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an encounter of duration t0 is 

*«o) = t/enc(?o)^(0) = e ^ " H*ncit)%(0) (B3) 

where Henc represents the Hamiltonian during the 
encounter, describing the process of product formation 
by energy transfer to surrounding solvent molecules, 
which we do not consider explicitly. When product 
formation occurs only from the singlet state, the action 
of Uenc on 1^0S and ^0T can be described as follows 

£/en0(?o)*os = e~ ia(l + ^ r V ! [ * o s + v*rs] (B4a) 

UeUto)*o? = e - ^ T (B4b) 

where ^ P s represents a lower vibrational state of the 
product and a. and /3 are phase angles. After the en
counter ^ ( 0 is given by (Bl) with U = U-Rp(Uh), 
describing S-T mixing in the radical pair. In terms of 
the evolution operator the coefficients of eq 16 are 

Cs8O) = <*osi EM^o)I *os) (B5a) 

CsT(Z) = <*OS|£/RP(?,ZO);*OT) (B5b) 

where we have suppressed the label n. The fraction 

1. Introduction 
Potentially CIDNP is an extremely useful tool for the 

study of fast reactions that compete with geminate 
recombination of radical pairs. It is the purpose of 
this paper to give a discussion of polarization effects 
in the case of competitive reactions, by an extension 
of a diffusion model for CIDNP given previously 
in VIII.2 

(1) Address correspondence to Shell Research Laboratories, Amster
dam, The Netherlands. 

(2) (a) Part VIII: R. Kaptein, J. Amer. Chem. Soc, 94, 6251 (1972); 
(b) cf. also, F. J. Adrian, / . Chem. Phys., S3, 3374 (1970); 54, 3912 
(1971). 

that gives product during the first encounter is 

I <*psi Hh))V = T ^ ™ ! C S ( 0 ) | 2 = X|Cs(0)|2 (B6) 
1 + v 

where we have used the orthogonality (^PS|^OS) = 0. 
Using (Bl-5) the quantity of interest, |C8

F(0|2 , can be 
obtained 

CsF(0 = <*os!*(0> = e~ia(\ + T,2)-1^ X 

C8(0)C8
8(r) + e-J3CT(0)C8

T(0 (B7) 

[Cs r(0|2 = (1 + ^)-1IC8(O)12| Cs s(0|2 + 

I CT(0)| 2 | C S T ( 0 | 2 + 

e!7(l + 7j2)-I/!Cs*(0)Cg
s(0*CT(0)C8T(0 + cc (B8) 

where y = a — /3 and cc denotes complex conjugate. 
The last two terms of (B8) vanish when this expression 
is averaged over the random phases of C8(O), CT(O), 
and y. Averaging also over all possible values of 
C8(O)I2 and I CT(0)|2 and using the identity (1 + y2)'1 = 

1 — X (from B6) we obtain 

<|C8
F(0|2) = 1M(I - X)[Cs

8(0i2 + IC8T(Ol2] (B9) 

This expression has been used in section 3. 

This model is based on singlet (S)-triplet (T) mixing 
in radical pairs, induced by magnetic (Zeeman and 
hyperfine) interactions, and its effect on the geminate 
recombination probabilities of radical pairs. Via the 
hyperfine interactions with the electron spins, nuclear 
spins have a handle on the electronic multiplicity of 
the pairs. Apart from electronic and possibly steric 
effects during reencounters, geminate recombination 
obviously depends also on the reencounter probability 
of the pairs, which we have treated2 in terms of a ran
dom-walk diffusion model.3 We will limit ourselves 

(3) (a) R. M. Noyes, ibid., 22, 1349 (1954); (b) / . Amer. Chem. Soc, 
77, 2042(1955); (c) ibid., 78, 5486(1956). 
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here to reactions carried out in high magnetic fields, 
since this simplifies the problem of S-T mixing consid
erably (only S-T0 mixing is involved at high fields). 
Furthermore, there are no experimental data available 
on competitive reactions in low fields. 

We shall consider radical transformations, such as 
fragmentations (e.g., decarboxylation of acyloxy rad
icals), rearrangements (e.g., cyclopropylcarbinyl -*• 
butenyl), and fast scavenging by transfer reactions. 

When one of the radicals of a pair undergoes a trans
formation, a new pair is formed, which continues the 
random walk and has a certain chance of recombination 
as well. Because of the very short time needed for the 
actual process of the transformation (10 - 1 3-10 - 1 2 sec) 
spin correlation of the pair will not be destroyed during 
this process; it could only be destroyed by magnetic 
interactions which have a much longer time scale. 
Thus, if a pair is in the singlet (S) state just before the 
reaction of one of its members, the new pair will also 
start as a S pair. This is important, because it implies 
that CIDNP effects can be expected for products of the 
secondary pair and of other subsequent pairs with a 
common precursor. A detailed discussion of this is 
given in section 2. The special case of stereospecific-
ity and CIDNP during homolytic rearrangements, where 
"reaction" is reorientation of a fragment, is treated 
separately (section 3). A few experimental examples 
are discussed in section 4. 

2. Theory 

2.1. Competitive Reactions. We consider the gen
eral reaction sequence of Scheme I, where k is the 

Scheme I 
diff 

2k k ^ ^ 
2R- — > • R- ' + R- — > 2R- ' 

R-R R'-R R'-R' 
I II III 

unimolecular rate constant for the reaction R- -*• R-'. 
The bar indicates pairs with correlated spins ("cage" 
in the extended sense). Radical pairs will be denoted 
Pi, P2, P3 and products by Pi, Pn, Pm. We will ex
amine what the conditions are under which polariza
tion occurs in these products. 

Some general observations can already be made. 
For extremely fast reactions (large value of k) it will 
be as if pair 3 is formed almost instantaneously and 
yields of products I and II will be small. In contrast, 
for slow reactions (small k) yields of II and III will be 
small. The nuclear polarization for these products 
will follow a similar pattern. However, since CIDNP 
involves S-T mixing, which usually has a longer time 
scale than that associated with the bulk of geminate 
recombination, the optimum for polarization will be 
shifted toward longer times (or smaller values of k) 
as compared to that for the product yields. Neces
sary conditions for product formation from a certain 
pair are (i) that the pair exists, (ii) that there is a re-
encounter, and (iii) that the pair is in the singlet state. 
If no recombination occurred, the probability that the 
pair, born at t = 0, is present as pair 1, 2, or 3 at time 
?is 

P1(O = e-ik< (la) 

P2(O = 2(1 - <r*')<r*' (Ib) 

P3(O = (1 - e~kiy (Ic) 

and of course we have Pi(O + P2(O + PsO) = 1. The 
probability of a first reencounter at time t after separa
tion at t = 0 is3 

f(0 = mt~,/'e-'m'/'>H (2) 

where m depends mainly on the frequency of diffusive 
displacements (v -~10 u sec-1) and has a value of about 
10-6 sec1/2; p (Noyes: /3)3 is the total probability of at least 
one reencounter, P=So f(0d?, 0.5 < p < 1. After 
a few diffusion steps f(0 approaches mt~''\ which is a 
slowly decreasing function of time. 

Furthermore, our model for S-T mixing in radical 
pajrs2a,4,5 i e a c j s to the following expressions for the 
probability of the pair with nuclear state n being in the 
S state 

|CSK
S(0!2 = 1 - W w ) 2 sin2 m (3a) 

IC8J(O!2 = (<W«)2 sin2 Ô  (3b) 

where the superscripts denote the precursor multi
plicities; an is the S-T0 mixing matrix element, and 
to = (72 + an

2yh, with the exchange integral J (for 
w we suppress the label n, which labels the nuclear spin 
states). 

If probabilities for both S-T0 mixing and product 
formation are small, we may treat these processes and 
the competing reaction independently. The probability 
of recombination at time t is then a product of the prob
abilities (1), (2), (3), and X the chance of reaction during 
a singlet encounter. 

This factor X (Noyes: a) can be thought of as a steric 
factor, which takes into account the fact that singlet 
encounters will not lead to reaction, when a favorable 
relative orientation is not attained during the encounter. 
For small radicals X will be close to unity, while for 
larger radicals it may be smaller. The cases of S and 
T precursors are now treated respectively. 

2.2. S Precursor. In this case the fraction of pairs 
with nuclear state n, present as pair 1 in the S state, will 
be 

PiUi) = |Cls„
s(Oj2e-2*' (4) 

where C I S K
S ( 0 is given by eq 3a with the matrix element 

an calculated with the magnetic parameters of pair 
1 (am). 

The (fractional) population of level n of product I 
is 

Pin = / 0 " Xi/W0f(0d* 

Evaluating this integral (Laplace transform) with eq 2, 
3, and 4 we obtain 

Pu = X1(JT - qXn) (5) 

where 

y i = p e - ( 2 m / P ) ( 2 , A - ) 1 / s ( 6 ) 

and 

qu = rmruXalnluyF(k) (7) 

(4) R. Kaptein and L. J. Oosterhoff, Chem.Phys. Lett., 4, 214 (1969). 
(5) G. L. Closs and A. D. Trifunac, / . Amer. Chem. Soc, 92, 2183 

(1970). 
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with 

F(k) = \k + (k2 + co2)lhYh - (2k)x>" (8) 

Limiting expressions for qln are for k » w 

<7m = Vs»"r'/,fl'i»(2A:)-,/' (9a) 

and for /c « co 

gi„ = WTr1MnW-^(I - (2/c/o)I/!} (9b) 

The latter (eq 9b) approaches xn (eq 22, part VIII) 
for small k, as it should. 

Neglecting product formation for the moment we can 
write for P2n(O, the probability for pairs with nuclear 
state n being present as pair 2 

£ PUt) = 2ZcP1n(O - ZtP2n(O = d? 

2&|Cls„
s(?)i2e-2*' - AcP2n(O (10) 

where we have set P i n(0 = PiSn(O, excluding from 
consideration pairs 1 in the T0 state. This amounts to 
effectively neglecting any transitions back to the S 
state, once a pair has arrived in the T0 state, which is 
allowed for small transition probabilities. Further
more, it is reasonable to assume that |Csisn(0!2 reaches 
a stationary value before P2n(O does, so we replace it 
by its average value 

C1Sn
8(0j2 = 2kf~\C1Bn*(t)^w'dt = 

Integrating (10) and correcting for product formation 
(Pin(O similarly is replaced by its stationary value 
Pin for long times) we obtain 

P8n(O = (1 - P1n)(I - xi„)2(l - e-kl)e-k< (12) 

and for product II 

Pun = fj \u\c2SnHt)]2PUOr'Wt (13) 

Now the S-T0 mixing coefficients have to be calculated 
with the magnetic parameters pertaining to pair 2. 

Here we cannot use the function f(f) of eq 2, which is 
the reencounter probability of a pair, just separated 
from an encounter. To determine the function P(O 
we make use of a procedure of Braun, et a/.6 The total 
encounter probability of a pair formed at a distance 
r(h) at time h is ppl.l3/r(h), where r(h) is given by7 

K?0 = (w2?i).1/: (p is the encounter diameter, and 
a and v are the mean diffusion step length and fre
quency, respectively.) The function P(O is the en
counter probability at t> h; hence 

ft" f'(?)d? = PPlMIv1W*- (14) 

and by differentiating (14) 

P(O = (pp/2i>1/!<j)t-3/*- = mT1''' (15) 

When the radicals in pairs 1 and 2 have similar sizes 
m and m' are expected to have a similar magnitude. 

(6) W. Braun, L. Rajbenbach, and F. R. Eirich, J. Phys. Chem., 66, 
1591(1962). 

(7) A. Einstein, Z. Elektrochem., 14, 235 (1908). 

We can now integrate (13) with (15), obtaining the 
result 

P u , = Xu(I - Pin)(I - X1n)Iyn - q2n\ (16) 

where 

yu = 2p\e"(2m''/P)<-"Wl/l - e-(2m'/J>)(2rf-)'/=l / J 7 ) 

and 

qin = m V/!(a2n/co)2( F(1Uk) - F(k)\ (18) 

with F(k) given by eq 8. It has been assumed that P(O 
approaches f(0 in the limit of very large k, hence the 
appearance of p in eq 17. However, in the region k 
< 1010 sec-1, eq 17 becomes independent of p. 

For the calculation of P m , we make similar approxi
mations and for the sake of simplicity we assume that 
m' (cf. eq 15) is the same for pairs 2 and 3. Using 
the average value of |C2Sn

s(0j2 

!C2S„S(0!2 = kfj |C2Sre
s(0[22e-*'(l - e~*')dt = 

1 - a2
2n(4/(/c2 + 4w2) -

l/[2(/c2 -f- w2)]} = 1 - x2n (19) 

we arrive at 

P3n(O = (1 - PiJ(I - Pu.) X 

(1 - X1n)(I - X2n)(X - e-*T (20) 

and the population of product III becomes 

Pm n = J0" XIII!C,8B
8(0!2P3n(Of(Od? = 

Xm(I - Pin)(I - Pnn) X 

(1 — Sln)(I - :?2„){.Viii - qzn\ (21) 

where 

viii = p{ 1 - 2e-< 2 M ' / p K '* ) V ! + e-
i2m'/p>^k>U2\ (22) 

and 

q3n = m'irl"(ainlwYW'''- - 2F(1M) + F(k)\ (23) 

Summarizing the results for the S case, eq 5, 16, and 
21, and neglecting products of small quantities, we 
get 

P sin = \i{yi - qln] (24a) 

P8Iin = Xn(I - P i ) ( M l - ^n) - q*n\ (24b) 

P8Hin = X1n(I - P1)(I - P n ) X 

{j>m(l - ^n - .T2n) - qsn\ (24c) 

where Pi and Pn are the nuclear spin independent 
parts8 OfPin and Pnn . A notable result is the fact that 
polarization in products II and III is a sum of contribu
tions from all preceding pairs. This might be called a 
"memory effect," because the effect of S-T transitions 
in a specific pair is stored and appears later as polariza
tion in the recombination products of other pairs. 
Of course this effect arises only if the same nuclei are 
present in the pairs. There are experimental examples 
of this effect, as will be discussed in section 4. 

(8) The "escape" polarization arising from the factor (1 — Pin) is 
only a fraction of the (opposite) polarization due to the factor (1 — Sin). 
Therefore, as to the polarization of Pn, the radicals of pair 2 cannot 
simply be considered as "escaped" from recombination in pair 1. 
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2.3. T Precursor. We make the same approxima
tions as for the S case; only the first reencounter is 
considered. Then 

Pm = J 0 " 7«Xi|C18J(Ol2C-^f(Od* = 7«Xi«i. (25) 

where we have used (3b) and qin is defined by eq 7. 
Again assuming that transitions back to triplet are not 
important and noting that | C18J(Ol8 = Xin (cf. eq 11) 
we have, similarly to eq 12 

P8n(O = (1 - £i,02(l - e-*!)e-*< (26) 

The singlet fraction of pairs 2 is 

J W O = V.{ I C28J(Ol 2O - xln) + 

(1 - Pu)xu} 2(1 - e-*')c-*' (27) 

where we have separately included the fraction that 
has crossed over from T0 to S in pair 1. 

The factor 1J3 arises, because only one-third of the 
triplets (the T0 state) gives rise to S-T mixing in high 
fields. In the same notation as used in eq 24 we have 

Pun = / 0 " AniWOf'COdf = 

7»M*h,(l - Xu) + (I - Pu)xuyn\ (28) 

Similarly 

PUt) = (1 - X1n)(I - X2n)(I - e-*<)2 (29) 

P38n(O = 1IiI C38J(Ol 2O - X1n)(I - x2n) + 

(1 - Pn„){(l - Pin)X1n + -B2nJ](I - e-*<)2 (30) 

PlIIn = Y3XlIl[tf3n(l — X1n)(I — X2n) + 

JiIi(I - Pnn)I(I - Pu)X1n + X2n]] (31) 

Neglecting products of small quantities the results for 
the T case (25), (28), and (31) become 

PT i . = 7»Xi?i« (32a) 

PTnn = 7«Xn{?2« + Viixu] (32b) 

PTinn = 1lz\iu{qin + Jiii(xin + x2n)\ (32c) 

Again we have as a result that to a good approximation 
the polarization is a sum of contributions of all preced
ing pairs. 

2.4. Enhancement Factors and Product Yields. An 
illustration of expressions 24 for the case of a S precursor 
will now be given. If the extent of S-T0 mixing is small, 
the product yields may be equated with the nuclear spin 
independent parts of eq 24 

Pi = XiJ1 (33a) 

Pu = Xn(I - Pi)Jn (33b) 

Pin = X1n(I - P1)(I - Pn))H11 (33c) 

where j i , j n , and j n i are given by eq 6, 17, and 22. 
In Figure 1 these yields (in per cent) are plotted as a 
function of k, for the case where/? = 72» W = m = 
10-6 sec'A and Xi = Xn = X m = 1. The maximum 
yield is 50% due to our choice of \p = 0.5. The be
havior is as expected: for small k only product I is 
formed in appreciable yield and in the region of very 
large k, only product III. Pn goes through a maximum 
at about k = 2 X 1010 sec"1. In the region of small k 
we have Jn = l.64m'(Trk)1/2 and ylu = \.\lm'(-Kk)y\ 

k(sec-1) 

Figure 1. Plot of the yields Pi, Pn, Pm (in per cent) (a) and en
hancement factors Vi', Vu', Vm' (b) vs. k. The parameters used 
in the calculations were the same for all three radical pairs. For 
their values, see the text. No "memory effect" has been taken 
into account, which corresponds to situations where polarization 
is due only to pairs from which the product is formed directly. 

and hence both Pu and Pm exhibit a klh dependence30 

in this region. 
The enhancement factors (cf. VIII) 

V'< = (Pin - Pim)(kT/gxfcH0) (34) 

where i = I, II, or III, have been calculated for a one-
proton case (S precursor). V is used, because this is a 
better measure of the observability of the effects than 
the enhancement factor V based on the amount of prod
uct formed.9 Besides, V for different products of the 
same precursor is proportional to the relative CIDNP 
intensities of these products corrected for nuclear re
laxation. The results are plotted in Figure 1. In 
order to facilitate comparison, the magnetic parameters 
have been given the same values for the three radical 
pairs: An = 4.4 X 10s radians/sec, \j\ = 5 X 108 

radians/sec, Ag = - 6 . 5 X 10~3, kT/gi,faH0 = 105. 
These values have bearing on the alkyl/trichloromethyl 
radical pair, which is discussed in section 4. Inspection 
of Figure lb is revealing. It can be seen that the gen
eral behavior of V is similar to that of the product 
yields. However, the curves are shifted toward lower 
values of A:. For instance, the maximum of V'u occurs 
at about k = 8 X 108 sec-1, a factor 25 lower than for 
the maximum of Pu- In the high k region, V goes as 
k~'f\ but for low values of k a klh behavior similar to 
Pn is predicted. This result is characteristic for the 
diffusion model. A consequence is that the polariza-

(9) To obtain the enhancement factor V, related to the thermal equi
librium intensity of the product (c/. VIII), one has to divide V by the 
yield, which may be very small, giving very large values of V even when 
the signal would be too small to be detectable. 
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1000 

1 0 0 

ktsec-1) 

Figure 2. Plot of | Vu'\ and | Vm'\ vs. k for the case that polariza
tion arises only from pair 2 (memory effect). 

tion for products II and III drops off much slower for 
low values of k than other models would predict. 

Taking a value of k = 5 X 108 sec-1, the yield of 
product I has decreased from 50 to 40%, whereas V1 

has dropped from 1200 to 400. A conclusion is that 
times of 10 -8-10 -9 sec contribute appreciably to the 
polarization of geminate recombination products. 

2.5. Memory Effect. As an example of this effect 
we have calculated the enhancement factors V'u and 
V'ui for a one-proton case, where polarization in both 
products II and III is due only to pair 2. This situa
tion is thought to occur in the decomposition of acetyl 
peroxide,10 where emission in both methyl acetate and 
ethane arises probably from S-T0 mixing in the methyl/ 
acetoxy radical pair. If pairs 1 and 3 cannot contrib
ute to the polarization, we have 

Pun = Xn(I - PI){}'I q-in 

Pu Xm(I - P1)(I - Pn)(I - xu)yUi (35b) 

In Figure 2, \V'u\ and 'K'nij, defined as in eq 34 with 
35, are plotted vs. k. The values An - —4.0 X 108 

radians/sec and Ag = —3.2 X 10-3, pertaining to the 
methyl/acetoxy pair,I0b have been used in the calcula
tions, This choice results in a negative polarization.11 

Values of the other parameters are the same as those 
used in Figure 1. Notably, \V'Ui\ is everywhere larger 
than \V'u\, in the fast reaction region (109 < k < 1010 

sec-1) a factor 6-10 larger. Thus, in the case of rapid 
reactions it may even occur that polarization from pair 2 
is visible only in products of pair 3. 

3. Stereospeciflc Homolytic Rearrangements 

A few rearrangements of optically active compounds 
have been reported,1213 where a high degree of re
tention of configuration was observed and the homo
lytic nature of the process was established by the observa
tion of CIDNP. It might appear as if these observations 
are in conflict with the present diffusion model, which, 
however, is not the case. The process of racemization 

(10) (a) R. Kaptein, Chem. Phys. Lett., 2, 261 (1968); (b) R. Kaptein, 
J. Brokken-Zijp, and F. J. J. de Kanter, J. Amer. Chem. Soc, 94, 6280 
(1972). 

(11) The sign of net polarization and the "phase" of multiplet effects 
can be readily obtained from the rules for high field CIDNP: cf. R. 
Kaptein, Chem. Commun., 732(1971), andref 2a. 

(12) U. Schollkopf, U. Ludwig, G. Ostermann, and M. Patsch, Tetra-
hedronLett., 3415 (1969). 

(13) J. E. Baldwin, W. F. Erickson, R. E. Hackler, and R. M. Scott, 
Chem. Commun., 576(1970). 

competing with recombination is depicted in Scheme 
II. Pi and P2 are radical pairs that differ only in their 

Scheme II 

diff 

relative orientation (/ and d pairs) and similarly the 
products Pi and Pu (/ and d products), Pi being the prod
uct with retention of configuration. The rate of race
mization k is related to the tumbling frequency of the 
fragments. If no product formation occurred we would 
have 

PiO) = V2(I + e-" ') 

P*(t) = V2(I o- 2* I 

(36a) 

(36b) 

3.1. S Precursor. For k > a populations of the 
products are now given by 

Pvun = / 0 " XjC8Z(Oi2V2(I ± e-«-")f(t)dt = 

1AX[P {1 ± e -(2m/p)(2irA-)'/= 

rmr'^a„2{o>-'h ± 1I2(Ik)-'''']] (37) 

Hence polarization occurs in both products, irrespective 
of the exact value of k. Interesting quantities are the 
sum and difference 

Pi« + Piin = X{/> — mirh'!an
2u 

Pin ~ Pun = \ \ p e - ^ ^ ^ U > -

(38) 

Im^anKIk)-''} (39) 

(35a) a n c j the fraction of retention 

(Pi - Pu)I(Pi + Pu) = e - {2m/p) (2 Kk) (40) 

Only the sum (38) has been observed so far;1213 it 
is equal to the normal S case (eq 22, part VIII). For 
solvents of ordinary viscosity k will be not much smaller 
than 1010 sec-1. If we put k — 1010 sec-1, we find 
40-60% retention for 1J2 < p < 1. In fact this per
centage could be even higher, because of "primary" 
cage recombination in the sense of Noyes, which we 
have not properly accounted for (cf. ref 3b). From 
(39) the difference of polarization of Pi and Pu is ex
pected to be very small. Observation of Pin — Pun 

requires that the nmr signals of Pi and Pu do not co
incide. Separate signals can be observed when there 
is more than one asymmetric center present in the mole
cules14 or when an optically active solvent is used. 
Observation of difference polarization could provide a 
stringent lest on the theory presented here. 

3.2. T Precursor. The results for the T case are 

PlIUn 
J o 3(1 - p) 

A 
6(1 - p) 

Pin ~ PlIn = 

ICs/(?)! 21A(I ± e-*')f(0d/ = 

WTT 1 V n (W - " ' ± Vs(2*)"''''I (41) 

6(1 - p) 
mir*/-a2

n(2k)- (42) 

(14) This experiment was suggested by Professor J. E. Baldwin, per
sonal communication. 
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Pm + Pim = . , , X mir^a\o:-'/'- (43) 
3(1 - p) 

(Pi - Pu)KPi + Pu) = 2 " '>, /&) - V. (44) 

Both retention (44) and difference polarization (42) will 
be very small for k > 1010 sec -1, whereas the sum (43) 
is identical with eq 24 (VIII). If short distance spin-
orbit coupling would contribute to the intersystem 
crossing, there could be some retention, 

4. Discussion of Experimental Examples 

4.1. Radical Scavenging. We have previously re
ported15 on the decomposition of isobutyryl peroxide 
(IBP) in the presence of CCl3Br, which acts as a scav
enger for isopropyl radicals, Chloroform, a prod
uct of the secondary isopropyl/trichloromethyl radical 
pair, exhibits a change of sign of the polarization, go
ing from E to A, when the concentration of CCl3Br is 
increased. The sign change occurred at 0.11 M CCl3Br. 
This phenomenon was interpreted15 in terms of a com
petition between S-precursor polarization of spin-
correlated pairs and (opposite) F-type polarization 
(due to free-radical encounters of uncorrelated iso
propyl and CCl3 • radicals). 

The reactions are those of Scheme I, with R- = 
isopropyl, R- ' = CCl3- and k = A^[CCl3Br]. The 
value of /ftr for the transfer reaction R • + CCl3Br -*• 
RBr + CCl3- is not known. For a similar radical 
( C C I 3 C H 2 C H O C O C H 3 ) , Melville, et a/.,16 have found 
/ftr = 2 X 104l./mol sec (for a reaction temperature 80°). 
If our interpretation is correct, ktT must be higher in 
our case. One can estimate a lower limit of Artr from 
the theory presented here. 

The signal intensities (/) are related to the enhance
ment factor V (eq 34) as follows (cf. eq 42, VIII) 

/ = V 'I(Bf)kt T1 (45) 

where I(Bt>) is the intensity of a transition between the 
same nuclear states in the precursor at time t', when 
the maximum polarization occurs; kt is the rate con
stant for the formation of pairs, and 7i is the nuclear 
relaxation time. In our case kt = 4.5 X 1O-3 sec -1 

(ref 17 ) and Ti — 50 sec for chloroform. Thus, for 
instance, if V = 2, the CIDNP intensity would be 
about half the intensity of the peroxide signal (nor
malized to one proton). This would be well observ
able. From Figure lb, it can be inferred that in the 
range fc~5X 10s—5 X 106 sec -1, one could still have ob
servable A effects for chloroform (Vu). This implies 
Artr ~ 5 X 106-5 X 107 l./mol sec, in the CCl3Br con
centration range of 0.1 M. If we put (somewhat arbi
trarily) Xi = Xn = V2 and k = 106 sec -1, we find 
Vii = 4.6, while the yield would be only about 0.1 %, 
which would be properly called a "trace." 

To see whether F-type polarization can compete at 
0.1 M CCl3Br, we first estimate the steady-state con
centration of CCl3- radicals. The peroxide concentra
tion is 0.2 M. Thus the rate of formation of isopropyl 
radicals rt = 9 X 1O-4 mol/. sec. Assuming that 3/4 

of the radicals eventually becomes CCl3 • and that these 
radicals disappear predominantly by bimolecular 

(15) R. Kaptein, F. W. Verheus, and L. J. Oosterhoff, Chem. Commun., 
877(1971). 

(16) H. W. Melville, J. C. Robb, and R. C. Tutton, Discuss. Faraday 
Soc, 14, 150(1953). 

(17) J. Smid and M. Szwarc, J. Chem. Phys., 29, 432 (1958). 

coupling, 2CCl3- -»- C2Cl6 (ki) with a rate constant 
ki = 0.5 X 108 l./mol sec16, we find from the steady-
state condition [CCl3]- = 3.7 X IO"6 mol/1. If the 
rate constant for the reaction 

R- + CCl3- — > products (46) 

is taken to be k2 = 2 X 109 l./mol sec (cf. ref 16), the 
rate of disappearance of isopropyl radicals by reaction 
46 would be Ar2[CCl3-]= 7.4 X 103 sec-1, or a factor 
135 slower than that of the transfer reaction (k = 106 

sec-1). However, F-type polarization for this reaction 
could well be a factor 135 larger than Vu (V ? = —620 
is not unreasonable), thus canceling the effect of the 
singlet-correlated pairs. 

The calculations presented here are demonstrative 
rather than precise. They seem to indicate, however, 
that CIDNP effects can be observed from radical pairs 
that retain their spin-correlation for rather long times, 
up to the microsecond region. This is anyhow about 
the limit for the validity of this treatment, since for 
longer lifetimes the correlation is spoiled by transverse 
relaxation processes. 

It is probable that observation of A for pentachloro-
acetone formed during decomposition of a cyclohex-
adienone peroxide10" (giving a pair of tert-\>uty\ radicals) 
in hexachloroacetone (HCA) similarly results from 
rather long-lived radical pairs. 

4.2. Fragmentation. An example of this type of 
transformation is provided by the decarboxylation of 
acetoxy radicals, formed during decomposition of acetyl 
peroxide10 (AP) 

2k 
AP—s-2CH 3 CO 2 - — > 

diff 

CO2 + CH3- + CH3CO2- —>• 2CH3- \ (47) 

CH3CO2CH3 C2H6 

Emission for both methyl acetate (OCH3) and ethane 
was reported previously.10" We have experimental 
indications that both E effects are due to S-T0 transi
tions in the methyl/acetoxy radical pair (memory effect). 
The value of k has been estimated6'13 to be in the range 
10M010 sec"1. The ratio VuJV11I was found to be 
0.26, in fair agreement with the values 0.17-0.10 de
rived from Figure 2 for this range. When the exper
imental value of Pn = 0.32 is used, the theoretical 
ratios become 0.27-0.13. The theory correctly pre
dicts larger enhancements for III than for II, in spite 
of the fact that the latter product is directly formed from 
the pair, in which polarization is generated. 

In our opinion, the emission effects of ethane, tolu
ene, and methyl benzoate, observed during the decom
position of benzoyl peroxide (BPO) in the presence of 
methyl iodide,19,20 have a similar origin and are prob
ably an extreme case of the memory effect for the fourth 

(18) M. Szwarc in "Peroxide Reaction Mechanisms," J. O. Edwards, 
Ed., Interscience, New York, N. Y., 1962, p 153. 

(19) S. V. Rykov, A. L. Buchachenko, and A. V. Kessenich, Spectrosc. 
Lett., 3, 55(1970). 

(20) (a) H. R. Ward, Accounts Chem. Res., 5, 18 (1972). (b) As 
no benzoic acid is formed in the presence of water, iodine abstraction 
by benzoyloxy radicals probably does not occur: H. R. Ward, personal 
communication. 
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Figure 3. 100-Mc nmr spectrum obtained during decomposition of 
cyclopropylacetyl peroxide in hexachloroacetone at 80°. The 
simulated spectrum of 4-chloro-l-butene shown on top is a super
position of spectra calculated with the hyperfine parameters of the 
cyclopropylcarbinyl radical and with those of the 3-butenyl radical 
in the ratio 8:1. The hyperfine coupling constants22 of the cyclo
propylcarbinyl radical are Aa = -20 .7 G, Ap = +2.55 G (sign 
determined from this CIDNP spectrum; a and j3 protons become 
vinyl protons, 8 5-6 ppm, in the product), A1 = 2.98 (anti) and 
2.01 G (syn). The hyperfine parameters of the 3-butenvl radical are 
Aa = - 2 2 , 2 G and Ap = +28.5G. 2 2 

or fifth subsequent pair 

BPO — * - 2PhCO2" — > PhCO2. + Ph-
C M 

PhI + PhCO2- + C H 
CH3I 

(48) 

C2He 

where PhCO2 • and Ph • are the benzoyloxy and phenyl 
radicals and polarization is due to the benzoyloxy/ 
methyl radical pair. 

Furthermore, observations21 of 13C polarization 
during thermolysis of BPO in cyclohexanone (E for 
benzene and CO2, A for biphenyl, and A for the three 
C atoms of the CC(=0)OC moiety of phenyl benzoate) 
are also in accordance with a reaction scheme like (47), 
the polarization originating in this case from the phenyl/ 
benzoyloxy radical pair. The observed effects show 
that the hyperfine coupling constants are positive for 
the 1-C atom of the phenyl radical (which is expected 

(21) E. Lipmaa, T. Pehk, A. L. Buchachenko, and S. V. Rykov, Cfiem. 
Phys.Lett.,5, 521 (1970). 

for a a radical) and negative for both the carboxyl 
and neighboring ring C atoms of the benzoyloxy radical, 
which is not unreasonable for an allyl-type radical. 

4.3. Rearrangements of Radicals. The cyclopropyl
carbinyl radical is known22 to rearrange to give the 
3-butenyl radical. We have studied the decomposi
tion of cyclopropylacetyl peroxide (CAP) in HCA at 
80° (see Figure 3). The reactions are 

CAP 2 VN "CB,-

\ 
Pi 

.diff 

VN3L- + V -CH, 
z\r 

CH2 

\ 
N 

(49) 

Pn 

P1, Pu, and Pm represent coupling and disproportiona
t e products, the CIDNP spectrum of which is not 
clear. However the "escape" product, 4-chloro-l-
butene, resulting from transfer reaction with the solvent 
shows a strongly polarized spectrum (multiplet effects 
for all protons), which could well be accounted for by 
computer simulation. The polarization was partly 
determined by the cyclopropylcarbinyl radical (from 
pairs 1 and 2) and partly by the butenyl radical (pairs 
2 and 3) in the ratio 8:1. From this ratio, the rate 
constant k for the rearrangement can be estimated, 
when a number of assumptions is made. To this end 
we define for the escape polarization (cf. eq 24) 

D1n = X1U1n + (1 - Pi)X1n X 

{XIIJ-II + X1n(I - PiI)JiIIf (5Oa) 

Din = X„( l - P1)O2n + 

Xm(I - Pi)(I - P11)VuI^n (50b) 

D3n = Xm(I - Pi)(I - Pn)qin (50c) 

and for the contributions from the cyclopropylcar
binyl and the butenyl radical, respectively 

Dan = 2D1n + D2n (51a) 

Dhn = D2n + 2 D3n (51b) 

from which we obtain the enhancement factors 

V'a = (Dan - Dam)(kT/gx0yHo) (52a) 

V6 = ( A , - D^XkTlgsfcHo) (52b) 

V'a gives the polarization of the vinyl group and 
V\ that of the methylene groups in 4-chloro-l-butene. 
Assuming Xi = Xn = Xm = 1, p = 0.5, m = m'= 
1O-6SeC17*, \J\ = 5 X 108 radians/sec, and, using known 
hyperfine parameters,22 we calculate a ratio V'JV'b -
8, for k = 3 X 107 sec -1, in good agreement with the 
value 10s sec -1 estimated by others.22b If the lifetime 
of the butenyl radical would be comparable to or longer 
than the spin-lattice relaxation time of this radical, the 
value it = 3 X 10' sec -1 would be a lower limit, since 
6-type polarization would be more affected by relaxation 
than a-type. 

4.4. Conclusions. From the foregoing discussion it 
will be clear that there are many approximations in-

(22) (a) J. K. Kochi, P. J. Krusie, and D. R. Eaton, / . Amer. Chem. 
Soc.,91, 1877(1969); (b) R. A. Sheldon and J. K. Kochi, ibid., 92, 4395 
(1970). 
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volved in our treatment. Also, some of the parameters 
which enter the theory are unknown at present. Yet, 
this work shows that CIDNP can be fruitfully applied 
to the study of reactions competing with geminate pair 
recombinations over a wide range of rate constants 
(106 < k < 1010 sec - 1 ) . 

The present extension of the diffusion model accounts 
for some experimental observations, which could other
wise hardly be explained by radical pair theory. In 

1. Introduction 
The magnetic field dependence of CIDNP has not yet 

received much attention. In particular, observation 
of polarization effects in the low-field region (lower 
than a few thousand gauss) has been reported in only a 
few studies.2_4 In most experimental work on CIDNP, 
reactions are run in the nmr spectrometer probe, i.e., 
in fields of 14 or 23.5 kG. CIDNP effects have been 
observed also in nmr spectra after carrying out the 
reaction in a separate magnet,2a in "zero" field,2b and 
in the low field near the spectrometer magnet3 and 
furthermore in a spectrometer4 run at fields below 100 
G. Observation of zero-field polarization was actually 
one of the most obvious pieces of evidence against the 
originally proposed6 Overhauser-type mechanism of 
CIDNP. This mechanism has been replaced by the 

(1) Address correspondence to Shell Research Laboratories, Amster
dam, The Netherlands. 

(2) (a) M. Lehnig and H. Fischer, Z. Naturforsch., A, 24, 1771 (1969); 
(b) H. R. Ward, R. G. Lawler, H. Y. Loken, and R. A. Cooper, J. Atner. 
Chem. Soc, 91, 4928 (1969). 

(3) (a) J. F. Garst, R. H. Cox, J. T. Barbas, R. D. Roberts, J. I. 
Morris, and R. C. Morrison, ibid., 92, 5761 (1970); (b) J. F. Garst and 
R. H. Cox, ibid., 92, 6389 (1970). 

(4) S. V. Rykov, A. L. Buchachenko, and V. I. Baldin, Zh. Strukt. 
KMm., 10, 928 (1969). 

(5) J. Bargon and H. Fischer, Z. Naturforsch., A, 22, 1556 (1967). 

particular, predictions of CIDNP effects due to long
time spin-correlation effects observed in products, 
which are formed in extremely low yields, are character
istic of this model. 
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radical-pair mechanism6-8 (nuclear spin dependent 
singlet (S)-triplet (T) mixing in radical pairs). High-
field experiments can be explained by considering the 
mixing of S with T0 only. This simplification is no 
longer justified in low magnetic fields, where mixing 
of S with all three T states has to be considered. 

Therefore, a study of low-field CIDNP is of interest, 
because it can be expected to give more detailed in
formation, e.g., on the behavior (and sign) of the ex
change integral J, which affects the energy of S and T 
states of the radical pair. It may also provide a more 
critical test of the various theoretical models of CIDNP 
than the high-field experiments. 

A first attempt to give a general theory of CIDNP has 
been made by Glarum.9 It will appear, however, that 
his model cannot accommodate all of our experimental 
results. 

In this paper we present an extension of a previously8 

given model of the radical pair mechanism, in which 

(6) (a) G. L. Closs, J. Amer, Chem. Soc, 91, 4552 (1969); (b) G. L. 
Closs and A. D. Trifunac, ibid., 91, 2183 (1970). 

(7) R. Kaptein and L. J. Oosterhoff, Chem. Phys. Lett., 4, 195, 214 
(1969). 

(8) Part VIII: R. Kaptein,/. Amer. Chem. Soc, 94, 6251 (1972). 
(9) (a) S. H. Glarum, paper presented at the 159th National Meeting 

of the American Chemical Society, Houston, Feb 1970; (b) S. H. Gla
rum, personal communication. 
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Abstract: The radical pair theory of high-field CIDNP is generalized to describe nuclear polarization originating 
from chemical reactions in magnetic fields of any strength. In low fields mixing of electronic singlet (S) with three 
triplet states (T+, T_, and T0) of the radical pair has to be considered, whereas in high field only S-T0 mixing. 
Starting from pure S or T states the time development of the spin states is described by the Schrodinger equation in 
which a time-independent Hamiltonian is employed, containing isotropic Zeeman, exchange, and hyperfine inter
action terms. It is assumed that the radical pairs undergo random-walk diffusion (giving a t~l/l time dependence 
for the reencounter probability) and that recombination occurs only from the S state. It is found that low-field 
CIDNP spectra depend on the probability of reaction during a singlet encounter (X). Furthermore, S and T 
precursors (of radical pairs) give rise to opposite polarization in all magnetic fields, whereas recombination and 
"escape" products give opposite behavior only in high fields and in zero field, but not in low fields. The zero-field 
problem is treated in an Appendix. Experimental low-field CIDNP spectra recorded on an A-60 spectrometer 
after photolysis of solutions of propionyl peroxide and of diisopropyl ketone in an auxiliary magnet show good 
agreement with computer-simulated spectra, when it is assumed that sample transfer to the spectrometer field 
occurs adiabatically. In particular, the theory can account for the observed oscillations in the polarization vs. 
magnetic field curve. 
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