
MOLECULAR PHYSICS, 2002, VOL. 100, NO. 8, 1215±1224

Magnetic ®eld dependence of the deactivation rates of triplet
azocumene in solution

SERGEJ MILIKISYANTS1, AKIO KATSUKI2, ULRICH STEINER3 and
HENNING PAUL1*

1 Physical-Chemistry Institute, University of Zurich, CH-8057 Zurich, Switzerland
2 Department of Chemistry, Shinshu University, Nishi-Nagano, Nagano 380-8544,

Japan
3Fachbereich Chemie, University of Konstanz, D-78457 Konstanz, Germany

(Received 28 September 2001; accepted 8 October 2001)

The triplet sensitized photo-decomposition of azocumene into nitrogen and cumyl radicals is
investigated by time resolved EPR and optical absorption spectroscopy. It is found that the
cumyl radicals carry an initial spin polarization and are formed with a yield that depends on
both the solution viscosity and the strength of an external magnetic ®eld. The phenomenon is
interpreted in terms of a depopulation-type triplet mechanism, i.e. a competition between
decay into radicals and fast, triplet sublevel selective intersystem crossing (ISC) back to the
azocumene ground state. Analysis of the data yields relative rate constants for the ISC pro-
cesses and the cleavage reaction of triplet azocumene. The energetically lower zero ®eld triplet
substate is depopulated by ISC about seven times faster than the upper one and about two
orders of magnitude faster than depopulation by cleavage occurs. Cleavage probably takes
place on the nanosecond time scale, while the ISC must proceed on the picosecond scale, as at
elevated viscosity it becomes faster than the rotational Brownian motion of the molecule.

1. Introduction

Acyclic azoalkanes are known to possess a short lived

triplet state at about ET º 226 kJ mol¡1 above their

trans singlet ground state. When populated via triplet
sensitization it deactivates rapidly by two competing

processes, radiationless return to the singlet ground

state (sometimes accompanied by some trans±cis isomer-

ization) and cleavage into nitrogen and two alkyl radi-

cals, according to scheme 1, where 3S is the triplet

sensitizer. Not much is known about that triplet state,
its structure and its lifetime. There seems to be no

absorption spectrum and no phosphorescence , the

state does not seem to be accessible via S1>T1 inter

system crossing (ISC), and the quantum yield for radical

formation is usually very low in solution [1, 2].

Recently, we have studied by time-resolved EPR

(TREPR) spectroscopy the triplet quenching of acetone
[3] and benzophenone [4] by AIBN (2,2 0-azobis[iso-

butyronitrile]) in solution. It was found that during the

cleavage process of triplet AIBN into nitrogen and 2-

cyano-2-propy l radicals the electron spin system of the

radicals becomes polarized in emission. This observation

has been interpreted by assuming that the radiationless
deactivation of triplet AIBN to the singlet ground state

occurs faster from the energetically lower triplet sub-

states, thus producing an overpopulation of the higher

ones.

It is well known that in many photo-excited molecules

the usual S1>T1 ISC process populates the zero ®eld

sublevels of T1 with di� erent rates, that this polarization
can be partially transferred to the high ®eld substates

T¡, T0, T‡, and that then the decay of the triplet leads

to spin polarized radicals if it occurs faster than spin

relaxation in the T1 molecule. The phenomenon is

called chemically induced electron polarization

(CIDEP) by the triplet mechanism (TM) [5, 6]. A more
speci®c name would be population type (p-type) triplet

mechanism, because this mechanism may also work in a

reversed way as a depopulation type (d-type) triplet
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mechanism. There, the sublevels of an excited triplet

molecule are depopulated with di� erent rates by state

selective T1>S0 ISC to the singlet ground state. Then,

radical products stemming from the triplet might be spin

polarized if the ISC can compete with both radical

formation and spin relaxation between the triplet sub-

states. However, the requirements for this to happen,
i.e. especially a T1>S0 ISC with rates above 109 s¡1,

are ful®lled only in rare cases. Thus, up to now, CIDEP

from a d-type triplet mechanism has been observed

experimentally only for a few radicals formed from exci-

plexes of some excited dye molecules with heavy atom

substituted electron donors [7]. The existence of a fast

state selective T1>S0 ISC in these exciplexes had been
postulated before by Steiner et al. [8, 9] to explain an

observed pronounced magnetic ®eld dependence of the

radical yield in those systems.

In fact, a d-type triplet mechanism will almost always

show up in both a spin polarization and a magnetic ®eld

e� ect (MFE) on the radical yield. Observation of both

e� ects gives ultimate proof for that mechanism and, if
analysed quantitatively , may allow one to determine the

depopulation and decay rates of the triplet as well as its

zero ®eld splitting. In order to prove the mechanism

for an acyclic azoalkane and to obtain some

information about the elusive triplet state of these com-

pounds, we have investigated the decomposition of
trans-azocumene (AC) after triplet sensitization with 1-

nitronaphthalene (1-NN) in solvents of di� erent viscos-

ities. The system seems to be well suited to study the

MFE on the cumyl radical yield by laser ¯ash photolysis

(LFP) and the CIDEP of the radicals by TREPR experi-

ments.

2. Experimental
2.1. Time resolved EPR measurements

Cumyl radicals were generated by laser ¯ash photo-

lysis (Nd-YAG laser, ¶ ˆ 355 nm, 10 ns pulse width, or

XeCl excimer laser, ¶ ˆ 308 nm, 15 ns pulse width) of
benzene solutions containing 2.1 mM 1-NN and 7.5 mM

tAC and were detected at microwave powers in the

range 0.3±1 mW, using a CW EPR spectrometer without

®eld modulation (response time 80 ns). The details of the

set-up have been described previously [10]. All solutions

were deoxygenated by purging with helium for about 1

hour and then pumped in continuous ¯ow (¯ow rate 10
cm3 h¡1) through a ¯at quartz cell (0.7 mm optical path

length) inside the EPR cavity. The laser pulse energy

was kept below 5 mJ, so that the depletion of the sol-

utions due to irradiation was negligibly small (checked

by UV absorption spectroscopy before and after irradia-

tion).

2.2. Optical measurements
The yield of cumyl radicals in dependence on an

applied external magnetic ®eld was determined by tran-
sient optical absorption spectroscopy after laser ¯ash
photolysis (Nd-YAG laser, speci®cations as above) of
solutions of 1-NN and azocumene, using an experi-
mental set-up described in [11]. The solutions were de-
oxygenated in the same way as described above. The ¯at
quartz cell had an optical path length of 2 mm, a ¯ow
rate of 5 cm3 h¡1 was chosen, and the laser pulse energy
was attenuated to 6.4 mJ, since at higher energies the
signal amplitudes started to saturate.

2.3. Materials
To perform investigations over a wide range of

viscosities we used as solvents benzene and seven
alkanes, listed in table 1 together with their viscosities
at room temperature. trans-Azocumene was synthesized
from cumylamine using the method described by Stowell
for 2,2 0-azobisisobutane [13]. Its purity was checked by
NMR and HPLC and estimated to be better than 98%.
Cumylamine was prepared according to [14]. 1-Nitro-
naphthalene and all the solvents were purchased from
Fluka or Aldrich in their purest commercially available
forms and were used without further puri®cation. All
measurements were performed at room temperature.

3. Results
3.1. Time resolved EPR experiments

Figure 1 shows the EPR spectrum observed about
3 ms after laser ¯ash irradiation at ¶ ˆ 355 nm of a ben-
zene solution containing 1-NN (2.1 mM) and AC (7.5
mM). According to its hyper®ne pattern and phase it
has to be attributed unequivocally to an ensemble of
cumyl radicals, which is spin polarized in emission.
Under the conditions of the experiment, the species
cannot stem from a direct photolysis of AC. First, the
direct photolysis of azoalkanes occurs from their excited
singlet state and, therefore, leads to TREPR spectra,
which initially exhibit a spin polarization with enhanced
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Table 1. Solvents used and their viscosities.

²=10¡3 Pa sa

Heptane 0.41

Benzene 0.67
Nonane 0.71

Dodecane 1.50

Hexadecane 3.32
Squalane : heptane (4 : 1 vol.) 8.32

Squalane 32.4

Para� n oil 106.7

a Reference [12].



absorption on the low ®eld site and emission on the high
®eld site [15]. Second, at 355 nm the absorption coe� -

cients of 1-NN and AC are 3200 M¡1 cm¡1 and 40

M¡1 cm¡1, respectively. Thus, nearly all the light is
absorbed primarily by 1-NN, which is known to

undergo fast ISC within about 10 ps to its triplet state
3(1-NN) [16]. Quenching of 3(1-NN) by AC then leads to
3AC, which partially cleaves into cumyl radicals and N2.

Azoalkanes are known to be e� cient triplet quenchers
[1, 17, 18], and the triplet energies of 3(1-NN) (230 kJ/M

[19]) and 3AC (º 226 kJ/M [1, 17, 18]) nearly match.

Regarding the observed emissive CIDEP of the cumyl
radical ensemble, three sources are conceivable. First,
3(1-NN) might be spin polarized by the p-type TM

and transfer this polarization via 3AC to the radicals.
However, this source can be excluded, as the radical

polarization turns out to be independent of the AC con-

centration, i.e. the rate of quenching. Moreover, pre-
vious quenching experiments of 3(1-NN) with TEMPO

radicals have given no indication of any p-type TM

polarization of 3(1-NN) [20]. Second, the CIDEP
might be due to the radical±triplet pair mechanism

(RTPM) [21, 22], i.e. it might be generated in di� usional

collisions of the cumyl radicals with 3(1-NN) or 3AC.
This is also very unlikely, because the lifetimes of both

triplets are rather short in comparison with the time
needed for di� usional radical±triplet collisions at the

low concentrations of both species. Thus, all experi-

mental features point to the third possibility, namely
the existence of a d-type TM in 3AC, i.e. a cleavage

into radicals competing with a fast state selective ISC
3AC>AC to the ground state, as has been observed
previously also for the triplet state of AIBN [3, 4]. If this

interpretation is correct, then the cumyl radical yield

must depend on the magnetic ®eld strength, what is
investigated below using LFP with optical absorption

spectroscopy.

3.2. Optical spectra of triplet 1-nitronaphthalen e and
cumyl radicals

In order to determine quantitatively the fraction of
3AC which, after formation via quenching of 3(1-NN),
cleaves into cumyl radicals, one has to measure the con-
centration of initially formed 3AC molecules and the
concentration of cumyl radicals, which are generated
from them. Doing that with optical absorption spectro-
scopy requires knowledge of the absorption coe� cients

"…¶† of the cumyl radicals as well as the 3(1-NN) species
(3AC escapes direct optical observation because of its
very short lifetime). Therefore, the optical absorption
spectra of 3(1-NN) and the cumyl radical have been
taken after laser irradiation of heptane solutions con-
taining 1-NN (0.4 mM) and AC (100 mM), respectively.
The results are given in ®gure 2. Primarily, the experi-
ments yielded only the optical densities OD(¶) of the
transient species. For the cumyl radicals (®gure 2 (b))
OD(¶) was scaled to "…¶† by adopting the literature
value " º 4500 M¡1 cm¡1 for the absorption maximum
[23, 24], which we found at ¶ ˆ 329 nm, slightly higher
than the literature information (¶ º 320±322 nm). For
3(1-NN) (®gure 2 (a)) the optical density immediately
after laser pulse excitation, ODT(0), was converted to "
via

" ˆ ODT 0… † £ h¸ £ NA £ V
EL £ F £ 1 ¡ 10¡OD

¡ ¢ :

The optical density OD of ground state 1-NN was
known and the quantum yield F ˆ 0:63 could be
taken from literature [25]. OD(0) was extracted by ®tting
the experimentally measured time pro®les ODT(t) with a
single exponential decay (the triplet concentrations in
these experiments, 10¡5±10¡6 M, were low enough to
neglect triplet±triplet annihilation, and at ¶ > 450 nm
there is no overlapping absorption of ground state 1-
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Figure 1. TREPR spectrum of cumyl radicals recorded 3 ms after triplet sensitized photolysis of azocumene in benzene. Arrows A/
E designate absorption and emission, respectively.



NN). The ratio of irradiated volume V to average laser
pulse energy EL was determined by actinometry using as
an actinometer the photolysis of di-t-butyl ketone in
heptane [26] (the rate constant for t-butyl radical self-
termination in heptane was taken as 7:9 £ 109 M¡1 s¡1

[27]).

3.3. Quenching of triplet 1-nitronaphthalen e by
azocumene

For studying the kinetics of the 3(1-NN) decay,

¶ ˆ 580 nm was chosen as the wavelength of
detection. It is reasonably close to the absorption
maximum of 3(1-NN), and neither the cumyl radical
nor AC nor ground state 1-NN absorbs at this wave-
length. Thus the time pro®les of the OD at 580 nm
(OD580) must re¯ect the kinetics of 3(1-NN).

Figure 3 shows as an example the time dependence
of OD580 obtained for solutions of 1-NN (1.2 mM) in
para� n oil containing three di� erent AC concentra-
tions. The decay kinetics are determined by three fac-
tors: the rate of triplet quenching by azocumene, the rate

of triplet±triplet annihilation, and the residual lifetime
of 3(1-NN). Thus, the rate equation for the triplet
concentration is

d

dt
T‰ Š ˆ ¡kTT T‰ Š2¡ 1

½0

‡ kQ AC‰ Š
³ ´

T‰ Š;

with ½0 the residual triplet lifetime and kQ and kTT the
rate constants of quenching and triplet±triplet annihila-
tion, respectively. Integration and multiplication with
the absorption coe� cient at 580 nm yields

OD580 t… † ˆ "580 T‰ Š0 e¡t=½

½kTT T‰ Š0 1 ¡ e¡t=½
¡ ¢

‡ 1
; …1†

where [T]0 is the initial triplet concentration and
1=½ ˆ kQ‰ACŠ ‡ 1=½0 represents the rate of the ®rst-
order decay. To avoid many parameter ®ttings in the
analysis of the triplet kinetics, each time pro®le was
divided into a short and a long term part. Triplet±triplet
annihilation, being a second-order reaction, does not
contribute noticeably in the long term part of the time
pro®les, where the triplet concentration is 5±10 times
smaller than at the beginning. Thus, this part can be
described by a single exponential decay with lifetime ½ ,
i.e.

OD580 t… † º "580 T‰ Š0 e¡t=½

1 ‡ ½kTT T‰ Š0
: …2†

Fitting the long term part of the time pro®le by equa-
tion (2) yielded the parameter ½ , which was then kept
®xed in a subsequent ®t of equation (1) to the whole
curve, with "580 ˆ 3240 M¡1 cm¡1 and kTT and [T]0
being two variable parameters. For all the time pro®les
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Figure 2. Optical spectra of (a) the triplet±triplet absorption
of 1-NN and (b) the absorption of cumyl radicals aver-
aged over the time interval 100±600 ns after the laser ¯ash.

Figure 3. Dependence on time of the optical density at
580 nm after the LFP of para� n oil solutions containing
1.2 mM 1-NN (1) and, in addition, 4.5 mM (2) and 16.5
mM (3) azocumene.



excellent agreement of ®tted and experimental curves
could be reached. Finally, the quenching rate kQ was
extracted as the slope of linear plots of
1=½ ˆ 1=½0 ‡ kQ‰ACŠ versus the quencher concentration
[AC].

The results obtained for the rate constants of the
triplet±triplet annihilation and the quenching process
are depicted in ®gure 4 (a, b). As expected, the rate
constant of triplet±triplet annihilation is of the order
of 109 M¡1 s¡1 and varies proportionally to ²¡1, indi-
cating this reaction to be a di� usion controlled process.
Clearly the dependence of the quenching rate kQ on 1=²
is nonlinear, approaching di� usion controlled values
at high viscosities but staying below that limit at low
viscosities. This observation is in full accord with the
results of previous work, which also found the rate of
quenching by azoalkanes with bulky substituents to be

considerably diminished, probably because of steric
hindrance [18].

Finally, it is pointed out that all the measurements of
rate constants of quenching and triplet±triplet annihila-
tion were performed in a magnetic ®eld of 0.02 T, caused
by the residual magnetization of the magnet poles in the
experimental set-up. In order to test for any possible
in¯uence of magnetic ®elds on the decay kinetics of
3(1-NN), several control experiments were carried out
under a high magnetic ®eld strength (2.94 T). No visible
changes in the time pro®les were observed, indicating
that eventual e� ects of a magnetic ®eld on the kinetics
of 3(1-NN) were small enough to be neglected.

3.4. Quantum yield of cumyl radicals and magnetic ®eld
e� ect

In order to obtain quantitative information about the
quantum yield of cumyl radicals and its dependence on
an external magnetic ®eld, the dependence on time of
the optical density at 329 nm was measured for magnetic
®elds between 0.02 T and 2.94 T, using solutions of 1.2
mM 1-NN and 4.5 mM AC in various alkanes and
benzene. The time pro®les obtained in para� n oil at
minimum (0.02 T) and maximum (2.94 T) magnetic
®eld are given, as an example, in ®gure 5. ¶ ˆ 329 nm
corresponds to the absorption maximum of the cumyl
radicals, but both ground state 1-NN and its excited
triplet also have strong absorption bands at this wave-
length. At su� ciently high AC concentrations the
quenching of 1-NN proceeds much faster than the self-
termination of the cumyl radicals. Thus, already during
the laser ¯ash the total optical density of the solution is
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Figure 4. Dependence on viscosity of the calculated rate con-
stants of (a) the triplet±triplet annihilation of 3(1-NN) and
(b) the quenching of 3(1-NN) by azocumene.

Figure 5. Time dependence of the optical density at 329 nm
recorded at low and high magnetic ®eld. Points represent
their simulations by equation (3) with parameters
‰RŠ1 ˆ 1:4 £ 10¡5 M, ½ ˆ 570 ns for B ˆ 0:02 T, and
‰RŠ1 ˆ 8:02 £ 10¡6 M, ½ ˆ 590 ns for B ˆ 2:94 T, re-
spectively.



lowered because of depletion of 1-NN and formation of
some 3(1-NN).

Afterwards, the change in optical density over a short
timescale is strongly in¯uenced by the 3(1-NN) decay
kinetics, and only ®nally over a long timescale, where
the triplet concentration vanishes, is the transient
absorption determined almost exclusively by the absorp-
tion of the radicals. However, there the optical density
measures the amount of cumyl radicals that were gener-
ated, but part of them turned out to have been initiated
via direct photolysis of AC. Despite the fact that the
optical density of AC at the excitation wavelength

(ODAC
355 º 0:035) was much lower than that of 1-NN

(OD1¡NN
355 º 0:75), the contribution of direct photolysis

of AC to the total quantity of radicals amounted to
about 10±15% in low viscous solvents. This noticeable
contribution is explainable by the lower quantum yield
of radical production from 3(1-NN) compared with the
direct photolysis. For quantitative estimations of the
contribution of direct photolysis, time pro®les obtained
for solutions containing the same AC concentration, but
no 1-NN, were measured and analysed. The pro®les
were ®tted by a simple constant function and the
values extracted were then corrected by multiplying with

ODAC
355 1 ¡ e¡ODAC

355¡OD1¡NN
355

± ²

ODAC
355 ‡ OD1¡NN

355

¡ ¢
1 ¡ e¡ODAC

355

± ² ;

taking into account the di� erence of light absorption by
AC in the presence and absence of 1-NN in the solution.
The estimated contributions of the direct photolysis
ODDrPh are collected in table 2. With increasing visc-
osity the in¯uence of the direct photolysis decreased
by a factor of about 3±5 because of the decrease in the
radical quantum yield via direct photolysis in more vis-
cous solvents, due to the so called `cage e� ect’. This
decrease is in agreement with literature data concerning
the `cage e� ect’ for AC [28].

Taking into account these corrections regarding the
direct photolysis, the curves depicted in ®gure 5 were
®tted using the equation

OD329 t… † ˆ ODR t… † ‡ ¢OD1¡NN t… † ‡ ODDrPh; …3†

where ODDrPh is the constant contribution of the direct
photolysis (see table 2), ODR t… † ˆ …1 ¡ e¡t=½ † R‰ Š1"R

329

the optical density of the radicals formed by triplet sen-
sitization, and ¢OD1¡NN t… † ˆ ¢OD1¡NN t ˆ 0… † e¡t=½

the total change of the optical density due to excitation
of ground state 1-NN to its triplet state 3(1-NN).
Variable parameters of the ®ts were [R]1,
¢OD1¡NN t ˆ 0… † and ½ . The parameter [R]1 is deter-
mined mainly by the level of the plateau, which the
experimental curves reach after longer times. It depends

only weakly on the values of the two other parameters.
For this reason it was possible to extract [R]1 by using
an approximate simple exponential decay for 3(1-NN).
This simpli®cation did not a� ect the accuracy of the
[R]1 analysis. First, [R]1 is very insensitive to changes
in the short term part of the curve, and second, even in
low viscosity solvents the contribution of triplet±triplet
annihilation to the decay of 3(1-NN) is only marginal.

From [R]1 the magnetic ®eld e� ect MFE(B) on
radical production was calculated according to
MFE…B† ˆ f‰RŠ1…B† ¡ ‰RŠ1…0:02 T†g=‰RŠ1…0:02 T†. In
addition, the radical `quantum yield’ FR was deter-
mined, i.e. the average number of cumyl radicals
generated per one 3AC molecule or per one 3(1-NN)
molecule quenched by AC. Taking into account all
channels of the 3(1-NN) decay (triplet±triplet annihila-
tion, quenching by AC, and residual decay rate) the
fraction ¹ of triplets quenched by AC is

¹ ˆ
kQ AC‰ Š
kTT T‰ Š0

ln 1 ‡ ½0kTT T‰ Š0
1 ‡ ½0kQ AC‰ Š

» ¼
;

and therefore the yield of radical production per 3AC
molecule reads

©R ˆ R‰ Š1
T‰ Š0¹

ˆ R‰ Š1kTT

kQ AC‰ Š ln 1 ‡ ½0kTT T‰ Š0
1 ‡ ½0kQ AC‰ Š

» ¼ : …5†

The magnetic ®eld e� ect on radical formation in
various solvents is plotted in ®gure 6 versus the external
®eld B. Characteristic feature of the negative MFE(B) is
a pronounced change in the low ®eld region only,
approaching a plateau with a maximum absolute MFE
at magnetic ®elds B > 1 T. The value of the strongest
reachable ®eld e� ect, MFEmax, obviously depends on
the viscosity of the solution. This dependence is given
in ®gure 7 (a) (for MFEmax we have taken the average of
the high ®eld values at 1.82 T and 2.94 T). MFEmax

sharply decreases with viscosity until ² º 30 mPa s and
then levels o� at a value MFEmax ˆ ¡43% in squalane

1220 S. Milikisyants et al.

Table 2. Corrections of OD329 due to the direct photolysis of
azocumene.

ODDrPh £ 103

Heptane 1.8

Benzene 1.45

Nonane 1.55
Dodecane 1.6

Hexadecane 1.3

Squalane : heptane (4 : 1 vol.) 1.3
Squalane 0.6

Para� n oil 0.4



and para� n oil. Figure 7 (b) shows the dependence on
viscosity of the radical quantum yield FR, calculated
according to equation (5) for the minimum magnetic
®eld 0.02 T. FR also levels o� at high viscosities and
shows a sharp decrease at low ones.

4. Discussion
The observation of a magnetic ®eld e� ect in the

formation of cumyl radicals from triplet azocumene
plus a net spin polarization of the radicals indicates
the occurrence of a d-type triplet mechanism in 3AC.
For a quantitative analysis of our experimental data
we follow the model used by Steiner to explain the
MFE on the decay of certain exciplexes [29]. We
assume that 3AC undergoes simultaneously spin state
selective ISC to the ground state and spin state indepen-
dent decay into radicals, according to scheme 2. The

spin selective ISC causes non-thermal populations of
Tx, Ty, and Tz, which are partially transferred to the
radical products. The quantum yield of cleavage is
determined by the ratio of the decay rate kp to the
rates kx, ky, kz of the ISC. An external magnetic ®eld,
combined with the rotational Brownian tumbling of the
molecule, induces transitions between di� erent spin
states. That a� ects the total depopulation rate via the
ISC and, hence, in¯uences the quantum yield of radicals
and their polarization.

For simplicity we assume for 3AC axial symmetry of
the zero ®eld tensor and the ISC rate constants
(kx ˆ ky ˆ k?). This should be a good approximation,
as the triplet electrons are probably localized on the two
nitrogens. The interactions and processes determining
the triplet spin dynamics are: Zeeman and dipole±
dipole interaction, rotational di� usion, and depopula-
tion via ISC and decay into radicals. The magnitudes
of the Zeeman and dipole±dipole interaction are deter-
mined by the ®eld B and the ZFS parameter DZFS, re-
spectively, and the rates of the depopulation processes
are described by the rate constants k?, kz and kp. The
di� usional tumbling is measured by the correlation time
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Figure 6. Magnetic ®eld dependence of the magnetic ®eld
e� ect measured in heptane (*), nonane ("), benzene
(£), dodecane (!), hexadecane (‡), squalane : heptane
(4 : 1 vol.) mixture (~), squalane (^) and para� n oil (©).

Figure 7. Dependence on viscosity of (a) the maximum mag-
netic ®eld e� ect and (b) the cumyl radical yield per
quenched triplet 1-NN.

Scheme 2.



½c for reorientational motion. The in¯uence of any of

these processes on the spin dynamics is determined by

the ratio of the parameter measuring the process to the

rate of triplet state depopulation. The value of ½c

increases with increasing viscosity. If the condition

1=½c ½ maxfkp; minfk?; kzgg is met, the in¯uence of

the di� usional motion becomes negligibly small, because
the molecule has simply no time to change noticeably

its orientation during the lifetime of the triplet state.

Then the polarization and quantum yield of the radicals

become independent of the viscosity of the solution. We

believe that this situation is met for 3AC in the two most

viscous solvents, squalane and para� n oil, as FR and

MFEmax are nearly the same, although the viscosity
di� ers by more than a factor of three. Thus, for these

two solvents the experimental data can be analysed with

neglect of rotational di� usion and assumption of a static

triplet molecule, as is done in the following.

For analysis we choose a molecular frame {x, y, z} as

depicted in ®gure 8. Let the z axis be along the axis of

symmetry of the ZFS tensor and the ISC rate constants
(probably along the NN double bond), and the x axis in

the plane formed by the z axis and the magnetic ®eld

vector ~BB. ³ is the angle between the z axis and the ®eld

direction. In the general case, the statistical description

of the quantum system requires solution of the appro-

priate Liouville equation. However, if the in¯uence of
di� usion is negligible, the processes can be described in

terms of the SchroÈ dinger equation. For our case it reads

d

dt
C ˆ ¡iĤHEFFC ˆ ¡i ĤHZ ‡ ĤHZFS

¡ ¢
C ¡ 1

2
k̂kC; …6†

In the basis fT‡g ˆ f¡…Tx ‡ iTy†=
���
2

p
g, fT0g ˆ fTzg,

and fT¡g ˆ f…Tx ¡ iTy†=
���
2

p
g, quantized along the z

direction, the Hamiltonian of the Zeeman interaction,

ĤHZ ˆ !0…ŜSz cos ³… † ‡ ŜSx sin ³†… †, can be expressed in

terms of the magnetic ®eld !0 and the spin operators

ŜSz ˆ
1 0 0

0 0 0

0 0 ¡1

0

B@

1

CA and ŜSx ˆ 1���
2

p
0 1 0

1 0 1

0 1 0

0

B@

1

CA:

The zero ®eld interaction and the operator describing
the decay via ISC and cleavage are given by the matrices

ĤHZFS ˆ 1

3

DZFS 0 0

0 ¡2DZFS 0

0 0 DZFS

0

B@

1

CA

and

k̂k ˆ
k? ‡ kp 0 0

0 kz ‡ kp 0

0 0 k? ‡ kp

0

B@

1

CA:

HEFF denotes the e� ective Hamiltonian including all
interactions and processes.

The solution of the ®rst-order linear di� erential equa-
tion (6) has the general form

C ³; t… † ˆ C1
~ll1 e¶1t ‡ C2

~ll2 e¶2t ‡ C3
~ll3 e¶3t;

with ~ll1;2;3 and ¶1;2;3 being the eigenvectors and corre-
sponding eigenvalues of the matrix ¡iĤHEFF and C1;2;3

the set of arbitrary constants, which are determined by
the initial conditions. For comparison with the experi-
mental data for the quantum yield, the integration

FC ˆ 1

3

X

‡;0;¡
kp

1

2

…p

0

sin ³… † d³

…1

0

C ³; t… †j j2 dt …7†

is required, because the measured quantum yield is a
statistical average over all initial polarizations and
orientation angles of the triplet molecule (note that FC

in equation (7) now is the quantum yield for cleavage,
i.e. FC ˆ FR=2). Unfortunately, for the general case
the dependence of C on ³ is too complicated to permit
an analytical expressions for FC. Therefore, we shall
consider separately two limiting cases, in which the
calculations can be much simpli®ed.

4.1. Zero magnetic ®eld case
In the absence of a magnetic ®eld, the matrix ĤHEFF is

diagonal and fT‡g, fT0g, fT¡g are the quasi-stationary
eigenstates of the triplet. The population density of the
states fT‡g and fT¡g decays exponentially with a time
constant ½? ˆ …k? ‡ kp†¡1, while that of state {T0}
vanishes with ½z ˆ …kz ‡ kp†¡1 . In the absence of any
noticeable polarization transfer from triplet 1-NN the
initial population of all three states is the same (1/3),
so that an easy calculation delivers FC, i.e. the product
yield per 3AC,
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FC ˆ kp

1

3

…1

0

2e¡t=½? ‡ e¡t=½Z

± ²
dt

ˆ
kp

3

2

k? ‡ kp

‡ 1

kz ‡ kp

³ ´
: …8†

Putting k? ‡ kp ˆ ¬kp and kz ‡ kp ˆ ­ kp, equation (8)
can be rewritten in a form which contains only two
unknown parameters ¬ and ­ ,

FC ˆ 1

3

2

¬
‡ 1

­

³ ´
:

According to ®gure 7 (b) the radical yield amounts
essentially to about 7%, i.e. FR º 0:07. Therefore

FC ˆ FR=2 º 0:035. It is worth mentioning that, strictly
speaking, the equality FC ˆ FR=2 is only an approxima-
tion, because FC is calculated for zero magnetic ®eld,
while FR was measured at 0.02 T. However, a careful
examination of the data given in ®gure 6 shows that the
MFE at 0.02 T cannot exceed 2%. Therefore,

FC ˆ 1

3

2

¬
‡ 1

­

³ ´
º 0:035 …9†

is a very good approximation. In order to get a second
equation for the two unknown parameters ¬ and ­ , the
high ®eld case is now considered.

4.2. High magnetic ®eld case
If the magnetic ®eld is large, the e� ective Hamiltonian

becomes dominated by the Zeeman interaction. ZFS
tensor and reaction operator can then be treated as
weak perturbations. Without perturbation the eigen-
vectors l1;2;3 of the Zeeman Hamiltonian are the triplet
states fT 0

‡g, fT 0
0g, fT 0

¡g, quantized in ®eld direction,
and the corresponding eigenvalues of ¡iĤHEFF become
¶1;2;3 ˆ ¡i!0, 0, and ‡i!0, respectively. In order to
account for the ZFS and reaction operator as a weak
perturbation, ¶1;2;3 may be written as power series

¶1;2;3 ˆ
X1

jˆ0

¶
… j†
1;2;3!

1¡j
0 with ¶

…0†
1;2;3 ˆ ¡i; 0; ‡i;

respectively. The ®rst correction terms then become

¶
1… †

1;3 ˆ iDZFS

6
1 ¡ 3 cos ³… †2

± ²

¡
1

4
k? ‡ kp

¡ ¢
1 ‡ cos ³… †2

± ²
‡ kz ‡ kp

¡ ¢
sin ³… †2

h i
;

¶
1… †

2 ˆ ¡
iDZFS

3
1 ¡ 3 cos ³… †2

± ²

¡ 1

2
k? ‡ kp

¡ ¢
sin ³… †2‡ kz ‡ kp

¡ ¢
cos ³… †2

h i
:

The imaginary parts of ¶
…1†
1;2;3 correct the energy levels of

the quasi-stationar y eigenstates fT 0
‡g, fT 0

0g, fT 0
¡g, and

the real parts determine their lifetime. Averaging over all
initial polarizations gives for the cleavage yield

FC;1 ³… † ˆ
kp

3

1

k? ‡ kp

¡ ¢
sin ³… †2‡ kz ‡ kp

¡ ¢
cos ³… †2

(

‡ 4

…k? ‡ kp†…1 ‡ cos…³†2† ‡ …kz ‡ kp† sin…³†2

)

:

Integrating over the orientations according to equation
(7) and rewriting in terms of the parameters ¬ and ­
®nally yields

FC;1 ˆ 1

3

1

2
�������������������
¬ ¬ ¡ ­… †

p ln
¬ ‡

�������������������
¬ ¬ ¡ ­… †

p

¬ ¡
�������������������
¬ ¬ ¡ ­… †

p
(

‡ 4����������������
¬2 ¡ ­ 2

p arctg

������������
¬ ¡ ­

¬ ‡ ­

s )
if ¬ > ­ ; …10a†

1

3

1�������������������
¬ ­ ¡ ¬… †

p arctg

������������
­ ¡ ¬

¬

r
‡ 2����������������

­ 2 ¡ ¬2
p

(

£ ln
­ ‡ ¬ ‡

����������������
­ 2 ¡ ¬2

p

­ ‡ ¬ ¡
����������������
­ 2 ¡ ¬2

p
)

if ¬ < ­ : …10b†

At high magnetic ®elds the MFE measured in squalane
and para� n oil (see ®gure 7 (a)) levels o� at about
¡43%. Therefore,

MFEmax ˆ
FC;1 ¡ FC;0

FC;0

º ¡0:43: …11†

Expressing in equation (10) ­ in terms of ¬ via equation
(9), the numerical calculation of MFEmax as a function
of ¬ (see ®gure 9) gives two possible solutions for ¬.
Equation (9) and the de®nition of ¬ and ­ , then ®nally
yield the following two possible parameter sets, which
satisfy all the conditions pointed out above:

…1†

¬ ˆ 20:36

­ ˆ 147:75

k? ˆ 19:36kp

kz ˆ 146:75kp

and …2†

¬ ˆ 75:5

­ ˆ 12:72

k? ˆ 74:5kp

kz ˆ 11:72kp

:

8
>>><

>>>:

8
>>><

>>>:

As the observed spin polarization is emissive, set (1)
holds if DZFS > 0 for 3AC, i.e. if the Tz state lies energe-
tically below the Tx; y states. In the opposite case
…DZFS < 0†, parameter set (2) would be the correct
one. For both cases our data say that the lower zero
®eld triplet state of 3AC is depopulated by the ISC
about seven times faster than the upper one, and
about two orders of magnitude faster than its depopula-
tion occurs by the cleavage reaction. Absolute values for
the depopulation rates might be obtainable by analysing
additional information contained in the size of the spin
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polarization. An investigation concerning this is in pro-
gress.

5. Conclusion
From the observation of both a magnetic ®eld e� ect

on the cleavage of triplet azocumene and a net spin
polarization of the generated cumyl radicals we con-
clude that a d-type triplet mechanism is occurring in
this excited molecule, i.e. the cleavage reaction competes
with a fast, state-selective intersystem crossing to the
ground state. The energetically lower zero ®eld triplet
substate is depopulated by ISC about seven times
faster than the upper one, and about two orders of
magnitude faster than depopulation by cleavage
occurs. Cleavage probably takes place on the nano-
second timescale, while the ISC must proceed on the
picosecond scale, because at higher elevated viscosities
it becomes faster than the rotational Brownian motion
of the molecule.

The authors thank the Swiss National Science Foun-
dation for ®nancial support of this work, which is also
part of the INTAS Project 99-01766.

References
[1] Engel, P. S., 1980, Chem. Rev., 80, 99, and references

therein.

[2] Klessinger, M., and Michl, J., 1995, Excited States and
Photochemistry of Organic Molecules (New York: VCH),
p. 387, and references therein.

[3] Savitsky, A. N., Batchelor, S. N., and Paul, H., 1998,
Appl. magn. Reson., 13, 285.

[4] Savitsky, A. N., and Paul, H., 2000, Chem. Phys. Lett.,
319, 403.

[5] Salikhov, K. M., Molin Yu. N., Sagdeev, R. Z., and
Buchachenko, A. L., 1984, Spin Polarization and
Magnetic E� ects in Radical Reactions, edited by Yu. N.
Molin (Amsterdam: Elsevier).

[6] Nagakura, S., Hayashi, H., and Azumi, T., 1998,
Dynamic Spin Chemistry (Tokyo: Kodansha; New York:
Wiley).

[7] Sasaki, S., Kobori, Y., Akiyama, K., and Tero-
Kubota, S., 1998, J. phys. Chem. A, 102, 8078, and
references therein.

[8] Steiner, U., 1980, Chem. Phys. Lett., 74, 108.
[9] Steiner, U. E., and Ulrich, T., 1989, Chem. Rev., 89, 51,

and references therein.
[10] Jent, F., and Paul, H., 1989, Chem. Phys. Lett., 160, 632.
[11] Steiner, U., 1979, Z. Naturforsch., 34a, 1093.
[12] Savitsky, A., 1998 Ph.D. thesis, University of Zurich.
[13] Stowell, J. C., 1967, J. org. Chem., 32, 2360.
[14] Ritter, J. J., and Kalish, J., Org. Syntheses, collective 5,

471.
[15] Savitsky, A. N., and Paul, H., 1997, Appl. magn.

Reson., 12, 449.
[16] Anderson Jr, R. W., Hochstrasser, R. M., Lutz, M.,

and Scott, G. W., 1974, Chem. Phys. Lett., 28, 153;
J. chem. Phys., 61, 2500.

[17] Engel, P. S., and Steel, C., 1973, Accounts chem. Res., 6,
275, and references therein.

[18] Wamser, C. C., Medary, R. T., Kochevar, I., Turro,
N. J., and Chang, P., L., 1975, J. Amer. chem. Soc., 97,
4864.

[19] Capellos, C., and Porter, G., 1974, J. chem. Soc.
Faraday Trans. ii, 70, 1159.

[20] Tarassov, V., 1999, Ph.D. thesis, University of Zurich.
[21] BlaÈ ttler, C., Jent, F., and Paul, H., 1990, Chem. Phys.

Lett., 166, 375.
[22] BlaÈ ttler, C., and Paul, H., 1991, Res. Chem. Intermed.,

16, 201.
[23] Martschke, R., 1999, Ph.D. thesis, University of Zurich.
[24] Simiyoshi, T., Kamachi, M., Kuwae, Y., and

Schnabel, W., 1987, Bull. chem. Soc. Jap., 60, 77.
[25] Hurley, R., and Testa, A. C.,1968, J. Amer. chem. Soc.,

90, 1949.
[26] Tsentalovich, Y. P., and Fischer, H., 1994, J. chem.

Soc. Perkin Trans. ii, 729.
[27] Schuh, H., and Fischer, H., 1978, Helv. Chim. Acta, 61,

2130.
[28] Nelsen, S. F., and Bartlett, P. D., 1966, J. Amer. chem.

Soc., 88, 143.
[29] Steiner, U., 1981, Ber. Bunsenges. phys. Chem., 85,

228.

Figure 9. Dependence of MFEmax on the parameter ¬ as
calculated numerically from equations (9) and (10) and
the de®nition of MFEmax. The dashed lines represent
the two solutions resulting from the experimental value
MFEmax ˆ ¡43%.
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