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We report the first observation of chemically induced electronic-nuclear multiplet spin polarization of transient
radicals at very low and zero magnetic fields. Dimethoxyphosphonyl radicals, which have a hyperfine coupling
constant of∼70 mT, were produced in solution by photolysis of 2,4,6-trimethylbenzoyl phosphonic acid
dimethyl ester. The radicals were detected using a modified L-band time-resolved electron paramagnetic
resonance (TREPR) setup. The polarization is very strong, and signals are easily detected with custom-built
resonators that match or nearly match each electronic-nuclear transition. A theoretical description for the
formation of this large polarization has been proposed and is found to be in good agreement with experimental
data. TREPR spectra and time-resolved kinetics at low and high magnetic fields have been measured. Signals
detected at high magnetic field decay an order of magnitude faster than do those at low field, which can be
explained by field-dependent HFI-induced spin relaxation.

I. Introduction

Chemically induced electron spin polarization (CIDEP) of
reactive radicals is a well-known phenomenon and can arise
from a variety of mechanisms such as the triplet mechanism
(TM), radical pair mechanism (RPM), spin-correlated radical
pair mechanism (SCRP), radical triplet pair mechanism (RTPM),
or via cross-relaxation.1-4 All of these mechanisms have been
extensively investigated by time-resolved electron paramagnetic
resonance (TREPR) spectroscopy at magnetic fields much higher
than for the typical values of hyperfine interactions (HFI) of
organic free radicals. At lower fields, L-band (B0 ≈ 50 mT)
TREPR studies have been performed for carbon-centered
radicals with small HFI constants (not exceeding 2.5 mT).4-6

In these previous studies, an accurate experimental investigation
of L-band CIDEP showed that there is a significant contribution
of the S-T( CIDEP mechanism that manifests itself as a strong
emissive component in the CIDEP spectra. Simulations of
L-band CIDEP spectra and kinetics allow for quantitative study
of magnetic field effects on TM and SCRP CIDEP.5,6 A
theoretical investigation of low-field CIDEP in radical pair
recombination has been reported by Shushin.7 He showed that
the characteristic features of the low-field S-T( mechanism of
CIDEP differ qualitatively from those predicted by the con-
ventional high-field S-T- mechanism. This theoretical treatment
was limited by the relatively strong magnetic fieldsB0 used
and the small hyperfine constanta (a , γeB0).

During the past decade, several articles have been published
regarding the influence of weak constant and radio-frequency

magnetic fields on chemical reactions, especially in the biologi-
cally relevant systems.8 It has been shown that among the major
factors determining the scales of the possible effects are the
spin relaxation rates of the individual radicals as well as the
initial nonequilibrium populations of the spin levels. At low
magnetic fields, particularly those fields that are comparable to
the hyperfine coupling constants of the radicals, the spin
eigenfunctions of the radicals can no longer be represented as
products of electronic and nuclear wave functions. The resonant
transitions for such a system are not purely electronic or nuclear,
which leads to some special spectral features that are due to
the effect of rf fields on the nuclear polarization of the
diamagnetic reaction products. Recently, it has been shown9 that
low-field electronic-nuclear transitions can be detected via
nuclear polarization of the diamagnetic products. These experi-
ments revealed very high nonequlibrium populations of the spin
levels in magnetic fields comparable to and lower than the value
of the HFI constants of the intermediate radicals (γeB0 < a). In
this article, we report the first experiments involving direct
measurement of low magnetic field chemically induced spin
polarization using TREPR. Very large multiplet electronic-
nuclear spin polarization, which we call ENP, has been observed
in low and even zero magnetic fields and is remarkably strong.
To explain these results, a theory has been developed that
proposes a mechanism for the formation and decay of spin
polarization in low and zero magnetic fields.

II. Theory

1. Basic Features of Low-Field TREPR.The eigenfunctions
and eigenstates for a radical containing one magnetic nucleus
(I ) 1/2) with HFI constanta are expressed by the Breit-Rabi
formulas:10
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where C1
2 ) 1/2(1 + (ωe/xωe

2+a2)) and C2
2 ) 1/2(1 -

(ωe/xωe
2+a2)). Here,ωe ) γeB0 is the Zeeman frequency of

the electron andγe is the electron gyromagnetic ratio. In low
magnetic fields (B0), all the transitions occur with the participa-
tion of both nuclear and electronic spins. The probability of a
transition under the influence of a resonant magnetic fieldB1

is proportional to

The squared coefficientsC1
2 and C2

2 are 1 and 0 in high
magnetic fields, respectively, where these transitions are purely
nuclear or electronic. At zero magnetic field, the squared
coefficients are 0.5 because the transitions occur with the
simultaneous flip of electronic and nuclear spins. An additional
phenomenon in low magnetic fields is the induction of another
transition,|2〉T|4〉, when the rf field is parallel to the external
magnetic field. The probability of this transition is proportional
to

2. Formation of Spin Polarization in Low and Zero
Magnetic Fields. The initial spin-level populations of the
radicals that escaped to the bulk strongly depend on the
conditions under which the radicals have separated, which
affects the magnitude of the geminate ENP. The separation can
be adiabatic or nonadiabatic depending on the radical size,
solution viscosity, and the HFI constants. The criterion of
adiabaticity can be written asλ2/D ∼ a-1,11 wherea is the HFI
constant,D is the mutual diffusion coefficient, andλ is the
characteristic scale for exponential decay of the exchange
interaction in its usual form:J(r) ) J0 exp(-(r - R)/λ) (R is
the distance of closest radical approach). We now consider low-
field ENP formation for two limiting cases of adiabatic
(λ2/D . a-1) and nonadiabatic (λ2/D , a-1) RP separation.

Adiabatic Contribution. In the case of adiabatic separation,
the population of each eigenstate remains the same at any
moment in time, though the eigenfunctions themselves change

significantly. Therefore, we can predict the initial populations
of RP spin levels in a low magnetic field using the simple
energy-level scheme shown in Figure 1a. We assume that the
RP has been formed from a triplet precursor and that ENP due
to the triplet mechanism is negligible. Under the condition that
J . a, γeB0, the six upper spin levels have equal populations,
but the two lower levels are not populated. For the case when
a . γeB0, after adiabatic RP separation to the region where
J ) 0, the six upper spin levels also have equal populations,
and the two lower levels are empty. AtJ ) 0, the eigenfunctions
can be presented as products of the eigenfunctions of the
individual radicals. Therefore, one can easily calculate the
populations of spin levels of each radical by summing over all
spin states of the other one, as shown in Figure 1b. Hence, in
the case of adiabatic RP separation, one should expect a large
nonequilibrium population of the spin levels of radicals with
magnetic nuclei. This electronic-nuclear polarization can be
detected by applying a transverse or parallel resonant rf field at
frequencies corresponding to transitions|1〉T|4〉,|3〉T|4〉 (trans-
verse), and|2〉T|4〉 (parallel).

For radicals with HFI constants of 1-2 mT in nonviscous
solutions, the adiabatic contribution is negligible, but it can be
important for RPs with large HFI constants in solutions of high
viscosity (e.g. in micelles and for radical ion pairs).

Nonadiabatic Contribution. For this case, we introduce a
density matrixF̂(qb,t) in a basis containing all the electronic-
nuclear spin states of the RP.12,13 In ref 14, the CIDEP effect
was calculated for the case of high magnetic field to a first
approximation with respect to the exchange interaction. Here
we use the same approach to calculate the ENP magnitude for
the case of zero magnetic field. Although this approach involves
rather cumbersome matrix algebra, it is more convenient than
an exact numerical solution of the stochastic Liouville equation
as it allows an analytical result.

|1〉 ) |ReRn〉, E1 )
ωe

2
+ a

4

|2〉 ) C1|Reân〉 + C2|âeRn〉, E2 ) - a
4

+
xωe

2 + a2
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-
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Figure 1. (a) Calculated scheme of the energy levels of RP with one
magnetic nucleus as a function of interradical distance;J(r) ) J0

exp(-(r - R)/λ), J0 ) 400 mT,R ) 0.2 nm,λ ) 0.2 nm,a ) 70 mT,
andB0 ) 20 mT. (b) Correlation scheme for the RP- and radical-level
populations.
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Multiplet ENP is determined by the product of operators of
electronic and nuclear spins:

We consider an RP with one magnetic nucleus of spinI )
1/2. In both zero and low magnetic fields, the projection of the
total spin onto thez-axis is conserved (i.e.,Ŝ1z + Ŝ2z + Îz )
constant). Consequently, the ensemble of RPs can be divided
into four subensembles with the basis functions

(I) |T+R〉
(II) |T-â〉
(III) |SR〉, |T0R〉, |T+â〉
(IV) |Sâ〉, |T0â〉, |T-R〉
The first two subensembles do not take part in the spin

evolution of the RP. The spin evolution of two last subensembles
is similar at zero magnetic field; therefore, we present the theory
only for subensemble (III).

As shown in ref 14, the CIDEP effect is expressed in terms
of matrixesT̂̂(t), Ĝ̂0(qb,qb′;s), andĜ̂(qb,qb′;s) defined in that article
where the matrix elements ofĜ̂0(qb,qb′;s) are easily expressed in
terms ofT̂(t). Spin evolution influenced by the isotropic HFI
can be written as

The matrixŜ(t) in basis (III) has the form

In the Liouville representation, the basis states of subensemble
(III) are |SR,SR〉, |SR,T0R〉, |T0R,SR〉, |T0R,T0R〉, |SR,T+â〉,
|T+â,SR〉, |T0R,T+â〉, |T+â,T0R〉, and |T+â,T+â〉. The matrix
elements of the Liouville evolution operatorT̂̂(t) are expressed
through the matrix elements of operatorŜ(t) as

To calculateGh (qb,qb′;s), we need an expression for the operator
for the exchange interaction, which in the Liouville basis has
four nonzero matrix elements:

Therefore, the diagonal matrixĜ̂h (qb,qb′;s) has the following
features:

All the other diagonal elements are equal functionsG(qb,qb′;s).
We use here the same designations forGh (qb,qb′;s) andG(qb,qb′;s)
as are used in ref 14.

To understand the origin of the ENP effect, we consider an
RP formed in a triplet state without taking into account chemical

recombination. For a radical with one magnetic nucleus, the
mean values of the spin state populations can be written as

whereFSR,T0R, FSR,T+â, FSâ,T-R, andFSâ,T0â are the mean values
of the nondiagonal elements of the density matrix of the RP in
the absence of recombination. These terms appear because of
exchange and hyperfine interactions.

Direct calculations show that at zero magnetic field the
following relations hold:

Substituting eq 11 into eq 10, we obtain

Thus, the calculation of the populations requires the knowl-
edge of only two nondiagonal elements, using the approach

detailed in ref 14, and the matrixesT̂̂(t) andĜ̂h (qb,qb′;s) described
above. For nonviscous solutions, we obtain the following result:

whereτj ) λ2/D, τd ) R2/D, andγ = 0.577 is the Euler constant.
The expressions in eq 13 have been obtained for the caseaτd,
aτj , 1, corresponding to nonviscous solutions and assuming
thata > 0 andJ < 0. Substituting eq 13 into eq 12, we obtain
the final expression for the populations:

n1 ) 1
4

- ReFSR,T0R

n2 ) 1
4

+ 1

x2
(ReFSR,T+â - ReFSâ,T-R) +

1
2
(ReFSR,T0R - ReFSâ,T0â)

n3 ) 1
4

+ ReFSâ,T0â

n4 ) 1
4

- 1

x2
(ReFSR,T+â - ReFSâ,T-R) +

1
2
(ReFSR,T0R - ReFSâ,T0â) (10)

ReFSâ,T0â ) -ReFSR,T0R; ReFSâ,T-R ) -ReFSR,T+â (11)

n1 ) 1
4

- ReFSR,T0R

n2 ) 1
4

+ ReFSR,T0R + x2ReFSR,T+â

n3 ) 1
4

- ReFSR,T0R

n4 ) 1
4

+ ReFSR,T0R - x2ReFSR,T+â (12)

ReFSR,T0R ) -
xaτd

48x2
-

xaτj

48x2
(π + ln|J0τj| + 2γ)

ReFSR,T+â )
xaτd

48
+

xaτj

48
(π + ln|J0τj| + 2γ) (13)

n1 ) n2 ) n3 ) 1
4

+
xaτd

48x2
+

xaτj

48x2
(π + ln|J0τj| + 2γ)

n4 ) 1
4

-
xaτd

16x2
-

xaτj

16x2
(π + ln|J0τj| + 2γ) (14)

〈ŜAzÎz〉 ) TrA,B (ŜAzÎzF̂(t)) (4)

ψ(t) ) Ŝ(t) ψ(0) ) exp(-iĤt/p) ψ(0), Ĥ ) aŜÎ (5)

Ŝ(t) )

[(eiat + 3)/4 (eiat - 1)/4 (-eiat + 1)/2x2

(eiat - 1)/4 (eiat + 3)/4 (-eiat + 1)/2x2

(-eiat + 1)/2x2 (-eiat + 1)/2x2 (eiat + 1)/2 ] (6)

T̂̂ij ,lm(t) ) Ŝil(t)‚Ŝjm
/ (t) (7)

-〈SR,T0R|Ĵ̂(qb)|SR,T0R〉 ) 〈T0R,SR|Ĵ̂(qb)|T0R,SR〉 )

-〈SR,T+â|Ĵ̂(qb)|SR,T+â〉 ) 〈T+â,SR|Ĵ̂(qb)|T+â,SR〉 ) 2J(r)
(8)

〈SR,T0R|Ĝ̂h (qb)|SR,T0R〉 ) 〈T0R,SR|Ĝ̂h *( qb)|T0R,SR〉 )

〈SR,T+â|Ĝ̂h (qb)|SR,T+â〉 ) 〈T+â,SR|Ĝ̂h *( qb)|T+â,SR〉 ≡
Gh (qb,qb′;s) (9)
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For an HFI constant of 70 mT (corresponding to the
dimethoxyphosphonyl radical used in our experiments) and
assuming thatλ ) 0.05 nm,R ) 0.4 nm, andD ) 5 × 10-5

cm2/s, we calculateτj ) 0.5 ps andτd ) 32 ps. Taking the
reasonable value ln|J0τj| ≈ 1, we obtainn1 ) n2 ) n3 ) 0.265
andn4 ) 0.204. Thus, at zero magnetic field,n1 - n4 ) n2 -
n4 ) n3 - n4 ) 0.061, whereasa/kT ≈ 10-4, which means that
a large emissive line should be observed, corresponding to
transitions|1〉, |2〉, |3〉T|4〉 with nonequilibrium populations of
the spin levels.

Thus, one can see that the adiabatic and nonadiabatic
contributions each lead to a similar pattern for the initial
populations of a radical containing a magnetic nucleus at low
and zero magnetic fields. Both mechanisms predict the three
upper spin levels|1〉, |2〉, and|3〉 to be more populated than the
lower spin level|4〉.

III. Experimental Section

In this study, we have created RPs using the photolysis of
2,4,6-trimethylbenzoyl phosphonic acid dimethyl ester (TMPDE,
in Scheme 1), which undergoesR scission upon irradiation with
UV light, with a quantum yield ofφ(R) ) 0.3.15 Photolysis
occurs from the excited triplet state and forms triplet radical

pairs of phosphonyl and acyl radicals. Chemical decay of the
intermediate radicals is determined by the recombination rate
of radicals in the bulk. The second-order rate constant for self-
termination of two dimethoxyphosphonyl radicals is close to
the diffusion-controlled limit15 (i.e., about 3.3× 109 M-1 s-1

in di-tert-butyl peroxide at 253 K15). The rate constant for cross-
termination of the phosphorus-centered species with trimeth-
ylbenzoyl radicals should be very close to that of the self-
termination reaction. The radical (CH3O)2(O)P• has a large HFI
of a[31P] ≈ 70 mT and small HFI constants ofa[1H] ) 0.05
mT for the six methyl protons.16 It is the large value of the HFI
constant of the31P nucleus that allows us to use L-band TREPR
with resonance close to 2 GHz to investigate the transitions at
very low and zero magnetic fields.

A JEOL L-band TREPR setup has been modified for these
measurements. To increase the sensitivity, a GaAs MW ampli-
fier (Miteq AMF-4F-011018-04-13P) has been inserted before
a double-balanced mixer detector. The TREPR signal was
amplified by a wideband preamplifier (0.5 Hz-50 MHz).
Homemade loop gap resonators with an approximate Q factor
of 200 were used to obtain a balance between high sensitivity
and fast time resolution. To measure the signals at zero magnetic
field, the resonant frequencies of the cavities were fine-tuned

SCHEME 1: Photolysis of TMPDE in a Homogeneous Solution
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over ranges of about 10 MHz by changing the distance between
the copper plate and the capacitive split in the resonator.

IV. Results and Discussion

X- and L-Band Spectra. Figures 2a and b show CIDEP
spectra at X and L bands, respectively, obtained at different
time delays after laser photolysis of TMPDE in acetonitrile
solution at room temperature. The spectra show an E/A pattern
assigned to the dimethoxyphosphonyl radical. The polarization
of the acyl radical is not observed. The line positions are in
good agreement with those from the calculated low-field (f )
1.9804 GHz) EPR spectrum for a radical with one HFI constant,
a ) 70.44 mT. The high-field EPR line in the L-band spectra
could not be detected at long time delays because of an
insufficient signal/noise ratio. At the X band, the hyperfine
structure of the six hydrogen atoms is well-resolved, but at the
L band, the line width is approximately 0.3 mT and these six
hydrogen atoms’ couplings are unresolved. For high field, the
resonance frequency is proportional to the magnetic fieldω0 )
γeB0, but for low magnetic fields, the relationship becomes more
complex. For example, the energy gap for the|1〉T|4〉 transition

is ∆E ) (γeB0 + a + x(γeB0)
2+a2)/2. One can see that

(d∆E/dB0) (whenB0 . a) ) γe ) 2(d∆E/dB0) (whenB0 , a).
Hence, for a fixed frequencyω, a Lorentzian lineg(B0) )
1/(1 + (∆E - ω)2T2

2) is expected to be 2 times broader at low
magnetic fields than at high fields for equal values ofT2. The
same is true for the|2〉T|3〉 transition. On the other hand, as
has been shown in ref 17, the EPR line width due to anisotropic
HFI-induced relaxation decreases in low magnetic fields (i.e.,

T2 is different in high and low magnetic fields). But the decrease
of the line width due to the difference in phase relaxation does
not exceed∼30%;17 therefore, the broadening predominates.
Thus, the difference in the line width of the dimethoxyphos-
phonyl radical between the X and L bands can be explained by
the broadening of each line of HFI structure at low field.

TREPR Kinetics for B1⊥B0. Figures 3a and b show TREPR
kinetics measured for both emissive and absorptive lines. It has
been found that the kinetics of the low-field emissive line decay
much slower than those of the high-field line at the same laser
intensity. The decay at high field is approximately monoexpo-
nential, whereas the decay at low field is better described by
second-order kinetics. This result can be explained by the nature
of HFI-induced spin relaxation at low fields and is in complete
agreement with our recent theoretical article.17 It was shown
there that at low field the relaxation rate between the lower and
the three upper spin levels (|1〉, |2〉, |3〉T|4〉) is expected to be
very slow in comparison with that at high field. The HFI-induced
relaxation rate between levels|1〉, |2〉, |3〉T|4〉 decreases to zero
at zero magnetic field because relaxation transitions induced
by dipole-dipole interactions are not allowed between states
that have different total spins.

On the basis of the results from ref 17, usinga ) 70 mT, a
fluctuation amplitude due to hyperfine anisotropy, [A:A]) 176
mT2, andτc)2.4 ps, we estimate that the HFI-induced relaxation
time will be ∼500µs atB0 ) 4.4 mT. Therefore, we conclude
that the high-field TREPR kinetics shown in Figure 3a are
determined by HFI-induced spin relaxation, whereas the low-
field kinetics (Figure 3b) are determined by a chemical reaction.

These conclusions have been confirmed by the calculated
kinetic traces shown in Figure 3, which were generated using a
numerical solution of the Stochastic Liouville equation via a
Laplace transform. Details are given in the Appendix. The

Figure 2. CIDEP spectra of the dimethoxyphosphonyl radical
(MeO)2(O)P• in acetonitrile at room temperature in the (a) X band and
the (b) L band.

Figure 3. Experimental kinetics and simulation of CIDEP kinetics
detected by high-field (a) and low-field (b) EPR lines in the transversal
magnetic field B1⊥B0. The kinetics have been calculated for the
following set of parameters: [A:A]) 176 mT2, τc ) 2.4 ps, 2ktR0 )
3.2 × 105 s-1, B1 ) 10-4 mT, B0 ) 96.2 mT (a),B0 ) 4.4 mT (b).
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correlation time for radical rotation and the initial radical
concentration were the variable parameters. Both kinetic traces
shown in Figure 3 were calculated using the same set of
parameters listed in the caption. The correlation time of 2.4 ps
agrees well with that determined for the (EtO)2(O)P• radical in
di-tert-butyl peroxide (∼5 ps).18,19

TREPR Kinetics for B1|B0. Figure 4 shows the TREPR
kinetics of the|2〉T|4〉 transition induced by a microwave field
parallel to the external magnetic field of 0.5 mT. The observed
kinetic trace shows the same features as the kinetics of the
|1〉T|4〉 low-field transition discussed above. The decay is
determined by a second-order chemical reaction. It is interesting
that the extremum of the kinetic trace obtained usingB1|B0 is
shifted for∼300 ns to longer time delays in comparison with
that of the kinetics obtained usingB1⊥B0 (Figure 3). At the same
time, a best fit to the experimental kinetics forB1|B0 was
obtained using the same set of parameters as that used in the

simulations of kinetics forB1⊥B0. The position of the extremum
of the kinetic trace for the small values ofB1 used here is
determined by the relaxation rate, the chemical decay rate, and
the initial populations of the spin levels. In our calculations,
the initial populations of the three upper spin levels are assumed
to be equal in both cases. Therefore, we propose that the shift
of the extremum forB1|B0 is caused by the different relaxation
times for the|1〉T|4〉 and the|2〉T|4〉 transitions, in agreement
with ref 17.

Spin Polarization at Zero Magnetic Field.Figure 5a shows
the emissive signal of the dimethoxyphosphonyl radical ob-
served using rf frequencies close to the value of the HFI constant
fhfi(70.44 mT)) 1.972 GHz. The magnetic field was swept
gradually from-1.0 to 1.0 mT to detect the resonant transition
at zero magnetic field. The observed lines correspond to the
transition |1〉T|4〉 when f > fhfi and to the transition|3〉T|4〉
when f < fhfi. At very low magnetic fields,B0 < 1.0 mT, the
intensities of both lines are approximately equal. One can see
that the |3〉T|4〉 transition is a bit broader than the|1〉T|4〉
transition whenf ≈ fhfi. This feature is well-reproduced by the
calculations shown in Figure 5b. As has been discussed above,
the line width at low field is determined by the unresolved HFI
structure of six hydrogens, and the calculated positions of these
unresolved maxima are slightly different for the|3〉T|4〉 and
the |1〉T|4〉 lines. It is very important to note that even at zero
magnetic field a strongly emissive ENP line can be observed.
In fact, its intensity is twice as large as that of each of the
|3〉T|4〉 and|1〉T|4〉 lines, which reveals an opportunity to use
the CIDEP technique to study free radical reactions at zero and
very low magnetic fields.

Transition Intensities. The difference in line intensities
between low field (B1⊥B0) and zero field has a clear explanation.
If B0 is equal to zero, the difference between the transverse and
parallel directions of the rf field disappears, and the three
transitions|4〉T|1〉, |2〉, |3〉 all contribute to the overall intensity.

Figure 4. Experimental kinetics and simulation of CIDEP kinetics
detected by the|2〉T|4〉 EPR lines in the parallel magnetic fieldB1|B0

and comparison with the|1〉T|4〉 low-field line obtained usingB1⊥B0.
The kinetics have been calculated for the following set of parameters:
[A:A] ) 176 mT2, τc ) 2.4 ps,B0 ) 5.0 mT,B1 ) 10-4 mT, 2ktR0 )
3 × 105 s-1.

Figure 5. Experimental (a) and calculated (b) EPR spectra in low and zero magnetic fields at different frequencies of the applied rf field. The
calculations have been made fora[31P] ) 70.0 mT and six HFI constantsa[1H] ) 0.05 mT that determine the nonhomogeneously broadened line
width.
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The probability of the transverse rf field-induced transition can
be calculated as

and the parallel rf field-induced transition is

At zero magnetic field, there is not a single axis of quantization,
and only the mutual orientation of the electronic and nuclear
spins in each individual radical is important. Hence, when
averaging over the whole ensemble of the radicals, for one-
third of them, the applied microwave field can be considered
to be x-directed, for one-third,y-directed, and for one-third,
z-directed. For the cases whereB1 is x- and y-directed, two
transitions (|3〉T|4〉 and |1〉T|4〉) are induced. For the case of
z-directedB1, only one transition (|2〉T|4〉) is induced. Thus,
the probability of a zero-field transition can be calculated as a
sum:

(i.e., the intensity of the zero-field line is two times larger than
that of each of the transitions induced by the transverse rf field).

An interesting observation is that the measured ratio of
amplitudes of transverse and parallel lines at the same external
magnetic field is not in agreement with that from eqs 15 and
16. This ratio was measured using the signal in zero magnetic
field for calibration. In fact, the amplitude of the|2〉T|4〉 line
is approximately 4 times larger than that of each of the
|1〉,|3〉T|4〉 lines. A possible explanation is that the population
of level |2〉 is larger than the populations of levels|1〉 and|3〉,
but this result can hardly be expected, as we showed in the
theoretical section. The most reasonable explanation is the
contribution of the hyperfine structure from the six additional
hydrogens. Figure 6 shows an energy-level scheme for a radical
containing one HFI constant of 70.0 mT and six HFI constants
of 0.05 mT. One can see that the levels|1〉 and |3〉 are much
broader than|2〉 and|4〉, thus the nonhomogeneously broadened
|1〉, |3〉T|4〉 lines should be much wider than the|2〉T|4〉 line.
In experiments using a parallel microwave field, it was not
possible to measure the line width of the|2〉T|4〉 transition by
scanning the magnetic field or the frequency. The former is
impossible, in principle, because the energy gap between spin
levels|2〉 and|4〉 is almost constant with magnetic field forB0

, a. Measurement of the latter led to technical difficulties, but
discrete measurements at differentf ≈ f2T4 showed that the
|2〉T|4〉 line is very narrow, in agreement with Figure 6.
Consequently, the amplitude of the narrow|2〉T|4〉 line should
be more than 2 times greater than that of the|1〉, |3〉T|4〉 lines
because of unresolved HFI structure.

Comparison with TMBDPO Photolysis. Photolysis of
(2,4,6-trimethylbenzoyl)diphenylphosphine oxide (TMBDPO),
which has also been studied, will be discussed in detail in
another publication. Briefly, during the TMBDPO photolysis,
the radical (Ph)2(O)P• is formed, which has a large HFI constant
a[31P] ≈ 36.5 mT and negligible hyperfine coupling constants
(e0.1 mT) for the protons on the phenyl groups.20 The main
difference in the reactions of photolysis of TMPDE and
TMBDPO is the lifetime of the excited triplet molecule, which
is much shorter for the latter;21-23 therefore, the triplet mech-
anism can contribute to the observed spin polarization. Indeed,
the CIDEP signal of the trimethylbenzoyl radical, which was
not observed during TMPDE photolysis, has been detected
during photolysis of TMBDPO. Analysis of the experimental
spectra and kinetics of (Ph)2(O)P• radicals showed the same
trends and features as were shown for (MeO)2(O)P•. The
presence of TM is therefore not critical to the existence of low-
field electronic-nuclear spin polarization.

V. Conclusions

In conclusion, we would like to note that despite the fact
that ENP has been detected for the specific case of radicals with
large HFI constants the proposed polarization mechanisms
should also work for radicals with HFI constant of 1.0-2.0 mT
or for radicals with several HFI constants. For a radical with
more than one nonzero HFI constant, the situation is more
complicated, but zero-field ENP should still be observable.

The existence of strong spin polarization at low and zero
magnetic fields, which can be detected using oscillating rf fields,
is an important result. It will allow us to investigate mechanisms
and kinetics of chemical reactions and molecular and spin
dynamics of short-lived radical intermediates at low and zero
magnetic fields. Particularly, studying low- and zero-field
electronic-nuclear polarization using TREPR is a very good
method for measuring low- and zero-field electronic-nuclear
relaxation times, which is interesting information required for
the analysis of much low-field magnetic resonance data.
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Figure 6. Calculated scheme of the energy spin levels for the radical
with one HFI constanta[31P] ) 70.0 mT and six HFI constants
a[1H] ) 0.05 mT.
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Appendix

We begin by considering the photochemical reaction scheme
below:

M is the precursor molecule, A and B are the radicals formed,
and AA, AB, and BB are the recombination products of
corresponding radicals. Let only the A radical contain a magnetic
nucleus.

For the matrix of densityF̂A of radical A, the Liouville
equation can be written in the following form:24

We rewrite the above equation in form more convenient for
our calculations:

Here, the second and the third terms on the right side of
equation describe the chemical decay of the radicals by second-
order reactions, [A]0 ) [B]0 ≡ R0 are the initial concentrations
of the radicals A and B, respectively, andfA(t) andfB(t) describe
the time dependence of the concentrations of radicals A and B.
K̂̂AA and K̂̂BA are

where matrixesK̂̂r
AA and K̂̂r

BA describe the chemical decay
of the radicals in reactions [i] and [ii], respectively; matrixes
K̂̂j

AA and K̂̂j
BA describe the formation of polarization in radical

F pairs
The formal solution of eq 20 can be written as

We designateiL̂̂A + R̂̂A ≡ Â̂, andR0fA(t)K̂̂AA + R0fB(t)K̂̂BA ≡
B̂̂.

We now assume that the commutator [Â̂,B̂̂] = 0. We will
show below that matrixB̂̂ is taken close to the identity matrix;
therefore, this approximation turns out to be valid, and eq 22
can be rewritten as

where T̂̂A(t) ) exp((iL̂̂A + R̂A)t) is the operator of spin
evolution.

Let fA(t) ) fB(t) ) (1/(1 + 2kR0t)), which is obviously
applicable for the reaction scheme used. Then, eq 23 is rewritten
as

Thus, the problem is reduced to the calculation of the spin-
evolution operatorT̂̂(t) (i.e., to the solution of the following
equation):

For the calculations of CIDEP kinetics in parallel rf field
B1|B0, the energy absorbed at frequencyω can be calculated as

whereŜz corresponds to a radical A.
For the calculations of CIDEP kinetics in transverse rf fields

B1⊥B0, eqs 19-25 have been rewritten for (F̂′,L̂̂′,R̂̂′) in a
rotating coordinate system. The energy absorbed at frequency
ω, expressed throughF′, is

where Ŝycorresponds to a radical A.
For bothB1⊥B0 andB1|B0, the Laplace transform has been

used to solve eq 25 with the following numerical inverse Laplace
transform. The matrix of HFI-induced relaxation has been taken
from ref 17; K̂̂′ ) (K̂̂AA + K̂̂BA)/2k is an identity matrix, with
the exceptions of〈1|K̂̂′|1〉 ) 〈2|K̂̂′|2〉 ) 〈3|K̂̂′|3〉 ) 1 - θ and
〈4|K̂̂′|4〉 ) 1 + θ whereθ is dimensionless phenomenological
parameter characterizing CIDEP formation in diffusive RPs. In
the case ofθ , 1, which corresponds to a small contribution
to polarization formed in radical F pairs, the matrixesK̂̂′ andB̂̂
are very close to the identity matrixes, and the assumption made
in eqs 22 and 23 that [Â̂,B̂̂] = 0 is valid.
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