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The spin—spin interactions in a complex consisting of a metalloporphyrin with a verdazyl radical attached at one of the
[ positions of the porphyrin ring are investigated. The X-ray crystal structure of the copper porphyrin complex shows
that the plane of the verdazyl moiety is oriented such that it is nearly perpendicular to the plane of the porphyrin ring so
that weak magnetic interactions between the metal and radical are expected. Consistent with this expectation,
magnetic susceptibility and continuous-wave electron paramagnetic resonance (EPR) measurements of the copper
(d°) and vanadyl (d") versions of the porphyrin show that the metal and radical are weakly antiferromagnetically
coupled. Thus, the ground state is a singlet, but the triplet state is thermally accessible above ~5 K. Spin-polarized
transient EPR measurements of the free-base analogue show that its lowest excited state is a quartet, indicating that
the verdazyl radical couples ferromagnetically to the triplet excited state of the porphyrin. Low-temperature transient
EPR measurements on the vanadyl porphyrin reveal that the lowest excited quintet state is populated. This implies that
the antiferromagnetic coupling between the metal and radical observed in the ground state is switched to a
ferromagnetic arrangement in the excited state by the presence of the unpaired electrons in the sz and 77* orbitals of the

porphyrin.

Introduction

The design of molecular systems with multiple spin centers
that can be aligned via the exchange interaction has become
an important field of study'™'? because of the possible
applications of such systems, for example, as storage devices.
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One well-established design approach'>~'® is to attach para-

magnetic ligands to paramagnetic metal centers with the goal
of creating a material in which the ligands mediate ferromag-
netic coupling between the neighboring centers. The por-
phyrins are attractive building blocks for these kinds of
complexes because of their extended s conjugation, their
ability to bind a wide variety of metals, and the ease with
which they can be functionalized.””*' Recent examples
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include porphyrins bearing phenyl carbene groups,

manganese(Il) porphyrin—tetracyanoethylene complexes,
tetra%alvinolphenyl and bis(semiquinone)porphyrin sys-
tems.”>® In z-conjugated molecular systems such as these,
the relationship between the sign of the exchan%e coupling
and the orbital topology is well understood.*”~* However,
controlling its magnitude is challenging because it is highly
dependent on the molecular structure.’”***! Studies of
nitroxide-labeled metalloporphyrins and other transition-
metal complexes with nitroxide-containing ligands show that
the metal nitroxide spin—spin interactions depend critically
on the nature of the ligand.**** The magnitude of the
exchange coupling between a metalloporphyrin sz-cation
radical and appended radicals has also been found to depend
on the nature of the attached radical.**-*® For many radicals,
the bulky substituents that are required for chemical and
thermal stability can also play a role in determining the nature
and strength of the metal—ligand spin—spin interactions.

A further area of widespread interest is the development of
molecular materials in which magnetic order can be induced
using light.>~%'12 This interest has led to a number of
studies of the photophysics of systems consisting of a
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chromophore with attached stable radicals.'®**™>* In

these systems, the radical spins are usually weakly anti-
ferromagnetically aligned in the ground state. However,
when the chromophore is excited into its triplet state, the
radicals couple more strongly and ferromagnetically to the
triplet spin and, hence, ferromagnetic spin alignment of the
radicals is induced. Transient electron paramagnetic reso-
nance (TREPR) spectroscopy is an essential part of most
of these studies because it is one of the few methods that
can easily distinguish states of different spin multiplicities
and allows the dynamics of the system to be followed. The
spin-polarized TREPR spectra of the excited states of a
number of chromophores with attached stable radicals
have been reported®#7:#9-30:52:34757 and used to study
photoinduced spin alignment.***>*3® However, there
are no TREPR studies of light-induced spin alignment in
metal-radical-type systems in the literature. One reason for
this is that transition metals typically have short spin-
relaxation times and large hyperfine and/or zero-field
splittings, which makes detection and analysis of spin-
polarized spectra of metal complexes difficult. Recently,
we demonstrated that, for vanadyl octaethylporphyrin, the
spin relaxation is sufficiently slow that its spin-polarized
excited quartet state can be detected by TREPR and that
the time evolution and temperature dependence of the
polarization §ives a detailed picture of its excited-state
dynamics.”®" A number of studies of light-induced spin
polarization in copper porphyrin sglstems have also been
reported over the past few years.®>~°® These results suggest
that it may be possible to use TREPR spectroscopy to
study light-induced spin alignment in metal-radical
systems based on vanadyl and copper porphyrin.
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Scheme 1. Synthetic Scheme for the Verdazyl-Substituted Metallo-
porphyrins
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CuTTP-Vz, M= Cu
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There has also been considerable interest recently in
verdazyl radicals'®®~® as components of complexes with
multiple spins because they are very stable and yet do not
require bulky substituents for their stability. Thus, we have
chosen to prepare and study a tetratolylporphyrin complex
appended with a m-verdazyl radical (Vz) at one of the
p-pyrrole ring positions as shown in Scheme 1. In the copper
and vanadyl versions of the complex, magnetic susceptibility
and continuous-wave electron paramagnetic resonance (CW
EPR) data suggest that in the ground state the magnetic
coupling between the verdazyl and metal spins is weak
(<10 cm™ ') and antiferromagnetic. On the other hand,
spin-polarized TREPR data of the free-base version of the
complex show that the radical couples ferromagnetically to
the excited triplet state of the porphyrin ring. Similarly, it is
known that the lowest excited state of the copper and vanadyl
porphyrins is the so-called “tripquartet” state in which the
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metal is also ferromagnetically coupled to the excited triplet
state of the porphyrin.””®*> We will show that the spin-
polarized TREPR spectrum of the excited quintet state is
observable in the vanadyl version of the Vz-appended por-
phyrin. This implies that excitation of the s system aligns the
metal and radical spins and changes the coupling between
them from antiferromagnetic to ferromagnetic.

Experimental Section

X-ray Structural Analysis. Data were collected at 150 K using
synchrotron radiation at Daresbury SRS, Cheshire, U.K.
(Station 9.8), with a Bruker-Nonius APEX II CCD diffracto-
meter (A = 0.6934 A), and the structure was solved by direct
methods. All calculations were carried out using the SHELXTL
package. Crystal data for CuTTP-Vz_[Cs;H4 NgOCu]: M =
857.47, monoclinic, a = 33.003(6) A, b = 8.7240(11) A,
¢ = 15294(2) A, B = 91.376(6)°, V = 4402.3(12) A®, space
group P2,/c, Z = 4, 6249 reflections measured, R1 = 0.1029
[/ > 20(D)].

Magnetic Susceptibility Measurements. Magnetic susceptibil-
ity measurements were made on a Quantum Design SQUID
magnetometer in an applied field of 100 G between 3 and 300 K
on 8§ mg (CuTTP-Vz) and 9 mg (VOTTP-Vz) of polycrystalline
sample. Data were corrected for both sample diamagnetism
(Pascal’s constants) and the sample holder.

EPR Measurements. EPR samples were prepared by dissol-
ving the porphyrin complex under study in dichloromethane,
toluene, or the liquid-crystalline solvent p-(n-pentyl)cyano-
biphenyl (5CB). The solutions were placed in Suprasil EPR
sample tubes (4 mm o.d.) and were degassed by several freeze—
pump—thaw cycles and then sealed under vacuum. Transient
EPR time/field data sets were recorded at either 80 or 20 K using
a modified Bruker EPR 200D-SRC X-band spectrometer.
Optical excitation at 532 nm was achieved using 10 ns pulses
from a Nd:YAG laser at a repetition rate of 10 Hz. Steady-state
Q-band (35 GHz) EPR spectra were collected using the same
spectrometer operating in CW mode with a Bruker ER 051QR
bridge and a ER 5106 QT-W resonator. X-band steady-state
EPR spectra were collected at 120 K on a Bruker Elexsys E580
spectrometer.

Results and Discussion

Preparation of MTTP-Vz. The synthetic pathway to
CuTTP-Vz, VOTTP-Vz, and H,TTP-Vz is shown in
Scheme 1 and is described in detail in the Supporting
Information. Briefly, the desired S-substituted porphyrin-
based monoverdazyl radicals were obtained from the
corresponding 2-formylporphyrins®® by reaction with
bis(1-methylhydrazide)carbonic acid to give the 2-tetra-
zone porphyrin (MTTP-Tz), which was then oxidized to
the verdazyl radical using benzoquinone. All compounds
were purified by flash chromatography prior to the
spectroscopic studies. The free-base porphyrin (H,TTP-
Vz) was found to be unstable as a solid after column
purification, although it was stable for several days as a
pure solution and as a solid prior to purification. Thus, it
appears that the compound decomposes when the solid is
formed from a pure solution but is stable when it is
formed from the reaction mixture. We speculate that this
is because hydroquinone, which is present in the reaction
mixture, stabilizes the solid, as has been observed for
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Figure 1. X-ray crystal structure of CuTTP-Vz. Atomic displacement
parameters are plotted at 50%. Drawn with PLATON.

other verdazyl compounds.®” In contrast, VOTTP-Vz
and CuTTP-Vz were found to be stable after column
purification both in solution and as solids. Air-stable
single crystals of CuTTP-Vz were isolated via the slow
evaporation of a solution of the compound in a 1:1 mixture
of dichloromethane and hexane at room temperature.
However, no single crystals suitable for X-ray analysis
could be obtained for VOTTP-Vz and H,TTP-Vz.

X-ray Crystal Structure of CuTTP-Vz. The X-ray
crystal structure of CuTTP-Vz shown in Figure 1 reveals
that in the solid state the porphyrin ring is planar. The
copper ion deviates from the plane of the porphyrin ring
by only 0.006 A. The Cu—N bond lengths are 1.985,
2.001, 2.001, and 2.006 A. The phenyl rings are tilted by
an angle of 74° with respect to the plane of the porphyrin
ring. The shortest intermolecular distance between neigh-
boring phenyl rings is 6.290 A. The verdazyl ring is
approximately perpendicular to the porphyrin ring but
shows a significant deviation from this geometry, with the
mean planes of the two rings being oriented at an angle of
84° with respect to one another. The internal structural
parameters for the verdazyl moiety are within the normal
range for such species;’® the carbonyl and two methyl
groups_deviate by 0.175 (O1), 4.178 (C48), and 0.067
(C51) A from the verdazyl plane, and the methyl groups
are disordered. The verdazyl radical is eclipsed with the
neighboring tolyl group at the meso position of the
porphyrin ring (Figure 1) such that the planes of the
tworings are at an angle of 16° with respect to one another
and the average between them is 3.388 A. The highest spin
density for the unpaired electron on the verdazyl moiety is
expected on the four nitrogen atoms, and their average
distance from the spin bearing copper is 6.970 A.

The crystal packing in the solid is shown in Figure 2.
The copper porphyrin has an extended zigzag,

(87) Hicks, R. G.; Lemaire, M. T.; Ohrstrom, L.; Richardson, J. F.;
Thompson, L. K.; Xu, Z. Q. J. Am. Chem. Soc. 2001, 123, 7154-7159.
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Figure 2. Packing diagram for CuTTP-Vz. A portion of the X-ray
structure viewed along the ¢ axis is shown.

one-dimensional network structure that runs along the
a axis of the unit cell. As is evident from Figure 2,
each CuTTP-Vz molecule has no direct overlap with its
neighbor, but there are edge—edge interactions for which
the C- - - Cinter-ring distances range from 3.27 to 4.87 A.
The shortest Cu—Cu distances are 8.724 and 8.803 A.
There are no direct intermolecular interactions between
neighboring verdazyl radicals in the solid state because of
the intervening phenyl groups. The shortest intermole-
cular verdazyl radical to verdazyl radical distance is
7.8 A.

CW EPR Spectra of CaTTP-Vz and VOTTP-Vz. Fig-
ure 3 shows CW EPR spectra of CaTTP-CHO, CuTTP-
Vz, VOTTP-CHO, and VOTTP-Vz in a frozen toluene
solution along with corresponding calculated spectra. As
is evident, in Figure 3, introduction of the verdazyl group
has a large impact on the g factors and hyperfine splittings
as a result of the coupling between the radical and metal.
With the nearly perpendicular orientation of the verdazyl
and porphyrin rings seen in the X-ray crystal structure of
CuTTP-Vz, there should be very little overlap of the
orbital carrying the unpaired electron on the verdazyl
radical with that of the odd d electron on the metal. Thus,
the exchange interaction between the spins should be
relatively weak. On the other hand, the Cu—verdazyl
distance is sufficiently short that the spin—spin interac-
tion should be large enough to separate the spin states in
CuTTP-Vz and VOTTP-Vz into singlet and triplet mani-
folds, as seen for a wide range of nitroxide-labeled copper
and vanadyl porphyrins.**** Under these conditions,
their CW EPR spectra arise from the triplet state. The
spin Hamiltonians of the doublet state of MTTP-CHO
and the triplet state of MTTP-Vz can be written as

Hp =Hh(omSm: +S vAMT ) Hr

=h(wrST: + StArl + §TD§T) (1)
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Figure 3. CW EPR spectra of MTTP-CHO and MTTP-Vz. A: Q-band
CW EPR spectra of CuTTP-CHO and CuTTP-Vz. Left: experimental
spectra taken at 80 K in toluene. Right: simulated spectra with g, (Cu) =
2y{(Cu)=2.055, g.(Cu)=2.186, 4. (Cu)=A4,,(Cu)=3.43 mT, A..(Cu) =
20.62 mT, g(Vz)=2.0037, D(Cu,Vz)=—8.59 mT, J(Cu,Vz) > 1200 mT,
and the angle between z and the dipolar coupling axis 6., =80°. B: X-band
CW EPR spectra of VOTTP-CHO and VOTTP-Vz. Left: experimental
spectra taken at 80 K in toluene. Right: simulated spectra. g, (VO) =
g{(VO)=1.960, g..(Cu)=1.927, 4, (VO)=A4,,(VO)=5.3mT, 4..(VO)=
17.8 mT, g(Vz) =2.0037, D(Cu,Vz) = —8.59 mT, J(Cu,Vz) > 1200 mT,
and the angle between z and the dipolar coupling axis 6.p = 70°.

where the subscripts T and M refer to the triplet state and
the metal spin, respectively, wt and wy; are the corre-
sponding resonance field positions, and A and D are the
hyperfine coupling and zero-field-splitting (ZFS) tensors,
respectively. For the triplet state, the values of the reso-
nance field position wt and hyperfine interaction At can
be related to the corresponding values for the metal and
verdazyl radical:

1
T = E(WM + wv;)
| 2)

AT == EAM

Poddutoori et al.

where

oM, vz = &M, VB (3)

are the resonance frequencies for the metal spin (subscript M)
and the unpaired electron of the verdazyl radical
(subscript Vz). For the copper porphyrin case, the z
component of the copper g tensor (g..) is well-resolved
in the Q-band spectrum (Figure 3A) and is split into four
peaks by hyperfine coupling to the spin */, copper nucleus
[A4..(Cu)] as indicated. Introduction of the verdazyl radi-
cal reduces the hyperfine coupling by a factor of 2 and
causes a shift of the z component of the g tensor (g..) as
predicted by eq 2. The simulations in Figure 3 are in good
agreement with the experimental spectra and show that
for both CuTTP-Vz and VOTTP-Vz the triplet state is
observed. Thus, we can conclude that the exchange
coupling between the spins is large relative to the differ-
ence in their precession frequencies,** and hence J must be
larger than ~0.5 cm™'. However, the spectra do not
indicate whether the triplet or singlet is lower in energy,
and only show that the triplet state is populated under the
conditions used.

Magnetic Susceptibility of CuTTP-Vz. Solid-state
magnetic susceptibility data for CuTTP-Vz are shown
in Figure 4A and provide additional information about
the strength and sign of the spin—spin coupling. The
corresponding data for VOTTP-Vz (not shown) are very
similar. The plotin Figure 4A indicates that above 5 K the
material is essentially paramagnetic and the susceptibility
follows typical Curie—Weiss behavior with a Curie
constant of 0.750 emu-K/mol. This value is twice that
expected for a single S ="/, spin, confirming the presence
of two unpaired electrons per molecule and indicating
that the spin—spin couplings in the solid are less than
kT in this temperature range, i.e., |[J] < ~7 cm ™ '. The
small value for the Weiss constant (—0.3 K) indicates the
presence of weak antiferromagnetic interactions. This
behavior is consistent with the X-ray crystal structure
(Figures 1 and 2) because the verdazyl radical is oriented
perpendicular to the porphyrin ring, preventing orbital
overlap with the metal, and the toluene groups on the
porphyrin hinder close interactions between neighbor-
ing verdazyl radicals. Thus, the susceptibility data
suggest that for CuTTP-Vz and VOTTP-Vz the
singlet state probably lies slightly below the triplet state,
which is observed by EPR because it is thermally popu-
lated.

Temperature Dependence of the EPR Signal Intensity.
The temperature dependence of the CW EPR signal
provides an additional avenue by which the strength
and sign of the spin—spin coupling can be estimated.
For a system comprised of a singlet and triplet state,
the intensity of the EPR signal of the triplet state is
given by

CJ/kT(l _e—wT/kT)
e —Li/kT (4)
i=1,4

VES

where J is the singlet—triplet energy gap, positive J places
the singlet at higher energy than the triplet, and E; refers
to the energies of the three triplet sublevels and the singlet
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Figure 4. Magnetic susceptibility and CW EPR intensity of CaTTP-Vz.
A: Temperature dependence of the magnetic susceptibility. Open squares:
1/y vs T'with a fit to the Curie—Weiss law (gray solid line). Closed circles:
x vs T. B: Temperature dependence of the intensity of the EPR spectrum.
The solid curve is a fit to the data with J = —6.95 cm ™!, where J is the
singlet—triplet energy gap and negative J indicates that the singlet lies
energetically below the triplet.

state. Here, we have assumed that the ZFS and hyper-
fine interactions can be ignored relative to the Zeeman
energy and other electronic states carry no significant
population. Figure 4B shows a plot of the temperature
dependence of the intensity of the X-band spectrum of
CuTTP-Vz and a fit of eq 1 to the experimental data.
The fit yields a value of J = —6.59 cm™ ' and indicates
that the two spins couple antiferromagnetically in
agreement with the susceptibility data. Positive values
for J (ferromagnetic coupling) are not consistent with
the data. Thus, together the EPR and susceptibility data
indicate that the molecule has a singlet ground state
and that the strength of the coupling between the
metal and verdazyl radical is approximately 5—10
wavenumbers.

Transient EPR Spectrum of H,TTP-Vz. Figure 5 shows
the spin-polarized transient EPR spectra of H,TTP-CHO
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Figure 5. Spin-polarized transient EPR spectra of H,TTP-CHO and
H,TTP-Vz. Solid curves: experimental spectra in a time window centerd
at 860 ns after the laser flash measured at 80 K in toluene. Dashed curves:
calculated spectra. Top: triplet state of H,TTP-CHO, D = 34.8 mT,
E=7mT,kpmp = —1.0,kn1 = 0.20,and x, = 0.0. Bottom: quartet state
of Hy,TTP-Vz, D = 16.0 mT, E = 4.6 mT, kpp = 1.0, k1 = 0.68, and
Kkn = —0.29.

(top) and H,TTP-Vz (bottom) measured in a toluene
solution. The dashed lines are simulations calculated
as described for vanadyl octaethylporphyrin.®®*® In
short, the spin polarization is calculated as the trace-
less diagonal part of the reduced density matrix for
the observed state, Ap, which is written as a linear
combination of contributions of different symmetries.
Spin—orbit coupling intersystem crossing (ISC) pro-
duces multiplet polarization that is described by
two terms that follow the internal symmetry of the
molecule:

-
AP, = %(0052 0-1/3) (SZ2 -3S 2)
(5)
1-—
App, 1 = %(sin2 0 cos2¢) (S_,Z - §S 2)

where 6 and ¢ describe the orientation of the magnetic
field relative to molecular axes. We also allow for net
polarization, which is given by

Apy =S: (6)

The overall population distribution is a weighted sum
of these three contributions:

Apo<K 1 APy 1 + K, LAy | +KnAp, (7)

and the weighting coefficients «p, ), km_, and «, are
treated as adjustable parameters.

The top spectrum in Figure 5 is that of the excited
triplet state of H,TTP-CHO, and the polarization pattern
indicates that it is populated via ISC. Introduction of the
verdazyl radical is expected to split the triplet state into
so-called tripdoublet and tripquartet states, as observed
for a number of other chromophores with an attached

(88) Kandrashkin, Y.; van der Est, A. J. Chem. Phys. 2004, 120, 4790—
4799.
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Figure 6. Jablonski diagrams. A: Diagram for porphyrins such as those
of VOTTP-CHO, CuTTP-CHO, or H,TTP-Vz with a paramagnetic
metal or radical with spin '/>. The energy levels are drawn approximately
to scale using the reported values for cogper porphine.”” For H,TTP-Vz,
the energy gap between the tripdoublet (°T,) and tripquartet (*T,) states is
smaller than that shown. B: Diagram for porphyrins such as CuTTP-Vz
and VOTTP-Vz, which contain both a paramagnetic metal and a free
radical. The energy levels shown in the circles are drawn on an expanded
energy scale to show the weak splitting due to the verdazyl radical.

radica] #4:46:4749.5289793 Thjg results in an energy-level
scheme analogous to that of CuTTP-CHO and
VOTTP-CHO, as shown in the Jablonski energy diagram
in Figure 6A. If the tripquartet (“T,) lies below the
tripdoublet (°T)), i.e., if the triplet—doublet exchange
coupling is positive, the excited singdoublet state (*S;) is
expected to relax rapidly to the tripdoublet, which then
decays to the tripquartet by spin—orbit-coupling-
mediated ISC.**** Recently, we calculated the spin polari-
zation expected in the tripquartet for this mechanism®**>
and showed that this process also leads to net polarization
of the quartet state. The net polarization is predicted
to be absorptive, and it results in a sharp absorptive peak

(89) Ishii, K.; Fujisawa, J.; Ohba, Y.; Yamauchi, S. J. Am. Chem. Soc.
1996, 118, 13079-13080.

(90) Fujisawa, J.; Ishii, K.; Ohba, Y.; Yamauchi, S.; Fuhs, M.; Mobius,
K. J. Phys. Chem. A 1997, 101, 5869-5876.

(91) Mazzoni, M.; Conti, F.; Corvaja, C. Appl. Magn. Reson. 2000, 18,
351-361.

(92) Ishii, K.; Ishizaki, T.; Kobayashi, N. J. Chem. Soc., Dalton Trans.
2001, 3227-3231.

(93) Ishii, K.; Takeuchi, S.; Kobayashi, N. J. Phys. Chem. A 2001, 105,
6794-6799.

(94) Gouterman, M. Optical spectra and electronic structure of porphyr-
ins and related rings. In The Porphyrins; Dolphin, D., Ed.; Academic Press:
New York, 1978; Vol. 3, pp 1—165.

(95) Kandrashkin, Y.; van der Est, A. Chem. Phys. Lett. 2003, 379, 574—
580.
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in the center of the spectrum due to the transitions
between the m, = +'/, sublevels of the tripquartet. The
spectrum of H,TTP-Vz (Figure 5, bottom) is simulated
assuming that it arises solely from the tripquartet state
with multiplet and net polarization contributions as
described above. As can be seen in Figure 5, the simula-
tions (dashed curves) are in good agreement with the
experimental spectra (solid curves). Hence, we conclude
that the spectrum arises only from the tripquartet, which
lies energetically below the tripdoublet. This means that
the triplet spin and the verdazyl radical spin couple
ferromagnetically, i.e., positive J. The polarization pat-
tern and line shape suggest that the magnitude of J is
larger than the Zeeman energy but do not allow its value
to be determined. However, it is reasonable to assume
that it is as large or larger than the coupling between the
verdazyl radical and the copper metal in CuTTP-Vz. On
the other hand, it is expected to be weaker than the
triplet—doublet coupling in CuTTP or VOTTP, which
places it in the range of 10— 100 wavenumbers.®’ The ZFS
of the tripquartet is given by

1
Dq. = g(DT + Drp) (8)

where Dt is the ZFS parameter of the triplet excitation
and Dtp is the dipolar coupling between the triplet and
doublet. From the simulations shown in Figure 5, we
evaluate Do, = 16.0 mT and Dt = 34.8 mT, which yields
DTD =13.2mT.

Transient EPR Spectra of VOTTP-Vz. Excitation of
VOTTP-Vz generates a system of four coupled unpaired
electrons: two on the porphyrin in the & and 7* orbitals,
one on the vanadyl center, and one on the verdazyl
moiety. The coupling between the ;7 and 7* electrons is
ferromagnetic and is known to be on the order of ~4000
cem ! in metalloporphyrins.”® From optical studies of
copper and vanadyl porphyrins, it is known that the
coupling between the metal spin and the triplet excitation
of the porphyrin is also ferromagnetic and on the order of
100—300 cm ™~ '.#37 As shown above, the unpaired elec-
tron of the verdazyl radical couples ferromagnetically to
the triplet excitation of the porphyrin but antiferromag-
netically to the metal. It is not possible to satisfy all of
these couplings simultancously, and the alignment of the
most weakly coupled spins is expected to change in the
lowest excited state of VOTTP-Vz. The resulting energy
diagram is shown in the Jablonski diagram (Figure 6B).
The EPR and magnetic susceptibility data suggest that
the coupling between the metal and verdazyl radical is
weak (5—10 cm '), and although we expect the coupling
between the porphyrin triplet spin and the radical to be
stronger, it is not certain which orientation the radical
spin will take relative to the metal and triplet spins in the
lowest excited state. As shown in Figure 6B, the coupling
to the radical splits the tripquartet into a quintet ("Qr )
and a triplet state CQr). We have indicated the quintet as
the lowest excited state, but it is also possible that the
order is reversed and the quintet lies above the triplet.

(96) Quimby, D.J.; Longo, F. R. J. Am. Chem. Soc. 1975, 97, 5111-5117.
(97) Asano, M.; Kaizu, Y.; Kobayashi, H. J. Chem. Phys. 1988, 89, 6567—
6576.
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Figure 7. Spin-polarized transient EPR spectra of VOTTP-Vz. The
spectra have been extracted from the experimental data sets by fitting
the time traces with a function describing two sequential polarization
patterns. The top traces are the polarization pattern that dominates at
early times following the laser flash; the bottom traces are the pattern at
late times. The spectra were measured at 20 K in the solid phase of the
liquid-crystal SCB and were frozen from the nematic phase in the presence
of a magnetic field. In the left panel, the director of the liquid crystal is
parallel to the magnetic field; in the right panel, the director and the field
are perpendicular to each other. The dashed spectra are simulations. The
early spectra (top) are calculated for the quintet state *Qpy with D =
9.6 mT, kpp = 1.0, k. = 0.0, and k, = 0.0. The late spectra are
calculated for the triplet state *Dg, with the parameters given in the
caption to Figure 3. The ordering due to the liquid crystal has been taken
into account as described previously,*® and the orientation distribution
has been set to give the principal order parameter S.. = —0.28.

These two possibilities can be distinguished by transient
EPR measurements.

Figure 7 shows transient EPR spectra of VOTTP-Vz
dissolved in the liquid-crystal SCB and frozen from the
nematic phase in the presence of a strong magnetic field.
This results in a macroscopically aligned solid solution.
The spectra on the left of Figure 7 are taken with the
director of the liquid crystal parallel to the field (L||By),
and for those on the right, the frozen sample has been
rotated so that the ordering axis is perpendicular to the
field (LLBy). The observed polarization pattern changes
with time, and the transients are described by the function

S(1,Bg) = o(By) e~/ +B(By) (1 —em)e 9)

where 77 is the lifetime of the early signal and the rise of
the late signal, 7 5 is the lifetime of the late signal, and
o(By) and S(By) are the spectra of the species observed at
early and late times, respectively. A global fit of the time/
field data set with 7; = 2.6 us and 7, = 4 ms yields the
experimental spectra shown in Figure 7. As can be seen,
the early spectra (Figure 7, top) display primarily multi-
plet polarization while the late spectra (Figure 7, bottom)
have purely absorptive net polarization. With the director
perpendicular to the field, the normal to the plane of the
porphyrin is expected to be aligned along the field and,
hence, the largest component of the vanadium hyperfine
coupling should be observed. A clear pattern of hyperfine
peaks is visible in the late spectrum for this orientation
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(Figure 7, bottom right), and the observed splitting is
consistent with that expected for the *Dgy state (i.e., the
triplet state derived from the ground singdoublet state).
This suggests that the transition from the early to late
s?ectra is due to the decay of the quintet—triplet
(°Qq1/°Qr) manifold and that this process results in net
polarization of the *Dygj state. Also shown in Figure 7 are
simulations (dashed curves) of the experimental spectra
(solid curves). The simulated spectra are calculated as
described above for the triplet and tripquartet states.
Good agreement is obtained b;/ assuming that the early
spectrum is the quintet state “Qr; with predominantly
multiplet polarization and values of Dg; = 9.6 mT and
Eqi= 0 for the ZFS parameters. The late spectrum is
simulated well as the *Dg, state with predominantly
absorptive net polarization. The ZFS Dg; of a quintet
state formed from a triplet state coupled to two doublet
states is given by*®

Dq; = é(DT + Dp, 1+ Dp,1) JréDD]Dz (10)
where Dt is the ZFS of the triplet state and Dp 1, Dp,T,
and Dp p, are the dipolar couplings between the each of
the doublets and the triplet and between the two doublet
spins, respectively. Using eq 8, eq 10 can be rewritten in
terms of the ZFS parameters of the quartet states formed
by the coupling of the triplet to each of the two doublet
states individually. For our case, this gives

1 H,TPP-V: 1 H,TPP 1 -Vz
DQi _ E(DXSTTP + DQ; Z) _ EDTZ +ED¥OTPP V.
(1)

where Dq, and Dt are the ZFS parameters for the
respective quartet and triplet states. Using DggTTP =
17.5 mT,” DE"™Y7 = 16.0 mT (Figure 5), DY>''F=
34.8 mT (Figure 5), and DY°T™"V%=—8 6 mT (Figure 3)
yields a value of Dg; = 10.2 mT in good agreement with
the value obtained from the simulation of the early
spectra shown in Figure 7, confirming that it is indeed
due to the quintet state.

The assignment of the early spectrum to the quintet state
implies that it is the lowest excited state and therefore that
all four electron spins become ferromagnetically coupled
when the porphyrin is excited. Thus, the coupling between
the metal and verdazyl radical is switched from antiferro-
magnetic to ferromagnetic by excitation of the porphyrin.
However, the data suggest that the lifetime of the excited
state is only about 2.6 us at 20 K. The mechanism by which
net polarization in the late signal is generated is uncertain.
However, recently we reported the generation of net
polarization in the excited tripquartet state of vanadyl
octaethylpor;)hyrin5 976! and in the ground state of copper
porphyrins.®’ In both cases, net polarization results from
thermal equilibration between the tripquartet and trip-
doublet states, and in the case of the copper porphyrins, it
is then transferred to the ground state during decay of the
excited states. In the case of VOTTP-Vz, thermal equili-
bration of the quintet, triplet, and singlet states derived
from the tripdoublet and tripquartet states is also expected
to generate net absorptive polarization, which can be
transferred to the *Dg state during electronic relaxation.
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Transient EPR Spectra of CaTTP-Vz. For CuTTP-Vz,
extremely broad, spin-polarized TREPR spectra display-
ing both multiplet and net polarization that evolve with
time are obtained (see Figure S10 in the Supporting
Information). For copper porphine, the ZFS in the lowest
tripquartet state has been determined to be |D| = 10—11
GHz.”® Thus, in CuTTP-Vz, the ZFS parameters of the
quintet (°Qyy) and triplet states (*Qr;) derived from the
porphyrin tripquartet state are expected to be similar in
magnitude to the Zeeman interaction. This complicates
the analysis of the spectra because the high-field approx-
imation is no longer valid, and our description of the spin
polarization cannot be applied. We are currently devel-
oping a model for spin polarization for these conditions
and will report the analysis of the CuTTP-Vz spectra
elsewhere.

Conclusions

The results presented here demonstrate that under favor-
able conditions light-induced spin-polarized EPR spectra of
the excited states of a metal—radical complex can be observed
and used to study the spin—spin interactions. This is an
important development because there are few other methods
that can distinguish the spin states when they are close in
energy as in the current example. The behavior of the
metalloporphyrin—verdazyl radical systems illustrates the
challenges of assembling multispin complexes that can be
photoswitched from one magnetic state to another. Because
the verdazyl group orients nearly perpendicularly to the

(98) van der Poel, W. A.J. A.; Nuijs, A. M.; van der Waals, J. H. J. Phys.
Chem. 1986, 90, 1537-1540.
(99) Roos, B.; Sundbom, M. J. Mol. Spectrosc. 1970, 36, 8-25.
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porphyrin ring, it experiences a weak antiferromagnetic
spin—spin interaction with the metal in the porphyrin. On
the one hand, this is advantageous because it allows this
interaction to be switched transiently by the stronger ferro-
magnetic interaction with the porphyrin 7 electrons when the
porphyrin is excited. On the other hand, the weak interaction
means that even at low temperature rapid thermal equilibra-
tion between the spin states occurs, which promotes decay of
the excited states. Other factors such as the spin—orbit coup-
ling in the metal and the difference of the exchange interac-
tions between the verdazyl radical and the two unpaired elec-
trons mix the spin states and also tend to shorten the excited-
state lifetime. The problem of rapid thermal equilibration can
be improved if the coupling between the radical and photo-
excitable moiety is made stronger. This may be possible by
attaching the verdazyl radical so that it is coplanar with the
porphyrin ring. Cooperative interactions within the solid are
also essential, and the structure must be modified to allow the
verdazyl radicals to come into closer contact.
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