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An FT-EPR (Fourier transform electron paramagnetic resonance) method for the direct measurement of the
electron spin polarization generated in stable radicals through photoexcited triplet and radical interaction is
presented. This method depends on the ability to calculate numerically the filling factor of the irradiated
volume in the EPR cavity. By this experimental method the polarization at different times after the laser
pulse can be determined. This enables us to differentiate between the different processes generating the
polarization in the radical, which are the ESPT (electron spin polarization transfer), when the triplet meeting
the radical is still polarized, and the RTPM (radical triplet pair mechanism), for thermal triplets. The different
time evolutions of the two mechanisms allow the sgitice relaxation timeT;) of the triplet in liquid

solution to be determined. Experimental verifications were made with galvinoxyl-porphyrin systems in toluene
at different temperatures.

I. Introduction careful analysis of the EPR kinetics, combined with independent
Since its discovery, two main mechanisms have been knowledge of the rate constants involved, one can acquire a
associated with chemically induced dynamic electron polariza- 900d estimate of the radical polarization. However, this method
tion (CIDEP), namely, the triplet mechanism (T™8nd the suffers from some difficulties, which prevent extensive and
radical pair mechanism (RPM)n the former, the electron Spin accurate measurements of the radical polarization in various
polarization (ESP) is generated by selective intersystem crossingsystems under different external conditions (i.e., temperature).
(ISC) from the photoexcited singlet to the triplet state, and in Moreover, when the triplet is polarized, during its splattice
the latter, ESP is generated through collisions between radicalsrelaxation time '(I), the polarization of the radical is com-
Following the widespread use of lasers in EPR experiments, pletely different from that generated when an unpolarized triplet
there have been some new observations of CIDEP of stableinteracts with the radicdft which further complicates the
radicals in solution in the presence of photoexcited triplet polarization measurements.

chromophores. This polarization could not be explained by the | this study we demonstrate that these difficulties can be

above mechanlissms and was treated theoretitdlhand circumvented by employing a special pulsed laser-microwave
experimentallj~*3 by means of the radical triplet pair mecha-  phase-cycling (PLMPC). We will show the feasibility of these
nism (RTPM). experiments through some examples for polarization acquisition

The theory of RTPM is mainly associated with the radical's 4 gitferent temperatures. The investigated systems are galvi-
polarization, which is generated during the interaction of radicals noxyl free radical (Gal), 2,6-diert-butyl-a-(3,5-ditert-butyl-
with t_he _ghotoexciteo_l triplets. Current theories provide 4-0x0-2,5-cyclohexadien-1-ylidengjtolyloxy in the presence
anglytlcaf a_nd numericaf res“'FS for th.e.dependence ofthe 4t free base tetraphenylporphyrin and zittetraphenylporphyrin
spin polarization upon the zero-field splitting (ZFS) parameter (H;TPP and ZnTPP, respectively) all dissolved in toluene. In

(D),hsolvent \z\scosg_y fo't angFEIr\'Aplfr: radlctarl]l elebctron gp'nt addition to RTPM polarization, these systems exhibit an electron
exchange J). According to eory, Ine observed ne spin polarization transfer mechanism (ESPT), which accounts

polarization, which is equal for all hyperfine lines, depends on for the emissive spectrum of the radical with PP and the
the precursor state (photoexcited singlet or triplet) and the sign . . o .

14.15 ) o . enhanced absorptive one for that with ZnTP®ithin the time
of J.1415Thus, ford < 0 the sign of polarization is negative for . . - . .

: o . .. interval that the porphyrin triplet is polarized, the ESPT
a triplet precursor and positive for a singlet one. The opposite mechanism is dominant. while later in time. the RTPM takes

holds forJ > 0.18In addition to the net polarization, a multiplet over. Both mechanisms result in polarized radicals with different
polarization also exists, resulting in different polarization for c;mlarlacteristics : uitin pofariz : with di

the different hyperfine lines, which is usually much smaller in ) ) )
magnitude. A deeper understanding of RTPM requires additional ~ The relevant photophysical reactions involved are
experimental approaches to reveal accurately the polarization

dependence in wide spectrum of systems under various condi- pW Lp 15G 3*Pp (1)
tions.

The majority of experimental techniques dealing with this Wp + REIR )
problem have been associated with continuous-wave time- P P
resolved EPR (CW-TREPR) spectroscopy to monitor the radical 3 RTPM
spectrum after generation of the triplet by the laser pulse. By *PH+R—R, (3)
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where P and R are the porphyrin and radical molecules, dMy y

respectively, and the subscript p stands for polarized state. o F — oM, — kM[T] (4)
The capability of our experimental approach to differentiate 2

between the two mechanisms is demonstrated in these systems.  dM, PRl — M, ,

This quantification also enables us to directly gain a good e wNﬂ'T"‘ ky(Pn = POITIR]" (5)

estimate of the triplet spinlattice relaxation time in liquid 1

solution, where its EPR signal cannot be detected. On the basis d[T]

of existing RTPM theories and the polarization measurements, e —k[TI[R] — 2kTT[T]2 — k{[T] (6)

we will estimate the magnitude of the triplet radical exchange

interaction constant and its distance dependence. Finally, weyhere Peq is the equilibrium Boltzmann polarizatiom, and
comment on the difference between the experimental methodsp  are the net and multiplet polarizations, respectivelyis

of CW-TREPR!! and the pulsed method presented here. proportional to the microwave power, akgis the triplet radical
guenching rate constant. [T] is the triplet concentration antl [R]
Il. Experimental Section = [R]us, where [R] is the radical concentration angl is the

Bohr magnetonkrr is the triplet-triplet quenching rate constant

H.TPP, Gal, toluene (Aldrich), and ZnTPP (Midcentury g.q kr is the triplet decay rateM,, M, Ti and T§ are the
Chemical Co.) were used without further purification. Samples qnventional magnetic resonance variables of the radidal.
were prepared by dissolving in a Pyr.ex tube (inner and outer c\w.TREPR experiments, we measure time evolution piith
diameters of 2.8 and 4 mm, respectively) the stable Gal and 5 typjcal time constant of 100 ns. Therefore, a parametric line
the porphyrin in toluene and then sealing under vacuum after g; Pn Pm, and T2 from the experimental kinetic curve
several fr_eezethaw cycles. FT-EPR measurements were per- requires a time frarlne of at leasf’3 observation time for
formed with a Bruker ES'.D S80E spectrometer. Linear prediction meaningful and accurate results. It implies that within this time
was used for the dead-time free induction decay (FID) recon- frame, one cannot neglect changes in triplet concentration and

P R . .
:ts)tructé:on. . The plorphyrmz 'ngi ;nlz|)xtur5e3\évere|ph(()jtoexplted eqs 4-6 become coupled. Thus, all the relevant rate constants
y a Continuum laser mode 20 € » pulse duration must be taken into account in the kinetics line fit. Results of

12 ns, pulse repetition rate 2.0 H?’ and_puls_e energy 5 mJ perg, ., a multiparameter fit cannot be adequate, unless the different
pulse). The triplet concentrations in the irradiated volume were rate constants at various conditions are known independently.

estimatgd to be_vO.l_ and~0.5 mM for H,TPP and ZnTPP, . Furthermore, as stated above, recent studies Stthat radical
respectively, taking into account the '?‘Ser energy and p‘?fphy”” polarization may result from a combination of two spin
extinction coefficient for a concentration efL mM.18 Radical polarization mechanisms, i.e., RTPM and ESPT. The latter

concentrations were-0.1 and~0.15 mM for the Gal-HTPP mechanism occurs if the photoexcited triplet is created in a

and Gal-ZnTPP samples, respectively. polarized state and can transfer its polarization to the radical,
Some of the experiments in this research required the g long as it existsﬁ(g-r? of the triplet). This ESPT mecha-
evaluation of the difference between the signals with and without pism complicates the problem of sorting out the different
laser excitation. Direct subtraction of the results of the two polarization mechanisms acquired by the radical, making the
modes was not reliable due to the very small differences in the problem difficult to be solved quantitatively by CW-TREPR.
EPR signals between the two experiments (with and without Accurate knowledge of the polarization is important for
the laser). Therefore, we have employed an alternate methoddetermining the actual mechanism that occurs during triplet
i.e., PLMPC, which is more sensitive and can detect very small radical encounters and also to assess the exchange interaction,
differences. In this experimental mode, each laser pulse triggersand its distance dependence.
the desired pulse sequence, followed by an identical pulse The difficulties associated with CW-TREPR measurements
sequence (25 ms later in time) but without the laser excitation. can be overcome by utilizing a simple pulsed EPR technique
In the second sequence, the signal amplitude is inverted, i.e..from which the ESPT and RTPM polarizations can be obtained
multiplied by —1, by using an inverting video amplifier with  directly. Two PLMPC modes were employed. The first sequence
unit amplification. The signals from these two processes are consists ofr/2—r—laser pulse-7;—z—echo detection (Figure
averaged on the digitizer (Lecroy model 9400). This PLMPC 1a). We can analyze this sequence by a simple vector model
enables us to obtain directly the difference between the EPRfor the magnetization. The first pulse rotates the magnetization
signals (with and without photoexcitation) in a single experi- into the laboratoryXY plane, and without the laser pulse, the
ment. Thus, with sufficient averaging, even small signal sequence is a simple Hahn echo experiment. On the other hand,
differences can be measured and analyzed. The detailed descripthe laser pulse generates the triplets in solution (usually within
tion of the PLMPC pulse sequence will be discussed in the next a time scale of a few nanoseconds), which encounter with the

section. stable radicals. Each encounter results in phase loss of the
magnetization in th&Y plane and a generation of polarization
IIl. Results and Discussion in the Z axis (cf. eqs 45). Thus, these encounters reduce the

echo amplitude relative to the sequence with the laser pulse
a. Pulse SequencaBefore discussing the pulse sequence and absent. The second pulse experiment measures the magnetization

its effect on the polarization pattern, we will discuss some of in theZ axis by the sequence/2—r—laser pulse-(2z; + 7)—
the difficulties in employing CW-TREPR in these type of x/2—FID detection (Figure 1b). This sequence is similar to the
experiments. On the basis of the expressions of Verma andprevious one, except that at the time of the echo appearance in
Fessendéfi and Blatler et al.# let us examine typical kinetic  the first sequence, th&-axis magnetization is now measured
equations for the RTPM process observed by CW-TREPR. by FID.
Upon resonance of a particular EPR line, the following modified ~ We now examine quantitatively the radical kinetics associated
Bloch equations govern the RTPM process and describe thewith these two sequences. Starting with the first sequence, we
magnetization of the radical: differentiate between two regions of the sample. One region,
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90°  laser 180" We have used the fact that after the firg2 mw puIse,M%, =
@ echo ng = MS. Upon laser excitation (ON), the EPR signal is given
by
A(\ Wf\/\’\ At VON _ 0,—tT, 04— t(1/To+ky[T])
x 5 L () = (rr — n)Mye "2+ n,Mpe 12)
>
T
o o0t Therefore, the difference between the signal magnitudes be-
aser
(b) - comes
0 [a—t(LTR —tUTR
AK Vo) — VOT(t) = My e TR — 7T (13)
A
T o T n v Now, let us consider the second pulse sequence and the FID
T detection. Using the same notation and assumptions as above

and differentiating between the two regions (exposed and
Figure 1. (a) Echo pulse sequence to determine the rate of triplet unexposed to laser excitation), we obtain from the Bloch

radical encounters. (b) FID pulse sequence to determine the Z equations (cf. eq 5, with no microwave power)
magnetization induced by the polarization processes. The duration of

all of the pulses is negligible. A typical echo and FID are also provided. dm,, _ Peq[R]' - M, 1)

with a filling factor of 571, is not exposed to photoexcitation but dt T?

contributes to the EPR signal of the radical. The second region,

with a filling factor of 7, is exposed to the photoexcitation. dM,,  [PedR]' — M, .

We also definejr = 11 + 172, whereny is the filling factor of dt TR + kq(Pn + PITIR]"  (15)
1

the entire sample volume. It is noteworthy that the term “filling
factor” in the CW cas#-?is somewhat different from that in  £50 \which we can obtain the analytical solutions for the two
the pulsed microwave case. For that purpose, we have derlveqegions:
the expressions for calculating the filling factor for the pulsed
case® The differentiation between the exposed and unexposed M _ ' 0 o UTR

t) = P, JR]' + (M}, — P.JR])e 16
regions to light is made with the reasonable assumption that 1) eq[ I+ My eq[ 1 (16)
the diffusion of the species is much less thah cm/s?4 thus, M,(t) = PJR]' + qu?(P + P)[TIR]’ +
it is assumed that within the time scale of the experimeritQ i © " "

— R

us) the two regions do not mix, (M, = PedR]' = kT5 (P, £ P[TIRI e ™ (17)

Evidently, the magnetization in region 1 will be independent )
of the laser excitation, implying that after the first/2 Thus, for the second pulse sequence, the difference between
microwave (mw) pulse, the time dependencevaf from this the induced EPR signals with the laser ON and OFF is
region is described b

’ P VO — Vo) = k[ TITy(P, & PIRT (L — & ) +

— R
_dtly =— T_;V @ (M2, — M3)e "™, (18)
2

Two cases should be considered: (a) The simple one is where
The magnetization in region 2 should obey a different rate the polarization generated at each encounter is time independent;

expression (cf. eq 4, with no microwave power): i.e., only RTPM is operative (in this cagg of the triplet is
very short and thus the ESPT is negligible). In such a case, the

% — My k[TIM ®) initial conditions can be chosen such thi{ — M?) in eq 18

dt TzR y is negligibly small (this is obtained because after the firk&

mw pulse th&Z magnetization is negligibly small). For this case,
We assume that the photoexcited triplet and radical concentra-eq 18 describes the signal difference as long as the triplet
tions are not larger tharl mM and we will observe the signal ~ concentration does not change significantly (a few microseconds
evolution in a time window of~100 ns, well above the time in our experiments). (b) In the general case, both ESPT and
resolution of the FT-EPR experiment. Therefore, taking into RTPM are operative. Therefore, the polarization generated in
account the diffusion rates in toluene, the changes in [T] can each triplet radical encounter can change significantly with a
be neglected. With this assumption, egs 7 and 8 can be solvedime constant typical of the triplet spitiattice relaxation (order

analytically, i.e. of ~0.1us for our case). In this case, the application of eq 18
is carried out along different time windows with different
Mly(t) = nge“’TzR 9) polarization values used for each window (it is assumed that
within these short intervals of severallO ns, the polarization
Myy(t) = nge_t(lrrzmrkqm) (10) is constant, namel§] > 10 ns).

In this paragraph we describe how to manipulate eqs 13 and
To obtain a quantity proportional to the EPR signal from a 18 in order to obtain the radical polarization at different times.
specific region, we must multiply the magnetizatidvig, and Equation 13 reflects the difference between the spin echo
May, by the corresponding filling factors. Thus, without laser amplitude as a function aof; (Figure 1a) with and without the
excitation (OFF), the voltag&/°™, of the EPR signal is given  laser excitation. For the initial condition of eq 13 we obtain the
by value of My, by first measuring the value dfl)yr and then
- 0 —UTR multiplying it by #./5t to obtain the value omsnz. The value
Vo H= nMye " (11) M3’7T is measured by the first pulse sequence, without laser



Triplet Radical Interaction J. Phys. Chem. A, Vol. 104, No. 4, 200097

irradiation with ther mw pulse given at/2 (r; = —1/2) and

the echo appears at(Figure 1a). The relatiom,/nt can be

found numerically through a recently developed mettothe

pulse sequence shown in Figure 1a employs the laser pulse after _q
thesr/2 mw pulse. This is required by eq 13 to obtain the initial
condition MS, which is independent upon laser excitation. The 20
value of T, without the laser pulse can be measured by any
conventional FT-EPR method. This leaves us with a single
unknown parameteA = ky[T]. This parameter can be obtained
by recording the echo amplitude in short intervalgpfwith a
time window of~100 ns) and employing a curve fitting of eq L
13. OnceA is known, the only unknown parameterRgs + P,

in eq 18. The radical magnetization at equilibrium, which is
related ton2[R]' in eq 18, is obtained by the FID following the
at/2 mw pulse. The FID amplitude is simphy[R]'Peq Which,

inli 22,23 ;i '
e o e P 2. (&) Polared 21 spectum 1 rison) o e ol
: radical after laser irradiation in a solution with FPP (solid line). The

EPR techniques. Therefore, we can conclude that the abovegashed line is the spectrum with the laser OFF. (b) The same as (a),
procedure enables us to obtain fikgfT], which is a single but for Gal-Zn. The deviation from binomial intensities is due to the
curve-fitting parameter (eq 13), with which we can obtain limited bandwidth of the spectrometer, as the spectrum was taken at a
directly and accuratel, + Pm, again as a single curve-fitting single fixed point in t_he middle. The diff_erqnces_in the intensities
parameter (eq 18). It is noteworthy that in contrast to CW- between the two species reflect the polarization difference.
TREPR, the accurate knowledge of the radical and triplet 15
concentration and the various diffusion rate constants involved
is not required. 101

An important experimental issue is related to the actual st
measurement of/ON(t) — VOFRt) in eq 13. In our case, the
differenceVoN(t) — VOFR(t) is on the order o¥/°F7100. This is
due to the fact that the laser illuminates only part of the sample
and the diffusion-controlled process of encounters requires some
time to develop €100 ns). Thus, performing two experiments
(with and without laser) and then subtracting the signals is not
practical and the difference will be lost in the noise. The
experimental method introduced here (cf. Experimental) cir- or =7 v
cumvents the difficulties in evaluating the signal difference, ' 500 1000 1500 2000 2500 3000
VON(t) — VOFR(). T (ns)

The derivation presented in this chapter can be made Figure 3. (a) VON — VOFFfor the echo pulse sequence for GaifiRP
independently for each hyperfine line of the radical and, thus, in toluene at 230 K. (b) The same as (&) but for Gal-ZnTPP. The solid
one can extract, for any specific line, n—g’ and polarization. line is the theoretical results obtained via eq 13 with a single parameter

) . . . fit (A = k[T]). M%,_ and T are measured independently (see text).
b. Triplet Radical Encounters. With the above experimental 10 pscissa repyresems the time after the fifgtmw pulse (Figure

procedure, we have measured the triplet quenching rate and thq). The laser pulse was triggere80 ns after the first/2 mw pulse.
electron spin polarization generated in mixtures of Ggl4P The data plotted here and in Figures@&were taken on the strongest
and Gal-ZnTPP dissolved in toluene at different temperatures. hyperfine line, which represents well the entire hyperfine lines, after
In our measurements, within experimental accuracy, the entire FFT of the echo or FID. This is becau$g was found to be similar in
hyperfine lines exhibit Similal"I'ZR, and the multiplet polariza- all the lines and the multiplet polarization was negligible.
tion was found to be small compared to the net polarization.
Therefore, the results refer to all the radical hyperfine lines.
i. Triplet Quenching RateFigure 2 shows the FT-EPR spectra ks = 8RT/3p (29)
of the Gal radical and the spectrum of GalfiPP and Gal-
ZnTPP following the laser pulse. The observed triplet radical p is the viscosity. Fop = 1.13 cP? kg was found to be 4.5
spectra consist of three contributions, i.e., from polarized radicals 10° M~1 s~1. With the estimated triplet concentration o0.1
due to the interaction between stable radicals and photoexcitedmM for the HLTPP (see above), it is evident that for the first
triplets, from stable radicals outside the illuminated region, and microsecond, the initial triplet concentration is affected only
from nonreactive radicals in the illuminated region. It can be by 10%-20%. The small change in the triplet concentration is
seen that in the case of GakHPP, the spectrum is in emission, in line with our assumptions, which were used to derive the
implying that the polarized magnetization from the illuminated kinetic eqs 13 and 18. However, for the ZnTPP system, the
region dominates the spectrum. In the Gal-ZnTPP system, thehigher concentration of the triplet (about 0.5 mM) leads to an
thermal spectrum (in absorption) is enhanced due the fact thatapparent change in the triplet concentration with the first
the illuminated region contributes polarized radicals in enhanced microsecond after the laser pulses (cf. Figure 3b). From the echo
absorption. experiments, with no laser excitation, we could extract the
Figure 3 presents the difference in signal intensities obtained radical relaxation time‘l@) for our two samples, which was
for the echo pulse sequena&{! — VOFF) for the two porphyrins  found to be 7604+ 30 and 5304 25 ns for Gal-HTPP and
systems in toluene, at 230 K. For,FPP, the diffusion- Gal-ZnTPP, respectively. The experimental data of Figure 3
controlled rate of triplettriplet quenching can be estimated via were treated via eq 13 with a single variable paramégtgr],

x” (AU)

326 327 328 329
Magnetic Field ( mT)

VOV (arb. scale)

eq 1925 whereR is the gas constant, is the temperature, and



798 J. Phys. Chem. A, Vol. 104, No. 4, 2000 Blank and Levanon

T T T T T 0
0’/’_* .
_ -10} i
% L oa e 10
< | e
S O —— . s )
-zU b
£ 5
=
6
£ af
g 4
i
o 2 o
= ot
5 0 500 1000 1500 2000 2500 3000

0 1000 2000 3000 4000 5000 6000 Time (ns)
T(s) Figure 6. (a) Polarization curve of Gal-HPP polarization as a

Figure 4. (a) FID pulse sequence signal for GajiHPP in toluene at function of time after laser pulse (dotted curve) fitted by eq 20 (solid

230 K (solid line, laser OFF; dashed line, laser ON). (b) The same as line). All the fitting parameters are given in Table 1. The abscissa

(a) but for Gal-ZnTPP. The abscissa represents the time after the firstrepresents the time after the laser pulse (see Figure 1).

/2 mw pulse (see Figure 1).

constant polarizatiorR), the signal should approach asymptoti-

10 " ' cally to a constant value with the characteristic tima{fi.e.,
0 1 ~2.9us. However, the experimental results shows tN&t(—
. -10 1 VOFR) approaches a constant value-dt5us, which corresponds
§ 20 ? to an apparently much smaller characteristic time. To explain
= % this discrepancy, the two polarization mechanisms ESPT and
g7 RTPM should be consideréd. The ESPT, which is the
g polarization transfer from the polarized triplet porphyrin is
> dominant in early times after laser excitation. This mechanism
g' 2 is operative during the spiflattice relaxation time of the triplet
> i state (FI). The RTPM contributes a much smaller polarization
i (in our case) but within a much longer time window, i.e., the
0 ‘ ‘ . . ‘ triplet lifetime. Thus,P, in eq 18 is time dependent because it
0 1000 2000 3000 4000 5000 6000 is essentially the average apparent polarization, which results
T (ns) from the combination of these two mechanisms. Equation 18
Figure 5. (a) Vo — Vo in the FID pulse sequence for GakFPP is the general description of the polarization created by either

and (b) for Gal-ZnTPP in toluene at 230 K. The abscissa representsESpPT or RTPM processes. Thus, a best-fit analysis was carried
the time after the firstr/2 mw pulse (see Figure 1). out for different short times (206300 ns) along the experi-
mental curve in Figure 5 to obtain the polarization values valid

found to be (4.4 0.3) x 10° and (2.5+ 0.2) x 10° s™* for for this time window (assuming it does not change significantly
Gal-H,TPP and the Gal-ZnTPP, respectively. These values are jring this time, as discussed in the previous section). Except

in line with our independent estimation of triplet concentration o, the polarization, all the values in eq 18 are known and
and the diffusion-controlled rate constant (eq 19). The m#lo  5nsequently, the curve fit is reliable and requires very few
nt for the FID experiments was calculgted to be 0.5 and 0.1 points of /ON — OFR) ys time. This fitting procedure provides
for Gal-H,TPP and Gal-ZnTPP, respectivéf®and 0.52 and 6 polarization as a function of time (Figure 6).
0.11 for the echo experiments, respectivély: The different Considering the two polarization mechanisms, quantitative
n2/nt in the two samples is due to the different experimental description of the net polarization vs time is given by
conditions, e.g.y2 vs 771.18
ii. Polarization MeasurementsiVe show in Figure 4 the P.() = pESPTe*‘/TlT.p (1- e*t”lT)erfTPM (20)
measured FID amplitude of the Gal signal following the two

irradiation. When the Iasgr is.OFF,.th.e signal amplitude slowly £qpT and RTPM processes, respectively, andTthealues
approaches thermal equilibrium within 2980200 and 2000 4re of the photoexcited triplet. Curve fitting of the experimental
+ 150 ns for Gal-HTPP and Gal-ZnTPP, respectively. These |ineg for Gal-HTPP and Gal-ZnTPP (Figure 6) was carried out
values should be attributed to the spiattice relaxation time with eq 20, and the results are presented in Table 1. Additional
Tr of the Gal radical. Upon photoexcitation, about 580 ns after resylts were obtained for both systems at 210 and 250 K (Table
the firstz/2 mw pulse, the magnetization is created much faster 1)
thanT?. This is due to the radicals undergoing encounters with We now discuss and compare the experimenta] po|ariza’[i0n
the photoexcited porphyrins, causing their magnetization to be results with those obtained theoretically. First, let us consider
transferred nonadiabatically into the laboratdrgxis (M), with the ESPT case. With the analysis carried out previously for
a non-Boltzmann polarization. different system35-28 one would expect the triplet polarization
Figure 5 presents the amplitude differena®Y — VOFF) of H,TPP to be about-15P¢, at 230 K. This value is very
described in eq 18, in the two'2 mw pulse experiments. This  close to the results obtained here for the ESPT polarization.
is carried out by subtracting the two corresponding lines in The polarization of ZnTPP should be, according to the same
Figure 4. Let us examine the results of the GaFPP system treatmen€® about 5%, which is much larger than the value
(Figure 5a). First, it is noticed that the generated polarization we obtained for ESPT polarization. Although a full theoretical
is negative, i.e., in emission. Inspection of eq 18 shows that for treatment for the ESPT mechanism is not yet available, we
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TABLE 1: Polarization Parameters of Gal-H,TPP and can be attributed to the fact that ZnTPP forms a complex with
Gal-ZnTPP the solveng?
T T PESPT PRTPM SDr . PRTPM o It should be noted that the analytical expressions for the
(K) (ns)  (exp) (exp)  (10°cnPs™) (calc} (cPP RTPM polarizatiof®° are valid only for a relatively high

a. Gal-HTPP diffusion coefficient!® which is applicable to our systems. This
gég Zg% gg —igii —gig-g 8-2? —2-1115 ifg was confirmed by comparing the analytical results with the
250 5OOL 25 —164 1 —2.54 0.25 095 54 087 numerical solution of the stochastic Louiville equatiSirelat-

b GalznTPP ing to our quantitative polarization results, unfortunately,

_Gal-zn _ N . . :

210 700435 T4+1 —17+ 017 0.45 _16 154 quantitative polanzagorrl]data otf]'otrr:er tnplethag:cal ex%('afrfl'melnts
230 400+ 20 8+ 1 —05+ 0.05 0.67 -1 113 are very scarce, and those which are available are difficult to
250 300+ 15 941 —0.3+0.03 0.95 ~0.7 087 compare with. This is because most of the systems examined

are associated with a much larger ZFS paranietér'® Large
D values can shorterTI considerably, causing the ESPT
mechanism to be negligible.

believe that the exchange interaction between the radical and The temporal dependence of the polarization and the ability
the triplet is of importance, as suggested recettliyn order to differentiate between the ESPT and the RTPM allows the
for the ESPT process to be efficient, the exchange interaction spin—lattice relaxation of the tripletT]) to be determined.

in terms ofJ(r) = Jo exp[~A(r — d)]?® must be much larger  Since, in most cases, direct measurement of this value in liquids
than the inverse of the encounter time at the closest approachsuch as toluene is impossititeseveral indirect methods were
distance ), where the exchange interaction is dominant. Using employed in the pa$f.3¢ Our current measured va|ues1j}

the equationra = d?/D;,? we can estimate the encounter time  agree well with our previous resuffjn which T! of ZnTPP

for our systems at 230 K to bey = 1.2 x 109 s. Jo and in ethanol at 243 K was calculated to be 460 ns. By adjusting
were estimated usmg_the RTPM results and are detailed beIIow.,[his value to toluene at 250 K% we obtain 330 ns foff ',

The free parametet is found to be much larger for Zn"TPP \ ich agrees well with the present results (Table 1). Other

than for HTPP, i.e., 4 and 2 AL respectively. Moreoved, is . T .
found to be smaller for Gal-ZnTPP than for GajiHPP (—1.2 observatlpn%G show muc.h Io_vver resglts .fOT1 fo.r ZnTPE n
ethanol, i.e., 28 ns, which is certainly inconsistent with our

x 10%and—2.5x 109s™, respectively). Thus, for Gal-ZnTPP, results. We cannot account directly for these discrepancies
J(r) decreases rapidly and consequently the ESPT at the : y . P ’
because we have used a completely different approach to

encounter distance is inefficient. : _
determineT,. It is clear, however, that foff; ~ 30 ns,

We now discuss the calculated RTPM polarization results ) o R
given in Table 1. When examining the polarization results for substantial magnetization generated through ESPT in diffusion-

Gal-H,TPP, one must consider the relationship between the controlled reactions is unlikely. THE values obtained for #
exchange interaction)§) and the Zeeman splittingy$B), i.e., TPP are somewhat higher than ZnTPP, probably because of the
g8B < Jo > gBB. We have examined the case of the weak Much smaller ZFS parameterof this molecule®>38The values
exchange interaction by the method described previdifly, of T, for H,TPP and ZnTPP are compatible with the rotational
with the diffusion coefficient of the relevant species, shown in correlation time at 230 K of-1 ns or~0.1 ps based upon the
Table 1. The diffusion coefficients were obtained with the known BPP relation, for triplet¥:3 The first value is more

a Calculated results for RTPM with strong exchange lihiBolvent
viscosity.

Stokes-Einstein equation: reasonable and agrees with the Debye expression for the
rotational correlation time~0.2 ns at 230 K3 when taking
D, = ks T/6pa (21) into consideration the fact that the porphyrin is planar and the
Debye expression tends to be less than the actual value for this
The values for the effective hydrodynamic radii (a) of TRP type of molecule. The results of the rotational correlation time

(or ZnTPP) were taken as 57%and for Gal the radius was ~&re also in line with the results of the RTPM polarization as
estimated to be 4 A. The attempt to explain the results under described above.

the assumption of weak exchange interaction limit was unsat-

isfactory and could not account for the experimental polarization IV. Conclusions

values (Table 1§° Thus, the strong limit of the exchange _

interaction should be considered. In this case, we can calculate AN FT-EPR method for the direct measurement of the
the polarization for Gal-bTPP with the analytical expression polarization generated in a triplet radical encounter is presented.
given elsewher&3°3land the results are summarized in Table This pulse method was applied to measure the polarization in
1. The parameters used for the calculation of the polarization Gal-H.TPP and Gal-ZnTPP at different temperatures. In these
are the ZFS paramet® = 318 G, X-band mw frequency, a  Systems, the polarization in the radical is due to two mecha-
rotational correlation time of 200 ps, and the adjustable nisms, ESPT and RTPM, which can be differentiated, thus
parametersy = —16 x 10'%rad/s andl = 2 A-1 On the other allowing the determination OTI'I of the triplet molecule in
hand, attempts to calculate the polarization in Gal-ZnTPP (Table liquids. The experimental results were compared to theoretical
1) were less successful. The calculation employed the samepredictions and provide a good estimate of the magnitude of
parameters as for GalfiPP, but withlo = —8 x 10 rad/s the exchange and distance dependence of these pairs. We believe
andA = 4 A1, As already discussed above for the ESPT case, that the present treatment may resolve some of the discrepancies
the exchange interaction is weaker in ZnTPP and decreases moréound in the literature for quantitative polarization values
rapidly with distance; thus it does not fully correspond to the generated by RTPM. A full theoretical model for the ESPT is
strong exchange approximation. This may be the reason for thecurrently absent, and we hope to provide a more rigorous
discrepancies that still exist in this case between the calculatedexplanation for theses differences in due course. Finally, a more
and experimental results. A possible explanation for the different descriptive name for electron spin polarization transfer (ESPT)
exchange interaction parameters for the two similar porphyrins would be triplet spin polarization transfer (TSPT).
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