ELSEVIER

22 September 1995

Chemical Physics Letters 243 (1995) 533-539

CHEMICAL
PHYSICS
LETTERS

Ion—molecular charge transfer reactions of hexafluorobenzene
and cis-decalin in nonpolar solutions studied by linewidth
broadening in MARY spectra

D.V. Stass *, N.N. Lukzen ™!, B.M. Tadjikov **, V.M. Grigoryantz *, Yu.N. Molin *

* Institute of Chemical Kinetics and Combustion, 630090 Novosibirsk, Russian Federation
® International Tomography Centre, 630090 Novosibirsk, Russian Federation

Received 13 June 1995; in final form 17 July 1995

Abstract

The effect of an external magnetic field on the radiofluorescence arising from the recombination of spin-correlated
radical ion pairs (MARY spectrum) has been studied for dilute nonpolar solutions of hexafluorobenzene and cis-decalin.
MARY spectra of these systems show additional local fluorescence intensity maxima at zero field and in the field equal to
triple the hfi constant. The breaking down of spin coherence in the course of the ion—molecular charge transfer reaction
leads to broadening of the maxima. Relations between the line broadening and the rate of charge transfer reaction have been
derived. Rate constants of charge transfer reactions for hexafluorobenzene radical anion in squalane and cis-decalin radical

cation in hexane have been obtained experimentally.

1. Introduction

The study of magnetic field effects on reaction
yield (MARY spectroscopy) of chemical reactions
provides valuable information on short-lived spin-
correlated radical pairs [1,2]. As was recently
demonstrated, the coherent nature of radical ion pairs
generated in solution by ionizing radiation can result
in the appearance of additional local fluorescence
intensity maxima at zero field [3] and in the field
H™ = 3a equal to triple the hfi constant a [4]. The
appearance of features in the fields — multiples of a
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for ion radical pairs with equivalent nuclei had been
predicted theoretically a while ago [5,6]. The pres-
ence of narrow lines in MARY spectra opens possi-
bilities for the identification of short-lived paramag-
netic species and the study of reactions they are
involved in.

The reaction of ion—molecular resonance charge
transfer between identical particles has an essential
effect on spin evolution in radical ion pairs [7,8]. The
breaking down of initial spin coherence in the course
of charge transfer reactions should lead to broaden-
ing of narrow MARY spectrum lines, which allows
the extraction of quantitative information on the rate
of this process. A previous observation of exchange
in MARY spectra [9] has shown zero field line
broadening in the intermediate exchange situation,
and line narrowing in the fast exchange limit. In the
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present work the effect of exchange on MARY
spectra was studied for both zero field line and that
at H™ =3a. It was demonstrated that in liquid
solution anions of hexafluorobenzene and cis-decalin
cations take part in the reaction of resonance charge
transfer to the neutral molecule,

CiF, + CF, - C,F, +C,E, . (1)
CyyHjg+CyH g > CyH g+ C H\. (2)

In diluted solutions the rate of this process is propor-
tional to the acceptor concentration and is quite close
to the diffusion controlled one. Thus it is demon-
strated that reactions involving short-lived radical
ions can be studied basing on the effects of quantum
coherence of radical pair spin systems.

2. Experimental

The experimental apparatus and sample prepara-
tion technique have been described earlier [3]. Mag-
netic effects under X-irradiation were taken in sta-
tionary conditions. To attain better resolution the
magnetic field was modulated, hence the experimen-
tal curves are the first derivatives of the correspond-
ing fluorescence intensities.

Solvents — squalane (99%, Aldrich) and hexane
(99%, Aldrich) — were additionally purified by pass-
ing through a column with activated silica gel. The
solvent purity was controlled by their UV-absorption
spectra. The solvents used had an optical density
equal to 1 at wavelengths of 210-215 nm.

Cis-decalin (99%, Aldrich) and hexafluoroben-
zene (purchased from Novosibirsk Institute of Or-
ganic Chemistry), whose hyperfine coupling con-
stants are known, were used as hole and electron
acceptors, respectively.

3. Theory

Assuming exponential recombination decay kinet-
ics e '/7, the yield of singlet products of recombina-
tion for a singlet-born radical pair with one partner
having no hyperfine interactions is given by the
Laplace image of the singlet state population

A pss(D1[7],
GS=%+pRe[f++(p+iw)] +%f::(P)' (3)

where the components of the diagonal spin tensor
T(p) =Z[T(1)] completely describe the motion of
the radical’s spin 1/2 in the basis (S,, S_, S,), 1/7
is denoted p and w is the Larmor frequency.

The influence of an ion—molecular charge transfer
reaction on the spin dynamics of one of the pair
partners could be taken into consideration using the
technique of averaging over realizations of Marko-
vian processes [10,11]. In the semiclassical descrip-
tion of electron spin motion the final result for the
fully averaged tensor T(¢) is given by the integral
equation [7]

T(1) =exp(—t/7,) T°(1)
+U/m)ﬁapbwt—fbwd

XT(t—€)T(¢) dé, (4)

which gives for each tensor component with charge
transfer reaction switched on

B To(x+1/1))
- (/)T (x+ 1/7)

where 7"(¢) describes the spin motion in the absence
of charge transfer and 7, is the mean spin residence
time.

For radicals containing nonequivalent nuclei the
equations of spin motion should be solved numeri-
cally. However, the problem becomes much more
simple for an ensemble of equivalent nuclei, where
analytical solutions of the motion for each separate
spin are at hand,

<am5m-Al> 0 0
0 (as By 1) 0
0 0 a1~ Iy, 1%

(6)

Explicit expressions for «,,, 3, and v, are given in
the Appendix.

Expression (3) was deduced for a radical pair with
one of the pair partners containing no magnetic
nuclei. Experimentally this requirement could be met
quite well if deuterated substances, e.g. p-terphenyl-
d,, (PTP-d,,), whose total spectrum width does not
exceed 1.5 G, are used to form counterions. A
similar quite simple expression could also be used
when the counterion has nonzero hyperfine cou-

f:i(") (%)

TU(Y):

’

R —



D.V. Stass et al. / Chemical Physics Letters 243 (1995) 533-539 535

0.8

Singlet yield

a.-
b.-
c.-
d.-
e.-

: \\ Singlet yield
|

Ho(G) Ho(G)

—————t v r
-300 -200 -100 0 100 200 300 -3000 -2000 -1000

7$:1/a,'rq:

=0 f'ﬁ/;t

£=5

d'. _5
Ho(G) He(G)

r T T T T T 1 r v T T T T 1
-300 -200 -100 4] 100 200 300 -3000 -2000 -1000 0 1000 2000 3000

Fig. 1. Calculated dependence of singlet yield G, (above) and
3G, /9H (below) versus external magnetic field for different
frequencies of charge transfer, in units £ =(ar,)"!: (a) 0; (b)
0.1; (¢) 0.3; (d) 0.5; (e) 1; (£) 2; (g) 5: (h) 10; (i) 20; (§) 50. Other
parameters being a(4H) =50 G, (a7)™' =0.1. The counterion
has no magnetic nuclei. The arrow marks the line at H * = 3a.

plings but does not participate in the charge transfer
reaction (e.g. because of a low concentration of
acceptor molecules in solution). In this case it is
necessary to carry out averaging over all nuclear
configurations in both partners. Details of this proce-
dure will be reported elsewhere.

Fig. 1 shows the field dependence of singlet
product yield G4 (so-called MARY spectra) calcu-
lated from Eq. (3) for different rates of charge
transfer reaction. The curves correspond to a model
radical pair with four equivalent protons (fluorines)
in one of the partners, a(4H) = 50 G, another partner
having no hyperfine couplings. Curves (a)—(j) give
the yield of singlet products G, and their derivatives
9G/0H are shown in Figs. 1a—1j'. For convenience
the curves are split into two groups corresponding to
regions of slow ((ar,)”' < 1. curves (a)—(e)) and

fast charge transfer ((ar,) ' > 1, curves (£)—(j)).

In the absence of charge transfer (Fig. 1i) the field
dependence shows an intense maximum at zero field
and an additional one in the field H " = 3a (marked
by arrow), their widths being determined by the pair
recombination rate if no other relaxation processes
take place. Switching on the charge transfer reaction
of the broad partner destroys the spin coherence in
the pair which leads to a corresponding decrease in
the MARY spectrum line intensities (Figs. 1b'~1c¢')
and a broadening proportional to the rate of this
process. In the region of slow exchange (Figs. 1i'—
le') charge transfer reaction broadens the central line
as

/1 =1/1y+1/7 (7

(the line at triple the hfi constant behaves in a similar
way, though we did not point it out analytically). As
has already been demonstrated [3], the quantitative
criterion for the existence of an interference maxi-
mum at zero field is

0T > 1, (8)

where 02 =yiLall(1,+1) = V242, and for
(ary)”' > 1 initial spin coherence is almost lost
(Fig. 1f"). It is worth mentioning that the line in the
field H " = 3a is broader and weaker than the zero
field one [4] and hence it disappears earlier, at
(at,) "' = 0.5 (Fig. 1d).

A further increase in migration rate casts the
system in the region of fast charge transfer (Figs.
1g'-1j'). Since the transverse components of the
tensor T(t) are averaged down all features arising
from interference disappear (Fig. 1g'), and the shape
of the MARY spectrum is now determined only by
the dependence of the longitudinal relaxation time 7,
on the external magnetic field. The relaxation time in
the pair lengthens and this leads to an increase in the
total singlet product yield (Fig. 1j), while the line-
shape becomes Lorentzian,

Gy(w) =5+ 3Ty /) +3(T /), (9)
where

/1,=1/T ,+1/71, (10)
1/T,=24%,/(1+ w'r{), (11)
1/T,= A, +1/2T,. (12)
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Expressions (7)—(12) for non-correlated frequency
migration (e.g. caused by ion—molecular charge
transfer) are well known in ESR spectroscopy. Hence,
MARY spectra and ESR spectra are closely analo-
gous: both have individual lines with splittings of
several hfi constants that are broadened by charge
transfer reactions. However, there is also an essential
difference arising from the ways the signals are
observed. Since the ESR signal is actually the reac-
tion of a spin system on transverse perturbation, an
increase in migration frequency leads to a shift of the
individual components towards the center of the
spectrum and finally to their merging and collapsing
into a single line. As could be concluded from Figs.
14-1d" MARY spectra do not perform such a shift.
In the limiting case of fast charge transfer and in the
absence of hfi in the counterion ST transitions are
frozen out which results in almost full damping of
the observed signal (Fig. 1j). Note that introducing
hfi in the second partner qualitatively changes the
shape of the MARY spectrum, and certain features
of these changes are to be touched upon later.

4. Results and discussion

Figs. 2a—-2g show MARY spectra of a solution of
hexafluorobenzene in squalane at different concen-
trations taken at room temperature. PTP-d,, (5 X
10~* M) was added as luminophore. As mentioned
above, the experimental curves were recorded as first
derivatives of the fluorescence intensity (3G /9H ).
On the given curves not only a pronounced zero field
feature, but also a satellite line in the field H* = 3a
(marked by arrow) is present. For convenience the
inserts show this part of the spectra magnified. As
follows from Fig. 2i, the positions and amplitudes of
these lines completely coincide with those calculated
theoretically from (3) for a(6F) = 135 G [12], which
lets us ascribe them to the hexafluorobenzene anion
MARY spectrum [4]. The central part of the spectra
is shown magnified in Figs. 2a4'—2g’. On increasing
the CF, concentration. the charge transfer reaction
(1) grows faster, leading to a corresponding broaden-
ing of the spectrum components and decrease in
amplitude. In line with theoretical predictions the
satellite feature disappears faster than the central
one. Expression (3), taking into consideration the
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Fig. 2. Experimentally taken MARY spectra of C¢F, solutions in
squalane for different C¢F, concentrations (room temperature): (a)
0.006 M; (b) 0.012 M; (c) 0.024 M; (d) 0.05 M; (e) 0.1 M; ()
0.25 M; (g) 0.75 M. Inserts show magnified satellite line at
H " == 3a (marked by arrow on the axis). Horizontal scale for
inserts is the same as for curves (a')—(¢'). Dashed lines were
theoretically calculated from (3) for a(6F) =135 G.

charge transfer reaction, completely accounts for the
observed spectral transformation in the entire range
of C,F, concentrations, allowing one to extract the
rate constant for reaction (1). As an illustration the
dashed curves in Figs. 2a'-2g’ show the calculated
best fittings of the observed MARY spectra lines
(exchange frequency being the fitting parameter). A
similar simulation was also done for the satellite line.

Fig. 3 shows the dependence of the ion—molecu-
lar charge transfer reaction rate on hexafluoroben-
zene concentration in solution obtained via theoreti-
cally fitting the experimental curves. The reaction
rates extracted from the broadening of the zero field
line (circles) and line at triple the hfi constant (trian-
gles) are seen to be almost identical. In the concen-
tration range 0.05-0.75 M the extracted values could
be fit quite well with a straight line, and the line’s
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Fig. 3. Exchange frequency (7,)”' versus hexafluorobenzene
concentration in squalane at room temperature. The solid line is a
linear approximation in the concentration range 0.05-0.75 M. The
dashed line is the same for concentrations less than < 0.05 M.

slope gives the charge transfer reaction rate constant
1.3 X 10° M~" s™!. This value coincides fairly well
with the known value = 1.2 X 10° M~ " s™' [13],
obtained using the optically detected ESR (OD ESR)
technique from the broadening of individual lines in
the C,F; spectrum. Summing up, the entire picture
of the C,F MARY spectral transformations could
be completely described within the frame of ion—
molecular charge transfer, and the rate constant for
reaction (1) obtained by this method corresponds
quite well to the known value.

It should be mentioned here that a thorough study
of the region of low hexafluorobenzene concentra-
tion (< 0.05 M) gave a quite different slope for the
fitting line (magnified in Fig. 3). The extracted rate
constant (2.5x 10° M~' s ') was found to be
almost two times greater than that in the high con-
centration region. The reason for the change in the
charge transfer reaction rate constant with hexafluo-
robenzene concentration is not clear. It is known that
the diffusion mobility of small aromatic molecules in
squalane significantly exceeds that calculated from
the macroviscosity value (e.g. refer to the discussion
in Ref. [14]). This anomalous diffusional mobility
could be a function of hexafluorobenzene concentra-
tion. On the other hand, radical anions of fluorinated

* The different value, 1.6X10° M~ s !, given in Ref. [14]
was found to be incorrect because of a misprint in expression (28).
The corrected value is also 1.2x 10° M~ ! s~ 1.

aromatic hydrocarbons were recently shown to form
dimer anions with neutral molecules [15]. This pro-
cess could also impact on the broadening of MARY
lines. More experiments are required to figure out
the nature of the concentration dependence of the
rate constant.

We have employed hexafluorobenzene to study
the reaction of resonance electron transfer between
the anion and neutral molecule (reaction (1)). The
MARY spectra obtained a while ago of cis-decalin
radical cation [4] allowed the study of resonance
positive charge (hole) transfer between the radical
cation and its neutral molecule (reaction (2)).

Figs. 4a—4e show experimental MARY spectra of
hexane solutions of cis-decalin at different concen-
trations taken at room temperature. PTP-d,, (3 X
10" M) was added as luminophore. Since spin
evolution in the cis-decalin radical cation is driven
mainly by the hfi with four equivalent protons a(4H)
= 50 G [16] its MARY spectrum demonstrates a line
in the field H * = 3a [4] (marked with an arrow). In
dilute solutions the charge transfer reaction is almost
switched off and it is possible to observe the line
(Fig. 4a). Unfortunately, small hyperfine interactions
with other protons broaden the line, and we have put
the corresponding part of the spectrum in a box to
emphasize it. In this case the exchange reaction rate
constant cannot be extracted from the width of an
individual line and it is necessary to analyze the
entire spectrum increasing the cis-decalin concentra-
tion, charge transfer reaction (2) goes faster leading
to a corresponding broadening of the individual spec-
trum components and decrease in their intensities. In
full agreement with theory, the satellite line disap-
pears when &= (ar,)”! = 0.5 (Fig. 4b), and a com-
plete breaking down of coherence and vanishing of
zero field line takes place at ¢ = (ar,) ' > 1 (Figs.
4c—4d). The spin system then falls into the region of
fast charge transfer and all peculiarities of the spec-
trum disappear, turning into a single broad smashed
line (Fig. 4d) that disappears in pure cis-decalin (Fig.
4e). The narrow line at zero field observed in the
spectra (Figs. 4b—4e) should be ascribed to parallel
processes involving radical ions of PTP-d;, with
small overall spectrum width. In pure cis-decalin,
apart from this line, an additional broad component
is observed (Fig. 4¢) that might arise from hole
capture by some unidentified decay products, formed
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Fig. 4. (a)—(d) Experimentally taken MARY spectra of cis-decalin
solutions in hexane for different cis-decalin concentrations (room
temperature): (a) 0.021 M; (b) 0.09 M: (¢) 0.19 M; (d) 0.47 M.
p-terphenyl-d;, (3X107* M) was added as luminophore. For
convenience the satellite line at H ~ = 3a is put into the frame, its
position is marked by an arrow on the axis. (¢) MARY spectrum
of 107* M p-terphenyl-d,, in net cis-decalin; (g) MARY spec-
trum of 107" M 9,10-octalin (decalene) in cis-decalin. (a')—(d")
Theoretical curves for a,(4H) = 50 G, a, =0 G, calculated from
(3) for different charge transfer frequencies, & =(ar,)™': ()
0.24; (b)) 0.56; (c') 1; (d") 3. () Theoretical curve for a,(2H) =}
G, a,(2H)=1 G, corresponding to the (PTP-d,,)” /(PTP-d,,)"
ion pair formed in net cis-decalin (narrow line). A broad admix-
ture line corresponding to radiolysis products is added to fit the
experimental spectra in concentrated cis-decalin solutions (curves
(c")—(e')). Dashed curves show theoretical ones without the ad-
mixture line.

in the solution under irradiation. This could be, for
example, molecules of 9.10-octalin (decalene) which
is accumulated during radiolysis and yields an olefin
cation [17]. It could also be formed immediately in
the reaction of hydrogen abstraction from cis-decalin
radical cation [18] prior to recombination,

CyHjy = CHj +H,. (13)

For comparison, the MARY spectrum of this olefin
cation, obtained earlier in squalane solution [4] is

given in the same picture (Fig. 4g, shifted vertically).
More experimental work is necessary to deduce the
origin of this broad line. The experiments are in
progress now and the results will be reported else-
where.

Expression (3) completely describes the observed
transformations of the spectrum shape in the entire
range of cis-decalin concentrations in terms of the
charge transfer reaction. Figs. 4a'—4c’ show calcu-
lated curves best fitting the experiment (charge ex-
change frequencies were adjusted). To fully fit the
experiment in the range of high concentrations (Figs.
4c¢'-4¢') a broad line whose origin has already been
discussed was added to the cis-decalin spectra. The
dashed curves present cis-decalin spectra without
correction. The charge transfer rate constant for reac-
tion (2) obtained via this technique, & ~ 5.4 X 10°
M ! s7' is quite close to the diffusion controlled
one in hexane.

Since alkanes are widely used as solvents in
radiation-chemical experiments, the ability of alkane
radical cations to take part in positive charge hop-
ping is widely debated. Unfortunately, there is no
direct proof for ion-molecular resonance charge
transfer (reaction (2)) in saturated hydrocarbons. Very
fast hole hopping was proposed to explain the con-
ductivity measurements in cyclic hydrocarbons [19],
but this explanation was questioned in subsequent
publications [20]. It is generally believed that the rate
of hole hopping is actually not large. This hypothesis
roots in the well-known dependence of the rate
constant of hole transfer from donor to acceptor on
the difference of their ionization potentials A7 [21].
The dependence shows the plateau region for A7 > 1
eV and the decrease in hole transfer rate with de-
creasing Al For Al — 0 the rate constant drops by
two or more orders of magnitude as compared to that
for rhe plateau region. Attempts have already been
made to figure out the cis-decalin ion—-molecular
charge transfer reaction from the concentration
broadening of the cation’s OD ESR spectra lines.
However, all these attempts have failed because
cis-decalin signals vanish and disappear on increas-
ing its concentration in solution, hence not allowing
the extraction of any spectral information. Therefore,
this work presents the first direct spectroscopic veri-
fication of cis-decalin radical cation participation in
a resonant charge transfer reaction in liquid solution.
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In dilute solutions the rate of this process is propor-
tional to the cis-decalin concentration and quite close
to the diffusion controlled one.
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Appendix

Similarly to equations describing the motion of
spin 1/2 in the semiclassical approach [7], one can
demonstrate that for an ensemble of equivalent nu-
clei (protons) the components of electron spin
(S,,S_,S.)evolve in time as

(5.(1))=Ka, B, 2S.(0),
(S (1)) =Ca, B, )S (0).
(St =a, "= 1v,175.(0). (A1)

Angles ( >(1,3) mean averaging over all nuclear con-
figurations in the first (second) radical,

W(I
(g0 =2 (

lmmq([.m), (A.2)

where the summation over /. m, is carried out over
all nuclear sub-ensembles with total spin [/ with
statistical weights W(/I) [4]. Analytical expressions
for «,,, B, 7, read

a,, = cos’e, exp(iR, 1) +sinp, exp( —iR,1).

B, = sing,, exp(iR, 1) + cosp, exp( —iR, 1).

Y= —38in(2¢, ) [exp(iR,,1) —exp( —iR, )],
(A.3)

where
79

21172
R, = %[w2+aw(2m+ 1) +a*(I+ %)“]

m

(A.4)

cos? ¢, = [R,+ 3o+ 1a(2m+1)], (AS5)

2R,

a is the radical’s hfi constant and w=yH is a
Larmor frequency.

References

[1] U.E. Steiner and T. Ulrich, Chem. Rev. 89 (1989) 51.

[2] K.M. Salikhov, YuN. Molin, R.Z. Sagdeev and A.L.
Buchachenko, Spin polarization and magnetic effects in radi-
cal reactions (Elsevier, Amsterdam, 1984).

[3] D.V. Stass, N.N. Lukzen, B.M. Tadjikov and Yu.N. Molin,
Chem. Phys. Letters 233 (1995) 444.

[4] D.V. Stass, B.M. Tadjikov and Yu.N. Molin, Chem. Phys.
Letters 235 (1995) 511.

[S] O.A. Anisimov, V.M. Grigoryantz, S.V. Kiyanov, K.M. Sa-
likhov and Yu.N. Molin, Tcor. Eksp. Khim. 18 (1982) 292
(in Russian).

[6] S.A. Sukhenko. P.A. Purtov and K.M. Salikhov, Khim. Fiz.
1 (1983) 21 (in Russian).

[7] E.-W. Knapp and K. Schulten, J. Chem. Phys. 71 (1979)
1&78.

[8] K.M. Salikhov and F.S. Sarvarov, Teor. Eksp. Khim. 2
(1982) 146 (in Russian).

[9] S.N. Batchelor, C.W.M. Kay, K.A. McLauchlan and LA.
Shkrob, J. Phys. Chem. 97 (1993) 13250.

(101 A.L Burshtein, JETP 49 (1965) 1362 (in Russian),

[11] R.G. Gordon, J. Chem. Phys. 44 (1966) 1830.

[12] H. Fischer, cd., Landolt—Bérnstein, Numerical data and func-
tional relationship in science and technology, Group II, Vol.
17, Subvol. f, Magnetic properties of free radicals (Springer,
Berlin, 1990) p. 185.

[13] Yu.N. Molin and O.A. Anisimov. Radiative Phys. Chem. 21
(1983) 77.

[14] V.0. Saik, N.N. Lukzen, V.M. Grigoryantz, O.A. Anisimov,
A.B. Doctorov and Yu.N. Molin, Chem. Phys. 84 (1984)
421.

[15] D.W. Werst, Chem. Phys. Letters 202 (1993) 101.

[16] T. Shida and Y. Takemura, Radiat. Phys. Chem. 21 (1983)
157,

[17] V.I. Melekhov, O.A. Anisimov, V.0O. Saik and Yu.N. Molin,
Chem. Phys. Letters 112 (1984) 106.

[18} D.W. Werst and A.D. Trifunac, J. Phys. Chem. 92 (1988)
1093,

[19] J.M. Warman, The study of fast processes and transient
species by electron pulse radiolysis, eds. J.H. Baxendale and
F. Busi (Reidel, Dordrecht, 1981) p. 433.

[20] D.W. Werst, M.G. Baker and A.D. Trifunac, J. Am. Chem.
Soc. 112 (1990) 40.

[21] R. Mehnert, O. Brede and W. Naumann, Radiative Phys.
Chem. 26 (1985) 499;

O. Brede, R. Mehnert and W. Naumann, Chem. Phys. 115
(1937) 279.



