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DNP and CIDEP Study of Cross-Relaxation Processes in Short-Lived Radicals in Solution
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Dynamic nuclear polarization (DNP) and chemically induced electron polarization (CIDEP) of transient radicals
in solution are measured at L- and X-band frequencies to investigate their etegtrcear cross-relaxation.

It is demonstrated experimentally and theoretically, that a strong multiplet-type electron spin polarization
leads to a multiplet-type DNP spectrum with the same relative line intensities as they are observed in the
CIDEP spectrum. DNP spectra are found in cases such as this to be separable from the always superimposed
SNP (stimulated nuclear polarization) spectra via measurements at different microwave powers. Examination
of radicals (CH).XCe with X = CHs;, OH, D, and C(O)CH shows the existence of efficient electron
nuclear flip-flop (Am = 0) cross-relaxation fot-butyl and 2-hydroxy-2-propyl radicals, whereas for 2-acetyl-
2-propyl radicals DNP is absent. The results indicate that phase inversions, observed in time-resolved CIDEP
spectra ott-butyl and 2-hydroxy-2-propyl radicals, are attributable to an efficient flip-flop eleetrarclear
cross-relaxation. The relaxation must result from an internal molecular motion modulating the isotropic
hyperfine interaction in these species with a correlation time »f 1 ps.

1. Introduction systems involving the 2-hydroxy-2-propyl radié&il” However,
a later accurate CIDNP investigation of systems containing
t-butyl and 2-hydroxy-2-propyl radicals has shown that, for these
radicals, there is no detectable cross-relaxation at all itkhe
CIDNP measured in the high magnetic field of an 200 MHz
NMR spectrometet® The effects, ascribed to cross-relaxation
in the previous investigations of the 2-hydroxy-2-propyl radical,
were attributed to side reactions and a fast solvent-dependent
nuclear relaxatio®

Cross-relaxation due to flip-flop transitionarh = 0) is a

The electron spin system of transient radicals in solution, as
arule, is polarized by the radical pair mechanism (RPM). The
polarization is generated in spin correlated radical pairs (RPs)
and causes in time-resolved ESR (TRESR) spectra the low-
field ESR lines to appear in emission (E) and the high-field
ones in enhanced absorption (A), or vice versa, depending on
the multiplicity of the RPs and the sign of the exchange
interaction! CIDEP is developed in geminate RPs as well as in

free diffusive encounters (F-pairs). . o well-known phenomenotf. Although this effect is rather
In a number of TRESR spectroscopic investigations of ¢,mmon in solid-state ENDOR, only a few investigations have
radicals created by laser flash photolysis, the spectra havepeen pyplished dealing with radicals in solution. If dominant,

exhibited an E/A polarization pattern at early times after the s yelaxation is caused by stochastic modulation of the isotropic
laser flash, as expected for radicals created from triplet hyperfine interactiora(t) and occurs with a raté

precursors, but an A/E pattern typically-180 us later}=12 This

behavior has been reported for quite a number of radicals. - 7

Although it has turned out later that in many cases the phase W(AmM = 0) = 27%a(t) — 32—22 (1)

inversions have been instrumental in origin, the phenomenon 1+ o7

has been found to be genuine for (§HOH)Cs,10-12 (CHz),- , )

HCs,27 and (CHy)3Ce291112radicals. After a long discussion, For the above radicals which show the phase change of CIDEP,

the phase change of the CIDEP, observed for these radicalsthe largest matrix elememf(t)—a° is associated with the GH

has been attributed to an efficient electronuclear flip-flop group rotation. Therefore, the stochastic modulation of this

(Am = 0) cross-relaxatiod%-12 rotation was considered as the main source for the effective
In the case of efficient cross-relaxation, the polarization cross-relaxation in these specté€d2Also, the correlation time,

transfer between the electron and nuclear spin systems shoulctalculated from an experimentally obtaindd, for t-butyl

also generate a considerable nuclear polarizafioft.Indeed, radicals, gave a reasonable valuercf 0.2 ps!? close to the

some time-resolved CIDNP studies have reported the observa-inverse collision frequency in liquids. However, if that is the

tion of cross-relaxation induced nuclear spin polarizations in true mechanism, then the cross-relaxation should be visible in
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both EPR and NMR spectroscopy, despite the considerably NMR signal can become a problem. This has not been
higher value ofv in the NMR experiment. As there is no cross- considered before, and some of the previous DNP/SNP analyses,
relaxation in these radicals at the NMR magnetic field, it follows therefore, may have to be revised because DNP contributions
that: (i) either cross-relaxation results from another internal to the NMR signal might have been mistaken as SNP. This
molecular motion having a longey so that at NMR frequencies  point, as well as the possibility of SNP and DNP separation
the conditionw?r2 > 1 holds, or (ii) the observed CIDEP phase via their different dependence on the mw field amplitude B
inversion is not caused by cross-relaxation at all and, hence,will also be addressed in this investigation.
needs another explanation.

The most direct technique for the investigation of cross- 2+ 1heory
relaxation processes is dynamic nuclear polarization (DNP), i.e., A qualitative picture of DNP formation from a net absorptive
irradiating the EPR transitions of the radicals and detecting the and multiplet polarized electron spin system is shown in Figure
induced changes of nuclear populations by NMR of the 1a. If the emissive low-field ESR transition is saturated, then
diamagnetic reaction products:2° The DNP technique should ~ Am = 0 cross-relaxation leads to an additional losstpfaind
allow to study the polarization transfer process from electron a gain of 3, nuclear spins, whereas the opposite occurs upon
to nuclear spins by cross-relaxation at the magnetic field strengthsaturation of the absorptive high-field ESR line. Thus, a
of the ESR experiment. DNP of short-lived neutral radicals has multiplet-type electron spin polarization obviously leads to a
been studied in a variety of investigatiof¥s?° For example, it~ multiplet-type DNP spectrum.
has been showh that the DNP of the ring protons of To demonstrate the rise of multiplet DNP and to investigate
p-benzoquinone is emissive and is formed due to cross-its peculiarities we have calculated DNP spectra and the
relaxation withAm = 2, whereas for the methyl derivatives of dependence of their intensity on the electron relaxation and the
p-benzoquinonepttoluquinone and 2,6-dimethybenzoquino- cross-relaxation time. Radicals havikgnuclei with spinl; and
ne) the DNP is absorptive and generated via scalar cross-hfi constantss; have been assumed in the calculation, as well
relaxation Am = 0), probably induced by modulation of the as a radical decay by a kinetics of first order.
hfi due to methyl group rotatiof?:23Thus, it is proven that DNP The Liouville equation for the density matrixof the radicals
is a very suitable technique to investigate cross-relaxation is
mechanisms in transient radicals.

However, there is an intrinsic problem with the DNP ap _ —i[H, p] — Ro — ko 2)
experiments on transient radicals in solution. The resonant t
microwave (mw) irradiation, applied during radical generation \yhere i is the spin Hamiltonian in a frame rotating with
and reaction, induces ESR transitions not only in free radicals frequencyw, i.e.,
but also ST transitions in radical pairs, which give rise to an
additional signal, the stimulated nuclear polarization (SNP) R R M M Mo
signal. In general, the NMR spectra of the reaction products H = (0° — 0)S, + 0}, — o] I, — 0 S 1, + Y alS (3)
always show both DNP and SNP signals, which have to be i=

separated. In all DNP experiments up to now this did not seem e_ B /A
to be a problem because in all reactions, investigated previously @ = OBy
in high magnetic field under continuous light illumination, the ¢ = g BB/A
DNP has been generated by saturation of transitions between 1 et
Boltzmann populated electron spin levels. Then, all lines in the ol = g.8,B,/m

DNP spectrum have the same sign (positive for scalar cross-
relaxation Am= 0) and negative for relaxation due to dipele  The Zeeman interaction for the nuclei is neglected. The last
dipole interaction Am = 2)), with the relative line intensities  term in eq 2 describes the exponential radical decay with rate
in the DNP spectrum being the same as in the ESR spectrum.constantks, The superoperatdr represents the electron and
On the other hand, the SNP spectrum in this case has a multipletthe electron-nuclear cross-relaxations of the spin system. The
type structure with the signs of the hyperfine lines determined relaxation processes were taken into account via relaxation times
by the signs of the nuclear spin projections. Using this difference T, and T, for electron as well a3 (Am = 2, for example
in the structures of the spectra, the SNP and DNP contributions g0, < Sefnctn) and T (Am = 0, for exampleotet3, =
could be separated along simple rués. Beainon) for cross-relaxation, respectively. For simplification we
However, it is obvious that the shape of the DNP spectrum neglected the dependence of all relaxation times on the nuclear
described above is true only if the populations of the electron quantum states. This is, of course, not fully correct but it suffices
Zeeman levels of the radicals are in thermal equilibrium. If the for our model calculation.
radicals carry a substantial electron spin polarization, then the The nuclear polarization in the diamagnetic reaction products
signs of the resonance lines in the DNP spectrum will be is given by the population difference of thg andg, spin states.
determined by the signs of the electron polarization. For the Thus, for calculation of the nuclear polarizati®g of theith
case of net electron polarization this has already been showntransition in the NMR spectrum it is necessary to take the trace
to be true in a low field DNP investigation of radical ion over all other nuclei and to compute the population difference
reactions in the presence of electron hopgitgf.In laser flash of the spin states,; andf of the nuclei n
photolysis experiments the radical concentration is usually rather _ _
large, the radical lifetime accordingly short and, hence, the P = K { (SR, (SRP))oe — (SR, (SRP)) 45} 4)
electron spin system can carry a rather pronounced RPM induced
multiplet polarization. Then, the transferred DNP will be Sp(p(t)) is the trace of the electremuclear spin density
substantially higher than that transferable from a Boltzmann matrix p(t), taken over the electron spin states, &a8p(p(t))
polarization, it will have a multiplet-type structure, and the describes the change of the nuclear density matrix per time
distinction between the DNP and SNP contribution to the total unit. p can be obtained from the Laplace transformed of eq 2
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Figure 1. (a) Schematic illustration of the mechanism of multiplet DNP formatiom\by= 0 cross-relaxation for a radical with two nuclei=

I, = 1/2 with positive hfi constants; = a,. The solid arrows show mw-induced resonance transitions and the broken ones cross-relaxation transitions.
(b) DNP spectra of the spin system in (a) calculated \sith= a, = 2.0 mT, Ty = T, = 1 us, andkse = 10° s for Am= 0 (1T = 0, T =

10 us) andAm = 2 (LT M = 0, T4 = 10 us) cross-relaxations in the case of net and multiplet electron polarization.

over time ats =0 Figure 1b shows two DNP spectra calculated for cross-
relaxations withAm = 0 andAm = 2, respectively. Radicals
p= ﬂ;op(t)dt =p(s=0) (5) with two equivalent protons have been assumed, as well as an
electron polarization consisting of a net absorptive and a
p(s=0)= (_iﬁ + kscf; — ﬁ)—l 0(0) multiplet-type contribution. As one can see, the ratios between

A the line intensities in the DNP spectra equal those of the CIDEP
whereL is_the Liouvillian corresponding to the spin Hamilto- spectra and are of the same sign f&om = 0 and of opposite
nian, andkE the unity matrix. sign for Am = 2 relaxation. In the case of a radical decay via
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Figure 2. (a) Dependences of SNP and DNP intensities an B
calculated for model radical pairs and radicals, respectively, containing
one nucleud = 1/2 with couplingan; = 2.0 mT. Parameters of the
SNP computation: 1 ns RP lifetime, rate of scavendiqg= 10° s 1,

rate of recombination from singlet state4@. Parameters of the
DNP computation:T; = T, = 1 us, Ter = 10 us, ke = 10° s71. (b)
Calculated dependences of SNP and DNP line widthsoif lBe same
parameters as in (a) were used for computation.

0.1

a kinetics of second order and a significant F-pair contribution
to the CIDEP, the relative line intensities in the DNP spectrum
would equal those of the CIDEP spectrum when integrated over
time.

As has already been mentioned, a resonant mw irradiation
affects the nuclear polarization of the diamagnetic products via
two mechanisms, (i) inducing ESR transitions in the free radicals
(DNP) and (ii) inducing singlettriplet conversion in RPs
(SNP). The SNP spectral shape at lowfigld amplitudes is
very similar to the shape of the multiplet type DNP spectrum.
Nevertheless, a separation of both contributions is still possible
because their line widths and their intensities depend on the B
amplitude in different way3® The DNP line width is close to
2B; for B; > 1/T1+1/Ty, whereas the SNP line width is
determined by the lifetime of the RPs and exceeds 2B
substantially (see Figure 2b). Dependences pmofBhe SNP
and DNP intensities are shown in Figure 2a. They have been
calculated for a model radical pair and model radical, respec-
tively, containing only one nucleus= 1/2. The DNP signal
becomes saturated a§ B 1/T*, where 1m* = 1/T; + 1 (Ty
being the electron relaxation time ahdhe radical lifetime),
whereas the SNP intensity increases with i to values
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to demonstrate that saturation takes place at differentRies

for SNP and DNP. The SNP and DNP intensities, of course,
depend on a variety of parameters such as the lifetimes of the
RPs and radicals, their electron and electronclear cross-
relaxation times, etc. Thus, for different chemical systems the
ratios between SNP and DNP intensities will in general be
different.

3. Experimental Section

DNP Experiments. Previously described setups have been
used for DNP measurements at L-b#haind X-band frequen-
cies?® The sample solutions were irradiated by excimer laser
pulses (Lambda Physics COMPex= 308 nm, 20 ns pulse
duration) while slowly flowing through a quartz cell inside the
mw cavity, positioned in a variable magnetic field. Afterward
they were transferred in fast flow through a capillary into the
probe head of an NMR spectrometer, to keep relaxation of the
nuclear polarization at a minimum. For the L-band measure-
ments a homemade mw cavity with resonance frequéney
1530 MHz and a Bruker MSL-300 NMR spectrometer were
used. Standard ESR cavities (Bruker ESP380-1052 DLQ-H for
nonpolar and JEOL JESRE1X for polar solvents) and a JEOL
JNM-GSX270 NMR spectrometer were employed for the studies
at X-band frequency f(= 9329 MHz). In time-resolved
experiments the dependence of the polarization on a variable
time delay between laser and mw pulse was investigated. The
duration of the mw pulse was L& with a pulse edge of 20 ns.
The DNP spectra were obtained by measuring the difference
of an NMR line amplitude with and without resonant mw
irradiation, and plotting this difference versus the external
magnetic field. The difference we denote as DNP interisity
and the NMR line amplitude without mw irradiation as CIDNP
intensity | cipne.

Time-Resolved ESR (TRESR) ExperimentsDetails of our
experimental setups for L-batfd(f = 1901 MHz) and X-
band®12 (f = 9400 MH2 TRESR measurements have also
already been given elsewhere. Sample solutions were irradiated
atA = 308 nm by pulsed excimer lasers (Lambda Physics). In
the L-band experiments a cylindrical quartz cell (2 mm inner
diameter) and a homemade loop-gap resonator were used. The
microwave circuit of the JEOL L-band ESR system (ER812704)
was improved for high sensitivity detection of the TRESR signal
with reduced noise from the microwave devices. The TRESR
spectra were accumulated in a digital storage oscilloscope
(LeCroy 9430).

Compounds and Sample SolutionsWithin this work the
electror-nuclear cross-relaxation in three radicals has been
investigated, namely ittbutyl, 2-hydroxy-2-propyl, and 2-acetyl-
2-propyl radicals. They are listed in Table 1 together with the
parent compounds from which they have been generated by
photolysis and the solvents that have been used. The photo-
chemistry of these compounds is well-known (see references
given in Table 1). After excitation in the m* absorption region
at 308 nm, followed by intersystem crossing, the symmetrical
ketones | and Il underga. cleavage from the triplet state to
yield a geminate acytalkyl radical pair, which may either
recombine to the starting compound, terminate by dispropor-
tionation, or separate into freely diffusing particles. The acyl

comparable with the hfi constant in the RP. The dependence ofradicals decarbonylate to CO and the corresponding alkyl species

SNP spectra on the;Bield has been studied befoteFor the
calculation here, we have used the analytical formula, which
has been given by Michailov et 2P It is emphasized that the

with rate constantB_c, = 4 x 10° s7*for I3 andk_¢o = 2.4 x
107 s~ for 1116 at room temperature. The freely diffusing radicals
also terminate to combination or disproportionation products

calculations have been performed for model cases in order onlyupon collision. Results of a few preliminary experiments
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TABLE 1: List of Parent Compounds, Solvents, Generated Radicals, and References Regarding the Photochemistry

compound solvent radical ref Ionell cionp?
| ((CH3)3C).CO GsDs, CH:CN (CHgs)3Coe 30 0.4
1] ((CH3),COH)CO CHCE, CsDs (CH3)2(OH)Ce 31 0.5
1} (CH3),CICC(O)CHy CeD12 (CH3)2(CH3C(0))G 32,33 0

2 pnellcione IS the ratio of the DNP intensity (induced with a mw field amplitude @=80.26 mT) to the CIDNP intensity, measured at L-band
frequency on the m= —3/2 and m= —1 DNP resonances of the radicals | and Il, respectively.

examining the cross-relaxation in isopropyl radicals are also 1,0 ) a)
reported here. These species have been generated by photolysis 1 /’ A -_-;-_-g‘::).z ?T
of diisopropyl ketone andh,o’-dideutero-diisopropy! ketone, A - ~ om

. . 05 ’ \ ——B=16mT
which follow the same reaction scheme as the ketones | and II. / !

The photolysis of compound Il seems to consist of a primary
Cl eliminatior?>33followed by fast hydrogen abstraction from
the solvent (cyclohexane) by the Cl atom. On the time scale of
our experiments the reaction includes the formation of a 054
geminate radical pair consisting of a cyclohexyl and 2-acetyl-
2-propyl radical. The combination and disproportionation
products of these two species are observed in the NMR spectra. 1.0

Di-t-butyl ketone and diisopropyl ketone were purchased from
Aldrich. o,0’-Dideutero-diisopropyl ketone was prepared from
diisopropy! ketone by boiling in 50 times excess afDin the
presence of dried ¥COs. 2,4-Dihydroxy-2,4-dimethylpentane-
3-one (II) and 2-chloro-2-methylbutane-3-one (lll) were syn- 100 . b)

SNP (arb.u.)
o
o
\

UL L AL AL d T T *
44 46 48 50 52 54 56 58 60 62 64
magnetic field (mT)

thesized as described in ref 34. Benzelgdfor DNP, Izotop . —e—B=1.6mT

(Russia) or Aldrich), benzens (for ESR, Kanto Chemical), 8 o BimT

and cyclohexaneh; (Izotop, Russia) were distilled before use. “g 50 B=0.2mT

Acetonitrile-ds (Aldrich) and acetonitrildys (Kanto Chemical) = | q&

were dried with phosphoric anhydride (Wako) and distilled. 2 - ¥ -s._} ool s

Sample solutions were ca. 0.007 M of | and Il and 0.02 M of §

II. All solutions were deoxygenated by bubbling with nitrogen, 2 S WM

argon, or helium gas before measurement. E -50 1 MN‘F

4. Results and Discussion T
t-Butyl Radical. As has been pointed out above, the 4 46 48 50 52 54 56 58 60 62 64

experimentally observed mw-induced nuclear polarization spec- magneti field (mT)

tra contain both SNP and DNP contributions, which have to be Figure 3. (a) Calculated SNP spectra of the RP (J8C(O) «C-
separated in order to obtain the DNP fraction, which solely is (CH)s at different B. (b) Experimentally observed NP spectrum
a measure for the cross-relaxation in the radicals. An exampleEj:el_tﬂ:gf_('JI ?fter_photolyss of 1 on the gfroton resonance of (G-

. . - =CH, for different B;.
for the separation via the dependence of the nuclear polarization
(NP) on the mw field amplitude Bis given in Figure 3. Part  at B; fields, which are low enough to be dominated by only the
(b) shows for three values ofiBhe mw-induced NP, observed DNP signal. This has been the case in all of our measurements.
at 54.6 mT (L-band) after photolysis of tbutyl ketone. The Figure 4a,b gives the inner eight ESR resonancesboty!
spectrum has been measured on the NMR line of thed@Zélips radicals, as they are observed by X- and L-band TRESR briefly
of the disproportionation product (GHC=CH, and is given after laser flash irradiation of dibutyl ketone (l) solutions.
as the difference of the CHine intensity with and without They exhibit an E/A multiplet-type polarization caused by the
mw irradiation, divided by the latter one. At small microwave RPM and an additional net polarization, the origin of which is
field amplitudes B < 0.2 mT, the spectral shape is E/A and is not quite clear. Interestingly, this net polarization changes sign
determined by the DNP contribution. With increasing tBe when going from X- to L-band frequency, which might indicate
SNP contribution (A/E) becomes increasingly important and some S-T mixing at low magnetic fields. The DNP spectra
starts to dominate the spectrum. A B 1 mT, the SNP is obtained at X- and L-band frequencies after flash photolysis of
already substantially larger than the DNP, and the spectrum di-t-butyl ketone are shown in Figure 4c,d. The ratios of the
consists of the broad A/E SNP contribution superimposed by resonance line intensities are found to be exactly the same in
the E/A DNP spectrum. For comparison, Figure 3a gives pure the CIDEP and corresponding DNP spectra. This fact unam-
SNP spectra in dependence on Bhey have been calculated biguously proves that the electron polarization is effectively
for t-butyl-pivaloyl RPs, which solely determine the flanks of transferred to the nuclear polarization viaAm = O cross-
the total SNP spectrum. Especially there, the differences betweerrelaxation process.
the SNP and the experimentally observed NP spectra, in 2-Hydroxy-2-propyl Radical. Also the ESR lines of 2-hy-
structure and line positions, are clearly visible up to mw field droxy-2-propyl radicals show a superposed E/A RPM and net
amplitudes of B ~ 1 mT. Thus, in principle the DNP  polarization when observed by X- and L-band TRESR spec-
contribution can always be separated unequivocally by just troscopy directly after flash photolysis of Il (see Figure 5a,b).
fitting the total NP spectra as superpositions of SNP and DNP For this compound the net absorption of the radicals is known
spectra with relative weights varying with BBut in many cases  to result from the triplet mechanist The reduction of the net
even this is not necessary because the spectrum can be measuredbsorption in the L-band spectrum again points to a marked
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Figure 4. TRESR and DNP spectra detected after photolysis of | in benzene. (a) X-band TRESR spectrum integrated from Q:S; tb)L.5
L-band TRESR spectrum integrated from 1.5 tes2 (c) X-band and (d) L-band DNP spectra detected on the proton resonancespfGC{CH;)s
for By = 0.2 mT.

contribution of the ST level crossing mechanism, which, in  processes such ds relaxation, Heisenberg spin exchange, and
fact, should become more pronounced if the magnetic field is radical termination. The cross-relaxation has to be assumed to
decreased. The mw-induced nuclear polarization spectra detecteghroceed at least 1 order of magnitude slower, to explain the
after photolysis of 1l consist of SNP and DNP contributions, sign change of the CIDEP described in previous wdrkhe

and the changes in the spectral shape with increasingr® amount of polarization, which itbutyl and 2-hydroxy-2-propyl
similar to those having been discussed already fort-ihetyl radicals is transferred via cross-relaxation to the nuclear spin
radical. Figure 5c,d gives the DNP spectra, detected after system, is characterized in Table 1 by the numbers given there
photolysis of Il on the NMR lines of acetone at low.Blearly for the intensity ratid pne/l cione.

identical spectra have been obtained also on ther@sbnance Isopropyl Radical. We have also made a few DNP measure-
of the disproportionation product GHC(OH)(CH). At both ments during photolysis of diisopropyl ketone, because previous
frequencies the relative intensities of the hyperfine lines in the TRESR studies of this system have revealed also a sign
DNP spectra closely follow those observed in the corresponding inversion of the CIDEP of isopropyl radicélsdowever, only
TRESR spectra. Thus, also in 2-hydroxy-2-propyl radicals there a surprisingly small mw-induced nuclear polarization of the
is an effectiveAm = 0 cross-relaxation transferring the CIDEP  reaction products was observed. Probably, this is mainly caused
into nuclear polarization. by the opposite signs of the hfi constants of thend-protons.

As the DNP in the transient free radicals is induced by the They lead to a SNP spectrum with opposite signs for the protons
effect of the resonant mw field on the nonequilibrium electron of the CH groups and the CH proton, in contrast to the
polarization, the dependence of the DNP on time should reflect compounds | and Il, where all protons deliver polarization
the time dependence of the electron polarization. We have contributions of equal sign into the same NMR line of the
checked this for both-butyl and 2-hydroxy-2-propyl radicals  diamagnetic products. In addition, during transfer of the
by measuring the dependence of the DNP signals on a variablediamagnetic products to the NMR spectrometer probe there will
time delay between the laser and a microwave pulseud0  be in zero magnetic field a partial polarization transfer between
length). In fact, the decrease of the DNP signals with increasing the CH; and CH groups, which will lead to a decrease of the
delay time was found to occur on a time scatd -2 us) similar observable polarizatiot?.In fact, some preliminary experiments
to that for the CIDEP decay observed in the TRESR experi- with the deuterated ketone (GHCDCOCD(CH), revealed a
ments. Unfortunately, the time-resolved DNP signal did not noticeable influence of the polarization transfer. For the deu-
allow a determination of the cross-relaxation time, because theterated compound the intensity of the mw-induced nuclear
decay of the CIDEP is determined by a variety of much faster polarization was considerably larger, and the spectra detected
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Figure 5. TRESR and DNP spectra detected after photolysis of Il in benzene. (a) X-band TRESR spectrum integrated @$; td)L5band
TRESR spectrum integrated from 1.2 tq8.; (c) X-band and (d) L-band DNP spectra detected on the NMR line of acetong fer(B mT.

on the CH group NMR lines of propane GJ&DHCH; and ]
propene CHCDCH, showed both a multiplet E/A DNP at low 1,0
B1 and an A/E SNP at high BHowever, these systems need
additional investigation before any definite conclusions can be 05-
drawn concerning the extent of flip-flop cross-relaxation taking
place in isopropyl radicals.

2-Acetyl-2-propyl Radical. TRESR spectra taken after
photolysis of compound Il in cyclohexane show the presence
of both cyclohexyl and 2-acetyl-2-propyl radicals. At early and -05+
later times after the laser flash they exhibit an E/A multiplet- 1
type electron spin polarization superimposed by some net -1,0 1
absorption. The 2-acetyl-2-propy! radical does not show any
phase inversion of the initial E/A multiplet electron polariza- 44
tion11 Thus, one would expect th&m = 0 cross-relaxation in 1
this radical to be at least less pronounced than in the species 1.0 7
discussed above. Indeed, analysis of the mw-induced nuclear
polarizations on nine lines in the NMR spectrum of the reaction 0,5
products did not give any indication for DNP at X-band and
L-band frequency. The nuclear polarizations induced in all in-
cage and escape products could be accounted for solely on the
basis of the SNP effect. Some examples are given in Figure
6a,b. Figure 6b shows two normalized mw-induced NP spectra
observed on proton resonances of the predominant cage products 1
CH,=(CH53)CC(O)CH; and (CH)2C(CsD11)—C(O)CHs. They 109
are satisfactorily described by the SNP spectrum calculated for —————rrr T
in-cage products of RPs consisting of a 2-acetyl-2-propyl and 4 4 48 50 52 54 5 58 60 62 64
a cyclohexyl radical. Also, the mw-induced nuclear polarization magnetic field (mT)
spectra observed on the NMR lines of the escape products
(CH3),CHC(0)CH; and the recombination product (GE{O)C- Figure 6. SNP spectra detected after photolysis of 2-chloro-2-methyl-

; ; ; 3-butanone (ll) in GD12 (&) measured on the escape products@H
(CHg)2)2 are lln Ia ggokfl agli_eement (Figure 6a) with th_cka) SNP O C(CINC(CHNC(OICH (O) and (GH.CHO(O)CL: (@) (the solid
spectrum calcu a_te y taking into account SNP contributions curve is the calculated SNP spectrum considering the contributions from
of both the geminate RPs composed of a cyclohexyl and & poth the geminate and the F-pairs) and (b) measured on the in-cage
2-acetyl-2-propyl radical as well as the F-pairs of two 2-acetyl- products G&,=C(CHs)C(O)CH; () and ((Hs)2C(CsD11)C(O)CHs (A)
2-propy! radicals. Thus, the contribution of DNP, i.e., cross- (the solid curve is the SNP spectrum calculated for the geminate RP).
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relaxation, to the experimentally observed NP spectra is Kurata Foundation, and the Russian Foundation for Basic

negligibly small. Research (Project 99-15-96043, 99-03-33488) is gratefully
Discussion.The DNP measurements at magnetic fields of acknowledged. E.G.B. thanks Prof. T. Azumi for all his help
40—330 mT have revealed pronounced scalar eleetrarclear during her stay at Tohoku University with a JSPS fellowship.

cross-relaxation int-butyl and 2-hydroxy-2-propy! radicals,

whereas this type of relaxation is absent in 2-acetyl-2-propyl References and Notes

radicals. The time-resolved CIDEP spectra of the first two (1) McLauchlan, K. A.Modern Pulsed and Continuous \MaElectron
species show a sign change of the electron polarization aboutS%SReSO“ancﬁevan, L., Bowman, M. K., Eds.; Wiley: New York, 1990;
15 to 40_/;3 after their flash-photolytic generation. Th!s sign (2) Carmichael, J.: Paul, FChem. Phys. Letll979 67, 519,
change is not observed for the latter species. Thus, it can be  (3) Basu, S.; Grant, A. I.; McLauchlan, K. &£hem. Phys. Let1983
concluded that the sign change of the CIDEPt-blutyl and 94, 517.

2-hydroxy-2-propyl radicals is indeed caused by a strang 198(54)83M£Cl|%guchlan, K. A.; Stevens, D. @. Chem. Soc., Faraday Trans.
= 0 cross-relaxation, as has been proposed previé@sijAs (5) McLauchlan, K. A.; Stevens, D. Gdol. Phys.1986 57, 223.
this cross-relaxation is not observed in the CIDNP spectra of (6) McLauchlan, K. A.; Stevens, D. @. Magn. Resorl985 63, 473.

the radical reaction products, measured at 4.7 T, it follows that ~_(7) Jent, F.; Paul, H.; McLauchlan, K. A.; Stevens, D.Ghem. Phys.
Lett. 1987, 141, 443.

DL : X
at4.7 T the conditiom?7> > 1 holds. This leads to a correlation (8) Valyaev, V. I Molin Yu. N.; Sagdeev, R. Z.; Hore, P. J.:
time of 7 > w™! ~ 1 ps for the stochastic modulation of the mcLauchlan K. A.; Simpson, N. J. KMol. Phys.1988 63, 891.

scalar hyperfine interaction causing the relaxation, t.és, at (9) Muus, L. T.Chem. Phys. Lettl989 160, 17.

least 1 order of magnitude longer than a typical inverse collision 16‘(11g)3080rbat, P.P.; Milov, A. D.; Molin, Yu. NChem. Phys. Let1.989

frequency in solution. The exact nature of the corresponding ~ (11 Jent, F.; Paul, HChem. Phys. Lettl989 160, 632.
internal molecular motion in the radicals remains unclear. But  (12) Goudsmit, G. H.; Jent, F.; Paul, B. Phys. Cheml993 180, 51.

it is worth mentioning that-butyl and 2-hydroxy-2-propyl Ph(Jg?’)L(Ztltjrll(E)%v()Si;.a?yla’ Vi Tsentalovich, Yu. P.; Sagdeev, RChem.
radicals are known to be slightly bent at the radical ceffter, {14) Tsentalovich, Yu. P.. Yurkovskaya, A. V.. Frantzev, A. A..

whereas the 2-acetyl-2-propyl species should be forced toDoctorov, A. B.; Sagdeev, R. 2. Phys. Chem1993 97, 8900.
planarity by its resonance stabilization. Possibly the nonplanarity  (15) Tsentalovich, Yu. P.; Yurkovskaya, A. V. Frantzev, A. A

. : Doctorov, A. B.; Sagdeev, R. Z. Phys. Chem1993 182 119.
leads to some coupling of the methyl group rotation to the (16) Salzmann, M.; Tsentalovich Yu. P.; Fischer, H.Chem. Soc.,

inversion vibration, thus limiting the spectral density of the perkin Trans. 21994 2119.
rotational hfi modulation to lower frequencies. In fact, an (17) Morozova, O.; Tsentalovich, Yu. P.; Yurkovskaya, A. V.; Sagdeev,

f i i ; ~ f R. Z. Chem. Phys. Lettl995,246, 499.
extensiveuSR anduLCR investigation ot-butyl radicals over (18) Batchelor. S. N.: Fischer, H. Phys. Chemi1996 100, 556.

a wide temperature range has found strong indications for such  (19) kurreck, H.: Kirste, B.: Lubitz, W.Electron Nuclear Double
a coupling between the methyl group rotation and the inversion Resonance Spectroscopy of Radicals in Solutit@H Publishers: Berlin,

vibrational mode® 1988 =
(20) Grishin, Yu. A.; Gogolev, A. Z.; Bagryanskaya, E. G.; Sagdeev,

. R. Z.; Molin, Yu. N. Dokl. Akad. Nauk1980, 255, 1160.
Conclusion (21) Bagryanskaya, E. G.; Grishin, Yu. A.; Avdievich N. A.; Sagdeev,

. N R. Z.; Chem. Phys. Lettl986,128 162.
Dynamic nuclear polarization measurements on systems of ™ 55)"\vieng, Q.; Yamakage, Y.; Maeda, K.; Azumi, Z. Phys. Chem.

reactive radicals exhibiting chemically induced electron polar- 1993 180, 95. _

ization have to take into account the electron spin polarization. 195213235'\/'2&% Q.; Yamakage, Y.; Maeda, K.; Azumi, I.. Phys. Chem.

It determines the DNP intensities, and a_lso the DNP kinetics (24) Bagryanskaya, E. G.: Lukzen, N. N.; Koptyug, I. V. Sagdeev, R.
can become completely dominated by rise and decay of the z.: usacheva, M. NAppl. Magn. Res199Q 3, 421.

CIDEP. In the case of a multiplet-type CIDEP pattern both DNP  (25) Gorelik, V. R.; Bagryanskaya, E. G.; Lukzen, N. N.; Koptyug, I.

; ; V.; Sagdeev, R. ZJ. Phys. Chem1996 100, 5800.
and SNP contribute an antiphase spectral pattern to the total (26) (@Michailov, S. A.: Salikhov, K. M.. Plato, A. MChem. Phys.

nuclear polarization. A separation of both contributions is 1987117 197. (b)Michailov, S. A.; Purtov, P. ATeor. Eksp. Khim1988,
possible via measurements at different microwave powers. 5, 519.

A marked electrorrnuclear flip-flop cross-relaxation takes (27) Bagryanskaya, E. G.; Sagdeev, RPZog. React. Kinet1993 18,

placeT int-butyl and _2-h_ydroxy-2-propyl radicals in low viscous (28) Yamakage, Y.: Nagashima, T.: Maeda, K.; Murai, H.. Azumi, T.
solution at magnetic field strengths of 55 and 350 mT. Phase Appl. Magn. Resarll997, 12, 441. Yamakage, Y.; Maeda, K.; Azumi, T.
changes of the electron spin polarization, observed for theseMol. Phys.1997 90, 431.

; PN Hma. _ _ (29) Tarasov, V. F.; Yashiro, H.; Maeda, K.; Azumi, T.; Shkrob, I. A.
radicals in time-resolved ESR measurements at X-band fre Chem. Phys1998 226, 253,

quency, can, therefore, be attributed to this relaxation. As the (30) Schuh, H.; Hamilton, E., Jr.; Paul, H.; Fischer Hélv. Chim. Acta
cross-relaxation does not cause any detectable CIDNP at anl974 57, 2011. Vollenweider, J.-K.; Paul, .Hnt. J. Chem. Kinet1986
NMR field strength of 4.7 T it can be concluded that it results 18 791.

f int gl | | i hich dulat th (31) Lehni, M.; Fischer, Hint. J. Chem. Kinet1983 15, 733.

rom an internal molecular motion, which modulates e (32) Paul, H. PhD Thesis, University Zurich, Switzerland, 1973.

isotropic hfi stochastically with a correlation time of> 1 ps. (33) Baltrop, J. A.; Thompson, Al. Chem. Soc1968(c),155.
(34) Faworsky, A.; Umnova, AJ. Prakt. Chemll 1912, 88, 679.
Acknowledgment. The authors thank Haruhiko Yashiro for (35 Kaptein, R.;den Hollander, J. & Am. Chem. So972 94, 6269.
. . . (36) Percival, P. W.; Brodovitch, J.-C.; Leung, S.-K.; Yu, D.; Kiefl, R.
help with the L-band CIDEP measurements. Financial support g .'| ke G. M. Venkateswaran, K.: Cox, E.Ghem. Phys1988 127,

by the Swiss National Foundation for Scientific Research, the 137; and references therein.



