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A combination of time-resolved electron paramagnetic resonance (TREPR) and laser flash photolysis (LFP)
studies of flexible acyl-containing biradicals over a wide temperature range is reported. In contrast to previous
reports, it is shown that the main channel of intersystem crossing in these biradicals is the electron spin
relaxation of the acyl moiety rather than spiorbit interaction in the biradical. This relaxation determines

the decay rate of the electron spin polarization at low temperatures and the biradical lifetime at high
temperatures. The relaxation mechanism is attributed to the spin-rotation interaction, associated with the rotation
of the carbonyl group about the neighboring-C bond axis. From a model simulation of the time profile of

the spin-polarized TREPR signal based on the numerical solution of the stochastic Liouville equation of the
spin density matrix in frame of realistic model of biradical, the Arrhenius parameters for correlation times of
spin rotation interaction and activation energies for molecular and spin dynamics were determined in two
solvents, 2-propanol and hexane.

Introduction SCHEME 1

Flexible biradicals in which a polymethylene chain linksthe T—— T
radical centers are good models for long-lived radical pairs with o)
restricted mobility. Many such structures show strong magnetic |‘
field and spin effects and have been extensively studied over
the last two decadés? It has been established that these effects -
result from the complex interplay of spin and molecular n
dynamics. In particular, the dynamics of the polymethylene
chain changes the inter-radical distance from an extended to a
closed conformation, whereas the spin dynamics are responsible HEFT
for the transitions between triplet and singlet (reactive) states soc Ag
of a biradical. Formed initially in the triplet electronic state from : relaxation
an excited triplet state precursor molecule, biradicals undergo
intersystem crossing (ISC) to a reactive singlet state from which _—
they can react if the distance between the radical centers is , O= Ph
sufficiently small. The molecular dynamics of the polymethylene - —Ph chain dynamics -
chain modulate the exchange interaction, which affects the
efficiency of singlet-triplet transitions in biradicals. These n n
transitions are governed by different magnetic interactions
(Zeeman interaction, hyperfine interaction, and relaxation), as Yj““
shown in Scheme 1. It has been demonstrated that for many
biradicals at room temperature in nonviscous solvents the
molecular dynamics (“horizontal” transitions in Scheme 1) are
much faster than the spin dynamics (“vertical” transitions) and
ISC is the rate determining step for the biradical lifeti?ri@.
Since the rate of ISC depends on the external magnetic field, a
very strong influence of the magnetic field on biradical lifetime
is often observed81+13

In this respect, biradicals containing an acyl radical fragment
are an exception. They demonstrate only weak magnetic field

Ph chain dynamics

products

effects®814 and even in the absence of an external magnetic
field their lifetimes are much shorfe¥*15than the lifetimes of
nonacy! biradicals of similar size (such as bisberzpisketyl®

or ketyl—alkyl'! biradicals). It has been commonly accepted
that the anomalous behavior of acyl-containing biradicals is
accounted for by spinorbit coupling (SOC) in the two-spin
system, which, at short distances between radical centers and
favorable mutual orientations of electron orbits, causes recom-
T Siberian Branch of Russian Academy of Sciences. .bination of triplet bira.dicalé"loym’l&lg This phenomenon, called .
*E-mail: yura@tomo.nsc.ru. intersystem recombination (ISR), has been studied theoretic-
§ University of North Carolina. ally2>=24 and for short biradicals this phenomenon has been
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SCHEME 2 solution temperature was measured using a thermocouple placed
inside the cell just above the irradiated volume. While there is
o] a temperature gradient of several degrees between the entrance
hv and exit of the flow system, there is no measurable gradient
—_— between the irradiated part of the sample and the thermocouple
n as they are less than a millimeter apart.

The temperature-independent response time of the resonator
I:n=9 Ia (zz = 70 ns) was maintained by insertion of a capillary
2:n=35 2a containing water into the resonator. The capillary remained
outside the sample dewar (Q-spoiling). The resonator response
confirmed by the experiments of de Kanter and Kaptéifihe time was taken into account during data treatment by a
ISR process does not depend on the magnetic field; incorpora-convolution of all calculated kinetics with the expression exp-
tion of the corresponding terms into equations for spin and (—t/z,). All solutions were purged with nitrogen for 30 min prior
molecular dynamics in biradicals allows for a good quantitative to and during irradiation. For obtaining field-swept TREPR
description of most of the experimental results obtained to spectra, the output of the microwave bridge preamplifier was
datel.8.10.15.2628 fed to the input of a Stanford Research Systems (SRS) boxcar
Another possible source of fast magnetic field-independent signal averager SR 250 (Sunnyvale, CA), whereas for kinetic
ISC in acyl-containing biradicals can be a longitudinal electron measurements a LeCroy 9400B (Spring Valley, NY) transient
spin relaxation of the acyl moiety. This possibility has been digitizer was used.
ruled out by Turré® on the basis that the rate of ISC in such A detailed description of the laser flash photolysis (LFP)
biradicals decreases with decreasing temperature, while forequipment has been publish#d3 Solutions in a rectangular
relaxation the opposite temperature dependence is typical. Thisce|| (10 mmx 10 mm) were irradiated with a Lambda Physik
could, for example, be due to a€C—0 bending vibration,  EMG 101 excimer laser (308 nm, pulse energy up to 100 mJ).
which mixes states of different hybridization at the radical The dimensions of the laser beam at the front of the cell were
carbon. In fact, there is a sparse _dataset on relaxation rates and mm x 8 mm. The monitoring system includes a DKSh-120
mechanisms of acyl radicals in the literature. The most yenon short-arc lamp connected to a high-current pulser, two
quantitatively reliable measurements date to 1975, when Paulsynchronously operating monochromators, a Hamamatsu R955
studied the relaxation of the formyl radicélwhere it was  photomultiplier, and a LeCroy 9310A digitizer. All solutions
shown that the relaxation time of KiCincreases with decreasing  were purged with argon for 15 min prior to and during
temperature. It was proposed that the main mechanism ofjrradiation. Typical initial biradical concentrations werd 0~
relaxation is spin-rotational interaction caused by a large spin- \1 jn all experiments.
rotational coupling along the=€0 bond. If this mechanism of
spin relaxation remains effective for acyl radicals larger than
formyl, it can be responsible for the fast ISC in acyl-containing
biradicals. The essential difference between ISR and electron
spin relaxation is that ISR is effective only at a short distance
between the radical centers, while spin relaxation can cause
triplet—singlet interconversion at any inter-radical distance. It
is possible to discriminate between the two mechanisms, ISR Results
or electron spin relaxation of the acyl moiety by comparison of
the temperature and viscosity dependences of both the lifetime

anld (;;.the electron spin ril?ﬁatlon rlfltes]: I'(n ai:.yl biradicals. N measured at 260 nm, the absorption maximum of benzyl
n this paper, we present the resufts ot KINEUC Measurements, o jj;5135-37 \easurements were performed in two solvents,

of chemically induced electron spin polarization (CIDEP) and 2-propanol and hexane, at temperatures ranging from 191 to

the transient optical absorption of a 1'1.6 acghenyl birgdical 294 K. The kinetics of the signal decay did not depend on laser
dftﬁlﬁed undfe r clciserlly matt():hed expzrlmter&tal .‘;ﬁnd't'ons'lMOStpower, and at each temperature the data fit well to an exponential
of thé experiments have been conducted wit ﬂ‘_’ﬂ!"zy function in both solvents. Representative kinetic traces are
biradical 1a (Scheme 2) formed under UV |rr_ad|at|on of shown in Figure 1, and Figure 2 shows the temperature
t;-phenylgrclot?tzﬁdeé?gcérf, The lmodel smgla(ljtlon? of _the dependence of the first-order rate constant of the biradical decay.
Ime profiles of the L1 sighal were carried out using a - temperatures above 240 K the rate constants of the biradical
realistic model for flexible biradicals. The main goal of this decay in 2-propanol and hexane coincide, even though the
study is to investigate _the temperature and_viscosity depend.enceﬁiscosities of two solvents at 240 K differ by ’a factor of 30 (17
OT mplecullar and Spin Qyna}mlcs In flexible acyl-conta|.n|ng cP for 2-propanol and 0.56 cP for hexa@&Yherefore, in the
biradicals in order to distinguish which of the two mechanisms, high-temperature region, the molecular dynamics of the biradical
ISR or r_ela_xathn of the acyl moiety, is responsible for the fast are faster than ISC, and the biradical lifetime is determined by
magnetic field-independent ISC. the rate of viscosity-independent triptetinglet conversion.

Below 240 K the temperature dependences in two solvents
are separated: biradical decay in 2-propanol becomes signifi-
Our TREPR apparatus has been described elsewwh&réhe cantly slower than that in hexane. Thus, farthe temperature
measurements were performed on a JEOL, USA Inc. (Peabody,240 K is a crossing point from a region of fast conformational
MA) JES RE-1X X-band (9.46 GHz) EPR spectrometer. The movement to a region where molecular dynamics is slower than
solutions, flowing through a cylindrical cell placed inside a the spin wave function evolution. It should be noted that even
dewar, were irradiated with pulsed light from a Lambda Physik at very low temperatures, where the biradical lifetime is
LPX-100i excimer laser operating at 308 nm (XeCl). The determined exclusively by the rate of the conformational

n

The compounds 1-phenylcyclotetradecanone, 1,12-dimethyl-
1-hydroxycyclododecanone, and 2,2,10,10-tetramethyycyclo-
decanone were synthesized as described in the liter#tilites
purity of the reagents was98% by!H NMR spectroscopy and
GCIMS.

A. Laser Flash Photolysis (LFP) Measurements.The
transient absorption kinetics of the decay of biraditalwas

Experimental Section
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Figure 1. Transient absorption kinetics and time profiles of SCRP ; : y
polarization of acyt-phenyl biradicalla, recorded at different tem- 3200 3250 3300
peratures in 2-propanol. Magnetic field, G

movement (or, in terms of Scheme 1, by the rate of transition Figure 4. TREPR spectrum of acylphenyl biradicalla, obtained at
from the extended to the closed state of the biradical), the 300 ns after a 308 nm laser flash at 205 K in 2-propanol.
biradical lifetime is not proportional to the solvent viscosity.

For example, at 190 K the decay rate constants farin 1,12-dimethyl-1-hydroxycyclododecanone in 2-propanol. The
2-propanol and hexane are 4% 1C¢° and 2 x 10° s, activation energy obtained in the low-temperature region for
respectively, whereas the viscosities differ by more than 2 ordersthis structure was 22.Z 1.5 kJ/mol.

of magnitude (300 cP for 2-propanol and 1.4 cP for hex&he). B. Time-Resolved Electron Paramagnetic Resonance

Therefore, the rate of the conformational movement of poly- MeasurementsFigure 4 shows the TREPR spectrum of aeyl
methylene chain is not proportional to the diffusion coefficient. benzyl biradicalla. It consists of two broad intense positive
For this reason the motion should be treated as a thermallyand negative components whose centers are separated by
activated process. Indeed, Arrhenius plots for the rate constantapproximately 7 G, accompanied by much weaker sidebands.
of biradical decay in the low-temperature region (Figure 3) show The observed electron spin polarization pattern is due to the
a good linear relationship. The activation energies derived from spin correlated radical pair (SCRP) mechanism, well-known for
the plot are 21.9t 1.7 kJ/mol for 2-propanol and 154 1.4 biradical§27:3% and radical pairs in micellé% or in viscous
kJ/mol for hexane. solutions™ The symmetry of the spectrum indicates that with

A similar temperature dependence (not shown) was obtained13 C—C bonds between the radical centers, TS mixing does
for the 1,12-acytketyl biradical formed under irradiation of  not make a significant contribution to the spin wave function
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evolution of the biradical. We therefore conclude that the main 7.5,

mechanism of polarization formation is-3° mixing. The shape R

of the spectrum does not change noticeably with time. With @gﬁc’

decreasing temperature, the signals become somewhat narrower, 70 d’;ﬁ

and the minima and maxima shift their magnetic field positions ) »

slightly. These spectral transformations are explained by changes f;pﬁ

in the amount of spectral exchange broadening and resonance j?

shifts of the antiphase structure. This phenomenon is commonly 6.51 ¢ G

observed in the temperature dependence of SERIPS does K}

not affect these results as all kinetic measurements were carried &
s

log(k)

out at the maximum (or minimum) at any given temperature.
The kinetics of the absorptive maximum of TREPR signal, , . ,

obtained after the laser irradiation of 4 mM bin 2-propanol 200 250 300

at different temperatures, are shown in Figure 1. The minimum T.K

of the emissive component of the SCRP spectrum shows aFrigure 5. Temperature dependences of the decay of SCRP polarization

similar time evolution at each temperature. The shapes of theof 1a(0d) and of the decay of the optical absorptioriaf(®) in hexane.

kinetic curves do not change with a variation of the microwave

power from 0.1 to 5 mW over the entire temperature range 754

studied. No changes were detected with the variation of the laser

6.0

pulse energy or with the initial concentration of precurgor fmg
Thus, we can presume that bimolecular interactions of biradicals 707 [
(Heisenberg exchange and bimolecular reactions) do not influ- _
ence the EPR kinetics, and a solution of the Bloch equations % 6.5
for the time evolution of EPR-detected magnetization is given £
by (CH,),CHOH
6.0
u(t) = Aexp(—ayt) sin(wqt) Q)
5.5
with 200 250 300
T.K
0= 0.5(1T, + 1/Ty) @) Figure 6. Temperature dependences of the decay of SCRP polarization
d of 1a(d) and of the decay of optical absorptionlzf (®) in 2-propanol.
an
decay of TREPR signal was observed at low temperatures: the
wr = \/[(512 —0.25(1T, — 1/'|'2)2] () biradical lifetime extends to microseconds, while the rate
constant for spin polarization decay is of the order of 4C.
Here A is a time-independent constaif; is the microwave The traces obtained above 210 K and below 190 K were fitted

field, andT, andT. are the longitudinal and transverse relaxation to eq 4, whereas the kinetics in the intermediate region<{190
times. Since the kinetics of the TREPR signals shown in Figure 210 K) were treated as a sum of eq 4 and a convolution of eq
1 do not depend on the amplitude Bf, the conditionB; < 4 with the function exp{kat):

1/T1, 1/T, is always met in these experiments. Thus, the function

sintt) in eq 1 can be replaced with the linear functibn v(t) = Bt exp(—kgt) +

Additionally, we can assume thatTi/= 1/T», and for notation t - Lo
we use the rate constakitfor 1/T;. In this case, eq 1 becomes BZ./c‘) [y exp(kit) exp(ky(t — y)l dy (5)
v(t) = Btexp(—kit) (4) Thus, in Figure 6 two rate constants @ndk,) are presented
for the temperature range between 190 and 210 K. The meaning
whereB is a normalization constant. of the two rate constant&; andk,, will be discussed below.

The kinetics of the TREPR signal in the high-temperature ~ We have also performed the TREPR measurements of a
region in 2-propanol (216280 K) are well described by eq 4.  shorter 1,10-biradical formed under irradiation of 2,2,10,10-
For kinetic traces obtained in hexane, a good fit to eq 4 was tetramethylcyclodecanone. At room temperature the-gaiy!
obtained for all temperatures. The values of the rate constantbiradical undergoes decarbonylation with the rate congtags
k; gradually decrease with temperature. The temperature= 3 x 10° s71,*4 and EPR spectra obtained at different delays
dependence df; in hexane is shown in Figure 5 together with  after the laser pulse present a mixture of 1,10-aajkyl and
the corresponding results of the LFP measurements. 1,9-bisalkyl biradical§:27:3% At lower temperatures the decar-

In 2-propanol at temperatures below 210 K it becomes bonylation rate constant significantly decrea¥esnd this
apparent that the kinetic trace of the TREPR signal contains reaction can be disregarded.
two components, one fast and one slow (Figure 1, trace labeled The TREPR spectrum of 1,10-aeydlkyl biradical @a) has
191 K). With further temperature decreases, the decay rate ofbeen published earli€’7-39 Unlike 1a, the spectrum oPa is
the fast component changes only slightly, whereas the slow asymmetrical, with predominance of emission over absorption.
component becomes significantly slower and its initial amplitude This asymmetry is attributed to the contribution of-B-
decreases. At very low temperatures (below 190 K) the slow mechanism of CIDEP formation, which is more pronounced
component becomes practically flat, and the major polarization for shorter biradical&2”-3°Figure 7 shows the EPR kinetics of
decay again becomes monoexponential. Thus, a drastic differ-absorptive and emissive components of polarization, obtained
ence between the decay of transient absorption signal and theat 183 K in 2-propanol and demonstrates the transformation of
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rate of the polarization decay, as well as the biradical lifetime,
is determined by the rate of the depopulation of tHeaid T
states. This decay can occur by three channels: ISR, electron
: spin relaxation, and hyperfine-induced 5" and S-T~ mixing.
0.0+ RS The latter can be ruled out for acyl-containing biradicals, since
the lifetimes of these biradicals do not show significant magnetic
field dependenc@814
01k At low temperatures in viscous solvents (like 2-propanol) the
molecular dynamics of the biradical become very slow, and the
rate of the secondary polarization formation is much smaller
| . ’ ‘ . than the rate of the primary polarization decay. This explains
0o 1 2 3 the appearance of two components in the TREPR kinetics in
Time, us 2-propanol for the temperature range 190 K to 210 K: the fast
Figure 7. Kinetics of SCRP polarization &faat 183 K in 2-propanol ~ component K;) corresponds to the decay of the primary
at two different field positions. polarization, whereas the slow componet) (shows the
formation of the secondary polarization. At temperatures below
the EPR spectrum: at early times the spectrum represents an9o K the secondary polarization becomes too weak to be
alternation of positive and negative components, typical for detected, whereas at temperatures above 210 K, evolution of
S—T° SCRP mechanism, whereas after @5 the spectrum  the primary and secondary polarizations takes place on a
becomes completely emissive due to the influence of th€'S  comparable time scale and therefore they cannot be distin-
mechanism. It is important to note for future discussion that guished. The fact that the temperature dependence of the slow
the decay rates of the positive component¥arand?2a at the component practically coincides with the temperature depen-

0.1+

CIDEP, arb. u.

sl

same temperature are very similar. dence of biradical lifetime measured by LFP (Figure 6) is strong
) ) support for this assignment. Qualitatively, the kinetics of the
Discussion secondary polarization formation in the region of slow molecular
CIDEP formation in flexible biradicals by the SCRP mech- dynamics can be described in the following way: during the
anism has been considered earlier (Schenf@3¥4°Norrish time when the biradical termini are apart, spin relaxation

type | photocleavage of the starting ketone results in formation €qualizes the populations of four levels, y2, T*, and T

of a biradical in a triplet “closed” state (see Scheme 1) with (Scheme 3) with the rate constdat When the biradical comes
equal populations of the three high-field triplet statés T, into the close conformation (rate consté)t the reaction takes
and T". As the radical centers separate, efficiertT8 mixing place from the singlet state (approximately one-fourth of the
redistributes the population of thé $tate between the two new total population). After separation of the biradical termini, the
spin statesy; andy,, which are linear combinations of th T~ populations ofy; and y, become much smaller than the
and S states. The populations of the and T~ states become  Populations of the T and T~ states. This polarization decays
much greater than the populations of theandy, states, and due to relaxation, and so on. As a result, z-magnetization grows
this manifests itself as strong SCRP electron spin polariz&tion. in with the fastest rate constakitand decays with the slowest
The formation of thigprimary polarization occurs within a few ~ rate constank:

nanoseconds and can therefore be considered to be instanta-
neous® At later times, the radical centers again come close
together, which leads to further depopulation of ¢hyeandy»

states due to chemical reaction from the singlet state, and a
secondary electron spin polarization is formed. At room Thus, in the low-temperature region the observed rate constant
temperature, the transitions between the extended and closdor the secondary polarization formation, as well as the rate
states proceed in subnanosecond time scale, and this processonstant of biradical decay measured by LFP, is in fact the
determines the rate of the secondary polarization formation. Thefrequency of reencounters of the radical centers.

k
M, ~ 5 (@R kel) — exp(-k) (6)

SCHEME 3
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The only possible source of the decay is the uncorrelated depend strongly on the solvent viscosity and the molecular size,
electron spin relaxation of radical centers. Since the relaxation which is clearly in contradiction with the experimental results.
time of the benzyl radical lies in microsecond scBlehis fast Therefore, we propose that the observed relaxation originates
relaxation should be attributed to the acyl radical center. not from the molecular rotation modulated by collisions with
Inspection of Figure 6 shows that the observed temperaturesolvent molecules but from the intermolecular rotation ef C
dependence consists of two branches, marked by rectanglesp group about the neighboring< bond axis (propeller-like
the “vertical” branch corresponds to the molecular dynamics rotation) modulated by the fluctuation of molecular energy
of the polymethylene chain, and the “horizontal” branch shows petween internal vibronic and rotational states. The rotation of
the temperature dependence of ISC in the biradical. A good {he small carbonyl group should be viscosity independent, and

correlation petween Iow-temperature and high-tempergture partshe angular momentum correlation timecan be expressed in
of the “horizontal” branch is strong evidence that in both the formb4

temperature regions the same mechanism of ISC is effective,
namely the relaxation of the acyl radical center. In the
nonviscous solvent hexane the temporal separation of molecular
and spin dynamics is not achieved even at temperatures near
the freezing point£178 K) of hexane (Figure 5). We have to note that the “exponential” approach for the
Figure 3 demonstrates the Arrhenius plots for molecular description of molecular and spin dynamics presented above is
dynamics of 1,14-acytbenzyl biradical in hexane (low- oversimplified. The main disadvantage of this approach is the
temperature part in Figure 5), in 2-propanol (the “vertical” presumption that in the temperature dependences the molecular
branch of Figure 6), and for ISC in 2-propanol (the “horizontal” and spin dynamics are separated: in the low-temperature region
branch of Figure 6). The activation energies obtained for the the biradical lifetime is determined by the molecular dynamics
molecular dynamics arg,; = 21.9+ 1.7 kd/mol in 2-propanol only, whereas in the high-temperature region it mainly depends
and Ex» = 15.1 + 1.4 kJ/mol in hexane. Similar activation on spin dynamics. In fact, the spin dynamics depend on the
energies have been reported earlier for the conversion fromconformational movement of the biradical at any temperature,
extended to closed biradical conformatidfé®4’The higher because the molecular dynamics vary the distance between the
activation energy in the viscous solvent 2-propanol is accountedradical centers, modulate the exchange interactit§is and

Ty-To eXP(-E/RT) 9)

for as the result of frictional forces exerted by the solvént? consequently, affect the singtetriplet conversion and thus the
For spin dynamics a value dfas = 1.8 & 1.2 kd/mol was  gpin dynamics of biradicals. As a result, spin and molecular
obtained. dynamics in biradicals are coupled together, which makes

Generally speaking, the fast relaxation of the acyl radical {he separation of these processes useful for a qualitative
center can be attributed to several mechanisms: anisotropy of,

) ° e Y Ylexplanation only. It is probably too rough an approximation
theg-t_ensor and/or Fhe hypt_erflne tensor, spin-rotation interaction, ¢, e guantitative description of the temperature depend-
or spin exchange interaction. The last can be ruled out since

. oo o> ences of the SCRP polarization and the transient absorption
the polarization decay does not depend on the initial biradical P P

: i . kinetics.

concentration. Relaxation causeddstensor anisotropy strongly - . .
depends on the applied magnetic field, whereas the lifetimes 1€ most realistic model of molecular and spin dynamics in
of acyl-containing biradicals show only weak magnetic field biradicals is based on the approach developed by de Kanter for
dependenc®814 Also, in the fast-motion limit the rate of the @ description of the CIDNP field dependences in the geminate
relaxation caused by the anisotropygfensor and HFI tensor ~ recombination of biradical®: The approach involves the nu-
should decrease with increasing temperature and decreasingnerical solution of the stochastic Liouville equation (SLE) for
solvent viscosity! Experimentally (Figures 3, 5, and 6) the the spin density matrixo of a biradical. Earlier we have
observed relaxation rate does not depend on the solvent viscositysuccessfully used this approach for the calculation of spin and
and slightly increases with increasing temperature. Thus, the magnetic field effects observed in geminate evolution of short-
spin-rotation interaction is the only possible mechanism of lived flexible biradicals: CIDNP kinetics in a high magnetic
electron spin relaxation of the acyl moiety. field, CIDNP field dependencies, CIDEP spectra and kinetics,

Spin-rotation relaxation arises from the interaction of the magnetic field effect on the biradical lifetime, stimulated nuclear
electron spin with magnetic fields generated by the rotation of polarization spectra, and kineti&8152844 According to this
a molecular magnetic moment modulated by molecular colli- approach, the end-to-end distance distribution function of the

sions, and its rate can be expressed as biradical is divided into segments of equal area with an average
distanceirfor each segment i. Transitions between neighboring
1_ Krcefﬁi : @) segments i and k were described by the matrix eleméhts
T, 3K? Wii = DI(ri — r)? with the effective diffusion coefficienb.

Time evolution of the density matrix elements;asmdetermined
whereCe is the effective spin-rotational coupling constait, by the following operators: Liouville operator, associated with
is the moment of inertia of the molecule, angdis the angular the Hamiltonian, relaxation matrix, and the matrix describing
momentum correlation time. The latter is often described as  chemical reactions.

a function of viscosityy by a modified StokesEinstein The spin Hamiltonian includes the Zeeman interaction of the
relatiorf® electrons having g factog andg with the external magnetic
field By, the secular part of the electron hyperfine interaction
7, = /8waky (8) with one magnetic nucleus (hyperfine coupling consfgnthe

standard expression for the exchange interaction between the
whereay is the hydrodynamic radius of the molecule, ang 0 unpaired electrond(r) = Jo exp(~A(r — ro)), and the interaction
k < 1 is a temperature and viscosity independent parameter.of the electron spin with the microwave field with frequency
According to eqgs 7 and 8 the spin-rotation relaxation rate should w1 and amplitudeB;. In the rotating frame of reference, the
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Hamiltonian becomes time-independent and can be written as
follows:

H= ﬂeBohil(glAslz + 925925) —w(S,+S,+1)+
AS,i, =dN(, + 2S,S) + BBA (9, + 8.5, (10)

The relaxation matrix contains elements arising from two
mechanisms of spin relaxation: (a) uncorrelated relaxation,
corresponding to the independent relaxation of the biradical
termini and characterized by fluctuations of the local magnetic
fields G = [JBj|?Jand correlation timer,, and (b) correlated
interactions, associated with the dipolkdipole interaction
between unpaired electrons and characterized by rotational
correlation timere.

Chemical reactions were taken into account as recombination
from singlet state with the rate constdqtat the minimalr;.
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Experiment Calculation
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Figure 8. Experimental (left) and calculated (right) kinetics of SCRP
polarization ofla at different temperatures. The calculation procedure

6 8 0 6 8

We assume that the photolysis of starting ketones producesand the parameters are given in the text.

biradicals having equally populated triplet sublevels and at the
minimalr; att = 0. In contrast to our previous model simulations
of spin and molecular dynamié8;'54the spin-orbit interaction

is not includedin the SLE.

Four wave functions, S,°TT*, and T, were used as a basis,
and the spin density matrix consisted of 16 elements for each
of 200 slices of the end-to-end distribution function. To calculate
the time dependencies of TREPR line inten§&y at a magnetic
field By, we solved the stochastic Liouville equation for the
Fourier transform of the density matri{w) = [gp(t)e"! dt.

The resulting stationary equation f@w) could be solved
numerically. The Fourier reconstruction gfw) yields a time-
dependent density matrix(t), which allows us to obtain the
TREPR kinetics according to the equation

[{L= ZE@Q= ZTr[S/pj] (12)

] ]

wherej denotes the number of a particular segment of the end-
to-end distribution function. During the calculations the number
of harmonics in the Fourier series was= 500 with the highest
frequencywo = 27n/T with T = 5 us.

Three parametersg,, 1., and D, were considered to be
temperature dependent. For simulation of the temperature

cn? s, Ep = 34 kd/mol,Gt,o = 4.5 x 10° s7%, E, = 8.9 kJ/

mol, 7o = 2 x 10719, E. = 22 kJ/mol. As shown in Figure 8,
the calculated EPR kinetics are in very good agreement with
the experimental data. Similar results have been obtained for
the kinetic data in hexane, with the same set of parameters
except thaEp = 23 kJ/mol ands; = 7 kJ/mol. The temperature
dependences of the biradical lifetime, calculated with the same
set of the parameters, are in a reasonably good agreement with
the experimental data for both solvents. It is noteworthy that
the energetic parameters obtained within this model are sig-
nificantly higher than the activation energies extracted from the
simple “exponential” approach: compalg = 34 kJ/mol in
2-propanol ands;; = 21.9+ 1.7 kd/mol;Ep = 23 kJ/mol in
hexane and,, = 15.1+ 1.4 kJ/mol;E, = 8.9 kd/mol ands,3

= 1.8+ 1.2 kJ/mol.

The activation energies obtained for the effective diffusion
coefficientsD can be compared with the energetic barriers of
transitions between three rotational conformations of the poly-
methylene chain, trans (tr) with a rotational angle = 0°,
gauche- (g") with ¢g+ = 112°, and gauche (g7) with ¢g- =
248 AEyg=14.6 kd/mol, AEgy =10.9 kJ/mol AEg 4 =25.1
kJ/mol56 The average value of three barriersAg,, = 16.9
kJ/mol. Addition to this value the activation energies of the

dependence of these observables we presumed that the effectiveolvents gives\E,, + Ec(2-propanol)= 38.9 kJ/mol and\E,,

diffusion coefficientD and the correlation time, depend on
temperature exponentially:

Eof1 1
D_D°exp(_ﬁ(ﬂ_f))

and
s exd— L _1
u™ fuo R\T, T

B

T
was used, withTo = 273 K. The energetic barridf. was set
equal to the activation energy of the solvent viscosity.e., ¢
~ nlT): Ec = 22 kd/mol for 2-propanol anB; = 7 kJ/mol for
hexane®

The kinetic curves, shown in Figure 8, were obtained

according to eq 11 with the following parameteid; = —10°
mT,A =214 A1 k=10"s1, A=2mT,Dy=2.6x 10°

+ Ec(hexane)= 23.9 kJ/mol, which agrees well witk, values
in two solvents.

The energy barrier for €0 rotation in the related compound
acetaldehyde is-5 kJ/mol>” whereas in propionaldehyde it is
~13 kJ/mol?” which is in good agreement with the activation
energyE, = 8.9 kJ/mol. This strongly supports the hypothesis
that the relaxation of the acyl radical is associated with the
rotation of G=0O group.

The proposal that the spin-rotation relaxation of the acyl
moiety is the main channel of ISC in acyl-containing biradicals
also explains some previous observations that cannot be
accounted for in the framework of a model based on ISR. For
example, at room temperature the lifetimes of adyénzyl
biradicals do not show significant dependence on the biradical
length, even when it is varied from 7 to 15-C bonds between
the radical center¥. A similar result has been obtained in the
present work: at room temperature the lifetimes of 1,14-acyl
benzyl and 1,12-acylketyl biradicals coincide, as well as the
rate constants for polarization decays of a 1,14-abginzyl
and a 1,10-acytalkyl biradical at low temperatures. If SOC-
induced IRS in the biradical were responsible for intersystem
crossing in the high-temperature region, the contribution of
closed conformations to the total inter-radical distance distribu-
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tion for shorter biradicals would be much greater, and one would

Tsentalovich et al.

(10) Zimmt, M. B.; Doubleday, C., Jr.; Turro, N. J. Am. Chem. Soc

expect much faster decay of shorter biradicals (IRS is effective 1986 108 3618-3620.

only in close conformations).
Spin-rotation relaxation associated with the rotation of the

(11) Tanimoto, Y.; Takashima, M.; Itoh, NBull. Chem. Soc. Jpri989
62, 3923-3931.
(12) Wang, J.-F.; Doubleday, C., Jr.; Turro, NJJPhys. Cheml989

—C=0 group also explains the reported difference between 93, 4780-4782.

TREPR spectra of saturated and unsaturated acyl radicals. Th
spectra of saturated acyl radicals are reported to be broad an

have little resolved structuf®:®>® The same feature can be

(13) Fujiwara, Y.; Aoki, T.; Haino, T.; Fukazawa, Y.; Tanimoto, Y.;

ilakagaki, R.; Takahira, O.; Okazaki, N.Phys. ChemA 1997, 101, 6842—

849.
(14) Zimmt, M. B.; Doubleday, C., Jr.; Turro, N.J. Am. Chem. Soc

observed also for the SCRP spectra of acyl-containing biradicals1985 107, 6726-6727.

(see Figure 4 and refs 6, 27, and 39: line broadening due to

short relaxation times (for spin-rotation relaxation one can
presumeT; = T,) smears out the hyperfine structure. At the

(15) Morozova, O. B.; Yurkovskaya, A. V.; Tsentalovich, Yu. P;
Sagdeev, R. Z.; Wu, T.; Forbes, M. D. E. Phys. Chem. A997 101,
8803-8808.

(16) Closs, G. L.; Redwine, O. . Am. Chem. Sod985 107, 4543~

same time, Davies et al. reported narrow well resolved spectra4544.

of acyl radicals in which the €0 group is attached to an
unsaturated moiet}?:0 This can be accounted for as the
conjugation between the-C=0 group and the neighboring

m-system, which increases the energetic barrier for internal

rotation and significantly increases the relaxation time.

Conclusions

Contrary to the well-established viewpoint that the main
source of intersystem crossing in flexible acyl-containing
biradicals is spir-orbit coupling, which mediates the triplet-
state reactivity of biradicals, in this work strong evidence has
been obtained that it is the relaxation of the acyl moiety of the
biradical that determines the rate of ISC. The relaxation time
does not depend on molecular size, solvent viscosity, and applie
magnetic field, and its correlation time has a very small
activation energyE, = 8.9 kJ/mol. This relaxation has been

(17) Zimmt, M. B.; Doubleday, C., Jr.; Gould, I. R.; Turro, NJJAm.
Chem. Soc1985 107, 6724-6726.

(18) Zimmt, M. B.; Doubleday, C., Jr.; Turro, N. Chem. Phys. Lett.
1987, 134, 549-552.

(19) Wang, J.-F.; Doubleday, C., Jr.; Turro, N.JJ.Am. Chem. Soc
1989 111, 3962-3965.

(20) Salem, L.; Rowland, CAngew. Chem., Int. Ed. Engl972,11,
92—-111.

(21) Shaik, S. S.; Epiotis, N. DI. Am. Chem. Sod.98Q 102 122—
131.

(22) Carlacci, L.; Doubleday, C., Jr.; Furlani, T. R.; King, H. F.; Mclver,
J. F., JrJ. Am. Chem. S0d.987, 109, 5323-5329.

(23) Boeckmann, M.; Klessinger, M.; Zerner, M. L Phys. Chenl996
100 10570-10579.

(24) Minaev, B. F.; Agren, HJ. Mol. Struct. (THEOCHEM} 998 434,
193-206.

(25) De Kanter, F. J. J.; Kaptein, R.Am. Chem. So&982 104, 4759~

(26) Doubleday, C., Jr.; Turro, N. J.; Wang, J.A€c. Chem. Re4989
22, 199-205.

(27) Closs, G. L.; Forbes, M. D. B. Phys. Chem1991, 95, 1924

attributed to the spin-rotation mechanism associated with the 1933.

internal rotation of the carbonyl group.
Combined application of TREPR and LFP methods allowed

(28) Morozova, O. B.; Tsentalovich, Yu. P.; Yurkovskaya, A. V.
Sagdeev, R. ZJ. Phys. ChemA 1998 102, 3492-3497.
(29) Wang, J.-F.; Rao, V. P.; Doubleday, C., Jr.; Turro, Nl.Phys.

us to separate molecular and spin dynamics and to determineChem 1990 94, 1144-1146.
the activation energies of both processes. From good agreement (30) Paul, HChem. Phys. Letl975 32, 472-475.

of the experimental data with the results of model simulations

we are convinced that time-resolved study of SCRP polarization

kinetics is a reliable way to measure the relaxation times of
fast-relaxing radicals such as acyl-containing biradicals.
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