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The pulse EPR method ELDOR-detected NMR (EDNMR) is applied to two Cu(i)-porphyrin dimers that
are suitable building blocks for molecular wires. One of the dimers is meso—meso singly linked, the
other one is B, meso, B-fused. We show experimentally and theoretically that EDNMR spectra contain
information about the electron—electron couplings. The spectra of the singly linked dimer are consistent
with a perpendicular arrangement of the porphyrin planes and negligible exchange coupling. In addition,
the resolution is good enough to distinguish *Cu and ®°Cu in frozen glassy solution and to resolve a
metal-ion nuclear quadrupole coupling of 32 MHz. In the case of the fused dimer, we observe so far
unreported signal enhancements, or anti-holes, in the EDNMR spectra. These are readily explained in a
generalized framework based on [Cox et al, J. Magn. Reson., 2017, 280, 63-78], if an effective spin of
S = 1is assumed, in accordance with SQUID measurements. The positions of the anti-holes encode a
zero-field splitting with |D| = 240 MHz, which is about twice as large as expected from the point-dipole
approximation. These findings demonstrate the previously unrecognized applicability and versatility of

rsc.li/pccp

1 Introduction

Electron-electron double resonance (ELDOR)-detected NMR
(EDNMR) is a pulse EPR technique that was introduced by
Schosseler et al. in 1994." 1t is intended for the measurement of
hyperfine couplings to nuclei in the vicinity of unpaired electrons
and works best for moderately sized couplings that are not
resolved in EPR spectra, but may also be hard to access by electron
spin echo envelope modulation (ESEEM) or electron nuclear
double resonance (ENDOR) techniques. For weakly coupled,
low-y nuclei (e.g. *N), EDNMR is most useful at high fields
and high frequencies, e.g. at W-band frequencies (~95 GHz),>
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the EDNMR technique in the quantitative study of complex paramagnetic compounds.

and became popular only relatively recently.>™ It proved to be an
invaluable tool, for example, in the study of the oxygen-evolving
complex of photosystem II° and the spectroscopic investigation
of ATP turnover in ABC exporters.” EDNMR was also applied to
investigate Mn(u) complexes inside cells.® Only in a few cases
was the technique applied at Q-band frequencies (~35 GHz).”*

In contrast to their widespread use for ligand nuclei, hyperfine
techniques have only in a few cases been applied to gain informa-
tion about the central ions of metal complexes.”**° Only the last
two studies cited here made use of EDNMR, although it might be
more sensitive than ENDOR if the lines are mainly inhomogen-
eously broadened - which is often the case for metal hyperfine
couplings.

Several groups have introduced modifications and extensions
in order to increase the information content of EDNMR spectra.
An additional microwave (mw) or radio-frequency (rf) source is
employed in the triple resonance techniques 2D-EDNMR*® and
THYCOS,*" respectively, that correlate hyperfine couplings of
several nuclei coupled to the same paramagnetic center. Alter-
natively, the nuclear frequency spectrum can be correlated to the
EPR spectrum in order to gain information about the relative
orientation of the tensors.> With arbitrary waveform generator
(AWG)-controlled spectrometers, it is possible to detect the
complete hole pattern in one shot by the use of chirp pulses.”
In this context, it was also shown that it is possible to obtain
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hyperfine sublevel correlation (HYSCORE)-type information with
hole burning experiments. The latter experiment can also be
performed in a classical EDNMR fashion without chirp pulses.

In this study we highlight, on the example of two Cu(u)-
porphyrin dimers, that even the basic form of EDNMR can
provide more information than generally appreciated, in parti-
cular, on metal-ion nuclear quadrupole and on electron-elec-
tron couplings.

Porphyrins are suitable components for molecular wires that
mediate long distance charge transport, because of their large
delocalized m-systems, small HOMO-LUMO gaps, rigid frame-
works, and small reorganization energies.>>>” The edge-fused
porphyrin tapes, pioneered by Osuka and coworkers,***° exhi-
bit particularly strong electronic coupling, leading to highly
conductive molecular wires.”’ Here we report an EDNMR
investigation of two copper porphyrin dimers: the edge-fused
dimer f-CuP2 and the meso-meso singly linked dimer CuP2; see
chemical structures in Fig. 1. The dimers f-CuP2 and CuP2 are
very similar to copper porphyrin dimers reported previously,”*
except that the compounds investigated here have bulky 3,5-
bis(trihexylsilyl)phenyl substituents to provide high solubility and
prevent aggregation.® Previous crystallographic studies**”* have
shown that the Cu-Cu distance in both of these dimers is in the
range of 8.3-8.4 A, and that the planes of the two porphyrin units
are almost perpendicular in CuP2, whereas they are coplanar in
f-CuP2. DFT studies of CuP2 revealed that the rigidity is much
higher compared to ethyne or butadiyne-linked structures.>* The
twisted conformation of CuP2 prevents orbital overlap between
the m-systems of the porphyrin units.>’ In a different study it was
demonstrated that copper(u)-porphyrin dimers, similar to f-CuP2
and CuP2, exhibit anti-ferromagnetic coupling between the metal
centers.’® Variable-temperature magnetic susceptibility mea-
surements in the range 2-300 K on the fused dimer revealed
that the value of x7T drops sharply at temperatures below 20 K,
and a Bleaney-Bowers fit to these data gave a J value of 1.43 cm™*
(for A = 2JS,S,). Recently, it was also shown that a doubly fused
Cu(u)-porphyrin dimer exhibits electrocatalytic properties for
hydrogen evolution.*®

Here we demonstrate that the EDNMR spectra of CuP2 are
consistent with a small exchange coupling between the Cu(m)
centres and a perpendicular orientation of the porphyrin
planes. The strong orientation selection of the experiment leads
to a striking resolution of the copper hyperfine peaks and makes
it possible to resolve the isotopes ®*Cu and ®>Cu at natural
abundance in glassy frozen solution. Additionally, we determine
the copper quadrupole coupling in a similar way as previously

Ar Ar Ar Ar
‘ Si(CeH13)s
e - 1
Si(CeH1s)s
Ar Ar Ar Ar
f-CuP2 CuP2

Fig.1 Chemical structures of the Cu(i)-porphyrin dimers investigated in
this study.
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shown for nitroxides.>” A recently proposed fast simulation
algorithm* quantitatively reproduces the experiment in spectral
regions where only copper signals contribute to the spectrum.
In the case of a relatively strong exchange coupling in f-CuP2
(79 GHz for JS,S,, corresponding to 1.32 cm™* for 2JS,S,), we
observe anti-holes or signal enhancements in the EDNMR
spectra. These anti-holes are in line with our previous general
description of polarization changes in hole burning®” and their
correlation to the EPR spectrum can be simulated with a general-
ized algorithm that can treat arbitrary spin systems. The correla-
tion confirms the expected orientation of the dipolar coupling
tensor with respect to the g- and A-tensors of the Cu(i)-porphyrin
subsystems. In addition, the magnitude of the dipolar coupling
is found to be significantly larger than expected from a simple
point-dipole approximation, contradicting previous interpretations
of the CW EPR spectra of similar Cu(u)-porphyrin dimers.**?°
Since the information content of the experiment goes beyond the
nuclear frequencies, the NMR in ELDOR-detected NMR can be
misleading.

2 Theory

2.1 Description of ELDOR-detected NMR

The pulse sequence for ELDOR-detected NMR is shown in Fig. 2.
A high turning angle (HTA) pulse burns a hole into an inhomo-
geneously broadened EPR line. The hole burned at vyyra = Vops 1S
referred to as the central hole. This central hole obscures side
holes at low frequencies. If a transition irradiated by the hole
burning pulse shares a level with another transition that is either
fully or weakly allowed, the polarization of the latter transition is
changed and a side hole (or side anti-hole) is created. Aniso-
tropic hyperfine couplings of the same order of magnitude as the
nuclear Zeeman frequency lead to weakly allowed electron-
nuclear transitions that correspond to side holes offset by the
nuclear frequencies. By changing the frequency of the HTA pulse
in a stepwise fashion, one can obtain the spectrum of the side
holes if the variable echo intensity is plotted against vyra—vops.
This experiment is usually applied for the detection of nuclear
frequencies, hence the name EDNMR. The standard description
of EDNMR uses a two-spin system consisting of one electron and
one nucleus,*® usually also of spin-1/2. This four-level system
corresponds to the subsystem {|1), |2), |3), |4)} in Fig. 3. If the

HTA

VHTA |
/2 T

s””THT&

Fig. 2 Pulse sequence for EDNMR. Usually, a long and weak high turning
angle pulse burns a hole at vyta. A spin echo (or alternatively, an FID) is
detected at vops. The latter frequency is kept fixed in the center of the
resonator, while vyra is swept. If vyra—vops Matches the difference
between two allowed or weakly allowed transitions sharing a level, the
echo intensity changes.

VObs
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Fig. 3 Energy level diagram of a system where allowed transitions share a
common level. The subsystem {[1), [2), |3), |4)} is typically discussed in the
context of EDNMR. Connected allowed transitions, e.g. (1) — [3)) and
(I3) — [5)) are usually ignored.

HTA pulse drives, for example, the transition (|1) — |4)), which
is formally forbidden, then the polarization, and thus the signal,
of the formally allowed transitions (|1) — |3)) and (|2) — |4)) is
also decreased. This results in the mentioned side holes offset by
the NMR frequencies. In an inhomogeneously broadened EPR
line, any of the allowed or forbidden EPR transitions in the
mentioned subsystem can be driven by the HTA pulse. In this
case, the peak intensity (i.e., the hole depth #) is described as

h=1-1, cos(ﬂo\/l_f> — It cos(ﬂo\/g>7 1)

where I, and I are the transition probabilities of the allowed and
forbidden transitions, respectively, and f, is the nominal flip
angle. This description is suitable to explain the basic phenom-
enon of EDNMR as well as some quantitative aspects, but it is
restricted to systems with a single electron spin with spin-1/2.
The same description is applied to some high-spin systems,
such as Mn** (S = 5/2), by considering only the central (|—1/2) —
|1/2)) transition and treating it as a fictitious spin-1/2. However,
this approximation does not generally hold for high-spin sys-
tems or systems of several moderately coupled electron spins. If
several unpaired electrons are present in a system, there are
always allowed transitions that share a common level. An example
for such a system is shown in Fig. 3. Some of the three-level
subsystems relevant for hole burning®® behave like those in a
usual electron-nuclear two-spin system (as discussed before), but
the complete level system cannot be reduced only to subsystems
of this kind. For example, the inversion of the allowed transition
(|]1) — |3)) will lead to an enhancement of transition (|3) — |5)),
which is also allowed. Additionally, inverting the forbidden transi-
tion (|1) — |4)) will decrease the polarization of (|1) — |3)) and
(|2) — [4)), but it will increase the polarization of (|4) — |6)).
Clearly, the current understanding of EDNMR is insufficient to
describe such systems. In a general description, all transitions
could be observed, all transitions could be pumped, and all levels
are potentially connected.

In the case of several unpaired electrons, the side holes and
anti-holes will also contain information about the electron-
electron coupling, or, if this coupling is very large, about the
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zero-field splitting. In these cases, we simply denote the
method as ELDOR instead of ELDOR-detected NMR.

ELDOR was used before for the quantification of electron
spectral diffusion.®® However, in this context, no anti-holes were
observed, and the high concentration (10-40 mM) that was used
makes electron spectral diffusion a bulk property, whereas we focus
on interactions of isolated systems. Note that the pulse sequence is
the same, but the parameters for the hole burning pulse are vastly
different. Measurements of electron spectral diffusion are carried
out with HTA pulses of about 100 ms, EDNMR normally uses
pulses of about 5-50 ps, and some of the spectra shown in this
work were even acquired with pulses as short as 50 ns.

Interestingly, the signal enhancement by inversion pulses on
connected transitions that correspond to the anti-holes has already
been used as a means of sensitivity enhancement in NMR* and
EPR.">*! However, to the best of our knowledge, this kind of signal
enhancement has not been used to date as a spectroscopic tool.

2.2 Simulation algorithm

The simulation algorithm used in this work is based on earlier
work by Cox et al.* Before we discuss our extensions, we need to
recapitulate the important steps and comment on the validity
of the approximations.

1. Generate the Hamiltonian H, for a particular orientation.

2. Diagonalize H, to get the energy levels and transition
frequencies.

3. Calculate transition probabilities between the eigenstates
of the system.

4. Introduce orientation selection by weighting the transitions
according to a Gaussian function centered at the detection
frequency.

5. Calculate the inversion efficiency of each transition by
assuming selective excitation by the HTA pulse and using a
Bloch picture.

6. Check which transitions share a common level and
calculate the intensity change of the observed transitions due
to the polarization transfer induced by the HTA pulse.

7. Build the spectrum by adding up all possible peaks and
orientations.

The approach is valid as long as the excitation is transition-
selective within each three-level subsystem and spectral diffusion
processes are negligible. It is orders of magnitudes faster than a
full quantum-mechanical calculation of spin dynamics employ-
ing the Liouville-von Neumann equation. While EDNMR spec-
tra including some ***°Cu signals have been interpreted before
taking into account off-resonance effects and relaxation,>*** we
will show here that the above algorithm can quantitatively
reproduce our experimental EDNMR spectra.

In addition to the spin system, one needs to provide the
program with the length and amplitude of the HTA pulse, tyra
and v, the phase memory time of the electron spins, T, and
the quality factor of the resonator, Q..s. These parameters can
be determined experimentally.

The published implementation of Cox et al. cannot be used
to simulate arbitrary spin systems, because it makes implicit
assumptions about the structure of the Hamiltonian, namely

This journal is © the Owner Societies 2019
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the mg sub-blocks. Signal enhancements are not possible. In
the general case, mg is not necessarily a good quantum number.
Additionally, the published version only considers (ms =
—1/2 - mg = 1/2) transitions, which does not exist at all in the
case of f-CuP2. Therefore, we extended the published algorithm
to an electron-nuclear spin system that may contain more than
one unpaired electron. A more detailed description is given in
the ESIt (see Section S.5) and the code is available online.

2.3 Description of the spin system

The structures of the compounds investigated in this work are
shown in Fig. 1. While there are many nuclei with nuclear spin
I > 0, we focus on the copper nuclei and the unpaired electrons,
which contribute the dominating interactions.*’

The Hamiltonian that describes a system of two electrons
S1 =8, = 1/2 and two nuclei I; = I, = 3/2, with zero hyperfine
coupling between S; and I, as well as between S, and I, reads
in linear frequency units

H= Z (@Eogig,' — y—ngoi[ + S,’A,-i,' + iipifi) + S]dSz
' \h 2n @)

+JS1S,

The first term describes the electron Zeeman interaction, where
ug is the Bohr magneton, 7 the Planck constant, B, the external
static magnetic field and g the electron g-tensor. The second
term describes the nuclear Zeeman interaction, where 7y, is the
gyromagnetic ratio of the respective nucleus. A; denotes the
hyperfine coupling between electron i and nucleus i. The last
term in parentheses is the nuclear quadrupole interaction,
which is given in its principal axis system by**

Pe 0 0 K(=1+7) 0 0
P=|0 P 0 |= 0 K(-1—n) 0
0 0 P 0 0 2K
(3)
with
2
K:% ()

The term e°qQ/h is also known as the quadrupole coupling
constant (Sys.Q in EasySpin*®) and is related to the electric field
gradient at the position of the nucleus (eq = V,, = 0*V/dz*). The
nuclear quadrupole moment enters via the term eQ. The
asymmetry parameter is given by # = (Ve — Vj,)/V;,. The tensor
d contains the symmetric electron-electron coupling. If the
only contribution to d is the dipole-dipole coupling, and the
point-dipole approximation is valid, then this interaction is
given in its principal axis system by

1 0 0
2
o ©190p
4= drth 1 010 (5)
00 -2
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The constant g, is the vacuum permeability and r;, the distance
between the unpaired electrons. For rj;, = 1 nm, the prefactor
o §18a4y”
dnh 3
describes the isotropic exchange coupling between the electron
spins. Note that several other conventions exist in the litera-
ture. In this convention, J describes the energetic singlet-triplet
separation, and a positive J describes an anti-ferromagnetic
coupling with the singlet state at lower energy than the
triplet state.

2.3.1 Limit of large exchange coupling. If the exchange
coupling J is large, a system with several electron spins is best
described in a coupled representation. For simplicity, we
focus here on a system with two electron spins. Extension
to a system with more than two unpaired electrons is
straightforward. For two electron spins, the energy levels
are split into a singlet and a triplet state (separated by J for

amounts to = 52.041 MHz. The term JS’1$’2

JS$,S5). The singlet is EPR-silent, and the triplet state can be
described by an effective spin 1.*® The effective hyperfine
coupling in the triplet manifold is halved compared to the
uncoupled case (see also Section 3.5, ESIT vide infra), but the
effective electron spin couples to any nucleus with non-zero
hyperfine coupling to one of the electron spins in the
uncoupled representation, in the present case to both copper
nuclei. The dipolar coupling in the uncoupled basis manifests
itself as a zero-field splitting (ZFS) in the coupled basis with the
Hamiltonian

I:IZFS = §D§ (6)
D, 0 0 —D/3 + E 0 0
D= 0 D, 0 = 0 *D/3 —F 0
0 0 D, 0 0 2D/3
)
D=3/2D, E-= (Dx — Dy)/Z (8)

Further contributions to the ZFS may arise from spin-orbit
coupling. If the dipole-dipole coupling is the only contribution
to the ZFS and the point-dipole approximation is valid, then
E=0and

3w 1818 ©)
2 4nh I’|23

2.3.2 Orientations of interaction tensors. All interaction
tensors above are given in their respective principal axis frames.
In addition, the orientations between the tensors need to be
known. In principle, the orientation of each tensor is charac-
terized by three Euler angles, but we make a set of reasonable
simplifying assumptions for the copper porphyrin dimers
investigated in this work. First, because of the C, pseudosym-
metry of the individual copper centres, we assume that the g,
P and A-tensors on the same porphyrin unit are collinear and

Phys. Chem. Chem. Phys., 2019, 21, 11676-11688 | 11679
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Y2

X2

Fig. 4 lllustration of the relative orientations of the different interaction
tensors and the porphyrin planes. The subscripts 1, 2, and D stand for the
g-tensors on porphyrin 1 and 2, and the dipolar/ZFS tensor, respectively.
Gray discs illustrate the porphyrin planes which are twisted by an angle
0, with respect to each other. More details are given in the main text.

axial, and that the unique axis of each of these tensors is
parallel to the normal vector of the corresponding porphyrin
plane. Second, we can choose the x-axes of the two g-tensors to
be collinear without loss of generality, since for axial tensors
the x-axes can be chosen in any direction perpendicular to the
unique z-axis. This leaves one free parameter for the relative
orientation of the two porphyrin units, namely the angle 0,
between the two z-axes of the g-tensors, see Fig. 4. Taking into
account the assumptions above, we can immediately fix the
orientation of the unique axis of the dipolar tensor denoted as
zp in Fig. 4, along the x-axes of the other tensors. For the ZFS
tensor, this is a good approximation if the dipolar component
dominates. The situation would be considerably more compli-
cated if rhombic tensors were involved.

3 Results and discussion

The synthesis of CuP2 and f-CuP2 is described in the ESIt
(see Section S.1). The samples were dissolved in toluene to give
a final concentration of about 1 mM. We verified that the rather
high concentration does not affect the EDNMR measurements
by checking representative spectra at a concentration of 0.2 mM
(see the ESI,T Section S.10). For both samples, 40 pl of solution
was transferred to a 3 mm (outer diameter) quartz tube. A 3 mm
Q-band resonator with large bandwidth (Q.s ~ 110) was used
for the EDNMR measurements. Further details on the EPR
spectrometers are presented in the ESIf (see Section S.2). A
detailed description of the parameters and where to find the
raw data is given for each figure at the end of the ESIt (see
Section S.15).

Note that the results for the copper hyperfine and quadrupole
couplings are specified for the slightly more abundant isotope
%3Cu. The parameters were scaled according to the natural
constants (gyromagnetic ratio and quadrupole moment of the
nucleus) of ®>Cu to calculate the spectra of isotopologues. Isotope
effects beyond this scaling were neglected. Natural isotope abun-
dance was assumed.

3.1 CuP2: small exchange coupling

The X-band continuous wave (CW) spectrum and the Q-band
echo-detected field sweep (EDFS) spectra of CuP2 are shown in
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Fig. 5(A and B). The spectra are typical for axially symmetric
Cu(un) compounds. The nitrogen hyperfine couplings are not
resolved. For simulating the spectra, we only included a single
copper nucleus. No further hyperfine couplings or electron-
electron couplings were included. Nevertheless, a rather good
estimate of the g-values and of A|c, (610 MHz) can be
obtained. By including more parameters in the simulation, such
as the nitrogen couplings and the exchange coupling, the fit
could most likely be improved.** However, the rather featureless
character of the spectrum makes it difficult to assign quantita-
tively and confidently precise values to the different interactions,
as all of these additional parameters only contribute to field-
dependent line broadening in the present case. Note that
similar, butadiyne-linked, compounds,** exhibit an exchange
coupling of about 50 MHz. But if the two porphyrin planes of
CuP2 are perpendicular to each other, consistent with X-ray and
DFT studies of similar compounds, the exchange coupling is
expected to be close to zero. In this case, it is also reasonable to
model the EDNMR spectra (vide infra) by only considering a
single, isolated copper site.

(A) — %
=
@
~
Fy
‘0
c
%
E
©
c
.80
(2]
260 280 300 320 340 360
Bo / mT
(8) ' ' '

Echo Intensity / a.u.

1200 1250

Bo/mT

Fig. 5 Field-swept EPR spectra of CuP2. (A) Experimental (solid black) and
simulated (dashed red) X-band CW EPR spectrum. Recorded at 20 K. (B)
Experimental Q-band echo-detected field-swept spectrum (solid black),
smoothed numerical derivative (dashed black) and corresponding simulation
(dashed red). Recorded at 15 K. Parameters: one electron S = 1/2, one copper
| = 3/2 (both isotopologues). g = [2.048, 2.19], Ac, = [-80, —613] MHz.
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Q-band EDNMR spectra obtained at the low-field edge of
the spectrum are shown in Fig. 6(A). The high resolution
and information content of these spectra was surprising. In
order to simulate the spectra quantitatively, it was necessary to
include both copper isotopes (**Cu/*>Cu, nat. abund. ~ 70/30%,
v63/76s = 0.934) and also a substantial quadrupole coupling of
€’qQ/h = 32 £+ 7 MHz. The uncertainty is an estimate based
on the linewidth of the peaks. The standard deviation ¢ of
a Gaussian is related to the full width at half maximum I" by

o= F/ (2\/2ln 2) ~ I'/2.3548, and for these spectra I &~ 15 MHz.

The quadrupole tensor was assumed to be axial, but because of
the rather low resolution in the high-field region, the fitting is
not very sensitive to the asymmetry parameter #. The quadrupole
coupling of the metal center is of considerable interest, as it
gives information about the coordination environment. Since it

(A) 1 T 1 1
A||/2 —Exp
——Sim Cu
——Sim ®Cu
2w +6P) m= Nat. Abun.
T i haill
E O A |
-0
'

Q.
™
NN
o ] [ Mmoot
X
4\'\
1 1 1 1
350  -300 250  -200

(YHTA — vobs) / MHz
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depends on total electron density, particularly the charge dis-
tribution, rather than on spin density, we expect that computa-
tion with quantum chemical approaches is more reliable than
that of metal hyperfine couplings. While quadrupole interac-
tions of copper have been determined before, the approach
used in the literature relied on second order shifts in the EPR
spectra®” usually of single crystals.*®*° In the latter case, also
ENDOR was used.*

The approach used here to determine the quadrupole coupling
is analogous to that employed for nitroxides at W-band, where the
coupling can be determined by analyzing a series of spectra at the
high-field edge of the EPR spectrum.®” An energy level diagram for
our particular situation is shown in the ESIt (see Section S.7.1).
Note that the spectra are asymmetric with respect to zero offset
because the detection is selective with respect to the copper
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Fig. 6 EDNMR spectra of CuP2 together with the corresponding simulations that neglect electron—electron couplings. The stick spectra are the direct
output of the simulation. The absolute intensities and linewidths were then fitted to the experimental spectra. Natural isotope abundance was assumed.
(A) Spectra at the low-field edge of the EPR spectrum. The splitting induced by the quadrupole interaction of the copper nucleus is substantial.
Parameters: one electron S = 1/2, one copper | = 3/2 (both isotopologues). g = [2.048, 2.19], Ac,, = [-80, —613] MHz. €qQ/h = 32 MHz, 5§ = 0, vops = 35.5 GHz,
1 ~ 2.2 MHz (resonator center), tyta = 20 ps, T = 1.5 ps, Ques = 112. The hole depth for all spectra is between one and two percent. (B) EDNMR spectra of
CuP2 acquired at various field positions spanning the whole EPR spectrum. The central hole and peaks due to nitrogens and protons are grayed out and scaled
down. This part was not used to fit the linewidths and absolute intensities of the spectra. Parameters: same as in (A), but with t.ta = 10 us and 11 ~ 1 MHz. The
hole depth of the copper peaks increases from around one percent at 1164 mT to about five percent at 1236 mT. The fitted linewidth increases accordingly
from about 18 MHz to nearly 50 MHz. The spectrum at 1164 mT shows a feature at > 300 MHz that we consider an artifact arising from the low signal-to-noise
ratio at this field.
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hyperfine components. In this particular case, there are no peaks
at positive offsets at all, because there are no forbidden transitions
at higher frequencies than the observed allowed transitions. The
surprising resolution of the two copper isotopes is a result of the
large and strongly anisotropic hyperfine coupling combined with
the strong orientation selection of EDNMR.

EDNMR spectra acquired at various field positions spanning
the whole EPR spectrum are shown in Fig. 6(B). A slightly shorter
and softer HTA pulse was used because the effective nutation
frequency is larger for EDNMR peaks at smaller resonator off-
sets. The strong correlation of the g-tensor to the A-tensor is
clearly visible from the strong shift of the copper peaks when
changing the field position. In regions where the copper peaks
are isolated, the agreement between experiment and simulation
is quantitative. If the copper peaks overlap with the proton and
nitrogen peaks or with the central hole (shown in gray and scaled
down for clarity), the agreement is worse. The main discrepancy
is actually a slight asymmetry of the overall intensity between the
right-hand side (RHS) and the lefthand side (LHS) of the
spectrum. Note that we fitted the linewidth in the simulated
spectra (excluding the gray part of the spectra) and found that it
is correlated with the field position. The resolution decreases by
going from the low-field to the high-field edge. We tentatively
assigned this to the different effective microwave powers at
higher offsets and increased spectral diffusion at the maximum
of the EPR spectrum. Additionally, the neglected electron-
electron coupling could influence the observed linewidth. Note
that the model we used here, i.e. only a single electron and a
single copper nucleus, fits the EDNMR data better than the CW
data, especially those recorded at X-band frequencies. This is
due to the reduced number of parameters that influence the
copper EDNMR peaks. The nitrogen nuclei and the exchange
coupling have nearly no influence on these EDNMR peaks, in
contrast to their significant influence on the EPR spectrum.

W
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Fig. 7
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Again, the spectra are asymmetric with respect to the central
hole because the detection selects specific hyperfine compo-
nents of the EPR spectrum. This is illustrated in Fig. 7(A), where
we show only the left-hand side of the EDNMR spectrum for
simplicity. The contributions of the different Cu-hyperfine
components to the EPR or EDNMR spectrum at a particular
field position are indicated. In this case, the m; = +3/2 compo-
nent is not observed at all. Note that the different hyperfine
components that are selected by the observer sequence have
also different orientations with respect to the external magnetic
field (see top right panel). In principle, the orientation selection
is slightly different for the different isotopes, but this difference is
very small here. The splitting induced by the nuclear quadrupole
coupling and the nuclear Zeeman interaction depends on my.
Therefore, the contribution of the m; = +1/2 component (in red) to
the EDNMR spectrum does not show any resolved splitting. The
nuclear Zeeman interaction and the nuclear quadrupole inter-
action nearly cancel each other in this particular case.

We also simulated some of the spectra assuming two copper
o 182445
4mth }’123
and an exchange coupling with a somewhat arbitrary but
illustrative value of J = 50 MHz. For a perpendicular orientation
of the porphyrin planes, i.e. 0, = 90°, no significant difference
was found compared to a monomer simulation, see Fig. 7(B).
On the other hand, if the porphyrin planes are assumed to be
parallel (0, = 0°), the simulated EDNMR spectra look very
different. In case of a non-parallel arrangement, the two copper
centers have different effective g-values, and the perturbation
by the electron-electron coupling is reduced compared to a
parallel arrangement. In summary, the effect of the electron-

sites and including a dipolar coupling of =85 MHz

electron couplings on the EDNMR spectra is strongly dependent
on the other interactions present in the system. In the case of
CuP2, the effect is marginal, which is in line with X-ray
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(A) Orientation selection in the EDNMR spectra of CuP2. vops = 35.5 GHz, By = 1175 mT. The contributions of the different Cu-hyperfine

components to the total EDNMR spectrum are shown. Top left inset: Contributions to the EPR spectrum. Top right inset: Observed orientations
corresponding to the Gaussian in the top left panel. 0 refers to the angle between the external magnetic field and the unique axis of the g-tensor. (B)
Influence of the electron—electron coupling and relative porphyrin plane orientation on the EDNMR spectra of CuP2. The same parameters as in Fig. 6
were used for the simulation, but the blue spectra were simulated for a dimer including J = 50 MHz and d = 85 MHz.
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crystallography studies and DFT calculations demonstrating
a perpendicular orientation and high rigidity of the two
porphyrin planes.

3.2 f-CuP2: large exchange coupling

The X-band continuous wave (CW) spectrum and the Q-band
EDFS spectrum of f-CuP2 are shown in Fig. 8(A and B). They
clearly differ from the spectra of CuP2, with several additional
splittings appearing. Nevertheless, the Q-band spectrum still
indicates an axial g-tensor. In this case, both copper centers
were included in the simulation and an effective spin-1 was
assumed. This is justified if the exchange coupling constant J is
much bigger than both the hyperfine coupling and the electron
Zeeman anisotropy, or more precisely, if there is no significant
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Fig. 8 Field swept EPR spectra of f-CuP2. (A) Experimental (solid black)
and simulated (dashed red) X-band CW EPR spectra. Recorded at 20 K. (B)
Experimental Q-band echo-detected field swept spectrum (solid black),
numerical derivative (dashed black) and simulation (dashed red). Recorded
at 15 K. Parameters: S = 1, two copper nuclei. g = [2.048, 2.19], Ac, = [-40,
—306] MHz (for both nuclei). D = —240 MHz, and the full D-tensor is
rotated 90° around the y-axis with respect to the g- and A-tensors. The
inset shows a simulation with only one isotope and reduced linewidth to
illustrate the eight-line pattern which arises from two septets that are split
by the ZFS (the blue and green lines are due to EPR transitions with
different lower mg values). We can currently not assign the feature marked
with an asterisk (only visible in the numerical derivative), but the position
does not match with the splitting of the other low-field peaks.
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singlet-triplet mixing. Agreement of the EPR spectrum with a
simulated spectrum assuming the absence of singlet-triplet
mixing poses a lower bound on the exchange coupling. This will
be discussed below. The g- and A-values were assumed to be the
same as for the CuP2 compound (apart from the fact that A has
to be halved if the system is treated as a triplet). This is justified
by the same local structure of the copper centers up to the third
coordination sphere. The normal vectors of the two porphyrin
planes were assumed to be parallel, implying 6, = 0.

A ZFS with |D| = 240 MHz had to be included in the simulation
to obtain a satisfactory agreement with the experimental data.
This value is about a factor of two higher than the expectation
based on the dipole-dipole approximation (eqn (9)), which
would be around 130 MHz for a distance of 8.4 A. Note that the
unique axis of the D-tensor is assumed to be collinear with the
x-axes of the g-tensors, see Fig. 4.

Interestingly, because the ZFS splitting is roughly the same
as the copper hyperfine splitting, one obtains an eight-line
pattern along the parallel direction, clearly visible in the
simulated Q-band spectrum and the inset. This is in contrast
to the seven-line pattern expected if the ZFS is either much
smaller or much larger than the hyperfine coupling. It is hard
to claim the magnitude and orientation of the ZFS tensor from
the field-swept spectra alone, since the signal-to-noise ratio of
the low-field peaks is not sufficient in either case. However, we
will provide additional support for the ZFS parameters by
analysis of the field-correlated ELDOR spectra below.

In principle, one can gain additional information about the
dipolar coupling and the relative orientation of the two copper
centers by investigating the intensity and shape of the half-field
transition.’® In the present case, the sample concentration we
had available (1 mM) was only sufficient to just about distinguish
the half-field transition from the noise. A reliable quantification
was not possible (see the ESIL,{ Section S.8.1). This is consistent
with the observation by Ikeue et al.>

The field-correlated ELDOR spectrum of f-CuP2 is shown in
Fig. 9(A). Two features are striking compared to CuP2. First, the
resolution is much worse, and second, there are clear signal
enhancements (or anti-holes) visible (blue areas). Because we
assign positive intensity to EDNMR side holes in agreement
with previous work, the anti-holes correspond to negative
intensities. In the spectrum shown in Fig. 9(A), the poor
resolution could be ascribed to the settings used. The hole
burning pulse was relatively short and strong, compared to
the usual settings of EDNMR, where one generally uses long
and soft pulses. Interestingly, softer and longer pulses did
not lead to a better resolution (see the ESI,¥ Section S.8.2).
The poor resolution is thus intrinsic to the spin system at hand,
where the large exchange coupling leads to many side holes
close to each other as verified by simulations (see the ESI,¥
Section S.12, for simulated single-orientation spectra, which
are surprisingly complicated). Note that, in this case, the hole
burning pulse predominantly excites allowed or only weakly
disallowed transitions, in stark contrast to the usual EDNMR
situation, where the side holes correspond to rather strongly
disallowed transitions.
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Fig. 9 Field-correlated ELDOR spectra of f-CuP2. (A) Experimental 2D spectrum, with the first derivative of the echo-detected field-swept spectrum
displayed on top. (B—F) Simulated 2D spectra. Experimental (black) and simulated (red) echo-detected field-swept spectra displayed on top (numerical
derivative). The arrows highlight deviations from the experimental data. Parameters: g, Q, and A-values the same as for CuP2. In the case of S = 1, the
hyperfine coupling constants were halved, but both copper nuclei were equivalent. vops = 35.5 GHz, 1y & 20 MHz (resonator center), tyra = 50 ns,
Ten = 1.5 ps, Ques = 110.
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The positive part of the spectrum (red ridges) corresponds to
side holes that increase in offset when going from higher to
lower fields. These ridges roughly indicate the effective copper
hyperfine coupling at a given field, similar to what is seen in
the EDNMR spectra of CuP2. We find both ‘single quantum’
ridges, corresponding to an offset around 300 MHz (~xAcy/2)
near the low-field edge and ‘double quantum’ ridges, corres-
ponding to an offset around 600 MHz (~Ac,). In between these
hole ridges, one can see signal enhancements or anti-holes
(blue), which are due to the moderate ZFS and the exchange
coupling. The strong anti-holes at positive and negative offsets
around 1240 mT are due to the ZFS, which, for these orienta-
tions, is much larger than the hyperfine coupling.

The simulation program that we developed on the basis of
the algorithm of Cox et al.* was used to generate spectra for a
multitude of possible spin Hamiltonian parameters, see
Fig. 9(B-F). The comparison between the experimental spectrum
and the simulated spectra led to the conclusions that (1) there
must be a significant exchange coupling (>15 GHz). For lower
exchange couplings, the splittings in the CW spectrum do not fit
the experimental ones. (2) The ZFS is about |D| = 240 MHz,
which is approximately twice as much as expected from the
point-dipole approximation. If one assumes a smaller ZFS, again
the splittings in the CW spectra do not match. On top of this, the
strong anti-holes at the high-field edge in the 2D correlation
plots are shifted to smaller offsets (see Fig. 9(E and F) at around
1240 mT). Note that changing the sign of the ZFS does not
change the outcome of the simulations. However, if the ZFS is
dominated by the dipole-dipole contribution, as we assume
here, its sign is known. Note that it is difficult to predict the
appearance of the field-correlated ELDOR spectra of f-CuP2 in an
intuitive way, because the ZFS and the hyperfine couplings are in
the same range. For the interested reader, we also simulated
simpler model systems, and displayed the spectrum in Fig. 9(B)
in terms of the individual EPR transitions, see the ESI,}
Section S.11.

The agreement between experimental data and simulation
obtained for our best parameter set is not as good as in the case
of CuP2, but it is at the very least semi-quantitative. The main
features are very well reproduced. The lower bound of the
exchange coupling can be estimated with certainty, especially
if the field-correlated ELDOR spectra and the CW spectra are
inspected together. While the uncertainty in the ZFS is rather
high (around 20 MHz, judged only by visual inspection of a
range of simulations), it is still clear that the ZFS is much larger
than estimated from the point-dipole approximation. This is
not unexpected, since the large exchange coupling (vide infra)
indicates significant spin density in the n-system in between the
copper atoms. In all cases, we assumed that E = 0, and we did not
obtain better fitting simulations by including a non-zero E.

We would like to emphasize that using CW EPR alone can
lead to wrong conclusions regarding the spin Hamiltonian
parameters. Ikeue et al.>®> measured the exchange coupling of
a very similar fused dimer by variable-temperature magneto-
metry, but they ignored the ZFS/dipolar coupling, stating that it
is not resolved in the EPR spectrum. Accordingly, their fit gave
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very different g-values for the fused and the singly-linked dimer.
Our ELDOR spectra contradict this interpretation. Khusnutdi-
nova et al.*® investigated a fused dimer that was fused only at
two points instead of three (the meso-position of one porphyrin
was coupled to a B-position of the other porphyrin and vice
versa, and the two porphyrin moieties were slightly shifted with
respect to each other). They did not consider any dipolar
electron-electron coupling and obtained a very different and
rhombic g-tensor and approximately halved copper hyperfine
constants. They also observed the shoulder at the high-field
edge of the X-band CW spectrum, but did not reproduce it in
their simulation (Khusnutdinova et al.,*® Fig. 1(a) therein). We
expect that similar problems will arise in other multi-nuclear
complexes. ELDOR can give valuable information in these
cases, where many parameters have to be fitted to a single
spectrum and several local minima are possible.

3.3 Comparison of CuP2 and f-CuP2

Here we highlight the differences in the field-correlated ELDOR
spectra of CuP2 and f-CuP2. Fig. 10 shows the two spectra as
filled contour plots side by side. (1) As mentioned above, the
resolution is much better in the case of CuP2 compared to
f-CuP2. A contour plot is not the optimal representation for
showing the high resolution for CuP2 (Fig. 10(A)). This can be
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Fig. 10 Comparison of the field-correlated ELDOR spectra of CuP2 (A)
and f-CuP2 (B). The data underlying (A) are the same as in Fig. 6(B). The
asterisk indicates a field-independent spurious frequency which leads to a
small and very sharp peak that is not visible in (B) because a larger step size
was used.
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judged from Fig. 6. (2) The ELDOR spectra of f-CuP2 show anti-
holes, while the CuP2 spectra only show holes. This is due to
the difference in electron spin state (S = 1 vs. S = 1/2). (3) The
side holes arising from the Cu-hyperfine coupling are more
pronounced in the case of f-CuP2, although the nominal flip
angle of the hole burning pulse was smaller. For example,
we could observe clear double-quantum peaks in the case of
f-CuP2 (seen around +600 MHz at the low-field edge), while we
could not detect any double quantum peaks at all in the case of
CuP2. This is due to the S =1 spin state of f-CuP2: in the strong
coupling regime, the transition moments for the forbidden
transitions in the S = 1/2 case go towards zero if |[4| > |u],
because the quantization axes of the nuclear spin in the two
different electron spin manifolds are approximately (anti-)parallel
to each other. The same is not true in the S =1 case, because there
is no hyperfine contribution in the Mg = 0 manifold. This means
that even if |[A| » |u|, the quantization axes of the Mg = +1 and
the Mg = 0 manifold are not parallel and therefore the transition
moments of the forbidden transitions do not vanish. A detailed
discussion can be found in the ESIt (Section S.13). In addition to
these considerations, the effective electron spin in f-CuP2 couples
to two equivalent nuclei, which makes the holes more intense.

3.4 SQUID magnetometry

So far, all arguments regarding the exchange coupling of f-CuP2
were given on the basis of EPR data, but only a lower bound of
roughly 15 GHz (or 0.5 cm™ ") could be inferred that way. Addi-
tionally, we conducted SQUID magnetometry measurements of
f-CuP2 and a corresponding Cu(n) monomer (see the ESI} for the
structure). The data for the temperature-dependent susceptibility
per mole Cu shown in Fig. 11 clearly show a maximum at about
2.4 X in the case of f-CuP2, which indicates an anti-ferromagnetic
coupling of 79 GHz (for JS,S,, corresponding to 1.32 cm™ " for
2J815,). This is consistent with the measurements of Ikeue et al.*®
The magnetization observed by SQUID is also consistent with

0.2t j

0.15}

0.1t

Xm / emu mol~* (Cu)
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T /K
Fig. 11 Magnetic susceptibilities per mole Cu of f-CuP2 (red) and the
corresponding monomer (black). The experimentally measured points are
shown together with the EasySpin simulation using the function curry. The

maximum at around 2.4 K for f-CuP2 indicates an anti-ferromagnetic
coupling of 79 GHz (for JS,S,, corresponding to 1.32 cm™ for 2JS,S5).
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Fig. 12 Q-band ENDOR spectra of CuP2 and f-CuP2 obtained at two
different field positions corresponding to different orientations of the
g-tensor. The signals are due to strongly coupled N nuclei. A naive
interpretation of the spectra could lead to the assumption that the
exchange couplings of the two compounds do not significantly differ.
However, the ENDOR spectra are theoretically expected to be the same in
the weak and strong exchange coupling limits.

thermal excitation of the triplet state at the temperatures of our
EPR measurements. For a more accurate determination of J, lower
temperatures would be needed. A detailed description of the
SQUID measurements is given in the ESIt (see Section S.4).

3.5 A comment on ENDOR of CuP2 and f-CuP2

It is a well known fact that, in the case of a system with large
exchange coupling, the apparent hyperfine coupling is
halved.*®*? Interestingly, this does not lead to different ENDOR
spectra, as the spectra displayed in Fig. 12 clearly show.

This was surprising to us at first and led us to the wrong
assumption that the exchange coupling of f-CuP2 is of the order of
a few hundred MHz at the most. On closer inspection, we found
that the ENDOR spectra indeed do not change when going from
the uncoupled to the strongly coupled case. In fact, this is
straightforward to see, if one notes that ENDOR transitions inside
the |oa) (T, substate) and |BB) (T_; substate) manifolds of the
electron spins are untouched by the exchange coupling, which
mixes only the |af}) with the |Bo) state. Since, in the weak and
strong exchange limits, ENDOR transitions are always within one
M; manifold, ENDOR spectra for the |oa) and |BB) electron spin
states must be the same in the two limiting cases. In the strong
exchange limit, the T, triplet substate should, in principle, give
rise to peaks at nuclear frequencies without hyperfine couplings
(nuclear Zeeman and nuclear quadrupole), but for strongly
hyperfine-coupled nuclei, the peaks in the other triplet substates
will be much more intense due to hyperfine enhancement. A more
detailed discussion is presented in the ESIt (see Section S.14).

4 Conclusion and outlook

We applied ELDOR-detected hole burning experiments to two
Cu(u)-porphyrin dimers and interpreted the results with a
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generalization of the algorithm introduced by Cox et al.* In the
case of the singly-linked dimer with small exchange coupling
and perpendicular orientation of the porphyrin planes, the
EDNMR description is fully adequate and the experiment could
resolve the two isotopes of copper as well as the nuclear
quadrupole coupling constant in frozen solution. The simula-
tion algorithm quantitatively reproduces these highly resolved
experimental spectra. In the case of the fused dimer with large
anti-ferromagnetic exchange coupling, anti-holes were observed
in the ELDOR experiment. These anti-holes are due to allowed
transitions that share a level. They are also well reproduced by
simulations with the extended algorithm. From these experi-
ments alone, a lower bound for the exchange coupling of about
15 GHz could be derived. SQUID measurements confirmed the
presence of a significant exchange coupling of 79 GHz (singlet—
triplet separation) at a distance of about 8.4 A between the
copper ions, in line with Ikeue et al.>® The EPR data also revealed
a previously neglected dipolar coupling, which manifests as a
ZFS in this strongly exchange-coupled system. The determined
dipolar coupling is about twice as large as that expected based
on a point-dipole approximation.

Both findings, the large exchange and the large dipolar
coupling, point to substantial spin delocalization and are thus
consistent with an interaction of the copper d-orbitals with the
delocalised n-system. The detailed experimental data presented
here could serve as a starting point for in-depth quantum-
chemical studies of the spin distribution in the fused system.

Our findings suggest that ELDOR experiments are even more
useful than generally assumed: they can reveal more than “just”
hyperfine and nuclear quadrupole couplings. By applying the
extended simulation algorithm, a detailed understanding of
systems with strong exchange and dipolar couplings can be
achieved. Careful optimization of experimental parameters is
needed, as much information comes from the connections
between allowed transitions, ie. much shorter pulses should
be used compared to the usual setup of EDNMR.

Nevertheless, the interactions have to be accessible inside
the resonator bandwidth, which might prevent the elucidation
of very large ZFS or dipole-dipole couplings. This is where non-
resonant setups, such as HiPER> could have a dramatic
advantage, provided they are combined with ultra-wideband
frequency generation. While the bandwidth has to be large, the
power does not need to be.

Surprisingly, anti-holes have not been reported before in
EDNMR studies on Mn(u), although the polarization enhance-
ment of the central transition by inversion of satellite
transitions®’ is based on the same effect. We can only speculate
on the cause. For large ZFS and, accordingly, substantial second-
order broadening, the anti-holes may be so strongly broadened
that they go unnoticed or are considered baseline artefacts. In
addition, they are less prominent compared to the nuclear-
frequency holes if the flip angle of the hole-burning pulse is
very high. Here we worked with lower nominal flip angles and
shorter hole-burning pulses to enhance the anti-holes.

The emergence of anti-holes in exchange-coupled systems with
rather large dipolar couplings also implies that ELDOR-detected

This journal is © the Owner Societies 2019
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NMR or related sequences with additional pulses might be
useful to study biradicals with moderately strong dipole-dipole
and exchange couplings that are commonly employed in dynamic
nuclear polarization (DNP) experiments and are difficult to
characterize only via their CW EPR spectra.>
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