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rsed quartet mechanisms for
photogenerated ground state electron spin
polarization†

Martin L. Kirk, *abc David A. Shultz, *d Patrick Hewitt,‡d Anil Reddy Marrid

and Art van der Est*e

Photoinduced electron spin polarization (ESP) of a spin-12 organic radical (nitronyl nitroxide, NN) in a series

of Pt(II) complexes comprised of 4,4′-di-tert-butyl-2,2′-bipyridine (bpy) and 3-tert-butylcatecholate (CAT)

ligands, where the CAT ligand is substituted with (CH3)n-meta-phenyl-NN (bridge-NN) groups, is

presented and discussed. We show the importance of attenuating the energy gap between localized NN

radical and chromophoric excited states to control both the magnitude and sign of the optically-

generated ESP, and to provide deeper insight into the details of the ESP mechanism. Understanding

electronic structure contributions to optically generated ESP will enhance our ability to control the

nature of prepared states for a variety of quantum information science applications, where strong ESP

facilitates enhanced sensitivity and readout capabilities at low applied magnetic fields and higher

temperatures.
Introduction

A critical advantage of using molecular spin systems for
quantum information science (QIS) applications1–3 stems from
the inherent ability to control the molecular electronic structure
by synthetic design, with a particular emphasis on the optical
and magnetic properties of these systems and how they can be
further manipulated by external elds to perform various gate
operations. Photoexcitation of closed-shell S = 0 donor–
acceptor molecules creates a transient electron–hole pair. Here,
the hole is created by removal of an electron from the HOMO
level of the Donor, with the promoted electron being transferred
to a LUMO orbital that is spatially localized on the acceptor.
When these D–A molecules are covalently coupled to one or
more persistent radicals, multiple pairwise excited state
Biology, The University of New Mexico,

lbuquerque, NM 87131-0001, USA

rials, The University of New Mexico,

l (CQuIC), The University of New Mexico,

State University, Raleigh, North Carolina

St. Catharines, Ontario, Canada L2S 3A1.

avanderest@brocku.ca

(ESI) available: Frozen solution EPR
istic of aggregation and are stable to
ig. S2 and S3 for details. See DOI:

45432, USA.

the Royal Society of Chemistry
exchange interactions dene the nature of the coupled spin
system in the excited state. These exchange-coupled excited
states can be exploited for the optical generation of well-dened
initialized ground spin-states, which can display long-lived
electron spin polarization (ESP: non-Boltzmann population of
ms levels in ground- (GS) and excited states (ES))4–22 that allows
for further spin manipulation and utilization as a quantum
processor or information storage system.5

Photogenerated multispin qubits have been shown to be
important for the fast generation of ground state ESP. The fast
relaxation from the ESP generating ES manifold ensures that
the observed EPR response arises solely from the GS, without
contributions from the spin polarized excited state(s). Thus, the
lifetime of the GS ESP is dependent on the intrinsic T1/T2 of the
spin carrying moiety, with long relaxation times enhancing the
ability to use microwave pulses for further manipulation of the
spin system and to perform gate operations that are critical to
QIS applications. Strong spin polarization (e.g., ∼90%) can also
be achieved in the absence of a photoprocess, but this requires
ultra-low temperatures (0.2 K for g$b$H = 0.3 cm−1) and/or very
high magnetic elds (7.5 K at 10 T). As a result, understanding
the factors that lead to strong optically generated ground state
ESP will allow for enhanced sensitivity and readout at lower
applied magnetic elds and at higher temperatures.3,23
Experimental
Synthesis

See the ESI† for synthesis and spectroscopy details.
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Electronic absorption spectroscopy

Electronic absorption spectra of the complexes were collected
using a UV-3600 Shimadzu UV-Vis-NIR spectrometer as methy-
lene chloride solutions.

Steady state- and transient EPR spectroscopies

Fluid solution EPR spectra for characterization purposes were
recorded on a Bruker ELEXSYS E500 cw X-band spectrometer at
NC State University. Samples for steady state and transient EPR
(TREPR) measurements at Brock University were prepared by
dissolving the solid Pt complexes in 2-methyl-THF (2-MTHF) to
a concentration of ∼0.5 mM. The samples were placed in 4 mm
O.D. quartz EPR tubes and degassed by repeated freeze–pump–
thaw cycles. The frozen, degassed samples were then transferred
without thawing from liquid nitrogen to the spectrometer cryo-
stat, which was stabilized at 20 K. The steady state cw-EPR spectra
were collected using eld modulation detection with a modula-
tion amplitude of 0.1 mT and a microwave power of 6.3 mW.
TREPR time/eld datasets were collected with direct detection at
the same microwave power that was used for the steady state
experiments. The TREPR samples were irradiated at 532 nm
using 10 ns laser ashes from a frequency doubled NdYAG laser
with a ash energy of∼4mJ. Themodied Bruker EPR 200D-SRC
X-band spectrometer used for the EPR experiments has been
described in detail elsewhere.24

Results and discussion
Mechanisms for ESP generation

Our approach to creating, controlling, and understanding the
electronic origins of GS- and ES ESP, in addition to controlling the
relevant photoprocesses that make this possible, utilizes bespoke
ligand-to-ligand charge transfer (LL′CT) chromophores11,25–29 that
have been appended with one ormore stable organic radicals.6–11,25
Fig. 1 (A) Photoinduced ligand-to-ligand charge transfer (LL′CT, top). A v
oxidizing the CAT to the S = 1

2 CATc
+ (i.e., a SQ) and simultaneously reduc

complexes detailed in this study are provided (inset, bottom). (B) Zn(II) sem
state analogs of the excited state CATc+–NNc pairwise exchange inter
approximates excited state CATc+–NN exchange in the PtII complexes sh
chromophore acceptor ligand (two DMSO ligands replace bpy), but reta

9690 | Chem. Sci., 2023, 14, 9689–9695
These radical-elaborated (diimine)Pt(CAT-bridge-NN) (NN =

nitronyl nitroxide; CAT = catecholate) complexes possess short-
lived25–27 CAT / diimine LL′CT excited states that are comprised
of three S= 1

2 spin centers, which are spatially localized on the CAT
donor, the diimine acceptor, and the persistent NN radical,11

respectively (Fig. 1A).
Pairwise excited state exchange interactions exist between the

CATc+ (CATc+ = orthosemiquinone radical, SQ) and the diimine
anion radical (i.e., Jbpyc−–CATc+ when diimine = 4,4′-di-tert-butyl-
2,2′-bipyridine, bpy) and between the CATc+ moiety and the
localized persistent NN radical (i.e., JCATc+–NN; Fig. 1A and B). This
results in a more complex and higher density manifold of excited
states when compared to the open-shell singlet- and triplet states
formed by photoexcitation of molecules that possess closed-shell
singlet ground state congurations.28,30–32 For radical-elaborated
(diimine)Pt(CAT-bridge-NN) complexes there are three low-lying
excited states that differ by specic spin congurations: 2S1 (the
spin singlet LL′CT chromophoric conguration S1 and NN
doublet with Stot = 1

2),
2T1 (the spin triplet LL′CT chromophoric

conguration T1 coupled to the NN doublet to give Stot = 1
2), and

4T1 (the spin triplet LL′CT chromophoric conguration coupled to
the NNdoublet to give Stot= 3/2; Fig. 2). As such, all three of these
excited state potential energy surfaces (PESs) are expected to be
highly nested but displaced from the GS PES. The judicious
choice of the bridge fragment affects both the sign and magni-
tude of JCATc+–NN in these ES congurations, but has a negligible
effect on Jbpyc−–CATc+.25,27 Consequently, Jbpyc−–CATc+ ensures that the
chromophoric triplets in the 2T1 and 4T1 states are markedly
lower in energy than the chromophoric singlet in the 2S1 state
(i.e., E(2T1,

4T1) < E(2S1)).11

The relative energy ordering of 2T1 and 4T1 states can be
conveniently altered by the nature of the bridge connectivity (m-
Ph vs. p-Ph coupling).7–11 For p-Ph linkages, we observe ferro-
magnetic JCATc+–NN, which leads to E(4T1) < E(2T1),7,8 while for m-
alence bond description of the photoprocess shows the CAT/ bpy CT
ing the bpy to an S = 1

2 radical anion. Color-coded bridge units for the
iquinone- (SQ) nitronyl nitroxide (NN) complexes that serve as ground
action, JCATc+–NN. SQ–NN magnetic exchange in the ZnII complexes
own in (A). (C) Non ESP generating Pt(II) complexes that lack the LL′CT
in the CAT-B-NN ligand.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Jablonski diagram relevant to the mRQM (orange, left
pathway) and the RQM (green, right pathway) that results in enhanced
absorptive- or emissive TREPR spectra, respectively. (B) Relative
orientations of electron spins in the LL′CT manifold. Colored arrows
depict relative orientations of bpyc−, CATc+ and NN spins.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

2/
20

25
 1

:5
7:

45
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Ph linkages the JCATc+–NN exchange coupling is antiferromag-
netic and E(4T1) > E(2T1).9,10 Thus, our understanding of
molecular design features in these systems, an a priori knowl-
edge of Jbpyc−–CATc+ from spectroscopy,11 and our understanding
of ES JCATc+–NN exchange interactions based on ground state
analog studies (Fig. 1B)33–39 leads to an accurate estimation of
the relative energies of the 2S1,

2T1, and
4T1 LL

′CT excited states
in these systems.

In addition, the NN radical possesses both 2NN and 4NN
excited states that are nearly isoenergetic with the LL′CT excited
states, leading to additional control over the generation of ES
ESP by the reversed quartet (RQM)40–42 and modied RQM
(mRQM)10 mechanisms (vide infra). We can conveniently obtain
the energy of the 2NN state from electronic absorption spec-
troscopy of the DMSO complexes shown in Fig. 1C, while the
4NN state energy has been suggested experimentally43 and
evaluated computationally.10,36 The S = 1

2 ground state congu-
ration, “localized” NN excited states (involved in the transitions
shown in Fig. 3B; vide infra), 4NN, and LL'CT congurations and
states are illustrated in Fig. S1.†

Optical excitation into the LL′CT band creates the initial 2S1
doublet excited state that rapidly undergoes exchange-mediated
enhanced intersystem crossing to the 2T1 state (Fig. 2A).25
Fig. 3 (A) Electronic absorption spectra of (bpy)Pt(CAT-B-NN) comple
absorption spectra of (DMSO)2Pt(CAT-B-NN) complexes (shown in Fig.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Molecular diffusion is precluded in low temperature optical
glasses, and this eliminates molecule–molecule collision-based
mechanisms for the generation of any ES ESP that could be
transferred to the GS.44 However, both the RQM and mRQM
require equilibration between different states to generate ES ESP
that can subsequently be transferred to the electronic GS. Both of
these mechanisms invoke equilibration amongst the ms levels of
2T1 and

4T1 (RQM) and the 2T1 and
2/4NN (mRQM) states by direct

spin orbit coupling (SOC via zero-eld splitting),40,41,45 spin-
vibronic coupling,46 vibronic spin–orbit coupling,46 or
vibronically-assisted intramolecular energy transfer when the
energy gaps between these states are on the order of kBT. We note
that both the RQM and mRQM can also be operative simulta-
neously. For strong chromophore-radical exchange, spin-vibronic
mechanisms are expected to dominate,46 but the 2T1–

4T1,
2/4NN

gaps can be attenuated by bond rotations that are facilitated by
matrix effects in the optical glass to generate ESP. Fast relaxa-
tion25 of the spin-polarized 2T1 state by charge recombination
results in spin-polarization transfer to the 2S0 ground state to
afford GS ESP,19,21,42 which is conveniently detected by transient
EPR (TREPR) spectroscopy.44

A hallmark of the RQM is the correlation of the absorptive- or
emissive TREPR signal with the sign of the chromophore-
radical exchange coupling parameter (JCR).40,41 However, our
recent work has shown that when radical-elaborated (diimine)
Pt(CAT-bridge-NN) excited states are similarly close in energy to
2T1, this results in ES equilibria and associated transitions
between these states and the sign of the photoinduced TREPR
does not necessarily correlate with the sign of JCR (JCR z JCATc+–
NN when Jbpyc−–CATc+ [ JCATc+–NN). This realization resulted in
our development of the modied reversed quartet mechanism
(mRQM).7,8,10 Indeed, our choice of LL′CT chromophore and
stable radical is based on these nearly isoenergetic LL′CT- and
radical-centered ESs, leading to an expanded set of structural
parameters that contribute to key design principles for
controlling both the sign and magnitude of the photoinitiated
ESP and its subsequent transfer to the GS, expanding the utility
of fast photoinduced ESP for future QIS sensing applications
and developing a greater understanding of coupled molecular
qubit interactions.
xes (shown in Fig. 1A) as solutions in CH2Cl2 at 298 K. (B) Electronic
1C) as solutions in CH2Cl2 at 298 K.

Chem. Sci., 2023, 14, 9689–9695 | 9691
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Herein, we show how the RQM and mRQM become
competitive mechanisms for the generation of either absorp-
tive or emissive ES ESP. This occurs when the antiferromag-
netic JCATc+–NN exchange interaction is modied by specic
steric interactions between the stable NN radical and the
bridging unit that couples the NN radical to the LL′CT
chromophore.
Electronic absorption spectroscopy

Fig. 3A shows the electronic absorption spectra of the (bpy)
Pt(CAT-B-NN) complexes used in this study. The bpy / CAT
LL′CT band for each complex is present as an isolated band
near 17 000 cm−1. Higher energy transitions near 28 000 cm−1

are associated with the Ar–NN chromophore, and methyl
substituent-dependent changes in transition energies and
intensities are reminiscent of the para-Ph-Men-bridged
complexes that we have studied previously.7,8 In addition, we
have probed the effects of methyl groups on the bridge frag-
ment in LZn(SQ-B-NN) complexes. These complexes are
important since they serve as GS analogs of the excited state
exchange interactions in (bpy)Pt(CAT-B-NN), and therefore
allow for the ES JCATc+–NN exchange interaction to be estimated
with precision.33,34

These prior studies on LZn(SQ-B-NN) complexes detailed
how ring rotations lead to differential conjugation between the
bridge, SQ, and NN groups, which result in inhibition of reso-
nance33,34 and notable differences in both the SQ / NN intra-
ligand charge transfer band intensity and energy. Similarly,
methyl groups that disrupt bridge-NN conjugation in the
complexes studied here (e.g., 2-Me-m-Ph, 4-Me-m-Ph, and 2,4,6-
Me3-m-Ph) result in hypso- and hyperchromic shis of the Ar–
NN transition (Fig. 3B). In marked contrast, the LL′CT transi-
tions for these complexes display only minor changes in
bandshape/intensity as a function of the bridge substitution
patterns, reecting their dominant CAT/ bpy LL′CT character.
The most notable change in the LL′CT transition within this
series of molecules is the hyperchromic shi of the LL′CT band
in 2,4,6-Me3-m-Ph. This is expected to derive from an increase in
the CAT / bpy dipole due to the attenuated CAT / bridge
delocalization that results from the anking methyl groups.

Fig. 3B shows the low-energy electronic absorption bands of
the (DMSO)2Pt(CAT-B-NN) complexes, which lack the bpy
acceptor ligand but retain the CAT-B-NN moiety. The electronic
absorption spectra of these complexes are important for
understanding the role of localized 2NN states (via vibronic
coupling/intramolecular energy transfer) or 4NN (via spin-
vibronic coupling/vibronic spin–orbit coupling)40,41,45,46 in the
generation of ESP. The electronic absorption spectra of the
(DMSO)2Pt(CAT-B-NN) complexes reveal that the weaker, local-
ized congurationally mixed transitions that derive from
NN(SOMO) / NN(LUMO) and NN(HOMO) / NN(SOMO) one-
electron promotions, occur in the same energy region as the
more intense LL′CT band.10,43,47 We note that the 2NN excited
state formed by this localized NN-based transition is also
present in the (bpy)Pt(CAT-B-NN) complexes, but is obscured by
the LL′CT transition that possesses a markedly larger oscillator
9692 | Chem. Sci., 2023, 14, 9689–9695
strength. Furthermore, spectroscopic-43 and computational
studies10 suggest there are two NN excited states in this region,
and our computations indicate that this second state may be
a localized 4NN quartet state (see Fig. 2A).10

The methyl substituent-induced changes in the 28 000 cm−1

transition discussed above are mirrored by changes in the
localized NN-based transitions near 17 000 cm−1, as shown in
Fig. 3B. Specically, methyl groups that disrupt NN-bridge
conjugation result in ∼1000 to 2000 cm−1 hypsochromic
shis of this band. Thus, the presence of bridge methyl groups
changes the energy gaps between 2/4NN-based excited states and
the those of the LL′CT manifold, providing a mechanism for
changing the sign and magnitude of the GS ESP by tuning the
degree of LL′CT–2,4NN mixing and equilibria.

Ground state cw- and transient electron paramagnetic
resonance spectroscopy

Fig. 4A displays the 20 K X-band eld-modulation detected cw-EPR
spectra of the ve meta-phenylene-bridged (bpy)Pt(CAT-B-NN)
complexes used in this study. These spectra derive from the S =
1
2 NN radical spin in the electronic ground state, where the system
is at thermal equilibrium. The lineshapes of the spectra are char-
acterized by anisotropic g- and 14N hyperne tensors that are
typical of NN radicals.48–50 The corresponding spin-polarized
TREPR spectra measured with direct detection are presented in
Fig. 4B. The TREPR spectra reveal only the transient spin polarized
signals and are effectively light-minus-dark difference spectra. No
TREPR signals were observed that could be assigned as originating
from the high-spin 2,4T1 ESs or the localized 2,4NN radical states.
Rather, the observed lineshapes are virtually identical to the
thermal equilibrium cw-spectra shown in Fig. 4A (see Fig. 4C for
the derivative TREPR signal of 2,4,6-Me3-m-Ph), and the signal-to-
noise ratios of the TREPR spectra suggest that strong ground state
ESP is generated in these systems. Notably, the lifetime of the
(DMSO)2Pt(CAT-B-NN) complexes is ∼70 ± 5 ps (see ref. 25) and
these molecules, which lack the bpy diamine acceptor moiety, do
not display spin polarized TREPR spectra when they are irradiated
at 532 nm in resonance with the localized 2NN band (see Fig. S2†).
The ground state cw-spectra collected at thermal equilibrium are
virtually identical to one another and have been normalized to the
same maximum intensity. However, using this same normaliza-
tion procedure, the relative intensities – and in one case (6-Me-m-
Ph)9 the sign – of the TREPR spectra are markedly different. This
strongly indicates that both the sign and magnitude of the GS ESP
can be controlled by the magnitude of the excited state antiferro-
magnetic JCATc+–NN exchange interaction, in concert with the energy
gaps between 2/4NN-based excited states and the those of the 2T1
LL′CT state. This observation is in marked contrast to the tenets of
the RQM,40,41 where the sign of JCATc+–NN is expected to determine
the sign of the GS ESP.

Molecular- and electronic structure contributions to electron
spin polarization

Meta connectivity of CAT and NNmoieties through a phenylene-
ring bridge ensures antiferromagnetic exchange coupling
(JCATc+–NN < 0) of CATc+ and NN spins in the LL′CT excited state.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Low-temperature X-band EPR spectra at thermal (Boltzmann) equilibrium and spin-polarized EPR spectra of (bpy)Pt(CAT-bridge-NN)
complexes at 20 K in 2-MTHF: , , , , . (A) Field modulation detected
cw-EPR spectra of the ground states in thermal equilibrium without light excitation. (B) Light-induced, spin-polarized TREPR spectra, measured
with direct detection and extracted from the time/field datasets at 0.6 ms after the laser flash. Light excitation at 532 nm, concentrations∼0.5mM.
C: First-derivative of TREPR spectrum of 2,4,6-Me3-m-Ph illustrating that TREPR signals in B are from ground states.

Table 1 Molecular conformation and sign of experimental ESP

CAT-B-NN CAT torsion?a NN torsion?a ESPb

No No Abs

Yes Yes Abs

No Yes Abs

Yes No Em

Yes Yes Abs

a Bond torsions induced by methyl groups on Ph bridges. b Abs =
absorptive TREPR signal and Em = emissive TREPR signal.

Fig. 5 Qualitative illustration of the effects of specific positions of
methyl groups on them-Ph bridge unit for attenuation of JCATc+–NN (6-
Me-m-Ph; based on exchange coupling),9 or an attenuation of JCATc+–
NN with an increase in the energy of the NN excited states (4-Me-, 2-
Me-, and 2,4,6-Me3-mPh) based on electronic absorption spectra,
Fig. 3B. Energy gaps are illustrative only, and double headed arrows
indicate the major ESP contribution.
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Although the number and position of methyl groups on the
bridge modulates the magnitude of the antiferromagnetic
CATc+–NN exchange, these steric constraints can't change
the sign of JCATc+–NN.9 Thus, the 2T1 state is expected to lie
∼1.5JCATc+–NN below the 4T2 state for every complex in this series
when Jbpyc−–SQ [ JCATc+–NN.9,11 However, disruption of conjuga-
tion between the phenyl bridge and NN results in the energy of
the 2/4NN excited states being shied to higher energy by ∼1000
to 2000 cm−1 as is clearly observed in Fig. 3B. Note that the
spectra in Fig. 3 were collected in the solution phase at room
temperature, while the TREPR experiments are recorded at 20 K
in 2-MTHF. Nevertheless, we have observed a strong correlation
of solution phase conformations with those in molecular crys-
tals.9,33,34 Steric interactions caused by methyl groups attached
to a phenylene bridge in LZn-SQ-B-NN complexes (Fig. 1B)
modulate uid solution electronic absorption spectra consis-
tent with the SQ-B and B-NN bond torsions that have been
determined by X-ray crystallography.9,33,34 As a result of the
bridge dependence on the 2/4NN energies and the magnitude of
JCATc+–NN, either or both of the 2,4NN and 4T1 excited states may
mix with the 2T1 excited state to generate ESP in the 2T1 state.
The ESP generated in the 2T1 state is then subsequently trans-
ferred to the 2S0 ground state upon fast spin-allowed radia-
tionless decay (kNR, Fig. 2A).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Table 1 lists the primary steric interactions of the methyl
group(s) – if present – for each complex as well as the sign of the
observed TREPR signal. Four of the ve complexes exhibit
absorptive GS ESP consistent with the ESP arising from equili-
bration of the 2T1 state with lower-lying 2/4NN localized radical
states as described previously.10 Notably, only 6-Me-m-Ph
exhibits emissive ESP,9 and this is the only complex in which the
methyl group is expected to cause a bond torsion of the CAT–Ph
moiety, but with no torsion about the Ph–NN bond (as is the
case for the LZn-SQ-6-Me-m-Ph-NN complex9). The observed
emissive ESP for 6-Me-m-Ph is consistent with a small 2T1–

4T1

gap by virtue of the weak JCATc+–NN exchange interaction,9 and
a relatively larger 2T1–

2,4NN gap due to unhindered conjugation
of phenylene- and NN p-systems. As a result, the dominant ESP-
generating interaction is between the 4T1 and the 2T2 states,
leading to the observed emissive ESP in the electronic GS.
Chem. Sci., 2023, 14, 9689–9695 | 9693
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The complexes that possess methyl groups which disrupt
phenylene–NN p-conjugation (2-Me-m-Ph, 4-Me-m-Ph, and
2,4,6-Me3-m-Ph), have higher-lying localized 2/4NN excited states
compared to m-Ph and 6-Me-m-Ph, and this is observed in
Fig. 3B. For 2-Me-m-Ph, 4-Me-m-Ph, and 2,4,6-Me3-m-Ph the
observed TREPR signals are consistent with ESP originating
from 2T1-

2/4NN equilibration via the mRQM. Thus, the TREPR
and electronic absorption spectra for the (bpy)Pt(CAT-B-NN)
complexes presented here are consistent with the mechanistic
trend for ESP generation that is illustrated in Fig. 5. While
equilibration of 2T1 with both 4T1 and

2/4NN is possible, only the
dominant pathways leading to the observed TREPR signals are
shown in Fig. 5.

Conclusions

A series of (bpy)Pt(CAT-B-NN) complexes that possess a CAT /

bpy LL′CT excited state, with three unpaired spins and variable
ES antiferromagnetic CATc+–NN magnetic exchange coupling,
has been studied with respect to ESP generation by the RQM
and mRQM. Despite the antiferromagnetic JCATc+–NN exchange
coupling present in every complex in this series, the photo-
generated ground state ESP in these complexes varies from
strong and emissive to strong and absorptive. Steric interac-
tions that modulate JCATc+–NN and the energies of the NN-
localized 2/4NN radical ESs result in competitive interactions
between the 2T1 state and the 4T1 and 2,4NN states, and this
ultimately determines the mechanism (RQM or mRQM) for
generating the observed GS ESP. Our TREPR and electronic
absorption spectral results suggest that for four of the ve
complexes, the variable-intensity absorptive ESP is derived from
interactions between the chromophoric 2T1 and 4T1 states
(RQM), while for 6-Me-m-Ph the emissive ESP is derived from
interactions with the 2/4NN localized ESs (mRQM).

The results presented here are notably different than those
for isostructural (bpy)Pt(CAT-B-NN) complexes that possess
methyl-substituted phenyl bridges with para-connectivity of
CAT and NN groups.7,8 For those complexes, the para-
substituted phenyl bridge enforces ferromagnetic CATc+–NN
exchange coupling, which ensures that the energy of the 4T1

state always lies below the energy of the 2T1 state. Thus, we only
observe absorptive TREPR signals with intensities that vary with
the methyl substitution pattern on the phenyl bridges.7,8

In addition, the observation of only GS ESP in all of the (bpy)
Pt(CAT-B-NN) complexes that we have studied thus far is
markedly different from the majority of reports in which GS and
ES ESP are observed in ground- and excited doublets and the
excited state quartet.19,21,42 Another novel aspect of this study is
that themeta-substituted phenyl bridges enable both absorptive
and emissive ESP signals in the TREPR spectra of the GS only.
This is due to ES relaxation to the electronic ground state being
markedly faster than the time scale of the TREPR experiment.
The inclusion of non-chromophore localized- and dark states in
the excited state manifold, which are nearly degenerate with the
2S1,

2T1, and 4T1 states, creates new opportunities for the
generation and control of both ground and excited state ESP
that extends beyond the RQM. Here, we have shown the
9694 | Chem. Sci., 2023, 14, 9689–9695
importance of attenuating the energy gap between localized NN
excited states and the 2T1 state to control both the magnitude
and sign of the optically generated ESP, and to provide deeper
insight into the details of the mRQM. Understanding electronic
structure contributions to optically generated ESP will
contribute to enhancing our ability to control the nature of
prepared states for a variety of QIS applications, with strong ESP
leading to enhanced sensitivity and readout capabilities at low
elds and higher temperatures.3,23
Data availability

ESI contains synthetic- and characterization details of all new
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