent changes in the spectra of the radicals (XXV) and (XXVI)
were explained54 by the deprotonation of the carboxy-group. Since
the carboxy-group is very remote from the Ν—Ο' radical fragment
in the radicals (XXV) and (XXVI) [in the radical (XXVI) they are
separated by a chain of 10 CH2 groups], the observed differences
between the EPR spectra of the protonated and deprotonated forms
of the radicals are apparently entirely due to the interaction of both
forms with the lipid phase, which leads to a difference between then-
rotational characteristics manifested in the EPR spectra.

The influence of pH on the EPR spectrum of the NR (XXVII) in
an aqueous suspension of lipid vesicles (liposomes) has been
investigated:56

CH3(CH2)5NH N-O·

In this medium, the radical (XXVII) is distributed between the
aqueous and lipid phases, the EPR signal in the lipid phase being
greatly broadened as a consequence of immobilisation. The parti-
tion coefficient of the radical (XXVII) between the aqueous and lipid
phases varies by a factor of ~ 10 in the pH range 3.5 — 11.5, which
has been explained by the difference between the partition
coefficients of the form of the radical (XXVII) protonated at the
third nitrogen atom linked to the C(4) atom and of its non-
protonated form. The radicals (XXV) and (XXVII) have been
used57'58 to investigate the transmembrane proton transport through
a model phospholipid membrane. The different permeabilities of
the membranes to the R and R H + forms of the radical (X) have
been used to determined ΔρΗ on natural membranes.50'59'60 Since
the sensitivity of the EPR spectra of the radicals (XXV)-(XXVII)
to pH is observed only when the solution contains the lipid phase,
their use for the direct measurement of pH in general is not possible.

In 1982, the influence of pH on the EPR spectra of NR of the
imidazoline and imidazolidine types was observed independently in a
number of studies.19"21 Rapid proton exchange between the R and
R H + forms of the radicals (XXVIII) and (XXIX), differing in the
HFI constants (ΔΟΝ ^ 1.2 G) was noted by Keana et al.19 Khram-
tsov et al.21 observed different cases of proton exchange (rapid or
slow) for the radicals (XXX)-(XXXIII), whose R and R H + forms
differed both as regards the HFI constants (ΔαΝ = 0.8 —1.2 G) and
the g-factors (Δ^ = 0.0002-0.0003). As a consequence of such
appreciable differences, the radicals of the imidazoline and imid-
azolidine types are most promising for the study of the mechanisms
of the proton exchange reactions by EPR and also for use as pH
probes:
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Figure 1. EPR spectra of an aqueous solution (at a concentration of
5 χ ΙΟ"4 Μ) of the radical (XXXI) at different pH in the X-band
(a), g-band (b), and the 2-mm band (c) at 23 °C.21

observe the doublet splitting of two (in the β-band) or all three (in
the 2 mm range) components of the triplet (Fig. 1) the EPR spectrum of
the radical (XXXI). It has been shown21 that the observed effect is
associated with the protonation of the N(3) atom in the radical
(XXXI) and with the difference between the HFI constants ON and
the g-factors of the R and R H + forms.

This conclusion has been confirmed, firstly, by the similarity of
the pK values for this radical measured potentiometrically and by
EPR.61 The dependence of the function/= /RH+/(/R + /RH+)
(Λαΐ+ and /R are the intensities of the EPR signals of the R H +

and R forms respectively) on the pH was used to determine the pK
by the EPR method (Fig.2). Previously this function had been
employed62 to describe the distribution of the radical (I) between the
aqueous and lipid phases:

\

K N / 7

ι
o

(XXXIV)

CH

o·
(XXXV)

Secondly, the HFI constants and the g-factor of the radical (XXXI)
in the R H + form are close to the corresponding values for the
imidazolinium salt (XXXIV) (Table 1). Thirdly, the effect of pH on
the EPR spectra of the radicals (I) and (XXXIV), in which the N(3)
atom capable of being protonated is absent, has not been observed.

Μ

0.5

aN,G

16

- 15

1 S 6 pH

Figure 2. The pH dependence of the function /—/ = /R/(/R +
JRH+) (curve 1) and of the HFI constant ON (curve 2) for the radical
(XXXI).61

3. Proton Exchange in Nitroxy-radicals of the Imidazoline and
Imidazolidine Types

(a) Manifestation of the protonation of the N(3) atom in radicals of
the imidazoline and imidazolidine types in EPR spectra. The influence
of pH on the EPR spectra of one of the radicals—an imidazolidine
derivative (XXXI)—is illustrated in Fig.I.21 In the pH range 3.5-6,
the high-field component of the EPR spectrum in the Arrange
(Fig.la) is split into two resolved components, whose relative
intensities vary reversibly with pH. This form of the spectrum has
been explained by the superposition of two triplet EPR spectra
differing in the HFI constants and g-factors. Indeed, the use of
spectrometers with a higher working frequency made it possible to

The ρΛΓ found by the EPR method, the HFI constants, and the
g-factors are listed in Table 1 for a series of radicals of the imid-
azoline and imidazolidine types.

The EPR spectrum of the radicals (XXXI) and (XXXIII) with
pK > 3 in the region where pH =* pK represents a superposition of
the spectra of the R and RH + forms of the radical, which is due to
the slow R z± R H + exchange.61 In this case, the pK of the radicals
were determined using the pH dependence of/(Fig.2). It is note-
worthy that the pK of the radicals determined in this way can differ
in general from the true values as a consequence of the different
widths of the high-field components of the spectra of the R and
R H + forms. However, for the radicals investigated (Table 1), these
differences are small (;$5%) and can lead to an error not greater
than 0.1 in the measurement of the pK. In the X-range, the pH
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dependence of the quantity aN (Fig.2), measured as the distance
between the first and second components of the triplet, can be used
together with the functions/for the determination of .the pK of the
radical; here a^(pK) = (atf1* + eJ)/2 (αβ11* and afe are the HFI
constants for the RH + and R forms respectively). Two resolved
signals in the third component of the EPR spectrum were not
observed for the radicals (XXXII) and (XXXV) in the pH a pK
region. The change in pH led to a reversible change in the param-
eters of the triplet EPR spectra of these radicals, namely the HFI
constant and the g-factor, which can be explained by the rapid
proton exchange R ?± RH + . In this case, the pK of the radical can
be calculated from the conditions leading to agreement between the
experimental curve and the curve calculated by Eqn.(ll) and also
from the condition

Table 1. The pK values, found by EPR, the calculated and
experimental HFI constants <zN, and the g-factors for the R and
RH + forms of certain radicals of the immidazoline and
imidazolidine types.21'61'63

Radical

(XXXI)

(XXXII)

(XXXIII)

(XXXIV)

(XXXV)

pK (=0,1)

4.7

1.3

6.1

—

0.8

^-Factor*

RH+

2.0057
2.0046**

2.0057
2.0047

2 0057
2.0048

2.0057
2.0047*·

2.0057
2,0046*·

(±0.0001)

R

2.Π054
2.0044**

2.0055
2.0037·*

2.0054
2.ΟΠ36

—

2.0054
2,0036**

flN(*0.05).G

RH+

14.85
6,03·*

14.05
5.74*·

10,22*»·

15.05
5.73**

14.80
5,78*·

15.00
5.79**

R

16.in

7.29**
15.85
7.22**

11.22**·

15.80
7,26**

—

15.85
7.24*··

* The experimental g-factors, determined by Khramtsov and co-
workers,21·61 are displaced relative to the tabulated values by the
constant amount Ag = 6 χ 10"4 as a consequence of a systematic
apparatus error.

** Calculated values (without allowance for solvation effects).61

*** Calculated values (with allowance for solvation effects).64

As can be seen from Table 1, when the N(3) atom is protonated,
the changes in the g-factor are (2—3) χ 10"4 and those in the HFI
constant are 0.8 — 1.2 G. Additional evidence for the possibility of
such large changes in the parameters of the EPR spectra of NR of
the imidazoline and imidazolidine types on protonation of the N(3)
atom has been obtained by quantum-chemical methods.61

(b) Quantum-chemical calculations of the HFI constants and g-factors
of radicals of the imidazoline and imidazolidine types in the protonated
and non-protonated forms. Quantum-chemical calculations of the
electronic structures of the radicals have been carried out61 by the
restricted and unrestricted Hartree—Fock methods in terms of the
INDO approximation.65 In the calculation of the g-factor by the
restricted Hartree—Fock method, the molecular orbitals were

calculated by Stone's method.66 The available experimental data
for the geometries of the analogous imidazoline radicals with the
iV-oxide linkage were used for the radicals (XXXII)-(XXXV).67 In
the calculation of the electronic structure of the radical (XXXI), the
geometry of the corresponding hydroxypyrrolidine was attributed to
the latter.68

The constants for the HFI with the N(l) atom (aN) and the
g-factors for the above radicals, calculated theoretically and found
experimentally,61 are compared in Table 1. The calculated constants
aN differ appreciably from the experimental values owing to the
approximate nature of the INDO method used in the calculation.65

However, the characteristics of the changes in the HFI constants on
passing from uncharged to charged forms are reproduced quite
satisfactorily. In these radicals, the spin density is localised mainly
on the N - O π orbital (pfr ~ 0.31; ρδ m 0.67). When the N(3)
atom is protonated, the splitting of the levels of the π orbitals of the
Ν and Ο atoms increases under the influence of the field of the
positive charge and the relative electronegativity of the oxygen atom
diminishes: as a result of this, the antibonding orbital of the
unpaired electron is localised to a greater extent on the oxygen atom
and to a lesser extent on the nitrogen atom (ρκ = 0.26; ρδ =
0.72). The sum pfr + ρδ then remains almost constant. Since the
constant α-χ is linked to the π-electron spin populations by relations
of the type65 αΝ = β^Ρκ + βοΡο, where Q$ > 0 and Q% < 0, the
above redistribution of spin density on protonation of the N(3) atom
does in fact diminish the constants a^.

The values of aN for the R and RH + forms of the radical
(XXXII) have been calculated recently64 taking into account solva-
tion within the framework of a solvate model.69 As can be seen
from Table 1, allowance for solvation ensures the best agreement
between the calculated and experimental values of aN with retention
at the same time of the difference between the a^ for the two forms
of the radical, amounting to 1 G.

It follows from Table 1 that, in agreement with experiment, the
g-factors of the protonated radicals are close to one another and do
not differ from the g-factor of the imidazolinium salt (XXXIV). The
non-protonated radicals are also characterised by a similar g-factor
[with the exception of the radical (XXXI), whose geometry has been
estimated tentatively by Khramtsov et al.61]. The g-factors of the
protonated radicals are appreciably greater than those of the non-
protonated radicals.

Analysis of the calculated data has shown that this increase in the
g-factors is caused mainly by the increase in the component of the
g-tensor Agzz = 0.0034 corresponding to the direction of the N—O'
bond. The main contribution to this component (Agzz = 0.0042)
comes from the transition from the molecular orbital corresponding
approximately to the orbital of the unshared electron pair of oxygen
η to the orbital of the unpaired electron π|, whose admixture in the
ground state is determined mainly by the spin—orbital interaction at
the oxygen atom.

The above analysis has confirmed that the effects associated with
the protonation of the N(3) atom can induce changes in the
constants ON and in the g-factor, which have been observed experi-
mentally, and thus serves as yet another confirmation of the validity
of the assignment of the EPR spectra by Khramtsov et al.61

(c) The equilibrium constants of the proton exchange in radicals and
their relation with the character of the frequency exchange in the EPR
spectra. The influence of the protonation of the N(3) atom on the
EPR spectra of a large series of radicals of the imidazoline and
imidazolidine types has been investigated.51 Table 2 presents the pK,
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the HFI constants, and the g-factors for the radicals (XXXVI)-(LI)
in the protonated and deprotonated forms found by EPR and also
indicates the character of the R τ± RH + exchange.

,S Ph. Ph.
=.-=-.Ν ( χ χ χ ν ί ) X-.=CII =N—NH—C'—Ml·. V -_,N N

(XXXVII) X = C H - N - O H \ | s

(XXXVIII) X = -C-- = O

O· CH3

(XXXIX) X =C,,1!4-OCH3-/!
(XL) X = C = N — K H 2

CH:,

I
o-

(XLI)

ΟΗ,ΟΙΙ Π
\ /

ι. k
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CH» Η

\l
I\N/

i
ο
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ο·

(XLIV)

o·
(XLV)

radicals (XLVIII) and (XLIX), yet another pK has been observed
(Table 2) in the region of low pH values, which, as for the radicals
(L) and (LI), has been explained by the protonation of the enamino-
keto-group. It is known that the vast majority of enaminoketones
are protonated at the oxygen atom.71'72 The protonation of the
radicals (XLVIII) — (LI) at the oxygen atom is described by the
equation

/ C H \ -
(H) >CH3(H)

OH
(15)

where X are substituents. The positive charge on the RH + form is
then mainly localised at the N(3) atom, which explains the similarity
of the values of Δα^ and Ag for the protonation of the radicals
(XLVIII)-(LI) and of the N(3) atom in radicals of the imid-
azolidine type (Table 2).

CH
(XLVII) X1 = Η Χ 2 ^ΝΟο

(XLVIII) Χχ =-- Η X 2 = C — C H 3

II
Ο

(XLIX) X1 =. Η X2=C—(CHo)4—COOH
!|
Ο

(L) X1 = CH3 X 2 = C — C H 2 — Ν

I
o·

(XLV!)

ο

(LI) X l =. CH3 X 2 = C —

-O'

The protonation of the N(3) atom in the given radicals is accom-
panied by appreciable changes in the FFI constants a^ (Aa^ = 0.8
to 1.3 G) and in the ̂ -factor [Ag = (2-3) χ 10"4]. The values of
pK for the imidazoline radicals correspond to the region of low
pH values [pAT < 3, with the exception of the radical (XXXIII),
which has pK = 6.1]; they are smaller than the pK of the imid-
azolidine radicals \pK = 3.0-4.7 for the radicals (XXX), (XXXI),
and (XLIII)-(XLVI)]. The smaller pK of the radicals compared
with the pK of the corresponding diamagnetic molecules of imid-
azolines and imidazolidines19*51 have been explained by the electron-
accepting influence of the nitroxy-group. Indeed, pK = 1.9 for the
radical (XXXII), which is appreciably less than the pK of the
corresponding diamagnetic analogues (LII) and (LIII):61

CH,
\

\

OH
(LII), pK =--3.85

CH 3

\ N /

OCH3

(LIII), pK — 3.85

We may also note that pK = 11.15 for the =NOH group in the
radical (XLII) [cf. the radical (XIII)] and pK = 2.0 for the COOH
group in the radical (XLIV) [cf. the radical (XV)] 5 1 have been found
by EPR. The high pK = 7.8, found by EPR for the imidazolidine
radical (XLVII), is associated with its deprotonation in the 3-posi-
tion. The deprotonation of this radical has been demonstrated
chemically.70 The deprotonation in the 3-position is also responsible
for the change in the EPR spectra of the imidazolidine radicals
(XLVIII) and (XLIX) in an alkaline medium (Table 2).51 For the

Table 2. The values of pK, aN, and g-factors for the R and RH +

forms of certain radicals of the imidazoline and imidazolidine types
as well as the character of the R τ± RH + frequency exchange.51'63

Radical pK (±0.1)

(XXX) 3.0
(XXXVI) ~-i). 2
(XXXVII) 0.1
(XXXVIII) 0.2
(XXXIX) 1.2
(XL) 2.5
(XLI) 0.6
(XLII) 1.0
(XLII) 11.15
(XLIII) 3.85
(XLIV) 2.0
(XLIV) 4.3
(XLV) 4.5
(XLVI) 4.35
(XLVII) 7 8
(XLVIII) l . l
(XLVIII) 13.25
(XLIX) 1.0
(XLIX) 13.5
(L) —0.7
(LI) 0.2

^-Factor

RH+

2.0057**
2.005
2.005
2-0(0
2.005'
2.005
2.000

**

2.0O58
2.0057
2.0057
2.0058
2.0058
2.0057
2.0057
2.0056
2.0057
2.0056
2.0057
2.0056
2.0058
2.0058

±0.0001)

R

2.0054"
>UO55
,.0055
2.0055
-.0054**
i.0055
2.0(155
2.0057
2.0056
2.uO55
2.0058
2.0055
2.0055
2.0055
2.0055
2.0056
2.0055
2.0056
2.0065
2.0055
2.0055

eN(±0.02).G

RH+

14.85
14.80
14.85
14.93
15.00
15.03
14.95
14.69
15.12
14.89
14.60
14. /6
14.72
15.02
15.29
15.03
15.47
15.03
15.46
14.20
14.40

ύ

16.20
15. uG
15.64
15.81
15.85
15.77
15.65
15.13
15,35
15.96
14 7G
15.92
15.89
16.18
15.75
15.46
15.98
15.47
15.92
15 41
15.57

Character
of

exchange

*r = rapid, i = intermediate, and s = slow (in terms of the EPR
time scale).
**See first footnote to Table 1.

The relation between the character of the R ?± RH + exchange
and the pK of the radical has attracted attention: for radicals with
pK > 3 and also for the radicals (XLVIII) and (XLIX) with pK =
13.25 and 13.5 respectively, a rapid exchange has been observed,
while in the case of the radicals with pK = 3—8 a slow exchange
has been observed (Table 2). This has been explained in two
investigations.51'61 In aqueous solutions, the proton exchange
between the R and RH+ forms is described by two mechanisms:

(16)
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(Π)

The condition for slow exchange requires that the reciprocals of the
lifetimes of the radicals in the R and R H + forms (1/TR and 1/XRH+
respectively) should be appreciably smaller than the difference
between the frequencies of the EPR signals of these forms Δω:

1/*R, 1/τΚΗ+«^Δω /io\
yioj

For the mechanism (16), which is the main one in an acid medium,
we have

where ΚΛ = k¥i/ltf* is the equilibrium constant of reaction (16) (by
definition Ka = 10"p*). For the mechanism (17), which is the main
one in an alkaline medium, we have

l/rRH+ = k?H~[OH"] = *?H" χ 10pH -14, (20)

On substituting Eqns.(19) and (20) in Eqn.(18), we obtain the condi-
tion for slow exchange:

lg (*Γ/Δω) < pK, pH < 14 - lg (*?Η7Δω) . (21)

a: fc°H"For diffusion-controlled proton exchange reactions,
1010 litre mol"1 s"1 ! and Δω α 107 s"1 for the protonation of the
N(3) atom (Fig.2). On substituting the values of fci1*, fc?H', and Δω
in Eqn.(21), we obtain the condition for the slow frequency exchange
in the EPR spectra for diffusion-controlled proton exchange reac-
tions:61

(22)

This condition is satisfactorily consistent with the available experi-
mental literature data. Indeed, for the radicals (III),46 (XXVIII),19

(XXXII), (XXXV)-(XXXIX), (XLI), and (XLII)5 1 with pK < 3,
the hydroxynitroxy-radical (pK = 12.96),32 a series of alcohol
radicals,28 and the radicals (XLVIII) and (XLIX)51 with pK > 11, a
rapid R ?± R H + proton exchange was observed. For the radicals
(VI) -(VIII),4 8 (XXX), (XXXI), (XXXIII),62 (XLIII), (XLIV),
(XLV), and (XLVII)51 with p-RTin the range 3 < pK < 11, a slow
exchange was observed. Finally, for the radical (XL) 5 1 (pK — 2.5)
and the radicals CH3CHOH (pK = 11.51) and (CH3)2COH (pK =
12.03),28 the character of the exchange is intermediate. On the other
hand, the rapid R ?± R H + frequency exchange in the EPR spectra
of the radical (XXIX) (pK = 4.5) 1 9 and the slow exchange in the
EPR spectra of the radicals (L) (pK = -0.7) and (LI) (pK = 0.2),51

conflict with condition (22). In order to account for these findings
in conformity with condition (21), it is essential to postulate that
Jfc?* > 1O10 litre mol"1 s"1 for the radical (XXIX) (i.e. * ? + a 10n

litre mol"1 s"1) and k?* « 1010 litre mol"1 s"1 (smaller by 3-4
orders of magnitude or more) for the radicals (L) and (LI). Appre-
ciably lower bimolecular protonation constants k?+ compared with
the corresponding value for diffusion-controlled reactions have been
noted in the literature, for example for CH acids.1 As mentioned
above, the enaminoketo-group in the radicals (L) and (LI) is appa-
rently protonated at the oxygen atom in accordance with Eqn.(15).
The redistribution of electron density occurring under these
conditions can lead to an appreciable increase in the activation

energy for the chemical reaction and hence to a decrease in &i**. It
is also possible that a decrease in the constants ftf* for the radicals
(L) and (LI) can be explained by steric hindrance.51

(d) Kinetic characteristics of the reactions. The appreciable
difference between the parameters of the EPR spectra of the R
and R H + forms of the imidazoline and imidazolidine radicals
(Tables 1 and 2) enabled us7 3 '7 4 to propose a new approach to the
study of the kinetics of proton exchange reactions by EPR. For the
intermediate R τ± R H + frequency exchange, all the parameters
characterising the kinetics of the proton exchange reaction are
susceptible to determination by EPR: the rate constants, the
activation energies, and the kinetic isotope effects.61'73'74

According to Eqn.(22), the intermediate exchange should be
observed for radicals with pK <a 3 and pK a* 11; among the
radicals investigated (Tables 1 and 2), this condition is satisfied by
the radicals (XXX) with pK = 3.0 and (XL) with pK = 2.5. Indeed,
for pH ai pK, the high-field component of the radical (XL) is
broadened as a result of the R τ± RH + exchange.72 In the case of
tha radical (XXX), for increased temperatures spectral changes
characteristic of the transition from slow to intermediate exchange
are also observed.61 In conformity with Eqn.(22), such spectral
changes with increase in temperature have not been noted for the
radical (XXXI) with pK = 4.7.

In order to determine the lifetimes TR and TRH+ and the corre-
sponding proton exchange rate constants ttf1* and &?/, the high-field
component in the EPR spectra of the radicals (XXX) and (XL) was
modelled on a computer.61'74 In calculating the spectra, use was
made of Eqn.(22), describing the line shape of the EPR signal for
rapid exchange involving two positions; the unresolved super-
hyperfine structure was taken into account in two ways: (a) by the
direct allowance for the HFI with the methyl protons, whose
contribution to the non-uniform broadening of the EPR signal is
decisive,61 and (b) by representing the form of the spectral line by a
composite function comprising one calculated by Eqn.(2) and the
Gaussian distribution function73·74 [this is based on the insignificant
difference (;$5%) between the width of the Gaussian distributions in
the R and R H + forms of the radicals investigated (see also Lebedev
and Muromtsev75)].

The bimolecular protonation constants fcj1* for the radical (XL),
amounting to 3 χ ΙΟ9 —1010 litre mol"1 s"1 (Fig.3) in the experi-
mental temperature range (274 — 300 K), are appreciably greater than
for the radical (XXX) (fef+ ~ 5 χ 108 litre mole"1 s"1 at 20 °C);
under these conditions, the temperature dependence of T R and TRH+
can be described by a linear function in terms of the Arrhenius
parameters and, according to Eqn.(19), we have

*Γ+ = 1.6 • 10u exp (- 5800/RT), litre mol"1 s"1;

j£+=l,0-10Mexp(— 8900/RT), s"1. ^

The high activation energy for the protonation of the radical (AE =
5.8 + 0.4 kcal mol"1) may indicate non-diffusional control of the
reaction.

The possibility of obtaining quantitative information about the
isotope effects in proton exchange reactions using pH-sensitive NR is
of interest. A difference has been observed74 between the EPR spec-
tra of the radical (XL) in H2O and D2O (Fig.3). Therefore, in D?O
the temperature dependence of the lifetimes of the radical in the R
and R D + forms can also be described by a linear function in terms
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of the Arrhenius parameters and the rates of the forward and reverse
exchange reactions can be formulated as follows:

A?* = 9,9 · 10" exp (— 6100/RT), litre mol"1 s"1;

A°x* = 9.7· 10" exp (—10 000/RT), s"1.
(24)

Comparison of Eqns.(23) and (24) shows that, for the given reaction,
both thermodynamic (different equilibrium constants) and kinetic
(different rate constants) isotope effects are observed. The thermo-
dynamic isotope effect ApK = pKO2°/pKHi° - 0.4 (at Τ = 294 Κ).
This agrees with the fact that, for the majority of ionising groups,
the pK corresponding to ionisation via the loss of a deuteron in D2O
are higher by ~ 0.4 —0.6 of a unit than the pK for the ionisation of
the same groups via the loss of a proton in H 2O. 7 6 The kinetic
isotope effect has the usual value for reactions of this type
( * i H > P + = 2.7 ± 0.2 and *?Γ/ £?Γ = 6.9 ± 0.4 at Τ = 294 Κ)
and in order to account for it there is no need to resort to tunnelling
effects.5·6 This conclusion is confirmed by the satisfactory validity of
the Arrhenius relation for kx (Fig.3). We may note that, in the case
of the radical (XXX), where the interaction between the N(3) atom
and the proton is additionally hindered by the presence of the bulky
CH3 group, the Arrhenius relation does not hold for ifci,61 the rate
constant k\ being an order of magnitude smaller than for the radical
(XL) (Table 3). Naturally the determination of the contribution of
tunnelling on the basis of the temperature variation of the constant
k\ requires the measurement of the latter over a wider temperature
range. Unfortunately, the proton exchange frequencies can be
measured by EPR only when they are close to the difference between
the Zeeman frequencies of the protonated and non-protonated forms
of the radical, which limits the temperature range for the measure-
ment of ki for the radicals (XXX) and (XL) to AT a 40 K.6 1·7 4 We
may point to the possibility, in principle, of extending the range of
measurement of the proton exchange frequencies by EPR involving
the use of spectrometers with different working frequencies. As can
be seen from the EPR spectra of the radical (XXXI) presented in
Fig.l, the difference between the frequencies of the R and RH +

forms in the X, Q, and 2 mm bands is significantly different (by a
factor of ~4).

Table 3. The rate constants for the forward (kj) and reverse (kr)
proton exchange reactions of certain radicals with the compounds
BH+ at 21 °C.74

Radical

(XL)
(XXX)
(XL VI)
(XXXI)
(XXXIII)

BH+

H,O+

H 3 O*
CH3COOH
CH3COOH
H 2 PO;

10~7 kf, litre mol"1 s"1

850±90
50
20±l .5

9.3+0.6
20±2

10~7 kr, litre mol"1 s"1

2.7+0.3·
0.05*
53+3

9.3+0.6
200+20

*The constant is expressed in s"1.

Thus the EPR method makes it possible to determine all the
kinetic parameters of the proton exchange reactions in nitroxy-
radicals. However, this method is significantly limited, since it is
applicable only to reactions in radicals with pK ca 3 and pAT a* 11.

hn{<)
-if

-15

-16

-17

3,3 3.5 3.7
10 3 '(f/T)

Figure 3. EPR spectra of 5 χ ΙΟ"5 Μ solutions of the radical (XL)
(the central and high-field components) at 278 Κ in D2O (a) and
H2O (b)\ temperature variation of the lifetimes i R (line J)andxRD+
(line 2) in D2O and xR (line /') and TRH+ (line 2') in H2O. 7 4

The methodological approach permitting an increase in the rate of
the R τ± R H + exchange without raising the temperature is therefore
very useful for stable nitroxy-radicals.73'74 Previously30'31 this
approach was realised for short-lived radicals by adding to the
aqueous solution a buffer with pATbuf close to the pK of the radical,
as a result of which reaction (7b) becomes the principal exchange
mechanism. The influence of the buffer concentration on the rate of
exchange has been investigated73'74 for a series of pH-sensitive stable
NR with 3 < pK < 11, where a slow exchange is observed in the
absence of a buffer. An increase in the buffer concentration led to
spectral changes characteristic of the transition from the slow to the
intermediate exchange and then to rapid exchange (Fig.4). In the
region of the intermediate exchange, the lifetimes of the radicals TR
and t R H

+ and the corresponding rate constants kf and kr were
calculated by modelling the EPR spectra (Table 3). Table 3 presents
the rate constants for the forward and reverse proton exchange
reactions of certain radicals with different partners. A correlation
has been observed between the bimolecular protonation constant and
the steric accessibility of the N(3) atom: in the exchange with a
solvated proton in the radicals (XL) and (XXX), which have
similar pK, the protonation constant is more than an order of
magnitude smaller for the radical (XXX), which has the bulky CH3

group at the N(3) atom; the replacement of the hydrogen atom at
the N(3) atom in the radical (XLVI) by the CH3 group [in the
radical (XXXI)] also leads to a significant decrease in the bimolec-
ular protonation constant in the proton exchange reaction with an
acetic acid molecule.

Thus the EPR method is extremely effective in the study of the
kinetics and thermodynamics of proton exchange reactions in
solutions. The presence of an unpaired electron in the radical does
not influence the rate of the chemical proton transfer reaction and
makes it possible to follow it by EPR, which creates the possibility
of using the proton exchange reactions in N R as model processes in
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the study of various factors (the structure of the radical and the
properties of the solvent) influencing the proton transfer. It is
important to note that the organic chemistry of NR has been well
developed and ensures the availability of different NR. 1 8 ' 2 2

4. Proton Exchange in Nitronylnitroxy- and Iminonitroxy-radicals

(a) The transformations of 3-imidazoline 3-oxide nitroxy-radicals into
nitronylnitroxy-radicals as a consequence of a change in pH. In the
study of the influence of pH on the EPR spectra of stable 3-imid-
azoline 3-oxide radicals (LIV) —(LVI) with a hydroxyalkyl group in
the 2-position in the heterocycle, it was observed unexpectedly77'78

that at pH > 12 the spectra of aqueous solutions of these radicals
are transformed irreversibly into more complex multiplet spectra
typical of NNR: 4 6 · 7 9

«Ο ph

/

σ OH

/ \ Ν / \ /
ι Ι

ΟΗ

C2H5

\ _
\ 1/

W

O"
(LVI)

Ι
ΟΗο-

(LIV) (LV)

It has been shown77'78 that in this case the 3-imidazoline 3-oxide NR
are indeed converted into NNR in accordance with a general scheme
involving the intermediate formation of 4ff-imidazole iV-oxides
[Eqn.(25a)]:

E°L

(b) (25)

This reaction leads to extensive possibilities for the synthesis of new
NNR; here it is possible to vary both the substituents X—X4 and
the nucleophile Nu (Nu = OH", OCH3, NH3, etc.) as a function of
the reaction medium.

According to Eqn.(25b), nucleophilic attack can be directed not
only to the 5-position in 4/f-imidazole di-N-oxide, with formation of
a NNR, but also to the 2-position, with formation of new 3-imid-
azoline 3-oxide NR.

By reducing with triphenylphosphine the NNR obtained by
reaction (25a),46 a series of new 3-imidazoline 3-oxide NR with a
substituent (Nu) other than an alkyl substituent at C(2) (Nu =
OCH3 or NH2) as well as INR have been obtained.78'80

Table 4 presents the parameters of the EPR spectra of a series of
NNR and INR obtained in accordance with Scheme (25).

(LXVII) (LXVII1)

OH OH
Ph Ph
CH3 (CH2)4CHO

Ph Nu

(LIX)

OH
Ph
Ph

;—x-

(LX) (LXI) (LXH) (LXIII)

OH NHj NH, OCH3

C.H6 Ph Ph Ph
CH3 (CH2)4CONH3 Ph CH3

(LXIV) (LXV)

OCH3 OCH3
Ph Ph

(CH>)4COOCH, Ph

(LXVI) N u = N H ,

Ph OCH, 0 .

(LXVIII)

Comparison of the HFI constants for the NNR (LVII) and (LVIII)
with the corresponding values for radicals enriched in the 1 5N
isotope at N(3) made it possible to assign unambiguously the
"nitrogen" HFI constants to the nuclei of the N(l) and N(3) atoms
(Table 4).

Figure 4. The high-field component of the calculated (circles) and observed (continuous lines) EPR spectra of a
5 χ 10~5 Μ solution of the radical (XLVI) in the potassium acetate buffer (pH 4.35) at 294 Κ and different buffer
concentrations (M): 1) 0; 2) 2.27 χ ΙΟ"2; 3) 5.76 χ ΙΟ"2; 4) 0.28.74
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(b) The influence of pH on the EPR spectra of NNR and INR.
Table 4 shows that the parameters of the EPR spectra of a series of
NNR and INR change as the pH is varied, which has been
explained by the protonation of NH 2 or the deprotonation of the
OH group at the C(4) atom.77'78 On the other hand, the EPR
spectra of the NNR (LVIII)-(LXV) and the INR (LXVII) and
(LXVIII), in the structure of which there are no such groups at C(4)
capable of being protonated, did not change in the pH range 1 — 13.

The EPR spectra of the NNR (LVII)-(LX) in the pH range close
to the pK represent a superposition of the spectra of the radicals and
the deprotonated form; here pK ^ 9.2 for the OH group in the
radicals (LVII)-(LX).78

The values pK m 9.2 for the OH group in the radicals (LVII) to
(LX) and pK ca 1.75 for the NH 2 group in the radicals (LXI) and
(LXII) are smaller by approximately seven units than the pK of the
corresponding aliphatic alcohols and amines,81 which indicates a
strong electron-accepting influence of the nitronylnitroxy-group. In
conformity with this finding, deuterium exchange involving the
methyl or methylene groups in the radicals (LVII) and (LVIII) is
observed at pD £ 12 in D2O.7 8

It is essential to note that the character of the R *± R H +

exchange in the NNR and INR investigated77'78 is described by
condition (22): in the radicals (LXI) and (LXII) with pK =* 1.75,
the exchange is rapid, while in the radical (LXVI) with pK = 4.5
and in the radicals (LVII)-(LX) with pK ~ 9.2 it is slow.

Table 4. The HFI* constants for a series of NNR and INR in H2O
(in gauss).77·78

Radical

(LVII)
(LVII) · ·
(LVIII)
(LVIII) ·*
(LIX)
(LX)
(LXI)
(LXII)
(LXIII)
(LXIV)
(LXV)
(LXVI)
(LXVII)
(LXVIII)

"Ml)

8 67
8.C7
8.73
8.73
8-50
8.75
8.00
8.05
7.68
7.70
7.67
9.26
9.10
8.90

pH > pK + 1.5

»N(3)

8.28
11.05
8.22

11.57
8.00
8.45
8 00
8.05
7.52
7.50
7.67
4.27
4.10
4.00

«H

3.13
3.13
1.93
1.93

—
3.17
1.90

.
1.80
1.30

—
—
—.
—

aN(NH,)

_

—
—

0.2

—

0.5
—
—

OHiOCIl,,

_

p H < p K — Ι , Ί

flN(i)

8 00
8.00
8.00
8.1)0

— :| 7.93
— '! 8.13
— 7.55
— 7.GO

0.60 : 7,(58
0.55 ; 7.70

'! 7. (17
— 1 8,37
— ,j 9.10

8.90

aN(3)

8.00
11.34
8.00

11.35
7.93
8.13
7.55
7.60
7 52
'· .00
7,67
3.9
4.10
4.00

"H

3.13
3.13
1.03
1.93

—
3.17
1.90

1.80
1.30

—
—
—.
—-

0 N (NH.^

—

—.
—

—

1 2
1.2
—
—.
—
1 6
—
—

of|(OCH,)

_
—
—
—
—
—

O.fiO
0.55

—
—
—
—

* The accuracy of the determination of the constants is to within
0.05 G.
**The radicals (LXVII)* and (LXVIII)** are the radicals (LXVII)
and (LXVIII) respectively enriched in the 1 3N isotope at N(3).

The lines in the EPR spectra of the NNR (LXI)-(LXII) initially
broaden as the acidity of the medium increases to pH < 3 and
beyond and are then split into three components with the intensity
ratios 1: 1:1.78 The observed spectral changes have been explained
by the rapid proton exchange in the given radicals and also by the
significant increase in the constant for the HFI with the nitrogen
nucleus of the NH 2 group when the latter is protonated. Since the
relaxation time of the nuclear spin of nitrogen is high compared with
the EPR time scale, in describing the experimental spectrum one may
assume that proton exchange takes place between the R and R H +

forms of the radical with the same projection of the nuclear spin of
nitrogen S™. Thus, if the resonance frequencies of the R and RH +

forms of the radical are the same and equal to ω0, then three lines
for the following frequencies are observed in the EPR spectrum:

ω (S? = 0, ± 1) = Κ + S^o) (1 - Π + Κ + SX) f ,

where/is the fraction of the RH + form of the radical, δ 0 the HFI
constant for the nitrogen of the NH 2 group, and δ+ the HFI
constant for the nitrogen of the NH^ group. By modelling the
central component of the EPR spectra of the radicals (LXI) and
(LXII), the values of/at different pH were determined78 and pK =
1.75 for the NH2 group in these radicals was found.

V. THE USE OF NITROXY-RADICALS AS pH PROBES

It follows from the preceding Sections that there are at present
pH-sensitive NR which can be used as pH probes in the pH range
0—14. The measurement is then accurate to within 0.05 of a pH
unit. This is especially important for biological systems including
cell systems.82·83

1. Spin-labelled pH-Sensitive Proteins and Peptides

The spin-labelled pH-sensitive derivatives of the peptide hormone
angiotension have been used84'85 to study the conformational transi-
tions and intramolecular interactions in the given octapeptide as a
function of pH. The pH dependence of the EPR spectra of radical
analogues of angiotensin containing NNR instead of the imidazole
ring of histidine [similarly to the radical analogues of histidine
(XXIII) and (XXIV)] has been investigated.84 The observed spectral
changes permitted the conclusion that an ion —dipole interaction
takes place between the carboxylate ion and the C-end of the octa-
peptide and the nitronylnitroxy-ring. Such ion—dipole interaction
promotes the stabilisation of the "loosened" structure of the hor-
mone at neutral pH and its absence on protonation of the carboxy-
group in an acid medium leads to a more compact "random"
structure of angiotensin.84 The above conformational transition has
been recorded85 from the change in the EPR spectra of the spin-
labelled analogues of angiotensin, which the pH-sensitive radical (VI)
was attached to the N-end, as a function of pH. It was concluded
that the conformational transition is accompanied by the
protonation of the amino-group at the N-end of the octapeptide.

When glutathione was modified by the radical (LXIX), a pH-sen-
sitive spin analogue of the given tripeptide R-Glut was obtained:63

BrHnC. Η
' / κ/

\/
N / \
I

o·
(LXIX)

H2C—C—NH—CH—CH2—S x

H2C 6

H2N—CH
I

COOH

C = O
I

NH
I

CH2—COOH

(«-Glut)

\l/\N/
ι

0'

The parameters of the EPR spectrum of R-Glut in the pH range
1.5-4.5 varied to a much greater extent (ΔαΝ = 1.2 G, Ag =* 0.0002)
than for the radical analogues of angiotensin (ΔΟΝ 5> 0-3 G, Ag ^
0.0001). This made it possible to use R-Glut as the pH-probe in the
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study of the mechanism of proton transport through model bio-
membranes.86·87

We may note that the alkylating radical (LXIX) is capable of
binding covalently to different functional groups of the aminoacid
residues of proteins (SH, NH2, NH 8 8) with formation of macro-
molecular pH probes. In the solution of many biological problems,
the possibilities involving the application of macromolecular spin pH
probes are much greater than for the low-molecular-weight probes.
A macromolecular probe of this kind has been obtained by modify-
ing protein—human serum albumin—by the radical (LXIX).61 The
changes in the spectral parameters of the spin-labelled albumin in
the pH range 1.7-4.7 (ΔαΝ = 1.15 G, Ag m 0.0002) are due to the
protonation of the N(3) atom of the radical ring and are not
associated with the possible conformational transformations of the
protein.

2. Proton Transport Through Model Phospholipid Membranes

Proton transport plays an important role in the regulation of a
number of cell functions,82'89 which has stimulated numerous
investigations of the mechanisms of the transmembrane proton
transfer.90"100 In the study of proton transfer, through phospholipid
vesicles, molecular pH probes are widely used; in most cases this is based
on the possibility of inserting them into the inner volume within the
vesicles (liposomes) and of recording with their aid the pH within
the liposome (pH i n). 9 9 ' 1 0 0 The change in the characteristics of the
pH probe (fluorescence intensity,99 the chemical shift of the 3 1 P
NMR signal100) after a transmembrane pH gradient has been
established makes it possible to measure the kinetics of the variation
of pHfc and thus the proton fluxes across the membrane.

A spin pH probe (R-Glut) has been used to record the kinetics of
the variation of the intraliposomal pH. 6 3 · 8 6 ' 8 7 It was shown that
R-Glut does not flow out of the inner volume within phosphatidyl-
choline (PC) monolamellar liposomes. When the pH in 0.1 Μ
potassium citrate buffer is altered, a shift in the lines of the triplet
EPR spectra of the R-Glut radical is observed without change in the
line shape (rapid R ?± R H + exchange); the high-field component
then shifts to the greatest extent. For this reason, the intensity of
the R-Glut spectrum at the frequency ω(ρϋΓ) corresponding to the
centre of the high-field component at pH = pK = 3.0 is a conveni-
ent parameter for the investigation of the kinetics of the variation of
pH*.

When a transmembrane pH gradient was created by altering the
HC1 concentration in the external volume relative to the PC lipo-
somes, a change in the intensity /(/) of the EPR spectrum of R-Glut
was observed at a frequency <o(pK); when the sign of the HC1
gradient was changed and its magnitude was reduced, the sign of the
change in I(t) was altered and its rate was diminished63 (Fig. 5). By
analysing the initial section of the I(f) kinetic curve, the derivative
(dl/dt)t-o was determined, its value permitting the calculation of the
proton fluxyH+ through a unit surface of the membrane in the initial
instant after the pH gradient has been established. Table 5 presents
the values of jn+ following the creation of the same transmembrane
pH gradient by varying the concentrations of different acids in the
external volume relative to PC liposomes. The constancy of the
EPR signal (over a period of ~ 2 h) in the case of the H2SO4
gradient in 0.1 Μ potassium citrate buffer shows that the electrically
non-compensated proton transport, the Κ+-dependent proton trans-
port, and the transport of H + in the form of an undissociated citric

acid molecule are slow processes and that their contribution to the
observed /(/) relations in the presence of HC1, HCIO4, and HNO3

concentration gradients may be disregarded. The changes in I(t)
in the cases indicated are therefore determined by the anion- or
X"-dependent transport of H + (X" = Cl", CIO4", or NOJ) or(and)
the transport of protons in the form of the undissociated acid HX.
Table 5 shows that the proton flux, calculated from the I(i) relation,
increases after an H + gradient has been established with the aid of
acids having a high pK value (in the series HC1O4, HC1, and HN0 3 ,
the pK are respectively -8, -7, and -1.62 8 1 ). This fact permits the
conclusion that protons are transported in an acid medium in the
form of the undissociated acid HX; this has been confirmed by the
absence of an effect onjn+ of the surface charge of the membrane,
varied by adding the negatively charged phosphatidic acid or the
positively charged 3-cetyl(methyl)ammonium bromide, while the
addition of cholesterol diminishes jn* significantly. It is noteworthy
that, according to the data of Nichols and Deamer,90 approximately
the same changes in the surface charge of the PC membrane of
liposomes led to a significant alteration of the overall permeability
coefficient of the membrane for protons and hydroxide ions (by a
factor of 3—4). The conclusion that protons are transported
through PC membranes of liposomes in the region of pH ~ 3 in the
form of the undissociated acid did in fact make it possible to
calculate the permeability coefficients PHX for HC1, HCIO4, and
HNO3 (only the upper limit was estimated for H2SO4) (Table 5).
The values of PHci and PHNO3 obtained by the EPR method are
close to those measured92 on planar lipid membranes (PHCI —
3 cm s"1, PHNOJ — 10"3 cm s"1); proton transport through the
membrane was also not recorded92 for H2SO4.

2
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'3

ε ο

-z

100 200 300 f,s

Figure 5. Time variation of the amplitude of the EPR spectrum of the
R-Glut radical at the frequency oa(pK) after the establishment of a
transmembrane HC1 gradient:63 1) pH outside liposomes pH0Ut =
1.63, ρΗ ίΛ = 3.13; 2) pH0U, = 4.63, pH* = 3.13.

A new method for the investigation of the kinetics of proton
transport through biomembranes, proposed in a number of
studies,63·86·87 can be extended to the region of neutral and alkaline
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pH, since spin probes pH-sensitive in the given regions are now
known.

Table 5. Proton fluxes jn+ through the membrane of PC liposomes
immediately after the establishment of a transmembrane pH gradient
(pHOtt/ = 1.63; ρΗ^ = 3.13) using various acids and the perme-
ability coefficients PHX of the membrane for these acids.63*86'87

Acid

/}j+, mol cm litre** s"'
PHX, cm s-1

HC1O,

2·1(Γ10

2,2+1

HCI

1.8-10-»
2±i

HNO,

3-i<r8

(1,4+0.7) ·1<Γ4

H2SO4

sglO"12

;gio-7

ο 0 ο

As can be seen from the above discussion, the use of stable NR
sensitive to pH makes it possible to obtain quantitative information
about the thermodynamic and kinetic characteristics of the very
simple proton transfer reaction. Major advances in the organic
chemistry of stable radicals18'101'102 have led to the possibility of a
detailed investigation of the influence of steric factors, electron-
donating and electron-accepting substituents, and the solvents on the
characteristics of the proton transport. Unique experimental possi-
bilities for the study of isotope effects have been created by the
application of the EPR method in such systems, including systems in
non-aqueous solvents in the absence of solvation effects.

The use of pH-sensitive NR as pH probes in chemical and
biological systems is extremely promising. The possibility of
introducing hydrophobic and hydrophilic groups into the NR
permits their use for the determination of pH within microhetero-
geneous regions. The determination of pH within cells and certain
cell structures, for example, liposomes, is of special interest. Mea-
surement of the rate of proton transport through natural membranes
by EPR may prove useful in the solution of many problems in
bioenergetics.
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