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The Lowest Photoexcited Triplet State of Subphthalocyanine in Solid and Fluid
Environments. Time-Resolved Electron Paramagnetic Resonance Studies
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Time-resolved EPR spectra of the lowest excited triplet state of boron subphthalocyanine chloride have been
measured in toluene at various temperatures3@ K). On the basis of the observed and simulated spectra,
electronic structure and molecular motion of the triplet stalg (vere analyzed, both in solid and fluid
solution. The simulations were carried out using a model, which considers a temperature-dependent exchange
between sites having different zero-field splitting (ZFS) parameters and molecular orientations. The ZFS
parameterD, was nearly the same at all temperatures examined. At very low temperatures, below 20 K, the
spectrum was analyzed by a static model. A+4Q0 K, two conformers with different ZFS parametgr,

have been found. The population ratio between the two conformers showed strong temperature dependence.
These conformers were attributed to Jafiieller states and were identified by their different ZFS parameters.

The exchange rate and activation energy of the conformers were compared with similar experiments performed
in solid solution. Further increase in temperature (2860 K) resulted in noticeable change in the spectra.
However, at this temperature range the spectra could not be analyzed quantitatively because of the unstable
crystal structure of toluene (soft glass). Above 163 K, the solvent turns slowly into fluid and the spectra were
strongly dependent upon temperature. In this range of temperatures, molecular rotations occur, initially around
the out-of-plane-axis, and, as temperature rises, also around the in-glarey-axes. Anisotropic exchange

rates were obtained from the spectral simulation and were analyzed by a population exchange between the
Jahn-Teller states combined with anisotropic rotations. Anisotropic -sfattice (T;) and spir-spin (T)
relaxation times were also obtained and discussed. The rotations become isotropic above 263 K, where the
spectrum exhibits a single sharp Lorentzian line and is analyzed in terms of the dipolar spin interaction.

In 1992, the first observation of tHg signal was reported
for fullerene Cqg*)* in fluid solution (toluene},>°measured

The lowest excited tripletT) state was studied and analyzed by TREPR, where the slow triplet spin relaxation rate in fluid
ext_ensively at low temperatures in rig_id environments by means ;jjowed to obtain the EPR spectra. In 1994, McLauchlan et al.
of time-resolved EPR (TREPR) technigtighese measurements  yeported the TREPR spectra of “trapped triplet anthracene” in
utilized the strong electron spin polarization of tHestate to fluid solution! Although the species involved were not
obtain the EPR signal. Until recent years, the EPR spectra of completely assigned, the analysis of the spectra, which exhibits
the T state (as opposed to stable biradigais fluid solution asymmetry and the temperature-dependent line width in solution,
had not been observed. Nevertheless, there were severajs of interest to our work. In parallel to these pioneering
examinations of the behavior Gff for molecules at high  experiments, attempts to obseAfespectra with complex line
temperatures in materials such as plastissigle and liquic? shape were performed. Recently, we have succeeded in observ-
crystals, polymers, biological in vivo systems,and even  ing thelT spectra of metalloporphyrins (MPotand metal-

glasse$? In these studies, the authors analyzed the temperaturejgphthalocyanines (MPcd§. These molecules are characterized
dependence of the signal decay, ZFS parameters, and theyy proad spectra>7 mT), as compared to fullerene-Q.05
exchange rates between sites. The results were interpreted ifT at room temperature). In fullerene, spin relaxation of the
terms of the mobility of the environments, involvement of higher 1T state was analyzed by employing pulsed EPR, and the
excited triplet states and different conformers, and changes inelectronic structure and molecular dynamics were deduced from
the electronic structures. the relaxation rate¥ However, as will be shown here, these
static and dynamic parameters can be extracted directly from
* To whom correspondence should be addressed. Fax: 81-22-217-5616;the spectral simulation.
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Figure 1. (a) Molecular structure and (b) calculated optimum geometry
of boron subpthalocyanine chloride. Refer to the text for a dotted circle
and numbering of the atoms.

diffusion modelt® The former usually provides better fit of the
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Temperature was controlled using a JEOL ES-DVT3 nitrogen
gas flow system or an Oxford ESR 900 helium gas flow system.
The molecule was excited at 550 nm with a Spectra Physics
GCR—170 OPO laser, pumped by a GCR-170 Nd:YAG laser.
The output power and the repetition rate of the laser were 10
mJ/pulse and 10 Hz, respectively.

MO calculations were made using the semiempirical AM-1
and ab initio methods in the Gaussian 98 program with the
B3LYP functional using 3-21G and 6-31G* basis s&t3he
geometry of the X-ray structural analy&isvas used as starting
geometry and was further optimized by the calculation.

3. Simulation of Triplet EPR Spectra

To model accurately the EPR line shape of the triplet over a
wide temperature range, we employed an advanced line shape
simulation, which is an improvement of our previous apprdach.
The new simulation can treat the case\odlifferent molecular
conformers, which can exchange energy between them. Thus,
for example, folN = 4, the calculation time of the spectraris

observed line shape at low temperatures, while the latter usually30 min (for Pentium IIl computer). LargeN values would

provides better fit at high temperatures in liquid environméhts.
In this study, boron (Ill) subphthalocyanine chloride (SubPc;

Figure 1) was chosen, since this molecule is smaller than the

porphyrins and phthalocyanines studied previously and also
since it has a unique structure 6§, symmetry. In addition,
SubPc derivatives have been utilized as intermediates in
synthesizing unique phthalocyaninéd?materials of nonlinear
(second and third harmonics) optical properfieand optical
recording medi&?!

TREPR spectra of théT state of SubPc were observed in
toluene at various temperatures—360 K) and simulated in

require longer calculation times or better computer resources.
Each species may have its own ZFS parametBraifd E),
anisotropic spin relaxation timeS, Ty, Tiz T Tay T2,

and anisotropic selective levels populatiofy,(Ay, A). In
addition, each species may have its own orientation in the
magnetic field relative to a specified orientation of the first
treated species, which enables the consideration of “discrete
jumps” between different possible orientatidisA general
matrix, which describes the coupling between the various
species, can also be accounted for. The simulation is performed
numerically with a Matlab routine, which provides convenient
graphical interface and also enables efficient multiparameter

terms of the excited states dynamics and molecular motions bOthoptimization to provide the set of parameters, which best

in solid and fluid solution. The spectral simulation was carried
out with a model that considers two sites or more, having

different magnetic parameters and intersystem crossing rates,
These sites are exchangeable and can rotate with temperature-

dependent rates. Such a behavior is typically realized in the
molecules having high symmetry, for example, SubPc and
metalloporphyrins.

2. Experimental Section

SubPc was purchased from Aldrich Co. and purified by
column chromatography. The purity of the sample was checked
by UV/vis absorption (Shimadzu UV-240 spectrometer), el-
ementary analysis, antH NMR (Bruker MSL300). Spectral-

describes the experimental spectra.

The algorithm uses the early basic ideas for the exchange
mechanism between the specié$n addition, it employs the
general form of the discrete jumps motfednd the selective
triplet levels populatioR®

The relevant triplet spin Hamiltonian is given by
A =9gpSB,+S-D*S (1)

which can be written also as

A= gfSBy+ D{ S, - 395+ 1)} +ES-S) (2

grade toluene was purchased from Nakarai Tasque Co. and was

used as solvent without further purification. The concentration
of the sample was 0.3 mM. In the EPR experiment, the sample
was deaerated by Ar gas bubbling and flowed through a
microwave cavity.

EPR signals were recorded using a modified X-band JEOL
JES-FE2XG spectrometer, where the bandwidth of the amplifier
is ca. 20 MHz. Decay curves of transient EPR signals were
accumulated at every magnetic field on an Iwatsu DM-7200
digital memory using a sample rate of 10 ns and stored in the

where
D=D, — XD, +D,) 3)
- Yz 2\ xx yy-
_1
E= E(Dxx - Dyy) (4)

andD; are the components of th2 tensor as presented in eq

computer. The analysis resulted in two-dimensional EPR spectral, and the hyperfine term is neglected.

with respect to the magnetic field and time after the laser pulse.
A boxcar integrator (NF-BX-531) was also utilized in the

The high-field wave functionst-1>, |0>, |—1> diagonalize
the Zeeman part of the Hamiltonian. To diagonalize the full

observations of time-resolved EPR spectra with an appropriateHamiltonian, we use a standard procedure in which we first

time gate width (106-200 ns). The time resolution of our EPR
system is ca. 80 ns.

neglectD andE (which are~10 times smaller than the Zeeman
interaction) to obtain the eigenvectdfs:
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After that we insertD and E as a first-order perturbation to
obtain the diagonal Hamiltonian matr&:

j = [
- %(1 — 3 + 0 0
gaz — D) + w,
0 %(1 —3) - 0
E(I? — n?)
0 0 - %(1 —3n’) +
02— ) — o

I (é

wherel = sin 6 cos¢; m = sin 6 sin ¢; n = cos 0, for the
spatial anglef, ¢, which describe the direction dd, with
respect to the molecularaxis. Thus, the energy levels depend
on the molecular orientation in the external magnetic field,
resulting in a broad inhomogeneous spectrum for isotropically
distributed molecular orientations.

Let us consider the case bf different triplet species (with
different Hamiltonian) in the same solution, which interact with

Yamauchi et al.

E/10° em”

-1

22

34

4] y 3
a; —— HOMO .‘ ]
e ' \ --\\
2 —— .‘
e ' )

Figure 2. Calculated energy levels near HOMO and electron distribu-
tion of LUMO and HOMO by use of ab initio calculation with B3LPY/
6-31G*.

The termS; is the matrix presentation for the Heisenberg spin
operator of the triplet{2 is a 9N® 9N supermatrix representing
the commutator operator in eq 7, for the Hamiltonian of different
sites, and the supermatrixBlsandR are related to the exchange
and the relaxation processes, respectively.

Equation 8 is solved numerically for eaehand molecular
orientation [, m, n). At this point one can also insert a
distribution function, which determines the distribution of
orientations for the triplet molecule. For example, one may use
isotropic distribution for isotropic solvents or other types of
distributions for anisotropic environments, such as liquid
crystals.

4. Results

a. Electronic Structure of the Excited State.Energy levels
and wave functions of the MOs were calculated by the two
methods mentioned in section 2. Typical results of the B3LPY/
6-31G* calculation are shown in Figure 2, giving a nonplanar
ammonia-type structure, as shown in Figure 1b. The ordering
of the MOs near the HOMO (110) and the LUMO (111 and

each other. Different Hamiltonians imply that each species may 112) does not depend on the calculation method, while the
be in a different orientation (similar to the regular discrete jump energy difference between the HOMO and the LUMO depends
model}’ but also may have different ZFS parameter€. The remarkably on the method and the basis set. When the 6-31G*
spin distribution of each species is described by the density basis set and B3LPY hybrid functional are used, the energy

matrix pa, ps, and so forth. For each species, we may write the
following Liouville equation:

doa R
E = i[pasal + Z(PBAPB — Pagpa) = Ralpa — PAD) (7)

wherea is the Hamiltonian of species Rag is the exchange
rate of from A to B,Ra is a generalized Redfield relaxation
matrix, andpa, is the “steady-sate” density matrix. Following
Hudson and McLachlan’s approa¢hwhich relies on the
extensive treatment of Kubo and Tomifawe can write the
solution of eq 7 for the line shape intensitywersusw for a
given DC field as

1

—=—— 8
—i(IT + R)]S‘} ®)
wherepg is the steady-state density matrix for all the species.
Unlike the original treatmerf! wherepo describes the thermal

[(w) =21Im Tr{,oos([(Q —

difference between HOMO and LUMO is 2.8 eV (439 nm),
which corresponds to the energy of the lowest excited singlet
(1S) state (565 nm) obtained from the UV/vis absorption
spectrumt&191t was found from Figure 2 that HOMO belongs
to @ symmetry and LUMO to e, in th€;, point group. As
these two MOs are located apart from the other MOs in all
calculations examined, tH& and!T states must be composed
mostly of single E (g&—e) configuration and might suffer from
a Jahn-Teller distortion. The electronic structures of the two
LUMOs result in molecular shapes of isosceles triangles with
short (S) and long (L) bases, which are just those expected from
the Jahn-Teller distortion in the'S and!T states.

b. Calculation of the Zero-Field Splitting Parameters.The
ZFS parameter® andE were calculated for the excited triplet
states of SubPc by two methods, using egs 9 and 10.

D = (=3/4)(uy/47)(9B)’ [17[(3Z - RO)IRY] 1y dvydv
(9)

triplet population, in the present case it describes a spin polarized

triplet and includes also the effect of thermal relaxati®y).%-3°

E = (=3/48)ud4m)(@B)* [11r[(€¢ - V)R] y17dvydv, (10)
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Figure 3. Experimentally obtained and simulated time-resolved EPR

spectra of boronsubpthalocyanine chloride in the excited triplet state Figure 4. Experimentally obtained and simulated time-resolved EPR

at 20-120 K in toluene. spectra of boronsubpthalocyanine boron chloride in the excited triplet
state at 163223 K in toluene.

The first method calculates the ZFS parameters by the half-

point approximatioft with the aid of the calculated geometry

and electron distribution, as shown in Figures 1b and 2. Two

transitions of 116-111 (E;1) and 116-112 (E;2) were assigned 283 K 20mT gy,

for two lower excited triplet statespir and o1, with the

calculated ZFS parametey = D, = 25.9,E; = —E, = 5.0

mT. TheD value is the same for the two transitions dattas

the same magnitude with different sign. These identical

parameters reflect the high molecular symmetnCaf, which

influences the electronic structures of tHeand?T states.

A different calculation of the ZFS parameters was carried
out by the method of HigucPd using the PPP LCAO MOs and
approximate orthogonal AOs for planar SubRavhere the B
atom is removed from SubPc. In this calculation, we aimed at
better fit of the obtained ZFS parameters and examining the
effect of distortion due to the JahiTeller interaction. The 323K
procedure is the following: (1) The geometry is optimized by
the use of B3LPY/6-31G* and then symmetrically adapted to
the Cs, structure. (2) The PPP MO calculation, which includes
several configuration interactions, gives rise to energies and
electron distribution of the excited states in planar SdbPc
Under these assumptions, the value®@ndE were calculated 343K
to beD; = D, = 39.9 andE; = —E, = 6.3 mT, for the'T and
2T states, withd = 120° (6 = < N31BNs in Figure 1a), where
the C, symmetry is preserved. (3) To obtain the geometries of
isosceles triangles with short (S) and long (L) bases, the Figure 5. Experimentally obtained and simulated time-resolved EPR
molecular frame of EN—C (A: 8-9-10, B: 12-2—-2, C: spectra of boronsubpthalocyanine boron chloride in the excited triplet
4-5-6 in Figure 1a) is changed from= 120 to 117 (S) and  State at 283343 K in toluene.

123 (L), respectively. In this case, the ZFS parameters were gptained and simulated spectra are shown in Figures.3

Emi.

i

303K

(i

calculated to b®s = 38.8,Es=6.4,D, =38.7,EL =7.1mT  Characteristic features in each temperature range are summarized
for the two isosceles triangles. It is therefore found thatoes below.

not vary much (0.5%), whereds varies more significantly i. Solid Phase: 5120 K.

(11%) with AG = +3° because of the JahiTeller distortion. Below 20 K, the observed spectra do not vary significantly

c. TREPR Spectra and Their Simulation. TREPR spectra and correspond to site | (Figure 3). The spectrum is simulated
were measured and analyzed at30 K in toluene. The with the ZFS parametei® = 35.8 and|E| = 8.4 mT and an
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TABLE 1: Static Parameters Obtained from Simulation of the Spectra at 26-120 K&

species ID = 35.8,|E| =8.4mT species 1ID = 35.8,|E|=11.9 mT
TIK Ao PImT AwPImT AwPImT 1/% Ao lImT AwImT AwPImT 11/%
20 0.4 0.5 0.05 95 15 0.2 0.05 5
60 0.6 0.5 0.05 70 15 0.2 0.05 30
80 0.7 0.5 0.05 40 2.0 0.2 0.05 60
100 1 1 0.05 25 2.2 0.2 0.05 75
120 1.6 1 0.1 8 2.3 0.3 0.1 92

aWith slow exchange rategx = 1.7 (60)— 3.3 x 10" s (120 K).? Line width (eq 14).

TABLE 2: Dynamic Parameters Obtained from Simulation of the Spectra Observed at 8-190 ns after the Laser Pulse and
163-263 K

TIK 1rPmT 1 PImT 1 PImT Tiy/Ns Tidns Ti/ns o/ degree  pldegree  yldegree  Ked1Bst

163 6 0.1 5.7 95 73 2100 90 3 3 3.3
173 8.3 0.1 23 59 45 950 90 6 2 12 (2.9)
183 8.5 0.3 41 48 38 480 90 8 11 14 (5.6)
203 10 0.5 30 38 32 160 90 15 27 16 (17)
223 10 0.6 29 32 30 70 90 60 30 28 (39)
243 10 0.6 20 24 23 38 90 75 40 >28 (71)
263 10 5 20 <23 <23 24 90 85 75 >28

a zero-field splitting parameter® = 35. 8 andE| = 8.4 mT.? 1/T,; = 2nAw; (i = X, y, Z eq 14); 1T, of 10 mT corresponds to,Tof 3.6 ns.
¢ Calculated from eq 20 with = 4.5 A. ¢ The values in parentheses are calculated from eq 16and 7,71 with r = 4.5 A,

17.5 prevented us from simulating the spectra at this temperature
range. At around 163 K, the spectrum shows a typical pattern
Q of E = 0 and continues to vary remarkably for temperature
above 170 K, still exhibiting some structure up to 243 K (Figure
4). The spectral simulation in this temperature range was
17.0 examined with the two-site discrete jump model described in
section 3, and one site is sufficient for obtaining the simulation
results, as shown in Figure 4. The spiattice relaxation time
(Tai; 1 = X, Y, 2 was obtained from the decay curve of the signal
at each stationary field{/ x, y, 2) under a condition that the
spin relaxations are fast enough as compared with the strength

In(k/s™")

16.5
T T T T T 1 (B1) of microwave {B;TiT, < 1).3% Alternatively, T; can be
8 10 12 14 16 18 . : . .
obtained directly from the simulation of the spectra, as one of
T/ 10° K" the fitting parameters (see above). The best-fit parameters
Figure 6. Arrhenius plots ofkex obtained at 66120 K. obtained from the decay curve (which are similar to the ones

obtained from the simulation of the spectra) are summarized in
intersystem crossing (ISC) ratio 8§—Ay: Ay—Ax = 1:0. In view Table 2. The same values B, |E|, andA (i = X, Yy, 2) were
of similar porphyring® and phthalocyaniné$ which exhibit used at all temperatures. Under these conditions, the spectrum
D > 0, the T, sublevel, which is selectively populated, is is highly sensitive td andA; but less sensitive t{£|. On the
assumed to be the lowest energy level. In the temperature rangéasis of our spectral simulation, we concluded bandA do
of 40—120 K, the spectrum starts to change, loosing clear peaksnot depend on temperature. Although the results are reported
in the canonical orientatior®//x andB//y, while the spectrum for a single|E| value, we do believe that the two molecular
remains sharp at thecanonical orientation. The spectra were sites having differenE, observed at lower temperatures, are
simulated by the two-site (I and 1) model described in section involved in the spectra. Despite the possible existence of two
3. The parameters used in the simulation Bre= D, = 35.8 sites, the fast rotation about the molecutaaxis makes the
mT, |E /| = 8.4, and|E;| = 11.9 mT with slow exchange rates spectra less sensitive to changefgh and, as mentioned above,
(1.7x 10°s1at 60 K and 3.3« 10" s"t at 120 K in Figure 6), can be simulated with a singl&| value. The parameteigy,
where the species which corresponds to site Il becomes moreq, 8, andy, which are also sensitive parameters, enable us to
significant, as temperature rises (Table 1). All other simulated estimate the exchange and rotational r&tesndky for the in-
parameters are summarized in Table 1. Khealues are plotted  plane and out-of-plane motions, respectively, which reflect the
in Figure 6 and analyzed by the equation: intramolecular dynamics. The values were calculated by eqs

12 and 13 and are summarized in Table 3.

Kex = Kex €XP(—AE/KT) (11)
ki = kex (@/57°) (12)
We obtainedke,? and AE as 6.5x 10’ s! and 57 cm?,
respectively. Thus, the two species are coexistent with a given k= ko (B/57°) (13)
ratio at each temperature.
ii. Liquid Phase: 136260 K. From Table 3, it is found that the intramolecular motion is

In the temperature range of 13@60 K, the spectra were  highly anisotropic at lower temperatures, for examgitky =
not reproducible and were strongly dependent upon the cooling30 at 163 K, and becomes nearly isotropic at higher tempera-
rate, cooling direction, and sample orientation. This is a rather tures, k/ko = 1.2 at 243 K. From the Arrhenius plots, the
typical phenomenon in the soft glass region of tolughehich activation energies were obtained for the two processes, that
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TABLE 3: Anisotropic Exchange Rate Constants the T, values given for the spectra at low temperature as an
TIK k/10Pst k/10Ps k/ko “effective T2", which includes all the additional Hamiltonian
terms that we have ignored. The effectikgis close to the real
163 2.2 0.17 30 T, of th i ly in th hegehfc, and oth
173 19 13 15 2 of the species, only in the case whegehfc, and other
183 22 2.0 11 second-order terms in the Hamiltonian are relatively small.
203 24 4.1 5.9 Nevertheless, one property that this effecfiyeloes not account
223 44 29 15 for is the exchange rate between the sites. The spectra could
243 1.2 ; i ian i ; va i
have been simulated using Gaussian lines with effective line
2 Obtained froma/$3 in Table 2. widths that account for all second-order terms in the Hamiltonian

including the exchange. In such a fitting process, one cannot

239 obtain the exchange rate from the simulation, as it is hidden
within the effective line width of the Gaussian line shape. In
229 the present simulation scheme, the exchange is treated separately
from T, thus enabling to obtain good estimate of the exchange
% 217 rate between the two sites at various temperatures. For the
% temperature rang& > 160 K, the values of /T, at various
~ 204 canonical orientations, are usually large enough to account for
the observed line width. Thus, in fluid solution, the effective
194 T, can be considered in most cases as theTgaf the species.
b. Electronic Structures at Lower Temperature. Two kinds
18 . I I : . I I of triplet species were observed at4m20 K, having nearly
4.4 4.6 4.8 5.0 52 54 5.6 58 the sameD but different |E| values D, = D = 35.8 mT,
T/ 103K |Ei| = 8.4, andE;| =11.9 mT). The observed none-zé&value
Figure 7. Arrhenius plots ok; (in-plane),ks (out-of-plane motions), indicates that the'T structures are distorted from th@s,
andz, L. symmetry, as expected from the Jatireller splitting. Here,
. ) we compare the observed values described above with the
TABLE 4: Experimentally Obtained (T) and Calculated calculated ones in section 484= 38.8,Es= 6.4,D, = 38.7,
(T2g) Spin—Spin Relaxation Times E. = —7.1 mT); the value oD remains the same aritlvaries
TIK Aw¥mT T2"Ins Tag/ns with the Jahr-Teller distortion. Therefore, we can conclude
283 3.6 1.6 1.6 that the two observed sites at-4020 K correspond to those of
303 2.9 2.0 19 the Jahr-Teller states.
gig 3451 2431 gé Jahn-Teller splitting for the EPR spectra at low temperatures

has been reported in several systems of fhestate such as
benzené® metalloporphyring; and fullerené® For the fullerene
triplet, Bennati et al. analyzed the temperature dependence of

is, the in-plane K;) and out-of-planek;) rotations (Figure 7).  the EPR spectra with the exchange rate of {Zpx 10" s™*

a Half-width at the half-maximum? Calculated from eq 14.Cal-
culated from eq 15 with = 4.5 A.

These values were calculated to be ca. 420 and 1620 fon at 20-80 K and interpreted in terms of the tunneling process
the in-plane and out-of-plane rotations, respectively. between the JahsTeller split state$® The rates they obtained
iii. Liquid Phase: 276-370 K. are close to ours (1-73.3 x 10’ st at 40-120 K) and a similar

In this temperature range, the spectrum has lost all its structureP'0Cess must occur for ¢ and SubPc in theT state. l'“
and is characterized by a single peak, as shown in Figure 5.metalloporphyrins, a similar activation energy 310 cntl)
These spectra were analyzed with a simple Lorentzian line shape¥@S also obtained for the Jahiieller states” These facts

simulation. From the half width at half-maximum@/mT) of confirm our assignment that the JakiFeller states are involved
the simulated spectrum, the spispin relaxation timeJs, is in this temperature range.
obtained by eq 14 and summarized in Table 4. TheD value we have found is larger than those of porphyrins
(32—34 mT)? and phthalocyanines (228 mT)3* reflecting
T,= 12rAw (14) the relative small size of this molecule. The fact tliatis

independent of temperature is consistent with the calculation
T, is not obtained in this temperature range because time (section 4a) that the other excited states are located far above
resolution of our system (ca. 80 ns) cannot trace the Tast  the lowestT state. If the nearb§T states or other conformers
process €20 ns in Table 2). were located close to tH& state, a temperature dependence of
D should have been observed as reported in the literafiffe.

The triplet spectrum of subphthalocyanine bromide, in frozen
a. Simulation Procedure.The triplet line shape simulation  solution, was reported earliét,with ZFS parameters a little
for the low-temperature spectra requires eight independentdifferent © = 31.0 and|E| = 4.3 mT) from ours. The
parameters (siX values for the two species, fraction of each population from the lowest excited singletSj state was
species, and the exchange rate). The simulation ignores theselective and dominant to the lowegt sublevel. These two
effects ofg and hyperfine coupling (hfc) anisotropy. Inclusion facts could be interpreted in terms of a heavy atom effect,
of these parameters would add at least six additional independenhamely, a spirrorbit coupling on the axially ligated halogen
parameters depending on the exact model. It is obvious thatatom. This resembles the case of the external heavy atom effect
additional parameters would make the simulation process of the halogen atom on thex* triplet molecules. Here, the
impossible (computationally) and meaningless (physically) halogen atom is located just above the aromatic plane and a
because various combinations of parameters would provide veryspin—orbit coupling of thez component increases, induciig
similar and undistinguishable results. Therefore, we consider preference and a decreaseltf® The spir-orbit coupling on

5. Discussion



1484 J. Phys. Chem. A, Vol. 107, No. 10, 2003

the A atom ¢ = 586 cnT?) prevails over that of the boron
atom (11 cm?).
c. Dynamic Properties at Elevated Temperatures.At

Yamauchi et al.

the molecular shap® wherer/rs ~ 2.1 (Figure 1b, where |
and s denote the long and short axis, respectively). Therefore,
the fast in-plane exchange a200 K (Table 3) does not

temperatures above 273 K, the spectra exhibit a homogeneou®riginate from the in-plane rotation but from the Jafireller

line shape, from which the isotropic spispin relaxation time,
T,, can be extracted (Table #)For a rotating triplet molecule

in solution, Tog can be calculated on the basis of the spin dipolar
interaction model using the equatiéfs

T,q "= 1/15D*?¢, [3 + 5/(1+ v’z + 2/(1+ 4°t 7))
(15)
7, = (43yuyrikT (16)
whereD* [= (D? + 3E?)Y? and 7, denote the effective ZFS
parameter and the rotational correlation tifhegspectivelyy
is the viscosityy is the hydrodynamic radius of the molecule,

v is the microwave frequency, atkds the Boltzmann constant.
The best-fitToq values were obtained usinig= 4.5 A (Table

averaging, that is, pseudorotations. Above 200 K, the observed
small anisotropy oky/kg ~ 1.5 could be explained by the real
rotation of SubPc.

The relaxation times we obtained for SubPc can be compared
to those of triplet fullerene. 1ACs0*, T, andT, were interpreted
through the temperature dependence of the spin dipolar process
(egs 15 and 20) at 14220 K but not at higher temperatures.

In our case, however, the spin dipolar process explains well
the relaxation times obtained at high temperatures (Tables 2
and 4), and the exchange between Jaheller states was the
dominant process at low temperatuté3he apparent discrep-
ancies may be interpreted through the very high pseudorotation
rate of 3Cgg*, which results in a small effectiv®* (2.2 mT

519 at high temperature, as compared widh ~ 40 mT for
triplet SubPc.

4). The coincidence between the observed and calculated values

is satisfactory, and the value of 4.5 A is fairly reason&lodes
seen in Figure la. Another transverse mechanism, via—spin
rotation interactions, can also be considered by using the
equation&*

Ty =T, =97/ (Agn2 + Agmz) (17)
AG= G~ G (18)
AQr=07— Qe (19)

wherege is the free-electrog value (2.0023). Insertingg, =
Agn = 0.003 (which is the largest possible val)eandr = 4.5
A, we obtainTy = 15 us, which is much longer thaFfy (Table
4), thus implying that this mechanism is negligible in our case.
We can conclude that at temperature above 280 K, the SubP

behaves as a spherical molecule and the line shape is governe

through the spin dipolar interaction in the triplet state.
The spin-lattice relaxation timeJ 14, due to the spin dipolar
interactions, is calculated #y

Ty "= 2/15- D*%7, [1/(1+ v*t,) + 4I(1+ 4%t )] (20)

The values ofT;4 were calculated using = 4.5 A and are
summarized in Table 2. Notice that tflg values from the
simulation are much smallex{/10) than those for temperatures
lower than 183 K. We attribute this discrepancy to the

anisotropic (in-plane) rotations or pseudorotations that cause

much faster motion than that calculated for a spherical molecule.

To test the effect of molecular rotations on the spectral changes,
let us compare the obtained anisotropic exchange rate constants

ki andkg (Table 3) with the isotropic rotational correlation rate
7,~L. The values of,~! were calculated for different tempera-
tures using eq 16 with = 4.5 A and are summarized in Table
2 and plotted in Figure 7. Inspection of Figure 7 reveals that
71 andkg exhibit similar activation energy. This implies that
the out-of-plane rotations are real rotations and not pseudo-
rotations*® For the in-plane exchange, two possibilities are
considered, that is, the in-plane rotation and the Jarteiler
averaging. The activation energids)for anisotropic rotation

in solid neat benzeréwere 286 and 1120 cm. These results
are similar to the values 420 and 1620 ¢mobtained in our
study. On the other hand, the anisotropy@kn is larger ¢ 10

atT < 183 K) than that €3) found in benzene (2.3 at~ 280
K).4¢ Such a small anisotropy could also be calculated from

6. Conclusion

TREPR spectra of photoexcited triplet SubPc was measured
over a wide temperature range of 360 K. The spectra were
analyzed both in the solid and fluid phases of toluene, in terms
of a static and dynamic JahiTeller interaction combined with
anisotropic molecular rotations. We have shown that the EPR
spectra can be used to obtain the energy difference and the
exchange rate between two sites even in the fluid phase.
Moreover, from the spectra simulated we could extract the
exchange or dynamic rotational rates as well as the various
magnetic parameters of this interesting molecule.
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