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ABSTRACT

Strong spin-dependent delocalization (double exchange) was previously demonstrated for the complexes, NN-Bridge-SQ-CoIII(py)2Cat-
Bridge-NN (where NN = S = 1/2 nitronylnitroxide, Bridge = 1,4-phenylene and single bond, SQ = S = 1/2 orthobenzosemiquinone,
CoIII = low-spin d6 cobalt 3+, and Cat = diamagnetic catecholate). The mixed-valent S = 1/2 SQ-CoIII-Cat triad results in ferromagnetic
alignment of localized (pinned) NN spins which are ∼22 Å apart (Bridge = Ph). Herein, we report similar ferromagnetic coupling of local-
ized verdazyl (Vdz) radical spins. The origin of the magnetic exchange results from a second order vibronic effect (pseudo Jahn-Teller
effect) in [Vdz-diox-Ru(py)2-diox-Vdz]0, which possesses a diamagnetic [diox-Ru-diox]0 triad by virtue of strong antiferromagnetic SQ-RuIII

exchange.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128117., s

INTRODUCTION

Developing a deeper insight into long-range electron corre-
lation, specifically how electron spins can be exchange coupled
over long distances, is important for obtaining a greater spin
polarization in electronic ground states,1–3 carrier-mediated ferro-
magnetism, spintronics,4–9 and quantum information science.10,11

One mechanism by which remote electron spins can be corre-
lated over long distances is by coupling them to an itinerant or
a delocalized electron spin.3 In solid-state materials, this is com-
monly observed in dilute magnetic semiconductors,8,12,13 where
exchange interactions are manifested between the itinerant elec-
tron(s) and doped magnetic impurities. This is referred to as
double exchange3,14–17 and it is observed in mixed-valent dyads
of di- or multinuclear transition metal complexes.14,15,18–22 While
a multitude of systems that possess double-exchange have been

described, limitations on electronic coupling imposed by organic
ligands restrict the delocalization between metal centers to short
distances.3

The ability to ferromagnetically exchange couple organic
electron spins over long distances via a delocalized spin was
realized a decade ago in NN-SQ-CoIII(py)2Cat-NN and NN-
Ph-SQ-CoIII(py)2Cat-Ph-NN (NN = nitronylnitroxide radical,
SQ = semiquinone radical, Cat = catecholate, py = pyridine, and Ph
= 1,4-phenylene).3 In this system, the spin bearing units are purely
organic NN and SQ radicals, while the CoIII ion is in a low-spin
d6 electronic configuration and is therefore diamagnetic. Ferromag-
netic SQ-Bridge-NN exchange results from an SQ → NN superex-
change pathway.23–25 The high-spin S = 3/2 ground state for NN-
SQ-CoIII(py)2Cat-NN and NN-Ph-SQ-CoIII(py)2Cat-Ph-NN arises
from delocalization of the electron in the mixed-valent organic SQ-
Cat system.3 A spin-dependent delocalization or an organic double
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exchange mechanism effectively couples the remote NN spins allow-
ing for their ferromagnetic alignment over distances greater than
22 Å.3

We have sought new opportunities to facilitate this long-
range electron correlation via photoexcitation, triggering spin-
dependent electron delocalization in the electronic excited state.
This allows for the spin polarization of remote electron spins to
persist upon relaxation to the electronic ground state with charac-
teristic longitudinal (T1) and transverse (T2) relaxation rates that
are determined by the underpinning electronic structure of the
system and controlled by the molecular design. Such a system
is realized within the [diox-Ru-diox]0 core [i.e., SQ-RuIII(py)2Cat
↔ SQ-RuII(py)2SQ].26 This framework possesses an S = 1/2 mixed-
valent ligand dyad that is strongly coupled to the S = 1/2 spin of
the low-spin RuIII core such that the resultant description of the
delocalized ground state electronic structure is that of a closed-
shell singlet. These systems possess a low-energy Cat → SQ IVCT
(intervalence charge transfer) transition,26 the intensity of which is
characteristic of the delocalization within the mixed-valent SQ/Cat
dyad (HSQ-Cat).

RESULTS AND DISCUSSION

The X-ray structure of verdazyl (Vdz) radical-elaborated [Vdz-
diox-Ru(t-Bu-py)2diox-Vdz]0 (Vdz) (diox = dioxolene = cate-
chol/semiquinone) is displayed in Fig. 1 and compared to that of
the “parent” core molecule (i.e., t-Bu2) that lacks the verdazyl rad-
ical substituents on the dioxolene ligands. In these structures, the
ruthenium ion is six-coordinate and bound axially by two 4-tert-
butylpyridine ligands (i.e., t-Bu-py or py) with the two dioxolene
chelates coordinating to the metal ion in the equatorial plane. The
two verdazyl radicals in Vdz are separated by ∼13 Å, while a combi-
nation of locational disorder and electron delocalization within the
Ru(diox)2 core results in average (of SQ and Cat) values for the mea-
sured dioxolene bond lengths. The Ru–O bond lengths determined
here are consistent with those of the corresponding cobalt com-
plexes, NN-diox-CoIII(t-Bu-py)2diox-NN and NN-Ph-diox-CoIII(t-
Bu-py)2diox-Ph-NN, where the substituent appended to the diox-
olene ligand is a nitronylnitroxide radical or a phenyl-substituted
nitronylnitroxide radical, respectively.3 Isoelectronic verdazyl and
nitronylnitroxide radicals possess similar singly-occupied molecu-
lar orbital (SOMO) spin density distributions and nodal character
at the bridgehead carbon. Interestingly, the Ru(diox)2 cores of Vdz
and t-Bu2 are not planar (xy plane), but are distorted such that one

FIG. 1. Thermal ellipsoid plots of Vdz (left) and t-Bu2 (right). SQ/Cat disorder and
delocalization average the dioxolene bond lengths. The verdazyl radicals in Vdz
are ∼13 Å apart.

dioxolene ligand plane is tilted up along the +z axis of the molecule
with the other dioxolene plane bending down along the -z direc-
tion. This ligand fold distortion is measured as the angle (θ) between
the O–Ru–O and O–C–C–O planes of the respective five-membered
chelate rings. The magnitude of this out-of-plane distortion in the
parent t-Bu2 compound is θ = 10○, and θ is noticeably suppressed in
the x-ray structure of Vdz (θ = 2○).

Although Vdz does not display a room-temperature EPR spec-
trum, one can be observed at low-temperature (5 K), Fig. 2. The
spectrum consists of a sharp resonance at g ∼ 2 that is superim-
posed on a much broader g ∼ 2 resonance. A low-field resonance
is observed at g ∼ 4. The presence of a half-field g ∼ 4 transi-
tion is consistent with a zero-field split S = 1 triplet state,27 where
the axial zero-field splitting (ZFS) parameter, D, is the splitting
between the ms = ±1 and ms = 0 components of the triplet. This
Δms = 2 transition is forbidden between the ms = ±1 compo-
nents of the triplet, but is made allowed in the perpendicular direc-
tion due to off-diagonal Zeeman mixing between the ms = ±1 and
ms = 0 states. Thus, for the biradical Vdz complex, the half-field
transition indicates that the two verdazyl spins must be magneti-
cally exchange coupled in the electronic ground state. The data in
Fig. 2 have been simulated28 assuming that only the S = 1 state is
populated with a mean axial ZFS parameter, |D/hc|, which is equal to
0.1 cm−1.

The room-temperature electronic absorption and variable-
temperature (3.3–18.9 K) MCD spectra have been overlaid in Fig. 3
for comparative purposes. An energetically isolated and intense NIR
band is observed in the electronic absorption spectra of the Vdz and
parent t-Bu2 complexes. This band has previously been assigned26

in t-Bu2 as an intraligand charge transfer (ILCT) transition between
symmetric and antisymmetric combinations of delocalized diox-
olene pair orbitals. An analogous assignment has been made for
NN-diox-CoIII(py)2diox-NN and NN-Ph-diox-CoIII(py)2diox-Ph-
NN, and has been used to show the Class-III dioxolene ligand mixed

FIG. 2. 5 K X-band EPR spectrum of Vdz. The simulation is a weighted (normal
distribution) average of 100 individual simulations consisting of varied D-values
(g = gel = 2.0023, mean |D/hc| = 0.1 cm−1, FWHM = 0.1 cm−1). Vdz is EPR silent
at 300 K. The spectral simulation was performed using EasySpin.
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FIG. 3. Room temperature UV-Vis-NIR absorption (black) and low temperature
(3.3 K–18.9 K) magnetic circular dichroism spectra of Vdz. Neither the parent
t-Bu2 nor free Vdz ligands show any detectable MCD intensity.

valency.3 Thus, the pendant NN spins in NN-diox-CoIII(py)2diox-
NN and NN-Ph-diox-CoIII(py)2diox-Ph-NN are ferromagnetically
aligned with the spin of the mixed-valent SQ-Cat dyad in the
S = 3/2 ground states of these molecules.3 Temperature dependent
C-term MCD spectra are observed for Vdz that, when evaluated in
the context of the EPR data, clearly indicate that the S = 1 triplet
state is populated at 3.3 K. Additionally, the observation of C-term
MCD requires the presence of spin-orbit coupling (SOC),29,30 and
it is therefore typically not observed for organic radicals due to
the small SOC constants for their constituent C, O, and N centers.

Thus, the C-term MCD activity observed for Vdz provides strong
evidence that Ru character is admixed into the ground-state wave-
function. This conclusion is corroborated by the axial ZFS param-
eter (|D/hc| ∼ 0.1 cm−1) being two orders of magnitude greater
than the dipolar prediction for two Vdz radicals separated by ∼13 Å
(Dcalc ∼ 10−3 cm−1).31

A combination of ground state exchange coupling between
verdazyl radicals separated by ∼13 Å, a large axial ZFS parame-
ter, and the observation of C-term MCD activity suggest significant
open-shell Ru-character in the triplet ground state of Vdz. A key
question emerges as to how this is achieved since there is no
orbital overlap between the pendant verdazyl radical SOMOs and
the [Ru(py)2(diox)2]0 core in t-Bu2, which possesses a closed-shell
Ag ground state in the nondistorted D2h geometry (i.e., no ligand
folding). A partial molecular orbital diagram for this high-symmetry
undistorted D2h core that is consistent with the results of DFT com-
putations is shown in Figs. 4(a) and 4(b). Here, the ag highest-
occupied molecular orbital (HOMO) possesses a large degree of
Ru d(xy) orbital character in addition to some in-plane dioxolene
orbital character, and the b3g HOMO-1 orbital is predominantly
Ru d(yz) in nature with a small amount of out-of-plane dioxolene
orbital character. The b1u HOMO-2 orbital does not possess any
Ru d-orbital character and represents the symmetric combination
of the two dioxolene out-of-plane orbitals. The corresponding b2g
lowest-unoccupied molecular orbital (LUMO) comprises the anti-
symmetric combination of these two dioxolene orbitals, which pos-
sess an antibonding interaction with the Ru(xz) orbital. This molec-
ular orbital description reveals that there are no low-lying Ag excited
states with Ru character that can mix with the Ag ground state.
Thus, configuration interaction is not a viable mechanism by which
significant open shell Ru-character is mixed into the ground state
configuration.

FIG. 4. Pseudo-Jahn-Teller analysis of
the Ru(diox)2(py)2 core, prior to vibronic
distortions. (a): Frontier Kohn-Sham
orbitals. (b): Molecular orbital energies
and nature of the dominant one-electron
promotions in the computed TD-DFT
transitions that involve the three highest-
lying occupied orbitals and the b2g
LUMO. Molecular orbital energies are
for the nonvibronically distorted molecule
and are given relative to the midpoint of
the HOMO-LUMO gap. (c): Vibronically-
active b2g mode in the high symmetry
D2h geometry.
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However, a mechanism to admix excited state open-shell
[Ru(py)2(diox)2]0 core character into the ground state configura-
tion and increase the degree of Ru-dioxolene covalency may be
understood in the context of a pseudo Jahn-Teller (pJT) distor-
tion. A pJT-mediated distortion derives from vibronic coupling
that mixes the electronic ground state (Ψ0) with excited states (Ψi)
according to32,33

F0i = ⟨Ψ0|∂H/∂Q|Ψi⟩, (1)

where F0i represents matrix elements of the vibronic contribution
(Kv) to the force constant, K,

Kv = −2∑i
∣⟨Ψ0|∂H/∂Q|Ψi⟩∣2

Ei − E0
. (2)

The Kv term in Eq. (2) has been shown to represent the
only source of instability in polyatomic systems relative to a high-
symmetry geometry involving nondegenerate states.32,33 Thus, a
large value for F0i, a small energy gap between the ground and
excited states (Ei–E0), and a small primary (nonvibronic) force con-
stant (K0) can drive a system into a more stable lower symmetry
configuration with an increased covalency.32,33 The results of our
time-dependent DFT (TD-DFT) computations indicate the exis-
tence of a very low energy (2662 cm−1) Ru-dioxolene core-centered
HOMO(ag)→ LUMO(b2g) one-electron promotion (Ag → B2g tran-
sition) to create a B2g excited-state configuration [Fig. 4(b)]. The
computed molecular orbital and state energies of the system strongly
support a dominant single excited state (Ψi = B2g) contribution to a
pJT distortion in the Ag ground state along a b2g vibrational coordi-
nate, Q (e.g., ΓAg x ΓQ x ΓB2g = totally symmetric Ag for ΓQ = b2g).
This pJT distortion will allow for open-shell [Ru(py)2(diox)2]0 core
character to be admixed into the Ag ground state and enhance the
degree of Ru-character that is covalently mixed into the ground state
(note the Ru character in the b2g orbital). The pJT effect will man-
ifest itself in an effective symmetry reduction within the Ru(diox)2
core from D2h to C2h. Proof that the pJT effect is operative in Vdz
and t-Bu2 is given by the observation of ligand folding distortions
[Fig. 4(a)] in the crystal structures of both Vdz and t-Bu2.34 This
experimentally-observed low-symmetry distortion inVdz and t-Bu2
is consistent with a static, vibronically-induced pseudo pJT distor-
tion promoted by a b2g vibration.33,35–37 Indeed, the pJT effect is the
only possible origin of distortions from high symmetry geometries in
systems with nondegenerate ground states.32,33 Consistent with this
D2h → C2h distortion in Vdz, a single b2g vibration with a negative
force constant is computed at 88 cm−1 for the high-symmetry D2h
structure [Fig. 4(c)].

We have previously studied the related NN-diox-CoII(py)2diox-
NN and NN-Ph-diox-CoII(py)2diox-Ph-NN complexes, which pos-
sess one more electron than Vdz. This results in a ground-state
electronic configuration where the LUMO of Figs. 4(a) and 4(b) is
occupied by a single unpaired electron. The presence of an electron
spin in the LUMO of the CoIII complexes is important, since this has
been shown to be the origin of the spin-dependent delocalization
behavior that leads to ferromagnetic alignment of the two pendant
NN spins in the S = 3/2 ground states of NN-diox-CoII(py)2diox-NN
and NN-Ph-diox-CoII(py)2diox-Ph-NN.3 In marked contrast, the
occurrence of spin-dependent delocalization in the high-symmetry

D2h ground state of Vdz is not possible since the b2g orbital is unoc-
cupied. However, a ground-state exchange interaction that couples
the two pendant Vdz radical spins can be mediated by the b2g orbital
through mixing of the B2g ag1b2g

1 excited configuration with the
ground-state via the pJT effect. Thus, the admixture of the excited
state open-shell SQ-CAT mixed valent character into the electronic
ground state promotes long-range electron correlation in Vdz that
manifests itself in a ligand fold distortion, the observation of mag-
netic exchange coupling between distant radical spins, and a large
zero-field splitting of the triplet component of the ground state.

CONCLUSION

It is quite remarkable to observe correlated Vdz spins in
Vdz.26 However, Vdz possesses a dominant mixed-valent Cat/SQ
core character in its lowest-energy excited state, which is similar
to that found in the ground states of NN-diox-CoIII(py)2diox-NN
and NN-Ph-diox-CoIII(py)2diox-Ph-NN.3,26 Thus, long-range ferro-
magnetic exchange between the localized organic radicals in Vdz
results from an excited state double-exchange mechanism,3 which
is effectively turned on by mixing an excited state configuration
with mixed-valent Ru(diox)2 character into the ground state via
the pJT effect. This pJT distortion is revealed in the nature of the
D2h → C2h ligand fold distortion observed in the X-ray structure of
Vdz and tBu2. A vibronic pJT mechanism has been shown to result
in a long-range electron correlation between verdazyl spins that are
separated by ∼13 Å via a diamagnetic [Ru(diox)2]0 core in the Vdz
ground state.3 These initial results highlight how a novel excited state
mediated exchange mechanism can be employed to spin polarize
ground state radical pairs that are separated by very long distances
and isolated from each other by a diamagnetic, electroactive bridge
fragment.

SUPPLEMENTARY MATERIAL

See the supplementary material for synthesis and characteriza-
tion of Vdz.
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