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Dual spin polarization of CIDEP signal of radicals produced in benzil/triethylamine in the benzene system
was investigated by the time-resolved ESR and transient absorption technique. CIDEP signals showed absorption
or emission depending on the concentration of triethylamine. Emissive CIDEP signal was observed below
1073 M of triethylamine, whereas absorptive signal was observed aboveviLO'he dual CIDEP signal was
explained by the triplet mechanism (TM) and the radigablet pair mechanism (RTPM); the absorptive
polarized TM signal was generated from the reaction of free triplet benzil with triethylamine, whereas the
emissive polarized CIDEP signal was generated through the interaction between triplet benzil and benzil
ketyl radical produced from the benzilriethylamine complex.

Introduction In our previous study,the dual spin polarization of benzil
in the presence of amines or phenols was interpreted to result

Benzil is a typicalo-dicarbonyl molecule. Many studies on f wo diff i Ab i larized radical
the photochemical reactions have been reported on benzil. The rom two difierent precursors. AbSorplive polarized radicals

photochemical reactions of benzil have been studied by flash were fo_r_med in the reaction of free tr!ple_t benzil whase, =
photolysié2and time-resolved ESRS Benzil has attracted our 2 transition was known to be absorptive in the low-temperature

attention because the CIDEP signals of produced radicals Showexperimenﬁ Emissive polarized radicals were produced through

dual spin polarization in the presence of various amines andthe photoreaction of _benzn-quencher complex formed in the
phenols. For example, spin polarization of benzil ketyl and ground state. Assuming that the excited triplet complex gave

counter radicals produced in the benzil/aniline system is inverted an emissive CIDEP signal by the triplet mechanism (TM), it

twice depending on the concentration of quenchers, net emissionVas successfully demonstrated that the polarization inversion

at | x 10-3 M of aniline, net absorption at k 101 M, and occurred twice by chgnging the gu.encher concentratiop.
again inverted to emission at 10 M. In a benzene solution of benzil in the presence of triethyl-
It is well-known that benzil has two rotational isomé&rs. amine (TEA), spin polarization inversion was also obserfed.
These isomers have been thought to be responsible for the duall N€ inversion, however, could not be explained by the above
spin polarization of CIDEP. Several studies have been madeMechanism. The inversion occurred only once; emission was
on the conformations of benzil. Benzil in the ground state has °bserved at a very low concentration of TEAIQ™® M) and
a nonplanar (skew) conformation in which the central carbenyl ~absorption at a high 90nce“trat'®'9" M). Mukai et al. also
carbonyl bond is twisted at an angle of 12Ifherefore, the demqnstrated dual spin polarization |n.benZ|I/TEA in 2-propan0|
two benzoyl moieties are not in conjugation with each other. solutlon_.15 '_I'hey concluded_that the_dlfferent _eIectronlc statc_es
In the first excited singlet state, benzil has a trans-planar of _benzn ylelo_led different |r_1termed|ate species w_|th oppo§|te
conformation. Morants and Wright reported that the skew benzil SPIN polarization. They assigned that the absorptive polarized
relaxed to the trans-planar conformation after the excitdfon. adical was the benzil anion radical produced through a one
Miyasaka and Mataga reported that conformational relaxation Photon process, while the emissive polarized radical was the
in the S state was completed within a few picosecoRdsough benzil ketyl radical formed from the _h|gher triplet state T
the lifetime of the $ state was fairly long (ca. 2 ns). The through a two photon process. The spin sublevel pppulatlon of
conformation of the triplet state (Twas reported to be identical  Tn Produced from a higher singlet state through intersystem
to that of the $state: i.e., the conformations in the &d T crossing (ISC) was _assumed to be different from th_at of T
states are thought to be unigt#é3 Therefore, the dual CIDEP ~ 9enerated fromSThis T, state was thought to react with the
signal must have nothing to do with the existence of rotational SO!vent 2-propanol and produced the emissive polarized ketyl
isomers. radical.
Recently, the quartet-precursor radical-triplet pair mechanism
* Corresponding author. E-mail: okutsu@chem.gunma-u.ac.jp. (RTPM) was revealed to play an important role in the spin
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Figure 1. Concentration dependence of the CIDEP spectra on TEA
obtained by laser photolysis in benzil £ 10-% M)/TEA in benzene.
Concentrations of TEA are (a) £ 103 M and (b) 10* M.

polarizationt®~18 Blattler and Paul reported that the benzil ketyl §_2_
radical in 2-propanol solution was produced by a single-photon k-1
process from the lowest triplet and the two-photon process was
via a higher triplet state. And they demonstrated that emissive
polarization of benzil ketyl was due to RTPM.

In this study, we have reinvestigated the switching mechanism -3 ~

(]
of spin polarization in the photoreactions of benzil in the

presence of TEA and revealed that, in addition to TM, RTPM - — » -
also plays an important role in the spin polarization inversion; In(L,)

the net emissive CIDEP signal is due to RTPM, and the net

absorptive signal is due to TM. Figure 3. Laser power dependence of the production yield of benzil

ketyl radical for @) benzil anion radical, @) benzil ketyl radical
. . produced from the benzil/TEA system, andl)(benzil ketyl radical
Experimental Section produced from benzil in 2-propanol.

Time-resolved ESR measurements were carried out using a . . . .
Varian E-112 spectrometer at X-band without field modulation. CIDE.P sllgnal Is inverted to apsorptlon. According to TM,.the
Signals were accumulated in a boxcar integrator (Stanford S’R_polarlzatlon of produced radicals reflects that of the triplet
250). The gate of the boxcar was opened for-R1lus after precursor. Though the triplet state of benzil has absorptive
the laser pulse. An excimer laser (Lambda Physik LPX100) was cha(;actedr asdl_<nolwn_ in the Iovz—tempﬁraturbe t(:]xperl_me_nts, th(;:'
used as an excitation light source. The details of the experimentalIoro uced racicals In our sysiem Show Dboth €missive an

apparatus for time-resolved ESR measurements were describe&b_ls_?gﬁgiveitp;éigiatt;g: gfpeer?mdg‘rgtsoxeer)épg::?eedngﬂtigréi';&?ﬁ'e
previously?%-22 For transient absorption measurements, &Nd P P

YAG laser (Quanta-Ray GCR-130, 355 nm) was used as an the generation mechanism of these radicals. Figure 2 shows the

o : transient absorption spectra of the benzil in the presence of TEA
excitation light source. The samples were flowed through a . .
quartz cell with a flow rate of ca. 30 mL i A Unisoku gnzefgg?% -2213 Zpsrcégjdmagb;?'q.eodn"grgog dnz ggirﬂe?rlﬁeateggko
TSP-601H laser system was used as signal detection. sorpti u : P

GR grade benzil (Tokyo Kasei) was used in CIDEP and at 480 nm is attributed to the-T absorption of benzil, because

) ) ’ : - the transient absorption spectrum of triplet benzil has a typical
transient absorption experiments. GR grade triethylamine (Tokyo . . .
Kasei) was used without further purification. GR grade benzene peak at 480 nri.The peak at 370 nm is assigned to the benxil

i ketyl radical because the transient absorption spectrum of benzil
gizgtzgzgi/?gtznveiti(?u%ﬁ ?fhirpgzﬁzgglugﬁamo Kagaku) were ketyl radical shows a peak at 370 AfriThe longer wavelength

transient absorption around 600 nm is ascribed to the benzil
anion radical. We measured laser power dependence of the
transient absorption signals of the ketyl and anion radicals in
Figure 1 shows the CIDEP spectra obtained in laser photolysisbenzil/TEA in benzene and benzil in 2-propanol.
of benzil in the presence of TEA. Benzene was used as a solvent. Figure 3 shows the logarithmic plots of the benzil ketyl and
The spectrum in Figure la obtained at concentrations of2.0  anion radicals vs laser power. Laser power dependencies gave
103 M benzil and 10° M TEA shows net emissive signals slopes of 0.9 for the ketyl radical, 1.1 for the anion radical in
without hyperfine structure. This signal was assigned to the the benzil/TEA system, and 1.1 for the ketyl radical in the benzil/
benzil ketyl radical. There is little difference in thlgvalues 2-propanol system. It is concluded that all radicals are produced
between the benzil ketyl radical and triethylamine radical, and through a one photon process with excitation at 355 nm. Since
thus, the net emissive CIDEP signal is produced by TM or the laser power dependence on the CIDEP signal of the emissive
RTPM. Figure Ib shows a CIDEP spectrum obtained in the same polarized ketyl radical was 2, another photon should take part
system at a high concentration of TEA (0.1 M). The phase of in the generation of the emissive spin polarization.

Results and Discussion
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Figure 4. Reaction scheme to product benzil ketyl radical.

A detailed kinetic analysis was reported in the previous
paper?? The whole reaction scheme and kinetic data in the
benzil/TEA system are summarized in Figure 4. There is
chemical equilibrium in the ground-state molecules,

B+ TEA = B---TEA 1)

where B is benzil an& is the equilibrium constant. Equilibrium
constanK was obtained as ca. 15W22 Both chemical species,
free benzil and its complex with TEA, are responsive to
photoabsorption,

B+ hv—!B*
(B---TEA) + hv — }(B---TEA)*

(@)
®3)
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Figure 5. Kinetic simulation of the CIDEP intensities bt 1.5us as

a function of initial concentration of TEA. Emissive polarization due
to RTPM is indicated by the solid line and absorptive polarization due
to TM is indicated by the broken line.

d[SBabs* 3
gt = (ko KTEAD[*B )
di(B=---TEA™ a

C A ol peamel o
d[BHgpe] - +

—q = aky @ [(B ™+ TEA), ] (11)

wherea is a factor for spin polarization generation. The value
of o is not known and assumed as unity in the following
calculation. $B4pd] at t = 0 is considered to be equal to the
initial concentration of triplet benzil, which was calculated from
the molecular extinction coefficient of the ground state, the
intersystem crossing quantum yigld®isc = 0.92), the equi-
librium constant, and the excitation laser powéBps] =

1.5 x 107> M at [benzil] = 9 x 1073 M and 25 mJ puls€.. @,

is a quantum yield of the ketyl radical formation which is 0?31.

and the singlet excited states of both species undergo intersystemrhe concentration of B was obtained by solving the above

crossing to the triplet states,

g =09, + (4)
1 % ISC 3 %
(B++-TEA)* — 3(B---TEA) (5)

rate equations numerically up to= 1.5 us. The results are
plotted as a broken line in Figure 5 against initial concentration
of TEA.

The CIDEP signals shown in Figure 1b was measured by
opening the gate of the boxcar integrator from 1.1 toi&1in
this time range, only 13% of initially produced anion radicals

where the subscript “abs” represents absorption of spin polariza-survive in CIP as an average and 87% CIP dissociates to the

tion.

Free triplet benzil yields the contact ion pair (CIP) of benzil
anion (B™---TEA™), which decays with the rate constant of
1.5 x 10° s71 forming the ketyl radicals with absorptive
polarization through TM.

K
*Babs — ‘By* 6)
ke
3B,,* + TEA— (B™---TEA"), ¢ 7
— + kpt . .
(B™++-TEA™) p— BH,, + TEA (8)

where®By* is thermally distributed triplet benziks, is the spin
relaxation rate of the triplet benzil which was measured as 1
10'°s™1 by optical induced magnetizatich ke andkp; are the

CIP formation and proton-transfer rate constants, and their

values are 6.0« 108 M~1 s1 and 1.5x 10° s1, respectively.

ketyl radicals. The CIDEP spectrum in Figure 1b is, therefore,
mainly due to the ketyl radical with some contribution of the
anion radical and reflects the absorptive spin polarization of
triplet benzil through TM.

Next, we will discuss the ketyl formation from the complex
in the ground state.

3B+ TEA)* — BH' + TEA® (12)

The concentration of excited-state complex was calculated from
the molecular extinction coefficierts°™ = 490 M1 cm™1

of the comple®2 and excitation laser power by using the
following equation:

lo(1 — 107

%1 — O
[*(B---TEA)] = Y (13)

Here |y is the excitation laser power and was estimated as

The decay of the triplet benzil is not needed to be included in 4.4 x 1016 photons when there is a 25 mJ pulsat 355 nm,
the reaction scheme of the spin polarized ketyl formation due N, is Avogadro number, and is the volume of the cell used.

to the slow decay rate, 2.3 10* s%, compared with spin

The quantum yield of ketyl formation from the complex was

relaxation rate. These kinetic parameters are listed in our confirmed to be unity?

previous study? The rate equations for the above scheme are

expressed as

Now, we will focus our interest on the mechanism of spin
polarization inversion. In our previous paper, we proposed that
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the spin polarization inversion is due to the complex forma- produces benzil ketyl in our systefi(t = 0)/Peq = 0 M was
tion: free benzil gives absorptive CIDEP through TM, whereas chosen as the initial condition.
the complex of benzil with TEA yields the emissive one through ~ The equations were solved numerically up t0 1.5us. [BH]
TM, too, which is opposite to the spin polarization of the triplet was calculated from eq 13. The results are shown in Figure 5
state measured at 77 RWe should, however, take back this as a solid line against the initial concentration of TEA. Since
idea because that spin polarization by TM from the photoex- the concentrations of the complex and hence produced ketyl
citation of the complex cannot explain the second-order laser are low at low concentration of TEA, RTPM does not work
power dependence of the CIDEP signal intensity in this system. efficiently and emissive CIDEP signals are weak. The chemical
Another mechanism to give emissive polarization is RTPHA equilibrium (1) moves to the right with the increase in TEA
which works between a spin relaxed triplet molecule and a free concentration, and the ketyl concentration becomes high enough
radical. According to RTPM, radicals always show emissive to promote RTPM, where triplet benzil still survives. When TEA
polarization regardless of the triplet spin polarization. The singlet concentration is higher than 19M, triplet benzil reacts with
excited state of the complex produced in reaction (3) yields the TEA to yield CIP and the efficiency of RTPM goes down. These
ketyl radical following ISC. These processes are thought to be are the reasons the emissive CIDEP intensity curve shows a
too fast compared with Larmor precession rate to generate spinpeak around 1& M of TEA.
polarization and, hence, the produced radicals would not show Absorptive polarized CIDEP is also plotted in the figure as
CIDEP. The ketyl radicals produced in reaction (12) interact a broken line in arbitrary unit. From the curves in Figure 5, it
with spin relaxed triplet benzil formed in process (6), and is easily understood that the polarization changes from emission
emissive polarization is generated on the free radicals throughto absorption with increase in TEA concentration.

RTPM. These demonstrations reproduce the experimental results
about the spin polarization inversion depending on the TEA
3g* 4+ BH* M 15 4 BH,,’ (14) concentrations.
Summary

Intensity of the spin polarization due to RTPM is already
calculated by Bldler and Paul, and we carried out the spin
polarization estimation after their meth&dThese are ex-

Mechanism of spin polarization generation in photoreaction
of the benzil/triethylamine system was investigated by using
the time-resolved ESR and transient absorption techniques. The

pressed as benzil ketyl radicals produced show spin polarization inversion
dM depending on TEA concentration, emission at low and absorp-
Y T7M — o.M (15) tion at high concentrations. We have analyzed this double-faced
dt 2 Ty AT polarization of CIDEP signal with kinetic data and revealed that
dM photoexcitaion of the ground-state complex yields the ketyl
—=u.M, - T, M, — P_IBH]) + P B *|[BH * radicals with emissive polarization through RTPM, and the
dt 1Vly 1 z e TPM th i . X X A
(16) triplet state of free benzil forms those with absorptive polariza-
tion through TM. This study demonstrates that RTPM readily
The triplet state of benzil decays, occurs in an ordinary photochemical system under laser excita-
tion condition.
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