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The spin-polarization patterns of a weakly coupled triptidublet spin pair are studied in a covalently linked
copper (Il)-free base porphyrin dimer partially oriented in a liquid crystalline solvent. The tripietblet

pair is generated in the dimer by either sporbit intersystem crossing (ISC) within the free-base moiety or

via energy transfer (EnT) from the copper porphyrin. The two pathways result in two different spin-polarization
patterns, which can be observed separately by selectively exciting either the free base porphyrin at 640 nm
or the copper porphyrin at 540 nm. The time development and orientation dependence of the two spin-
polarization patterns is investigated at two microwave frequencies. An analysis of the EPR transients reveals
that the polarization associated with the EnT pathway rises monoexponentially, while the ISC polarization
rises rapidly and decays biexponentially. The rise of the EnT polarization pattern and the fast decay component
of the polarization from ISC are governed by the same characteristic lifetimeusfi@dependent of the
molecular orientation. However, the ratio of the two decay components of the ISC polarization is strongly
orientation dependent. Separately, a general treatment of the spin-polarized transient EPR spectra of coupled
triplet—doublet spin pairs is presented and two possible mechanisms for the kinetic behavior involving spin-
selective depopulation or relaxation between the spin sublevels of the-trifdablet pair are investigated.

It is shown that all the observed features of the polarization patterns including orientation and excitation
wavelength dependence as well as the kinetics can be explained in terms of the model and are consistent with
either of the two mechanisms. In addition to the weakly coupled trigletiblet pair, narrow signal components

are observed near the center of the spectrum. The microwave frequency dependence of the spectra confirms
the previous assignment that these components are the quartet and doublet states of a strongly coupled triplet
doublet pair generated in conformations of the dimer in which the two porphyrins are in close proximity.

1. Introduction When the ground state is paramagnetic, light-induced pro-

Electron spin polarization is an integral part of most light Cesses can generate systems with more than two interacting
induced processes and it has been studied extensively using timespins. Recently, there has been considerable interest such
resolved electron paramagnetic resonance spectroscopy {PR). system$ 1! For example, the polarization of a stable radical
In liquid solution, the radical products of photolysis reactions through its interaction with a light-induced radical pair has been
are usually observed and the spin polarization, which is often studied in bacterial photosynthetic reaction cefteté and the
referred to as “chemically induced dynamic electron polariza- radical-triplet pair mechanism of CIDEP has been investigated
tion” (CIDEP), can be used to determine reaction mechanfsms. by several author¥17 The light-induced EPR signals from
In solid or solidlike matrixes, on the other hand, radical pairs complexes with a photoexcitable species such as a porphyrin
and molecular triplet states can be measured and their spin-o; fjlerene with attached nitroxide spin labels have revealed

polarization patterns have been used to obtain structuraldomlet quartet, and quintet componet#& which could be
information in photosynthetic reaction C?“‘”?md donor distinguished by their different nutation frequendies.
acceptor model compoundd.he spin polarization occurs as a

result of the correlation of the electron spins in the paramagnetic In & previous study, we reported spin-polarization patterns
excited states, or photoproducts generated by the light excitation.for a copper porphyrin-free base porphyrin heterodiffidine
For example, when a radical pair is generated rapidly from the structure and the energy transfer scheme of the dimer are shown
excited singlet state of a molecule, the spin correlation presentin Figure 1 and as can be seen, selective excitation of either
in the singlet state is retained in the radical pair. Because of half eventually leads to population of the excited state labeled
this dependence of the spin polarization on the nature of the 242S;.--3T;], which represents a triplet excitation of the free
precursors to a given reaction intermediate, the pathway of thepase porphyrin (bP) part in the dimer. This state is a weakly
reaction can be deduced by analyzing the spin-polarization coupled triplet-doublet pair because of the interaction of the
patterns and their time developments. triplet spin with the Cu(ll) doublet ground state. The dependence
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2. Experimental Section

The free base-copper hybrid dimer-€0;—H, was synthe-
sized as described previough??EPR samples were prepared
by dissolving the dimer in the liquid crystalline solvent, E7
(BDH) to a concentration of 1@ M. The solutions were placed
in suprasil EPR sample tubes (3 mm o.d.) and were degassed
by several freezepump-thaw cycles and then sealed under
vacuum.

The samples were ordered macroscopically by freezing from
the nematic phase in the magnetic field of the spectrometer.
The frozen samples were then measured with the director
parallel to the field, rotated by 90and measured again with
228118 22616 the director perpendicular to the field.

A _[_s° 1] The transient EPR (TREPR) measurements were performed
\:[21'1--130] a / A at X-band (9 GHz) and K-band (24 GHz) using a setup described
b previously?324 Reliable optical excitation at different wave-
A[4T;180] Ieng'ghs was achieved.usin.g a Nd':YAG pumped optical para-
540 nm 24[280+3T4] 640 nm metric oscillator described in detail elsewhé?e.

3. Experimental Results

As shown in Figure 1, excitation with 640 nm results in a
2[28+1S] 2[28,++1S,] triplet excitation of the free base half of the dimer via
intersystem crossing, while excitation at 540 nm gives the same
final excited state via energy transfer from the copper porphyrin.
PCu-PHz('So) PCu2Soy-PHz Together with the doublet ground state of the Cu(ll) metal atom
Figure 1. The molecular structure of GtCs—H, and an energy in the other half of the dimer, this stat€{?Sy-++3T4] in Figure
diagram of the dimer constituents. The transition wavelengths indicated 1) constitutes a weakly coupled triptedoublet paif®2:which

in the figure are those used to selectively excite the two halves of the 5 deduced to be the main component of all the observed spectra
dimer, PCu and PH The states are labeled according to the electronic in this work

state of each half of the dimer and the total spin multiplicity. The two . o . ]
pathways leading to population of the triplet state of,Rire labeled 31 X-Band Spectra in a Liquid Crystalline Solvent:
(a) I1SC within the PH moiety and (b) energy transfer from the trip-  Orientation and Wavelength DependenceX-band TREPR

quartet state of PCu. Note that the figure is meant to give only a spectra of Ct-C3—H, in the liquid crystal (LC) E7 are presented
qualitative picture and the relative energies are not to scale. in Figure 2. The left side of Figure 2 (part A) shows spectra
taken with the LC director parallel to the external field, while
the right side (part B) shows corresponding spectra with the
director perpendicular to the field. The spectra in both parts of
the figure were taken at 80 K with excitation at 640 nm (top)
and 540 nm (bottom). The labels X, XY, Y', Z, Z' indicate

The characteristic polarization patterns observed for the
two pathways in the dimer were explained qualitatively as
resulting from the spin selectivity of the population and

depopulation of thé{?Sy-+-T,] state. The two pathways were . o | positions where th¥, Y, andZ canonical orientations
assumed to produce different initial population distributions of ¢ 1,0 triplet contribute to the overall spectrum. The time
the spin sublevels and it was postulated that subsequent spinyeyelopment of the polarization patterns is shown by the spectra
selective depopulation occurred according to the doublet taken at Jus (solid curves) and 4s (dashed curves). The details
character of the spin system. Apart from its interesting photo- of the time development will be discussed below together with
physics, this dimer system provides a framework within which signal decay curves, taken at the field positions indicated by
we can discuss features of the spin-polarization patterns ofthe arrows.

correlated, coupled tripletdoublet pairs in a general way. In Figure 2A, the polarization pattern corresponding to the
Two critical features of the qualitative model presented in X-canonical orientation of the triplet changes frdA (E =
the previous work are the strength of the spirspin coup- ~ emission;A = absorption) forle—= 640 nm (top) toA/E for

ling and the postulated spin-selective depopulation. To test our4ex= 540 nm (bottom). This difference between the two
model and study the properties of triptetoublet pairs in excitation wavelengths is a result of different populations of
general, we have examined spin-polarized EPR signals of theth€ Spin states When§t2hle triptedoublet pair is generated via
dimer in liquid crystalline solvents at two microwave frequen- th? d|ﬁgrent pathways:*n bO'Fh cases, .thx' andy-canonical

cies. The data allow us to analyze the time-evolution of the orientations of the free base triplet dominate the spectra because

spin-polarization patterns quantitatively and examine their the director of the LC is parallel to the field and the porphyrin

ane is partially ordered such that XsandY-axes are parallel
dependence on the Zeeman energy. Here, we present a gener both the director and the magnetic fi@ki2?

description O,f weakly coupled tripledoublet .pairs., whic.h is On the other hand, contributions from tt#orientation
consistent with most of the features of the dimer including the 4, minate when the director is perpendicular to the field as seen
time, orientation and microwave frequency dependence of thej, Figure 2B. The sign of the polarization at tEecanonical
polarization patterns. Further, we will use the model to consider grientation isE/A for both excitation wavelengths. By comparing
details of the expected polarization patterns in the different the spectra with the two excitation wavelengths in Figure 2, it
generation pathways and discuss the possible influence of spinis apparent that the population distributions generated by the
relaxation. two pathways differ primarily for the&X-canonical orientation.
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Figure 2. Spin polarization patterns of CtCs—H, in the liquid crystal E7. All spectra are taken at X-band (9 GHz) and 80 K. The spectra
represent the average signal in a time window4vide at either s (solid spectra) or #4s (dashed spectra) after the laser flash. Top: spectra
obtained with an excitation wavelength, = 640 nm. Bottom: ex = 540 nm. The labels X, Y, and Z and X', Y’, and Z’ indicate the positions
of features originating from molecules with tie, Y-, or Z-axis of the PH zfs tensor parallel to the field. A: The director oriented parallel to the
magnetic field. The arrows indicate the position at which the transients labéledthe top part of Figure 3 were taken. B: The director oriented
perpendicular to the field. The arrows show the field positions corresponding to the transients ldbelétkzottom part of Figure 3.

3.2. Time Dependence of the X-band TREPR Spectrdhe the intensity of the spectrum between 1 anas4s roughly the
time development of the TREPR spectra of €Ls—H; is same for all three canonical orientations.
complex, with both the rise and decay of the spectra being 3 3. Kinetics Traces.Figure 3 shows kinetic traces corre-
dependent on the excitation wavelength. This is demonstratedsponding to the positions marked with arrows in Figure 2. These
in Figure 2 by the polarization patterns taken gt (solid traces represent the rise and decay of the spin polarization at
curves) and 4us (dashed curves) for two orientations of the  he x. and z-canonical orientations. The solid curves are the
sample. In Figure 2A, it can be seen that when the triplet experimental data, and the dashed and dotted curves are fits,

ir 2, coe i = . . . . . .
(gpubletzg\ailr, 4[;?0 3T1],”|s forlr_lgec(jj b% tlr?c Aex ; 64% nm, which will be described in more detail later. Note that while
Igure op), the overall amplitude of the spectrum decreases excitation at 640 nm is almost perfectly selective for the free

between 1 and 4s. On the other hand, when the same state is . . . - . L

‘ ’ : base porphyrin32Sy++-1S,] Figure 1, right side), irradiation at
generated by the energy t'ransfe.r pa}thway(: 540 nm, Flgurg 540 nm is only partially selective for the copper porphyf[A%-
2A bottom), the signal intensity increases during the time 15] Figure 1, left side), i.e., some excitation of the free base

window between 1 and 4s. also occurs at 540 nm. (See absorption spectra in ref 20).

A similar effect can be seen in the spectra taken with the h fth . . . he sianal with
director perpendicular to the field (Figure 2B), although it is _ N the case of th&-orientation (Figure 3 top), the signal wit
= 640 nm rises with the response time of the spectrometer

not as pronounced as in Figure 2A. Again, the signal decreasegtex . _ - )
between 1 and 4s after the laser flash for the ISC pathway 2&nd decays biexponentially with the faster component dominat-
(Figure 2B top), while for the energy transfer pathway (Figure iNg- On the other hand, the behavior of the signal wiith=

2B, bottom) it increases in the same time range. 540 nm is more complicated. This is due mostly to the fact that

Comparison of Figures 2A and 2B reveals that although the V€ have contributions from both pathways, i.e., we ?"SQ excite
overall behavior is the same (i.e., a signal decrease for ISC andthe freée base to some extent and have an ISC contribution. The

a signal increase for energy transfer), there is a clear difference®PServed time trace can be ascribed to a superposition of the
in the orientation dependence of the respective increase orfWo Signals, which are shown by the dotted curves and have
decrease for the two pathways. In the case of the ISC p{jl»[h\,\,(—jlybeen obtained from a fit of the transient (the details of the fitting
with Aex = 640 nm, the rate of decay depends significantly on Procedure is discussed in more detail below). The positive
the orientation. The largest decrease is seen faXtbgentation contribution is from the ISC process and has a fast rise time.
(Figure 2A, top) and smallest for tigorientation (Figure 2B On the other hand, the negative component from the energy
top). TheA/E pattern corresponding-orientation (positions Y transfer pathway rises with a time constant, which is consider-
and Y, Figure 2A, top) actually shows a slight apparent increase ably slower than the rise time of the spectrometer. These
due to overlapping signal contributions with differing signs and observations are also consistent with Figure 2A, where the
decay rates. In contrast, for the energy transfer pathvgy= spectrum withlex = 640 nm rises promptly and decays quickly
540 nm, bottom spectra in Figures 2A and 2B) the increase in whereas the spectrum withx = 540 nm rises slowly.
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the spectra in Figures 2A and 2B appear at field positions
corresponding to those of the unperturbed triplet state, there
are also additional features in the center of the spectrum, which
have no triplet state counterpart. These features are seen most
clearly with excitation at 540 nm, (Figures 2A and 2B, bottom)
and are consistent with previous observations in frozen toluene
solution?® These features have been tentatively assigned to
conformations of the dimer in which the coupling between the
triplet and doublet is strong, however this assignment is not
yet firmly established. The microwave frequency dependence
of the spectra provides additional information on which the
assignments can be based because the Cu doublet has a
considerable g-anisotropy. To this end, we have carried out
K-band measurements.

In Figure 4 spectra measured at a microwave frequency of 9
GHz (X-band) and 24 GHz (K-band) are compared. The spectra
3 have been taken at 50 K and the solid curves are the K-band
data while the dashed curves are the X-band results. The latter
are similar to the corresponding spectra in Figures 2A and 2B
, taken at 80 K. In Figure 4, the spectra are plotted such that the
B,=388 mT(Z) field position corresponding tg = 2.0023 and the total width
in mT are the same for both frequency bands.

A 3640 nm As can be seen in the upper parts of Figures 4A and 4B,
only minor differences between the two frequency bands are
observed when excitation with 640 nm is used. This observation
provides a support for our assignment of the main component
of the spectra to the stafe{2S,:++3T;] with weak coupling
between the doublé®S, and the triple’T; (see details in the
Discussion section). On the other hand, when excitation at 540
nm is used (Figures 4A and 4B, bottom) significant differences
in the spectra taken at the two microwave frequencies become
apparent. In particular, the relatively narrow emission/absorption
feature at the center of the spectra shows a larger separation at
K-band. This is seen most clearly for the parallel orientation in

y Y y y the lower part of Figure 4A. As we will show below, the
observed behavior is consistent with that of a quartet and a
time /18 doublet state and supports our assignment of the narrow features

Figure 3. Time traces taken at the field positions indicated by the to conformations of the molecule in which the coupling between
arrows in Figure 2. The dotted curves are fits to the experimental data the free base triplet and Cu doublet is strong.

(solid curves). Withlex = 640 nm the fitted curve is a biexponential

decay with the following lifetimes and amplitude ratios: X; = 18 4. Theoretical Model

us, 25%:;t, = 1.8us, 75%. Z: 11, = 18.3us, 84%;1, = 3.0us, 16%. . ) . . .

With Zex = 540 nm the traces have been fitted by adding the result of 10 Provide a basis for discussing the various features of the
the fit at e = 640 nm to a curve with the following rise and decay €xperimental spectra, we present a general theoretical description

B,=354 mT (X )

A

o-
=
8
8
8

lifetimes. X: 7rse= 1.8 4S, Tdecay= 10 uS. Z: Trise = 2.4 US, Tdecay= of coupled triplet-doublet spin pairs including a simple model
14us decay. The contributions to the fitted curve are shown individually for their dynamics. While similar descriptions for weakly
in the figure. coupled doubletdoublet pairs have been discussed by several

authors and are well established as the CCRP model first
For theZ-orientation (Figure 3 bottom), the signal decay with  jntroduced by Closs et & there are relatively few examples
dex = 640 nm is much slower compared to that for the for weakly coupled tripletdoublet pairs with a fixed geometry.
X-orientation (Figure 3 top) although the rise time is the same Fijrst, we will discuss the energy levels and transition frequencies
as that for thex-orientation. Similar to theX-orientation, the of the system as a function of the coupling betweerShkeY/,
signal with1ex = 540 nm can be considered as a superposition ands= 1 spins. Then we present the expected spin-polarization
of two positive contributions associated with the two pathways. patterns, with different initial population distributions resulting

Again, the component associated with the energy transfer hasfrom different possible pathways. The model will then be applied
a S|0W rise, Whlle the Contl'lbutlon from ISC haS a faSt rise. to the ana'ys|s of our porphynn d|mer System

These transient traces are consistent with the behavior observed 4 1. Coupled Triplet—Doublet Spin Pairs. The behavior of

in Figure 2B. any coupled spin system depends critically on the strength of
From the transients, we can confirm (i) Excitationiat = the coupling. In the coupled tripletdoublet system, the limiting
540 nm leads to a signal component that rises with a compara-cases of weak coupling and strong coupling can be easily treated
tively slow time constant, which does not depend strongly on analytically. In both instances, there are six eigenstates, which
the molecular orientation. (i) The decay of the ISC component can be described using either a triptébublet or quartet
is strongly orientation dependent and is fastest for ¥ae  doublet basis. Figures 5A and 5B show energy level diagrams
orientation and slowest for th&-orientation. and stick spectra for the two cases. The details of the energies
3.4. K-Band Spectra in a Liquid Crystal Solvent: Micro- and transition frequencies are given in Appendix 1 along with
wave Frequency Dependencélthough the main features of  general expressions for the wave functions and eigenvalues.
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Figure 4. Microwave frequency/ magnetic field dependence of the spin-polarization patterns-&@;€ti, in the liquid crystal E7. A: Liquid
crystal director oriented parallel to the field. B: Liquid crystal director oriented perpendicular to the field. Solid spectra: X-band (9 GHz). Dash
spectra: K-band (24 GHz). The spectra have been superimposed such that the total spectra width in mT and field position corregpending to
2.0023 are the same for both frequency bands. The excitation wavelength is as shown. Temperature: 50 K. Time wirdb8u(K-band),

1-2 us (X-band). Different time windows have been used to take the faster response time of the K-band spectrometer into account.
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Figure 5. Energy level diagram and stick spectra of a coupled triplet doublet spin pair. A: Weak coupling. B: Strong coupling. The expressions

for the energy levels and transitions frequencies are given in Appendix 1. The resonance frequencies of the triplet and doublet spins have been

chosen such thabt > wp as indicated by the arrows. The spispin coupling between the triplet and doublet is taked asJ > 0. The heights

of the lines in the stick spectrum represent the transition probabilities.

In the case of weak coupling, the wave functions are is shown in the bottom part of Figure 5A. The two pairs of the
approximately product states of the triplet and doublet. As can triplet transitions with frequenciass, w4, w3ss, andwae have
be seen in Figure 5A, there are seven allowed EPR transitions.a splitting of i1z — w24) = (w3s — wae) = 2(d—J) in each
Four of these are associated primarily with the triplet spin and pair. The doublet transition®1,, ws4, andwseg are centered at
three are doublet transitions. (Note, however, that this assign-the resonance frequency of the doublet and have the same
ment of the transitions to individual spins is only strictly valid splitting as the pairs of triplet transitions. The total spectral width
in the limit of zero coupling.) The corresponding stick spectrum (2D* + 23D*1p) is slightly wider than the corresponding
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Figure 6. Stick spectra showing the expected polarization of the weakly coupled triplet doublet pair formed by a triplet excitatiofi.ef Rk
state labeled[?Sy-++3T4] in Figure 1). The spectra are calculated for either Xhaxis or theZ-axis of the PH zfs tensor oriented parallel to the
field (Bo) as indicated. The patterns expected from the two pathways, ISC (path a in Figure 1) and energy transfer from a quartet precursor (path
b in Figure 1), are shown. From top to bottom, they indicate the initial polarization (top), the effect of selective depopulation (middle) ara the effe
of flip-flop spin relaxation (bottom). The parameters are the same as used for the simulations in Figure 7 except that the g-factor of the doublet has
been placed at 2.0023 and the hyperfine couplings have been ignored in the interest of clarity.

T
390

original triplet (D*). As a result, the powder averaged spectrum conditions. However, to grasp basic features of such systems,
for a random distribution of orientations relative to the field is it is sufficient to deal with the initial populations resulting from
slightly broader than the superposition of the triplet and doublet different excitation pathways and the evolution of the population
spectra alone. due to various relaxation mechanisms along with their orienta-
As the strength of the coupling increases, the degree of thetion dependence.

triplet—doublet mixing increases. The transition probabilities 4 1 |nitial SpectraHere we consider two situations for
associated with the triplet transitions become unequal and onehe population pathways: (i) spirorbit intersystem crossing

of them becomes increasingly forbidden. The situation is similar \yithin the species carrying the triplet (ii) energy transfer from

TO: the.tf[hree (:ﬁublet trlgns!tlons with :he (tjvg;;_out?; Il?es losing 5 quartet or doublet precursor. In case (i), we assume that the
intensities as the coupling increases. In addition, the frequencies;q e rates of ISC follow P> P, > P, and in case (ii) we

?rj tg?i? ﬁg?i:'?onsér"eg’llzésa’;‘; ;‘r’%ﬁ.’r aﬁtiﬁ)éﬁ-zgebi;ﬁi toeak assume population according to the spin-quantum number of
u '9 wer vald I " WeaxK. e precursor, which has its spin states equally populated.

As a consequence, these fpur transitions disappear "°F“. theAIthough, these pathways correspond to the situation in the Cu
spectrum in the strong coupling limit. In contrast, the transition

between states 2 and 5, which is forbidden in the weak coupling, Ca—Hy ﬁilmerd(Flgu(;e 1),tour p()ju;posells to describe tT.e systgm t
becomes allowed. When the coupling is sufficiently strong, only generally and we do not need 1o make any assumptions abou

four transitions are allowed as described in Appendix 1(eqs the specific system being _con_3|der_ed. 'F‘deed’ th_e two cases
AL.17 and A1.18). represent the two general situations in which the spin selectivity

of the population pathway is governed by interactions internal

coupling case. Three of the transitions correspond to the- trip to the __molecule (case i) or interaction with the external field
quartet manifold while the fourth is a trip-doublet transition. (case ii).
The total width of the spectrum is narrower than the original ~ Figure 6 shows the expected stick spectra for the weak-
triplet component, as has been observed in strongly coupledcoupling case for the two population pathways. The spectra are
systemg? calculated for the magnetic field oriented along hexis of

4.2. Expected Spin-Polarization in Weakly Coupled Trip- the triplet ZFS tensor (§|X). Initially, for the ISC case only
let—Doublet Pairs. We now consider the expected spin lines associated with the triplet state are observed (Figure 6,
polarization in weakly coupled tripletdoublet pairs. A complete  columns 1 and 3, top row). This is because both orientations of
discussion would include the motion of the spin system under the doublet spin are equally probable and states that differ only
a time dependent Hamiltonian from a given set of initial by a flip of the doublet spin will have equal population. Note

Figure 5B shows energy levels and stick spectra of the strong
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that within each of the pairs of triplet transitions both lines have mechanisms depend only on the quartet and doublet character
the same sign. of the spin states, which are not strongly orientation dependent.
In contrast, the initial spectra observed with a quartet As & consequence, the decay of the spin polarization for the
precursor (Figure 6 columns 2 and 4, top row), consist of three ISC case is orientation dependent while the rise of the spectra
antiphase doublets. The two outer anti-phase doublets cor-for the energy transfer case is less orientation dependent.
respond to triplet transitions, whereas the middle one is from
the doublet. In general, the lines of the stick spectrum will be 5. Analysis and Discussion
inhomogeneously broadened, primarily due to unresolved hy-
perfine couplings, and the line width will be larger than or
comparable to the splitting. Under these conditions, the lines
will add in the ISC case but cancel in the quartet precursor case.
Accordingly, the initial spectrum should closely resemble that
of the original triplet in the ISC case but will be very weak
with a quartet precursor.

Based on the above theoretical considerations, we now discuss
our experimental results in the framework of triptetoublet
pairs.

5.1. Microwave Frequency Dependencelhe most impor-
tant conclusion we can confirm from Figure 4 is that the main
component of the spectra arises from a weakly coupled triplet
doublet species. This confirmation comes from the close

4.2.2. Late Spectraifter the initial population of the weakly  correspondence of the triplet-like spectra measured at two
coupled triplet-doublet states, we consider two possible mech- jtfarent microwave frequencies, demonstrating that the zero-
anisms that would change the spin distribution of the system. fig|q splitting (zfs) of the triplet dominates the EPR spectra.
These two mechanisms reflect characteristic properties of theThus, the perturbation of the original triplet by the coupling

triplet—doublet system. One is selective depopulation of the \yith the doublet is small. (see Figure 5A and Appendix 1, eq
spin-states with doublet character, i¥3, W3, W4, andWs, as A1.16).

we have proposed previous§The other is a flip-flop relaxation
mechanism between states with the same valug,of.e., ¥»
< W3 andW, < Ws. Fluctuations of dipolar-dipolar coupling
and/or exchange coupling can cause a flip-flop of the two spins
leading to equalization of the population between spin state
with the same quantum numben,. The expected spectra for

both_ mechanisms are presented in the middle and bottom TOWSty gne another. This assignm&htvas based primarily on the
of Figure 6. estimated g-values of the quartet and doublet transitions (egs
In the case of ISC, both mechanisms lead to a decrease ina1.17 and A1.18). However, the stick spectra in Figures 5 and
the intensities of the lines associated with the triplet transitions 6 show that the doublet transitions of the weakly coupled
(Figure 6, columns 1 and 3, middle and bottom rows) while in triplet—doublet pair also contribute in this region and it is
the center of the spectra, the copper doublet transitions appeagossible that they are responsible for these contributions. These
with antiphase polarization. Thus, spin polarization associated two possible assignments can be distinguished by their magnetic
with the doublet is expected to increase with time. However, fie|d dependences relative to the features associated primarily
the intensity of these contributions will be weak due to the with the free base tr|p|et Figure 4 shows that BHA features
cancelation effect discussed above. In contrast, for the quartethear the middle of the spectrum become broader at K-band (24
precursor (Figure 6, columns 2 and 4, middle and bottom rows) GHz) compared to X-band (9 GHz) and the components are
the two mechanisms remove the cancellation effect for the triplet shifted in opposite directions relative to the middle of the triplet
transitions while it remains intact for the doublet (CU) transitions. Spectrum as the microwave frequency increases.
Thus, we expect the triplet spectrum to increase in Intensity, as  gjnce the splitting between the triplet transitions of the weakly
the states of doublet character are depopulated or flip-flop coypled triplet-doublet pair are not field dependent except at
relaxation takes place. very low field, they provide a reference point against which
In short, Figure 6 shows that both mechanisms have a similarthe shift of the spectral features with changes in the field can
effect on the time development of the spectra. However, when be measured. The center of the triplet powder spectrum
the triplet-doublet pair is formed by ISC they lead to a decrease corresponds tgr = hw1/$Bo and for the free base porphyrin it
in intensity whereas when the pair is formed from a quartet is close to free electron g-factaye. The principalg-values of
precursor they cause the signal to increase in intensity as timethe copper doublet, on the other hand, are larger tismnd
develops. features associated with the doublet transitions in a weakly
4.2.3. Orientation Dependenc€he orientation dependence coupled pair will appear downfield from the center of the triplet
of the initial and late spectra can also be seen in Figure 6 by spectrum (eq. A1.15). Thus, if the emissive and absorptive
comparing the left side of the figure, which correspondsgtd B features in the center of the spectrum are from the copper
X, and the right side which shows spectra faf/B. From this doublet, both the features should move downfield relative to
comparison, it is apparent that the intensity of the late spectrumthe center of the triplet spectrum with increasing microwave
is weak for B//X in the ISC case (Figure 6, column 1, lower frequency. However, this does not agree with what is observed
two spectra). This is because the ISC mechanism selectivelyin the dimer (Figure 4).
populates stateé®,—W, for this orientation and it is these states, On the other hand, as can be seen in eqs A1.17 and A1.18),
which are affected most by the selective depopulation and flip- the m, = 4%/, transitions of the quartet and doublet states of a
flop mechanisms. Whereas, withy/ and ISC (Figure 6, strongly coupled doublettriplet pair will lie on opposite sides
column 3, lower two spectra), the effect of the two mechanisms of gr. If the E/A features are from a strongly coupled species,
is much less becaus#;—W; are populated to a large extent they will move in opposite directions relative to field position
for this orientation. In contrast to the ISC case, when the systemcorresponding togr. This is consistent with Figure 4 and
is populated from a quartet precursor (Figures 6), the intensity confirms our previous assignment that the features are from the
of the late spectrum is roughly the same for both orientations. quartet and doublet transitions in conformations of the dimer
This is reasonable since both the initial population and the decayin which the coupling strong.

Another important piece of information, which can be
obtained from Figure 4 is the assignment of the features, which
appear in the center of the spectrum and show a significant

' microwave frequency dependence. Our initial assignment was
Sto a strongly coupled doubtetriplet pair in conformations of
the dimer in which the two porphyrins are in close proximity
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5.2. Kinetics.We now examine the time traces (Figure 3) in dimer in the liquid crystalline environment is taken into account
more detail to estimate the rate of the spin-selective depopulationas described in Appendix 2.
or relaxation. In keeping with our treatment of the spectra in  The initial populations of the sates are calculated either via
which only changes in the populations of the states were rates associated with the zero-field triplet states in the ISC case
considered, we restrict ourselves to an empirical analysis andor by the quartet character of the states. The population is then
will not explicitly consider coherent motion of the spin system. allowed to change with time in accordance with either (i) a
The analysis of the kinetics is complicated by the fact that the depopulation of the states according to their doublet character
datasets contain overlapping contributions from different ori- or (ii) an equalization of the populations of tme, = 4%/,
entations and conformations of the complex. Thus, we use only sublevels with an exponential decay function. The two mech-
the selected transients shown in Figure 3, which correspond toanisms produce very similar spectra with only minor differences.
the weakly coupled conformations at tie and Z-canonical Therefore, only the first possibility, i.e., spin-selective depopula-
orientations. We begin by fitting the traces taken with = tion will be presented.
640 nm because this excitation is completely selective for the  Because of the large number of parameters, it is not feasible
ISC pathway. Inspection of the traces shows that they are to obtain values for all of them by fitting the simulations to the
biexponential and have a rise time-e600 ns due to the narrow  experimental spectra. Fortunately, reasonable estimates for most
bandwidth of the resonator (cf. Figure 3, top trace). Therefore of the parameters can be made from independent sources. The
we have fit the transients using a biexponential decay function magnetic properties of the Cu porphyrin doubbpténsors and
convoluted with the response function of the spectrometer. As hyperfine coupling tensors) and free base porphyrin triplet state
shown in Figure 3, the curves markégi = 640 nm can be (zero-field splitting tensor and ISC population rates) are known
fitted well and components with decay timeswof 2 us and from their monomer simulations and can be used also in the
T ~ 20 us are found at both field positions. The trace dimer. The spir-spin coupling between the triplet and doublet
corresponding to théX canonical orientation (Figure 3 top, is difficult to determine accurately. However, using a model of
markedX') is dominated by the faster component while the trace the complex and the point dipole approximation, we estimate
markedZ' is dominated by the slower component. that the dipole-dipole coupling is on the order 6f0.5 mT.

On the other hand, excitation of the dimeria = 540 nm The exchange coupling can be expected to of similar magnitude

predominantly leads to excitation of the copper porphyrin and PUt its sign is not easily estimated.

energy transfer to the free base. However, as described in the The spectra also depend on the relative orientation of the
Results section, it is not completely selective and we expect amagnetic tensors. Because the geometry is not known, we have
minor contribution from the ISC pathway due to direct excitation Made some simple but reasonable assumptions. First, we assume

of the free base. This is most evident in the tracgsat= 540 that principal axes of the free base triplet zfs tensor are aligned
nm for X' (Figure 3 top). As can be seen in Figure 3, excellent SUch that itZ-axis is normal to the porphyrin plane and ke
agreement between the experimental transiemsat 540 nm andY-directions are through opposite pairs of nitrogen atoms.

Next we assume that the two porphyrin rings are coplanar, i.e.,
the Cug-tensor and the free base zfs tensor are parallel. Finally,
we assume that the vector describing the dipolar coupling lies
in the plane of both porphyrins at an angle of 46 both the

X- andY-axes. To estimate the orientational distribution in the
liquid crystal, we use parameters found for a porphyrin denor
acceptor complex with a similar structiie.

The results of the simulations are presented in Figure 7.
omparison of the simulations in Figure 7 with the correspond-
ing experimental spectra in Figure 2 reveals that all of the

and their fits are obtained for both tix& and theZ' orientation

by adding a component with a slow rise time to the decay curve
for the ISC contribution, which was obtained from the fitting
procedure withlex = 640 nm3 The component found for the
energy transfer pathway has a rise time ef 2 us and a single
decay time ofr ~ 12 us for both traces of the and Z
orientations.

These results are consistent with the two models describingC
either an equalization or a depletion of the populations of the

trEZ E;R/Z.SUb:evﬁls'tEOth mech?nlsms W|Illletag fto arise O]; essential features of the spin polarization are reproduced
e signatwhen the spin System IS populated from a quar etsatisfactorily. In the energy transfer case (path b in Figure 1),

precursorhandha o}l(ecrease when th(? pop_ulation is via ISC._ If We e have assumed that the observed triptigublet pair is
assume that the fast component of the= 640 nm decay is ) jated via the tripquartet![*T,-+1S;]. This is reasonable

due to one or both of these mechanisms, it should dominate forye .4 ;se the energy transfer occurs from the lowest lying excited

the X' orientation and be a minor component for t# g6 of the copper porphyrin and is consistent with the fast
orientation as discussed in section 4.2.3. This is consistent with g |axation from the trip-doublet to the trip-quartet reported

our observations. Further, the faster decay component of thej, other copper porphyrind-22 It is important to note, however,
decay should be the same as the rise timeifgr= 540 Nm hat our assumption does not exclude the possibility of energy
and the rise time should be orientation independent. Since bothyransfer via the tripdoublet, since the spin polarization
of these features are observed, we conclude that the depopulagenerated via the tripdoublet and trip-quartet channels are
tion/relaxation lifetime is reflected in the fast Component of the Comp|ementary and cancel each other. Thus’ if energy transfer
Aex = 640 nm decay and thix = 540 nm rise time ot ~ 2 from both the trip-doublet and trip-quartet occurs, we will
us. observe only the excess polarization from the dominant pathway.
5.3. Simulations.Having shown that the kinetics is consistent The good agreement between the simulations (Figure 7, bottom
with the proposed models, we now present simulations of the spectra) and the experimental spectra (Figure 2, bottom spectra)
spin-polarized spectra. The simulations are based on theclearly suggests that with.x = 540 nm energy transfer occurs
transition frequencies given in Appendix 1. The intensities of predominantly via the trigquartet.
the transitions are then calculated from the populations of the  Moreover, the very different polarization patterns observed
states and the transition probabilities. Broadening due to for the ISC population pathway (Figure 2, top spectra) are
unresolved hyperfine couplings and inhomogeneities are takenpredicted properly. Comparison of Figures 7A and 7B with
into account as a Gaussian line shape. The orientation of theFigures 2A and 2B also show that the time development and
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Figure 7. Simulations corresponding to the experimental spectra in Figure 2 The transition frequencies have been calculated using the expressions
Al.14 and the orientation distribution has been calculated according to Appendix 2. The pathway by which the triplet is formed (ISC or energy
transfer from a quartet precursor) is indicated and decay by spin-selective depopulation is assumed. The following parameters have been used:
g(3Cu) = {2.053, 2.053, 2.193 g(®PH,)={2.0023, 2.0023, 2.002A(N) = {16, 16, 14 x 10~* cm?, A(Cu) = {33, 33, 203 x 10“*cm?, Dt

= 0.0375 cm?, Er = 0.0080 cn?, Dyp = 0.0028 cm?, Erp = 0, ISC population rates: sP,:P, = 0.75:0.25:0.00, {xx— Ty,) = 0.0, T,,= —4.0.

Early spectra/tr = 0.5; late spectréiz = 0.75. The internal geometry used is discussed in the text.

dependence of the spectra on the liquid crystal orientation agreecoupled triplet-doublet spin pair with different possible precur-
well with the experimental result. At present we cannot make sors and a spin-selective relaxation mechanism.

a clear choice between the two possible mechanisms: spin-  Especially by using partially ordered samples, the difference
selective depopulation or flip-flop spin relaxation. The observed i, the kinetic behavior of the polarization patterns was succes-
lifetime (z ~ 2 us) associated with the process seems be closer gjyely extracted for the two pathways as well as their differences

to a spin-relaxation time than to a triplet state lifetime, which ., the orientation dependence. The good agreement between
should correlate with spin-selective depopulation. The lifetime o experimental results and simulations, in Figures 2 and 7,

al_so di;plays astrong temperature dependencg _again in keepinghows that our model correctly predicts all major features of
with spin relaxation, which is usually very sensitive to temper- the observed spin polarization. In particular, the excitation

ature. Hoyvever, this behavior does not rule out spln.-selectlve wavelength dependence is explained quite naturally as a result
depopulation. In the absence of experimental data, which clearly . h
of differences in the nature of the precursor.

favor one process over another, the nature of the mechanism ) ) o
must be left as an open question. .The analysis of transients from the liquid crystal samples
Using the model outlined above, it is also possible to calculate Yi€lds the same value of @s, for both of the decay of the
the time dependence of the narrow spectral features assignedPolarization in the ISC case and the rise of the polarization in
to strongly coupled conformations of the complex. However, the EnT case. Our model correctly predicts this behavior
such an analysis is complicated because these spectral featurdgcluding the orientation dependence, although we are not yet
cannot be easily separated from the dominant weakly coupledable to clearly distinguish between the affect of the two proposed
triplet—doublet pair spectrum and the geometry of the confor- mechanisms. This result not only rationalizes the results in the
mations is not known. Moreover, spin relaxation due to presentdimer system but also provides support for the contention
modulation of the zeo-field splitting may also play contribute that the model predicts the spin polarization of weakly coupled

to the decay of the polarization of the quartet components for triplet and doublet pairs, generally.

these conformations of the molecule. Therefore, we note only

that in terms of the selective depopulation model the features  Acknowledgment. This work was supported by the Natural
belonging to the trip-doublet are predicted to decay more Sciences and Engineering Research Council (NSERC) and by
rapidly than those associated with the trfjuartet and that there o Grants-In-Aid for Scientific Research from JSPS, no.

is some evidence for such behavior in the spectra (see figure 611694061 (International Joint Research, B), and no. 13640554.
of ref 20).

6. Conclusions Appendix 1

We have shown that the spin-polarization patterns from our  The spin Hamiltonian of a coupled triptetioublet system
porphyrin dimer can be well understood in the framework of a is given by
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H= ﬁeB'gT'ST + ﬁeB.gD'SD + ZlTi'ATi.ST +

1
Zloi'ADi'SD+ SpDr-S; — ‘JTD(E + 2S'TSD) +
Sp-DrpSr (ALD)

The six eigenstates are obtained by diagonalizing the Hamil-
tonian matrix in either a quartetioublet or triplet-doublet
basis. Here, we will use a quartedoublet basis because it

van der Est et al.

corresponding zero-field splitting parameters. Whes¢tp =

0 andfr,¢r = 0, D* = Dy andD1p*=Drp, respectively The
term for the dipolar coupling between the triplet and doublet in
the Hamiltonian (eq A1.1) can be written using the operafors
and S, for the total spin and the parametérin eq A1.9 as
follows,

SoDip-Sr = 3035 — ) (A1.10)

allows the quartet and doublet character of the eigenstates to The energies of the six eigenstates are given by

be calculated more easily and it reflects the symmetry of the

precursor when energy transfer from PCu takes place. In this

basis the eigenstates at high field are
Wy = [Qg0
Y, = —sin0|Q,,[H cosl|D,,[]
W, = cos0|Q,,lH sind|D,,0
W, = cos¢|Q_,,[H sing|D_,,0

W, = —sin¢|Q_,,,[H cos¢|D_,,0

We=1Q 5,0 (A1.2)
where
tan 2 = Z—ﬁ(Aw + lD*), tan 2p = Z—ﬁ(—Aw + 1D*)
U, 3 07 3
(A1.3)
and
Q= — Aw — 3D — Jd+2)),
4= Ao — %D* - g(d +2J) (A1.4)
_h
Aw = §(‘UT — wp) (A1.5)
hwr = GeirrBeBo  hwp = Gerr pBeBo (A1.6)
3 1
D*( 9T!¢T) = D-r(ECOS2 9-,— - z) +
gET(sinZ 0. co ¢, — sirf 0, si? ¢r) (AL7)

* 3 1
D7p(0rp.10) = DTD(ECO§ Orp — é) +

ZEro(Sir? b C0F g — Siff b Siff o) (AL8)

2«
d= §DTD(0TD!¢TD)

(A1.9)

ot and wp are the resonance frequencies of the triplet and
doublet, respectively and include the contribution from the local
hyperfine fields.J is the exchange coupling between the triplet
and doubletD* and d are the orientation dependent dipolar
couplings within the triplet and between the doublet and triplet,
respectively. The angle$p,pp and Or,¢7r describe the
orientation of the external field relative to the respective dipolar
coupling tensordDtp and Dy. Dtp, Emp, Dt, and Er are the

1 1., .3
Elzth+§wD+§D +§(d_J)
1 1., 3
E2 = E(ha)T - éD - Ed) - Ql
1 1 3
E3 - E(ha)-r - §D* - Ed) + Ql
1 1 3
E4 == E(—th - §D* - Ed) + 92
1 1., 3
E5 = E(—th - éD - Ed) - QZ
E. = —hwy — Shop + 2D* +5(d—J) (AL11)
2 3 2
where and
. 1 5 1. .\12
Q= S|gn(ql)§{ql + S(Aa) + §D*) } (A1.12)

_ 1 1. .\q12
Q,= S|gn(qz)§{ 0.2+ 8(Aw - §D*) } (AL.13)

The transition frequencies of the eight possible single quantum
transitions are given by

hw12=g(wT+wD)+%D*+g(gd—J)+Ql
B 1., 33
R =3 (@1 + o) +5D +§(§d—J)—Ql

hw,, = hor — Q; — Q,

hwg,=hor + Q, — Q, (Al.14)
hw,s=hor — Q, + Q,
hwgs=hor + Q, + Q,
h 1 3(3
hw46 = E(wT + a)D) - ED* - E(Ed - J) + Qz

h 1 3(3
h(x)se = E(w-,— + a)D) - ED* - E(Ed - J) - QZ

In the limit of zero coupling between the triplet and doublet,
the wave functions of the system become products of triplet
and doublet basis statesV; = |T100 Wy = |Tp0 Ws =
|To(1D Y, = |Toﬂ|_—,l Yy = |T _qo0) andLPG = |T 71ﬁDand in the
limit of infinite coupling, cosf =1, sinf =0, cos¢ =1, and
sing = 0in eq Al.2 and the wave functions become the quartet
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and doublet basis state®¥; = |Q320) W2 = |D1) W3 = |Qy20) describing the solvent is axially symmetric abgQ?) can be
W, = |Q-120,Ws = |D _pLJ andWs = |Q—-3/20] written as a function of the direction cosines between the
In the case of weak coupling shown in Figure 5a, the molecular axes and the director of the liquid crystal:
transitions can be assigned to a flip of either the triplet or the
doublet spin and the frequencies become doublet transitions:

hw,, = hop +2d — 23

3 1 T — T,
U@ =T (3% 3 + 51, (A2

where iz, lyz, andl,z are the direction cosines between the

hwg, = hwg molecularx,y andz axes and the directoZ. Ty, Ty, and T,
describe the strength of the tensorial solvesulute interaction.
hwgs = hop — 2d + 2] (A1.15) With U(Q) in such a form, the orientational distributioP(Q)
) - of the solute is determined two parametdts,and(Txx — Tyy)/
and triplet transitions 2, and the directions of the axesy, andz in the molecule. In
5 the frozen liquid crystal we also need to take into account the
hw,;=ho; + D* + Ed —J fact that the director can be rotated away from the magnetic
field direction. For a given orientation of the director relative
1 to the magnetic field, we define two space fixed axis systems:
hwye = oy +D* +2d+J one with the magnetic field as itsaxis and the other with the
director as itsz-axis. The EPR signd(<2,By) depends on the
1 relative orientation of the molecular and magnetic field axis

hwss = hwy — D* — §d —J systems, which can be expressed as an Euler mRfgixThe

direction cosines in eq A24 can then be obtained by calculating
Fiaoge = hary — D* — g d+J (A1.16) the corresponding Euler matrix for the director axis system
R =R RgL (A2.5)
In the strong coupling case the eigenstates become a doublet ) _ ) )
and quartet as shown in Figure 5b, the four allowed transitions Note that when the director is not parallel to the fieR{$2) is
are a doublet transition not axially symmetric with respect to the field and the integration
in eq A2.2 must be taken over all three Euler angles.

hw,s = ﬁ(4wT — wp) (A1.17)
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