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Abstract: Echo-detected FT-EPR spectra have been

observed for the quinone anion radical generated from the

photoexcitation of duroquinone (DQ) in the presenchldf-dimethylaniline (DMA) and its monohalogen substituents

in 1-propanol. When DMA and 4-ClI DMA were used as the electron donor, the net-emissive polarization due to a
triplet mechanism was observed. In contrast, the electron donors of 4-BrDMA and 4-IDMA gave unusual net-
absorptive (A) CIDEP spectra of the DQ anion radical at the delay time of 200 ns between the laser and first microwave
pulses. It was found that the enhancement factor of the net-A polarization remarkably depends on the heavy atom

position in the donor. The net-A polarization observed

is attributable to a-spluit coupling mechanism (SOCM).

Simple explicit expressions have been given for the electron spin polarization generation due to SOCM.

Introduction Recently, we proposed a new electron spin polarization
] ) . . mechanism, the spirorbit coupling mechanism (SOCM) due
There has been considerable interest in the studies of electron, heavy atom effec® When photosensitizers contain heavy
spin polar|;at|on, since it proyldes valuable information on atoms, net polarization can be created by SOC interaction.
photochem|stry and photophy5|ps. CIDEP_spectr_a are USU_a”yUnusuaI net absorptive CIDEP spectra were observed in
interpreted by two main mgchamsm;: a radical pair mechanism, anihene dye sensitized photoinduced electron transfer reactions.
(RPM) and triplet mechanism (TM)? However, novel mech-  The enhancement factor of the electron spin polarization
anisms recently have been proposed for the electron Spinjncreases with increasing atomic number of the halogen
polarization production. Excited state molecules involved in g hetitytion in the photosensitizer. In contrast, the radical yield
the reaction systems sometimes create electron spin polarizationqmarkable decreases with increasingly heavy atoms. The
It has been shown that electron spin polarization is conservedgniact radical pair (RP) produced from the photoinduced

during the triplet-triplet energy transfer in fluid solution,  gjeciron transfer is the key intermediate for the generation of
suggesting the importance of electron spin exchange interdction. e ejectron spin polarization, because the direct SOC interaction
The exchange effect plays an important role in the creation of 4 o {4 heavy atoms is short-range interaction.

the electron spin polarization in the electron spin transfer from
the polarized triplet states to radicalsThe transient EPR
spectra generated from thermal populated triplet states also
exhibit enhanced absorpti6n® The radical triplet pair mech-
anism (RTPM) is the recent subject of much intefest. In
RTPM, electron spin polarization is created by the mixing of
quartet and doublet spin states of tripteiouble encounter

In this work, we present the effects of the heavy atom
contained in the donor molecules which are not directly excited
by photolysis. Echo detected FT-EPR spectra were measured
for the radicals generated from the photoexcitation of duro-
quinone (DQ) in the presence bEN-dimethylaniline (DMA)
and its monohalogen substituents. Dependence of the electron
spin polarization on the heavy atom position and the spin

complexes.
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polarization production due to SOCM have been discussed.

Experimental Section

DQ was carefully purified by sublimation in the dark. 4-Chloro-
N,N-dimethylaniline (4CIDMA) was synthesized from 4-amiNgN-
dimethylaniline by Sandmeyer reactiéh 4-lodoN,N-dimethylaniline
(4IDMA) was prepared by direct iodination of DMA&. 4CIDMA and
4IDMA were purified by sublimation before use. 2-BroriN-
dimethylaniline (4BrDMA) was prepared from 2-bromoaniline and
methyl iodine, and 3-brombkN-dimethylaniline (3BrDMA) was
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Figure 2. Time profiles of echo FT-EPR signals of the central
_4L0 . _2'0 : (') : 2'0 : 4‘0 hype_rfine line (n = 0) for DQ~ observed from the photoexcitation of
Offset Frequency / MHz DQ in the presence of DMA (a), 4BrDMA (b), 3BrDMA (c), and
2BrDMA (d) in 1-propanol at room temperature. Solid lines were
Figure 1. Echo FT-EPR spectra of DQgenerated from the excitation  obtained from the curve fitting based on the nonlinear least-squares
of DQ in the presence of DMA (a), 4BrDMA (b), 3BrDMA (c), and  method using the sum of three exponential functions.
2BrDMA (d) in 1-propanol at room temperature. The spectra were
obtained at the delay time of 200 ns between the Nd:YAG laser (355 observed for DQ would be caused by SOC interaction due to
nm) and the first microwave pulses. The weak and complicated signalsthe heavy atoms in the donor as discussed later.
observed in part ¢ are due to the neutral semiquinone radical (DQH Effects of Bromine Atom Position in the Donor. Depen-

produced from a hydrogen abstraction reaction. dence of the electron spin polarization on the bromine atom
_ _ position has been examined. Figures 1c and 1d depict the echo
synthesized by the literature meth§dDMA, 2BrDMA, and 3BrDMA FT-EPR spectra generated from the excitation of DQ in the

were purified by distillation. 4-Brom®,N-dimethylaniline (4BrDMA) presence of 3BrDMA and 2BrDMA as the electron donor. The

was purchased from Tokyo Kasei and was purified by recrystallization net-E-CIDEP spectrum due to DQwas observed in the DQ-
from the ethanol/KHO (1:1) solution. Fresh 1-propanol (reagent grade, 3BrDMA systerz while net-A polarization was obtained erom

Nacalai Co.), ethanol (Spectrophotometric grade, Wako Chem.), and S
methanol(HPLC grade, Nacalai Co.) were used as the solvent without the DQ-2BrDMA system. The results indicate that the electron

further purification. spin polarization of the acceptor anion radical significantly
FT-EPR measurements were carried out using an X-band pulsed EPRA€pends on the substituted position of the heavy atom in the

spectrometer (Bruker ESP 380E) equipped with a dielectric resonator donor.

(Q ~ 100). The measurements of electron sgieho signals and phase Figure 2 shows the time profiles of the echo FT-EPR signals

correction method were described in previous papera. Nd:YAG of the central f, = 0) line of DQ~ generated from the present

laser (Spectra-physics GCR-150, 355 nm, 30 Hz) was used as the lightsystems. The signal intensities were normalized at those of the

pulse source. All measurements were performed with the concentrationinermal population. We can describe these time developments

3 3 i . . . .
0f 3 x 10> mol dnt for donor and acceptor, respectively, at room ,qing the sum of the exponential functions, since the electron
temperature. The sample solution was deoxygenated by argon gas

bubbling before and during the measurements, and was flowed into aSpln relaxation Flmes of the excited trlplet state of DQ anQDQ
quartz cell within the EPR cavity. The cation radical of ABrDMA was as qul as the tlmelconstant of the buildup of the A polarization,
measured to determine thgvalue using arin situ electrochemical ~ are significantly different from each other. The growth and
oxidation cell equipped with a platinum electrode in methylene chloride. decay curves of the polarized signals were analyzed by non-
Tetran-butylammonium perchlorate was used as the supporting linear least-squares curve fitting using the sum of the exponential
electrolyte. functions:

Results S(t) = Af{exp(t/r,.s) — expkit)} +
Heavy Atom Effects. As shown in Figure la, the net- AL exp(—t/‘[:riseA) —exp(—k)} + Af1 — exp(k)} (1)
emissive (E) FT-EPR spectrum due to duroquinone anion radical
(DQ") was observed from the photoexcitation of DQ in the Wherert;s& andzys* are the buildup time constants of the net-E
presence of DMA as the electron donor. The spectrum was and A polarization’s, respectively, ard is the decay rate of
obtained at the delay timeg) of 200 ns between the laser and the transient EPR signals.
first microwave pulses. The net-E polarization is attributed to  In the case of the DQ-4BrDMA system, the net-E CIDEP
the triplet mechanisnf We could not detect the signal of the signal due to the TM was observed in the early tiae<( 100
countercation radical, suggesting a short relaxation time. Whenns) and then the polarization changed to A. The buildup rate
ACIDMA was used as the donor, a similar CIDEP spectrum of the A polarization was 60 ns. Assuming a pseudo-first-order
was observed. On the other hand, photolysis of the DQ- reactionk = l/risd® = ke{Q], the rate constant for the electron
4BrDMA system showed net-absorptive (A) CIDERgaf 200 transfer reactionkt) was obtained as 6.6& 10° mol~! dm?
ns (Figure 1b). Laser photolysis of the DQ-4IDMA system also s™1. This value is nearly identical to the diffusion-controlled
gave the net-A CIDEP spectrum. The net-A polarization rate in 1-propanol solution. The reduction of the donor
(15) Manring, L. E.. Kevin, P. SJ. Am Chem Soc 1985 107, 6452, concentration results in the decrease of the contribution of the

(16) (a) Hore, P. J.; McLauchlan, K. AChem Phys Lett 198Q 75, TM and the increase of the buildup time constant of the net-A
582. (b) Hore, P. J.; McLauchlan, K. Adol. Phys 1981, 42, 1009. polarization.
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Only enhanced A polarization was observed at the donor m=0
concentrations less thans10~4 mol dnt3. The results suggest
that the net-A CIDEP is generated by a bimolecular process.
The electron donors of 3BrDMA and DMA gave the net-E a
polarization of DQ~, which shows the fast buildupr (~ 30 A
ns). The buildup rate constant corresponds to the electron spin
relaxation time of the excited triplet state of DQ. It should be
noteworthy that the absolute value of the apparent enhancement
factor ) due to the TM is smaller in the DQ-3BrDMA system
(f = —8.8) than in the DQ-DMA onef(= —13). The factor is b
defined byf = (Shax — S)/S, Where Snax and & are the E
maximum and thermal populated EPR intensities, respectively.
This is probably ascribed to the partial cancellation by the net-A
polarization induced by the SOC interaction with bromine atom
at the 3-position. c
In contrast, only net-A polarization was observed in the DQ-
2BrDMA system. The apparent enhancement factor of 10 was
obtained. The buildup time constant of* = 60 ns is the
same as that of the DMA-4BrDMA system.

L i 1 " 1 " I . 1
The curve fitting shown in Figure 2 gave the time constants -40 20 0 20 40
of the decay Ks~1) of 0.7—1.2 us. These values are much Offset frequency / MHz
smaller than that of the electron spin relaxation tifB) of Figure 3. Echo FT-EPR spectra generated from the excitation of DQ
DQ" [reportedT,;R = 6.7 us in 2-propanol#f = 2.39 cP at 20 in the presence of 4BrDMA in ethanol (a) and methanol (b). The
°C)].® The viscosity of 1-propanoby= 2.20 cP at 20C) is spectra were measured at the delay time of 200 ns between the laser

very similar to that of 2-propanol. No heavy atom effect on and ﬁrﬁ)microé"’avf pg'(sﬁ_'s-%he Wealk ?”c‘ij é‘l’l’j“é’gcate‘j figna'(s)f’bs_tehrved
the decay rate of the transient EPR signals was observed. Wwdn part b are due to DU The simulate spectrum (c) wi
examined the influence of the DQ concentration on the CIDEP fourreDgEMa‘;‘Sd'gg:th; OEOZF; ?;rig%?\;f\f 2.0041 and" = 0.19 mT

time profile for the DQ-4BrDMA system. The variation of the ' ’ o

growth and decay rates was negligible at concentrations less
than 5x 1073 mol dnm3. Thus, the electron transfer reaction
between D@ and DQ is unimportant at the concentrations we
used. It seems that tHgR of DQ"~ is reduced by long-range
interaction between the acceptor and donor radicals in the
present system.

Effects of Solvent Polarity. The FT-EPR spectra have been
measured to clarify the polarity effects of solvents for the DQ-
4BrDMA system in ethanol and methanol. The CIDEP spectra
are governed by the TM in the early timg € 20 ns) and then
gradually replaced by the spectra as shown in Figure 3a and 3b 0.19
(ta = 200 ns), respectively. The CIDEP spectrum observed in
methanol is quite different from that in 1-propanol, while the

spectrum in ethanol is similar. In methanol solution, DQ  works effectively in the intermediate of exciplexes or contact
shows very weak A polarization of the hyperfine linemf= RP's because of the short-range interaction. Since alcoholic
—1 component and emission for thg = —2 line. Figure 4c  solvents were used in the present work, the intermediate
depicts the simulated spectrum with pure RPM using the EPR produced from the photoinduced electron transfer would be
parameters of = 2.0041 andd” = 0.19 mT for DQ", andg nearly a pure charge transfer complex or contact¥®,;D™).

= 2.0055 for 4BrDMA™. The g-value of 4BrDMA™ was We assume that a sandwich-type contact RP has a sufficient
determined by the analysis of the CW-EPR spectrum obtained |ifetime to induce the back electron transfer by SOC interac-
from the electrochemical oxidation. The FT-EPR spectrum of tjon1217 We also postulate that the sublevel selective back

DQ*~ observed |n m_ethanol is well reproduced by pure RPM. glectron transfer rate (u = X, Y, 2), is proportional to the
The result clearly indicates that the CIDEP spectrum in methanol amount of singlet character, because the rate from the spin-

is due to the hyperfine interaction and so-calleg effect in allowed singlet state would be 2 or 3 orders of magnitude faster
the STo mixing, suggesting the generation of solvent-separated than that from pure triplet states.

RP. It can be deduced that the lifetime of contact RP is too  Using a first-order perturbation treatment, the back-electron-
short to create SOC induced polarization in methanol solution transfer rate is written as,
because of the fast solvation.

Figure 4. Electron spin densities of DMA in the planar structure.

—n+ LAt
Discussion k, 0 IB(A D) Hgo (A" D")IF/AE )
Spin—O0rbit Coupling Mechanism. The CIDEP spectra of Hso= zz z&kﬂm'sm
DQ~ observed in the present systems were significantly affected
by the position of the bromine atom as well as the atomic WhereAE is the energy difference between th@& D) and
number of halogen substituents in the donor, implying the ‘(A~D") states, andy is the effective SOC interaction fgth
participation of SOC interaction for the unusual net-A polariza- €lectron in atomk (&4 = oZ/2r¢®, a is the fine structure

tion. The builgup rate suggests that the net-A polar.ization .is (17) (a) Steiner, UBer. BunsengesPhys Chem 1981 85, 228. (b)
generated during the bimolecular process. The SOC interactionsteiner, U.; Urlich, T.Chem Rev. 1989 89, 51.
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constant}® The intermolecular axis of the sandwich-type with
contact RP is taken as ta@xis. We consider only one-centered
SOC interaction at the heavy atom because of the short-range (1« ¥ Z
interaction. Thus, the important non-zero matrix elements in K= {E(kb thk)— kb}/k
eq 2 are given by the mixing of the singlet charge transfer states,
Y(p»n— @), where pn denotes the non-bonding and g orbitals k= 1‘(kbX + b + k)
of halogen in the donor, and a is the LUMO of the acceptor. 3
The two-electron wave functions responsible for the matrix
elements are Here, (520 corresponds to the magnetization due to the
Boltzmann population andvo is the microwave angular
LUMO of the acceptor; |al= zCka 3) frequency. Inthe present treatment, one of the ZFS parameters
of E is assumed to be zero. Using the Debye equatign'(=
HOMO of the donor;  |d[= ZC'X" (4) kT/8rad;), we estimated ther value of 8 x 10710 s in
1-propanol at room temperature, where the molecular radius of
a = 0.4 mm was assumed for the contact RP. This means that
the present condition satisfies the slow rotational limit#g
> 1). The escape rate would be approximatedkas~ 10°
s™1. Thus, eq 11 is reduced to

in plane p-orbitals of halogen; |p,,[] v =Xy (5)
Therefore, non-zero matrix elements are given by
B(A"D")Hso (A D)=

oDy 3 5 nlsil' @RI
[ &l Py nH I 1Py = Assuming ideal selectivity of the back-electron transfar,
[Tl Enl By n 3 [Tl Ely P 0 (6) ~ 0.02 cnmt and TyT ~ 2 x 1078 s for the contact RP, we
obtained the maximum enhancement factor due to SOCM of
where &y, is the effective SOC constant for the halogen atom 45. The intrinsic enhancement factor is expected to be larger
and C;, is the atomic coefficient at halogen of the HOMO of than the apparent factor {80) observed, because the A
the donor. We obtain the sublevel dependent back-electron-polarization due to SOCM is partially cancelled by the E-TM.
transfer rates The observation of the net-A polarization in the DQ-4BrDMA
and DQ-2BrDMA systems suggests that SOC enhances the
Ko O Tyl &)y P = C752 7) back-electron transfer from the upper sublevels in the triplet
) contact RP’s.
k. O ICnlEnly Py h[uz = ChZChz (8) Effects of the Halogen Position. We can assume that, is
' proportional to thes-electron spin density at the halogen-
kZ~ 0 9) substituted carbon of the donor cation radical. Spin densities
of DMA** estimated from the EPR spectrifhare shown in
Figure 4. Since the spin densities are very small at the 3 and
positions, the SOC interaction due to the bromine atom is
00 weak to create sufficient A polarization over the E-TM in
the DQ-3BrDMA system. In the DQ-2BrDMA system, no
E-TM was observed and the apparent enhancement fdctor (
10) for the A polarization was larger than that of the DQ-
4BrDMA system { = 6.1). The result indicates the largest
effect of bromine at the ortho position of the cation radical.
Srhis is probably due to the structural change in 2BrDWMA
induced by the steric interaction between the bromine atom and
methyl group.

In order to obtain the optimized structures for 4BrDMA and
2BrDMA, we carried out the semiempirical restricted Hartree
Fock calculations with the AM1 approximatiéh. The results
indicate that the dihedral angles between the nitrogen p-orbital
of the dimethylamino group and aromatic rinG—Br plane
are ~90° and ~35° in the ground states of 4BrDMA and

T 2BrDMA, respectively. It can be deduced that the direct overlap
= 520~ 520 Kesls (10) between the unpaired p-orbital of the nitrogen atom and
20 1+ Kescl 1T o-bromine atom leads to the enhancement of the SOC interaction
in 2BrDMA"*,
where Contact RP and Solvent-Separated RP.The present results
{ 4 show that the unusual CIDEP spectra obtained from the

[ = 8DK/15m,

Where,&n = [P, nl&nlp,nd Equations 79 indicate that the back-
electron-transfer rates are dependent on the sublevel in the triple
contact RP and proportional to the square of the SOC interaction
(&) as well as to the spin density on the heavy atom halogen
(onh = Cr?).

The sublevel selectivity of the back-electron-transfer reaction
in the triplet contact RP was discussed in the molecular
coordinate, because the molecular selection rules govern th
selectivity. We have to carry out the transformation from the
molecular coordinates to the laboratory frame and treat the
rotation of the triplet contact RP in the fluid solution. The
procedure is quite similar to that of the normal B¥.When a
pair of radicals escapes with the ratekgf; from the rotating
contact RP (the electron spin relaxation tifig,; the rotational
correlation timezg), in high magnetic field, the enhancement
factor ) of the spin polarization is described as follows,

5 -5 excitation of DQ in the presence of the DMA derivatives with
40" + (Kesct 7R ) heavy atoms in ethanol and 1-propanol can be interpreted by

1
woz + (Kese T TRil

4
(52 0= 7zwoDK

the SOCM. It can be considered that the contact RP is generated

(11)
2
} (19) Pobedimskii, D. G.; Buchachenko, A. L.; Nieman, M.B. Fiz.
Khim. 1968 42, 1436.
(18) Blume, M.; Watson, R. E?roc. R. Soc London A1963 270, 127; (20) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
1963 271, 565. Am Chem Soc 1985 107, 3902.
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Scheme 1 Conclusion
A*+D — 3a*+Dp —> 3AD)%re —> A D'ssrp The present results show that the atomic number of halogen
\ substituents as well as the position of the heavy atom in the
hv ‘ soc I ’;fg o donor significantly affect the CIDEP spectra of the quinone
A+D anion radical generated from the photoexcitation of DQ in the

A+D =— (AD) =— ["(AD")cre] (A D")ssre presence of monohalogen substituted DMA’s. The unusual
| net-A polarization observed is explained in terms of SOC

interaction which induces sublevel selective back-electron
transfer in the triplet exciplexes or contact RP’s. It is also

as the reaction intermediate in these solvents. On the other handobtained that the electron spin polarization due to SOCM is
in methanol the normal RPM ($ixing) governs the CIDEP ~ VerY sensitive to the _solvent polarity. Simple e_pr|C|t expres-
spectrum of the same doneacceptor system, indicating the sions h_ave been given for the electron spin polarization
generation of the solvent-separated RP as the reaction intermegener"’ltlon due to SOCM.
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