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Separation

Anton N. Savitsky and Henning Paul*
Physical-Chemistry Institute, Umersity of Zurich, CH-8057 Zurich, Switzerland

Anatoly I. Shushin
Institute of Chemical Physics, RAS, GSP-1, 117977 Moscow, Russia

Receied: May 23, 2000; In Final Form: July 20, 2000

Transient 2-cyano-2-propyl radicals are generated by laser flash photolysisat@hisisobutyronitrile (AIBN)

in solvents of various viscosities. Their spin magnetization is followed by time-resolved EPR spectroscopy
and analyzed in terms of modified Bloch equations accounting for chemical reaction, Heisenberg spin exchange,
and rise and decay of chemically induced electron polarization (CIDEP). The results are: (i) The cross-
section for spin exchange exceeds that for radical termination by a factor of 1.8. (i) No geminate net polarization
is found, implying that eventually formed primary diazenyl radicals decay on the picosecond time scale. (iii)
The ratio of F-pair and geminate pair polarization increases with viscosity firpfRg] = 1 atny = 0.6 cP

to |Pe/Pg| = 4.7 aty = 18 cP. According to the diffusion theory of CIDEP, this means that the initial spatial
distancer; of the radicals escaping the geminate cage is independent of the viscosity. This finding is at variance
with the cage effect, which is predicted correctly by classical Langevin models assuming a decrgase of
with increasing viscosity. It is tentatively concluded that, at least for AIBN, the successful simulation of the
n-dependent cage effect is only fortuitous and conceptually wrong.

1. Introduction relative diffusion coefficienD, and the initial radical separation

iri 5
2,2-Azobisisobutyronitrile (AIBN) is one of the most ex- When the pair is gengratéd. .
tensively studied azoalkanes because of its use as a polymeri- 1he G- and F-pairs after photolysis of AIBN are both
zation initiator-2 Upon UV excitation it decomposes into a composed of two 2-cyano-2-propyl radicals. With respect to

2-propy! radicals, the initial spatial distance, in which the radicals start their

diffusive trajectories of the re-encounter process, along which
h . the CIDEP is generated. For the F-pairs, this initial separation
AIBN — N, + 2(CH;,),CCN should be the distance of closest approach of the species. There,
the pair system is prepared in its triplet state, because the singlet
As the cleavage occurs from the singlet state, a considerablepairs are filtered out by radical termination. For the G-pairs,
portion of the G-pairs decays rapidly by radical termination to the initial distance; is not well-known. After photodissociation
form in-cage recombination and disproportionation products. of a molecule in solution there seems to be a fairly short primary
Those species, which escape the cage effect, diffuse apart, fornseparation stage of the fragments, which is accompanied by fast
F-pairs by subsequent random diffusive encounters, and termi-vibrational and translational relaxatiér.After dissipation of
nate if they happen to encounter in a singlet-pair spin state. the initial energy, the radicals that have escaped fast recombina-
The radicals escaping the G- and F-pairs are detectable bytion during the primary separation stage will have a certain
time-resolved EPR (TREPR) spectroscopy. They exhibit chemi- distribution of initial distances;, the average of which may be
cally induced electron polarization (CIDEP), that is, the popula- estimated from a Langevin model, for example. The primary
tions of their spin states deviate from thermal equilibrium. This separation stage occurs on the early picosecond time scale,
phenomenon is caused by the radical pair mechanism (RPM)which is much shorter than the time needed for spin evolution
and arises during re-encounter sequences of the spin-correlatedtypically nanoseconds) and, with it, the generation of CIDEP.
G- and F-pairs via mixing and splitting of the singlet- and triplet- Therefore, the RPM spin polarization of the G-pairs depends
pair spin states by the hyperfine and exchange interaction,on only the average initial distance
respectively. The polarization causes the low-field EPR transi-  In this article we report on quantitative measurements of the
tions to appear in emission (E) and the high-field ones in spin polarizations, which are generated in the G- and F-pairs
enhanced absorption (A), or vice versa. Whether an E/A or A/E after photolysis of AIBN in solvents of different viscosity.
multiplet pattern is produced depends on the sign of the Because all details concerning the diffusion and the distance
exchange interaction and the spin state multiplicity of the pairs dependence of the exchange interaction are the same for both
when formed. The magnitude of the polarization is determined pairs, the polarization ratigPe/Pg| should provide a reliable
by the distance dependence of the exchange interad{ijn look at the viscosity dependencemfallowing verification of
between the radicals of the pair, their hyperfine splitting, their the quality of common Langevin models. For the solvents used
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we have also determined the cage effect, which should be 3. Analysis of EPR-Time Profiles
composed of a “primary” and “secondary” cage effedthe
primary cage effect occurs on the femto- to picosecond time
scale during separation of the fragments and has no direct
connection withr;. The secondary one, however, is determined
by the probability for diffusive return of the radicals framto

the reaction distance, and any meaningful model for the viscosity
dependence of; must be able to reproduce the viscosity
dependence of both the secondary cage effect and the ratio of
spin polarizationgPg/Pg|.

The EPR-time profiles that are obtained after flash photolytic
radical initiation contain all information about the chemical and
spin dynamics of the system. They were analyzed on the basis
of Bloch equations, modified with additional terms to allow for
chemical kinetics, CIDEP, and Heisenberg spin exchange. The
modification and the procedure of analysis are outlined below.

Considering a system of identical radicals with certain nuclear
spin states, we denote Bis(N,, + Nﬁ) the number of radicals
occupying the nuclear spin stateand asn; (N' — N/ p) the
2. Experimental Section population difference in that hyperfine state. In the absence of

Our experimental arrangement for TREPR measurements afterchemical reactiorly; will be constant, and any initial population
laser flash photolytic radical initiation has been described in differencen; will change according to the rate law
detail previoushy. For the AIBN studies we used a frequency d
tripled Nd:YAG laser (355 nm, 6-ns pulse length, 10-Hz —n = — pN] - kex’ ZN N Z ] 3.1)
repetition rate, £15 mJ per pulse on sample surface). Solutions dt
containing AIBN (74 mM) were deoxygenated by bubbling with

Ar for 45—60 min and pumped in continuous flow (flow rate  The first term on the right-hand side describes the -spin
5.55uL-s™") through a flat quartz cell (2-mm optical path) inside  |attice relaxation ofn to its thermal equilibrium valuged\;,
the TE103 EPR cavity. The depletion of AIBN was controlled jith Peq = gusBo/(2 kT). The second term takes into account
by optical absorption spectroscopy and kept at less than 15%.the loss and gain ofy, as a result of Heisenberg spin
All experiments were performed at 293 K. exchangé4-17

The solvents were chosen according to the solubility of AIBN  f the radicals react by bimolecular termination the decay of
and covered a wide range of viscosities. We used benzene, ethyN; should follow the rate law
benzoate (EB), di-butyl phthalate (BP), and their volume
mixtures: mix A (benzene/BP, 40/60), mix B (benzene/BP, 26/

74), mix | (EB/BP, 50/50), and mix Il (EB/BP, 20/80). The —N =- zk N, — nizkznj (3.2)
product distribution was checked by NMR and gas chromatog- !

raphy for all solvents. Ninety-two percent combination products
[tetramethylsuccinodinitrile and dimethid-(2-cyano-2-propyl)-
ketenimine] and 8% disproportionation products (isobutyronitrile
and methacrylonitrile) were found, varying only a little with
solvent and temperature, in agreement with earlier studies of
the thermolysis and photolysis of AIBN.The product distribu-
tion is stable to irradiation at 355 nm. (Noticeable product ab-
sorption, mainly due to the ketenimine, starts at less than 340
nm.)

Also the chemical kinetics of 2-cyano-2-propyl radicals
generated by UV irradiation of AIBN in all the solvents used
was checked in kinetic EPR experiments, using a setup that
has been described elsewhé&r@he investigations gave clean
second-order decay profiles for 2-cyano-2-propyl radicals in
solvents of high viscosity (ethyl benzoate and dibutyl phthalate)
at temperatures between 290 and 320 K. Contaminations by
unknown pseudo-first-order radical reactions were always less
than 3%. Photolysis of AIBN in benzene led to a similarly clean
kinetic behavior of the EPR signals only for temperatures above
310 K. At lower temperatures the time profiles were distorted
by an unknown slow decay kinetics in a way similar to that
reported previously? However, no indications for this slow
decay were found in the TREPR experiments after laser flash
photolysis of AIBN under these conditions. The self-termination
of the radicals seems to remain the dominant reaction on the
time scale of the TREPR experiment, probably because the
initial radical concentration after laser flash photolysis is about
2 orders of magnitude larger than in the kinetic EPR experi-

Relation 3.2 is based on the assumption that only those radicals
that form singlet radical pairs upon collision can terminate. If
the electron spin system is only weakly polarized, thahis,

< N;j, or carries only a multiplet type polarizatiopin, = ped\,
the second term on the right-hand side is negligible and the
decay ofN; is governed by the first one, the usual second-order
rate law. However, if the spin system exhibits a strong net
polarization, the second term might become important, because
it corrects for the surplus af- or 5-spins. (In the limiting case
of a completely net polarized electron spin system with only
o- or 5-spins, the second term would cancel the first one, thus
preventing any termination.)

For systems of reactive radicals rate law 3.1 for the population
difference has to be changed to account for the generation of
F-pair CIDEP. F-pairs are formed by diffusion-controlled
encounters of radicals. The probabilities for encountering
initially as To- or S-state radical pair are the same. According
to the RPM the spin polarizations developed p dnd S-state
pairs are of equal magnitude but opposite sign. Thus, in the
absence of any spin state selective radical termination the CIDEP
stemming from § and S encounters would cancel each other.
However, if singlet F-pairs are partially or completely filtered
out by radical termination, as is usually the case, the CIDEP
from the To encounters will dominate and change the population
differencen;. Because there are as many excegpdirs as S
pairs that have reacted, the necessary modification of eq 3.1
immediately follows from eq 3.2 and is given by

ments. d
The viscosities of the sample solutions were determined using—n, = ——[n PeN] — ke 1 ZN N, z
calibrated Ubbelohde capillary viscometers. Diffusion coef-
ficients of the radicals in the solution were measured by a NiszpF(I’J)Nj nizkzpF(I'J)nj (3.3)

chromatographic broadening technitfd@ising isobutyronitrile

to model the 2-cyano-2-propyl radicdf®. Chemicals were

purchased from Fluka, Aldrich, and SDS in their purest As a consequence of the RPM, the rate constanfor
commercially available forms and used as supplied. bimolecular radical termination depends on the hyperfine states
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i andj as well. This dependence can be estimated ¥om

1+ 4/Q(i,j)-d%D «
1+ YA/ Q(i,j)-d?/D ’

where D is the relative diffusion coefficient of the radicals
forming the paird is their distance of closest approa€)(j,j)
is half the difference of their Lamor frequencies, dads the
termination rate constant f@(i,j) = O (i.e., no T—S mixing).

ky(ij) = (3.4)

However, in most cases this dependence is weak enough to be
negligible, and the nuclear spin polarization in the radicals also

can be neglected as long as eq 3.4 yidigsj) ~ k.. Given
this condition, the population of the hyperfine statis N;
xiN/x, wherex is the number of nuclear spin states ani the
degeneracy of thigh state. Denoting the total number of radicals
with N = Y N;, the total population difference with = Y n,

and neglecting the usually tiny last terms on the right-hand side

of egs 3.2 and 3.3, these relations give

%ni = —Ti[ni ~ PeNi] — Ke,N — nNJ + kNN pe(i)
1

(3.5)

1 X
U _E[n — PNl + kzNzlz;-pF(i) (3.6)
%N = —k,N° (3.7)

where
X;

Pe(i) = Z;'pp(iJ) (3.8)

J

Equation 3.6 contains the additional assumption that the-spin
lattice relaxation timel; does not depend on the nuclear spin
states. This holds only for small radicals in low viscous solution,
when their relaxation is dominated by spirotation interac-
tion.

For identical radicals the RPM generates a pure multiplet
CIDEP (usually E/A for F-pairs). Thus, the second term in eq
3.6 is zero. Transformation to magnetizations then yields

d 1

Mz =~ Mz — Pof R — K RIM, — M) +

2k[RI*P:Pqq (3.9)

d

GME'= ~F IME PR

(3.10)

SR = ~2KIRP? (311)
where Mz is now thez-magnetization of the radicals in the
nuclear spin statg which are assumed to be the ones under
EPR investigation. They relax to an equilibrium valBg[R]
with Peg = YoguspedNaXi/x and [R] being the radical con-
centration in mol/drd (Na = Avogadro’s number) M
Ygugnx/x is the totalz-magnetization of the electron ensemble,
normalized to the transition under EPR investigatidagd2notes
the rate constant for termination (in Ws™1), and Pk is the
F-pair polarization, defined &3- = pr(i)/peq
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To describe the time dependence of the magnetization by
Bloch equations, it is assumed that the microwave field interacts
only with radicals in a certain defined hyperfine state. Interac-
tions of the B-field with species in the other hyperfine states
have to be negligibly small, that is, neighboring resonances must
be well separated with negligible overlap. Taking into account
that the polarization processes lead to changes af-thagne-
tization only, whereas the exchange affects all components of
the magnetization, the Bloch equations may be written as

d u

d_tu = _T_gff — Aw-v
d v
aU—Aw°u—7f+wlMZ (3.12)
2
d
M=~ o - —+ 10
1
with
1 1
==+ k,[R] (3.13)
Tiﬁz T o
and

10 = 1 PR + K [RIM P+ K[RIPPy, (3.14)

In eq 3.12 the impact of the exchange on the perpendicular
magnetizationsl and v is accounted for only as an additional
loss ratekey{R] besides the relaxation rateT}/ that is, it is
assumed that the expectation values of the perpendicular com-
ponents of the total magnetization are solely determined by
andv of the EPR line under resonance. For this assumption to
be a good approximation it not only requires that thefiBld

does not interact with other EPR lines, but also that the line
under resonance has only a small statistical weight, thafxs,

< 1.

As a whole, for a system of identical radicals the dependence
on time of an EPR lineé should be describable by relations
3.10-3.14 under the following conditions:

1. The reactivity of the radicals is independent of their
hyperfine state.

2. The radicals populate their hyperfine states according to
their degeneracies, that i; = xN/x.

3. The line under study has only a small statistical weight,
that is,x/x < 1.

4.The termination rate of the radicals is slower than the-spin
lattice relaxation rate.

5. The spin polarization of the radicals does not contain a
large net polarization. The AIBN system was checked carefully
under the conditions of its investigation and met all these
requirements in sufficient approximation.

The generation of the spin-polarized radicals occurs on time
scales that are much shorter than that of the TREPR experiment
and, therefore, enters as initial condition, that is,

[RI(0) = [R], (3.15)
M,(0) = (P, + P,)P.{Rl, (3.16)
MZ(0) = PPJRlo (3.17)

where P, and P, are the potential initial net and multiplet
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polarizations, respectively. The initial perpendicular magnetiza- y )
tions are always set = v = 0.

In the absence of exchange, that isTifke{R]o < 1, the
time dependence of an initial magnetizatidia(0) is given by
eq 3.12, with relaxation time§;’, = Ti, and fit) [and
therefore alsaViz(t)] being independent okY(t). Then, the
time dependence of the-magnetization under resonance
conditions is simply given by

Signal

2 —oot - wq — oot -
u(t) = aT-MZ(O)-e P.sinwt + w—-f;(t) ® (e "-sinw4t)
T T (3.18)
with f (it)

gl _ [ 111y
00—1/2(T1+T2), and w+ \/wl 4(_'_1 Tz)

(3.19)

Time [ps]

®

The second term on the right-hand side of eq 3.18 involves all
parameters of the radical system because of the convolution L

integral withf (t) = Ped R/ Ty + 2kt[R]2P,:Pecr However, if 2w4] >
> |1/T1 — 1/T,|, the first term leads to transient nutations, which 00 02 04 06 08 10

are determined only by the four parametexs Ty, T», andMz- Frequency [MHz]

(0). Recently, Savitsky and Pafishowed that Fourier trans-  Figure 1. (i) EPR-time profiles calculated from eqgs 3:18.12 for 50
formation of the transient nutations allows the determination mW microwave power anélex = O (upper trace)kex = 2-2k; (lower

of these four parameters with good accuracy from position, trace), all other parameters (see text) being the same. (ii) Fourier
amplitude, and width of the nutation line in frequency space, transforms of the_EPR-tlmg profiles (i) ar_ld a_5|mulat|on of 'Erle exchange
Sggetg%cl)irr]]e width at sufficiently late times after the radical ngggi&e?ar&lgtjalt/lr%r\\,\y’naenv&/ihqu%g(i,(ryfldlag: 6.2310°s™, wr =

If the radical relaxation rates are comparable with the initial

exchange frequency, that iy ke{Rlo > 1, the effective 4t A ; andwr with the initial radical concentratiorRjo, which
relaxation times defined by eq 3.13 become time-dependent ., pe easily changed with the laser intensity in the time-

because of the chemical kinetics. Then, eqs 3.18 and 3.19 argggolyed EPR experimenb, ando, are extractable by plotting
no longer valid, and the Torrey oscillations have to be described wr and o versusA and extrapolating linearly té = 0, and

by v(t) as caliculated by integrgting numerically the generalized M(0) is directly given byA at low laser intensities.
Bloch equations (3.183.12), involving all parameters of the Evenkey can be estimated if the initial radical concentration

system simultaneously. Fortunately, a computer simulation s «nown. For second-order radical termination reactions rate
shows that, also in the presence of exchange, good estimates,, 3 11 |eads to the time dependence

for w1, Mz(0), the relaxation rateo = (T1 + T2)/2T1 T, and
even the exchange rakg|R]o are still obtainable in a variety
of cases from a simple analysis of the Torrey oscillations at
different initial radical concentration]o.

For radical systems that carry only a multiplet-type polariza-
tion (MY' = PedR)]), the exchange essentially only increases
the relaxation rates, thus leading to a faster damping of the
nutations. As an example, Figure 1i gives a comparison of two
EPR-time profiles, which are calculated wkk = 0 andkex =
2-2k;, respectively, all other parameters being the same (50 mW
microwave power and, = 2 us, Ty = 4 us, & = 2:10°
Mfl‘Sfl, Pr = —20, Py, = 20, [R]o = 104 M, w1 = 5-10°
rads YmW, Peq= 1 M1, corresponding top, = 3.7510° s74,
andMz(0) = 2-1073). The Fourier transforms of both profiles
are shown in Figure 1lii. Obviously, the exchange mainly
broadens the nutation line and reduces its amplitude. The Upon UV irradiation of AIBN in solution, a steady-state EPR
Lorentzian line shape is approximately maintained, as demon-spectrum, which is composed of 21 first-order line groups,
strated by the broken line, which simulates the exchange- displayed in Figure 2i, is observed. It is unambiguously
broadened nutation line on the basis of an assumed timeassignable to the 2-cyano-2-propyl radical because of the
dependence hyperfine couplings 6H(C¥), 2.065 mT and N(CN), 0.336 mT,

as well as th@-value 2.0030, which agree with reported d&ta.
u(t) = A-e “sin w+t (3.20) The TREPR spectra in Figure 2ii show the marked EPR lines
of the (CH),CCN radical M;(H) = —3...3,M;(N) = 0], taken

With decreasing initial radical concentration the exchange after certain time delays after the laser flash photolysis of AIBN.
rate becomes slower and the paramefers andw+ of relation The lines are partially split into second-order components.
3.20 approachMz(0), go, andwt ~ w1 according to eq 3.18.  Because AIBN decays from the singlet state, the resonances in

Therefore, the latter parameters are obtainable from the variation

[RI(H) = [Rl(1+ t/r) * (3.21)

with 1/t = 2k|R]o being the second-order decay rate. As long
ast/r < 1 the radical concentration remains essentially constant,
and the damping of the nutations is determinedoby oo +
kex[Rlo. Thus,kex is just the initial slope in a plot of versus
[R]o, provided the termination rate is slow in comparison with
the damping rate. Our simulations showed that this condition
is sufficiently well fulfilled if the initial rate of dampingg =

0o + ke R]o, is at least about four times faster than the initial
rate of termination, B[R]o.

4. Results
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Field [mT]}
_,./‘/\ Figure 3. (i) Dependence of on A obtained from Torrey oscillations
w\/\,\a—- - - - = P for: O, mix A, 2.09 cP;®, mix B, 4.74 cP;O, mix Il, 9.27 cP;®,

dibutyl phthalate, 17.73 cP. (ii) High-field line of 2-cyano-2-propyl
T=2.5us radicals in benzene obtained by integration of the TREPR spectrum
from 40 to 6Qus, and its simulation by a Lorentzian witkB,,, = 9.2

0.1ImT uT (broken line).
B,
E .AJ‘/\L -/JL radical in known concentration. Of course, the statistical weight
- S, W of x/x = 5/192 for the TREPR lines under investigation was
W T =6ys accounted for. Details of the calibration procedure have already

) ) ) been described elsewhéfeFurther, the EPR-time profiles of
e o o O o o AR e s the two marked lines of the 2-cyan-2-ropy raccals were
(i) Sections ongREPR spectra taken at certain time delays after laser reporded at various laser |ntenS|t|e§ n th? nutation limit (hlgh
excitation of the same solution. microwave power). For each laser intensity at least four pairs

of these time profiles were taken to evaluate amplitdde

Figure 2ii exhibit an A/E pattern at short times due to the CIDEP dampingo, and nutation frequencyt from the nutation line
from the geminate radical pairs. At later times, the F-pair in frequency space, as described in the preceding section.
polarization dominates and results in a phase inversion to anExtrapolation to low initial radical concentrations then yielded
E/A multiplet. No initial net polarization is observed, indicating Mz(0) = PgPedRlo, 00 = (T1 + T2)/2T1T,, and the averaged
that either the photodissociation inte Bind two alkyl radicals ~ microwave field amplitudev; in the cavity. At timest > 40
is a concerted process, or the primary diazenyl radid&lC- us, where the radical concentration is sufficiently low to make
(CN)(CHg),, if at all formed, decomposes into,ldnd-C(CN)- the exchange broadening negligibly small, the two EPR lines
(CHg), in the picosecond range. This finding is in line with under investigation showed Lorentzian line shapes with a
previous CIDNP results on the photolysis of symmetric azoal- dependence on the incident microwave power following
kanest

Two full arrows in Figure 2 mark a high- and low-field line ABZ, = (ABJ)’(1 + wiT,T)) (4.1)
[I(H) = 2, M(H) = £2, M|(N) = 0], positioned symmetrically
to the center of the spectrum. Their overlap with neighboring with ABS,, = 2/(yT,). Therefore, the line widtiAB, at times
resonances is negligibly weak and, therefore, their EPR-time t > 40 us was determined at various microwave powers, and

profileS have been chosen to inVeStigate the CIDEP of the radicalthe relaxation times were calculated Separate|y frmn:Zl/Tl
system. The time profiles on-resonance of these two lines were+ 1/T, and

analyzed in terms of the modified Bloch equations discussed
in the preceding section. For the AIBN system they consist of 1/200AB§,23/2T§ — (1/4AB§,2)/2 + wi)-TS —20,T,+1=0

egs 3.12-3.14 with additional use of egs 3.10 and 3.21 for the (4.2)
total zzmagnetization and the radical concentration. The initial
conditions are defined by eqs 3:18.17, withP, = 0 andP Some examples for these analyses are given in Figure 3. The

= +Pg (geminate polarization) for the low- and high-field lines. dependence af on A for some solvents are shown in part i of
Thus, the EPR-time profiles are governed by nine parametersthe figure. The increasing influence of the spin exchange with
in all, namelyPr, Pg, T1, T2, Peg @1, Kex, 2k, [Rlo. decreasing viscosity of the solvent is clearly visible. The
Five of these parameters were fixed via separate experimentsjntercepts atA = 0 yielded the values ofy for the various
and the remaining ones were determined by least-squares fitssolutions. The quality of the line width measurement is
of the equations to the profiles. First, the equilibrium polarization demonstrated in Figure 3ii, which shows the high-field line of
Peq in signal units was measured by sensitivity calibrations of 2-cyano-2-propyl radicals in benzene (obtained by integrating
the spectrometer, using solutions of the persistent TEMPO the TREPR spectrum from 40 to 68) and its simulation by
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TABLE 1: Parameter Set Obtained for 2-Cyano-2-propyl Radicals in a Variety of Solvents

solvent n (cP) Dr? (105cnP s 2kP (10°M~1s™) T, (us) T1 (us)
benzene 0.66 1.93 2.1(2.2) 3t10.1 3.1+ 0.1
ethyl benzoate 2.14 0.771 0.84 (1.0) 2:69.3 5.1+ 0.5
mix A° 2.09 - 0.84 (1.1) 2.7+0.2 46+04
mix ¢ 4.76 0.423 0.46 (0.6) 246 0.2 4.9+ 0.4
mix B¢ 4.74 - 0.46 (0.6) 2.5+0.2 5.2+ 0.5
mix 11¢ 9.27 0.237 0.26 (0.4) 240.3 4.7+ 0.4
dibutyl phthalate 17.73 0.141 0.15 (0.2) 189.1 4.15+ 0.3

a Diffusion coefficient of 2-cyano-2-propane (as a model system for 2-cyano-2-propyl radivalues given in brackets are estimated from
reported dat&' °For mixture composition see the Experimental section.

54V) W Sy (i)
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0.1 03 '_g‘
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vk o N ' . 0.02}
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0=3610%ads!  { 0F ©=1610°rads? ¢ -0.02f 7=6.0us
Q 5 10 15 0 5 10 15 . . .
[us] [ns] Figure 5. Experimental and calculated EPR lines of 2-cyano-2-propyl

radicals M(H) = £2) in benzene at different time delays after radical
Figure 4. High- and low-field on-resonance EPR-time profiles of  generation.

2-cyano-2-propyl radicals after laser flash irradiation of AIBN, recorded

at low and high microwave power in benzene (i, ii); in ethyl benzoate TABLE 2: Polarization Factors Pg and Pg for the

(iii, iv); in di- n-butyl phthalate (v, vi), as well as their simulations by ~ 2-Cyano-2-propyl EPR Lines with M,;(H) = £2, M;(N) = 0,
egs 3.12. The individual fits were obtained wjth,~ 1.5-1.7 at low and In-cage Radical Termination Probability Pc in Different

power, and/%,~ 1.3-1.5 at high power, where the time dependence S0lvents
of the EPR signal is determined mainly by relaxation and solvent |Pg| |Pe] |Pe/Pg| Pc
benzene 18.# 0.8 19.3+1.8 1.03+0.04 0.67+ 0.05
a Lorentzian withABy, = 9.2uT. The relaxation times obtained Ethy'lo\benzoate 292$ g igi g igi g-g 0.73+0.05
H H : H mix . . —
:‘_or tgg 2Tcyg'i\n012 propyl radical in the various solutions are mix | N1t 76413 19+05 079+ 0.04
Isted in Table 1. mix B 43+5  85+£25 20405 —
The remaining four parameterR]p, 2k, kex, andPe were mix Il 57+8 180440 3.2£0.7  0.87+0.03

then determined by fitting with a SIMPLEX routine for each dibutyl phthalate 6810 320+50 4.7+0.9  0.93+0.02
solver!t the nu.merical SOIl,mon of the Bloch equatiqns to,the aThe polarization values are given in units of the equilibrium
EPR-time profiles of 15 high-/low-field resonance line pairs, population differencese, = 7.810-*.

which had been taken at various laser intensities and microwave

powers. Two constraints were imposed in the analysis, namelyreduced,?. Examples for the quality of the fits at low and high

a constant ratio oke/2k: for all solvents and a diffusion-  microwave powers are given in Figure 4 for three different
controlled rate constant of radical termination, obeyikg~2 solvents. Figure 5 demonstrates the congruence of the experi-
D. The latter condition has been proven in previous investiga- mental and calculated resonance lines at different times after
tions?! and the former one corresponds to the assumption thatthe laser flash. All results of the analyses are compiled in Tables
the ratio of the cross-sections for exchange and termination is1 and 2. Table 2 also contains values for the in-cage termination
determined by the radicals and not the viscosity of the probability Pc of the radicals. They were determined from the
solvent!>16 Of course, the uniqueness of the fits were always consumption per laser flash of the starting compound AIBN
checked by starting the SIMPLEX algorithm with different (measured by optical absorption spectroscopy before and after
initial parameter sets. In addition, all fixed parameters were the TREPR experiment) and the initial radical concentration
varied within their error limits, which did not improve the resulting from the fitting procedure.



Electron Spin Polarization after Photolysis of AIBN J. Phys. Chem. A, Vol. 104, No. 40, 2008097

In addition to the data given in the tables, the fit procedure Lss O 0 0
also yielded a value for the ratio of the rates of radical spin 0 L 0 0
ST,

exchange and terminatioRe/2k; = 2.6 £+ 0.2. This result is [ = (5.5)
very close to the exchange/termination ratios, which were 0 0 Lis 0 '
determined previously by Bartels etlfor 2-hydroxy-ethyl °

(2.5) and 2-hydroxy-2-propyl (3.3) radicals in water. Following 0 0 0 LTJD

their analysis, it means that for the 2-cyano-2-propyl radicals
the cross-section for exchange exceeds that for radical termina-characterizes the effect of reactivity and electron spin exchange
tion by a factor of 1.8+ 0.2. Finally, our rate constants for interaction. This supermatrix is diagonal in the $Bsis and
radical termination agree well with the data given by Korth et is composed of the effective reaction and spin exchange
al?! (see values given in brackets in Table 1), which further relaxation radii. For highly reactive species, that is, radicals
corroborates the reliability of the results of our multi-parameter which terminate diffusion controlled,
analysis.

Lgs~ d, Lrr = 0 (5.6)
5. Discussion

The spin polarization and cage effect are both expected to and
depend on the initial spatial distanceof the radicals in the o
geminate pair. To discuss the data in Table 2, obtained after % 0
photolysis of AIBN, we will first supply the relations, which
allow calculation of the CIDEP and cage effect in dependence | d+ a
on the initial separation of the species. Afterward some classical Do
models for estimation of; will be summarized and their Y 2J, 5
predictions compared with the experimental results. d—io —, 2]y < n/2Da
Diffusion Theory of CIDEP. CIDEP is generated in radical Da (5.7)
pairs (RPs) during the free relative diffusion of the species. '

Geminate RPs start their diffusional trajectories after a fast yhered is the distance of closest approahis the diffusion
primary separation process, which can result in an initial spatial coefficient, andly ando characterize the distance dependence

-1

| ﬂ+11 —i-Z.sign(), 2J,> 7/2Da?
n 5 . |2a5|gn(), h > 7/2Do

distribution of the exchange interactiod(r) = Jy-exp[-a(r — d)]. The
N parametelL is defined by the relation
p2(r|) 4nr,2 6(r r|)v (51) Le — Red‘STO) —
| [ 2% )
wherer; is the initial distance of both radicals. In the model of d+a ln(D_az) + 1-1%' 23, > 71/2Da (5.8)
spherically symmetric species, the CIDEP generated in such a '

geminate RP can be found analytically by a method developed d, 2:Jy < n/2Da?
in ref 18. In particular, in the initial distribution (eq 5.1) this

method yields the following expression for the multiplet CIDEP: In the same approximation the probabiy®(Q) of escape from

2 geminate recombination and, correspondingly, the recombination
N Y .

— = -exp[—k(r, — LP)]pO}’ probability P,5(Q) are given by

1+ Ak T

PS(Q) = —2Tr{ S’
forr, > L, (5.2) PSQ=1-P3Q) =
N 1 A N
HereA = Le — L, po = |ST9 is the initial spin density matrix Tr{ (r)po + o A&'r_i'eXp[_k(ri - LQ]Po} (5.9)
of the RP which is assumed to be singlet= 4/iHy/D, and R K
where II(r;) = 1 — L/r; is the supermatrix of escaping

0 Q -QO0 probabilities in the absence of any quantum evolution of the
free radicals, that is, foHy = 0.
H, = Q 0 0 -Q (5.3) Expressions similar to egs 5.2 and 5.9 can be derived for the
-Q 0 0 Q rate Ke of CIDEP generation and the rate &f recombination
0 0 Q 0 in the bulk process:

K.=27DLP. and K,=27DLPS  (5.10)
is the spin Hamiltonian of the free radicals (in Spproxima-
tion) in Liouville representatiof In the Hamiltonian (eq 5.3) wherePg is the CIDEP amplitude that is given by eq 5.2 for
the coupling = Le and the uncorrelated initial conditiqy = (|STS + |To3
[To)/2, andPf = 1 — P} is the recombination probability with
Q= 1/2(ZA]?"I P ZA‘EI z) (5.4) Pf given by eq 5.9 for the sante and po.
] All observableP¢(Q) and P4(Q) should be averaged over
nuclear configurations, that is, over &kvalues, taking into
is expressed in terms of the difference of frequencies of the account, however, that in averagiRg(Q), some of them, which
EPR lines of two radicals with hyperfine constan@(j”s v = do not correspond to the observed component of hyperfine
a,b) in particular nuclear configurations. The supermatrix multiplet of the investigated radical, should be omitted. For
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convenience, the valudy, averaged ove are denoted

P,=P,(Qr (5.11)

In terms of these notations the CIDEP per radical escaping
geminate recombination and the CIDEP per radical undergoing

F-pair recombination are expressed by
pS =P%P§ and pf=PL/PF (5.12)

respectively. In what follows, the viscosity (diffusion coefficient)

Savitsky et al.

wherev, is the initial relative velocity of the radicalg; is the
velocity relaxation rateD is the relative diffusion coefficient,
andm is the mass of the radicals. Applying Stokes law

KT

= 3.7T_d77 (5.17)

one obtains the corresponding viscosity dependende of
Relations 5.16 and 5.17 are obtained in the simplified

Langevin approximation which is valid for macroscopic particles

and is not very accurate when applied to small molecules.

dependence will be discussed and compared with the experimenHowever, the same formula (eq 5.16) can also be derived in

of the cage effect

Po(D)=1— P (5.13)
and the ratio of F- and G-pair polarization,
R{(D) = P¢(D)/P(D) = P/P] (5.14)

The exponential term in egs 5.2 and 5.9 gives rise to the

the more realistic generalized Langevin appro®cihich
accounts for the memory effects in the energy dissipation process
in liquids. Despite such an essential generalization the Langevin
approach is still approximate because it treats solvents as
homogeneous liquids and thus does not describe the local
inhomogeneity of liquids at small distances of the order of
molecular sizes. In other words, eq 5.16 can be used only for
qualitative analysis of the process.

In addition to Noyes’ formula (eq 5.16), which predicts the

important effect of loss of spin coherence in the RP in the case relation Ar ~ D, another dependence,

of a large initial distance between the species. This loss shows
itself in a substantial change of the CIDEP when
@ =1k(r, — LIl ~ VQ/ID(r; — L) (5.15)
changes fronyp < 1tog > 1 as a function of;. If ¢ < 1 then
exp[—k(ri — Le)] ~ 1 and the effect of; is essentially absent

except for the trivial I dependence, which results in a slow
change of the CIDEP with change of However, ifp > 1

Ar ~ D

also can be considered as physically reasonable. This relation
implies a diffusion-like primary separation. In reality it corre-
sponds to the following scenario of the process. During the
dissociation the energy excess of the process gives rise to a
local heating of the surrounding molecules and, thus, to a higher
mobility of these molecules and a high diffusion coefficibrit

(5.18)

then the CIDEP of singlet RPS can even change signs, whenwhich is, nevertheless, proportional to the initial diffusion

the RP spin density matrix has almost completely relaxed to
that of F-pairs at the moment of the first re-encouster.

The most common mechanical models for estimatiom; of
will be outlined in the following text, and the free diffusion
model will be applied to the dependenceDrof the geminate
recombination probability and the CIDEP. It is evident from

coefficientD. During the time of fast cooling the radicals will
diffuse apart from each other to an average distafice~
(D*7¥) 12, wheret* is the characteristic temperature relaxation
time of the heated surrounding molecules to the lower macro-
scopic temperature of the liquid. In principlet can change
with viscosity so that the viscosity dependenceAof that is,

egs 5.2 and 5.9 and the discussion above that this dependencthe dependence dp, can be complicated. However, in liquids,

is determined mainly by that @f, which results not only from

the relationp ~ D=2 but also from the dependencgD).
Primary Spatial Separation and Comparison with Experi-

ment. The process of geminate recombination of RPs in

the heat transfer and tha$is controlled by processes (typically
VV-transfer) completely different and almost independent of
those that determine the viscosity and mass transfer. This means
that the timez* is expected to change only weakly with

homogeneous liquids starts with the initial spatial separation viscosity. In such a case, the initial separation dependence on
of the radicals, which is followed by spin/space evolution and D is given by eq 5.18. The main drawback of this model is the
partial recombination during subsequent diffusive re-encounters.same as that of the Noyes model: it does not take into account
The characteristic time of the primary separation stage is fairly the local inhomogeneity at molecular distances and the even-
short (~10711 — 10-13s) and corresponds to the time resolution tual caging due to short-range interactions between the radi-
of optical and IR spectroscopic measureméntg425The time cals.

of separation is typically much shorter than the times of spin  Finally, the loss of N in the dissociation process of
evolution and the times that can be investigated in TREPR azoalkanes also must be considered. The nitrogen molecule may
experiments. This stage, however, is important for the descrip- act as some kind of spacer between the radicals. If this governed
tion of the cage effect and the geminate pair CIDEP because itthe initial distancer; one would expect it as essentially
essentially determines the initial condition for the magnetic field independent of viscosity, that is,

dependent spin/space evolution of the RPs.

The most popular model of primary separation assumes that
after formation the radicals move apart from each other because
of the initial translational energy resulting from the impulse of
a repulsive forc&827 After dissipation of this initial energy the
radicals undergo a relative diffusive motion from the distance
T which can be estimated, according to Noyesyithin the
simple Langevin approach as

Ar = constant (5.19)

For comparison with the experimental results, it is convenient
to use dimensionless quantitie$or the distance and for the
inverse diffusion coefficient (viscosity), defined by

x=r/d and q=A&/D~1D~7n  (5.20)

v vom In further evaluations a distance of closest approactt of 6
Ar=T7,—d~ o= (O_)D (5.16) A and a characteristic hyperfine constantfof= 2 mT were
Vr KT chosen for the radical pairs being formed by photolysis of AIBN.
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Figure 6. Comparison of the experimentajdependences of the  Figure 7. Same as Figure 6 but faxx(q) = Ar(g)/d independent of
polarization ratioRe(q) (i) and cage effecPc(q) (ii) with theoretical g (——-)Ax=1.2,Lsdd=0.5; () Ax=1,Lsdd = 0.8; (-— -) AX
predictions calculated within the free diffusion model fer ) Ax(q) =0.8,Lsdd = 1.
= Ar/d = 0.0250; (- — -) Ax(q) = 0.0154; (—) Ax(q) = 0.044;; and
(—+-) AX(@) = 0.10Mq. Lss = d (diffusion-controlled recombina-  Obviously, the dependence ~ D andAr ~ v/D enables one
tTlcz;rk]))leag%Jdé = t15d5 dwggzg';e“ for all calculation®, Data from to obtain a good agreement between theory and experiment for
-, feported data. Pc(qg). However, the behavior of the CIDEP dependeRgg)

is predicted in complete contradiction with the experimental one.

The same function®c(g) and Re(q) but for r; independent
of q (11 = A2 = 0) are displayed in Figure 7. It is seen that the
discrepancy is now reversed. For reasonable values(of—
d ~ one molecular diameter) the experimentally obtained
dependence of the ratio of F- and geminate pair CIDER)),
The Noyes and diffusion models of the primary separation can be reproduced quite well. At the same time, the agreement
correspond té = 1; = 0 andd = 4> = 0, respectively, whereas  for the cage effecPc(q) is inadequate: the theoretical depen-

The three dependences«(q) = Ar(qg)/d discussed above can
be combined in the expression:

Ar(g)/d =6 + A,Nq+ 2,/q (5.21)

a constant initial separation, independentjoeans’ = 0, 11 dence oy is too weak, is decreasing with and has a lower
=l2=0. absolute value as compared with the experimental one.

As for the other parameters used for the calculation of the  Of course one can find compromises by setting all three
polarization ratioRe and the in-cage reaction probabili® in parameters in eq 5.21 unequal zero, but any pronounced decrease
dependence oq: of r; with increasing viscosity, as is needed to describe the cage

1. The exchange interaction was assumed to be not veryeffect, weakens the change &. with ¢ toward unity.
strong: Jo/A = 155 (i.e.,Jo~ 0.31 T), so that in the considered  Unambiguously, for the 2-cyano-2-propyl radical pairs formed
range of diffusion coefficient® = 10°-10"* cn?-s™* there by photocleavage of AIBN the classic Langevin models for the
exists the transition from the casé 2 (7/2)Da? to the opposite  initial separationr; are unable to simultaneously describe the
case 2o > (/2)Da?, which shows itself in a rather sharp change viscosity dependence of the cage effect and the CIDEP. At
of the slope of the functio5(q). The exchange interaction  present, the reason for this discrepancy is not quite clear. As
dependent parameters have been calculated from formulas 5.fmentioned before, the total cage effect is composed of a primary
and 5.8 witho. = 5/d. Although these formulas are approximate, (reaction during the fast separation stage) and secondary
they reproduce the exact behavior of the CIDEP, including the (diffusive return fromr; to d) one, andPc(qg), of course,
above-mentioned sharp change of the slopepdf), quite represents thg-dependence of the sum of both. But at least at
accurately8.28 low viscosities (lowg-values), the primary cage-effect cannot

2. The reactivity of the radicals was assumed to be high, so be dominant, because most radicals are escaping the cage, so
that the effective radius of recombination in the singlet state is that at low viscosities the secondary cage effect should be a
of the order ofd: Lss ~ d. However, a possible reaction major part ofPc and, therefore, be reflected fitx(q). However,

probability <1 for singlet RPs at distanad that is,Lss < d this is obviously not the case. Because the CIDEP data are rather

has also been considered. directly connected with;, it has to be concluded that, at least
Figure 6 shows the experimental (see Table 2 and reportedfor the photocleavage of AIBN, the successful simulation of

dat&?2%-%3 for Pc) and theoretical dependendeg(q) andRe- the viscosity-dependent cage effect on the basis of a decreasing

() for D-dependent initial distancescalculated from eq 5.21  initial radical separation with increasing viscosity is only fortui-
with 6 = 0, 1, = 0 (the dependencar ~ VD~ l/\/a) ando tous. Studies of other compounds will have to show if this
= 0, 41 = 0 (the dependencar ~ D ~ 1/q), respectively. finding is limited to the AIBN system or a more general feature.
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