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Quenching Mechanism of Excited Coronene by a Nitroxide Radical Studied by Probing
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By use of the time-resolved electron spin resonance (TR-ESR) method, quenching mechanisarsdof; S
coronene by the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical were investigated by probing absorptive
(abs) and emissive (em) chemically induced dynamic electron polarizations (CIDEP), which are generated
by interactions of and T, coronene with TEMPO radicals, respectively. Absolute magnitudes of abs and
em CIDEPs created on TEMPO radicals in the cororeFleMPO system in benzene were determined as

1.8 and 2.2, respectively, in the units of Boltzmann polarization by utilizing Bloch and kinetic equations.
This result is evaluated by a theoretical model that describes the magnitude of CIDEP created in the radical
triplet (RT) system, and it is clarified that exchange interaction of thecfonene-TEMPO pair is much

larger than the Zeeman energy and the em CIDEP is dominantly generated in the level-crossing regions. This
means that quenching of, Toronene by TEMPO in benzene occurs through an electron-exchange interaction
in an RT encounter complex. A ratio of em to abs CIDEP magnitudes was determined to be 1.2. The difference
between the magnitudes of abs and em CIDEPs implies that the mean reaction distanqeeriching is

about -2 A longer than that of Tquenching. This result suggests that a5, enhanced intersystem
crossing occurs through both charge transfer and exchange mechanisms whilenthing occurs only
through exchange mechanism.

1. Introduction T1 quenching by radicals in solution is in no case diffusion

. . . controlled. However, the quenching of the Sate is fast and

The excited-state quenching of aromatic molecules by . diffusi €10 which h

intermediate radicals occurs in numerous early photochemicalIn many cases diffusion controlled,” which seems to have
no parallel relation with T quenching:™ So far, several

and photoblolloglcal stages. Th.e phe_nomer_la have been k.nownmechanisms have been proposed to explain the excited-state
for a long time and extensively investigated by optical

measurements:10 In these studies, chemically stable nitroxide quenching 1% The mechanism of fquenching is interpreted

; R mostly by T;—D; energy transfer or enhanced intersystem
radicals such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) crossi);g )(/EIéC).lOn thgyother hand, @enching by radi():/als

have been used to understand the excited-state quenching b¥nay oceur via the following different mechanisfg?

doublet species. More recently, quenching of excited states by A) El h . I
radicals covalently linked to the excited molecule attracts much ~ (A) Eléctron exchange in an encounter complex

attention because of the growing interest of high-spin excited

states of organic molecules such as qudrsetd quintet state’s¢ M* + 2R —2(*"M* ---"R) — *M* + R 1)
Fluorescence probe molecules for free radicals also utilize the 1M+ R @
idea of excited-state quenching by free radi¢alshese probe
molecules include fluorescent and free-radical moieties, and
intramolecular fluorescence quenching depresses fluorescenc ; )
intensity. Once the radical moiety is destroyed by the reaction state tM*) or the ground state') during the encounter with

with a target free radical, fluorescence intensity increases to be' €€ radical tR).
detected by observer. (B) S;—Ds energy transfer

g\/here the excited moleculéN*) is converted to the triplet
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Figure 1. Schematic energy diagram of the spin states of the triplet M,: +1 0 -1

doublet encounter complex under external magnetic fiBd, The

exchange interaction(r), of the RT pair is assumed to be negative. Figure 2. TR-ESR spectra of TEMPO in the COTEMPO (0.16-

1.2 mM) system in benzene obtained by a 308-nm excitation with gate

) ) . times of (a) 0.5-1.0us and (b) 1.3-1.8 us. M, nuclear spin states of
Reactions 5 are spin allowed, and reactions 1 and 4 are nitrogen atom are described in the figure.

S,—T; EISC, while reactions 2, 3, and 5 enhance the internal

conversion ($-So EIC). Previous studiés'® have shown the  magnitudes of net DP-RTPM and QP-RTPM polarization in the
fluorescence quenching by nitroxide radicals occurs mostly Cor—TEMPO system were estimated from analyses of CIDEP
through $—T, EISC due to exchange or CT mechanisms to time profile. A theoretical evaluation for the CIDEP magnitude
yield the T, state. It is noteworthy that both complexes of the s also presented. Possible mechanisms contributing toithe S
encounter and CT have very short lifetimes, and it is difficult T, EISCin§ quenching by TEMPO are discussed on the basis
to distinguish reaction 1 from 4 in the ST; EISC process. of experimental and theoretical results.

Recent time-resolved electron spin resonance (TR-ESR)
experiments show that chemically induced dynamic electron 2. Experimental Section

polarization (CIDEP) is created through interactions between TR-ESR Measurements Transient ESR signals generated

excited molecules and free radic&ls?® This phenomenon is X )
explained by magnetic interactions acting on the potential _by XeCl excimer laser (Lambda Physik LPX 100, 308 nm)

. - - : irradiation were detected by a diode of a conventional X-band
2?13‘?5 ?rigpfgtlgdsitr? ifn?sf g??%iﬂg%éﬁg E)Zli:srég:%gri slrr)1 ESR spectrometer (Varian E-;12) without field modulation and
(RTPM). According to the RTPM, two patterns of CIDEP are were transferred to a boxcar integrator (Star\ford SR-250) for
observed on free radicals; one is a net emission (em) CIDEPTR'.ESR spectrum measurements or a transient memory _(Tek-
observed in the F-radical syster315-1221and the other is a tronix TDS 350) for CIDEP time profiles. AW|de-band.ampI|f|er
net absorption (abs) CIDEP in tha-Sradical system516:19.20 (LHO032 10 MHz) was inserted between the detection system

In the T;—radical system, randomly encountered pairs become and the signal analyzer for the transienF ESR ;ignals. Laser
quartet (Q) and doublet (D) spin states and the latter convert to POWEr was properly attenuated by a series of _fllter_s. Sample
the radical and ground-state singlet molecule pairs through T §o|utlons were f!owed through a flat cell (0.5 mm interior space)
qguenching. As a result, a population of Q spin stai€s £ in the ESR cavity.

m|), wherem is a magnetic quantum number, becomes higher TR Thermal Lensing, TranS|en_t_Abs_orpt|on, and Fluo-
than that of D spin statesT¥ + m|). During the encounter rescence MeasurementsThe exciting light source was the

process, the Q and the D spin states mix with each other beeCI exqimer Igser. Las.er. power was attenuated to the range
zero-field splitting (zfs) interaction and a net em CIDEP is where triplet-triplet annihilation was suppressed. The TR-

created. This mechanism is calla Q precursor RTPM (QP- 'Ejherm_abl Iznsllng (:PA ar11(_jhtrafr|13|ent absorp'lt_lf)?tgpparatus were d
RTPM)16 In the S—radical system, ST, EISC1416selectively escribed elsewhere. The fluorescence lifetime was measure

yields D spin states of RT pairs during-Sadical random by the apparatus gseq in the transient absorption measurements
without a monitoring light.

encounters. As a result, one observes a net abs CIDEP, which S les.C lized f GR de b

is in the opposite sign to that in thgFradical system. This is amples.t.or was recrystaliized from -grade benzene.
called a D precursor RTPM (DP-RTPMJ.As one can observe, trans-Stilbene and benzophenone (BP) were recrystallized from
CIDEPs with various patterns and magnitudes, which are GR-glIradm-he_xgne. fGRr-]grade _?enz_ene and ethanol_ wclare Iused
fingerprints of the intermolecular spin dynamics, quantitative as solvents without further purification. TEMPO radical (Ald-

information about the reaction dynamics of excited molecule- rich) was used as received. All the other chemicals were from

free radical systems can be obtained by comparing thé’d&a Tokyo Kasei. Optical densities of sample solution were deter-
with theoreti():/al calculation&:—23 y panng mined by the UV-vis spectrometer (Shimadzu UV2200). All

In this study, we examined CIDEP created in the quenching sample solutions were thoroughly degassed by Ar gas, and

of the excited coronene(CefEMPO system to learn the EISC measurements were carried out at room temperature.
process. Cor has a relatively long fluorescence lifetime, and
thus, it is easy to study both &nd T; quenching processes by

using the Cor TEMPO system as a model system. An absolute  3.1. CIDEP in Excited Cor Quenching.First, we review
magnitude of net DP-RTPM polarization and a ratio of CIDEP created in the excited CoTEMPO system. Figure 2

3. Results and Discussion
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shows TR-ESR spectra obtained by a 308-nm excitation of the  (a)

Cor—TEMPO system in benzene at (a) 50us and (b) 1.3 107 :,Z
1.8 us. The triplet hyperfine structure indicates line splitting fos
by a nitrogen atom, which suggests that these spectra are due 84 i
to spin-polarized TEMPO. According to the DP-RTP#Sthe ~

abs-type CIDEP signal is generated in the-$; EISC process =~
caused by TEMPO radicals at an early time stage (Figure 2a). 3
This CIDEP changes to em-type later (Figure 2b), which is
generated in TCor quenching according to the QP-RTP{/¢
Similar CIDEP phase changes have been observed in the
systems of fluorantherg pyrene-, naphtharene,!#6 and
diphenylanthracereTEMPO.

For quantitative discussion about magnitudes of net abs and 04 T T T

em CIDEPs, we consider the reaction scheme as follows 2 3 4
[TEMPO]/ mM
Cor + hv (308 nm)— *Cor* (6) (b)
0.06
ki 40_ 0.42
lcor* _C> COI’ (7) | R ;: 1.35 mM
K 304 -
— Cor+ hv, (fluorescence) (8) ~ g
kiSC 3 5\
— “Cor* 9 S, 204
(©) '
'Cor* + TEMPO—
ke 104
?(*Cor*-- TEMPO)— 3Cor* + *TEMPO (10)
K
—%Cor+TEMPO  (11) 04 . . .
0.0 0.5 1.0 1.5
k TEMPO]/ mM
3Cor* — Cor (12) [ ]
Figure 3. (a) Plots of Cor fluorescence decay rate constakﬁ%',
K divided byk: against [TEMPQ]. Inset: Fluorescence decays of Cor in
%Cor* + TEMPO— Cor + *TEMPO (13) benzene monitored at 453 nm with TEMPO concentrations of 0, 1.0,

. and 4.0 mM. (b) Plots ofCor* decay ratesk~" divided bykr against
1Cor* and3Cor* represent §and T, coronene, respectively.  [TEMPO]. Inset: Decay curves of the transient absorptiofCafr* in

*TEMPO and **TEMPO represent radicals that have quenched benzene monitored at 490 nm with TEMPO concentrations of 0.06,
1Cor* and3Cor* and are spin polarized by the DP-RTPM and 0-42, and 1.35 mM.
the QP-RTPM, respectively. Thi., k%, and k. are the rate

X . To determinekgisc, we measured the quantum vyield of
constants for internal conversion, fluorescence, arelsISC, EISC d Y

. 3Cor* (®1) against various TEMPO concentration by TR-TL
respectivelykeiscandke,c are the rate constants of ST, EISC metho(d. F)igugre 4a shows a time profile of a TL sign);ll of Cor

and §—-% EIC, res_pectively. Itis noted that reaction 10_is the with 0.2 mM of TEMPO in benzene. After the laser excitation,
process that contributes to the net abs CIDEP generation. Thethe TR-TL signal rises promptly due to a heat released by fast

kr andk; are the rate constants of unimolecular deactivation of 4 adiative processes and again rises slowly by slow nonra-
*Cor* without TEMPO and quenching ¢Cor* by TEMPO, diative processes. The former and the latter signal intensities
respectively. The rate constants of fluoresceonce dde}lw@g are defined a8Jg andUs. We measured similar TR-TL signals
total S quenching k) are given byk = k¢ + K + kisc andkg under various TEMPO concentrations{D.4 mM). Under the
= keisc + keic, respectively. These kinetic parameters were present experimental conditiot)s and total TR-TL signal
determined as following. intensity Ur) linearly depended on laser power. This means
3.2. Determination of Kinetic Parameters.The ki, k¢, kr, the heat coming from the higher excited state prepared by the
and k; values were determined by time-resolved fluorescence extra absorption process can be neglected. The heat conversion
and triplet-triplet absorption measurements. The fluorescence efficiency, y, represents a ratio of the total heat released from
decays shown in the inset of Figure 3a were measured bythe excited molecule to the excitation photon energy and is
monitoring 453-nm fluorescence in benzene. The fluorescencedefined by the following equation
lifetime of 244 ns, i.e.ks = 4.1 x 10° s~1, was obtained by a
single exponential-fitting analysis of the decay in the absence _ Eex = Preackp
of TEMPO. The SteraVolmer plots of the decay rates against V= E
TEMPO concentration shown in Figure 3a are on the straight
line, and the slope of the fitted line gaké of (4.5+ 0.3) x whereEey, ®reaci andE, are the photon energy of the excitation
1°® M~1 s (M = mol/dm?). Figure 3b shows SterrVolmer laser, the quantum yield of a certain photoreaction, and the
plots of *Cor* decay rates against TEMPO concentration. The energy stored by photoproducts, respectively. Fvalue was
time profiles of3Cor* were monitored at 490 nm as shown in  determined by TR-TL measurements of the total heat released
the inset. The triplet decay rate constant in the absence offrom the excited molecules. For calibration of the TL signal,
TEMPO was determined &s = 5.45x 10* s, and the slope BP was used as a calorimetric standard whosalue is almost
of the fitted line gavek; of 8.5+ 0.4)x 1 M1sL unity in benzené? Figure 4b showdJr against the photon

(14)

ex
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Figure 5. Plots of the value of®r(1 + kﬁ[TEMPO]/kf) against
[TEMPO].

TABLE 1: Parameters for Quenching of Excited Coronene
by TEMPO and S;—T, ISC Quantum Yield of Coronene in
Benzene

U, (a.u.)

kgM-1s1 keisd M~1s71 kjM-1s1 Dise

0.3

0.4

0.6

05 0.7

1-10°°
Figure 4. (a) Typical time evolution of the TR-TL signal of Cer
TEMPO (4.7uM—0.2 mM) in benzeneUr, Ug, andUs are the total,

fast, and slow components, respectively. (b) Plots}efrs 1-107°P,
Data were fitted to a linear relationOf BP and @) Cor.

0.2 0.8

energy absorbed,4107°P, where OD denotes the optical
density at 308 nm, together with the same plots for BP. jfhe
value was determined as 0.24 0.05. This implies that the
photoreaction to form stable products and the luminescence from
Cor are minor processes. Therefore, the fast-rising part is
attributed to the heat from the fast radiationless transitions of
Cor, namely, vibrational relaxation, IC, ISC, EIC, and EISC
caused by TEMPO. The slow-rising part is due to unimolecular
deactivation ofCor* and quenching ofCor* by TEMPO. The
latter assignment is confirmed by the fact that the slow-rising
part in Figure 4a is represented by a single-exponential decay
with a rate constant of 2.& 10° s1, which agrees well with
the estimated value dr + k[TEMPO] = 2.2 x 10° s,
Similar agreements were found in other TR-TL data in the-Cor
TEMPO systems with different TEMPO concentrations.

The @+ is calculated from the following equation using the
relative intensity ratio of the two rising components

US Eex
(I)T UT EA (15)
whereE, is the T; energy of Cor. Thebt values for various
TEMPO concentrations were calculated from eq 15 \kith—=
32 470 cn! andEx = 19 000 cnil.26 The quantum yield at
[TEMPO] = 0 mM (®jsc) was determined to be 0.64. To obtain
the kgisc value, the following equation, derived by considering
the reactions 611, was used

_ kisc + I(EISC[-I—EMF)O]
k + K TEMPO]

T

(16)

(4.5+0.3)x 10° (3.2+£0.4)x 10° (0.85+ 0.04)x 10° 0.64-+ 0.01

To minimize an error value dfgisc, eq 16 was transformed to

the following equation

S

®,1+ %[TEMPO] =P + %TEMPO] (17)

The ®&1(1 + ki[TEMPO]/kf) values were plotted against
[TEMPOQ] in Figure 5. The slope of the fitted line gives a value
of keisoks, and finally,kgisc of (3.24 0.4) x 1® M~1 st was
determined. All kinetic parameters determined were summarized
in Table 1.

3.3. Estimation of Absolute Magnitude of Net CIDEP.The
purpose of this work is to consider the mechanism ef S
guenching by radicals on the basis of CIDEP magnitudes created
by the DP-RTPM P2F) and the QP-RTPMRS") in the Cor-
TEMPO system. Therefore, we first determireff” value in
the units of Boltzmann polarizatiorP§) in the presence of
properCor* quencher to eliminate the effect of the QP-RTPM.
Then, we estimated the ratio 8" to PR” (IPY7PRP)) in the
absence of théCor* quencher, and finally, obtaine®$"
value.

Figure 6 shows CIDEP time profiles obtained in the systems
of (a) BP—~TEMPO and (b) Cor TEMPO with trans-stilbene
in benzene under the same experimental conditions. CIDEP
observed in these systems are generated by the RTPM, as
reported previously3b14.16.17.19n the Cor-TEMPO system,
both abs and em CIDEP due to the DP- and the QP-RTPM,
respectively, could appear in the time profile. In the measure-
ment of CIDEP in théCor*—TEMPO system, the em CIDEP
due to the QP-RTPM must be eliminated. Therefore, we used
trans-stilbene as a triplet quencher. In this experimérans
stilbene is an appropriate molecule because (1) triitgtlet
energy transfer fromiCor* to trans-stilbene is exothermic and
the very fast quenching rate of nearly diffusion controlled rate
is expected, (2) tripletrans-stilbene does not create CIDEP
through the QP-RTPM as previously reportétiand (3)trans
stilbene dose not quenéBor*. Actually, the em CIDEP signal
disappears in Figure 6b a@sans-stilbene quenche¥or* and
only the abs CIDEP due to the DP-RTPM is observed.
Previously, we reported that the absolute magnitude of the net
em CIDEP P2 created in the BPTEMPO syster#?-2! was
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Figure 6. Time profiles of observed CIDEP signals (solid) and their
simulations (dotted) of TEMPO in benzene observed at the pekl of
=0in (a) BP (82 mM)>TEMPO and (b) Cor (0.16 mMyTEMPO
with trans-stilbene (1 mM) systems. Optical densities at 308 nm and
TEMPO concentrations of both samples were 0.26 and 1.2 mM,
respectively. Microwave power was fixed at 5 mW.

—6.9 Peg Thus, PY* in the 1Cor*—TEMPO interaction was
determined by comparing the CIDEP signals in #tor —
TEMPO and BP-TEMPO systems quantitatively. Optical
densities of BP and Cor at 308 nm in the 0.5-mm interior cell
were adjusted at 0.26. The quantum yield %, ISC of BP

is 1.026 Thus, the initial concentrations of excited triplet BP
andCor* are equivalent. The TEMPO concentration was fixed
at 1.2 mM, and the other experimental conditions (laser power
and alignment, signal sensitivity, and microwave power) were
kept constant. To determine " value, the time profiles
were simulated (parts a and b of Figure 6) as follows. In the
BP—TEMPO system, RTPM polarization is created on TEMPO
through T, BP quenching by TEMPO radicals as follows

BP + hv (308 nm)— 'BP* — *BpP* (18)
kBP
*BP*— BP (19)
BP
*BP* + TEMPO—— BP 4+ **TEMPO  (20)

where!BP* and3BP* represent Sand T; states of BP, respec-
tively. ThekZ"” andk:" are the rate constants of unimolecular
deactivation and quenching éBP* by TEMPO in benzene,
respectively. **TEMPO represents a radical which experi-

Mitsui et al.
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Figure 7. Observed and simulated CIDEP time profiles of TEMPO
at theM, = 0 peak in the CorTEMPO (0.16-1.2 mM) system in
benzene. Microwave power was fixed at 5 mW.

In the Cor-TEMPO withtrans-stilbene system, eqs 22 and 23
are replaced by

dMm, (M, — P.JTEMPO])
E = —a)lMy - ir +
1
PP ke, dTEMPO]['Cor*] (24)
1 *
% = —IC[TEMPO]['Cor*] — k{'Cor*] (25)

respectivelyM; represents a magnetization in the rotating frame
andw; is a microwave field amplitudel | and T/, are spin-
lattice and spir-spin relaxation times, respectively. Boltzmann
polarization of TEMPO could hardly be detected since the diode
detector passing through a preamplifier eliminates a steady
polarization as reported by Turro et?dThus, we regarded the
My value created by an equilibrium magnetizatiBg{ TEMPQO]

as a baseline of CIDEP time profiles. Tt value of our ESR
cavity determined previously is 956 10° rad/s'® T of 250 ns
was taken from the literatufd,and T, value at [TEMPO]=

1.2 mM was calculated to be 60 ns from the line width. Under
the experimental conditiorif}, T5, andw; were constant in
both excited molecutle TEMPO systems. In the BPTEMPO

enced theeBP* quenching and possesses a certain amount of System, reported valuels?” = 1.5x 10Fs1and kgp =2.0x

CIDEP. In the above scheme;-¥T; annihilation is neglected
because the initial concentratiorr® x 107> M) of excited
molecules is very low. An analysis is carried out by fitting
the time profiles in parts a and b of Figure 6 with Bloch
equations, modified with additional terms to allow for chem-
ical kinetics and spin polarization factoP4{) in each system.
In the BR-TEMPO system, those are

vy My 01
@ T + oM, (21)
dm M, — P.J{TEMPO
Tzz_wlMy_( 2 ec{r D
Tl
PrPkSFITEMPOI[’BP*] (22)
dr’BP*
% = —kS[TEMPO][*BP*] — K¥[°BP*]  (23)

10° M~1s71,26 and the magnitude of spin polarization, i>"

= —6.%P¢q were used. In the CefTEMPO system, kinetic
parameters determined above were used and a spin polarization
factor of PY” was the only variable parameter, which contrib-
utes to CIDEP intensity. From the fitting of time profiles shown

in Figure 6, theP>"/PE"| value was estimated to be 0.26, and
thus, PY” amounts to 1.Beq

Next, the absolute value of the rati®®Y/PPF|, was esti-
mated by a simulation of the time profile in the COFEMPO
system in the absence thnsstilbene as shown in Figure 7.
Equation 24 is rewritten by adding a term accounting for
3Cor* quenching by TEMPO as follows

z

dm M, — P,JTEMPO
M, (M= PTEMPOD
dt T

Py keisd TEMPO]['Cor*] + PY” ki [TEMPO][°*Cor*] (26)

y
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TABLE 2: Absolute Magnitudes of Net DP-RTPM and
QP-RTPM Polarizations and Ratio of Magnitudes of Net
Polarization in TEMPO Observed and Calculated in the
Excited Coronene-TEMPO System in Benzene at Room
Temperature (in Units of Boltzmann Polarization)

P (obs) PPP(obs)  P%(calcdr  |PYIPRP| (obs)
-2.2+40.1 1.8+ 0.1 2.4 1.2+ 0.1

a Calculated with|3Jy| = 1 x 10 rad/s,wo = 6.0 x 10°rad /s,d
=7A a=25A"1D,=5.0x 105cm/$, andr. = 10 ps. See text
for details.

Equation 25 is rewritten by the followintCor* decay kinetics

3 *
% = (Piscks + kE|sc[TEMPO])[lCOI’*] -
(kr + k[TEMPO])[*Cor’] (27)

wherePSP is a magnitude of net QP-RTPM spin polarization,
i.e., a magnetization created throug@or* quenching by
TEMPO. The time profile in Figure 7 was simulated by
numerically solving egs 21, 25, 26, and 27 WIﬂSP as the
only parameter, andPY/P>"| = 1.2 was obtained. As a
comparison, a fitting curve aP2/PR"| = 1.0 is also shown in
Figure 7, which obviously fails to reproduce the observed time
profile. Similar analyses were performed for other data sets,
and finally, a|PY7/PRP| value of 1.2+ 0.05 was determined.
PO value was then determined to HeY” = —1.2P0°
—2.2P¢q from this result. The absolute magnitudes of net
DP-RTPM and QP-RTPM polarizations and the ratio in the
Cor—TEMPO system were summarized in Table 2.

3.4. Theoretical Calculation of Spin Polarization.CIDEP
is deeply related to intermolecular potential and spin dynamics
of a radicat-excited molecule encounter complex. The experi-
mental value2", PY”, and|PYF/PRP| are therefore useful in

describing the quenching dynamics. Here, we discuss the spin

polarizations on the basis of the analytical formula proposed
for net CIDEP generation by the RTPM?22 According to the
relaxational mechanism proposed by Shugfia, nonadiabatic
Q—D transition induced by a fluctuating zfs interaction is
considered in RT pair with their exponentially decaying
exchange interaction given by a formula
J(r) = Jyexp{—a(r — d)} (28)
whered is a distance of the closest approach in the RT pair.
Shushin derived simple analytical formulas for the two limiting
cases of thelp value, (1) a strong exchange interaction case,
|3Jol > wo, and (2) a weak exchange interaction cd8dy| <
wo, where thew is Zeeman energy. First, we calculate’

values and compared them to the experimental value to find

whether exchange interaction of tH€or*—TEMPO pair
belongs to case 1 or 2. Analytical formulas for strong and weak
exchange interactions are, respectively, given by

SPQP__ED_Z%@(L 4 )i (29)
! 45 5 aD \1+ % 4+ Top
and
2
anQP= _ E szs (3‘-]0)Xm 1 4 i (30)
45 2 oD, {1+ 4+x)? Top

wherex = 1l/wgt.. In calculations of egs 29 and 30 to evaluate
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PO values,wo = gBBy = 6.0 x 10 rad/s and the reported
D.s value?® of 1.8 x 10 rad/s for3Cor* were used. The
diffusion coefficient of Cor in benzene was assumed to be 2.5
x 1075 cm/€ because the molecular radius of Cor is almost
the same as that of BP, whose diffusion constant in benzene is
reported to be 2.5< 1075 cm/€ at room temperaturé. The
diffusion coefficient of TEMPO was also assumed to be 2.5
1075 cm/€ (and thusD; = 5.0 x 1075 cm/).2° The correlation
time 7. was estimated as 10 ps from the diffusion constant of
Cor. For potential parameters,= 7 A ando. = 2.5 A~ were
used and)p values in egs 29 and 30 were assumed t¢2hg
=1 x 102 (|3Jo| > a)o) and|3Jo| =5x 1Q°rad/s (3Jo| < a)o),
respectively. From eq 28, separations between the radical and
triplet molecule at the level crossing were estimatedjas
7.8 A andr, = 8.1 A. Therqpis treated as a distance between
3Cor* and TEMPO wherCor* quenching occurs anthe ~ d
is assumed. From eqs 29 and B’@,Pvalues were calculated as
P = —2.4Peqand"P{” = —0.16P., respectively. TheP "
value sufficiently agrees with thePSP value of —2.2Pq
determined in this work. The calculatétP” value is much
smaller than the experimental value ef2.2P, and it is
therefore concluded that exchange interaction of3ber*—
TEMPO pair should be much larger than Zeeman energy and
the net CIDEP is dominantly created in the level-crossing
regions.

The relaxational mechanism for the QP-RTPM assumes that
RT pairs are created isotropically at a certain distanagein
the Q states| Q3L |Q+1/20) and populations of thiD..1 [ states
are negligiblé®?2 1t is noted that the net abs and em CIDEPs
observed in the CefTEMPO system were generated on the
same potential surface of the RT pair with the same CIDEP
mechanism, namely, the RTPM, except for spin multiplicity of
the precursor RT pairs. We applied the relaxational mechanism
for the DP-RTPM, in which RT pairs were assumed to be
created isotropically at a distance @k in |Dy[statesP>"
values derived by applying the strong exchange interaction case
is given by

1
1+ %2

4

)d
4+ %

I'op

45 (2 aD,

7 Dl wod( (31)

DP
Pn

The parameters in eqs 29 and 31 are the same excepggfor
andrpp. In this case|PY/PPF| is represented by an inverse
ratio of the distances as follows

PS”

P | _Toe
PRP

32
o (32)

Therefore, thePY/P>F| value obtained in the present study
givesrpp = 1.2rqp. If rop is nearly equivalent to the distance
of the closest approach assumed here, iga~ 7 A, rpp is
calculated to be 8.4 A, which locates outside of the level-
crossing pointr,. This result implies that the reaction distance
of $;—T1 EISC in thelCor*—TEMPO pair is about 1.4 A longer
than that of3Cor* quenching. Exchange interaction should
decrease as a distance becomes longer, and thus, exchange
interaction of the’Cor*—TEMPO pair atrpp is smaller than
that at rop. 3Cor* quenching occurs solely by exchange
interaction of collision complex as reported previodsland

k(T] is smaller thankgisc. This means that the;ST; EISC
mechanism is slightly different from tH€or* quenching. We
discuss this interesting point in the following.
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Figure 8. Schematic diagram of excited Cor quenching by TEMPO.

3.5. Enhanced $-T; ISC Mechanism. To understand the
reason the rate constant fo;-ST; EISC is larger than that for
T1 quenching in the CeftTEMPO system, we examine the
effect of CT interaction in'Cor* quenching by TEMPO in
benzene. CT state enerdysr, at the solvent coordinate where
the S—TEMPO pair is at minimum energy is given by the
following equatioR®
Ecr={E

THTEMPO) — Ef{(Cor) + AE o, } +

{/l(l’) - Ecoulomt{r)} (33)
red

where EJ(TEMPO) and Ej/(Cor) mean half-wave redox
potentials of TEMPO+0.64 V)°and Cor 2.07 V}®vs the
standard calomel electrode in @EN. In CT quenching,
TEMPO is considered as an electron donor due to its low

oxidation potentials. Since these redox potentials were obtained

in polar solvent = 35.94), we added a correction teriXEcor

of 0.64 eV in benzenee(= 2.284), estimated by the Born
equation for solvation energies of ions with their radius of 3.5
A.2%2The A(r) is a solvent reorganization energy between the
S;—TEMPO pair and the CT complex, arikouiomdr) is the
Coulomb energy of the CT state. Both values depend on the
Cor—TEMPO distancey. The A(r) value of 0.012 eV was
calculated by assuming Marcus’s formulagf)3! with ry =
ro=3.5A,rap =7 A, n=1.50, and: = 2.284. TheEcouiomi)

is 0.90 eV withrap = 7 A in benzene. According to these
values, we obtained aBct value of 2.46 eV. This value is
smaller and larger than energies!@or* (2.91 eV) andCor*
(2.36 eV), respectively. Thus; ST, EISC with CT interaction

is exothermic, whiléCor* quenching through the CT interaction
is endothermic. According to the general approach of Rehm
Weller for CT quenching? the rate constant for an exothermic
process may be 2610° M~1 s71, which is the same order
with the kgisc value in the present work. On the other hand, the

rate constant for an endothermic process is slower than the

diffusion-controlled rate, suggesting tR&or* quenching occurs
solely by exchange interaction.

The quenching processes for both &d T, states are
schematically summarized in Figure 8. In Guenching, RT
pairs of|Dy0states undergo deactivation to [§B..[states
at the distancegp, while RT pairs ofiQ.320and|Q.120states
remain unchanged. Therefore, RT pairs|Qf.s[Jand | Q41,200
states may exist predominantly in the region inside the level
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crossings 1 < r1). On the other hand, RT pairs generated
through $—T; EISC may exist predominantly in the regions
outside the level crossings (> ry) as discussed above.
Considering eq 31, in which a magnitude of polarization is in
inverse proportion to an initial distance of the RT paisg,
the magnitude of net polarization generated.ifr; EISC must
be smaller than that injlquenching. Exchange mechanism for
guenching contributes to both-ST; EISC and T quenching
while CT quenching may contribute additionally to-5'; EISC,
which results in a larger rate constant gF3'1 EISC than that
of T1 quenching. This indicates that the mean reaction distance
in $;—T; EISC is larger than that of{lquenching. This is along
with the quenching model predicted by CIDEP analysis, namely,
rop is larger tharrgp and T; quenching occurs through strong
exchange interaction.

The present study on CIDEP demonstrates that|m%pl
PP value could be useful in the studies of-ST; EISC
processes by free radicals. Since it is not always possible to
distinguish CT and exchange mechanisms by examining the rate
constants, additional information given by CIDEP analysis will
be useful in the study of quenching processes. An expanded
CIDEP study on $-T; EISC processes for molecular systems
with various energy gaps betweep&hd CT states are now in
progress by judging both rate constants #g7/PCF| values.
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