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EPR-ENDOR of the Electronic Structure from Two
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Complexes Spectroscopically Relevant to the Multi-Manganese
Center of Photosystem 11
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Abstract; ENDOR (electron nuclear double resonance) gave hyperfine couplings to nitrogen(s) on the bis(u-ox0)-Mn'“Mn!¥
complexes of CYCLAM (1,4,8,1 |-tetraazacyclotetradecane) and TMPA (tris(2-methylpyridyl)amine). PFSEPR (pulse field-sweep
EPR) gave nitrogen hyperfine couplings consistent with the ENDOR results. The nitrogen hyperfine couplings from ENDOR
were 9.2 MHz for CYCLAM and 11.2 MHz for TMPA. We provide justification that these couplings are due to a Fermi
contact interaction with nitrogen 2s electron spin density at the axial nitrogens on the Mn!", where this electron spin is contained
in an antibonding e, orbital along the Mn!-nitrogen bond. The relevant axial nitrogen ligands are secondary amine nitrogens
in the case of CYCLAM and pyridyl nitrogens in the case of TMPA. Compared to quadrupolar couplings from unligated
secondary amine or pyridine, the quadrupolar interaction for both types of nitrogen indicated a significant decrease in electric
field gradient at the nitrogen nucleus due to interaction of the nitrogen lone pair with the manganese. Proton ENDOR showed
exchangeable protons associated with the CYCLAM complex but not with the TMPA complex. We assign these exchangeable
CYCLAM protons on the basis of their large 6.7-MHz hyperfine coupling as exchangeable protons on the secondary amine

nitrogens at the Mn!l,

The oxygen-evolving center (OEC!) of Photosystem II (PS II)
in green plants accumulates oxidizing equivalents in one-electron
steps. These steps are driven by absorption of individual light
quanta at the PS II reaction center. Separate intermediate ox-
idation states called S states? correlate with light-induced removal
of four electrons by four light quanta and subsequent generation
of molecular oxygen.> Following the light-induced removal of
one electron from dark-adapted PS II to give state S,, a multiline
EPR spectrum emerges that is characteristic of an oxidized form
of the terminal donor in PS I1.4 Manganese is essential for
generation of these states and for the oxidation of H,O to O,. Each
PS 1II reaction center contains four manganese atoms,’2b

Simulations of EPR spectra and comparison to synthetic
manganese complexes have identified the S, spectrum, and thus
the terminal donor, with a cluster of at least two and probably
four manganese atoms. %7  An important aspect of various
models, especially in predicting the hyperfine splittings of the
multiline spectrum, has been the need for tightly coupled
Mn!!'-Mn!V pairs to heavily influence the EPR properties of the
multiline S, state.®*=® To explain completely the muitiline
spectrum of the OEC and the concomitant g = 4.1 broad signal,
a common tetranuclear origin has been suggested where the
conversion between the multiline and the g = 4.1 signal is due
to a relatively minor variation in exchange coupling.” The ex-
tensive hyperfine structure recently reported from the g = 4.1
signal argues for a tetranuclear origin.® The simplest and most
extensively studied models for this S, state are bis(u-oxo)-bridged
Mn!-Mn!¥ models with nitrogenous ligands, starting chrono-
logically with the bipyridyl complex!%!! and progressing to more
elaborate polydentate complexes such as those studied here.}2714
The X-ray spectroscopy of the manganese atoms in PS II bears
similarity to that of a bis(u-oxo)-bridged Mn!'=-Mn!¥ dimer,
suggesting (u-oxo)-bridged manganese as a component of the
OEC. 15,16
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A 16-line EPR pattern has been seen from bis(u-oxo0)-
Mn!-Mn!V models!®!2 and has been simulated on the basis of
two manganese nuclei (**Mn has a nuclear spin = */,), one with
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pyridyl)amine, also called TPA in refs 14 and 24; CYCLAM, 1,4,8,]1-tet-
raazacyclotetradecane, also called 14-aneN, in refs 13 and 14; uW, microwatt;
G, gauss = 107 Tesla; ptP, peak to peak; S, S,, S, the spin operators re-
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Figure 1. (A) Schematic of the liganding environment of the bis(u-
ox0)-Mn"'-Mn!V center in the models studied. The asterisks denote the
nitrogens with the longest metal-nitrogen bonds that have been distorted
by a Jahn-Teller effect. (B) CYCLAM (1,4,8,11-tetraazacyclotetra-
decane) and TMPA (tris(2-methylpyridyl)amine).

a hyperfine coupling of about 160 G and the other with a hyperfine
coupling of about 80 G. The manganese hyperfine splittings and
g values for such complexes bear considerable resemblance to those
of the S, state. They also bear considerable resemblance to
splittings observed for dimanganese catalase.!” In the bis(u-
oxo)-Mn!'-Mn!V models, the spin = 2 (S; = 2) Mn!"! and spin
=3/, (S; =3/;) Mn! are antiferromagnetically coupled to yield
a net spin = 1/2 (S = !/,). For the Mn'"'-Mn!V dimer, the
spin-coupled model'!'81? discussed below explains why the effective
hyperfine coupling to the Mn!!! nucleus should be twice its value
on isolated Mn!!! complexes and why the effective hyperfine
coupling of the Mn!Y should be the negative of its value on isolated
Mn!Y complexes. The two distinct hyperfine couplings for Mn!!!
and Mn!Y, as found in the bis(u-ox0)-Mn!"'-Mn!¥ complexes, are
consistent with localized, trapped Mn'! and Mn!¥ valences® rather
than a mixed valence system in which the manganese atoms are
electronically equivalent on the EPR time scale. The crystallo-
graphic structures of the bis(u-oxo)-Mn!!'=-Mn!V nitrogenous
complexes of bipyridyl,'® CYCLAM,!? and TMPA!* are also
consistent with the trapped valence since Mn!V is readily differ-
entiated from Mn!!! in them by its shorter metal-ligand bond
lengths. The d* Mn!! is additionally capable of a Jahn-Teller
distortion that makes its dei; and d,2 orbitals and their respective
bond lengths inequivalent.?! The Jahn-Teller distortion gives
an explanation for why the bonds to the axial ligands on Mn!!!
(i.e., those manganese-nitrogen bonds approximately perpendicular
to the Mn!-bis(u-0x0)-Mn!¥ plane and starred in Figure 1) are
longer by at least 0.2 A than the bonds to the in-plane nitrogen
and oxygen ligands,1%13.14

Although these bis(u-oxo)-Mn!'-Mn!V models certainly may
differ in their explicit nitrogen-containing, metal-liganding en-
vironment from the ultimate detailed structure of the coupled
manganese in the OEC, the X-ray structure of the models studied
here has, together with its nitrogenous liganding environment
shown in Figure |, been thoroughly elucidated.!!* These models
give a definitive structural starting point for correlating structure
with hyperfine couplings, spin densities, and underlying electronic
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Figure 2. EPR spectra of the bis(x-0x0)-Mn!"'-Mn!¥ complexes of (A)
CYCLAM and (B) TMPA. These spectra were taken at T = 4.2 K with
a microwave power of | uW and field modulation of 4 G ptp, and each
trace represents four accumulations of data over a 2000-G range in a
collection time of 50 s/accumulation. The EPR frequency was 9.219
GHz for the CYCLAM complex and 9.181 GHz for the TMPA com-
plex. The letters a and b indicate where ENDOR spectra in this paper
were obtained and ¢ where the PFSEPR spectra were obtained.

structure. The hyperfine couplings, except for those of the
manganese nuclei themselves, are not obvious from EPR spectra
and must be elucidated with higher resolution techniques such
as ESEEM,*? ENDOR, and PFSEPR.

Materials and Methods

Materials.  Bis(u-oxo)-Mn!"'-Mn!Y TMPA, which is [Mn,-
(TMPA),0,](ClO,),, whose structure has previously been reported in the
dithionate form,!* was prepared according to a procedure somewhat
different from that of ref 14. In the first step, [Mn(TMPA),](ClO,),
was prepared as follows: The ligand TMPA? (1.63 g, 5.62 mmol) in
methanol solution (25 mL) was added to a methanol solution (75 mL)
of Mn(ClO,)»6H,0 (1.00 g, 2.76 mmol). The mixture was stirred 3—4
h and filtered. Ether (100 mL) was then added with stirring to precip-
itate a white powder, which was filtered and washed first with a 20-mL
methanol/ether (1/1) mixture and then with 20 mL of ether and dried
in air for a yield of 2.15 g (93.4%) of [Mn(TMPA),](ClO,),. Anal.
Caled for C3H;Cl,MnNgOq: C, 51.80; H, 4.32; N, 13.43. Found: C,
51.72; H, 4.31; N, 13.38. Next, to a methanol solution (50 mL) of
[Mn(TMPA),](ClO,), (1.67 g, 2.0 mmol), 2.0 mL of 30% aqueous H,0,
was added dropwise with stirring. Green microcrystalline solid precip-
itated over 5-10 min. After filtration, the precipitate was washed with
15 mL of methanol and dried to yield 0.95 g (93%) of [Mn,-
(TMPA),0,](ClO,);. Anal. Caled for C3sH3ClsMn,NgOyy: C, 42.34;
H, 3.53; N, 10.98. Found: C, 42.29; H, 3.61; N, 11.02.

Bis(u-0x0)-Mn!"'-Mn!¥Y CYCLAM, which is [Mn,(CY-
CLAM),0,](ClO,),, was prepared and crystallized according to the
procedures of refs |2 and 3.

These samples were dissolved at room temperature in 1:1 DMF-
methanol, which formed a glassy matrix upon freezing in liquid nitrogen.
For an ENDOR check of exchangeable protons, a deuterated solvent
consisting of 1:1 deuterated DMF-deuterated methanol (Merck 99.9%
deuterated) was used. ENDOR samples were 1 mL in volume and
approximately | mM in the appropriate bis(u-0x0)-Mn"-Mn!" complex.

Methods, ENDOR measurements were done on a previously de-
scribed homemade X-band EPR-ENDOR spectrometer at pumped liquid
helium temperatures.”?¢ When nuclear spins are hyperfine coupled to
electron spins, the ENDOR technique monitors the change in the EPR
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Bis({u-oxo)-Mn"-Mn'¥ Complexes

signagsthat results when these nuclei are flipped by a radio frequency
field.

This magnetic resonance system was also modified for pulsed satura-
tion recovery EPR?’ and for pulse field-sweep EPR (PFSEPR).%? The
pulse field-sweep EPR technique is a low-power technique for revealing
hyperfine couplings from an inhomogeneously broadened EPR line and
is complementary to ENDOR. In PFSEPR forbidden (spin-flip) tran-
sitions, where electron and nuclear spins simultaneously flip, are first
excited and discretely saturated by a microwave pulse. Satellite holes
(i.e., regions of microwave pulse saturation) due to these forbidden
transitions are then detected at low, nonsaturating microwave powers
during a field sweep about the field where the saturating pulse was
applied. The splittings of these satellite features from each other and
from the field where the initial microwave saturating pulse occurred give
hyperfine,®?* and in some instances quadrupole,? couplings. For both
ENDOR and PFSEPR measurements, a low-noise 15-dB GASFET am-
plifier was placed just prior to the microwave detector.

Results

EPR Results, Both CYCLAM and TMPA complexes gave
16-line EPR spectra in Figure 2 similar to those reported previously
for bis(u-0x0)-Mn!'-Mn!¥ complexes.!}!3 Positions a and b of
Figure 2 indicate where a number of ENDOR spectra shown
below were taken and position ¢ where PFSEPR spectra shown
below were taken. The line shape of the two highest field features
in the CYCLAM complex is similar to a shape that, for the
bipyridyl complex of ref 11, indicated g, g, anisotropy.

ENDOR Results, ENDOR spectra appeared from nitrogen in
the 1-11-MHz region and from protons in the 11-22-MHz region.
The proton features centered at the free proton NMR frequency
near 16 MHz.

For 14N (I = 1), the first-order spin Hamiltonian along a “z”
direction is2%3

7 = AIzsz + 3/4(e2quz)[Izz - l/31(1 + 1)] - l‘tgnﬁnlzil (l)

where z is the direction of the applied magnetic field, /; A4 is the
z component of hyperfine coupling; I, and s, are the nuclear and
electron spin operators. Here s = !/, for the spin of the entire
complex so that s, has eigenvalues of +1/,. €2Qq,, is the first-order
quadrupolar coupling along the z direction, where @ is the nuclear
quadrupole moment and gq,, is the electric field gradient along
the z direction. !%g, is the 1¥N nuclear g value (=0.403), and 8,
is the nuclear Bohr magnetron.

The first-order expressions for ENDOR frequencies are?>*

hvenpor = 24 £ Y(€*Qq,,) £ Vg 8. H 2)

A distinguishing characteristic of such N features is that to
first order they occur in pairs split by 214g, 8, H/h, or twice the
14N nuclear Zeeman frequency, 4y, where 14y = 4g 8 H/h. In
our experience, there are cases where Zeeman-split pairs are not
well resolved or, especially for the lower frequency Zeeman pair,
where their intensity is weak.23! In ENDOR of low-spin ferric
heme and histidine nitrogen,? we have found that the ¥N EN-
DOR features occurring below 2 MHz were often the ones most
likely to have their frequencies deviate from first-order expla-
nations. Such low-frequency ENDOR transitions arise from
energy levels that are closer together, more nearly degenerate,
and subject to broadening and state mixing from second-order
quadrupolar or hyperfine interactions.

In Figure 3A,B nitrogen ENDOR features from the CYCLAM
and the TMPA complexes are shown as they were as resolved at
position a in Figure 2, and N nuclear Zeeman frequency dif-
ferences equal to twice the N nuclear Zeeman frequency are

(27) Scholes, C. P.; Janakiraman, R.; Taylor, H.; King, T. E. Biophys. J.
1984, 45, 1027-1030.

(28) Falkowski, K. M.; Scholes, C. P.; Taylor, H. J. Magn. Reson. 1986,
68, 453-468.
76 (_2,9)8Fan, C.; Taylor, H.; Bank, J. F.; Scholes, C. P. J. Magn. Reson. 1988,

, 74-80.
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Chem. Soc. 1979, 101, 1645-1654.

J. Am. Chem. Soc., Vol. 113, No. 21, 1991 17855

T=21K
H = 370KG
A- CYCLAM ~ N\
foN
/ \ ,/
fo
AV
2"y i \
/ \
3 / \
— 24y / / N
%v/\/\J \\/ PRt \
=
><
= NITROGEN
-
2
S| s-Tmea
o
o n
S i\
=] [
=z i |
(V)
i A
1 1 L 1 L \
10 a0 50

/ !
2"y /"' /\ "/" .
/_\< \/ PROTONS \\
% } |
2%y

i { L

i0 7.0 - HI‘O + éo 17.0

FREQUENCY (MHz) —
Figure 3. ENDOR features in the 1-23-MHz range from the bis(u-
0x0)-Mn!!'-Mn!V derivatives in deuterated solvent from (A) CYCLAM
and (B) TMPA. These spectra were taken as position a in Figure 2 at
2.1 K. Microwave power was approximately 1 uW, ENDOR rf was
approximately 0.5 G ptp, and 100-KHz field modulation was approxi-
mately 1.2 G ptp. The frequency sweeps were done at 2 MHz/s, and
each spectrum represents 32 accumulations. The arrows labeled 2%
point out frequency differences of twice the 1N nuclear Zeeman splitting.
The inset indicates additional details observed by slower frequency sweeps
in the 1-5-MHz region from the TMPA complex.

Table I. Nitrogen ENDOR
ENDOR frequencies®®

first-order couplings

compd (MHz) (MHz)

CYCLAM? 1.96 + 0.15 sh 4] = 9.23 £ 0.13¢
3.48 £ 0.10
581 £0.10 2 =298 £ 0.]2¢
7.94 £ 0.15 3 eea=2

TMPA® 2274 0.10 - s
439 £ 0.10 4= 11.20£0.10
6.80  0.05 201 = "
8.94 £ 0.05 le*Qyl = 3.02 £ 0.12

4Uncertainties in frequencies are estimated from the noise-related
uncertainty in peak position. ? Arrows indicate splittings of approxi-
mately 21%,8,H = 21y. <These estimates were obtained under the
assumption that peaks at 7.94, 5.81, and 3.48 correspond to first-order
ENDOR frequencies of 4/2 + 3/,20q + %, A/2 + 3/,6*Qq - %, and
A/2 - 3/,*Qq + ¥ and the shoulder at 1.96 does not have its fre-
quency well described by first-order theory since its separation from
the 3.48-MHz feature is <214y, If we include the feature at 1.96 MHz
in the calculation of |4| and |e?Qq|, we determine that {4| = 9.60 and
|e2Qq] = 2.78 MHz for CYCLAM. ¢H = 3.69 kG, position a, Figure
2A, 2% 8. H = 2,26 MHz. *H = 3.70 kG, position a, Figure 2B,
Mg 8. H = 2.27 MHz.

denoted by arrows. The frequencies of the nitrogen ENDOR
features and the calculated first-order hyperfine and quadrupolar
couplings are listed in Table I. The lowest frequency feature of
the CYCLAM complex, reported as a shoulder at 1.96 MHz in
Table 1, is less than twice the 1N Zeeman frequency below the
feature at 3.48 MHz. For the CYCLAM complex, we believed
it most appropriate to use the three higher frequency features at
3.48, 5.81, and 7.94 MHz to calculate the quadrupolar and hy-
perfine couplings.

At position b for both CYCLAM and TMPA complexes, the
features in the 6-9-MHz region were highly evident but somewhat
broadened, while the features in the 1-4-MHz region were hard
to resolve. The ENDOR features in the 6-9-MHz region con-
tinued to be observed at many fields across the EPR spectra of
Figure 2 although not always with as good resolution as in Figure
3A,B. These 6-9-MHz features did not move with magnetic field
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Figure 4. Proton ENDOR features centered about the free proton fre-
quency near 16 MHz. (A) and (B) are from the CYCLAM derivative
respectively in protonated and deuterated solvents and were obtained at
position a in Figure 2. The peaks marked Ex were the exchangeable
protons of the CYCLAM complex. (C) and (D) are from the TMPA
derivative respectively in protonated and deuterated solvents and were
obtained at position b in Figure 2. The peaks marked with daggers were
found to have hyperfine couplings of about 8 MHz. Spectra were ob-
tained at a microwave power of | uW, field modulation of 1.2 G ptp,
ENDOR rf of 0.5 G ptp, and a frequency sweep rate of 1.2 MHz/s.
Each trace represents about 16 accumulations of 10 s each.

(and free proton NMR frequency) as would be expected for
protons; an implication of this behavior was that the nitrogen
hyperfine coupling appeared to be largely isotropic. Quadrupolar
and any anisotropic hyperfine interactions would, and apparently
did, convolute with g anisotropy to broaden the ENDOR line shape
at some magnetic fields.

On closer observation in the 1-5-MHz region of the TMPA
complex, we detected a number of weaker low-frequency features,
shown in the inset of Figure 3; it is possible that some of these
features may be related to the nitrogen(s) with hyperfine coupling
of 2.8 MHz obtained by ESEEM from Mn''-Mn!" models as
mentioned in refs 22 and 23. We were thus concerned that the
lower frequency (<5 MHz) features listed in Table I might not
be from the same nitrogens as those which gave features at fre-
quencies >5 MHz. However, the ENDOR results and the
PFSEPR results (below) are mutually consistent in that they both
arise from nitrogen(s) having a coupling of order 10 MHz.

Proton ENDOR Results, Proton results are phenomenologically
explained by a spin Hamiltonian formally similar to that of eq
1, except that there is no quadrupole term. The first-order ex-
pression for proton ENDOR frequencies is

hvgnpor = HPramg £ Y54 3)

where Puymr = PgaB8.H/h is the free proton NMR frequency, Pg,
= 5.585, and A is a proton hyperfine coupling. Proton hyperfine
coupling may be due to directly transferred electron spin density
residing at the proton nucleus or to dipolar coupling through space
between an electron spin localized at the metal and a distant
proton. This latter dipolar interaction has been observed quan-
titatively to account for hyperfine coupling between heme iron
in aquometmyoglobin and exchangeable protons of the water
ligand.’!

The proton ENDOR spectra are shown for the CYCLAM
complex in Figure 4A,B and for the TMPA complex in Figure
4C,D. Figure 4A,C was from samples in protonated solvent while
4B,D was from samples in deuterated solvent. The best resolved
proton spectrum from the CYCLAM complex came at the same
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Figure 5. PFSEPR spectra showing nitrogen couplings from (A) the
TMPA derivative and (B) the CYCLAM derivative. For these spectra
a microwave pulse of approximately 1.3 mW and of duration 0.1 ms was
followed by a field sweep over a range of approximately £13 G about
the original field position and at a microwave power during the sweep
that was attenuated by 40 dB from the pulse power. The field sweep took
20 ms. H, denotes the position of the initial microwave pulse, and H,
here was approximately 3.87 kG. 24 is the splitting between the nitrogen
PFSEPR features. Each spectrum was obtained from about 4000 0.02-s
traces. The temperature was 1.5 K. The insets show second-derivative
spectra, numerically computed from the first-derivative field-modulated
PFSEPR spectra, to enhance the N features.

EPR line position (a in Figure 2A) where the nitrogen ENDOR
was best resolved. This spectrum clearly shows exchangeable
protons with coupling of 6.7 £ 0.7 MHz; these features from the
CYCLAM complex became broadened and less resolved when
we went to position b in Figure 2A. The best resolved proton
spectrum for the TMPA complex occurred at position b in Figure
2B, and from the TMPA complex there was no evidence at any
of the EPR line positions for exchangeable proton ENDOR. The
largest splittings measured from the TMPA complex, denoted with
daggers in Figure 4C,D, were approximately 8.0 £ 0.5 MHz.

Pulse Field-Sweep EPR, A purpose of taking PFSEPR spectra
was to confirm nitrogen hyperfine couplings. For nitrogen, the
PFSEPR splittings, §, in gauss away from the central hole are
expected to be?®

b= £[A/2 & Mg B H % %e'0q,) /g8 ~ 4/ (288)  (4)

At g, = 2, a splitting of 1 G translates into 2.8 MHz in frequency
units. For PFSEPR of low-spin ferric heme and imidazole ni-
trogens, the small quadrupole and nuclear Zeeman terms remained
unresolved,?® and these terms remained unresolved here although
they broaden the PFSEPR features. Proton spin-flip transitions?
were also observed here, whose splitting is related to the free proton
NMR frequency and is £Pv/(g.B.).

The TMPA complex gave the best resolved, standard first-
derivative presentation?® of PFSEPR splittings, labeled in Figure
5A. Better resolution of the PFSEPR splittings, which are really
shoulders in the first-derivative presentation, were obtained from
both CYCLAM and TMPA complexes by taking a second de-
rivative. The primary nitrogen PFSEPR features have splittings
of £6 away from the center at H,,. For the CYCLAM and TMPA
complexes, values of 26 are 3.2 £ 0.6 G, or 9.0 £ 1.8 MHz. Since
ESEEM measurements have reported a weak hyperfine coupling
of 2.8 MHz from Mn!"'=Mn!V models,?>** we were concerned that
the two lower frequency nitrogen ENDOR features in Figure 3
below 5 MHz for either the CYCLAM or TMPA complexes
might be from altogether different nitrogens than those in the
6-9-MHz region. If the nitrogen ENDOR features in the 6-9-
MHz region were unrelated to the features below 5 MHz, their
hyperfine coupling would be of order 15 MHz and not of order
10 MHz. However, there is agreement between the hyperfine
couplings directly determined from PFSEPR, but with relatively
low resolution, and the couplings determined after application of
eq 2 to the higher resolution ENDOR data. This agreement is
definitive experimental evidence that the observed ENDOR
features reported in Table I are for each respective complex all
from the same type of nitrogen and that this type of nitrogen has
the coupling indicated in Table I.

Although the manganese hyperfine couplings were well resolved
by EPR, we have also used PFSEPR to verify the smaller coupling
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of order 80 G to Mn!Y.!513 Splittings due to forbidden transitions
at approximately £40 G away from the central PFSEPR hole were
observed. These splittings were not simply a reproduction of the
EPR splittings since, as expected for the PFSEPR hole-burning
technique, they centered at the position where the hole was
burned.?®?® This work points to future utility of the PFSEPR
technique in resolving less obvious metal nuclear hyperfine cou-
plings, as has already been done with copper proteins.?’

Discussion

The hyperfine couplings that we experimentally measured by
ENDOR are straightforwardly related to the phenomenological
spin Hamiltonian of eq 1, and this spin Hamiltonian is written
in terms of the cluster spin, s = !/,. For a detailed understanding
of spin densities and for later comparison to other non-Mn!-Mn!¥
systems, we must convert these phenomenological couplings in
the cluster to couplings that would be measured for nuclei near
hypothetical isolated Mn!!! or Mn!V ions.!1181% In the binuclear
cluster, the spin operators $, = 2 for Mn! and s, = 3/, for Mn!V
add vectorially to yield the total spin, s = !/, of the complex. The
component spins, s, and s,, are quantized along this total spin.

If A; and A, are hyperfine couplings measured for nitrogen
ligands respectively attached to Mn!!! and Mn!V in the cluster,
and A4,” and A4, are the corresponding couplings to the hypothetical
isolated ions, it can be shown that 4, = A4,’(s,;s/s?) and 4, =
Ay (sps/$%) 11819 Thys

Ay = 24, (for My 4, = -4, (for Mn'Y) )

Such a relation has explained why the effective hyperfine
couplings to the manganese nuclei of Mn!!! and Mn!V in the
binuclear cluster are respectively about 160 and 80 G while the
intrinsic couplings to isolated (s, = 2) Mn!! and to (s, = 3/,) Mn!Y
are both about 80 G.1119 If the nitrogen hyperfine coupling that
we have observed by ENDOR was from nitrogens ligated to the
Mn!!, the magnitude of the relevant “isolated ion” hyperfine
coupling would be 4,” = 4.62 MHz for the CYCLAM complex
and 4, = 5.60 MHz for the TMPA complex.

Nitrogen Hyperfine Couplings, We give a justification for which
nitrogen ligands are associated with the ENDOR spectra and what
the spin densities are on these nitrogens. From expressions that
relate hyperfine couplings to spin density in s or p orbitals®? and
from past experience,263%3! we know that unpaired electron spin
in a valence 2s orbital will give rise to an order of magnitude larger
hyperfine coupling via an isotropic Fermi contact mechanism than
the same amount of electron spin in a 2p orbital. A metal e, orbital
(here a d,z or d,2 2 orbital) will transfer unpaired spin via a metal
to nitrogen directed ¢ bond into such a nitrogen 2s valence orbital.
On the other hand, t,, metal orbitals (here, d,,, d,,, d,) that =
bond to ligands would not put spin density directly into a valence
2s orbital. Mn!!! (s, = 2) has four unpaired electrons, one in a
o-antibonding e, orbital and three in 7-bonding t,, orbitals; Mn!¥
(s; = 3/,) has three =-bonding t,, orbitals. In Mn!!! systems, a
Jahn-Teller distortion removes tf‘ne degeneracy of d,z and d,2_
orbitals and leaves one of these e; orbitals populated with an
unpaired electron and possessing a longer Mn-nitrogen bond.?!
The longer Mn!!!'-njtrogen bond, which is known to be the axial
one,!14 would therefore have the unpaired electron in its d,:
antibonding orbital. We therefore claim that the axial nitrogens
on the Mn't, which we star in Figure 1, should be the ones with
significant Fermi couplings whose features we are observing by
ENDOR. All the rest of the nitrogens on both Mn!!! and Mn!V
interact with unpaired metal spin only through w-bonding t,,
orbitals. The o-bonding orbital for the secondary amine nitrogen
is a tetrahedral sp?, and the o-bonding orbital for the pyridine
nitrogen is a trigonal sp2. Therefore, it is expected that the Fermi
contribution for the amine nitrogen of CYCLAM should be about
75% of that of the pyridine nitrogen of TMPA; the experimental
ratio of hyperfine couplings is 82%. An additional aspect that
may cause the hyperfine coupling to the nitrogen of the CYCLAM
complex to be less than that of the TMPA complex is that the

(32) Owen, J,; Thornley, J. H. M. Rep. Prog. Phys. 1966, 29, 675-728.
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average axial Mn''-nitrogen bond length in the CYCLAM
complex is 2.35" versus 2.23 A for the TMPA complex.!

Having initially reduced the problem to couplings on hypo-
thetical isolated metal complexes of spin 2 or 3/,, we must still
determine spin densities. Standard expressions exist to relate
hyperfine coupling due to spin density at a ligand nucleus when
the molecular orbital that contains this spin density is one indi-
vidual orbital out of, say, 2s, orbitals centered on a metal complex
of spin s,.3%3 These expressions all multiply the coupling that
would occur for the individual orbital if there had been only a
single unpaired electron by a factor of 1/(2s,). Specifically, the
Fermi contact interaction due to unpaired electron spin density
in the ¢-bonded nitrogen 2s orbital is

/Fermi (MHZ) = (1/251)(16 X 10%)fﬁn6e|¢025|2/3h (6)

where f; is the fraction of electron spin in the nitrogen 2s orbital,
Yoz is the 2s wave function at the nitrogen nucleus, [q,* = 33.4
X 10%* ¢m™,3%3 and s, = 2 here. For the o-bonded porphyrin
sp? nitrogens of high-spin ferric heme and of cupric copper, the
fractions of electron spin were respectively 2.5% and 3.0%.3% If
we assume that the intrinsic couplings of 4.62 and 5.60 MHz for
CYCLAM and TMPA binuclear complexes are entirely due to
Fermi contact interactions, then the fraction of 2s electron spin
for each axial o-bonded nitrogen here is about 1.2% for the CY-
CLAM and about 1.4% for the TMPA complex. These covalent
contributions are about half those in the high-spin ferric and the
cupric porphyrin compounds, whose metal-nitrogen bond distances
of 2.04% and 1.98 A are 0.2-0.3 A shorter than the Mn'!!-ni-
trogen axial bonds.

We estimate as follows that the hyperfine coupling to the other
nitrogens that interact only with -bonding t,, orbitals should be
considerably less than 10 MHz. In low-spin ferric heme, which
isans = !/, system with a single -bonding t,, electron, the 1N
hyperfine coupling is of the order 6 MHz.2¢ The coupling includes
direct effects of x electrons and weak indirect Fermi coupling via
exchange polarization of s orbitals.?6 The Fe-nitrogen bond
distances in the ferric heme case are less than any of the Mn-
nitrogen bond distances in our Mn!'-Mn!¥ complexes.!*!4*® Since
the hyperfine coupling measured from an isolated metal complex
with overall spin s, > !/, scales as 1/(2s,),3 one would expect
the corresponding couplings for the w-bonded nitrogens on an
isolated s; = 2 Mn!! to be of the order 1.5 MHz (=!/, of 6 MHz)
and for isolated w-bonded nitrogens on the s, = 3/, Mn!'Y to be
of the order 2 MHz (=!/, of 6 MHz). If the Mn!"! and Mn!V
were then spin-coupled to each other, the exclusively w-bonding
nitrogens on the Mn!!! should have a coupling of the order 3 MHz
(from eq 5) while the =-bonding nitrogens on the Mn'Y should
have a coupling of the order (-)2 MHz. In either case, these small
hyperfine couplings would be in the range where they are com-
parable with nitrogen Zeeman and quadrupolar interactions.
Approximate equivalence of hyperfine, quadrupolar, and Zeeman
interactions will lead to state mixing whence ENDOR features
are broadened and not well explained by first-order expressions
(eq 2). Whatever ENDOR features that are observed from ex-
clusively 7-bonded nitrogens would be expected to occur below
about 5 MHz, as the weak additional features shown in the inset
of Figure 3 do. When the nitrogen nuclear spin Hamiltonian has
significant state mixing, ESEEM tends to give more tractable
results. (When large hyperfine couplings exist and first-order
expressions hold, ESEEM is not as effective as ENDOR.) Recent
ESEEM from the OEC?2 and binuclear Mn!'"-Mn!¥ models?® may
indicate nitrogens with weak couplings less than 3 MHz. Such
features may be w-bonded nitrogens on Mn!!! or Mn!V.
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Nitrogen Quadrupolar Couplings, In solid pyridine and solid
secondary amine, the !*N nuclear quadrupole coupling constants,
whose principal field gradient axis is along the lone pair, are
respectively 4.584 and 4.650 MHz (ref 39, pp 235 and 221,
respectively.) The quadrupolar couplings for the pyridine nitrogen
of TMPA and the secondary amine nitrogen of CYCLAM in
Mn!'-Mn!V-bis(u-0x0) complexes are respectively 3.02 and 2.98
MHz. If these couplings refer to the principle electric field
gradient axis, then a decrease in electric field gradient on bonding
to a metal would reflect transfer of lone pair electron density in
bonding orbitals to the metal.? Such transfer would make the
electronic environment of the nitrogen more symmetric and reduce
the electric field gradient.

Proton Hyperfine Couplings, The coupling of proton uptake
to electron transfer has been observed for the bis(u-oxo)-
Mn!-Mn!V bipyridyl complex.®® The suggestion is that con-
comitant proton uptake and electron transfer by a binuclear
Mn-Mn!V center are relevant to the steps of the Kok S cycle.24
The relation between proton uptake and electron transfer was a
motivation to probe here for hyperfine coupling of the Mn'“Mn!¥
center to exchangeable protons. It is clear from the ENDOR
spectra that there are exchangeable protons associated with the
metal center(s) of the CYCLAM complex, while such ex-
changeable protons were not observed for the TMPA complex.
The implication is that the exchangeable protons observed here
are those protons on the secondary amine nitrogens, though, of
course, these observations of exchangeability are no doubt de-
pendent on the hydrogen-bonding strength of the methanol and
DMF solvent. The TMPA macrocycle has no such exchangeable
protons. If exchangeable protons had been observed from the
TMPA complex, there would have been a good likelihood that
they were protons hydrogen-bonded to the cross-linking u-oxo
groups.

The approximate distances to the amino nitrogens of the CY-
CLAM are 2-2.3 A so that the Mn'!! or Mn!Y to amino proton
distances should be 3.0~3.5 A. Given the small hyperfine coupling
to the adjacent nitrogens, the amount of unpaired electron spin
reaching these protons should be small. Thus, the hyperfine
couplings to the amino protons should be dipolar and dependent
as 1/R? on the distance between a manganese and a proton. The
dipolar coupling between an isolated metal spin and a proton can
be calculated by standard formulas,?32 and then the hyperfine
coupling to the isolated nucleus must be converted to hyperfine
coupling within the Mn!'-Mn!Y complex by use of eq 5. If a
proton is at a distance R from, say, spin s,, then its dipolar
hyperfine coupling (on the isolated metal) is

Avgip’ = 8eBegnfBn(3 cos? 8 - 1) /(hR?) Q)

where 8 is the angle between the applied magnetic field and the
metal to proton vector. Then, with reference to the s = llv/z
complex, Aygp, = 24,4’ (for Mn') and Ay, = ~Ayg,’ (for Mn™).
It is possible that a proton could be dipolar-coupled to both metals,
but we neglect that possibility here since it would be most relevant
only to protons hydrogen bonded to u-oxo oxygens. For the dipolar

(39) Lucken, E. A. C. Nuclear Quadrupole Coupling Consiants; Academic
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Chem. Soc. 1989, 111, 9249-9250.
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expressions of eq 7, the extrema at = 0° and 90° will give rise
to considerable ENDOR intensity. For a Mn-proton distance
of 3.5 A, the dipolar couplings at the 8 = 0° and 90° turning points
would be 1.8 and 3.6 MHz for Mn!Y and 3.6 and 7.2 MHz for
Mn!!, while for a Mn-proton distance of 3.0 A, the dipolar
couplings at the # = 0° and 90° turning points would be 2.8 and
5.9 MHz for Mn!¥ and 5.6 and 11.8 MHz for Mn!!, The ex-
changeable proton coupling of 6.7 MHz in the CYCLAM complex
implies that the protons being observed are on nitrogens ligated
to Mn!!,, The best resolution of these exchangeable protons
occurred at the same field position where the nitrogen ENDOR
was also best resolved so that it is possible that these protons are
in fact hydrogen bonded to the axial nitrogens on the Mn!ll, In
the TMPA case, the largest couplings to nonexchangeable protons
are likely to be those protons that are on pyridine carbons next
to the nitrogens that ligate to the Mnl!L,

Conclusions

This work gives detailed insight into the electronic structure
of two antiferromagnetically coupled bis(u-oxo)-Mn!"'-Mn!¥
nitrogenous models whose EPR signals are relevant to the PS II
multiline signal of the oxygen-evolving center. TMPA provided
three pyridyl nitrogens and one tertiary amino nitrogen as ligands
for each metal ion, while CYCLAM provided four secondary
amino nitrogens as ligands for each metal ion. Electron-nitrogen
hyperfine coupling of order 10 MHz was observed by ENDOR
and PFSEPR from nitrogen(s) of these complexes; the hyperfine
coupling from the more precise ENDOR technique applied to the
nitrogen(s) of the CYCLAM complex was about 80% of the
coupling to the TMPA nitrogen(s). The nitrogen hyperfine
coupling is due to a contact Fermi interaction with unpaired
nitrogen 2s spin, and the primary nitrogen candidates for this
interaction are the two axial nitrogen ligands of Mn'!!, The axial
Mn!!'-nitrogen bonds are known to be longer than other bonds
in these complexes because they contain a o-antibonding e, electron
that happens to be unpaired. This e, orbital, specifically a d,»
orbital, will participate in a o bond with 2s-containing orbitals
on the nitrogen ligand. For TMPA, these are the sp? orbitals of
the pyridyl nitrogens, and for CYCLAM these are the sp® orbitals
of the secondary amines. (All other metal orbitals containing
unpaired spin are of w-bonding t,, symmetry.) From the CY-
CLAM complex, large hyperfine couplings of order 6.7 MHz were
observed from exchangeable protons, and these are assigned as
protons attached to secondary amino nitrogen ligands of the Mn!!,
These exchangeable protons should be 3.0-3.5 A away from the
Mn!, No such exchangeable protons were observed from the
TMPA complex although proton ENDOR resonances due to
covalently attached, nonexchangeable protons were observed from
TMPA with couplings of up to 8§ MHz.

Acknowledgment. This work was supported in part by NIH
Grant GM 35103 (C.P.S.) and NSF Grant BBS 8711617 (C.
P.S.). Acknowledgement is made to the donors of the Petroleum
Research Fund, administered by the American Chemical Society,
for partial support of this research (PRF Grant No. 19666-AC6
(C.PS. and Y.G.)). We are grateful for useful discussion and
advice from Prof. G. W. Brudvig and Prof. H. H. Thorp. Mr.
H. Taylor gave us invaluable service in repair and modification
of our EPR-ENDOR spectrometer, and we thank Ms. Janet F.
Bank for help in sample preparation and careful attention to detail.



