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Abstract. A novel method that allows the determination of absolute signs of hyperfine coupling con-
stants in polarized radical pair (RP) pulse electron—nuclear double resonance (ENDOR) spectra is pre-
sented. The variable mixing time (VMT) ENDOR method used here leads to a separation of ENDOR
transitions originating from different electron spin manifolds by employing their dependence on the
time-dependent parameters of the pulse sequence. The simple kinetic model of the RP VMT ENDOR
experiment shows very good agreement with the experiments performed on the P;5 A~ RP in photo-
system I. This method relies on the selective excitation of absorptive or emissive lines of one radi-
cal in the RP EPR spectrum and therefore requires high spectral resolution. This condition was ful-
filled for the system studied at the low-field edge of the RP EPR spectrum obtained at Q-band. The
method presented here has a very high sensitivity and does not require any equipment additional to
the one used for RP pulse ENDOR. The VMT ENDOR method offers the possibility for selective
suppression of signals from different electron spin manifolds.

1 Introduction

Electron—nuclear double resonance (ENDOR) spectroscopy is an important tool
for the characterization of electron-nuclear hyperfine (hf) interactions in para-
magnetic systems [1-4]. ENDOR spectroscopy has been widely applied for the
study of photosynthetic reaction centers (RCs) (for a recent review see ref. 5).
Pulse ENDOR spectroscopy on short-lived intermediates, e.g., radical pairs (RPs)
is of particular interest since it provides information on the initially formed spe-
cies in the process of charge separation [5—10]. Due to the transient nature and
the polarization of electron spin states, such signals are very strong and can easily
be differentiated from stationary signals.
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The ENDOR spectra provide the magnitude of the hf coupling constants (hfcc)
but do not directly give their signs. It is known that nuclei can have different
signs of hf couplings, depending on the interaction mechanism [11]. Especially
important is the sign of the isotropic coupling (4,,), which depends on the
mechanism leading to a nonzero electron spin density at the nucleus. For a-pro-
tons in rw-radicals, which are coupled by the exchange mechanism (n-o spin
polarization), a negative sign of 4, is typically found, while a positive sign is
an indication of the hyperconjugation mechanism and characteristic for B-pro-
tons as found in methyl or methylene groups. Deviations from this rule are found
for small hfces due to m-m polarization in the n-system of the radical [3, 12].
Hence, the sign of the hfcc contains important information which is required for
an in-depth analysis of the ENDOR spectra of radicals.

There are several methods of hfcc sign determination. The majority of them
provides only the relative signs of two hfcc with respect to each other. Most
commonly used is the electron-nuclear-nuclear TRIPLE experiment [2, 13-16].
By this method the correlation between the nuclear transition frequencies of dif-
ferent nuclei is established, which leads to the determination of the relative signs
of their hfccs. TRIPLE is successfully applied in liquids [2, 3, 17], whereas in
frozen solutions and powder samples it typically suffers from lower sensitivity
[4], which makes its application somewhat problematic for the measurements on
the short-lived intermediates. Sometimes it is possible to determine the absolute
sign of an hfcc by analysis of the shape of ENDOR lines (e.g., in case of an
axial hf tensor) [11]. Under certain conditions the sign of the hfcc can be deter-
mined in polarized RP ENDOR experiments [8]. However, only the relaxation-
based methods provide a solid experimental basis for the determination of the
absolute sign of the hfcc as recently demonstrated by Epel et al. [18, 19].

Pulse ENDOR of strongly coupled protons is typically measured by the Da-
vies ENDOR sequence (Fig. 1) [20]. The sequence can be separated into three
periods: the inversion, mixing and detection period. The first microwave (MW)
n-pulse selectively inverts the population of the electron spin levels. The subse-
quent radiofrequency (RF) m-pulse is mixing transitions with different projections
of nuclear spins. Then the detection sequence (e.g., two-pulse Hahn echo, as
shown in Fig. 1) monitors the resulting populations of the electron spin levels.
The ENDOR spectrum is obtained by scanning the RF frequency. For investiga-
tion of light-induced signals such as those arising from RPs, the sequence is
preceded by a laser flash.

The pulse TRIPLE sequence (analogous to the continuous wave general
TRIPLE experiment) is similar to the Davies ENDOR sequence with the addi-
tion of a second RF pulse (Fig. 1) [15]. In the TRIPLE experiment one of the
RF pulses excites the transition belonging to one nucleus while the frequency
of the other RF pulse is swept. The difference TRIPLE spectrum is obtained
by subtraction of the TRIPLE spectrum from the Davies ENDOR spectrum.

A modification of the Davies ENDOR sequence, which allows the determi-
nation of absolute signs of hfcc was recently proposed [18, 19]. It was found
that in the case of strong polarization of electron spin states (e.g., at high fields
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Fig. 1. Davies ENDOR, TRIPLE, VMT-1 and VMT-2 ENDOR pulse sequences; n and n/2 refer to

the MW pulses; RF, RF1 and RF2 denotes the RF n-pulses; #,,; is the delay after the laser flash to

the first pulse of the sequence; t, is the delay after the laser flash to the detection sequence; ¢, is
the additional mixing time used in the VMT experiments.

and low temperatures) the introduction of an additional delay time ¢, after the
RF pulse (see variable mixing time [VMT]-1 sequence, Fig. 1), comparable with
the electron spin lattice relaxation time, results in a change of the relative in-
tensities of ENDOR lines originating from different electron spin manifolds. This
change of intensities allows to assign the ENDOR lines to the electron spin
manifold and in turn to determine the sign of the hfcc. Although the experimental
conditions are different from refs. 18 and 19, similar effects are expected for a
RP due to the strong nonequilibrium polarization of the electron spin states of
the RP.

In this communication we introduce a new experimental method for the sign
determination of hfccs, using the difference in the relaxation behavior of ENDOR
transitions in different electronic manifolds of a RP. As system we chose photo-
system [ (PS I). Upon light excitation at low temperature, a reversible charge
separation is generated in PS I, creating the spin-correlated RP P;5,A". The elec-
tron donor P,y is a chlorophyll a/a’ heterodimer, while the acceptor A, is a
quinone molecule (vitamin K,) [21-23].

2 Materials and Methods
The wild-type strain of the thermophilic cyanobacterium Thermosynechococcus

elongatus (formerly Synechococcus elongatus) was grown under continuous white
light. Growth and isolation of trimeric PS I was done as described previously
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[24]. Crystals of PS I trimers were resuspended in buffer containing 20 mM
morpholineethanesulfonic acid sodium salt, pH 6.4, 20 mM MgSO,, and 0.02%
B-dodecyl-maltoside. The final PS I concentration of the sample was approxi-
mately 150 pM. Sodium ascorbate was added to a final concentration of 5 mM
in order to produce open RCs ready for charge separation. Afterwards the
sample was relaxed for 5 min in the dark at 4 °C and quickly frozen in liquid
nitrogen.

The experiments were carried out on a Q-band Bruker ELEXSYS E580-Q
spectrometer with a Super Q-FT MW bridge equipped with a homebuilt reso-
nator similar to that in ref. 25. The resonator contains slits to allow in situ
light excitation of the sample. Light excitation at 532 nm was achieved with
the Brilliant Laser system from Quantel with an output energy of about 12 mlJ,
operating with 10 Hz repetition rate. All experiments were done at 80 K.

The pulse EPR spectrum has been recorded using the two-pulse sequence
40 ns-7-80 ns-r-echo with 7=400 ns and t,,; = 1 ps. 'H ENDOR (similar
parameters have been used for VMT-1 and VMT-2 ENDOR}) has been recorded
using the Davies ENDOR sequence (m-t-n/2-7-nt-7-echo) [20] with an MW in-
version pulse of ¢, = 200 ns, RF n-pulse of 9 us, MW pulses of ¢, = 40 ns,
t, = 80 ns and 7 =400 ns. In all experiments an additional 3 ps delay has been
introduced after the RF pulse to avoid unnecessary noise during the echo detec-
tion. In the following, this delay is considered as part of the RF pulse and is
not included in the reported ¢, value. The generation of RF pulses and the
detection were done by an external PC equipped with the SpecMan control pro-
gram [26] and an Agilent E4420B RF synthesizer. All EPR, ENDOR spectra and
time traces were corrected for the “dark™ background spectra recorded 10 ms
after the laser flash. An RF amplifier (Amplifier Research, type AR2500L) with
a maximum output power of 2.5 kW was used. The accumulation time of all
ENDOR experiments was about 1 h. The accumulation time for the difference
TRIPLE experiment was about 2 h (1 h for the reference Davies ENDOR and 1
h for the TRIPLE experiment). For a comparison of different pulse sequences,
it is convenient to define the delay between laser flash and the beginning of the
pulse sequence f,,., and the delay between the laser flash and the detection
sequence tp, (Fig. 1).

Two experiments were used for the determination of the relaxation param-
eters of the RP: (i) the dependence of the two-pulse Hahn echo on #,,; and (ii)
inversion recovery. The lengths of the corresponding MW pulses and the MW
power used in these experiments were identical to those of the ENDOR experi-
ments. The inversion recovery sequence contained an MW n-pulse delayed by !
us after the laser flash and the two-pulse detection sequence delayed by the time
tpp after the laser flash.

For simulations of the P;jA;” RP EPR spectrum the program of Salikhov
and coworkers [27, 28] was used.
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3 Theory

In photosynthetic RCs the charge separation is initiated by light excitation of the
electron donor P. P is oxidized and transfers one electron to the electron accep-
tor Q, leaving it singly reduced (intermediate electron acceptors are neglected)

PQSP'Q > [(PUQT) (B Q). o)

The fast charge separation, starting from the excited singlet state 'P*, cre-
ates an RP in a spin-correlated state with antiparallel electron spins. As a con-
sequence of this peculiar mechanism, the population of the states in the RP de-
viates strongly from thermal equilibrium.

The energy scheme of two interacting radicals in a magnetic field exhibits
four electronic states, which can be described in terms of wavefunctions of sin-
glet and triplet states: 1) = |T, ), [2) = a*|S) + b*|Ty), 3) = —b*|S) + a*|T,) and
|4) = |T_)) (Fig. 2a) [7, 29]. |S), |T, ), |T,), and |T_,) are the singlet and triplet
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Fig. 2. a Electronic energy level scheme for a spin-polarized coupled S, = 1/2, S, = 1/2 spin sys-
tem. The thickness of bars represents the population of the respective levels. The arrows mark the
single quantum transitions. The EPR transition considered in this work (|]2) —~ |4)) is marked with a
thick arrow. b Energy level scheme for the electronic levels o (|2)) and B (}4)) and the nuclear spin
I'=1/2 interacting with one of the electron spins. The first symbol in the state description is the
electronic state, while the second one relates to the nuclear spin. The nuclear spin projections equal
to +1/2 and —1/2 are marked with a and B, respectively. The populations of the levels are denoted
by n, (i = 1-4). The main relaxation pathways are indicated. T,, is the electron spin-lattice relax-
ation time and 7, is the RP lifetime (charge recombination time). The latter refers to the electronic
state which is partially singlet (a-manifold). ¢ Schematic representation of RP ENDOR spectra, cor-
responding to the level diagram presented in panel b. The weak hf coupling case |4/2} < v, is shown.
Here 4 is the hfce and v is the nuclear Larmor frequency. The position of ENDOR lines from the
a and B electronic manifolds is shown for the case of a positive and a negative hfcc. Both ENDOR
lines are in emission.
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basis states. Directly after creation of the RP, only those states that carry singlet
character (states |2) and |3)) are populated. In case of a weakly coupled RP, the
states |2) and |3) are equally populated. The pure triplet states (states |1) and
[4)) are initially empty [7, 29]. Due to the nonequilibrium population of states,
the positive (absorptive) and negative (emissive) EPR signals are observed (Fig.
2a) [29-32].

In addition to the spin polarization, the RP exhibits an electron-electron zero-
quantum coherence, which oscillates at the frequency @q; determined by the
strength of the coupling between the two spins and the difference in their reso-
nance frequencies, see Eq. (1) [32, 33]. This zero-quantum coherences dephase
in the sub-microsecond range in protonated RCs [34, 35]. Since in all experi-
ments in this work the delay after the laser flash (¢,,z) was =1 us, these zero-
quantum coherences do not need to be considered here.

A rigorous treatment of the RP ENDOR experiment is presented in ref. 8.
For the calculation of the RP '"H ENDOR spectra, Fursman et al. [8] considered
a single nucleus with the spin / = 1/2 coupled to one of the two electron spins.
The interaction with this nucleus splits all electronic levels in Fig. 2a into two
levels that correspond to the projections of the nuclear spin m; = +1/2 and
m, = —1/2. In the following, the nuclear spin projections equal to +1/2 and —1/2
are marked with o and B, respectively. It was demonstrated that the RP ENDOR
spectra strongly depend on the difference between the resonance frequencies of
the electron spins of the donor and the acceptor (¢ = v — V), the interaction
between these electron spins (here we consider only the dipolar part, D) and the
hf couplings of nuclei of the corresponding radicals, 4. Two different cases can
be considered: (i) the strong coupling case |g| < |4| and/or |g| < |D| and (ii) the
weak coupling case |g| >> |4] and |q] >> |D|. For different orientations of the mol-
ecules with respect to the magnetic field, both cases can be observed since ¢
{proportional to the difference of g-factors of the two radicals), D and 4 are ori-
entation-dependent. The first case corresponds to RP ENDOR spectra measured
at a position of the magnetic field where the EPR spectra of both radicals over-
lap. Then, as was shown in ref. 8, the polarization pattern of the RP ENDOR
spectra, in particular, depends on the sign of the hfcc. The mixture of the sin-
glet and triplet states gives rise to additional ENDOR transitions between states
[2) and |3). However, in many cases the detailed analysis of the resulting RP
ENDOR spectra is only possible for a few specific ENDOR lines (the overlap of
the ENDOR pattems from both radicals significantly decreases the spectral reso-
lution). Moreover, the spectra are further complicated by the presence of signals
from molecules differently oriented with respect to the magnetic field (powder pat-
tern).

In contrast, ENDOR spectra recorded at magnetic fields where the EPR spec-
tra of the two radicals do not overlap can be treated as the weak coupling case.
Especially good spectral resolution can be achieved at magnetic fields where ab-
sorptive and emissive EPR transitions of the RP do not overlap (on the low-
and high-field edges of the RP EPR spectra). At these magnetic fields, single-
crystal-like ENDOR spectra are observed and RP ENDOR spectra are very close



Absolute Signs of Hyperfine Couplings 317

to those of an isolated radical. However, no polarization in the RP ENDOR spec-
trum due to the sign of hfcc is found [8]. For the observation of the weak cou-
pling case, it is of advantage to use higher EPR frequencies, since g increases
with increase of the EPR frequency.

In the following, we consider the extremely weak coupling case and calcu-
late the polarization of ENDOR spectra recorded at an emissive EPR transition
(transition |2) « |4), Fig. 2a). As mentioned above, in the complete system there
are a number of ENDOR transitions that belong to electron levels |1}, |2), |3)
and |4) and partially allowed transitions between levels |2) and |3). However, in
our case the ENDOR transitions related to EPR transition |1) ~ |3) are not ob-
served and the probability of ENDOR transitions between levels {2) and |3) is
very small [8). Therefore, we can restrict our model to the electronic levels |2)
and [4). Taking into account one nucleus with [ = 1/2; a four-level scheme can
be drawn (Fig. 2b). By analogy with an § = 1/2 system, the electronic levels
[2) and |4) are marked with o and B, respectively. The nonequilibrium popula-
tion of the RP leads to a state, in which only the levels in the electronic a
manifold are initially populated [29]. According to the kinetic model suggested
by Timmel et al. [36] for the photosynthetic bacterial RC, the dynamics of spin
level populations of the RP are described by two parameters: the RP lifetime
(charge recombination time) 7, and the spin-lattice relaxation time T),. The first
one describes the irreversible annihilation of the RP, which leads to a decrease of
the total spin population. Only the states which have a contribution of the singlet
|S) state (here states in the electronic o manifold, states |2) and |3) of the com-
plete system) are subject to this mechanism. The states with pure triplet character
(here states in the electronic B manifold, states {1) and |4) of the complete sys-
tem) do not decay directly due to charge recombination, since direct recombina-
tion to the singlet ground state PQ is spin-forbidden. The electron spin—lattice
relaxation brings the populations of electron levels o and  to thermal equilib-
rium. ‘

The schematic ENDOR spectrum corresponding to the energy level diagram
of Fig. 2b is presented in Fig. 2c. It consists of two lines centered around the
nuclear Larmor frequency v, spaced by the effective hfcc, A. Here we assume
the weak electron—-electron and the weak hf coupling (|4/2] < v) case. Due to
the negligible hf enhancement factor for 'H nuclear transitions at Q-band, the
amplitudes of stationary ENDOR lines are almost equal.

In the following, we calculate the populations of the levels and consequently
the amplitudes of the ENDOR lines as a function of pulse sequence parameters.
For the calculations we use the matrix formalism presented by Epel et al. [18].
The system shown in Fig. 2b is mathematically identical to the system described
in ref. 18. The population of the corresponding states can be expressed as a
vector 7 =[n,,n,,ny,n,], where n, n,, n;, and n, are the populations of the states
IBa), |oa), |BB), and |af), respectively (the numbering of the energy levels is
kept similar to ref. 18). The initial population of RP levels is #, = 7 (tpp = 0) =
[0,0.5,0,0.5]. The sum of the initial populations is equal to 1. The relaxation
processes in the four-level system can be described by the operator exp(—1771),
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where ¢ is the time and /" is a 4 X 4 relaxation matrix. The elements of the
relaxation matrix depend on electron (7,,) and nuclear (7;,) spin-lattice relaxation,
cross-relaxation times (7,) and the electronic state polarization f; = exp[—Av/(kT)]
(see ref. 18 for the exact definition of the matrix), where & is the Boltzmann
constant and T is the temperature in kelvin. To represent the decay of the RP
due to charge recombination, we introduce the additional relaxation operator
exp(—Izpt). This operator describes the irreversible loss of the population of
states which have a contribution of the singlet |S) state (states |aa) and |af3)).
The matrix /3, has only two nonzero elements /5, = 7, , = 1/(27y,), where 7
is the lifetime of the RP states, which are partially singlet. In the Davies ENDOR
experiment, only one of the electron transitions is excited by the MW inversion
pulse (here we take the transition [Ba) ~ |aa)) [4]. For the case considered here,
the choice of the transition is arbitrary and does not affect the calculated ENDOR
and VMT ENDOR intensities. The MW m-pulse, described by the operator P'2
[18], exchanges the populations of the levels |pa) and |aa). The RF m-pulses
affecting the nuclear transitions in the o and B manifolds are presented by the
operators P%. and P8 [18]. The length of MW and RF pulses is considered to
be negligible.

Three cases have to be considered for hypothetical ENDOR spectra consist-
ing of one line pair: (i) when the RF frequency does not match any of the
ENDOR transitions (the baseline, bl) and when it hits a transition either in the
(i1) o or (iii) B electron manifolds. The corresponding populations will be de-
noted with indexes bl, o and B. Since different ENDOR sequences have differ-
ent parameters of the sequence, for a comparison it is convenient to define the
delay time between the laser flash and the beginning of the detection part of
the sequences, t,,. For the Davies ENDOR sequence, under the assumption of
negligible duration of MW and RF pulses as compared to f,,,, this delay is
approximately equal to t,,;. The population of levels after the Davies ENDOR
sequence is given by

% (top = toag) = P exp[~(I" + e Yipap Wy (2a)
A%(top = tpap) = PEP2 exp[—(L + Irp par g » (2b)
AP (tpp = tpap) = PIEFPIZ expl—(I" + L gp Ytpar 17 - (2¢)

The Davies ENDOR signal intensity is calculated according to
I&hor = (0F = n3P) = (np' = ny. 3

Here n®? —n¢? is the signal amplitude when the RF pulse matches one of the
ENDOR transitions and ' —nf' is the signal amplitude when the RF pulse does
not match any transition (baseline). For the calculation of the populations dur-
ing the VMT-1 ENDOR experiment the formulae
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ﬁbl (tDD ~ tmix) = exp[_(r + FRP )tmix ]Pth‘O ’ (43)
A% (tpp = by ) = X[~ + Igp Mo JP5e P21y (4b)
AP (top = b)) = exp[—(I" + Ipp )t ]Plfrplzﬁo (4¢0)

were used. Here the RF pulses come at the beginning of the sequence after the
MW inversion pulse and the detection is delayed by the time ¢ .. In VMT ex-
periments the delay ¢, is approximately equal to ¢ . The VMT ENDOR signal
intensities are calculated according to Eq. (3).

4 Results and Discussion

The experimental pulse EPR spectrum of the P;j,A;™ RP in PS I of T. elongatus
at Q-band is presented in Fig. 3a. The respective calculated spectrum is shown
in Fig. 3b. The simulation parameters are taken from ref. 37. The separate con-
tributions to this spectrum from A;~ and P, radicals are presented in Fig. 3c. It
can be seen that due to the much larger anisotropy of the A]~ g-tensor com-
pared to the Py, g-tensor, the low-field part of the RP EPR spectrum results only
from transitions related to A}~ (Fig. 3c).

i A
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Magnetic field (mT)

Fig. 3. a Pulse Q-band EPR spectrum of the spin polarized RP P;5A{™ in PS I (v, = 34.0 GHz,
T=80K, tps = I us, sequence: 40 ns-7-80 ns-r-echo with ¢ = 400 ns). On top the principal values
of the g-tensors of the individual radicals (g2 for A}~; gF for Pi3,) are given. The magnetic field
at which all ENDOR, VMT and TRIPLE experiments were performed is marked with an arrow.
b Simulation of the RP EPR spectrum. The simulation parameters are taken from ref. 37. ¢ Indi-
vidual contributions of P;j and A{™ radicals to the simulated EPR spectrum. The simulation shows
that in the ENDOR experiment only the part of the EPR spectrum that belongs to A}~ is excited.
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Fig. 4. a Q-band Davies 'H ENDOR spectrum of the spin polarized RP P*3q* A" in PS T (fp,r = 1
us, tpp = 14 us) showing at least eight distinct line pairs. b RP VMT-1 ENDOR spectrum (f,,; = |
us, tpp = 54 ps, solid line) and Davies ENDOR spectrum from trace a (dashed line). Note differ-
ence between the ENDOR and VMT line intensities. ¢ RP VMT-1 ENDOR spectra ({5, = 1 us,
top = 134 ps). The absolute signs of the hf couplings are given on the corresponding emissive lines.
All spectra were recorded at a magnetic field close to gl (Fig. 3a). Experimental conditions:
Vuw = 34.0 GHz, T = 80 K. d Molecular structure of VK, with g-tensor axes system. The proton
of the strong H-bond to the protein is shown as well [23]. Only the protons that are expected to
have a distinct contribution to the ENDOR spectra are shown together with the expected signs of
the respective hfcc.

Figure 4a—c presents Q-band 'H Davies RP ENDOR and RP VMT ENDOR
spectra. The field position on which all experiments were performed is marked
with an arrow in Fig. 3a. For the P;,A;” RP in PS I the separation between
emissive and absorptive lines in the low-field region of the RP EPR spectrum is
about 9.5 MHz and is larger than the isotropic EPR line width of about 8§ MHz
[37]. Therefore, one can expect that the contribution of the absorptive EPR tran-
sition (|1) < [3)) to the ENDOR spectra recorded at this magnetic field is very
small. The molecular structure of vitamin K, (A,) is given in Fig. 4d. Note that
the field position (close to g,) selects almost exclusively molecules with their x-
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axis (parallel to the C=0O bond) aligned along the field direction. Consequently
single-crystal-like ENDOR spectra on this position of the magnetic field are
expected.

Figure 4a shows the Davies ENDOR spectrum (fp,p = 1 ps, tp, = 14 ps).
All lines are emissive (negative) and belong to the A]™ radical (see, for example,
refs. 9 and 38). The amplitudes of ENDOR lines with frequencies larger and
smaller than the proton Larmor frequency v, are nearly identical (some small
asymmetry results from the spectrometer setup, partial excitation of the absorp-
tive EPR transition and VMT effect due to the finite length of RF pulses).

The VMT-1 ENDOR spectrum recorded with ¢, = 1 us, ¢, = 40 ps (t5, = 54
us) is presented in Fig. 4b (solid line). The Davies ENDOR spectrum (the same
as in Fig. 4a), normalized to the amplitude of the VMT-1 ENDOR spectrum, is
presented in the same trace (dashed line) for comparison. It is clearly visible that
the frequencies of the transitions and the general shapes of lines in the VMT-I
ENDOR and Davies ENDOR spectra are the same. However, the amplitudes of
the lines are different. Figure 4c shows the VMT-1 ENDOR spectrum recorded
with tp. e = 1 ps, £, = 123 ps (tgp = 134 ps). Here the effect of the ENDOR
amplitude alteration is even more pronounced. Note that the intensities of Davies
and VMT ENDOR spectra were not scaled, and spectra were only shifted verti-
cally for better visualization. The VMT ENDOR experiment was also performed
with ¢y, up to 254 ps (not shown). The VMT ENDOR spectrum was similar to
the one recorded with f,, = 134 ps with lower intensity and more prominent
intensity alteration effect.

The RP VMT ENDOR sequence starts directly after charge separation and
takes considerable time. During this time an electron spin density redistribution
may occur, as was discussed for bacterial photosynthetic RCs [39]. This may af-
fect the ENDOR spectra. We performed Davies ENDOR experiments with #,,;
ranging from | to 240 ps (#pp up to 254 ps). The amplitudes of Davies ENDOR
spectra recorded with longer f,,; (not shown) decrease until they reach zero at
toap = 121 ps. Further increase of #p,; leads to absorptive (positive) ENDOR
spectra. However, no changes in line positions and no additional asymmetry of
line shapes in the Davies ENDOR spectra were observed. Therefore, it is con-
cluded that during this time a spin redistribution in the A~ radical does not take
place in PS [

In order to compare the results of VMT ENDOR experiments with other
methods for the determination of the signs of the hf couplings, a TRIPLE ex-
periment was also performed on the RP at the same position of the magnetic
field (with the pumping frequency set on the maximum of the high-frequency
transition of the methyl group). The accumulation time was similar to that of
the ENDOR experiment. However, difference TRIPLE signals were not observed.
TRIPLE experiments with longer accumulation time were not performed on the
RP.

For the kinetic modeling the relaxation parameters of the RP have to be
obtained. Figure 5a presents the dependence of the two-pulse Hahn echo on 2y,
(here tpp = tp,r) and the dependence of the inversion recovery three-pulse ex-
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Fig. 5. a Experimental dependence of the echo intensity of the three-pulse inversion recovery and
the two-pulse echo measurements of the spin polarized RP P;,A;™ in PS I on ¢, (solid lines), and
corresponding simulations (dashed lines), see text. Time traces were recorded at a magnetic field close
to g (Fig. 3a). The echo detection sequence and the length of the inversion pulse are the same as
in the Davies ENDOR sequence. Experimental traces are normalized on the amplitude of the simu-
lation of the two-pulse echo at fp, = 0 ps. The normalization factors for the two-pulse Hahn echo
and the inversion recovery experiments are kept the same. The parameters of the simulations are
Boltzmann factor of 0.98 (34 GHz, T = 80 K), rzp = 30 ps, T\, = 130 ps, T, = 00, T, = oo. b Simu-
lation of Davies ENDOR and VMT-1 ENDOR signal intensities as a function of f,5. The simulation
parameters are the same as those for the results of panel a. In the Davies ENDOR sequence (<) the
intensities of ENDOR signals in the o and P electronic manifolds are the same.

periment on ty, (fpar = 1 ps). Directly after the laser flash the intensity of the
signal of the two-pulse sequence is negative (emissive signal), rapidly approaches
and crosses zero and then decays slowly. This clearly shows the presence of two
relaxation times in the decay. In contrast to the two-pulse echo dependence, the
inversion recovery signal is always positive and exhibits mostly a decay with
the slow relaxation rate. The fit of both dependences is presented in Fig. 5a
(dashed lines). For fitting the formulae 7 (¢pp = thap) = exp[— (I + Lyp)tpar] g
and Eq. (4a) have been used for the two-pulse echo and inversion recovery se-
quences, respectively. The intensity of the signal is obtained by Igp = 1, — n,.
The Boltzmann factor f; for the fits was taken to be equal to 0.98 (34 GHz,
T = 80 K). Nuclear and cross-relaxation times were assumed to be significantly
longer than the time of the experiment. From the fit of the experimental time
traces the spin-relaxation time T, was determined to be 130 ps and the RP life-
time (charge recombination time) 30 ps. The use of 5, > T, did not allow a
reasonable fitting of the two-pulse echo and inversion recovery traces. This also
holds for the fitting of the intensities in the Davies ENDOR and the VMT
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ENDOR spectra recorded at various delay times (see discussion below). The
application of the MW inversion pulse in the beginning of the inversion recov-
ery sequence and the VMT ENDOR sequences obviously prolongs the experi-
mentally observed “lifetime” of the RP. This effect is well known in photosyn-
thetic RCs {36, 40-43]. The inversion MW puise transfers population from the
o-manifold (partially singlet) to the B-manifold (pure triplet), from which recom-
bination cannot take place. Thus, in this case the decay of the RP is limited by
the spin-relaxation time T,.

The spin-relaxation time T,, = 130 us and the RP lifetime z, = 30 ps de-
termined above are close to those found in previous X-band studies [41, 42, 44].
The charge recombination time measured by optical methods is considerably
longer (around 150-200 ps) [45, 46]. The interpretation of the times and the dis-
crepancy of the data obtained using EPR spectroscopy and data obtained using
optical methods is still a subject of discussion and is outside the scope of this
work (see, e.g., ref. 44). However, within our suggested model a constant spin-
relaxation time 7, = 130 ps and the RP lifetime 7, = 30 pus allow us to ex-
plain all experimental results. Despite the somewhat larger intensity of the simu-
lated inversion recovery signal as compared to the experiment (Fig. 5a), we
consider the agreement between simulation and experiment satisfactory. One of
the reasons for the overestimation of the inversion recovery signal amplitude
might originate from the experimental conditions. For example, the spectral width
of the applied inversion pulse is significantly narrower than the EPR line width,
which can lead to incomplete excitation of the EPR spectrum.

Using the relaxation parameters determined above, the dependence of the
Davies ENDOR intensity on fy, was calculated according to Egs. (2) and (3)
(Fig. 5b, diamonds). Note that the intensities of the transitions in the o and B
manifolds are identical. The ENDOR signal intensity decreases with a rate close
to 1/7,p, crosses zero near 110 us and then becomes positive. After that, the signal
decays with a time constant close to T,,. These results match the experimental
observations.

The intensities of VMT-1 ENDOR lines were calculated using Eq. (3) and
(4). The time dependence of the lines originating from the o and B manifolds is
presented in Fig. 5b with dashed and solid lines, respectively. It is easy to see
that the intensity of the transition in the o manifold (partially singlet) behaves
similar to the one in the Davies ENDOR experiment, while its counterpart in
the B manifold (pure triplet) decays much slower. It is this effect that creates
the observed asymmetry of the lines intensities in the VMT spectra (“VMT ef-
fect™).

Therefore, by comparing Davies and VMT ENDOR spectra it is possible to
determine the electron spin manifold from which the ENDOR line originates. In
particular, the lines belonging to the electronic o manifold show a very strong
dependence on t,, (decrease in amplitude and even change in polarization), while
their counterparts from the  manifold stay mostly unchanged.

For the weak hf coupling case (J4/2| < 1) considered in this article and a
nucleus with positive g-factor (for 'H, g; = +5.585691), the line from the elec-

e
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tronic o manifold has a frequency smaller than the Larmor frequency and the
line from the f manifold has a larger one if the hfcc is positive and vice versa
for a negative hfcc (Fig. 2c). For nuclei with negative g-factor the position of
the ENDOR lines is reversed. Consequently, combining the information about the
electronic manifold of the ENDOR line and the mutual positions of the lines
from the a and B manifolds, the absolute sign of hf coupling can be determined
(assuming that the sign of the nuclear g-factor is known).

The methodology discussed above can be directly applied for the analysis of
the 'H ENDOR spectra presented in Fig. 4. For example, the intensity of line 1
is decreased when t,; is increased, which shows that this line originates from
the nuclear transitions in the a (|2)) electron manifold (compare Fig. 4a and Fig.
4c). Thus, the respective hfcc is positive. This coincides with the assignment of
these lines to the methyl group protons, which have a positive hfcc [38, 47].
Another pronounced ENDOR line pair 3/3’ shows the opposite behavior: the
intensity of line 3’ decreases when f; is increased, while the intensity of line
3 stays essentially constant. This behavior predicts a negative sign of the respec-
tive hfcc. This suggests that the line pair 3/3’ originates either from o-protons
of the benzoic ring or the H-bond to VK, (see Fig. 4d for the expected signs of
hfce of different protons of VK,). By this method, the signs of the hfccs for all
lines exhibiting the VMT effect can be determined (Fig. 4c).

The VMT sequence can also be utilized to increase the spectral resolution
by suppression of the ENDOR signals from the o manifold of the electron. This
can be achieved by selection of a certain f#,, at which the intensity of the VMT
signals from the o manifold is equal to zero. For example, a partial suppression
of the a manifold signals is obtained in the VMT spectra recorded at #,, = 134
ps (Fig. 4c). In this spectrum three sharp lines 5, 6, and 8 arising from nega-
tive hfcecs are separated from the broad lines 4’ and 7°, which originate from
the protons with positive hfcc. The lines from protons with negative hfcc are
mostly visible at the low-frequency side, while the lines from the protons with
positive couplings are visible on the high-frequency side of the spectrum.

A different type of VMT ENDOR experiment (VMT-2 ENDOR) is presented
in Fig. 1. This experiment has parameters similar to the VMT-1 ENDOR experi-
ment. However, the mixing time is introduced before the RF pulse, thus this pulse
is shifted towards the detection sequence. This sequence was typically employed
as a reference for the VMT-1 ENDOR experiment in ref. 18 (though not explic-
itly mentioned there). Using the approach presented above, it can be shown that
for the case of thermal equilibrium (as in ref. 18) the result of the VMT-2
ENDOR sequence is similar to the Davies ENDOR sequence. However, our
calculations show that in case of the polarized RP the VMT-2 ENDOR gives
results similar to the VMT-1 ENDOR sequence and thus cannot be used as a
reference. This is also found experimentally (data not shown).

The simplified kinetic model presented above can be extended to the com-
plete system. Using the same experimental conditions, the extended model de-
livers essentially the same results. However, it can be shown that under differ-
ent conditions, for example, in the strong coupling case or for significant over-
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lap of the emissive and absorptive EPR lines, the VMT effect can vanish. Con-
sequently, the experimental conditions chosen in this work are necessary for the
observation of the VMT effect. Similarly to the observation of the VMT effect
on the low-field edge of the RP EPR spectra (orientation close to g, of Al7),
one can expect to see a VMT effect also on the high-field edge. However, since
the g, values of P;j; and A|~ are very close to each other, significantly higher
magnetic fields will be necessary.

For simplicity of the model described above, the nuclear and cross-relaxation
processes were not considered. However, as was shown before, these processes
can influence the kinetics of the VMT experiment [18] and the respective relax-
ation times can be determined. This may provide additional insight into the
dynamics of the RP.

5 Conclusions

In this article, we have presented a method to determine the absolute signs of
hf couplings in polarized RP ENDOR spectra. The VMT method allows the sepa-
ration of ENDOR transitions originating from different electron spin manifolds
by their dependence on the time parameters of the pulse sequence. In addition,
the VMT sequence provides the possibility for a selective suppression of signals
from one electron spin manifold and for the study of nuclear and cross-relax-
ation times. The kinetic model of Timmel et al. [36] adapted to the VMT ex-
periment (fast decay of the RP states with singlet character, and significantly
slower electron spin-lattice relaxation T,,) provides the basis for explaining the
observed effect in our experiments. The method has a very high sensitivity and
does not require additional equipment. It can be applied in future experiments
performed on photoinduced radicals and RPs [48] to determine the signs of the
hfcc of protons and other magnetic nuclei to help in their assignments and to
complete the spectroscopic information about the hf structure and spin density
distribution. The method is expected to be of particular value in high-field
ENDOR studies of such systems where a good orientational resolution is ob-
tained for frozen solutions and powder samples.
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