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ABSTRACT: Near-infrared (NIR)-emitting molecules are promis-
ing candidates for biological sensing and imaging applications;
however, many NIR dyes are large conjugated systems which
frequently have issues with stability, solubility, and tunability. Here,
we report a novel class of compact and tunable fluorescent
diradicaloid complexes which are air-, water-, light-, and temper-
ature-stable. These properties arise from a compressed 7 manifold
which promotes an intense ligand-centered 77—z transition in the
NIR II (1000—1700 nm) region and which subsequently emits at
~1200 nm. This emission is among the brightest known for
monomolecular lumiphores with deep NIR II (>1100 nm)
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emission, nearly an order of magnitude brighter than the commercially available NIR II dye IR 26. Furthermore, this fluorescence
is electrochemically sensitive, with efficient switching upon addition of redox agents. The brightness, stability, and modularity of this

system distinguish it as a promising candidate for the development

B INTRODUCTION

Molecular near-infrared (NIR) dyes and lumiphores have
gained recent attention due to their promising applications in
biological imaging'™® and the development of lasers,’
detectors,” and organic light-emitting diodes.” The NIR region
(700—1700 nm) falls in the tissue transparent window, so NIR
emitters are often implemented for in vivo, in vitro, and
intraoperative imaging applications.'~*'~'* For these appli-
cations, the main challenges facing current NIR dye develop-
ment are autofluorescence, scattering, and water overtones."”'>
Both autofluorescence and scattering are dramatically reduced
in the NIR II region, but water absorptions at ~1400 nm pose
a significant obstacle for many NIR dyes which frequently have
low photoluminescence quantum yields (PLQYs).""?

The physical underpinnings of emission in the NIR region
make low PLQYs a considerable challenge facing current
molecular dye candidates.”'*”">'*~'® The PLQYs of organic
dyes are empirically found to decrease exponentially with the
transition energy, a phenomenon known as the energy gap
law."”"® For molecular organic NIR dyes, it has been proposed
that the associated nonradiative rates are limited by C—H
stretching vibrations;"'”"'® however, large conjugated systems
are frequently required to enable low-energy absorption and
emission, and eliminating higher-energy vibrational modes
(i.e, C—H’s) poses significant synthetic difficulties.

These limitations on the PLQY make the development of
efficient NIR dyes challenging. Only two NIR dyes,
indocyanine green and methylene blue, have been approved
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of new technologies built around NIR emission.

by the U.S. FDA, and both emit around 700—800 nm where
autofluorescence and scattering can be problematic."”"*~*" In
addition to these thiazine and cyanine dyes, donor—acceptor—
donor (D—A-D) and polymethine dyes have also been
explored to further red-shift the emission into the NIR II
region.zz_24 While they are often synthetically challenging,
such donor—acceptor and D—A—D systems have recently been
successfully employed to synthesize the first organic NIR dyes
with emission maxima >1200 nm;>>*° however, these dyes
exhibit extremely low PLQYs (<0.05%). Furthermore, efforts
to increase the water solubility of large D—A—D systems often
result in dramatically decreased PLQYs in aqueous solution.
For example, the first water-soluble D—A—D dye, CH1055-
PEG, exhibited ~20-fold PLQY decrease in water compared to
that of the parent compound (CH1055) in toluene.'*

In addition to D—A—D systems, polymethine dyes are also
promising candidates for bright NIR II emission. IR 26 is the
brightest commercially available organic dye with an emission
maximum >1100 nm.”” While this dye emits around 1130 nm
in 1,2-dichloroethane, it still exhibits a limited PLQY (0.05%)
due to its low emission energy.”’
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Aside from poor PLQY values, the scaffold size and
complexity required to red-shift the emission into the NIR
region poses significant synthetic and solubility chal-
lenges.'"™"* The requirement for large conjugated molecular
systems makes rational design of stimuli-responsive chromo-
phores, for instance, those that turn on or off in specific
chemical or electrochemical environments, extremely challeng-
ing.""~"* Recent progress has been made in the development
of compact NIR transition-metal-based emitters; however,
these complexes still suffer from low PLQYs at room
temperature and in solution.”**° It would be advantageous
to generate a compact and hence modular organic NIR II-
emitting moiety with a high PLQY that could be tuned for
some of these responsive applications.

Our laboratory has recently been interested in tetrathia-
fulvalene-2,3,6,7-tetrathiolate (TTFtt)-bridged bimetallic com-
plexes. 31,32 TTF-based compounds have been studied in
semiconducting and conductive materlals due to their rich
redox and z-stacking properties.”” >’ We have recently
discovered facile synthetic methods to install TTFtt between
metal centers in unusual redox states which display diradical
character.”"*” In these studies, we noted that doubly oxidized
TTF cores have distinct NIR absorbances which arise from
comparatively weak C—S z-bonding resulting in a compressed
7 manifold; however, no photophysical properties beyond
absorption spectra have been investigated.”””> We wanted to
examine whether the synthesis of heavy metal analogues of
these complexes could enable NIR emission from this 7z
system.

To test this hypothesis, we have synthesized three novel
TTFtt complexes of Pd and Pt. All these complexes display
some degree of diradical character. Photophysical measure-
ments reveal extremely bright emission that arises from the
unusual geometric and electronic structures of the TTFtt core.
This emission is extremely photostable, persists in ambient
conditions and aqueous mixtures, and is redox-switchable for
several cycles. The stability, tunability, and modularity of these
complexes suggest they are promising new candidates for the
development of tunable, responsive, and bright NIR dyes.

B RESULTS AND DISCUSSION

Synthesis of Novel TTFtt Dications. We accessed the
complexes [{(dppe)Pd},TTFtt][BAr,"], (1), [{(dppe)-
Pt}, TTFtt][BAr, ], (2), and [{((4-CF;Ph),P),Pt},TTFtt]-
[BAr,"], (3) via modifications of previously reported
procedures (Scheme 1).>* Transmetalation between phos-
phine-supported dihalide precursors and the TTFtt synthon
(SnBu,),TTFtt followed by in situ oxidation using two
equivalents of [Fc®°][BAr,"] [where Fc®© = benzoylferroce-
nium, dppe = 1,2-bis(diphenylphosphino)ethane, and BAr," =
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, Scheme 1] pro-
vides facile access to 1, 2, and 3. All three dicationic complexes
were obtained as crystalline solids in high yields, and single-
crystal X-ray diffraction (SXRD) reveals that all three display
planar P,M,TTFtt geometries with no z-stacking in the solid
state (see the Supporting Information). TTF units have a high
propensity to m-stack, and we propose that shielding of the
TTF core by the large BAr," anions prevents oligomerization.
Such shielding is particularly apparent in the structure of 3
where fluorophilic interactions between the capping phosphine
ligands and the [BAr,"]™ counter anions lead to encapsulation
of the dicationic TTFtt core.

Scheme 1. Synthesis of Novel TTFtt Dications
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Photophysical Properties. As observed in previous TTFtt
dicationic complexes,”*” 1—3 have intense NIR absorbances
at ~1000 nm, which can be assigned to z—n transitions
(Figure 1a). The molar absorptivity of these features is
~80,000 M™! . Such strong absorbance is valuable in
capturing a larger fractlon of incident light to maximize
emissive properties.”” Despite changing metal centers and
ligands, these absorbances are nearly superimposable and shift
only minimally across analogues. Upon NIR excitation (900
nm), 1—3 exhibit intense emission centered at ~1200 nm. A
minimal hypsochromic shift is apparent in the NIR absorption
maximum and photoluminescence (PL) spectra of 3 compared
to those of 1 and 2; however, at 77 K, the PL spectrum of 3
aligns with the other analogues (Figure 1b). Interestingly, the
excitation spectra of all three complexes display strong vibronic
features and nearly identical maxima, with minor variations
present at ~10S0 nm (see the Supporting Information). In
general, this photophysical data suggests absorption and
emission from the TTF core which is remarkably invariant
to the identity of the capping metal/ligand combination.

We then performed PLQY measurements across all three
analogues. Both 1 and 2 have nearly identical PLQY values of
~0.14% (see Table 1), whereas 3 has a notably higher PLQY
of 0.43%. These quantum yields distinguish this novel class of
dyes as among the brightest monomolecular NIR II
lumiphores, with 3 measuring nearly an order of magnitude
higher than the commercially available NIR II dye IR 26. As
mentioned above, the high extinction coefficients of these
complexes are also beneficial. Molecular NIR dyes are
frequently characterized by a “brightness” which is a product
of the extinction coeflicient of the absorption times the
PLQY.*” The values obtained for 1—3 are ~10,000—40,000
M~ cm™, which are again among the best reported,
particularly in this spectral region.

Transient absorption (TA) spectra were then acquired for all
three complexes to understand the electronic structure
responsible for this bright emission (Figure lc,d,e and
Supporting Information). Initially, a broad ground-state bleach
is present at ~1000 nm, with an unusually sharp excited-state
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Figure 1. Steady-state and time-resolved photophysical spectra. (a) Normalized UV—vis—NIR (solid) and PL (dashed) spectra of 1, 2, and 3 in
DCM at 298 K. (b) Normalized PL spectra of 1, 2, and 3 in 1:1 DCM/toluene at 77 K. (c) Growth of TA spectra of 3 in DCM at 298 K. (d)
Decay of TA spectra of 3 in DCM at 298 K. (e) Transient kinetics of 3 at key wavelengths in DCM at 298 K. Inset: TCSPC data of 3 showing

identical lifetimes in air and under N,.

Table 1. Experimental and Theoretical Photophysical
Parameters”

1 2 3

b 0.00135 0.00136 0.00429
ki (s7) (TCSPC) 2.05 x 10%° 1.64 x 10" 9.47 X 10°
k, (s7') (TCSPC) 2.76 x 107 223 x 107 4.06 x 107
k.. (s7') (TCSPC) 2.05 x 10" 1.64 x 10* 9.43 x 10°
ki (s7) (TA) 3.13 x 10"° 2.01 x 10" 9.17 X 10°
k (s7') (TA) 423 X 107 2.73 x 107 3.94 x 107
k., (s71) (TA) 3.13 x 10 2.01 x 10 9.13 x 10°
Tresee (PS) 48.9 61.0 105.6
7ra (ps) 319 49.8 109.0

7, (ns) (TCSPC) 36.2 44.8 24.6

7, (ns) (TA) 23.6 36.6 254
A, (ns) 12.6 82 0.8
exp. Aaps (nm) 1042 1044 1023
th. Aaps (nm) 1043 1056 1072
th. A (nm) 1027 1071 1100
exp. Agm (nm) 1194 1202 1187
feup 0.58 0.47 0.86
th. Agps (nm) 1130 1147 1163

“All measurements were taken in DCM at 298 K. See Methods for
details and equations used in the determination of radiative rates and
lifetimes. Th. and exp. indicate theoretically and experimentally
obtained values, respectively. S and T indicate singlet and triplet
transitions, respectively.

absorption (ESA) at 1100 nm growing in shortly thereafter
(Figure 1lc,d). A feature at ~1200 nm grows in at a similar rate
to the ESA. We assign this as a stimulated emission (SE), and

the similar lifetime of the SE and ESA suggests they
correspond to the population of a single excited state.

These three features are consistent across all complexes,
suggesting a similar electronic structure despite modification of
capping metals and ligands. However, we do note variations at
longer timepoints (~ns, see the Supporting Information). For
example, both 2 and 3 exhibit the growth of a low-energy ESA
at ~1350 nm that is notably absent in the TA spectrum of 1.
This feature is potentially indicative of intersystem crossing,
although additional data will need to be acquired to confirm
this assignment.

There is moderate variation in the excited-state lifetimes
across 1, 2, and 3, ranging from ~31-109 ps (see Figure le
and Table 1). These lifetimes were compared to the PL decay
acquired via a time-correlated single-photon counting
(TCSPC) system. The TCSPC lifetimes (see the Supporting
Information) are remarkably consistent with the SE assignment
of the ~1200 nm TA feature. Furthermore, measurement
under both aerobic and anaerobic conditions showed no
significant changes (Figure le, inset). The similarity of the
aerobic and anaerobic decays strongly indicates fluorescence
from a singlet excited state.

We then used the lifetimes and PLQY values to determine
the radiative rates and lifetimes for each complex (see the
Experimental Section and Supporting Information). There is
minimal variation between TA- and TCSPC-derived lifetimes.
As expected for NIR II transitions, the nonradiative lifetimes
for all three analogues are quite short at 107" to 107 seconds
(see Table 1); however, these values are lon§ compared to
many organic systems emitting past 1100 nm. ? We propose
that the comparatively long nonradiative lifetimes arise from
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weak electronic coupling and/or a small reorganization energy
associated with the relaxation process (see the Experimental
Section and Supporting Information). Overall, the brighter
emission may be enabled by a lack of higher frequency
vibrations (i.e, C—H’s) in the TTFtt core, where absorption
and emission are localized. In tandem, the radiative lifetimes
for 1, 2, and 3 are ~35 ns, which are consistent with 7—n
transitions.”” The experimentally determined lifetimes enable
the calculation of oscillator strengths which range from 0.47 to
0.86. These values are high, comparable with the best
molecular lumiphores, further explaining the bright emission
from these complexes.*®

Electronic Structure. Previous studies suggest that singlet
and triplet states are close in energy in TTFtt dicationic
complexes.’*' Consistent with this hypothesis, the "H NMR
spectra of 1, 2, and 3 appear diamagnetic; however, there is a
significant magnetic moment detected via Evans method
measurements for all three complexes (see the Supporting
Information). Furthermore, a strong signal at g = 2 suggestive
of an organic radical is present in the electron paramagnetic
resonance (EPR) spectra of these complexes (see the
Supporting Information).** Variable temperature measure-
ments (see the Supporting Information) show this signal near g
=2 growing in intensity as temperature is increased, suggesting
a singlet ground state with thermal population of a triplet
excited state.

These experimental findings were further supported by
complete active space self-consistent field (CASSCF) calcu-
lations using the variational two-electron reduced density
matrix (V2RDM) method"*** in the Maple Quantum
Chemistry Package.“s’46 An active space encompassing 20
electrons distributed in 20 spatial orbitals, [20, 20], was
utilized in combination with the 6-31G basis set for all atoms
but Pd and Pt, which were treated with the LANL2TZ basis set
and effective core potential (ECP)."’~* The active space
initial guess was selected using MP2 natural orbitals, which
were subsequently optimized via CASSCF orbital rotations.

Our calculations reveal all complexes to exhibit open-shell
singlet ground states with significant degrees of multireference
correlation and biradical character, in line with previous studies
on related TTFtt systems.’">* The triplet-singlet gaps obtained
with V2RDM and density functional theory (DFT) increase
across the series 2 < 1 < 3 as the degree of fractional
occupation in the highest occupied natural orbital (HONO)
and lowest unoccupied natural orbital (LUNO) decreases from
Munos = 046, Nuonos = 1.57 in 2 to #ynos = 0.33, and
Nuono,s = 1.72 in 3. Inspection of the frontier natural-orbital
densities reveals that the multireference correlation arises from
near-degeneracy of the HONO and LUNO, which have A, and
A, symmetries and are 7*-antibonding and z-bonding across
the central TTFtt C—C bond, respectively. The CASSCF
result contains a mixture of both ligand- and metal-centered
NOs; however, the strongly correlated orbitals are nearly
exclusively localized on the TTFtt core, with little contribution
from the metal-based orbitals (see the Supporting Informa-
tion).

Time-dependent DFT (TD-DFT)>® calculations were
performed to elucidate the electronic processes underlying
the observed luminescent behavior. Ground-state geometries
were first relaxed from the crystal structures using DFT and
then followed by TD-DFT calculations. The electronic
emission spectra were modeled by performing TD-DFT
geometry optimizations on the A, excited states. All

calculations used the PBEO functional’’ as implemented in
Gaussian 16 in combination with the LANL2DZ basis set™
with an ECP for Pt and Pd, and the 6-31G* basis set for all
other atoms, and the SMD solvation model.>*

Calculations yield excellent agreement with experimental
absorption data (Table 1, see the Supporting Information);
deviations from spectroscopic measurements are low and range
from 1 nm in 1 to 49 nm in 3. Due to the relatively small
singlet—triplet gap in both V2RDM and B3LYP*” calculations,
we calculated transitions from a triplet ground state in addition
to those from the broken-symmetry singlet. The T, — T,
transitions are near degenerate with the singlet transitions in all
three complexes, albeit with slightly lower oscillator strengths.

In addition, the modeled emission spectra yielded excellent
agreement with the experimentally measured PL spectra. The
transitions and natural transition orbitals are summarized in
the Jablonski diagram for 2 (Figure 2). Interestingly, the orbital

1071 nm

1056 nm
(exp. 1044 nm)

1147 nm
(exp. 1202 nm)

Figure 2. Electronic structure of TTFtt dications. Jablonski diagram
of 2 showing absorption and emission of singlet states. Calculated
triplet absorption is shown relative in energy to the calculated singlet
transitions.

character is almost entirely based on the TTFtt unit, suggesting
that many different end caps can be included and modified for
targeting, switching, stability, or solubility.

Stable and Switchable Fluorescence. Many applications
of NIR lumiphores require water compatibility or solubility.
We therefore measured absorption and emission in 1:1
MeCN/H,0. We note a hypsochromic shift of these features
in 1:1 MeCN/H,O compared with dichloromethane (DCM),
and studies across a range of solvents support a negative
solvatochromic trend (see the Supporting Information). While
1-3 display somewhat reduced stability in this solvent mixture
due to partial reduction, the complexes still emit quite brightly
(Figure 3a). This bright emission is notable even with the
presence of strong water absorptions at ~1200—1400 nm.
PLQY values for 2 and 3 were obtained in this mixture and,
remarkably, 3 has a PLQY of 0.08%, nearly double that of IR
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Figure 3. Stability, redox switchable behavior, and aqueous emission. (a) Normalized UV—vis—NIR and PL spectra of 3 in 1:1 MeCN/H,0. (b)
PLQY determination of 3 in 1:1 MeCN/H,O using IR 26 in 1,2-dichloroethane as a reference. Optical density was measured at the excitation
wavelength (900 nm) for both samples. (c) PL intensity upon reduction and oxidation of 2 in DCM across multiple redox cycles. The shoulder
apparent at low concentrations can be attributed to DCM absorptions. (d) Integrated emission of 2 in DCM across multiple redox cycles after
normalization for concentration. (e) UV—vis spectra of 2 in DCM under continuous irradiation of a 940 nm light-emitting diode (LED).

26 in 1,2-dichloroethane (Figure 3b).”” Complex 2 has a
moderately reduced PLQY of 0.04% in the aqueous mixture
but is significantly more stable (see the Supporting
Information). These examples illustrate that minor capping
metal and ligand adjustments enable modification of both
redox stability and emission intensity.

The TTFtt-based luminescence reported here is unprece-
dented. Given this, we also investigated whether the
monoreduced analogues of these complexes, with formal
TTF radical cation cores, were luminescent. To test this, we
injected a DCM solution of CoCp, into a sealed cuvette
containing 2 in DCM to reduce the dicationic complex to its
monocationic form in situ. No measurable emission was
detected after this reduction (Figure 3c). To probe whether
the fluorophore can be recovered, a DCM solution of
[Fc®©][BAr,"] was injected into the same cuvette. Bright
emission was again detected, with a slight reduction in PL
intensity that can be attributed to dilution of the sample. Two
more redox cycles were carried out, with similar recovery of the
original fluorescence intensity after correcting for concen-
tration (Figure 3d). Given the quenching of all emission upon
reduction, and the remarkable recovery of the original
fluorophore upon reoxidation, these systems are impressive
candidates for redox sensing applications, particularly since
they emit in the tissue transparent window and remain bright
in aqueous solutions.

To further probe the stability of these complexes, 2 was
irradiated with a 3 mW 940 nm LED. After 7 h of continuous
irradiation, no significant changes or bleaching were apparent
in the UV—vis spectrum that might indicate decomposition or
reaction under this prolonged irradiation (Figure 3e).

Furthermore, all three samples exhibited stability when
exposed to 808 nm and 950 nm lasers when measuring
PLQY values and TA spectra, respectively. Thus, we can
conclude this family of complexes is remarkably photostable to
NIR irradiation.

B CONCLUSIONS

We have reported three novel TTFtt diradicaloid complexes
that exhibit extraordinarily bright and modular fluorescent
behavior. This family of complexes marks the first report of
TTFtt-based luminescence, and the brightness and emission
energy of these complexes distinguish them as an exciting new
class of NIR II fluorophores. The compressed TTFtt =z
manifold allows for strong absorptions and bright emission far
into the NIR II region without the need for the extended
conjugation typically present in organic NIR dyes and
lumiphores.

Additionally, these complexes are a unique example of air-
and water-stable organic diradicaloids. The modulation of
diradical behavior through the alteration of capping metal—
ligand combinations allows for electronic structure modifica-
tion and may enable the rational design of novel lumiphores.

Finally, the remarkable photostability and redox switchable
behavior presented here provide a promising platform for a
wide array of applications. The aforementioned redox
tunability and bright NIR II emission suggest this novel class
of NIR fluorophores has significant potential to advance
imaging and sensing technologies.
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B EXPERIMENTAL SECTION

General Synthetic Methods. All transmetalation and oxidation
reactions were performed under inert conditions (dry N,) in an
MBraun UNIlab glovebox. Elemental analyses (C, H, and N) were
performed by Midwest Microlabs. All solvents were dried and purged
with N, on a Pure Process Technology solvent system and
subsequently filtered through activated alumina and stored over 4 A
molecular sieves. TTFtt(SnBu,),,>> dppePtCl,*° [FcP°][BAr,F],*
and Pt(P(4-CF,Ph),),CL,>" were prepared according to literature
procedures. All other chemicals and reagents were purchased from
commercial sources and used as received.

Synthesis and Characterization of 1. TTFtt(SnBu,), (0.017 g,
0.022 mmol) was dissolved in 3 mL of DCM and slowly added to a
suspension of Pd(dppe),Cl, (0.025 g, 0.043 mmol) in 3 mL of DCM.
The light yellow suspension formed a shiny dark pink suspension
upon addition of the orange solution of TTFtt(SnBu,), and was left
to stir for 10 min. Next, [Fc®*©][BAr,*] (0.053 g, 0.046 mmol) was
dissolved in 2 mL of DCM and slowly added to the stirring reaction.
The dark pink suspension turned olive green upon addition of
[Fc®C][BAr,f] and was left to stir for S min. The solution was
condensed to 1 mL under vacuum, and petroleum ether (S mL) was
slowly added to further precipitate out the final product. The solids
were washed with petroleum ether several times (3 X S mL) and dried
under vacuum. The crude product was redissolved in 1 mL of DCM,
filtered through celite, and layered with petroleum ether. The layered
solution was cooled to —35 °C and left to crystallize overnight. The
resulting olive green crystals were collected and dried (0.051 g, 76.9%
yield). Crystals suitable for SXRD were selected from a 1,2-
dichloroethane/petroleum ether slow diffusion gradient left to
crystallize over a 2 day period at —35 °C. '"H NMR (400 MHz,
CD,Cl,, 298 K): 6 2.69 (d, dppe), 7.55 (s, [BArf]7), 7.56—7.58 (m,
dppe), 7.63—7.69 (m, dppe), and 7.72 (s, [BAr,"]7). *'P{'"H} NMR
(162 MHz, CD,Cl,, 298 K): & 62.00. Anal. caled for 1,
Ci»H,,B,FPd,P,Ss: C 47.81%, H 2.37%, and N 0%; found: C
47.45%, H 2.49%, and N none.

Synthesis and Characterization of 2. TTFtt(SnBu,), (0.042 g,
0.053 mmol) was dissolved in 3 mL of DCM and slowly added to a
suspension of Pt(dppe),Cl, (0.070 g, 0.105 mmol) in 4 mL of DCM.
The white suspension formed a shiny pink suspension upon addition
of TTFtt(SnBu,), and was left to stir for 10 min. Next,
[FP©][BAr,F] (0.122 g, 0.105 mmol) was dissolved in 4 mL of
DCM and slowly added to the stirring reaction. The shiny pink
suspension turned green upon addition of [EcP©][BAr,"] and was left
to stir for S min. The solution was condensed to 1 mL under vacuum,
and petroleum ether (5 mL) was slowly added to further precipitate
out the final product. The solids were washed with petroleum ether
several times (3 X S mL) and dried under vacaum. The crude product
was redissolved in 1 mL of DCM, filtered through celite, and layered
with petroleum ether. The layered solution was cooled to —35 °C and
left to crystallize overnight. The resulting dark green crystals were
collected and dried (0.152 g, 88.9% yield). Crystals suitable for SXRD
were selected from a 1,2-dichloroethane/pentane slow diffusion
gradient left to crystallize over a 2 day period at —35 °C. '"H NMR
(400 MHz, CD,Cl,, 298 K): § 2.62 (d, dppe), 7.55 (s, [BAr,]7),
7.57—7.62 (m, dppe), 7.64—7.70 (m, dppe), and 7.72 (s, [BAr,"]").
3'P{'H} NMR (162 MHz, CD,Cl,, 298 K): 5 47.09 (Jp,p = 2919 Hz).
195pt{'H} NMR (107 MHz, CD,Cl,, 298 K): § —4597.51. Anal. calcd
for 2, C,,H,,B,FygPt,P,Se: C 45.19%, H 2.24%, N 0%; found: C
45.31%, H 2.59%, and N none.

Synthesis and Characterization of 3. TTFtt(SnBu,), (0.023 g,
0.029 mmol) was dissolved in 3 mL of DCM and slowly added to a
solution of Pt(P(4-CF,Ph);),Cl, (0.070 g, 0.058 mmol) in 3 mL of
DCM. The colorless solution turned dark brown upon addition of
TTFtt(SnBu,), and was left to stir for 5 min. Next, [Fc®©][BAr,F]
(0.067 g, 0.058 mmol) was dissolved in 2 mL of DCM and slowly
added to the stirring reaction. The dark brown solution turned green
upon addition of [Fc®©][BAr,"] and began to crystallize out of
solution. The solution was condensed to 1 mL under vacuum, and
petroleum ether (S mL) was slowly added to further precipitate out

the final product. The solids were washed with petroleum ether
several times (3 X S mL) and dried under vacaum. The crude product
was redissolved in 1 mL of DCM, filtered through celite, and layered
with petroleum ether. The layered solution was cooled to —35 °C and
left to crystallize overnight. The resulting blue-green crystals were
collected and dried (0.089 g, 70.7% yield). Crystals suitable for SXRD
were selected from a DCM/petroleum ether slow diffusion gradient
left to crystallize over a 2 day period at —35 °C. '"H NMR (400 MHz,
CD,Cl,, 298 K): 6 7.48 (s, [BAr,F]7), 7.51 (d, PhCE;), 7.62 (d,
PhCF;), and 7.70 (s, [BAr,"]7). 3'P{'"H} NMR (202 MHz, CD,Cl,,
298 K): & 1492 (Jpp = 2992 Hz). ""Pt{'H} NMR (107 MHz,
CD,Cl,, 298 K): § —4490.87. Anal. calc. for 3, C,5,H-,B,Fg,Pt,P,Sq:
C 42.91%, H 1.69%, N 0%; found: C 42.36%, H 1.87%, and N none.

Characterization and Analysis Methods. Single-Crystal X-ray
Diffraction. All SXRD data were acquired at 100 K on a Bruker D8
VENTURE diffractometer equipped with a microfocus Mo-target X-
ray tube (4 = 0.71073 A) and a PHOTON 100 CMOS detector.
Single crystals were mounted on a cryo-loop and transferred into the
diffractometer nitrogen stream prior to collection. Data reduction and
integration were performed with the Bruker APEX3%® software
package (Bruker AXS, version 2015.5-2, 2015). Data were scaled and
corrected for absorption effects using the multiscan procedure as
implemented in SADABS (Bruker AXS, version 2014/54, 2015). All
crystal structures were solved by SHELXT® (version 2014/55) and
refined by a full-matrix least-squares procedure using OLEX26% (XL
refinement program version 2018/17). Disorder was modeled with
common restraints.

Cyclic Voltammetry. Cyclic voltammetry measurements were
performed using a glassy carbon working electrode, a silver wire
pseudoreference, and a platinum wire counter electrode. Each
voltammogram was referenced to internal FcCp,*/FcCp,. All
measurements were acquired using a BAS Epsilon potentiostat and
analyzed using the BASi Epsilon software version 1.40.67NT.

EPR Spectroscopy. EPR measurements were conducted on a
Bruker Elexsys ES00 spectrometer equipped with a Bruker Cold-Edge
stinger and an Oxford ESR 900 X-band cryostat.

Fourier Transform Infrared Spectroscopy. All IR measurements
were performed by dropcasting DCM solutions onto KBr plates. Each
spectrum was acquired on a Bruker Tensor II; both background
subtractions and baseline corrections were applied for each complex
using the OPUS software.

NMR Spectroscopy. 'H, P, and '*>Pt NMR spectra were acquired
on Bruker DRX 400 and 500 spectrometers. Residual solvent peaks
were referenced for all 'H NMR measurements, and 85% phosphoric
acid and sodium hexachloroplatinate were used as references for *'P
and Pt NMR measurements, respectively. Evans method measure-
ments were all conducted in CD,Cl, with a capillary insert of 95/5 w/
w % CD,Cl,/DCM. Pascal’s constants were used to correct for the
diamagnetic contribution of each complex.®'

UV—Vis—NIR Spectroscopy. UV—vis—NIR measurements were
performed using a Shimadzu UV-3600 Plus dual-beam spectropho-
tometer. UV—vis region spectra were acquired on a Thermo Scientific
Evolution 300 spectrometer with the VISIONpro software suite.
Variable-temperature measurements were performed using a Unisoku
CoolSpeK 203-B cryostat.

PL Spectroscopy. All emission spectra were acquired on a Horiba
Scientific PTI QuantaMaster fluorometer. Low-temperature emission
spectra were recorded by adding samples in 1:1 DCM/toluene into
quartz EPR tubes and lowering the tube into an optical dewar filled
with liquid N,. Excitation emission matrices were acquired on a
HORIBA Scientific Fluorolog-3 spectrofluorometer.

TA Spectroscopy. TA spectroscopy was performed using a S kHz
amplified titanium/sapphire laser with a 120fs laser pulsewidth. A
portion of the 800 nm fundamental output was focused into a
sapphire crystal to produce NIR continuum probe pulses that were
mechanically delayed. Pump pulses were tuned to 950 nm using an
optical parametric amplifier, and a mechanical chopper reduced the
repetition rate to 2.5 kHz. Samples were stirred during experiments
and excited with 0.2 mW of pump power.
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Lifetime Measurements. TCSPC was performed on the samples
using a 975 nm diode laser with a 60 ps pulsewidth operating at 20
MHz. Collected PL was dispersed using a 0.3 m spectrograph and
detected with a superconducting nanowire single-photon detector and
a multichannel scaler with 25 ps bin width.

PL Quantum Yield Determination. The samples, sealed in NMR
tubes, were individually placed in an integrating sphere (Thorlabs,
1S200-4) with a PbSe detector (Thorlabs, PDA20H) on one port and
directly excited by an 808 nm diode laser (Thorlabs, M9-808-0150) of
15 W/cm? average intensity under 1 kHz square-wave modulation.
The detector signal S, with and without a silicon window on the
detector port, was recorded with the sample and with a DCM blank.
808 nm light is completely blocked by the silicon window within the
sensitivity of the measurement. The PLQY is therefore

¢ = Ss,Si/T(SD - Ss)

where the subscripts S, D, and Si, respectively, denote the sample,
DCM blank, and silicon window. T is the total normalized emission
signal transmitted by the silicon window. Due to the spectral overlap
between the sample emission and the soft absorption edge of silicon,
we calculate T explicitly as

-1

/E(/l)d/l x (/@]

T(2)
where E(1) is the normalized sample emission spectrum and T(4) is
the normalized silicon window transmission spectrum.

Radiative Rate and Oscillator Strength Determination. The
experimental oscillator strength values were determined using the
experimentally determined quantum yield values, ¢, and the TCSPC
PL lifetimes. Both values were utilized to determine the radiative rate
through the expression ¢ = k,/(k, + k), where the denominator, (k,
+ k), is the reciprocal of the PL lifetime, 7rcgpc. We then obtained
the oscillator strength, f, which is related to the radiative rate by

f= kme? 8
2w°e’F g,

where m is the free electron mass, ¢ is the vacuum speed of light, e is
the electron charge, w is the angular frequency of the light, and g; and
& are degeneracies of the upper (2) and lower (1) states involved in
the optical transition, respectively, the ratio of which we assumed to
be 1.°% The factor F = \/6 x (3¢/(2¢ + 1))* accounts for the radiation
density of states and local field screening in a matrix of optical
dielectric constant &, where ¢ = 2 for DCM.*>**

Energy Gap Law Calculations and Discussion. Given the
relatively small Stokes shift of ~1400 cm™', we interpreted the PL
efficiency within the weak-coupling gap law regime presented by
Englman and Jortner."'” In this case, when kT is smaller than the
energy of the highest-frequency fundamental vibrational mode,
Englman and Jortner proposed the nonradiative rate to be

P on [[(AE] ]AE]

k, == exp| —|In| — [ = I [——

n \/ hwyAE dey hwy,

The exponential factor is related to the Franck—Condon factors for
the vibrations of the ground electronic state, and J is an effective
nonadiabatic electronic coupling between ground and excited
electronic states (J/hc ~ 100—700 cm™" for polycyclic organics'®).
Wy is the frequency of the highest-frequency fundamental vibration
(wp/27c = 2900 cm™ for C—H stretches), AE is the vertical
absorption energy (absorption maximum for weak coupling, ~10 000
cm™), 2ey is the portion of the Stokes shift that arises from the
highest-frequency modes (2ep/he < 1400 cm™), and d is the number
of vibrational modes at @, that are active in the relaxation. In an
analogy to Marcus-type models, the product dey may be thought of as
a reorganization energy associated with the relaxation process.
Although d, ey, and ] might ultimately be obtainable from detailed
simulations, they are taken here as constrained adjustable parameters.
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