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Abstract: The excited multiplet states of (tetraphenylporphinato)zinc(ll) (ZnTPP) coordinatgeplyyidyl

nitronyl nitroxide @-nitpy), ZnTPP-p-nitpy, and of ZnTPP coordinated by-nitpy, ZnTPP-me-nitpy, were
studied by time-resolved electron paramagnetic resonance (TREPR). The TREPR spectra observed at 20 K
and 0.5us after laser excitation were assigned to the lowest excited doublpt(ld quartet (g states for

both the para and meta complexes. The TREPR spectra ofite@t@ with electron-spin polarization (ESP)
were well simulated for the first time. From the spectral simulation, it was established in general that the ESP
in the Q state was interpreted by selective intersystem crossing (ISC), which was generated-byrisipin
coupling (SOC) between the excited doublet states and the eigenfunctions of Htaet®Qin zero magnetic

field. The TREPR spectra of the ZnTPRitpy systems were interpreted by selective ISC to|th¥,[Ispin
sublevels of the @state, which originated from SOC due to the zinc ion. The ESP in thetéte was
interpreted by the difference between the internal conversion rate to-fi¢Ispin sublevel and that to the
|—1/,0spin sublevel.

Introduction would be able to obtain novel information such as electron-

) . . spin polarizations (ESP) and various EPR parameters, as for
Time-resolved electron paramagnetic resonance (TREPR) isihe excited triplet states.

a useful method by which many kinds of photoreaction
intermediates, radicals and photoexcited triplet species, have
been investigatet:®> Although photoexcited triplet species,
which are diamagnetic in the ground state, have been intensively
examined;®7 there have been few TREPR studies on photo-
excited multiplet species, which are paramagnetic in the ground
state3? If these excited multiplet states were observable, we

Some applications of TREPR to photoexcited multiplet states
are considered as follows. Firstly, elucidation of the excited
states of paramagnetic metallo complexes will give information
on the electronic properties in the excited state, which are also
important for evaluation of the magnetic properties in the ground
state. Further, the interaction between an excited triplet
molecule and various paramagnetic species, radicals or excited
triplet species, can also be evaluated. The excited triplet
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" Chart 1
'o\N/Q/,,,/ Q+LO QAT R0 QY0
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§ ¥, \° V3E (312G, D-7G,

P QA+, T 03 [Q Y, 0= {JaoBTH [oafalH [Baa}/v/3,

1Q.—, T= {|aBBU+ |BafT+ |BBad/~/3, 1Q~, U= |BBAT
G, = 9By w41 C0SO, Gy = gBBy y_t1 (SIN O COSP L isin 6 sin¢)

method for evaluating the excited quartet spectra not only for  ap angE values are zero-field splitting parameteisandg are the
mvestlgatlng the origin of the ESP in our system but also for angle between the vector along the external magnetic m‘/‘sﬂ)
the development of the TREPR study on the excited multiplet and the fine structure axisand the angle betweeBy w1 and the
state. fine structure axis, respectively;Q,MsO(Ms = —3%5,, —Y,, Y5, and

For these reasons, we have attempted to simulate the excited'? e Pasic functions, which are eigenfunctions wBeg-w.+1 = E
quartet spectra with ESP. In this report, we have examined
ZnTPP-p-nitpy and ZnTPP-mnitpy (Figure 1). These para- The excited quartet spectra were calculated using the following spin
magnetic complexes were discussed in terms of the following Hamiltonian, Hspin
themes: (1) we simulated the photoexcited quartet spectra andH — gBBS + SDS=
proposed an ESP mechanism for the general excited quartet sP"
state. Further, the ESP of the excited doublet state was also 98BS+ D[S? — S(S+ 1)/3]+ E(S? - ) (1)
considered. (2) The origin of the ESP in our system was
investigated by considering the molecular orbitals. (3) The
obtained EPR parameters, zfs anehlues, were evaluated from
the differences between ZnTPB-nitpy and ZnTPP-menitpy.

Ph
Figure 1. Molecular structure of the ZnTPhitpy system.

Here, is the Bohr magnetor$ is the total electron-spin operatay,
is theg tensor of electron spin® is the external static magnetic field,
D is the fine structure tensor, amandE are the zfs parametet3!®
In order to reduce the computing time, the resonance magnetic fields
(Buemgr1) and the transition probabilitiesTPue~wmcr1) for single
Experimental Section transitions between the Mind M, + 1 sublevels of the quartet state

. . . ) were calculated using the perturbation the®BryThe calculated

ZnTPP,p-nitpy, andm-nitpy were synthesized by methods described equations were applicable to our system, since 10 GHz andD <

elsewheré®!! Spectral-grade toluene was used as the solvent for all § 3 5. ’
measurements. The degree of coordination was checked by changes £ the excited triplet spectra, the ESP is produced by selectivity of
in the absorption spectra. The equilibrium constant of coordination at ¢ |S¢ from the excited singlet state to each excited triplet sublevel.

i -1
room tempzlaratlgiwa"s estlmlated as 303 M éot; bc;th fthe paraand  gecause the SOC between the excited singlet state and the excited triplet
meta complexes:™ All samples were dearated by the freezeimp- eigenfunctions in zero magnetic field is important for the 1SC, the

thaw method and were examined under conditions where the Coordina'eigenfunctions in the resonance magnetic field must be expressed by a

tion was>96% even at room temperature. _ linear combination of the eigenfunctions in zero magnetic field.
Absorption spectra were measured with a Shimadzu UV-240 Therefore, it is necessary for the calculation of the excited quartet ESP

spectrometer. Emission spectra were measured at 77 K with a Hitachitg optain the eigenfunctions in the resonance magnetic field, which

850 fluorescence spectrometer. Emission lifetimes at 80 K were are expressed by a linear combination of the eigenfunctions in zero

measured through a Nikon G250 monochromator by a Hamamatsu magnetic field. A 4x 4 matrix in Chart 1 was diagonalized to obtain

Photonics R928 photomultiplier upon excitation by a Spectra Physics the eigenfunctionsgQ,MMs = —3/, —1/2, 5, and%,) in the resonance

MOPO-710 broad-band OPO laser pumped with a Spectra Physics magnetic fields? The eigenfunction,Q,M<was expressed by a linear

GCR-170-10 Nd:YAG laser. The emission signals were converted on combination of the basic function&Q,M¢ [Jwhich were eigenfunctions

Iwatsu DM-7200 digital memory. TREPR measurements were carried yhen Buemer1 = E = 0, such a$

out at 20 K on a JEOL JES-FE2XG EPR spectrometer with a modified

fast amplifier or on a Bruker ESP 300E spectrometer. Steady-state QM= ZCM wlQM O %)

EPR measurements were made using the same apparatus. For the -

TREPR measurements, samples were excited at 585 nm by a Lambda

Physik LPD3000 dye laser pumped with a Lambda Physik LPX100i For the excited triplet state, the population of each eigenstate in the

excimer laser or by a Lumonics HD-500 dye laser pumped with a resonance magnetic field is determined by both the magnitude of the

Lumonics EX 500 excimer laser. The TREPR signals from the EPR SOC between the excited singlet state and the triplet eigenfunctions in

unit were integrated by an NF BX-531 boxcar integrator or by a LeCroy zero magnetic field and the square of the coefficients of each basic

9450A oscilloscope. For the EPR and emission lifetime measurements, function. Since the SOC between the excited doublet state and each

the temperature was controlled using an Oxford ESR 900 cold gas flow |Q,M< Omight also be efficient for the ESP, the population of {@eM0

system. state,Py,, was calculated using the magnitude of the SOC between

the excited doublet an),M Ustates Py, as follows!®

Simulation Method for Excited Quartet Spectra (12) Theg anisotropy was not considered in the simulation.

. : : o " (13) Teki, Y.; Takui, T.; Itoh, K.J. Chem. Phys1988 88, 6134.
The ESP in the excited triplet state is interpreted by the selective (14) (a) Reibisch, K_; Kothe, H.; Brickmann,Ghem. Phys. Letl.972

intersystem crossing (ISC) stimulated by the intramolecular-sibit 17, 86. (b) Brickmann, J.; Kothe, Gl. Chem. Phys1973 59, 2807.
coupling (SOC). We therefore tried to simulate the ESP of the excited  (15) WhenE = 0, the eigenfunctions and populations in zero magnetic
quartet spectra with reference to the case of the excited triplet state.field were rewritten usingQ,M¢ Oand Py, as follows: |Q,£%/,"'0= cos
w|Q, &30+ sin w|QFY,'1 |Q,£Y,"0= cosw|Q+Y,'0— sin w|Q,F3/
(11) Fujisawa, J.; Ishii, K.; Ohba, Y.; Yamauchi, &.Phys. Chem. A 2 0P13z = €0 wP43z + i wPs12. Pryz = €0F wP1yz + Sir? wP=az.
1997, 101, 5869. tan Zv = +/3E/D.
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Pu, = ;CMS,MS’ZPM; () 1 UL L 3x10*
s m
=
The ESP of the transition between fliMs[and|Q,Ms + 10sublevels, 2 i B - . 2
Pumemer1, Was represented as g r I i 12x107 &
S i =
£ : 2
Pymo1 = Py~ Py 4 : <}
. P 45,
When the population of the upper sublevl,.;1, is larger than that i 71x10 %
of the lower sublevelPy,, the Pus.wm.1 iS Negative and exhibits an P
emission of microwave. In contrast, WhB_ 1 < Py, the Pyem1 I P x10
is positive and shows an absorption of microwave. ; - - L T 0
As a result, the line-shape functioh(B), was expressed using 12000 16000 20000/cm”

Bume=mt1, TPve=mg+1, @nd Py, 1 as follows:

27 T 77/2 .
h(B) = Z S dg [de [0 Sin O TPy Ly g X
PMS'='MS+1 x f(B - BMS~=MS+1) (5)

Figure 2. Absorption spectra of ZnTPP (broken line) grditpy (solid
line) and a phosphorescence spectrum of ZnTRitpy (dotted line).

Here, fB — Bus-m.+1) is the line-shape function for a single transition,
for which the Gaussian line-shape function was employed.

Results and Interpretations

1. Absorption and Phosphorescence Spectralhe absorp-
tion spectra of ZnTPP argtnitpy in toluene are shown in Figure
2. The absorption spectrum ofnitpy is almost identical with
that of p-nitpy. From the absorption spectrum, the lowest
excited singlet state of ZNTPEZnTPP*) is at 1.7x 10* cm™™.

The lowest excited doublet state pf or m-nitpy (nitpy*) is
estimated as 1.4 10* cm™1. The phosphorescence spectrum
of ZnTPP-p-nitpy at 77 K is also shown in Figure®. Since

the phosphorescence maximum is detected at 793 nm, the
energies of the lowest excited doublet;JCand the lowest
excited quartet (g states, which are constituted by the lowest

excited triplet state of ZnTPPZnTPP*) and the doublet ground b
state of nitpy fnitpy), are estimated as 1.3 10* cm™1,

2. TREPR Spectra. TREPR spectra of ZnTPH-nitpy and
ZnTPP-m-nitpy observed at 0..xs and 20 K are shown in
Figure 3. Two kinds of signals due to ZnTPP-nitpy were
observed. One is a pair of signals giving AfE polarization
pattern, which shows an absorptio) @nd an emissiorg) of
the microwave at the lower magnetic field (307 mT) and higher
magnetic field (342 mT) sides, respectively. The other is a
relatively sharp signal witk polarization ag = 1.999+ 0.002.  with that of theE signal at high magnetic field (broken line).
For ZnTPP-mnitpy, two kinds of signals were also observed. The time profile of the signal aj = 2.00 (solid line) contains
One is a pair of signals giving th&/E pattern, which is the o components, a fagt component and a slow component,
same polarization pattern of the para complex, but has differentang differs from those of tha/E signals.
resonance magnetic fields at 308 and 340 mT. The otheris a gpectral simulations of the excited quartet state with ESP
sharp signal withA polarization ag = 2.002+ 0.001, contrary  were carried out for both the para and meta complexes, as shown
to the para complex. _ in Figures 5 and 7 Although the obtained TREPR spectra

The time profiles of the TREPR signals for both the para are constituted by tha/E signals and the sharp signalgit=
and meta complexes are shown in Figure 4. For the para oo, the spectra were simulated to fit tAéE signals. As
complex, the time profile of thé signal at low magnetic field  revealed, theA/E signals were reproduced very well by the
(dotted line) is similar to that of thE signal at high magnetic  simulation. On the other hand, the simulation spectra fitted in
field (broken line), as shown in Figure 4a. The time profile of  the region around = 2.00 are shown in Figure 7. The spectra
the signal around = 2.00 (solid line) is constituted by both a  \yere calculated foP. s/:P11/2:P—1/2:P—32 = 0:1:2:1 ancP32:
fast component witle polarization and a slow componentwith  p,,.:p_,,,:P 5, = 1:2:1:018 When the simulation spectra
signals. The time profiles of the meta complex are shown in magnetic field is distinct from the emissive pattern at high

Figure 4b. By analogy with the para complex, the time profile  magnetic field. These simulation spectra are unlike the TREPR
of the A signal at low magnetic field (dotted line) is identical

| ' |
300 350/mT

Figure 3. TREPR spectra of (a) ZnTRPR-nitpy and (b) ZnTPP-m-
nitpy. All spectra were observed at 20 K and @safter laser excitation.

(17) WhenP43/2::Py1/2:P-1/2::P_3;2» = 0:1:1:0, the simulation spectra
(16) The phosphorescence decays at 80 K were reproduced by a sum ofwere the same as those in Figures 5 and 6.

two exponential decays for both the para and the meta complexes. The two  (18) WhenP.3/2::P+1/2:P_1/2:P_3;2 = 0:1:2:1 andP3/2::P11/2::P-1/2':

lifetimes were 0.38/4 and 0.27/0.8 ms for the para and meta complexes, P> = 1:2:1:0, the simulation spectra were the same as those in Figures

respectively. 7a and 7b, respectively.
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| s
300 350/mT
Figure 6. TREPR spectrum of ZnTPPn-nitpy (broken line) with its
simulation (solid line). Simulation parameters were summarized in Table
1.

TREPR Intensity(a.u.)

BN T e O I e

P+3/2v:P+1/2-:P_1/2v:P_3/2v=011 :2: 1

0 70 207

Figure 4. Time profiles of (@) ZnTPPp-nitpy and (b) ZnTPP-m-

nitpy observed at 20 K. Dotted lines, broken lines, and solid lines denote
the A signal at low magnetic field, thE signal at high magnetic field,
and the sharp signal gt= 2.00, respectively.

P+3/2v:P+]/2':P, l/2v:P_3/2v=1 :2:1:0

| i |
300 350/mT
Figure 7. Excited quartet spectra calculated for Rakz:P+1/2:P-12:
P_3z = 0:1:2:1 and for (bP+3/2:P+1/2:P-12:P-32 = 1:2:1:0. All spectra
were calculated usin® = 0.24 GHz andE = 0.08 GHz.

300 350/mT

Figure 5. TREPR spectrum of ZnTPp-nitpy (broken line) with its Table 1. Zfs Parameters and ISC Ratio

simulation (solid line). Simulation parameters were summarized in Table DQ)/ E(Qu/ DeadQ1)/
1. complex GHZ GHZ  P3jp:P1o:P-12:P—322 GHz®
spectra observed for the ZnTPRitpy systems. It is reliable %ﬂﬁiﬁg}'fg}; 8:%‘21 8:83 8118 8:%32

to simulate theA/E signals from the fact that th&/E signals

are evidently assigned to transitions between|@e+3/,0and
|Qu,=%,0Osublevels, judging from the magnitude of the split-
ting.1% Further, it was supported to separate the sharp signal at
g = 2.00 from theA/E signals by the fact that the time profile  2.006 for the para and meta complexes, respectively), the doublet
of the signal agg = 2.00 was obviously different from those of ground state was easily eliminated from the candidates for these
the A/E signals. The parameters used for the simulations in peaks!® Consequently, these sharp peaks are assigned to the
Figures 5 and 6 are summarized in Table 1. Dhealue (0.22 lowest excited doublet () state?>21 The ESPs of the Dstate
GHz) of the meta complex was a little smaller than that (0.24 were theE andA polarizations for the para and meta complexes,

aThe parameters used for the simulation. See the t&tie Dcad Q1)
values were calculated using a peitharge approximation. See the

. Iy
GHz) of the para complex. Th% p,opulatlonlei,i 12 [Pz, (19) Since the]l value is not variable in the solid state, the ESP of the
were larger than those ¢0Q,%%2'] P12, for both the para Do state due to the radicatriplet pair mechanism cannot occur, unlike in
and the meta complexes. solution.

— ; (20) For Cu porphyrins, the lifetime of the;Btate was estimated as
The sharp peaks gt=2.00 and 0.%s could not be simulated ~70 us in the solid staté! Therefore, the B state in the ZnTPPnitpy

as the excited quartet state for b0th.the para and the metagystems, where the interaction between the doublet and triplet spins was
complexes. From the peak in the solid staje< 2.007 and weaker than that in Cu porphyrins, was observable by TREPR.
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Table 2. g Values

complex gD 9(Qv)*  GeadD1)° Geald Qn)°
ZnTPP-p-nitpy  1.999 2.004 1.995 (2.000) 2.001 (2.004)
ZnTPP-mmitpy  2.002  2.002 1.995 (2.001) 2.000 (2.003)

aThe g values were evaluated from the TREPR spectithe g
values were calculated using tgéT,) and theg(R) values obtained
from the experiments. Ttgevalues in parentheses were calculated using
g(T1) = 2.002.

respectively. It was found from the polarization that the
populations of the Pstate for the para and meta complexes
were distributed selectively in th¢Di,+Y,0and |Dy,—%,0
sublevels, respectively.

According to our communicatiot,the slow component af

Ishii et al.
which are located at 1.4 10* cm™2, aret
|Da 1, 0= @y By oyl (72)
D=, 0= @y By, oyl (7b)

Here, d denotes the highest doubly occupied MO of nitpy.
The energy of ZnTPP coordinated by pyridine in the lowest
excited triplet state3ZnTPP*—py, was estimated as 1.3 10*
cm! from the phosphorescence spectrifmin the lowest
excited triplet regiorE,, and®E,, states are degenerate similarly
to the'E, and'E, states but are single electronic configurations
with little configuration interaction.3ZnTPP* is known to be
a pure3(agy) configuration’-2> Therefore, the wavefunctions

= 2.00 with theA polarization is assigned to the excited quartet of 243znTPP*2nitpy) are represented as follows:

state under the Boltzmann distribution for both the para and

the meta complexe’. The observed values of the D state,

d(Dy), are 1.999 and 2.002 for the para and meta complexes,

respectively. The observepvalues of the @Qstate,g(Qa), are
2.004 + 0.001 and 2.002+ 0.001 for the para and meta
complexes, respectively. Thesgevalues are summarized in
Table 2.

Discussion

1. Wavefunctions of the Excited Doublet and Quartet
States Constituted by'-3ZnTPP and 2nitpy. To clarify the
electronic properties, spirorbit functions are investigated. From
the absorption spectrudZnTPP* is at 1.7x 10* cmvL. In
the lowest excited singlet regiof, and E, states are
degenerate. Thi, (‘E,) state is constituted by two electronic
configurations}(ay.€y) and*(ax.ey,) (or (2a€y) and(aeey,))- >
&y and a, denote the highest occupied molecular orbital
(HOMO) and the second HOMO, respectively,, &d g, are
the lowest unoccupied MO (LUMO). Therefore, the wave-
functions of?(!ZnTPP*—2nitpy), i.e., the 0 and D states, are
expressed as follow&:

|D4’+l/2’D: (|aiuégy82uf_32ur| - |éiuegy32ua2ur| -
|alualua2uégxr| + |a1uaiué2uegxr|)/2 (63)

|D4,—1/2'D= (|a1uégya2ua2ur| - |aiuegya2ua2uﬂ -
|a1uaiua2uégxf| + |a1uaiué2uegxf|)/2 (Gb)

|D5’+1/2'D= (|a1uégxa2u32ur| - |éiuegxaiu32ur| -
20 P By 1 + 121,228 T2 (6C)

|D5’_1/2’D= (|a1uégxa2u92ur| - |éiuegxa2u92ur| -
|aluélua2uégyr| + |aluélu92uegyf|)/2 (6d)

Here, r denotes the singly occupied MO (SOMO) of nitpy. The
coefficient of'(aue5,) is assumed to be equal to that'@b.ey )23
On the other hand, the wavefunctions26¥ZnTPP-2nitpy*),

(21) (a) Eastwood, D.; Gouterman, M.Mol. Spectroscl969 30, 437.
(b) Ake, R. L.; Gouterman, MTheoret. Chim. Actal969 15, 20. (c)
Gouterman, M.; Mathies, R. A.; Smith, B. E.; Caughey, W.JSChem.
Phys.197Q 52, 3795. (d) Gouterman, M. Iithe PorphyrinsDolphin, D.,
Ed.; Academic: New York, 1978; Vol. Ill, pp-1165.

(22) The Q state under the Boltzmann distribution was observable for
the lifetime of the phosphorescen@e.

(23) (a) Gouterman, MJ. Chem. Phys1959 30, 1139. (b) Gouterman,
M. J. Mol. Spectroscl961 6, 138. (c) Gouterman, M.; Wagniere, G. H.;
Snyder, L. CJ. Mol. Spectrosc1963 11, 108. (d) Weiss, C.; Kobayashi,
H.; Gouterman, MJ. Mol. Spectroscl965 16, 415.

Dy, 1, = (212,208,841 — |20,80,80,8y T —
|aluaiuamegxrl)/«/é (83‘)

1D,y 0= (~ 212020 oy | + 18020 o Tl +
2021,208, TV (80)

1Qu+, TF |2,y B8y | (92)

QU+, 0= (122 Boy 1 + 120,208 | +
|a-1uaiua2uegxf|)/\/§ (9b)

|Ql'_1/2'|:J= (|aiuéiu32uégxr| + |a1uéiu92uegxf| +
|y, By, oy 11)/V/3 (90)

Q= 0= |8y, 2y, B0, B T (9d)
The wavefunctions of the Dand Q states are the same as eqs
8 and 9 with an exchange between theand g, orbitals.

2. Obtained EPR Parameters. The D value of the meta
complex was a little smaller than that of the para complex. To
clarify this origin, theD(Q;) values were calculated by diago-
nalizing the following tenso#?:26

D(Q) ={D(Ty + D(RT,)}/3 (10)
Here, D(Q), D(T1), and D(RT,) are the zfs tensors for the
excited quartet, the excited triplet, and the magnetic dipolar
dipolar interaction between the excited triplet and the radical,
respectively. D(T;) was obtained from the measurement of
3ZnTPP*py. D(RT,) were calculated under a pointharge
approximation:>2? The calculation results are summarized in
Table 1. The calculated(Q;) (0.224 GHz) of the meta
complex was a little smaller than that (0.233 GHz) of the para
complex. This order is consistent with the experimental results
and is explained by the fact that tB§RT) of the meta complex
is negatively larger than that of the para complex, because the

(24) Walters, V. A.; Phillips, C. MJ. Phys. Chem1995 99, 1166.

(25) Langnoff, S. R.; Davidson, E. R.; Gouterman, M.; Leenstra, W. R.;
Kwiram, A. L. J. Chem. Physl975 62, 169.

(26) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems
Springer-Verlag: Berlin, 1990.

(27) (a) Stewart, J. J. B. Comp. Cheml989 10, 209. (b) Awaga, K.;
Inabe, T.; Maruyama, YChem. Phys. Letl992 190, 349. (c) Collins, D.
M.; Hoard, J. L.J. Am. Chem. Socl97Q 92, 3761. (d) Sekino, H;
Kobayashi, HJ. Chem. Phys1987, 86, 5045.
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distance between the radical center 88dTPP* for the meta
complex is smaller than that for the para complex.

The g(D1) andg(Q,) values are represented theoretically as
follows:

9(Dy) = {—a(R) + 49(T,)}/3
9(Q) = {9(R) + 29(T,)}/3

From the peaks in the solid state, (&) values were estimated
as 2.007+ 0.001 and 2.006t 0.001 for p- and m-nitpy,
respectively. g(T1) was evaluated as 1.998& 0.003 for
3ZnTPP*py. Using these valuesy(D;) and g(Q:) were
calculated theoretically, as summarized in Table 2. All ghe

(11)

(12)

J. Am. Chem. Soc., Vol. 120, No. 13,3198

orbit interactions between thejsand Q states and between
the D, and Q states were neglected, because tgeMO
coefficient of the ¢, orbital was negligibl€? Consequently,
the selective ISC to thgQ,,41/,'is reasonably interpreted by
the SOC between thesand Q states or between the;@and
Q; states.

4. Electron-Spin Polarization in the Excited Doublet
State. The TREPR spectra d{3ZnTPP*2nitpy) showedE
and A polarizations for the para and meta complexes, respec-
tively. It was found from the polarization that the populations
of the D state were distributed selectively in tHgy,+/,0and
|D1,—Y>0sublevels for the para and meta complexes, respec-
tively. The electron-spin-polarization mechanisms of the dou-
blet state reported previously are divided into two groups. In

values calculated are smaller than those obtained experimentallyone case, the ESP is generated from the change in the magnitude

These differences are considered to be due to the gl
value. The smallerg(T;) value &1.998) of 3ZnTPP*py
compared with the free-electron valueZ.0023) is interpreted
by Zeeman interaction and the SOC between thead T,
states’®28 The interaction between the &nd T, states would
be decreased by the coordination f or m-nitpy, which
provides interaction between the SOMO of nitpy and the LUMO
of ZnTPP. As a result, thg(T,) value of the ZnTPPnitpy
system could be close to the free-electron value. i)
and g(Q,) values calculated using(T;) = 2.002 are in good
agreement with those observed, as summarized in Table 2.
3. Electron-Spin Polarization in the Excited Quartet
State. It was found from the simulation results that the excited
quartet spectra of ZnTPRp-nitpy and ZnTPP-menitpy were
explained by selective ISC from the excited doublet states to
the |Qy,2Y>' [bpin sublevels. To clarify the origin, we calculated
the SOC between some excited doublet andstates. Since
the ESP offZnTPP* was reasonably interpreted by the SOC
due to the d atomic orbitals on the heavy zinc idRlb:29the
SOC due to the zinc ion between the excited doublet apnd Q
states is considered. The SOC between theaul Q states,
2(AZnTPP-2nitpy*) and4(3ZnTPP*—2nitpy), is easily neglected,
since the SOC hamiltoniaise, is a one-electron operator. In
contrast, the matrix elements of the SOC between thari
Q, states were calculated using eqs 6 and 9 as foll8\&s:

D, I'|Heo| QuK'C=iZ/2v/3  (1=K)

D;,I'Hgo Q. K'T=0 (I=K) (13)

iZ = n’d, &l 1d 0

Here, Z is a matrix element of the SO@. 5 is the g MO
coefficient of the ¢, (dy,) orbital on the zinc iorf? It was
indicated that the ISC tqQ.+%,’Owas selective. These
calculation results are consistent with the experimental results.

Next the SOC between the;[@and Q states is considered.
The matrix elements were calculated as follGis.

,,I'|Heg Q.K'=iZ/3vV2  (1=K)

D,,I'Hgg @K'= 0 (I=K) (14)
The selectivity of the SOC between the &d Q states is the
same as that between theg Bnd Q states and is consistent

with the experimental results. On the other hand, the-spin

(28) Kooter, J. A.; Canters, G. W.; van der Waals, JMdl. Phys 1977,
33, 1545.

(29) van Dorp, W. G.; Schoemaker, W. H.; Soma, M.; van der Waals,
J. H.Mol. Phys 1975 30, 1701.

of the exchange interactiof, such as a radical pair mechanidm,
and a radicattriplet pair mechanism (RTPMP32 In the
second case, the ESP is induced by the SOC, such as a triplet
mechanisn?, and an electron-spin polarization-transfer mech-
anism (ESPTY¥3 In our system, the molecular dynamics can
be neglected, since the molecules at 20 K were in the rigid solid
state. Further, the triplet exciton is slow in the glassy matrix,
unlike in a crystaf! Because thd value is not variable in our
system, the ESP due to the RTPM can be neglected. Further,
the ESPT from the @molecule to the Bmolecule cannot occur
without both the molecular dynamics and the exciton. It is
therefore considered as the other candidate of our ESPs that
the polarization originates from the fact that the internal
conversion rate from the higher excited doublet stat¢®te-Y/

oLs different from that tdD;,—1/,[] The perturbation between
the D, and Q states is considered as one of the origins, since
the contribution of the Qstate to the B state would interfere
with the internal conversion between the excited doublet states
in analogy with radical pair$®> The Q state of the radical
triplet pair can perturb the nearby; Btate a little, because of
the small energy difference between theadd Q states. Since

the energy difference between theR)SB andg(T1)B values

is smaller than the zfs energy in the solid state, only the zfs
interaction,H,ss, between the Pand Q states is considered.

The wavefunctions of the excited doublet sta@y,1¥[] are
represented as follows:

ID4,I*0= Ni{|D, 10+ Z(Hl,K/AE.,K)|Q1,K@ (15a)

Hl,K = ED:I_7}<|Hzfs|D:]_1”:| (15b)

AE, ¢ = 3] — [Q;,K[Hgpinl Qy, KIH Dy, 1[Hgpil D4, 10 (15€)

Here, N, is a normalization constant and exhibits a coefficient
of |D1,I00 The zfs interactions between thg Bnd Q states
for B||z are shown in Figure 8. Wheh < 0, the interaction
between|D;,+Y,0and |Q,—3/,0is larger than that between

(30) (a) Blatler, C.; Jent, F.; Paul, HChem. Phys. Letl99Q 166, 375.
(b) Kawai, A.; Okutsu, T.; Obi, KJ. Phys. Chem1991, 95, 9130. (c)
Kawai, A.; Obi, K.J. Phys. Chem1992 96, 52. (d) Kawai, A.; Obi, K.
Res. Chem. Intermed993 19, 865. (e) Turro, N. J.; Khudyakov, 1. V.;
Bossmann, S. H.; Dwyer, D. W.. Phys. Chem1993 97, 1138.

(31) (a) Corvaja, C.; Franco, L.; Pasimeni, L.; Toffoletti, A.; Montanari,
L. Chem. Phys. Letll993 210 355. (b) Corvaja, C.; Franco, L.; Toffoletti,
A. Appl. Magn. Resorl994 7, 257. (c) Corvaja, C.; Franco, L.; Pasimeni,
L.; Toffoletti, A. J. Chem. Soc., Faraday Trank994 90, 3267.

(32) (a) Hugerat, M.; van der Est, A.; Ojadi, E.; Biczok, L.; Linschitz,
H.; Levanon, H.; Stehlik, DJ. Phys. Cheml996 100, 495. (a) Regev. A,;
Galili, T.; Levanon, H.J. Phys. Cheml1996 100, 18502.

(33) (a) Fujisawa, J.; Ishii, K.; Ohba, Y.; lwaizumi, M.; YamauchiJS.
Phys. Chem1995 99, 17082. (b) Jenks, W. S.; Turro, N. Res. Chem.
Intermed.199Q 13, 237.
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Figure 8. Perturbation between the ;Dand Q states. Arrows
constituted by solid lines show internal conversion routes. Arrows
constituted by broken lines represent the magnitude of the interaction
between the Pand Q states.

|D1,—Y,Cand|Qq,+3,[due to the energy difference. Therefore,
the contribution of the @state to|D1,4+Y5*[] 1 — N11/24, which
provides the interfering factor of internal conversion, is larger
than that to]D1,—%>"[] 1 — N_1,2. By this perturbation, the
internal conversion rate {®1,~+-*(0s considered to be slower
than that to|Dy,—%*00 This difference results in theA
polarization. In contrast, the internal conversion ratgg+1/
,*0is considered to be faster than thatip,—/,*[) whenJ >

0. This provides th& polarization. From the RTPM experi-
ments at room temperatutethe signs of thel values were

Ishii et al.

ably explained by their molecular orbital overlapsAccording

to Figure 8, theE andA polarizations are provided using tie
signs for the para and meta complexes, respectively, and are
consistent with the observation. This fact supports our polariza-
tion mechanisni#35 Although it was difficult to resolve the
structural anisotropy in contrast to the excited quartet state, this
mechanism is proposed to be a candidate for the ESPs in the
D, state.

Conclusions and Outlook

In this report, we have studied the excited states of the
paramagnetic complexes, ZnTPpnitpy and ZnTPP-m-nitpy,
by the TREPR method. The obtained TREPR spectra were
reasonably assigned using thendD values, and the excited
guartet EPR spectra with ESP were simulated accurately for
the first time. From the spectral simulations, it was established
in general that ESP in the excited quartet state was interpreted
by selective ISC, which was produced by SOC between the
excited doublet states and the eigenfunctions of the quartet state
in zero magnetic field. The TREPR spectra of the ZnFPP
nitpy systems were interpreted by selective ISC to|®et1/
2'Osublevels. This selectivity originated from the SOC due to
the zinc ion between the and Q states or between thesD
and Q states. The ESP in the;Btate was interpreted by the
difference between the internal conversion ratfg+Y,Cand
that to |D;|_,_l/2|:]

From this study, various kinds of developments are predicted,
as follows. Firstly, the excited multiplet states, which have
higher spin multiplicities, will be observed and characterized.
Secondly, the application of the TREPR to paramagnetic metallo

determined as positive and negative for the para and metacomplexes is recommended. The magnetic properties of

complexes, respectively. The determirdesigns were reason-

(34) To discuss quantitatively, the contributions of the excited quartet
configurations, - N2, were calculated. For example, wheh= 1 cnrt
andB||z, 1 — N2 were calculated as 2 104 and 6.8x 104 for | =1/,
and —1/,, respectively. Here, we uségli= 330 mT,D(T1) = 0.912 GHz,
D(RT1) = —0.214 GHz,E(T1) = 0.284 GHz, anE(RT1) = 0 GHz. The
obtained 1— N;1/? is a little smaller than - N_y2. Since the total
population of the B state is large from spin multiplicity, the difference
between the population ¢B1,45*[]Pp +1/2#, and that of D1,— Y21 Pp —1/2%,
would be large enough to observe.

(35) Although thel value of the meta complex differed from that of the
para complex in both the sign and the magnitude, the observed spectrum
of the meta complex was almost the same as that of the para complex excep
for the sharp signal arourgi= 2.00. From these results, it was concluded
that the polarization due to the zfs interaction was not observed in the excited
guartet spectra. This is reasonable, since both the contribution of the D
state to the @state and the difference betweln+1/7/(Pp,+1/2t + Pp,—1/2)
andPp —1/#/(Pp +1/2 + Pp—1/#) are small.

paramagnetic metallo complexes in the excited state are
important not only for the investigation of the excited state but
also for the analysis of the magnetic properties in the ground
state. In addition, studies on the interaction between an excited
triplet molecule and another excited triplet molecule are
anticipated. Although such interactions are known asTT
annihilation, there has been no observation of the pair constituted
by two excited triplet molecules to date. Observation of the
pair by TREPR will result in direct and novel information.
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