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Influence of Molecular Structure on the Rate of Intersystem Crossing in Flexible Biradicals
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Laser flash photolysis (LFP), low-field chemically induced dynamic nuclear polarization (CIDNP), and time-
resolved electron paramagnetic resonance (TREPR) techniques have been used for the comparative study of
magnetic field and spin effects in acyetyl and bis(ketyl)biradicals formed during the photolysis of 2-hydroxy-
2,12-dimethylcyclododecanone (1-OH) and 2,12-dihydroxy-2,12-dimethylcyclododecanone (2-OH), respec-
tively. The short biradical lifetime, the small magnetic field effect (MFE) on a biradical lifetime, and the
low intensity of spin-correlated radical pair (SCRP) polarization observed during the photolysis of 1-OH
indicate that the main channel of intersystem crossing in-gastyl biradical is spir-orbit coupling (SOC).

For bis(ketyl) biradicals observed during the photolysis of 2-OH, SOC is of minor importance, and both
MFE and SCRP polarization are much larger. It is shown that the presence of significant SOC in biradicals
can result in an increase of the CIDNP intensity at low magnetic fields. Calculations of biradical evolution,
based on the numerical solution of the stochastic Liouville equation (SLE), were carried out by taking into
account (1) the molecular dynamics of the polymethylene chain linking the radical centers, (2) the distance-
dependent exchange interaction, (3) the chemical reactions of the biradical, (4) the spin relaxation processes,
and (5) state-to-state transitions caused by hyperfine interaction and SOC. A common set of parameters was
found which allows quantitative description of the field dependence of the biradical lifetime, the CIDNP
field dependence, and the TREPR spectra and kinetics.

Introduction cause tripletsinglet transitions in biradicals: electron spin

) o ) ] . relaxation, hyperfine interaction, and spiorbit coupling
Flexible biradicals generated during the photolysis of cyclic (SOC).

aliphatic ketones have been widely used as model systems for
the mvestlga_tlon of the _mterradlcal mterac’qon; n gemmate alkyl biradicals generated by UV laser irradiation of cyclic
processes. Since the radical centers of the biradical are linked . . : .

i o . aliphatic ketones. It is well established that the presence of
by a carbon chain, no diffusive separation can occur and as a,

T it 1 a,7,8
result the geminate processes in biradicals are prolonged intimethe carbonyl group enlarges the spiarbit interaction?

. - . - - . . Indeed, the small magnetic field effect (MFE) on biradical
in comparison with those for typical radical pairs in solution. lifetime3272and the small intensity of CIDNP in high magnetic

Under these circumstances, modern time-resolved spectroscopi ’ o
methods can be successfully applied to study the time evolution%elds’ compared to that theoretically predictemdicate that

of geminate radical pair processes. Another consequence ofme nuclear spin-independent trapsitiqns due to SO.C are the main
radical centers being linked together is that the average vaIueCh"’lnnel for intersystem crossing in acglkyl biradicals.

. ; : - : : However, for ketyl and benzyl biradicals, large MFEs were
of the exchange integral)is much higher than in radical pairs .
and depends strongly on the biradical chain length and observed by Ta”'”.‘o“’ et éﬂ.and Wang and co-vyorkei‘é.
dynamics?- These results confirm the dominant role of ISC induced by

o . . hyperfine interaction (HFI) in the time evolution of these
When biradicals are generated from the excited triplet state bi{gdi cals (HFD
of a parent molecule, two processes determine their lifetime: )

intersystem crossing (ISC) from the nonreactive triplet state to The_ aim of the p_resgnt work is to make a qu_antltgnve study
the ground singlet state and conformational movement of the of the influence of biradical structure on the relationship between

polymethylene chain linking the radical centers. The latter 'at€s of SOC-induced and HFl-induced ISC. For this purpose,
modulates the interradical distance, varying the biradical from WO o-substituted cyclic ketones have been synthesized: 2-hy-
the “extended state”, where the radical centers are far apart, todroxy-2,12-dimethylcyclododecanone (1'8}?3&”(1 2,12-dihy-
the “closed state”, where chemical reaction can occur. It has dr0Xy-2,12-dimethylcyclododecanone (2-OR}* Upon UV
been shown both theoretically and experimentditpat at room  irradiation, both ketones undergo Norrish type-tleavage and
temperature in nonviscous solutions, the biradical molecular form triplet acyl-ketyl biradicals. It was recently shown that
dynamics are faster than the spin dynamics. Consequently,(CHs)2(OH)CQO monoradicals undergo thermal decarbon;glj;ltlon
biradical lifetime in these systems is determined by the rate of &t 700M temperature with a rate constant of about <0

triplet—singlet evolution. There are three main channels which whereas the decarbonylation rate constant of the pivaloyl radical
is about 16 s™1.15 Thus, one can expect that the aelktyl

* Author to whom correspondence should be addressed biradicals generated during the irradiation of 2-OH will also
t University of North Carg“n& ' undergo fast decarbonylation and will form symmetric bis(ketyl)
€ Abstract published irAdvance ACS Abstract$yovember 1, 1997. biradicals (Scheme 1). The influence of the spimbit coupling
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In previous experiments in our laboratories, we studied-acyl
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SCHEME 1: Formation of Magnetic and Spin Effects in these two compounds were prepared with approximately equal
Biradicals during the Photolysis of 1-OH and 2-OH optical densities at 308 nm in all types of experiments. The
T s typical optical densities at 308 nm were 0.04 in TREPR
° H ) - OH /sci‘ . poH experiments (optical pathway 0.5 mm), 0.07 in LFP experiments
hv, relaxation 7 ___ geminate (2 mm), and 0.5 in CIDNP experiments (10 mm). Prior to
o ~cleavage L, products irradiation, all samples in all types of experiments were purged
with argon or with nitrogen for at least 30 min.
R=H 1-OH -Co) -co
R=CH 2-OH T s Theory

products publicationst320 and therefore we report here only its general
framework and some modifications made in this work. Our
in these biradicals should be less important than in the primary calculations were based on the de Kahtpproach for the
acyl—ketyl biradicals. description of the CIDNP field dependencies in the geminate
In this work, we have applied complementary methods for recombination of biradicals, which involves the numerical
comparative study of these two types of biradicals: TREPR, solution of the stochastic Liouville equation (SLE):
low-field CIDNP, and laser flash photolysis (LFP). TREPR ap(t)
:/vas u_sed _for_ the identification of intermediates formed under opP\Y _ —iLp(t) + Ro(t) + Wp(t) + Kp(t) (1)
aser irradiation and for the measurements of the spectra and ot
kinetics of electron polarization (CIDEP). The CIDNP method ~ L L . .
was applied to the comparative study of nuclear polarization HerelL is the Liouville operator which is associated with the

intensities in the reaction products formed in these systems andSPIn HamiltonianH Ir? ac?ordqnce with the ﬁq“at'm.p(t) :h
their magnetic field dependencies. Finally, LFP experiments Hp(t) — p(OH, Ris the relaxation matrixXV characterizes the

provided the information about the magnetic field effect on dynamic t_)ehavior qf the polyme_thylt_ane chain, #ncepresents
biradical lifetimes. the chemical reactions of the biradicals.

The spin Hamiltonian includes the Zeeman interaction of the
Experimental Section electrons having-factorsg; andg, with the external magnetic
field By, electron-nuclear hyperfine interaction with the hy-

Reagents. Synthesis of compounds 1-OH and 2-OH was perfine coupling constan# andA;, and the exchange interac-
accomplished as described in our previous publicati®®$.  {jon between the unpaired electrai(s):

Solvents methanol (Merck) and deuterated methanol (Isotop)

R LOH /39‘:\\ R _4OH The theoretical approach we use for the modeling of the
relaxation geminate biradical evolution has been described in detail in our previous
\HFL~

were used as received. A =8.B,9,5, + 9,5, + ShAS, I, +

TREPR Measurements. Our TREPR apparatus has been PBo(0:5: T 6:5) .Z ASls
described elsewhefé. Additionally, special means were un- ST +381)Y=h 1/24+288) (2
dertaken in order to avoid the distortion of the signal kinetics ZhA'(%* « T Syly) — AN 55) (2)

due to a low frequency cutoff in the detection part of our sétup.

The measurements were performed on a JEOL USA (Peabody, The exchange interaction is assumed to be decaying expo-

MA) JES-RE1X X-band (9.46 GHz) EPR spectrometer. nentially with the biradical end-to-end distance

TREPR spectra were obtained by applying the output of the

spectrometer amplifier to the input of a Stanford Research Jr)=Je ™ )

Systems (SRS) boxcar signal averager SR 250 (Sunnyvale, CA).

For the kinetic measurements a LeCroy 9400B (Spring Valley, For a description of the conformational motion of the

NY) transient digitizer was used. For UV light excitation we polymethylene chain of the biradical, an end-to-end distance

used a Lambda Physik LPX-100i excimer laser operating at 308 distribution functiof was calculated and then divided into

nm (XeCl). = 200 segments of equal area. Transitions between neighboring
LFP Measurements. A detailed description of our LFP  segments andk were described by th&/ matrix:

setup was given earliéf. The sample solutions were irradiated

in a flowing quartz cell with 2x 10 mm inside dimensions by W, =W, = _Db (4)

pulses of a home-made excimer laser (308 nm, pulse energy (ri— rk)2

up to 150 mJ). The monitoring system consisted of a 150 W

short-arc Xe lamp DKsSh-150 equipped with a home-made whereD is the effective diffusion coefficient anglis an average

pulse (pulse duration 2 ms), two synchronously operating home- end-to-end distance for segment

made monochromators, a set of spherical lenses, a shutter, a The R matrix includes the elements determined by two

Hamamatsu R955 photomultiplier, and a digital oscilloscope mechanisms of spin relaxation: uncorrelated relaxation, char-

LeCroy 9310A. The cell was placed inside a home-made acterized by fluctuations of the local magnetic fielfig|2Cand

magnet. The magnetic field (up to 360 mT) was controlled by correlation timer,, and correlated interactions, characterized

a Sh1-8 magnetometer. by rotational correlation time. (dipole—dipole relaxationj:**
CIDNP Measurements. Setup for low-field CIDNP mea- The K matrix describes the chemical reactions of the

surements has been described elsewkerEhe solutions were biradicals: (a) recombination of biradicals from the singlet state

irradiated inside a home-made magnet by pulses of a Lambdaat the smallest end-to-end distance rq with the rate constant

Physik COMPEX-110 excimer laser (308 nm) and then were k, (b) “scavenging” reactions, removing biradicals from gemi-

transferred by a flow system into the probe of a MSL-300 nate recombination, disregarding their spin state and end-to-

(Bruker) NMR spectrometer. The transfer time was about 2 s. end distance (decarbonylation, reactions with radical scavengers
For comparative study of the polarization and magnetic field or solvent impurities, and so on), and (c) biradical decay due

effects in the photolysis of 1-OH and 2-OH, the solutions of to spin—orbit coupling. The latter is taken into account as
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recombination from triplet substatds (To, T+, T-) atr = rq4
with rate constanksge®

Taking into account the difference in rates of decarbonylation
for the two types of primary acylketyl biradicals (see below),
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with the microwave field as described earfér:

we assume that the photolysis of the starting ketones producesWhereI:I is described by eq 2 and

only one type of biradical (acylketyl biradicals for 1-OH and
bis-ketyl ones for 2-OH), which are formed with equally
populated triplet sublevels at= rg.

Unfortunately, this approach does not allow calculation of
low-field effects taking into account all magnetic nuclei because
the dimensions of the matrices become too large. For this

reason, our calculations used two different approaches: a low-

field model (LFM) and a high-field approximation (HFA). In
HFA, only the secular part of the HFp (AiSili; — YjASA ),

with all magnetic nuclei was taken into account. In this case,
four wave functions were used as a basis: &,TI, and T_;
hence, the spin density matrix consisted of 16 elements. In
LFM, all electron-nuclear transitions were taken into account,
but the magnetic interactions of the electron with all nuclei were
replaced by interaction with only one nucleus with the effective
HFI constantAes+. The direct products of the electron and
nuclear spin functions were used as a basis (o, T+a, T-q,

B, ToB, T+6, T-H). In this work, LFM was used for the
description of the CIDNP field dependence (magnetic field
0-0.1 T) and the field dependence of the biradical lifetimes
(0—0.36 T). HFA was applied for the simulation of TREPR
spectra and kinetics (0.33 T) and for the description of the high-
field part of the field dependence of the biradical lifetime (0.1
0.36 T).

For the calculation the CIDNP magneticfield dependence, the
stochastic Liouville equation was solved for the Laplace
transformation of the spin density matiixs) = [ p(t)e st dt,
which yields the stationary is-domain equation for the spin
density matrix®

sp(s) + iL p(s) — Ro(s) — Wo(s) — Kp(s) = p°

wherep® = p(t = 0)
The CIDNP amplitude was calculated according to eq 6:

(5)

P= kr[pS(),S(x(S)|r:rd - pSﬂSﬂ(S)|r:rd] +
ksoc z [pTiaTiu(S)|r=rd o pTiﬁTiﬁ(s)|r:rd] (6)

To calculate thdiradical lifetimer we used the dependence
of the geminate product yield Pr on the value of the parameter
s, which corresponds to the scavenging rate constant:

__ Pr(0)— Pr(s)
~ sPr(s) ™
with

PI’(S)Z kr[:OS(J.So.(S)lr=rd + ps@sﬁ(s)lr:rd] +

ksoc Z[pTiaTia(S)h:rd + pTiﬁTiﬂ(S)|r:rd] (8)

Since ats = 0 all the biradicals recombine to give geminate
product, Pr(0F= 1 and

_1-Pr(s)

sPr(s) ©

The polarizedTREPR spectravere simulated according to
the following procedure. First, the Hamiltonian of the system
was modified for the case of the interaction of the electron spin

H' = A 4 H,(0) (10)

I:||(t) =
BH'BI(9,5, + &S)coswt + (g5, + 6,5,) sinwt)]
(11)

In eq 11B; is the amplitude of microwave field and is its
frequency.

The time dependence of the Hamiltonian was excluded using
the transformation to a rotating frame of reference (RFR) by
means of a rotation operati:

M=eft F =8 +8 +1, 12)

Application of theM operator toH;
A, = P2 g 1R (13)

makes the latter time-independent:
A0 = B 'BI(G:Sw + 6,55 (14)

The operators, R, W, K in eq 1 are axially symmetric and
stay unchanged under transformation to RFR. As in case of
the CIDNP calculation, the SLE (1) was solved using the
Laplace transformation of the spin density matrix. To obtain
the TREPR spectrum, we calculateégjCaccording to eq 15 as
a function ofBy,

§0= 2[3@= ZTr(s/pj) (15)
] ]
wherej denotes the number of a particular slice of the end-to-
end distribution function.

To calculate théime dependencies of TREPR line intensities
at certain magnetic field8,, we applied the approach for
calculating p(t) described in our previous papéfg® This
approach is based on the numerical solution of the stochastic
Liouville equation for the Fourier transfor@(w) of the spin
density matrix. Substitution of the Fourier transfofifw) =
Sop(eTiet dt into eq 1 gives the stationary equation fifmw),
which could be solved numerically as in the case of using the
Laplace transformation. The Fourier reconstructionp@b)
yields a time-dependent density matgi), which allows to
obtain the TREPR kinetics in accordance with eq 15. During
the calculations the number of harmonics in the Fourier series
was equal 1000 with the highest frequenay= 27/T, where
T was equal to Gus.

Results

1. TREPR Results. Figure 1 shows experimental and
simulated TREPR spectra obtained at room temperature during
the photolysis of 2-OH in methanol at 0.8 and $ delay
times. The simulation parameters will be discussed below. The
spectrum obtained at 0/& delay time contains only the spin-
correlated radical pair (SCRP) polarization pattern, which is well
described in the literatu8. Simulation of this spectrum
unambiguously indicates that the signal carrier is the symmetric
bis(ketyl) biradical. During the photolysis of 2-OH, similar
spectra were observed even at delay times shorter thazs0.1
This confirms that the decarbonylation of the atkétyl
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Figure 1. Experimental (A) 0.8:s and (B) 2.Qus after the laser pulse
and simulated (C) TREPR spectra obtained during the photolysis of
2-OH in methanol at room temperature (for parameters of simulation
see Table 1).

EPR

Time, ps

Figure 2. Experimental (dotted lines) and calculated (solid line)
kinetics of SCRP polarization (in arbitrary units) of bis(ketyl) biradicals
generated during the photolysis of 2-OH. The calculated kinetics is
obtained for the EPR transition marked by an arrow in Figure 1. For
parameters of calculation see Table 1.

biradicals produced during the photolysis of 2-OH is faster than
the time resolution of our experimental setup (ca. 50 ns). lItis
noteworthy that under similar experimental conditions, the
intensity of the bis(ketyl) biradical SCRP spectrum obtained
during the photolysis of 2-OH is about an order of magnitude
higher than that due to the aesketyl biradical recorded during

the photolysis of 1-OH. The spectra obtained at earlier delay

Tsentalovich et al.
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260 280 300

wavelength, nm

240

Figure 3. Transient absorption spectrum obtained during the photolysis
of 1.2 x 1072 M solution of 2-OH in methanol 0.ks after the laser
pulse.

0.12
[

Time, ps

Figure 4. Transient absorption kinetics observed at 270 nm (1) during
the photolysis of 1-OH in methanol at zero magnetic field, and during
the photolysis of 2-OH in methanol (2) at zero magnetic field, (3) at
Bo =90 mT, and (4) aB, = 300 mT. Solid lines show the exponential
fit.

the microwave fieldB; in the range of £50 mW without any
noticeable changes in the kinetic behavior.

The TREPR spectrum of the aeyketyl biradical obtained
during the photolysis of 1-OH will be published elsewh&re.
The TREPR kinetic curve for these biradicals obtained during
the photolysis of 1-OH is similar to the kinetics reported for
acyl-alkyl biradicald® and decays completely within 300 ns.

2. LFP Results. The transient absorption spectrum obtained
0.1 us after the flash photolysis of 1.2 1072 M solution of
2-OH in methanol is shown in Figure 3. The same spectrum
has been obtained during the photolysis of 1-OH. These spectra
are very similar to those of the 2-hydroxy-2-propyl radi¢a#
and correspond to the absorption of ketyl moieties of the-acyl
ketyl and bis(ketyl) biradicals. Figure 4 shows the absorption
kinetic curves, observed at 270 nm at zero magnetic field, at

times have some admixture of absorptive character, which canB, = 90 mT, and atB; = 300 mT during the photolysis of

be attributed to a contribution from the triplet mechanism,
whereas the spectra recorded3us (Figure 1B) after the laser
pulse show net emissive polarization due toTS. mixing which

is typically found in short biradicals with negative exchange

2-OH and at zero magnetic field during the photolysis of 1-OH.
The signal from the acytketyl biradical decays with a rate
constank = (1.5+ 0.1) x 10’ s™1 at zero magnetic field. Figure

5 shows the magnetic field dependence of the biradical decay

interactions. The spectra observed at later times also show someate constants. The rate constant for adgdtyl biradical decay

uneven intensities relative to the center of the spectrum,
(emissive low field lines and absorptive high field lines) which
we failed to simulate using high-field approximation, vice infra.

depends only slightly on the applied magnetic field while the
decay of the bis(ketyl) biradicals is significantly slowér=t
(4.5 £ 0.3) x 10° s! at zero magnetic field) and depends

Figure 2 shows experimental and calculated TREPR kinetics strongly on the magnetic field. At the highest available

(in arbitrary units) obtained for the central line in the spectrum

magnetic field By) of 0.36 T, the biradical lifetime becomes

of bis(ketyl) biradicals generated during the photolysis of 2-OH. about 5 times longer than that at zero magnetic field. It should

The transition is marked with an arrow in Figure 1. The shape be noted that the biradical lifetime magnetic field dependence

of the kinetic curves depends only slightly on the laser intensity has not reached saturation at 0.36 T, and at higher magnetic
and the initial concentration of the solutions. We also varied fields one would expect even larger effects.
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k/ko

041

0.2 . . . .
40 60 80

Magnetic field, mT

Figure 5. Magnetic field effect on the first order decay rate constant
for acyl—ketyl (W) and bis(ketyl) ©) biradicals. Solid lines: model

200 400

calculations according to the procedure described in the text in frames

of LFM. Dotted lines: in frames of HFA, with the parameters listed in
Table 1.
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Figure 6. Transient absorption kinetics observed at long time scale at
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Figure 7. NormalizedH CIDNP field dependencies for the products
of the photolysis of 1-OHM) and 2-OH (). Solid lines: model
calculations according to the procedure described in the text with the
parameters listed in Table 1.

the second term in formula (17) can be neglected for the
observation time of a few microseconds after the laser flash.

After this simplification, the solution of differential equations

(16) and (17) gives the dependence of the initial monoradical
concentratiorRy immediately after the biradical decay on the
initial biradical concentration Br

R ! In(1+

Br, 2k,Br,

We can assume that the absorption coefficient of the
monoradical is half that of the biradical. Hence, the measured
ratio of the initial adsorptions of monoradicals and biradicals
is ODr/ODg; = Ry/2Bry. Fitting of eq 18 to the experimental
results (Figure 6, insert) gives the rate constant for second order
biradical termination & = (1.9 4 0.3) x 10° M~1s71,

3. Low-Field CIDNP. The magnetic field dependencies of
CIDNP signals obtained during the photolysis 0&k210-2 M
solutions of 1-OH and 2-OH in C{®D are shown in Figure 7.

=1

2k Br,
2 0) (18)
1

k

270 nm in zero magnetic field during the photolysis of 2-OH at different The shapes of CIDNP magnetic field dependencies, obtained
laser output energy: (1) 29 mJ/pulse, (2) 50 mJ/pulse, (3) 70 mJ/pulse. y, i the photolysis of 1-OH, were the same for all reaction

Calculated curves correspond to second-order fit. Insert: the dependence

of the ratio of initial adsorptions of bis(ketyl) biradicals and mono-
radicals on the initial biradical concentration.

In addition to the biradical signal which decays within2

products. The curves obtained for the products of primary
acyl—ketyl and of secondary bis(ketyl) biradicals during the
photolysis of 2-OH were different. Figure 7 shows the CIDNP
in the products of the secondary biradical. The low-field CIDNP

us under intense laser irradiation, a slowly decaying signal has spectra and a detailed study of CIDNP formation in consecutive
been also observed (Figure 6). The spectrum of this intermedi- biradicals will be published elsewhett. It should be noted

ate is the same as for the biradical; the signal decays accordinghat the overall CIDNP intensity observed during the photolysis
to second-order kinetics, and the initial intensity of this signal of 1-OH was higher than that observed during the photolysis
depends nonlinearly on the laser power. We have attributed of 2-OH.

this signal to ketyl monoradicals, formed due to the intermo-

lecular disproportionation of bis(ketyl) biradicals. With long Discussion

biradical lifetimes, this reaction is expected when the initial  Aq gtated above, there are three channels of the intersystem
biradical concentration is high. It was assumed that the quantume,qsging of triplet biradical to the reactive singlet state:
yield of blrgdlcals from the exited t.rlplet state of the parent hyperfine interaction, electron spin relaxation, and sfirbit
'm.olleculles is equal to unity. For dlfferent. laser energies the coupling. At magnetic fields below 100 mT, hyperfine interac-
initial bl_radl_cal concentration in our ex4per|mental CO?dItIOﬂS tion is the main channel leading to the formation of magnetic
was varied in the range between k307 and 3.5x 107* M. and spin effects; however, at larger magnetic fields, the
A set of differential equations describing the time dependence yeendence of the rate of electron relaxation on magnetic field
of biradical (Br) and monoradicaRj concentrations can be  ig gypected. Since the spiorbit interaction is a nuclear spin
written as independent channel of the intersystem crossing, the presence
of noticeable SOC usually results in decreasing of magnetic

dBr/dt = —k,Br — 2k,Br’ (16) and spin effects.
5 The SOC in acytketyl biradical can be considered as an
dR/dt = —2k,Br* — 2k,R® 17) additional element of the relaxation matrix, which causes fast

electron transitions in the acyl moiety of the biradical and,
subsequently, mixes triplet and singlet sublevels of the biradical.
However, de Kanter and Kaptéihave shown that the influence
order termination rate constants for bis(ketyl) biradicals and of SOC on the biradical reactivity strongly depends on the
ketyl monoradicals, respectively. mutual orientation of the biradical moieties at the closest
Since the typical monoradical signal lifetime under our interradical distance. Hence, SOC effect can be considered as
experimental conditions is in the order of tens of microseconds, the biradical reaction directly from the triplet state at the contact

wherek; = 4.5 x 1P st is the biradical first-order decay rate
constant at zero magnetic field, akglandk; are the second-
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TABLE 1. Set of Parameters Common for All Calculations

biradical
parameters

of calculations acytketyl bis(ketyl)
Ksoo S71 22x 10 1.3x 1¢°
Jo, mT —-0.7x 10° —1.3x 10°
a, A 2.14
D, cné/s 2x 10°°
G,s2 8 x 10
Tw S 1012
7o, S 8x 10712
k,s? 101

radius. In our paper, we follow this approach (see Theory

section). It can be shown that for the fast conformational motion
of the biradical, these two approaches are equivalent and give
the same result in most cases.

The results obtained in this work unambiguously show that
the main channel of ISC and the rate-determining step of-acyl
ketyl biradical decay is the spitorbit interaction. The biradical

decay measured in LFP experiments is almost field independenttransitions

(the magnetic field effect on the biradical lifetime is about 15%).
Uncorrelated electron relaxation, caused by dipalpole
interaction of an electron with the magnetic nuclei, mixes singlet
and triplet states of biradical and can also lead to the same result
However, the observed biradical lifetime (67 ns at zero magnetic
field) is much shorter than the typicd} relaxation times of
the corresponding ketyl monoradicd®s.On the contrary, bis-
(ketyl) biradicals show a much longer lifetime, which is strongly
field dependent (Figure 5). The increase of biradical lifetime
in region 30-100 mT can be explained in terms of the increase
of the energy gap between S and, TT— states, which results

in decrease of HFIl-induced part &. At higher magnetic
fields (106-360 mT), the field dependence of electron spin
relaxation, caused by dipotalipole interaction of unpaired

electrons, should be also taken into account. Thus, one can

conclude that for bis(ketyl) biradicals the spiorbit interaction
does not play a significant role, and the main channels of
intersystem crossing are hyperfine interaction and electron
relaxation.

The kinetics and the relative amplitudes of TREPR spectra
obtained during the photolysis of 1-OH and 2-OH confirm these
conclusions. As mentioned above, the time scales of TREPR
kinetics obtained for these two systems are substantially
different. The EPR signal of the acyketyl biradical com-

Tsentalovich et al.

room temperature and above for long-chain (21 carbon atoms)
(bis)alkyl biradicals which have more effectidemodulation
relaxation compared with shorter biradic#s. TREPR spec-
trum of Cy; bis(ketyl) biradical also revealed the line-width
alternating pattern. Simulation shown in Figure 1C adequately
depicts this effect.

Another noteworthy feature observed in TREPR spectra of
bis(ketyl) biradical at 2.«s delay time is the distortion of the
purely symmetric SCRP structure (see Figure 1A) due to the
appearance of an E/A pattern in the spectrum. The spectrum
shown in Figure 1B has a total integral emissive polarization.
Such a distortion can be explained by the presence-o6f-S
and S-T- transitions in biradicals which were not taken into
account in the HFA SLE model. It is well-known that-$_—
transitions are more effective for the low-field part of the spectra
while S—T4 transitions are dominant for the high-field side.
The emissive character of the spectra can be accounted for due
to the different rates of ST+ and S-T- transitions in the
biradical: since the exchange integral is negative;TS
go faster, and therefore at longer times the population
of T level becomes larger than that of Tevel. The same
effects can lead to different kinetic rates for different lines in
TREPR spectra of 2-OH biradicals, as mentioned aboveT S
transitions lead to the appearance of an emissive pattern which
is more intense in the low-field part of the spectra. Together
with the decay of symmetric SCRP polarization it can appear
in TREPR spectrum as an increase in decay rates for low-field
absorptive lines and decrease in decay rates for low-field
emissive lines. ST transitions work in an opposite way for
the high-field spectral side, decreasing relative decay rates for
absorptive and increasing them for emissive high-field lines.
Thus, the kinetics of the central line, shown in Figure 2, are
less influenced by this effect. The HFA cannot reproduce this
effect since it does not take into accountB. mixing. To
check this hypothesis, collection of TREPR spectra and their
kinetics at different magnetic fields can be very useful. Such
an investigation is currently underway in one of our labs, and
a detailed analysis of this matter is beyond the scope of the
present paper.

Additional evidence for the different sources of intersystem
crossing in acytketyl and bis(ketyl) biradical is provided by
the amplitudes of SCRP polarization. When SOC does not play
a significant role, the intensity of SCRP polarization can reach

pletely disappears within 300 ns. For this case fast spin- @ higher level. This is clearly observed during the photolysis
independent SOC seems to be a reasonable mechanism off 2-OH. Our setup does not yet allow for absolute measure-
intersystem crossing. TREPR kinetics obtained during the ment of polarization amplitudes, but qualitatively the intensity
photolysis of 2-OH are much slower (Figure 2). In bis(ketyl) of the_ polarization of bis(ketyl) biradica_ls is about_ an _order of
biradicals where the spirorbit interaction is not important, the ~ Mmagnitude stronger than that observed in adtyl biradicals.
time scale of polarization evolution is completely determined [N acy—ketyl biradicals, generated during the photolysis of
by the rate constants of decays of Bnd T. sublevels. 1-OH, the spinr-orbit interaction induces fast nuclear spin-
Simulation using the high-field SLE model with reasonable independent tripletsinglet transitions. Thus, the time evolution
relaxation rates (see Table 1) describes the kinetic behavior ofof the signal becomes much shorter, and the intensity of CIDEP
the central line very well. The initial rise of the EPR signal is significantly decreases.
about 200 ns and can be explained by an effect of the-spin At first, the results of CIDNP measurements appear to
spinT, relaxation and an apparatus function of our spectrometer contradict the results of the LFP and CIDEP experiments: the
which is mostly determined by th@-factor of the X-band cavity nuclear polarization of the products of 1-OH photolysis is about
resonator. Kinetic curves measured for other TREPR spectraltwice as large as the polarization of 2-OH photolysis products.
lines have different decay rates. We failed to simulate all of For an explanation of this discrepancy, one should consider the
them for the reasons which are discussed below. kinetics of CIDNP formation in a low magnetic field. Let the
An interesting feature of the TREPR spectra shown in Figure biradicals be formed with equal populations of the three triplet
1is the alternating line-width pattern, recently described in the states. The formation of CIDNP effects will be controlled by
literature for SCRPE This effect has been observed for the rates of ST_ transitions, which occur according to the rule
different symmetric biradicals and explained by the influence T_o. — S8 (a and 8 denote the projections of nuclear spin),
of relaxation due to the modulation of exchange interacfion and of S-T, transitions (T, — Sa). Since the exchange
It is interesting that previously this effect has been observed atintegral J0in biradicals is negative, in a magnetic fielig ~
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HFI constantsAch, = 1.94 mT andAcy, = 1.68 mT for the
] ketyl moiety of the biradical were taken from the literatéife.
: The calculated curves are shown in Figures 1, 2, 5, and 7.
An excellent agreement has been obtained for the magnetic field
dependencies of CIDNP and of biradical lifetimes, as well as
for the simulation of SCRP spectrum shown in Figure 1A. The
calculated TREPR kinetics also agree with the experimental data
fairly well. However, since in HFA ST_ and S-T transitions
are neglected, our calculations could not reproduce either the
. . , . e observed TREPR spectrum at 2.8 delay time or the kinetics
SO T T K U for low- and high-field TREPR spectral lines.

Ksoer 8" The values of any of the parameters in Table 1 can be changed
Figure 8. Calculated CIDNP amplitude dependence on the rate Within some limits, and the corresponding deviations of the
constant of spirrorbit coupling at the magnetic field 20 mT for 1,11-  calculated curves from the experimental data can be compen-
biradical for HFI constants 1.5 mT (dotted line), 3 mT (dashed line), sated for by adjustment of the other parameters. Nevertheless,
and 6 mT (;olid line). Other parameters are listed in Table 1 for bis- {he description of the entire set of experimental data by a
(ketyl) biradical. common set of parameters strongly restricts the freedom in the
parameter’s variation.

As one would expect, when fitting CIDNP field dependencies,

02F

CIDNP intensity (emission)

2|[J0VgeBe, the S-T_ transitions become most efficient leading

to the formation of an intense emissive nuclear polarization. " . 4
The S-T- transitions are followed by-ST, ones, which form the most sensitive parameters are the exchange interalgtion
nuclear polarization of an opposite sign, and diminish the and the falloff parametem: an increase ofp and/or decrease

observed CIDNP effects. Thus, when electron relaxation and Of & shifts the maximum of the field dependencies to higher
spin—orbit interaction are negligible, the kinetics of CIDNP ~ Magnetic fields. Increasing the effective diffusion coefficient

formation should have an extremum with its position mainly D 9ave the same result. Reasonable agreement with the
determined by the rate of-ST_ transitions; then the CIDNP  €XxPerimental data could be achieved with changels andD

decays with a rate determined by-$. transitions. The SOC- within 50% and ina within 10% of the values listed in Table
induced transitions take place without a nuclear spin flip and 1- The value ofly for bis(ketyl) radicals (L .3 10° mT) tumned
could “cut off’ the slow S-T. transitions. As a result, the out to be twice as large as that for aeyetyl radicals. The

observed nuclear polarization in diamagnetic products will S&Me trend of an increase in the averaged exchange interaction

increase. Electron relaxation also mixes triplet and singlet statesv@ueJin symmetrical bis(alkyl) biradicals as compared with
acyl—alkyl biradicals was marked in the simulations of EPR

of the biradical, and the intensity of the observed CIDNP is . .
therefore a rather complicated function of HFI, SOC, and spectra2 This effect may be connected with the greater overlap

relaxation induced transition rates. Figure 8 shows numerical ©f the €lectron orbitals in symmetrical biradicals or the increas-
calculations of the influence of the rate of SOC-induced N9 of the distance of the closest approach for bulky bis(alkyl)
transitions on the CIDNP intensity for different values of the biradicals.

hyperfine coupling constant (for a description of the theoretical ~ The correlation timerc was enlarged by approximately an
model see Theory). When the hyperfine coupling constant is order of magnitude compared to the value used by de Kanter.

small (1.5 mT), the main channel of biradical decay from the More than a 30% change in this parameter resulted in a
T, state in absence of SOC is electron spin relaxation. Thus, hoticeable deviation of the calculated effects from the observed

the kinetic curve for nuclear polarization, as well as the CIDNP field dependencies and MFE, as well as the line widths

dependence of CIDNP on the rate of SOC-induced transitions, in the SCRP spectra.
is monotonous (Figure 8, dotted line). For a larger hyperfine  Since SOC is the factor determining the lifetime of aeyl
coupling constant (3 and 6 mT) the-$ . transitions become ketyl biradicals, the valuksoc= 2.2 x 10° s7 could be varied
more important, and the curve passes through the maximumonly within 20%. The acceptable range of this parameter for
(Figure 8, dashed and solid lines). bis(ketyl) biradicals is larger;-5 x 10" to 2 x 10° s1. As

We have performed model calculations for the quantitative was mentioned above, SOC was taken into account as the
separation of contributions from spin-dependent and spin- reaction from the triplet state in conformations with the minimal
independent processes to ISC, as well as for verifying the valuesinterradical distance. The total end-to-end distribution function
of parameters of intra- and interradical interactions. The of the biradical was divided intsm = 200 segments of equal
parameters used in the calculations are given in Table 1 andarea. Thus, in the framework of our model, the vallgs
were chosen in order to fit the following experimental data: depend on the number. For determination of the contribution
(1) the CIDNP field dependencies for the products of the of SOC into the observed rate constants of biradical decay, it
photolysis of 1-OH and 2-OH; (2) the absolute values of the is reasonable to use the valuekef.normalized by number of
lifetimes of acylketyl and bis(ketyl) biradicals; (3) the segment¥so! = ksodm. This givesksed = 1.1 x 10’ st and
dependencies of decay rate constants on the external magnetiks,c = 6.5 x 10° s7 for acyl—ketyl and bis(ketyl) biradicals,
field for acyl—ketyl and bis(ketyl) biradicals; (4) the TREPR correspondingly. The valuky,: = 1.1 x 107 s71 for acyl—
spectrum of bis(ketyl) biradical; and (5) The TREPR kinetics ketyl biradicals coincides surprisingly well with the estimation

of bis(ketyl) biradical. ksod = 1.2 x 107 s made by Closs and Redwine from the
The parameters for uncorrelated relaxat®e /,9:28¢2|Bj| measurements of CIDNP intensities for aeglkyl biradicals?
and 7, were chosen to give the values of 1 = 4Gr/(1 + Presuming that the observed biradical decay rate conkant

w?t,?) approximately the same as for ketyl monoradicals (about = kso¢ + k, wherek is the rate constant of ISC determined by
3 x 10 sY). For calculations using the LFM, the effective HFI and relaxation, at zero magnetic field we obtain for acyl-
HFI constantA.; was a fitting parameter, the best results were ketyl biradicalkops= 1.5 x 10" s71, k=4 x 10° s71, andksel/K
obtained withA¢f = 2.2 mT for acyl-ketyl biradical andAes = 2.75; for bis-ketyl biradicakops = 4.5 x 10° s71, k = 3.85

= 3.2 mT for bis(ketyl) biradical. In the HFA, the values of x 10° s, andks(/k = 0.17
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Conclusions
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Am. Chem. Socl986 108, 3618. (c) Zimmt, M. B.; Doubleday, C., Jr.;
Turro, N. J.Chem. Phys. Letll987 134,549. (d) Wang, J.-F.; Doubleday,

Three different techniques, TREPR, LFP, and low-field cC., Jr.; Turro, N. JJ. Am. Chem. Sod.989 111,3962. (e) Wang, J.-F.;
CIDNP, have been applied to study the magnetic field and spin Rao, V. P.; Doubleday, C., Jr.; Turro, N.IJ.Phys. Cheml99Q 94,1144.

effects in flexible biradicals formed during the photolysis of
1-OH and 2-OH.
the intersystem crossing in aeyketyl biradicals generated
during the photolysis of 1-OH is spitorbit coupling, whereas
for bis(ketyl) biradicals the tripletsinglet transitions are

governed primarily by hyperfine interaction and relaxation

It has been shown that the main channel of

(8) De Kanter, F. J. J.; Kaptein, B. Am. Chem. So04982 104,4759.
(9) Closs, G. L.; Redwine, O. OJ. Am. Chem. S0d.985 107,6131.
(10) (a) Tanimoto, Y; Takashima, M.; Hasegawa, K.; Itoh, Ghem.
Phys. Lett1987 137,330. (b) Tanimoto, Y; Takashima, M.; Itoh, NBull.
Chem. Soc. Jpri989 62, 3923.
(11) Wang, J.-F.; Doubleday, C., Jr.; Turro, NJJPhys. Cheml989
93, 4780.
(12) Ball, J. D.; Schulz, G. R.; Wu,T.; Forbes, M. D. E., submitted for

processes (Scheme 1). Model calculations of biradical evolution publication.

were carried out. It is important to note that the results obtained
using the different experimental techniques, namely the field
dependence of biradical lifetime, the CIDNP field dependence,

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

(14) Saltzmann, M.; Tsentalovich, Yu. P.; Fischer, H.Chem. Soc.,

and the SCRP spectra, are fairly well described by a theoreticalPerkin. Trans. 21994 2119.

model with a common set of parameters. In a further submis-

(15) (a) Vollenweider, J.-K.; Fischer, H.; Hennig, J.; Leuschner, R.
Chem. Phys1985 97, 217. (b) Neville, A. G.; Brown, C. E.; Rayner, D.

sion24 we will show that the same set of parameters allows us . : Lusztyk, J; Ingold, K. U.J. Am. Chem. Sodl991 113, 1869. (c)
to reproduce the kinetics of CIDNP at high magnetic fields. It Tsentalovich, Yu. P.; Fischer, H. Chem. Soc., Perkin Trans1894, 729.

is our belief that the model used describes adequately the main
properties of biradicals, and the values of the parameters listed
in Table 1 reflect the actual interactions in flexible biradicals.
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