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Abstract: Equations are derived for the kinetic analysis of Fourier transform (FT) NMR measurements of chemically in-
duced dynamic nuclear polarization (CIDNP). The “polarized intermediate” model of Walling and Lepley is used. The
equations account for the effects of the pulse angle, 6, and the pulse repetition time, 7, of the FT experiment, and the fact
that the measured CIDNP magnetization is permanently destroyed. The derivation considers two cases: § = 90°, and 6§ =
90°. Because of the complexity of the equations for § = 90°, it is not profitable to use intermediate pulse angles to study the
kinetics of CIDNP reactions. The solution for § = 90° is extended to experiments where accumulation of signal is necessary,
as in natural abundance !3C NMR. The equations relate the time dependence of the observed NMR intensity to the kinetic
parameters of the reacting system in the general form, I = C; + C3 exp(—Cyf(t)). where Cj is the reaction rate constant. If
T is known, the enhancement factor, a/3, may be obtained from C, and C>.

Chemically induced dynamic nuclear polarization
(CIDNP) has become an important technique for the study
of free-radical reactions in solution.? Theoretical treat-
ments, based on the radical pair model, have provided in-
sight about the origin of the phenomenon. They allow
mechanistic interpretation of the emission and enhanced
absorption signals which arise from the reaction-induced
nonequilibrium, or non-Boltzmann, populations of nuclear
spin states.

The kinetic aspects of CIDNP have also received atten-
tion.> To our knowledge, all CIDNP kinetic studies have
been carried out using continuous wave (CW) NMR spec-
trometers, by repeatedly scanning the spectral region of in-
terest to obtain the signal intensity as a function of time.
Depending on the reacting system, the kinetic analysis of
such data can be fairly straightforward. A report dealing
with Fourier transform (FT) NMR measurements of spin-
lattice relaxation times (7}) in reacting systems briefly
mentions '3C CIDNP kinetic results.*

This paper deals with the application of Fourier trans-
form NMRS5 to kinetic studies of systems displaying
CIDNP. Specifically, it describes the changes which must
be made in the previous CIDNP kinetic approaches to ac-
commodate those features of FT NMR which are not nor-
mally encountered in CW NMR. These are the flip angle,
6, the pulse repetition time, 7, and signal accumulation. The
resulting equations account for their effects and allow ki-
netic analysis of CIDNP data obtained by FT NMR.

Ernst and co-workers have shown that intensity anoma-
lies can arise in FT NMR spectra of homonuclear-coupled
spin systems which have non-Boltzmann populations.® Such
effects are not included in the present treatment. They are
not a factor, of course, in natural abundance carbon-13 and
nitrogen-15 FT NMR of nonequilibrium spin systems.

Development of the Kinetic Expressions

The Kinetic Model. The key step in extracting kinetic in-
formation from experimental data is to relate the observ-
able to the desired rate constants through a suitable expres-
sion based on a kinetic model. The observable in an NMR
experiment is the intensity of the NMR signal of a reactant
or product. For a given spectrometer under normal condi-
tions, the intensity is directly proportional to the concentra-
tion of the compound. The proportionality constant may be
called the apparent NMR absorption coefficient.

In the CIDNP effect the emission or enhanced absorp-
tion signal is actually due to a nonequilibrium population of
nuclear spin states. Thus, a rigorous analysis of the dynamic
situation may proceed through a description of the popula-
tion of nuclear energy levels. While this approach has been

applied to CIDNP kinetics,??<f it is convenient, as Walling
and Lepley showed,? to consider the abnormal intensity to
be due to an intermediate or *polarized” species. This
species has an NMR absorption coefficient different from
the one associated with normal product. In essence the two
approaches are the same, both seeking to relate the increase
in net magnetization observed in the sample to the responsi-
ble kinetic process. Both lead to similar kinetic expressions
which yield rate constants and “enhancement” factors.

This work follows the ‘“polarized” intermediate ap-
proach. The kinetic model will be the simplest reaction se-
quence which could display CIDNP, that of two consecutive
first-order reactions (eq. 1). The reactant R, by some free-

k ke
R—>P*—>P (1)

radical path, forms polarized intermediate P*, with rate
constant k. The intermediate relaxes (returns to normal
Boltzmann populations of nuclear spin states) to product P,
with nuclear relaxation rate constant, k, = 1/7. We first
discuss the expressions derived for the CW experiment and
then show the changes which are required to treat the FT
experiment.

The CW Experiment. In the CW CIDNP experiment, it
is assumed that a measurement does not perturb the spin
populations. This is a reasonable approximation if the rf
power of the spectrometer is kept well below saturation
level (y2H 2T Ty << 1). As will be seen later, the FT exper-
iment can mimic the CW experiment by use of a very small
flip angle.

For the reaction in eq 1, if o and 3 are the NMR absorp-
tion coefficients of P* and P, respectively, the intensity ob-
served at any time for an NMR line of P is?2

I, = o[P*], + B[P], 2)

Taking Ry as the initial concentration of R, solving the rate
equations for [P*] and [P] gives the intensity in terms of
the kinetic parameters of R and P* (eq 3a).

k
5, =-2 Ro(e™* — e=ket) 4
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Or, by collecting terms with common factors,

e"‘f’] (3a)
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which can be rewritten in the form of eq 3c.
[y = A+ Be~ %' + Ce™ 4! (3¢)

The five constants (A4, B, C, k, and k) in eq 3¢ may be ob-
tained with a computer curve fitting program if sufficient
experimental data are available. An independent check of
the computer fit may be made by comparison of the value
of T\ (=1/k,) so obtained with the value obtained by direct
measurement.” Since Rg is known and k and k, are ob-
tained explicitly in the curve fitting, the values of o and 8
are determined by the constants 4, B, and C. The enhance-
ment factor is defined as a/83.

If the steady state approximation is made for [P*], eq 3
simplifies to eq 4.32

1= 8Ro+ (e Ro = BRo)e™" @)

At this point in their derivation Walling and Lepley3? de-
fine I = SRy so that eq 4 may be rewritten

In <I_I°°> = In (g_k__ 1) — ket
Is B ke

I is the observed intensity at the completion of the reaction
and was an observable quantity in their system. However,
many reactions, especially photoreactions, do not go to
completion in a reasonable time, or the signal itself may not
be observable.

The problem of obtaining a value at “infinite” time oc-
curs frequently, for example, in NMR relaxation time mea-
surements,” and is best handled by computer fitting. The
logarithmic approach to solving equations such as eq 4a is
not always reliable because the errors involved are not char-
acteristic of the measured quantities.®? With the increasing
availability of computers and curve fitting routines, the use
of the exponential form of the equation is preferred for the
least-squares fitting.'°

The FT Experiment. In FT NMR the free induction
decay (FID), or time response of a nuclear spin system to a
high power rf pulse, is recorded and Fourier transformed to
give the frequency domain NMR spectrum. In principle all
the necessary information is contained in one FID.

In order to improve the signal-to-noise ratio, however, it
is general practice to accumulate a number of FID’s in a
multichannel digital memory before the Fourier transfor-
mation. This is especially true in work with dilute solutions
or with nuclei of low natural abundance such as '3C or SN,
This accumulation takes time. Any kinetic analysis of accu-
mulated FT NMR data must account for the events occur-
ring during this time.

In addition to accumulation time there are two other pa-
rameters of the FT NMR experiment which are important
in the analysis of CIDNP kinetic data. They are the flip
angle, 6, and the pulse repetition time, 7.

The following discussion will first briefly describe the
role played by 8 and 7.!! Then it will show how the equa-
tions used for the CW CIDNP kinetics are modified to in-
clude 6 and r, resulting in an expression which gives the in-
tensity measured at any pulse for § = 90° and 8 = 90°. Fi-
nally, our treatment of the accumulation procedure will be
described for the case, § = 90°.

The flip angle is the angle through which M, the net
magnetization oriented along the Z axis of the magnetic
field, is rotated toward the X-Y plane. For any angle 8 the
measurable signal in the X-Y plane is M(sin 8) and the
magnetization remaining aligned with the Z axis is M(cos
6). After the pulse, the rotated magnetization is restored
along the Z axis by natural relaxation processes governed
by 7', the spin-lattice relaxation time.

(4a)

But 7'} processes can restore only a natural (Boltzmann)
magnetization; an amount M (1 — cos 8) of the abnormal
magnetization arising from the CIDNP process is lost once
it is sampled by the pulse.

At the next puise the CIDNP contribution to M will
come from two sources. The first is the magnetization
which was unaffected by the previous pulse. This is not sim-
ply M(cos 8) which remained after the previous pulse, but is
M (cos 8)e~"/T1. The exponential term accounts for nuclear
relaxation, from the non-Boltzmann condition, occurring
during the interval 7. The second CIDNP contribution is
that which forms under control of the chemical kinetics of
the reaction during the time between pulses. Note that for a
90° pulse the first of these contributions is zero since all of
M due to CIDNP is lost with each 90° pulse.

The importance of the pulse repetition time, r, is now evi-
dent. The pulse repetition time must be long enough to
allow sufficient chemical reaction, but short enough to pre-
vent major loss of CIDNP intensity by nuclear relaxation.

CIDNP Kinetics in the FT NMR/Experiment. It is im-
portant to remember at this point that the net magnetiza-
tion is proportional to concentration, Therefore we will
refer to the effects of § and 7 on the concentrations of P*
and P, understanding that [P*] and [P] represent a collec-
tion of nuclear spins.

The starting point for deriving the expressions for the
analysis of CIDNP kinetics in the FT NMR experiment is
eq 2. As in the CW experiment the concentrations of P*
and P are needed as a function of time.

The case of # = 90° will be considered first since it is
conceptually easier. This is because all of the Z magnetiza-
tion is destroyed with each pulse. The case of arbitrary
angle 8 will be treated later.

6 = 90°. Consider again the reaction (eq 1)

k ke
R—> P*—5> P (1

The reaction is initiated at ¢ = 0 and the total NMR signal
intensity develops following eq 3. After time 7, the rf pulse
is applied and the FID is recorded. With a 90° pulse all of
M is rotated into the XY plane. During the next pulse inter-
val M grows through two mechanisms: (a) through the for-
mation of new P*; and (b) through longitudinal relaxation
of P from the XY plane. For each pulse the measured FID
will consist of contributions from P* formed only during the
preceding pulse interval and from P which has been formed
during the entire period from ¢ = 0.
The amount of P* present at pulse # is then

k
[P*}n = PR [R]—1(e7*7 = emkim) (5)
Here [R],—1 represents a pseudoinitial concentration for
the formation of P* after pulse n — 1, and r is the pulse rep-
etition time. Clearly, [R],—1 = Roe~%("=17 where (n —
1) is the total time from the start of the reaction to pulse n
-1
The amount of P at pulse # is taken to be the amount of P
formed up to and including pulse n — 1.

[P]ln=Ro— Roe~n=br7 (6a)

The contribution made by P to the intensity measured at
pulse n depends on 7 and T';. That is, not all of P will have
recovered from the previous pulses. Only a fraction of it will
be measurable at pulse n. This effective concentration is

[Pletr = [Ro — Roe™ k= Dr)(1 — e=7/Th) (6b)

Note that the contribution to the intensity measured at
pulse n from the P which forms by relaxation of P* between
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Figure 1. Time dependence of [P*] during early stages of a hypotheti-
cal reaction following eq 1 under the influence of the FT NMR experi-
ment. The curves are for two different values of flip angle, 8, and the

following other parameters: 7 = 105, k = 1074s~!, k; = 4 X 1072 57!
(Ty=25s),Ro =1 M.

pulses » — 1 and n is neglected. But the loss of intensity due
to the relaxation of P* during that time is not neglected.
This is important, for « is orders of magnitude larger than

' Thus, for a 90° flip angle the intensity measured at pulse
nis

ak
I, = R e—k(n—l)r —kr e—k,r +
n kr — k ¢ (e )

B[Ro = Roe=kin=17](1 — e="/T1)  (7)

Equations 3 and 7 represent the measured intensity of a
single measurement at the two extremes of the value of the
flip angle, A. They represent the CW experiment (8 =~ 0°)
and the FT experiment for § = 90°,

One of the interesting features of the 90° pulse analysis is
that maximum “concentration” or measurable magnetiza-
tion due to the “polarized intermediate” occurs at the first
pulse if 7 is shorter than 7max, the time at which the concen-
tration of intermediate reaches maximum value in the two-
step consecutive first-order scheme.!? This is evident from
the form of eq 5 in which the only variable, [R],—1, is con-
tinually decreasing with time. Hence, the familiar growth
decay curve of the reacting intermediate is not followed.
For 6 = 90° the time dependence of [P*] is illustrated by
the lower sawtooth of Figure 1, with teeth of ever decreas-
ing height.

6 # 90°. When 6 is not 90° the expressions for [P*] and
[P] become more complex. The statements that all magnet-
ization due to P* is destroyed with each pulse and that [P]
= [Ro — Roe~*"=17] are no longer valid. P is now forming
via two routes: by relaxation of rotated P*, and by T relax-
ation of P* which is ““unaffected” by the pulse. The fraction
of magnetization which is rotated is sin § and this fraction
remains constant through the experiment. The time depen-
dence of [P*] is closely related in this case to the first term
in eq 3a with the modification that every 7 seconds an
amount (1 — cos 8)[P*] is removed, i.e., immediately con-
verted to P.

The concentration of P* just before (—) and just after
(+) a pulse is given in eq 8 for the first three pulses.

[P]1- = k’f.’f°k (emkr = i) (8a)
[P*]1+ = [P*]1-(cos 6) (8b)
kR

r

[P*]2— = [P*]i4e 5 + ke—k e~kr(emkm —e7km)  (8¢)

[P*]2+ = [P*]2—(cos 6) (8d)
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kRo

[PH3- = [PH]ase* + =% e™27(e™h7 —¢7k7)  (8e)

[P*]3+ = [P*]3—(cos 6) (8f)

The first term on the right in eq 8c and 8e represents the
amount of P* left at the end of each pulse interval due to
loss by nuclear spin relaxation during that interval. The sec-
ond term accounts for new P* formed during each interval.
The constant term, [kRo/(k, — k)](e=*7 — e~*7) can be
represented by R’. Thus, [P*];_ is given by eq 9.

[P*]3— = Rle™%27 4+ e~k (cos ) (R'e™ " +
e~k(cos )(R")) (9a)

[P*]3- = R'e=*27 + R'e~*7e=ki7(cos 0) +
Re=*27cos2§  (9b)
Pr_="3
j=
=n_ . . .
[P, =" 5 Re~ki=1=prg=kiir(cos/ 6)  (10)
j=0

Rle=k2=N7e=ke7(cos/ §) (9¢)

- QO

Equation 10 represents the concentration of P* just be-
fore the nth pulse. Figure 1 shows the initial time depen-
dence of [P*] calculated for two values of the flip angle.

The expression for [P],- is given by eq 11. Note that this
equation does not take into account previously pulsed P

[P]i- = Ro = [R]n — [P*]4- (11a)
[Pl = Ro — Roe™ "7 — [P*],_ (11b)

which has not returned to nuclear equilibrium. This can be
accounted for by expressing [P],— in terms of the amount
present at pulses # — 1 and n as in eq 12. The P from relax-
ation of newly formed P¥ is neglected.

[Pla- = {Ro — [R]n~1 = [P*](n—1)- +
(1 = cos ) [P*] (u—1)-}(1 —e™7/T1) +
(e *M)[P*](n-1y+) (12)
Now the intensity measured at any pulse, », is
I, = (a[P*],— + B[P],-) sin 6 (13)

Because of the complexity of eq 10 and 12, the numerical
evaluation of eq 13 is a formidable task, even when all of
the kinetic parameters of the reaction are known or as-
sumed. Thus it is of little value to use intermediate pulse
angles to study the kinetics of CIDNP reactions, even with-
out accumulating signals. If 8 is small (§ < 15°) then (1 —
cos ) ~ 0.03 while sin § ~ 0.25, and the results might be
treated as a CW experiment (eq 3).!3

Effect of Accumulating Pulses. It is common practice in
13C FT NMR to accumulate a number of FID’s in order to
obtain a reasonable signal-to-noise ratio. Since in a CIDNP
kinetic experiment the time dependence of the signal inten-
sity is of interest, it is necessary to accumulate the signal in
a manner which can be related to the reaction time coordi-
nate. This can be done by separately accumulating succes-
sive intervals of the reaction and analyzing the results as
follows. For a pulse angle of 90°, each of the i data collec-
tions will consist of the sum of N accumulations of individu-
al intensities given by eq 7 and can be expressed as

N
Iitotal = Z

kra_ - Roe—k(n—l)r(e—kr — e—krr) +
B[Ro — Roe=k(r=D7](] — e=7/T1)+  (14)

Rearrangement of eq 14 to collect terms with the time fac-
tor, e “4(n= D7 giveseq 15.
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Figure 2. Simulation of NMR intensity vs. time for a CIDNP reaction
(eq 1) studied by accumulative FT NMR. Each point represents the
signal obtained from the accumulation of 64 FID’s and is plotted at the
midpoint of the collection period. The + are for the exact solution (eq
15) and the X are for the approximate solution (eq 16a). The parame-
ters used in the calculation are 6§ = 90°, r = 105, k = 10745 k., =4
X 1072s7" Ro=1M, x=500,and 3= 1.

ak

ke—k

IitOtal = Ro(e—kr - e—krr) —

BRD(I — e—f/Tl) nz e—k(n—1)r 4
n

NBRy(1 —e~7T1) (15)

Ineq 15, n= (i — )N + 1, and »’ = iN. The lower limit of
the summation for each collection interval is the index of
the initial pulse for that interval. Therefore, n = 1, N + 1,
2N + 1, ..., for collection intervals i = 1,2, 3, ... . Hence,
the total time from the start of the reaction, t = (n — 1)7,
appears in the exponent.

Although eq 15 accurately describes the accumulated in-
tensity, it is not useful for analyzing the actual experiment.
This is because the summation contains not a single time,
but N times. Therefore we replace the summation with the
product Ne—*e(") where g(¢) is the time from the start of
the reaction to the midpoint of collection period .

Iitotal = NROB(I — e—r/T.) +

ak
NR —kr _ o=k —
e Gt
6(1 — e—r/Tl) e—kglt) (163)
or
[l = ) + Cre—Cagld (16b)

This replacement introduces very little error. Figure 2 is
a plot of the exact (eq 15) and approximate (eq 16) solu-
tions for a given set of parameters. The difference at early
stages of the reaction is ~1% and quickly becomes much
smaller.

A computer fit of the experimental data to eq 16b yields
the three constants C;, C3, and C;. The reaction rate con-
stant, k, is C3. When T is known, C; and C; give 8 and «,
respectively.

Comparison of the CW and FT Kinetic Experiments. In
comparing the CW and FT cases, eq 3 and 16, the major

INTENSITY
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e
o

Figure 3. Relative measured intensity of the '3C NMR peak of benzene
obtained via accumulative FT NMR during photodecomposition of
benzoyl peroxide in chloroform. Each X represents the accumulation of
64 FID’s (r = 10 s) and is plotted at the midpoint of the collection pe-
riod. The line represents the computer fit of these points to eq 16b.
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Figure 4. Relative measured intensity of the '3C NMR peak of C-1’
carbon of phenyl benzoate obtained via accumulative FT NMR during
photodecomposition of benzoyl peroxide in chloroform. Each X repre-
sents the accumulation of 64 FID's (r = 10 s) and is plotted at the
midpoint of the collection period. The line represents the computer fit
of these points to eq 16b.

difference is that the CW case yields k, directly from the
computer fit. The FT experiment does not yield k. directly
because the effect of the pulse is to make T'j-controlled pro-
cesses 7 dependent and not ¢ dependent. Fortunately the
chemistry of the reaction is not affected by the physics of
the experiment and the chemical rate constant remains ¢
dependent. The fact that the FT kinetic approach does not
explicitly yield a value for T does not present any serious
difficulty since there are other ways of measuring relaxa-
tion times.

Also, there is a question of whether relaxation times dif-
fer for compounds in a reacting system such as CIDNP as
opposed to the nonreacting system. A shortening of 7| may
occur if the radical flux is high. This problem is likely to be
important in studies of fluorine or proton CIDNP during
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thermally induced decompositions. Christensen et al. found
no significant reductions of B3C T’s in their measurements
of relaxation times during the thermal decomposition of
benzoyl peroxide.*

It is apparent from the analyses presented here that the
accuracy of CW kinetic measurements can be severely com-
promised if the condition of negligible saturation is not met.
The rf power levels must be explicitly evaluated and con-
trolled in CW CIDNP kinetic studies. A corresponding pit-
fall exists in the # = 90° FT kinetic experiment. Deviation
from an exact 90° pulse will leave a residual Z magnetiza-
tion component and lead to inaccurate results.

Example. We applied the FT kinetic method described
here in a study of '3C CIDNP occurring during the pho-
toinduced decomposition of benzoyl peroxide (BPO) in
chloroform.'* We used accumulative *C FT NMR and an-
alyzed the CIDNP of benzene and phenyl benzoate. The
main difference in the working versions of eq 16 is that the
term k/(k. — k), which describes the simple first-order na-
ture of the model reaction, eq 1, must be replaced by more
complex combinations of rate constants.!* Also, both terms
of eq 16 must be multiplied by the fraction of reactant
which forms a given product.

A computer fit of the CIDNP data to eq 16b gave the re-
sults shown in Figures 3 and 4.! The rate constants for
photodecomposition of BPO in CHCl; were 6.1 X 1074 57!
from benzene data and 4.6 X 107 s~! from phenyl benzo-
ate data. Rate constants obtained from parallel chemical
analyses were 0.7 X 107* s~! and 1.2 X 107 s~!, respec-
tively.!4 The agreement is quite good and illustrates the
usefulness of the method.

Extension of this approach to other complex systems
should not be difficult. The important step is to write ex-
pressions for the concentrations of P* and P. Relaxation
from the non-Boltzmann condition is always first order. In
the 90° case the effect of the flip angle is easily worked in.
The T, effects during the time between pulses are straight-
forward. Equations can then be written for the reasonable
reaction paths and data fit to them to find the best solution.
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