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ABSTRACT: An investigation of spin and conformational dynamics in a
series of symmetric Cu−Cu porphyrin dimer solutions is presented using
electron paramagnetic resonance (EPR) spectroscopy. Previous spectral
simulations focused on the isotropic exchange interaction (Javg) between
the Cu centers. In this work, an additional line broadening parameter
(Jmod) is explored in detail via variable temperature X-band EPR in liquid
solution for several different structures. The Jmod phenomenon is due to
fluctuations in the spin exchange interaction caused by conformational
motion of the porphyrin planes. The Jmod parameter scales with the inverse
of the rotational barriers that determine the Boltzmann-weighted torsional
angle distribution between neighboring porphyrin planes. Arrhenius plots
allow for extraction of the activation energies for rotation, which are 5.77,
2.84, and 5.31 kJ/mol for ethyne-bridged (porphinato)copper(II)-
(porphinato)copper(II), butadiyne-bridged (porphinato)copper(II)-
(porphinato)copper(II), and ethyne-bridged (porphinato)copper(II)-(porphinato)zinc(II)-(porphinato)copper(II) complexes,
respectively. DFT calculations of these torsional barriers match well with the experimental results. This is the first report of a
Jmod analysis within a highly anisotropic hyperfine field and demonstrates the utility of the theory for extraction of dynamic
information.

■ INTRODUCTION

Biradicals and related open shell structures have long
fascinated chemists and physicists due to their complex
stereoelectronic properties and the insight they provide into
electron correlation and predictions of molecular structure.1

Indeed, theorists and computational chemists remain chal-
lenged to develop methods that provide accurate structures,
overall energies, and spin state information simultaneously.2,3

Investigation of biradical and biradicaloid structures and spin
properties are receiving renewed interest in the fields of
spintronics and quantum information science (QIS),4 where
they may be of significant utility in the successful transmission
of quantum spin information over long distances.
Conjugated porphyrin arrays with multiple transition metals

have been extensively investigated both theoretically and
experimentally due to their extraordinary optoelectronic
properties and tunable molecular structures.5,6 Their facile
synthesis allows for the incorporation of several different
transition-metal ions into a molecular framework, while
maintaining a well-defined geometry. When electron spin
exchange interactions are considered, there are fewer examples
in the literature for such arrays, which represent relatively
isolated two-spin systems. Magnetic susceptibility measure-
ments typically assess bulk properties rather than individual
isotropic exchange interactions. This sparse literature on the

topic of rigid biradicals or biradicaloids is particularly true for
systems involving two metal centers coupled to a rigid spacer.
Ethyne-bridged multi-porphyrin arrays,7−21 such as the

dimer structures shown in Figure 1, are ideal for systematic
studies of electron spin exchange interactions in systems
containing rigid conjugated spacers. The molecules depicted in
Figure 1 can be synthesized with different spacer lengths,
attachment points, and a variety of central metal ions. Electron
spin exchange couplings have been reported previously in
similar structures to give information about magnetism, spin
delocalization, metal−ligand d−π mixing, and spin trans-
mission pathways.22,23 We have recently presented two studies
of such structures where we explored the metal−metal spin−
spin coupling in porphyrin array frameworks that make
possible highly delocalized electronic structures.20,24

In many ways, “spin chemistry” phenomena such as
chemically induced dynamic electron spin polarization
(CIDEP)25 and magnetic field effects,26,27 which were

Received: July 3, 2021
Accepted: September 22, 2021
Published: October 18, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

27865
https://doi.org/10.1021/acsomega.1c03490

ACS Omega 2021, 6, 27865−27873

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+M.+Brugh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruobing+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+J.+Therien"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Malcolm+D.+E.+Forbes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c03490&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c03490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


extensively investigated in the latter half of the 20th century,
kindled the fire for the strong present interest in the
simultaneous movement of spin and charge and subsequent
storage of relevant spin information. The alkyne-bridged
(porphinato)copper(II) complex shown at the bottom of
Figure 1 is analogous to an organic biradical, of which many
have been studied extensively using both steady-state and time-
resolved electron paramagnetic resonance (EPR).28 However,
there are three major differences between these previous
studies of purely organic structures and those involving these
systems: (1) the large Cu nuclear hyperfine interaction; (2) the
high anisotropy of this interaction; and (3) the lack of many
torsional degrees of freedom, such as those found in
polymethylene chain biradicals and biradicaloids.
The structures and spectra in Figure 1 also help to define the

logic of the current paper and to stress what is new. The top
structure is essentially a monoradical Cu−porphyrin, of which
many have been studied before and for which simulation
routines have long been available. The most prominent feature

of the spectrum is the broadening of the hyperfine lines from
Cu: in particular, the low-field transitions are significantly
broader than the high-field lines (the multiplet structure at a
high field is due to the 14N atoms coordinated to copper). Our
simulation routine, described in more detail below, easily
accounts for the monoradical spectrum. The middle structure
in the figure shows a similar spectrum to that at the top, but
the extra (non-paramagnetic) porphyrin ring adds additional
homogeneous line width by slowing down the tumbling rate.
Again, this is easily accounted for by spectral simulation. The
bottom structure and spectrum show the dramatic effect of
adding a second paramagnetic porphyrin ring. Comparison of
the middle and bottom spectra show that for dimers of a
similar size, significant additional line broadening from
electron spin exchange is present. The fact that all three
spectra can be precisely simulated20,24 using the monomer as a
platform for the hyperfine-induced broadening, molecular
volume for homogeneous broadening, and spin exchange for
additional broadening through interactions with another spin
demonstrates the “buildup” of the simulation routine for more
complex relaxation phenomena, to which we now turn.
The X-band liquid solution EPR spectra of Cu−Cu

porphyrin dimers of the type shown in Figure 1 are affected
by the molecular dynamics mentioned above, that is, the
torsional/librational motion of the porphyrin planes about the
linear alkyne bridge. They can also tumble along their long
axis. In either case, their motional dynamics in solution are
simpler than those of related bis[(porphinato)metal] systems
bridged by alkyl or other flexible chains due to their restricted
degrees of conformational freedom (e.g., their end-to-end
distance is fixed). The two types of motion are depicted in
Figure 2 for the ethynyl-bridged dimer. In the end-over-end
tumbling motion shown in Figure 2A, no major changes to the
value of the isotropic exchange interaction are expected. This
motion might, however, play a role in the modulation of the
electronic dipole−dipole interaction either directly as an
additional splitting in the spectrum or as a line shape

Figure 1. Examples of Cu(Zn)−porphyrin monomers and dimers and
their unusual EPR spectra, obtained in toluene solution at a ∼3 μM
concentration. (a) Typical Cu porphyrin monomer, (b) porphyrin
dimer with one Cu center, and (c) porphyrin dimer with two Cu
centers.

Figure 2. Two modes of molecular motion for Cu-porphyrin dimers in solution. (A) End-over-end tumbling (relatively slow). (B) Paddle wheel
(torsional) angle changes between the rings containing the unpaired electrons (relatively fast). The motion in (B) is expected to play a role in
determining both the absolute value and the dynamics of the exchange interaction.
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parameter (vide infra).29 However, the “paddle-wheel” type
motion illustrated in Figure 2B, which modulates the overlap
integral between the radical centers, should have a large impact
on the measured electronic spin−spin couplings and is
expected to be faster due to a lower rotational barrier,
consistent with the Stokes−Einstein−Debye relation.30 The
dynamic processes depicted in Figure 2 should have quite
different time scales. The end-over-end tumbling motion
requires the displacement of many more solvent molecules
than the paddle wheel motion, and as a result, it is expected to
be at least an order of magnitude slower.
In each of our two recent papers on symmetric copper

porphyrin dimers linked by ethynyl, butadiynyl, and oligoynyl
spacers, simulation of their steady-state EPR (SSEPR) spectra
allowed us to extract the isotropic spin exchange parameter
(Javg), which significantly broadens the dimer spectra.20,24

Additionally, a dynamic relaxation term (Jmod) was included in
the simulation model, which accounts for additional broad-
ening due to the temperature-dependent modulation of the
Boltzmann-weighted torsional angle distribution between the
porphyrin rings. The theory section of Supporting Information
derives and gives detailed definitions of Javg and Jmod. For all
alkyne-bridged (porphinato)copper(II) arrays studied to date,
with increasing temperature, Javg decreases, while Jmod
increases. These effects can be explained by the temperature-
dependent conformational distributions evident in these
systems. As the temperature increases, the Boltzmann-
weighted average of conformations, differentiated by the
porphyrin−porphyrin interplanar torsional angles, increases
for all alkyne-bridged bis[(porphinato)Cu] arrays. As this
population-weighted average porphyrin−porphyrin interplanar
torsional angle increases, the corresponding porphyrin−
porphyrin electronic coupling decreases. The topic of
electronic delocalization will be revisited in a later section.
Dependable simulations of these spectra are further

complicated by the presence of a very large anisotropy in the
Cu hyperfine tensor, which affects the line shape at a lower
field dramatically.31,32 The use of ethyne and butadiyne spacers
provides a high sensitivity between the spacer and the metal in
terms of orbital interactions. This has been demonstrated in
our previous papers20,24 as the basis for a strong temperature
dependence of Javg in such complexes. In this paper, we present
the finer details of our simulation procedures and show how
Jmod contributes to the overall line shape. We also place our
line shape calculation routine in context with examples of J
modulation in other systems. To the best of our knowledge,
this is the first analysis of the J modulation phenomenon in a
symmetric system but one that contains a highly anisotropic
hyperfine field, making it a unique case in dynamic EPR
spectroscopy.

■ THEORY
To understand the effects of J modulation in the highly
anisotropic hyperfine field of the copper-porphyrin dimer
system in Figure 1, some basic equations are necessary. SSEPR
spectra are accomplished by (1) selecting an appropriate spin
Hamiltonian and basis set, (2) diagonalizing the Hamiltonian
to obtain its eigenvalues, and (3) calculating the resonant EPR
frequencies and transition probabilities from the energy
differences for the allowed transitions using the standard
selection rule: an allowed transition has a change in electron
spin quantum number of ±1 and a change in nuclear spin
quantum number of 0.33 Additional details of the theory are

presented in Supporting Information and in additional refs
34−3536373839. The theory leads to the derivation of two
very simple expressions (eqs 1 and 2) for the relevant electron
spin relaxation times, of which is eq 2 is the most relevant for
line shape analysis
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1 2
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As noted in Supporting Information, the spin Hamiltonian
used is from the Dirac formalism for spin exchange and leads
to an expression for the singlet−triplet energy gap of −2Javg,
with a singlet ground state when the value of Javg is negative.
The term q in eq 4 represents the off-diagonal element of the
spin Hamiltonian responsible for mixing the singlet and middle
triplet levels of the biradicaloid. The term V2τe in eq 2 defines
the line width addition due to modulation of the exchange
interaction, that is, Jmod. It is expressed in Gauss to make its
units compatible as an addition to the “natural” line width. The
V term represents the maximum possible fluctuation of the J
value at any instant, and V2 times the torsional rotational
correlation time τe gives the maximum contribution to the line
width of any particular transition caused by this relaxation
mechanism. Note that when the mixing term q goes to 0, the
effect of Jmod on T1 vanishes. For T2, important for the Jmod
process, the situation is more complex. A value of q = 0 in eq 4
leads to either the term vanishing (1 − J/Ω option) or a
maximum contribution to the line width from Jmod (the 1 + J/
Ω option). The former applies to transitions involving states
with predominantly singlet character, and the latter applies to
transitions involving states with predominantly triplet character
(see Supporting Information for further details).
The J modulation phenomenon dates back to some of the

earliest days of EPR spectroscopy, particularly the pioneering
work of Rassat and Rosantzev,40,41 who synthesized and
characterized some of the first nitroxide radicals and biradicals.
Indeed, these early papers, especially on biradicals, have
enjoyed additional recent interest from the spintronics and
quantum information science communities; similarly, nitroxide
radicals and biradicals find great utility as dynamic nuclear spin
polarization agents in NMR spectroscopy. A comprehensive
review by Hudson and Luckhurst42 brought the spectral
features of J modulation in nitroxides to a more general
audience, summarized by the stickplot spectrum shown in
Figure 3.
It is important to note that the energy level diagram in

Figure 3 is specific for the case of Javg > q, which means the
transitions to and from predominantly singlet character states.
It is also specific for a symmetric biradical structure with equal
hyperfine coupling constants and g-factors on both radical
sites. The spectrum is predicted from the tree diagram to
present, at large Javg, a quintet with half the monoradical
hyperfine and a 1:2:3:2:1 intensity ratio. The origin of the
alternating line width phenomenon so highly characteristic of J
modulation effects emerges succinctly from this diagram.
Nuclear spin sub-ensembles with symmetric orientations have
q = 0 and therefore no T2 contribution from Jmod relaxation.
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For metal complexes, asymmetric line broadening even in
the absence of J modulation can be significant. To account for
the “monoradical” anisotropy present in Cu(II) system EPR
spectra, an empirical equation devised by Wilson and Kivelson
was also adapted to our simulation program.31,32 The line
width (ΔBD) is a function of the z-component of the nuclear
spin of copper (mI). The various constants (k0−2) represent the
extent of interactions within the nuclear and electronic and g-
tensors. These constants are fitting parameters that were
determined through spectral simulation of a monoradical
species, a copper(II) porphyrin similar to the top structure in
Figure 1. The ratio of monomer and dimer rotational
correlation times is represented by τC

D/τC
M. This ratio was

determined by Toyama, Asano-Someda, and Kaizu and
adjusted experimentally for our samples43

B k k m k m( )I I
D c

D

c
M 0 1 2

2τ
τ

Δ = + +
(5)

The SSEPR spectrum of a Cu(II) porphyrin is a quartet of
nonets due to interactions with the Cu nuclear spin (I = 3/2)
and the four N atoms (I = 1) surrounding it. The asymmetric
hyperfine line broadening affects the low-field line shape
significantly more than the high-field lines.
An important question that arises is whether broadening due

to hyperfine anisotropy and broadening due to Jmod can be
distinguished. In these systems, we have a fortunate case where
the two contributions can indeed be separated due to the
symmetry of the spin system. The hyperfine anisotropy term
defined in eq 5 affects each hyperfine line in the spectrum
differently due to its dependence on mI. The overall effect of eq
5 is that low-field lines are broadened significantly more than
high-field lines. This is a characteristic of EPR spectroscopy for
Cu and other metal complexes and is exemplified by the top
and middle spectra in Figure 1. On the other hand, the Jmod
process leads to alternating line widths across the spectrum as
explained by Figure 3 and the surrounding text. Since these
terms are applied independently (as they must be) in the
simulation routine, we can identify broadening from each
process with successful simulations. Furthermore, there is
strong evidence that the anisotropy-induced relaxation
described by eq 5 shows only a small dependence on
temperature (1−5% changes in line width over 80 °C),
whereas the Jmod process shows a much stronger temperature
dependence. A closer look at how exactly Jmod influences the
line shape is therefore of interest as it opens the gate for a more
quantitative assessment of at least some of the molecular
dynamics described in Figure 2. It should be noted that the
Jmod term itself can be further parsed into the fluctuating
perturbation matrix element V and its correlation time. This

Figure 3. Tree diagram and line broadening due to Jmod for a
symmetric nitroxide biradical. Note that only transitions involving
state |2> are observed, due to the large Javg value, and only states
between which there is nuclear spin alignment (total nuclear spin
quantum number, MI = 0 and MI = ±1) are broadened, due to
symmetry considerations.

Figure 4. Experimental and simulated spectra for PCu−E−PCu in toluene at 343 K. In the center, simulations are presented with increasing values
of Javg with a fixed Jmod, and on the right, simulations are presented with increasing values of Jmod and a fixed Javg. The middle spectrum in both
columns is the best fit simulation with Javg of 40 G and Jmod of 720 G. Note especially the sensitivity of the high-field lines to both parameters but at
opposite extremes.
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allows us to continue building the story as it opens the
opportunity for analysis of temperature-dependent data and
therefore activation barriers.

■ RESULTS AND DISCUSSION
Here, we present an analysis of simulations of several
representative systems in the context of J modulation theory.
An immediate concern is that while the complexes show
significant structural symmetry, the anisotropy of the Cu
hyperfine tensors disrupts this symmetry considerably. The
strong dependence of the Kivelson line shape parameters31,32

on the Cu nucleus quantum number (−3/2, −1/, +1/2, and
+3/2) always renders the low-field lines in the spectrum much
broader than those at a high field. This means that alternating
line widths may be difficult to observe, and the requirement for
a Jmod parameter in the simulation may be more subtle than in
more isotropic systems.
In Figure 4, we compare the effect of increasing Jmod or Javg

while holding the other parameter constant from the best fit
(middle spectrum in Figure 4). The different biradicaloids
were selected to show the variation of the spectral features as a
function of end-to-end distance and temperature. A particularly
noteworthy feature in all three figures is that the high-field
multiplets from the nitrogen hyperfine couplings become more
well-resolved as Javg decreases but also as Jmod increases. These
dependences clearly demonstrate that the best fit requires a
balance of these parameters, one reflecting the static picture
and the other accounting for the molecular dynamics. Section
S2 of Supporting Information contains additional examples at
different temperatures.
Another interesting feature is that even the best fits fail

somewhat for the lower field transitions, and this is worthy of
some discussion. There are several reasons why our simulation
program might fail: (1) it should be understood that the
Wilson−Kivelson monoradical line shape parameters (k0, k1,
and k2 in eq 5) are an approximation based on perturbation
theory and may break down for some systems. (2) The
Redfield limit for the Jmod theory is technically only valid for
the fast motion limit, although we believe that we are in this
limit for most cases. (3) Our program ignores the electron spin
dipole−dipole interaction, which may be present to some
extent, perhaps not as an observable splitting in the spectrum
but as a broadening of selected transitions via spin relaxation.
The tumbling motion depicted in Figure 2A could be very
effective in adding a fluctuating dipolar coupling to the spin
relaxation manifold, and this is likely to affect spin angular
momentum vectors already in a highly anisotropic environ-
ment. The fact that the fits at a low field become slightly better
when the temperature is increased for the same biradicaloid
supports the latter hypothesis.
It is instructive to consider electron density in more detail,

particularly its role in determining the magnitude of Javg. Less
delocalization gives rise to a smaller average exchange
interaction. Since the singlet−triplet energy gap is proportional
to the measured exchange interaction (ΔEST = −2Javg), the
impact of the extent of delocalization on the magnitude of the
exchange interaction can be modeled using calculated values of
the singlet−triplet energy gaps at different conformations.
Density functional theory sometimes has difficulty providing

high-quality results for the energies of open shell molecules,
especially biradicals and specifically singlet-state biradicals.
This is a topic of significant interest in the computational
chemistry community.44 Older semi-empirical methods such as

MNDO, CNDO, or PM6, while more accurate in determining
energies of organic biradicals in various spin states, cannot be
used successfully in these systems because the metal centers
are poorly parameterized. From Hückel theory, it is known that
the singlet−triplet energy gap in a rigid biradical with only one
degree of rotational freedom will vary with cos2 θ, where θ is
the dihedral angle between the two p orbitals containing the
unpaired electrons.
For the complexes studied here, we can make a qualitative

estimate of the variation in the value of ΔEST = −2J if we have
a starting point value for ΔEST at a dihedral angle between the
porphyrin planes of 0°, where the energy gap will be
maximized, and simply multiply this value by cos2 θ to give
conformational dependence at any other dihedral angle. Our
“0° results” for PCu−E−PCu and PCu−EE−PCu using
unrestricted DFT methods provide values for ΔEST of 940
and 94 Gauss, respectively, with the singlet state lower in
energy than the triplet for both complexes. The use of DFT for
these “starting point” calculations, while not ideal, will at least
allow us to establish a model for the experimentally observed
trends for the variation of J with temperature.
The results of our calculations of the magnitude of ΔEST for

PCu−E−PCu and PCu−EE−PCu at each dihedral angle of
every 10° from 10 to 90°, as described above, are shown in
Figure 5.

The experimentally observed exchange interaction is an
average over all conformers present in the solution, and the
distribution of conformers should obey a Boltzmann
distribution. Thus, we can simulate the experimental observed
temperature dependence of the average exchange interaction
using eq 6

J T p T J( ) ( ( ) )
i

i iavg
1

10

∑= *
= (6)

Here, pi is the probability of a particular conformation having a
J value of Ji, calculated using the Boltzmann distribution and
the magnitude of the exchange interaction of the ith conformer
at temperature T. The Boltzmann factors are calculated from
the DFT results, and the summation to 10 covers the 10 data
points for the dihedral angles represented in Figure 5. The
experimental and corresponding simulated results for Javg are
shown in Figure 6. Clearly, the simulated results are consistent
with the experimental trend that Javg decreases with increasing

Figure 5. Calculated singlet−triplet energy gap (|ΔEST|) for PCu−E−
PCu (red, n = 1) and PCu−EE−PCu (blue, n = 2) at different
dihedral angles from 0 to 90°.
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temperature for both the PCu−E−PCu and PCu−EE−PCu
structures. Especially noteworthy is that the unrestricted DFT
calculations for the “starting point” 0° values fall in a
reasonable range for PCu−E−PCu and PCu−EE−PCu, and
the factor of 10 difference in J between the two structures is
also adequately reproduced.
Another interesting feature from simulation parameters is

that at each temperature, the value for Jmod in PCu−EE−PCu
is higher than that for either PCu−E−PCu or PCu−E−PZn−
E−PCu, but the overall range of Jmod values is narrower.

20 On
the other hand, the range of Javg values for PCu−EE−PCu is
smaller than those for PCu−E−PCu and PCu−E−PZn−E−
PCu. These differences derive from the fact that the barrier to
rotation about the butadiyne bridge is diminished with respect
to that for the ethyne bridges of PCu−E−PCu and PCu−E−
PZn−E−PCu.20,24,45−47 Thus, the conformational distribution
for the butadiyne-bridged molecules will change less with
temperature. As a result, both Javg and Jmod for the PCu−EE−
PCu structure are less dependent on temperature than those
for the other dimer structures.
This difference in behavior between the butadiyne- and the

ethyne-bridged dimers can be modeled by generating
porphyrin−porphyrin dihedral-angle-dependent energy maps
of PCu−EE−PCu and PCu−E−PCu dimers (Figure 7). It can
be seen that the calculated rotational barrier for PCu−EE−
PCu (2.69 kJ/mol) is 1.87 kJ/mol lower than that calculated
for PCu−E−PCu (4.56 kJ/mol). Since the magnitude of Jmod
scales with the correlation time for porphyrin plane rotation,
an Arrhenius plot (Figure 8) will give a slope representing the
activation energy for this rotation (i.e., the rotational barrier).

Analysis of the Arrhenius plots in Figure 6 gives activation
energies for porphyrin plane rotation in PCu−E−PCu, PCu−
EE−PCu, and PCu−E−PZn−E−PCu of 5.77, 2.84, and 5.31
kJ/mol, respectively. This is consistent with the results of these
DFT calculations for PCu−E−PCu and PCu−EE−PCu. It is
observed that PCu−E−PCu and PCu−E−PZn−E−PCu have
similar slopes (i.e., activation energies for plane rotation),
which is reasonable as both these complexes feature a meso-to-
meso ethyne bridging linkage topology between the porphyrin
planes. The rotational barriers of alkyne-bridged (porphinato)-
copper(II) complexes, which are extracted from the simulation
for SSEPR spectra of these complexes, are consistent with
previous theoretical45−48 and experimental49 investigations
regarding the rotation barrier of alkyne-bridged (porphinato)-
zinc(II) analogues.
The activation barriers can be used in the Arrhenius

equation to extract rates for the paddle wheel motion. The
inverse values of these rates give the correlation time for the
torsional motion process. Using a typical pre-exponential factor
of 1010 s−1, the obtained correlation times are 1.0, 0.3, and 0.8
ns, respectively (see Supporting Information for further
details). Furthermore, we can use these correlation times to
estimate the value of the fluctuation in the exchange
interaction V in our fitting parameter V2τe. The value of V is
thus estimated to be approximately 500 G for PCu−E−PCu
and PCu−E−PZn−E−PCu, meaning that the maximum

Figure 6. Simulated and experimental Javg of (a) PCu−E−PCu and (b) PCu−EE−PCu at different temperatures. Note the drastically different
vertical scales in the two plots.

Figure 7. Porphyrin−porphyrin dihedral-angle-dependent energy
maps of PCu−EE−PCu and PCu−E−PCu dimers obtained by
DFT calculations at the 6-31G level and fitted by a sine function.

Figure 8. Arrhenius plots (ln(Jmod/Jmod0) vs 1/T) of PCu−E−PCu
(blue), PCu−EE−PCu (green), and PCu−E−PZn−E−PCu (red).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03490
ACS Omega 2021, 6, 27865−27873

27870

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03490/suppl_file/ao1c03490_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03490?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fluctuation in J is 5−10 times Javg. This is a very reasonable
number for the perturbation of J via torsional motion when
one considers variations in the dihedral angle (cos2 θ varies
from about 1 to 0.1 for θ varying from 0 to 70°, almost the
complete possible range of values).
Although it is tempting to plot the measured Javg values

versus distance and look for temperature variations in the
falloff parameter for spin exchange, it should be noted that
both Javg and Jmod are functions of distance and temperature
and hence may not necessarily be monotonic functions with
similar distance trends. Indeed, such plots fail to show much
correlation for precisely this reason: too many parameters
affecting the EPR spectral line shape change at once. Certainly,
the delicate interplay of Jmod and Javg parameter magnitudes
required to fit the experimental data (Figures 4, S2, S3) is
strong evidence that this is the case.
Our results clearly show the utility of rigid spacers for the

evaluation of spin exchange couplings in biradicaloids. We note
here especially that these structures are electronically neutral
and both their dynamic and static properties can be probed
without light excitation. This provides a rich landscape of
information linking the dynamics of a biradicaloid to its
spectroscopic features in a logical and quantitative fashion.
Purely organic analogues of such structures would be more
difficult to produce by any other methods than photochemi-
cally, and they would not be thermally stable. Our ability to
extract accurate rotational barriers from an Arrhenius analysis
shows an additional advantage of studying such structures in
detail with high-resolution spectroscopy. The difference in the
magnitude of Javg between PCu−E−PCu and PCu−EE−PCu
at any given temperature further underscores the through-bond
nature of the coupling in these systems and the larger
electronic coupling provided by ethyne relative to butadiyne in
these systems.14,20,24,45

In one of our systems (PCu−E−PCu), Javg is of almost
exactly the same magnitude as the Cu nuclear hyperfine
interaction. A possible consequence of a situation where Javg ≈
ACu is that the singlet−triplet mixing will be maximized (fully
superimposed). This is the essence of an optimized qubit in
quantum computing (QC). We suggest that the ease of
synthesis of these systems provides a high degree of control for
read/write processes in QC and other quantum information
systems (QISs) that require molecular meta-architectures. It is
hoped that this will inspire the next-generation design of useful
structures for novel QISs.

■ CONCLUSIONS
PCu−E−PCu, PCu−E−PZn−E−PCu, and their related
structures20,24 can clearly be of great utility for the study of
spin and magnetic effects in molecules and other hierarchal
molecular materials; in such systems, conjugation motif, spacer
size, and temperature are all important factors, with the latter
two being the focus of this paper. The structures are
symmetric, relatively easy to synthesize, and their EPR spectra
can be recorded in a short time period with good signal-to-
noise ratios over a wide temperature range. We can also
successfully account for the expected order of magnitude
difference in Javg between the two complexes with different
spacers. Calculations support the experimental findings that Javg
falls off exponentially with distance, but perfect correlations are
difficult to find because several parameters affecting the EPR
spectral line shape are involved. The temperature dependence
of Javg can be successfully modeled with an understanding of

the conformational energy landscape of the complexes and
using the simple cos2 θ relationship that accounts for the
variation of the singlet−triplet energy gap with dihedral angle.

■ EXPERIMENTAL SECTION
Characterization data and details regarding the syntheses of the
Cu-porphyrin dimers used for this study have been reported
previously, as well as complete descriptions of the EPR spectral
data collection.20,24
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