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ABSTRACT: Near-infrared (NIR) lumiphores are promising candi- _ Energy gap, Hammett parameter, T1-S gap, quantum yield
dates for numerous imaging, communication, and sensing applications, )
but they typically require large, conjugated scaffolds to achieve emission

in this low-energy region. Due to the extended conjugation and /i lamaty
synthetic complexity required, it is extremely difficult to tune the \%\ X
photophysical properties of these systems for desired applications. Here, P\P‘/SI;HéIS\P‘/P_O-’

we report facile tuning of deep NIR-emitting diradicaloid complexes : \\ﬁ’ S| 5[5 ¢ :P\%\)
through simple modification of peripheral ligands. These new \"@ %

lumiphores are rare examples of air-, acid-, and water-stable emissive

diradicaloids. We apply a simple Hammett parameter-based strategy to >

tune the electron donation of the capping ligand across a series of * = CFy Br,F, H, CH;, OCH,

commercially available triarylphosphines. This minor peripheral Delocalization, diradical ch K, absorption and emission wavelength

modification significantly alters the electronic structure, and con-

sequently, the electrochemical, photophysical, and magnetic properties of the tetrathiafulvalene tetrathiolate (TTFtt)-based
lumiphores. The resultant ~100 nm absorption and emission range spans common laser lines and the desirable telecom region (ca.
1260—1550 nm). Furthermore, these lumiphores are sensitive to local dielectrics, distinguishing them as promising candidates for
ratiometric imaging and/or barcoding in the deep NIR region.

B INTRODUCTION Our lab has recently reported a compact, modular scaffold

Near-infrared (NIR, 700—1700 nm) emitting molecules are that emit§ deep into the NI,R I, while maintaining. hig1}91
promising for several imaging and sensing applications;l_g photoluminescence quantum yields (PLQYs) for the region.

however, current Food and Drug Administration (FDA)- While our p reviously' reported analogues displ.alyed some
. : . modularity in electronic structure and photophysical proper-

approved dyes emit on the blue edge of this region where . ; )

. ; . . ties, we wanted to test whether systematic perturbations would

image quality suffers from high scattering and autofluor- ble rational tuni f th " d

escence.””” Ideally, emission centered in the NIR II (1000— enable rational tuning of these properties over a wicer range

o 1920 Ty
1700 nm) region would prevent these deleterious processes and thus allow for more targeted applications. Using

and thus improve image quality.1 Leading NIR II-emitting .triarylphosphin.es as a set of tl?nable app ing ligands’ we
lumiphores rely on complex scaffolds with large, conjugated introduced various electron-donating and -withdrawing groups

motifs to shift absorption and emission energies into this low- to the para Position of the aryl rings. This ap proa.ch enabled
. 1,10,11 the synthesis of four new Pt-capped tetrathiafulvalene

energy region; however, these complex scaffolds prevent , oo

facile synthetic tuning of photophysical properties. Scaffolds tetrathlolate’(TTFtt) dicationic cornple)fes. We ther} compared

with tunable NIR absorption/emission would be valuable as the electromc' structures a'nd photophysical properties of these

they would also allow for targeted and multicolor imaging.'>"* complexes with two previously reported examples for a total

. . s i i 1 920
Furthermore, multicolor imaging can additionally be enhanced COMPATISOn aCross SIx ana ogues . . .
and leveraged with dyes that are responsive to various Surprisingly, we found that these facile and relatively minor

. . . o . erturbations have large impacts on electronic structure:
environments; this approach can give additional environmental P & p

information as a result of emission or absorption shifts."*™'° In

addition to NIR II bioimaging, complexes that emit in the low Received: March 21, 2024
attenuation telecom bands (~1260—1550 nm) are of special Revised: ~ May 3, 2024
interest for communication-related applications.'”'® In partic- Accepted: June 3, 2024
ular, open-shell complexes that emit in this region would be Published: June 14, 2024
ideal candidates for sensing and transmitting quantum

information.
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Figure 1. (A) Synthetic scheme for 1—6. (B) Relationship between Hammett parameter and observed '**Pt signal in CD,Cl,. (C) Plot of
absorption and emission across Hammett series, overlaid with common laser lines and telecom region.

absorption and emission maxima shift by hundreds of
nanometers, electrochemical potentials shift by hundreds of
millivolts, the ground state T|—S, gap changes by several kcal/
mol, and the overall diradical character increases by 28%.
Furthermore, we observe that these properties are responsive
to the local environment of the lumiphore; the absorption and
emission can be shifted significantly as a function of solvent
dielectric. Lastly, these air-, acid-, and water-stable compounds
are soluble in aqueous solutions, distinguishing them as
promising biological sensors.

The desirable tunability and resultant photophysical and
magnetic properties of this system are directly enabled by the
compact TTFtt core at the center of each molecule. This NIR
II emission is realized on such a small core due to heavy
heteroatom substitution, which compresses the 7 system and
bathochromically shifts emission.”" Furthermore, the compact
scaffold size minimizes deleterious vibrational modes that are
believed to enhance nonradiative decay in this region.”’
Ultimately, the capping of this small scaffold with Pt centers
maintains this bright, organic-based NIR II emission, while
allowing for tunability on the open capping ligand sites.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Pt TTFtt Ana-
logues. We designed our study based off current commer-
cially available triarylphosphines with variable substituents in
the para position. We already had used two such analogues to
synthesize new TTFtt complexes for previous studies (CF; and
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H with Hammett parameters, 6, 0.54 and 0, respec-
tively).'”?%*> We expanded the series with the addition of
four new analogues for a total range of Hammett parameters
from —0.27 to 0.54.”

We synthesized the Pt phosphine dichloride precursors
based on modified literature procedures (see the Supporting
Information (SI)), using commercially available, p-substituted
triarylphosphines.”* > The Pt precursors were then reacted
with (SnBu,),TTFtt and subsequently oxidized with two
equivalents of [Fc®*©][BAr,"], according to previously
established procedures, to give the dicationic complexes 1—4
(see Figure 1).”” These complexes, along with previously
reported analogues 5 and 6, form a series of p-substituted
triphenylphosphine-capped dications.'””” These complexes
were characterized by a suite of techniques, including
multinuclear NMR  spectroscopy and single-crystal X-ray
diffraction (SXRD). SXRD-quality crystals were grown by
layering hexanes or petroleum ether over the desired complex
dissolved in dichloromethane (DCM), forming a slow diffusion
gradient. The SXRD structures reveal minor variations in
central C3—C4 distances for complexes 1—3. In contrast,
complex 4 has a noticeably shorter distance of 1.34 A;
however, this shortening may be convoluted due to packing
effects as 4 crystallizes differently than the other analogues and
forms 7-stacks in the solid state. Previous studies have
correlated shorter C3—C4 distances to increased diradical
character, thus suggesting that these peripheral lngand
substitutions may significantly tune electronic structure.”

https://doi.org/10.1021/jacs.4c04032
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Figure 2. (A) UV—vis—NIR spectra across all six analogues in DCM at 296 K. (B) Photoluminescence spectra across all six analogues in DCM at
296 K. (C) UV—vis—NIR of 4 across various solvents. (D) Photoluminescence of 4 across various solvents. (E) Colorized NIR image of 4 in DCM
(100 M) using a 1200 nm bandpass filter, 808 nm excitation, and 800 ms exposure. (F) Colorized NIR image of 4 in MeCN (100 uM) using a

1200 nm bandpass filter, 808 nm excitation, and 800 ms exposure.

NMR analyses confirm that these peripheral ligand
modifications modulate the electronics of the Pt phosphine
moiety; Pt NMR signals respond linearly with Hammett
parameter, demonstrating electronic structure modification by
the capping fragment (see Figure 1B). Furthermore, Jp,_p and
3P shifts also trend linearly with Hammett parameter,
indicating that the general donation strength of the phosphine
is indeed being modified by the para substituent (see Figures
S94 and S95).

Photophysical Characterization and Tuning. Com-
plexes 1—6 display intense NIR absorption peaks in DCM,
with extinction coefficients (&) ranging from ca. 80,000 to
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150,000 M~! cm™". The NIR peak maxima span 1023—1130
nm, a range >100 nm/900 cm™' (Figure 2A). These
absorption maxima shift linearly with the Hammett parameter
of the para group, o, validating this parameter as a simple
predictive tool to design systems absorbing at specific
wavelengths and further supporting how peripheral ligand
changes can tune the electronic structure of the TTFtt
moiety.”” Additionally, all six analogues emit brightly in DCM,
with emission maxima spanning ~100 nm (~630 cm™"), from
1187 to 1283 nm (Figure 2B, shoulders near 1150, 1380, and
1420 nm arise from DCM absorptions). Unlike the absorption
data, plotting these emission maxima against o, reveals that the

https://doi.org/10.1021/jacs.4c04032
J. Am. Chem. Soc. 2024, 146, 17285—17295
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Figure 3. (A) Decay of TA spectra of 1 in DCM at 298 K. Inset: transient kinetics of the three key features of 1 in DCM at 298 K. (B) General
Jablonski diagram for series of complexes 1—6. (C) Decay of TA spectra of 4 in DCM at 298 K. (D) Decay of TA spectra of 4 in DCM at 298 K,

taken at longer time points.

six analogues fall into two distinct bands, spaced roughly 300
cm™' apart. A previous study suggested this spacing is
consistent with TTFtt skeletal vibrations, so it is possible the
separation into these two bands is a result of changing vibronic
overlap.”

Calculations suggest that solvatochromic behavior should be
observed for these complexes. Across all analogues, the ground
state has a larger dipole moment than the excited state,
consistent with an expected negative solvatochromic trend (see
Table S9). Complex 4 is predicted to have a moderate
solvatochromic shift and thus was chosen as an example for
study across a wide range of dielectrics. Interestingly, the NIR
absorption peaks of complex 4 can be further tuned via this
method, increasing the available range to 950—1155 nm
(~10,525—8650 cm™); emission is similarly expanded to ca.
1110—1283 nm (ca. 9010—7790 cm™!, see Figure 2C,D, this
range includes previously reported data for 5)."” Consistent
with theory, these dyes display a strong negative solvatochro-
mic trend, although we note that aqueous mixtures appear to
deviate from this trend. We propose that this deviation is likely
due to increased aggregation; however, aggregation does not
completely prevent emission in aqueous mixtures, as emission
was still detected by our NIR imaging setup in 1:1 water/
MeCN and water/dimethyl sulfoxide (DMSO) solutions (see
Figure S81).

This broad solvatochromic response is noteworthy and is the
first time such a response has been reported centered in the
deep NIR II region (>1200 nm). This behavior distinguishes
these dyes as promising candidates for sensing small
environmental shifts and offers an additional handle to

optimize these systems for common laser lines (see Figures
1C and 2C,D). We utilized this solvatochromic behavior to
demonstrate proof-of-concept ratiometric imaging using a
1200 nm bandpass filter and two different solvent dielectrics
(see Figure 2E,F). Emission at 1200 nm from compound 4 is
visible in a higher dielectric medium (MeCN), but nearly
undetectable at lower dielectrics due to the bathochromically
shifted emission peak in DCM (see Figure 2D). We believe
this is a promising area of future investigation and application
for these compounds.

The absorption and emission peak shifts across 1—6 are also
ideal for thin film applications. NIR barcoding has been of
interest for security and pharmaceutical applications, and such
tunable compounds would be of particular interest due to the
added complexity multiple NIR II wavelengths provide.””~**
We tested this application by drop-casting polymer films of 1—
6 onto a microscope slide and applying long-pass and bandpass
filters. These compounds have weak visible absorptions, so the
films are nearly colorless to the eye; however, upon 808 nm
excitation, they brightly emit in the NIR II region.
Furthermore, they retain their capping ligand-induced wave-
length shifts as thin films, so bandpass filters can distinguish
between individual compounds (see Figures S83—S85).

We further investigated the electronic underpinnings of
these absorption and emission shifts across o, with transient
absorption (TA) spectroscopy. The TA spectra of compounds
1—4 display a ground state bleach (GSB) between 1000 and
1100 nm, an excited state absorption (ESA) at ~1130 nm, and
a stimulated emission (SE) feature between 1200 and 1300 nm

https://doi.org/10.1021/jacs.4c04032
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Table 1. Experimental and Theoretical Photophysical Parameters”
1 2 3 4
Asbsep (nm) 1059 1062 1121 1130
Amesp (nm) 1198 1210 1283 1280
Aapsins (nm) 1038 1090.2 10715 1141
Aimihs (nm) 1140.5 1146 1178.6 1190
Aapsyr (nm) 11564 1147.5 1140.7 11429
Zras (ps) 64.5 £ 5.2 54.8 £ 5.1 274 + 39 220 + 44
e (M em™) 80,868 102,884 84,524 94,808
ko (s71) 1.55 x 10 1.82 x 10" 3.65 x 10" 4.55 x 10"
k (s7h) 2.65 X 107 2.57 X 107 2.04 X 107 1.86 x 107
PLQY (%) 0.171 0.141 0.056 0.041

“Lifetimes, extinction coeflicients, and PLQYs acquired in DCM at 298 K. Nonradiative and radiative rates are calculated using TA lifetimes. See
the ST and Methods for details. “exp” and “th” stand for experimentally and theoretically obtained values, respectively. “S” and “T” indicate singlet

and triplet transitions, respectively.
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Figure 4. (A) Relationship between Hammett parameter and +1/+2 TTFtt redox couple potential in DCM. (B) Overlayed cyclic voltammograms

of § and 6 in DCM (0.1 M [TBA][PFg], scan rate 0.1 V/s).

(see Figure 3). These features have been previously assigned as
the population of the S, state.'”

TA and time-correlated single photon counting (TCSPC)
measurements reveal singlet (S;, see Figure 34, inset) lifetimes
that trend linearly with Hammett parameter (see Table 1 and
Figure $99). Furthermore, the GSB appears to shift after
population of T, (previously assigned to the spectra that
emerges at long time points after decay of S,), potentially a
result of the close-lying singlet and triplet absorptions and the
relatively slower decay of T, compared to S;.

Photoluminescence quantum yield (PLQY) values range
from 0.43 to 0.04% and trend exponentially with Hammett
parameter (see Figures $96 and $97), as do the radiative (k,)
and nonradiative rates (k,, see Figures S100 and S101). The
observed order of magnitude PLQY decrease (and k,,
increase) is consistent with the empirical observation known
as the energy gap law, which predicts exponential increases in
the nonradiative decay rate as the transition energy decreases
(see Figure $98).~% Using these PLQY values, we calculated

“brightness”, which is deﬁned as the product of PLQY and
extinction coefficient.’® For this series of six dyes, the
brightness values in DCM range from ~4000 to 60,000 M~!
cm™, among the highest in the NIR II reglon Flnally, we
investigated photostability under 808 nm irradiation (see
Figures S77 and S78). Over the course of 9 h, no decrease in
absorption or emission was observed, distinguishing these
compounds as remarkably photostable NIR II dyes.
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Lastly, because NIR II gastrointestinal imaging is of interest,
we tested the stability and brightness of this class of
compounds in acid.’”*" Interestingly, these compounds
dissolve and retain stability and brightness in glacial acetic
acid (see Figures S7S, S76, and S82). Acid stability is rare
among NIR molecular lumiphores, so this will be a promising
area of future investigation for these compounds.”’

Redox Tuning. The electrochemical properties of these
analogues were investigated to determine if these minor
synthetic perturbations had any effect on the redox potentials
of the +1/+2 TTFtt couple. This couple is of particular
importance since it is correlated with lumiphore stability,
especially under reducing biological conditions. Reduction to
the monocation is problematic due to induced redox stress in a
biological system, as well as competing low-energy monocation
absorptions (~1250 nm) which overlap with the dication
emission.

Interestingly, the +1/+2 redox potential has a nonlinear,
roughly exponential relationship with Hammett parameter (see
Figure 4). The potentials range over nearly 400 mV, from
—0.022 to —0.411 V vs Fc/Fc', demonstrating significant
tunability. The exponential dependency at negative Hammett
values suggests it is likely that even a slightly more donating
group than OMe would result in significantly more reductively
stable lumiphores.

Theoretical Description of Electronic Structure. The
electronic structure changes apparent in the spectroscopic data

https://doi.org/10.1021/jacs.4c04032
J. Am. Chem. Soc. 2024, 146, 17285—17295
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Figure S. Computed Jablonski diagrams and NTOs of compounds 1 (left) and 4 (right), showing the decrease in transition energy gap with
Hammett parameter of the para-substituted group on the peripheral capping ligands. 1Ag and 'A, correspond to S, and S;, respectively. The upper

3A, and lower *A, correspond to T, and T}, respectively.

are supported by time-dependent density functional theory
(TD-DFT) and complete active-space self-consistent field
(CASSCF) calculations both carried out as implemented in
ORCA 5.0.3.7~* All DFT calculations utilized the PBEO
functional. Geometry optimizations were carried out in
Gaussian 16 rev. A.03, utilizing the def2-SVP basis set, while
single point energy and TD-DFT calculations utilized the
larger def2-TZVP basis set. CASSCF calculations were carried
out to characterize the diradical character of the systems and
utilized a minimal active space comprising four electrons
distributed in four orbitals, [4,4], in combination with the
def2-SVP basis set.*” This active space has previously been
validated to accurately describe the diradical character in
TTFtt-bridged complexes.”®

The predicted singlet (S, to S; and S; to S,) transitions
follow the same general trend as the experimental data; as the
Hammett parameter decreases, the transitions are bath-
ochromically shifted. The calculated natural transition orbitals
(NTOs) also confirm that these transitions are largely TTFtt
ligand-based z—r transitions; however, we note slightly more
Pt overlap as the Hammett parameter decreases, a sign of
better energetic overlap and therefore increased delocalization
(Figure S). This behavior is somewhat counterintuitive, as
increasing electron-withdrawing character with higher Ham-
mett parameters might be expected to “pull” the orbital density
further onto the Pt centers, thus leading to greater
delocalization and a bathochromic shift. Instead, we see that
increasing electron donation results in better energy matching
between Pt and TTFtt and consequently increased delocaliza-
tion. This improved energetic match is well captured through
fragment analysis of the metal-capping ligand and TTFtt
fragment energies (see Table S10).

Interestingly, the triplet absorptions do not shift as
significantly as the singlet; however, the bathochromically
shifted triplet values (relative to the predicted singlet

absorptions) are consistent with the GSB shift we see after
decay of the S, signal. This raises the possibility of
independently tuning the singlet and triplet manifolds in
these molecules.

The T,—S, gap is also predicted to shift significantly across
the series, from 3.83 kcal/mol for compound $ to —0.09 kcal/
mol for compound 4. This changing gap trends linearly with
Jpi_p, indicating that this experimental value could be used as a
predictive metric for the expected T|—S, gap and thus as a tool
to design systems with desired gap sizes. Furthermore, in
addition to Jp,_p, the T|—S; gap also trends with the Hammett
parameter, indicating that the donation of the para substituent
(and the phosphine itself) is predicted to directly influence the
ground state of the molecule (see Figures S105 and S106).
Notably, the trend between T,—S, gap and Hammett
parameter is similar to the relationship between +1/+2 redox
potential and Hammett parameter, again suggesting that even a
slightly more donating para substituent may not only result in a
far more reducing potential but also a well-separated triplet
ground state.

Given that compound 4 is predicted to have a triplet ground
state, we also performed calculations on the optimized triplet
geometry in addition to the spin-unrestricted singlet geometry
used for all of the other analogues. In the triplet geometry, the
T,—S, gap increases from —0.09 (singlet geometry) to 1.650
kcal/mol (triplet, see Table S10), suggesting that spin-
unrestricted PBEO poorly characterizes the open-shell singlet
state of this complex. Because of this discrepancy, variable-
temperature data is needed to confirm the ground state of the
molecule.

Beyond the T,—S, gap, diradical character is also predicted
to increase as Hammett parameter decreases, from 0.881 in
compound 1 to 1.130 in compound 4. Notably, 4 in the triplet
geometry has even higher diradical character, at 1.352 (see
Table S10). We attribute this change in diradical character
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Figure 6. HONO-LUNO diagram of compounds 1 (left) and 4 (right), showing increased diradical character with para-substitution of more

electron-donating groups on the triarylphosphine capping ligands.
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Figure 7. (A) Variable-temperature photoluminescence of compound 4 in polymer. (B) Variable-temperature TCSPC measurements of compound

4 in polymer.

across analogues to increased delocalization and a decreased
T,—S, gap (Figure 6).

Experimental Validation of Electronic Structure. We
experimentally probed these predicted electronic structure
changes via magnetic and photophysical measurements. Room-
temperature Evans method measurements did not reveal major
changes in triplet population across the series, although this
data was acquired at elevated concentrations so it could be
convoluted by aggregation; however, these measurements
clearly confirm significant triplet population at room temper-
ature across all analogues.

Variable-temperature photophysical measurements were
carried out to determine the ground states for compounds
1—4 in polymer matrices to rule out any rigidification effects.
No significant quenching of PL was seen upon cooling, and PL
intensity continued to grow at low temperatures (see Figure
7A). Since luminescence arises from the singlet manifold, this
increased PL intensity is indicative of a singlet ground state for
compounds 1—4.

Low-temperature TA also confirmed the population of S, for
all four analogues, due to the continued presence of the
characteristic GSB, ESA, and SE features down to 2.5 K.
Lifetime saturation around 100 K was consistent with

minimizing the ISC pathway seen in related systems (see
Figure 7B).”" A singlet ground state with a small T,—S, gap is
consistent with the predicted electronic structures for
compounds 1-3, 5, and 6; however, it is in contrast to the
predicted triplet ground state for 4 in the optimized singlet
geometry. Given the calculated small T,—S; gap for compound
4 in either geometry, it is possible that the ground state might
change given different conditions such as changing dielectrics
or solid-state vs solution-phase measurements. It is also likely
that a group more donating than OMe would stabilize the
triplet ground state even further, opening up electronic
structure design for TTFtt-based qubits."

B CONCLUSIONS

We synthesized a series of new Pt-capped TTFtt dicationic
complexes and demonstrated facile tuning of their electronic
structure via substitutions with commercially available
triarylphosphines. Simple modification of the para substituent
shifts absorption wavelengths >100 nm and emission wave-
lengths by ~100 nm, allowing for optimization across common
laser lines and communication bands. The solvatochromic
behavior of this class of fluorophores also allows the absorption
and emission range to be further expanded and distinguishes
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these lumiphores as ratiometric imaging candidates. In
addition to photophysical properties, the magnetic and
electrochemical properties of the system can be significantly
altered through the same para substituent, allowing for the
design of optimized molecular imaging agents, sensors, and
qubits. Lastly, this organic-based emission is retained in
aqueous and acidic environments, demonstrating that this class
of diradicaloid complexes are remarkably robust. This
robustness, along with the facile manipulation and the
sensitivity of these probes to their local environment, opens
up the utility of these systems for applications such as
multicolor imaging, NIR barcoding, and biological quantum
sensing.

B EXPERIMENTAL SECTION

General Synthetic Methods. All synthetic procedures were
performed under inert conditions (dry N,) in an MBraun UNIlab
glovebox. Elemental analyses (C, H, N) were conducted by Midwest
Microlabs. All solvents used 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,),,”” [Fc™©][BAr,"],*" 5," 6,”° Pt{P(p-BrPh);},CL,,** PH{P(p-
FPh),},CL,>* Pt{P(p-CH,Ph);},Cl,,>* and Pt{P(p-OCH,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,), (0.043 g,
0.054 mmol) was dissolved in 4 mL of CH,Cl, and slowly added to a
solution of Pt{P(p-BrPh);},Cl, (0.137 g, 0.108 mmol) in 3 mL of
CH,Cl,. The colorless solution formed a shiny salmon-brown
suspension upon addition of the orange solution of TTFtt(SnBu,),
and was left to stir for 10 min. Next, [F¢®*©][BAr,F] (0.130 g, 0.113
mmol) was dissolved in 4 mL of CH,Cl, and slowly added to the
stirring reaction. The salmon-brown suspension turned brown and
then green upon full addition of [EcP©][BAr, ] and was subsequently
left to stir for 5 min. The solution was condensed to 1 mL under
vacuum, and petroleum ether (S mL) was slowly added. Green
crystals immediately began to form. The crystals were washed with
petroleum ether several times (3 X § mL) and dried under vacuum.
The crude product was redissolved in 2 mL of CH,Cl,, filtered
through Celite, and layered with petroleum ether. The layered
solution was cooled to —35 °C and left to crystallize overnight. The
resulting green crystals were collected and dried (0.183 g, 77% yield).
Crystals suitable for SXRD were selected from a CH,Cl,/petroleum
ether slow diffusion gradient left to crystallize over a 2-day period at
—35 °C. 'H NMR (500 MHz, CD,Cl,, 298 K): § 7.20—7.24 (24H, m,
PPh,), 7.50—7.52 (24H, m, PPh;), 7.56 (8H, s, [BAr,"]"), 7.73 (16H,
s, [BAr,f]7). 3¥P{'H} NMR (162 MHz, CD,Cl, 298 K): § 13.54
(Jpep = 3028 Hz). 'Pt{'H} NMR (107 MHz, CD,Cl,, 298 K): §
—4457.02 (Jp,p = 3023 Hz). Anal. Caled for 1,
CroHoB,F PP, SeBry,: C 38.40%, H 1.63%, N 0%; found: C
38.58%, H 1.65%, N none.

Synthesis and Characterization of 2. TTFtt(SnBu,), (0.030 g,
0.038 mmol) was dissolved in 4 mL of CH,Cl, and slowly added to a
solution of Pt{P(p-FPh);},Cl, (0.067 g, 0.07S mmol) in 3 mL of
CH,Cl,. The colorless solution formed a shiny dark salmon
suspension upon addition of the orange solution of TTFtt(SnBu,),
and was left to stir for 10 min. Next, [Fc®*©][BAr,"] (0.090 g, 0.075
mmol) was dissolved in 4 mL of CH,Cl, and slowly added to the
stirring reaction. The dark salmon suspension turned dark brown and
then green upon full addition of [Fc®©][BAr,"] and was subsequently
left to stir for S min. The solution was condensed to 1 mL under
vacuum and petroleum ether (S mL) was slowly added. Bright green
crystals immediately began to form. The crystals were washed with
petroleum ether several times (3 X 5 mL) and dried under vacuum.
The crude product was redissolved in 2 mL of CH,Cl,, filtered
through Celite, and layered with petroleum ether. The layered
solution was cooled to —35 °C and left to crystallize overnight. The

resulting green crystals were collected and dried (0.063 g, 45% yield).
Crystals suitable for SXRD were selected from a CH,Cl,/petroleum
ether slow diffusion gradient left to crystallize over a 2-day period at
—35 °C. 'H NMR (400 MHz, CD,Cl,, 298 K): § 7.03—7.07 (24H, m,
PPh;), 7.35—7.41 (24H, m, PPhy), 7.55 (8H, s, [BAr,F]7), 7.73 (16H,
s, [BAr,f]7). 3'P{'H} NMR (162 MHz, CD,Cl,, 298 K): § 12.40
(Jeep = 3051 Hz). "SPt{'H} NMR (107 MHz, CD,Cl,, 298 K): §
—4431.47 (Jp,p = 3037 Hz). Anal. Calcd for 2, C,4,H;,B,FgPt,P,Sg:
C 45.97%, H 1.96%, N 0%; found: C 45.40%, H 1.95%, N none.

Synthesis and Characterization of 3. TTFtt(SnBu,), (0.015 g,
0.019 mmol) was dissolved in 3 mL of CH,Cl, and slowly added to a
solution of Pt{P(p-CH,Ph);},Cl, (0.033 g, 0.038 mmol) in 3 mL of
CH,Cl,. The colorless solution turned red upon addition of the
orange solution of TTFtt(SnBu,), and was left to stir for 10 min.
Next, [Fc®°][BAr,F] (0.045 g, 0.039 mmol) was dissolved in 3 mL of
CH,Cl, and slowly added to the stirring reaction. The red solution
turned dark brown and then green-brown upon full addition of
[Fc®©][BAr,f] and was subsequently left to stir for 5 min. The
solution was condensed to 1 mL under vacuum and petroleum ether
(5 mL) was slowly added. Green-brown solids began crashing out.
The solids were washed with petroleum ether several times (3 X S
mL) and dried under vacuum. The crude product was redissolved in 2
mL of CH,Cl,, filtered through Celite, and layered with petroleum
ether. The layered solution was cooled to —35 °C and left to
crystallize overnight. The resulting green-brown crystals were
collected and dried (0.045 g, 65% yield). Crystals suitable for
SXRD were selected from a CH,Cl,/petroleum ether slow diffusion
gradient left to crystallize over a 2-day period at —35 °C. '"H NMR
(400 MHz, CD,Cl,, 298 K): § 2.35 (36H, s, CH;), 7.04—7.06 (24H,
m, PPh,), 7.23—7.28 (24H, m, PPh;), 7.56 (8H, s, [BAr,"]"), 7.73
(16H, s, [BAr,F]7). 3P{'"H} NMR (162 MHz, CD,Cl,, 298 K): §
12.33 (Jp,p = 3066 Hz). '**Pt{'"H} NMR (107 MHz, CD,Cl,, 298 K):
6 —4425.73 (Jp,p = 3052 Hz). Anal. Calcd for 3,
CyoH 0B, FygPt,P,Se: C 50.50%, H 2.97%, N 0%; found: C
50.37%, H 2.72%, N none.

Synthesis and Characterization of 4. TTFtt(SnBu,), (0.032 g,
0.040 mmol) was dissolved in 4 mL of CH,Cl, and oxidized with
[Fc®©][BAr,F] (0.093 g, 0.081 mmol) in 3 mL of CH,Cl,. The
orange solution turned brown, then deep purple upon full addition of
[FP©][BAr,f] and was left to stir 5 min. A solution of Pt{P(p-
OCH,Ph);},ClL, (0.078 g, 0.080 mmol) in 3 mL of CH,Cl, was
slowly added. The purple solution turned green-brown upon addition
of Pt{P(p-OCH;Ph),},Cl, and was subsequently left to stir for 10
min. The solution was condensed to 1 mL under vacuum and
petroleum ether (5 mL) was slowly added. Green-brown solids began
crashing out. The solids were washed with petroleum ether several
times (3 X S mL) and dried under vacuum. The crude product was
redissolved in 2 mL of CH,Cl,, filtered through Celite, and layered
with hexanes. The layered solution was cooled to —35 °C and left to
crystallize overnight. The resulting green-brown crystals were
collected and dried (0.066 g, 43% yield). Crystals suitable for
SXRD were selected from a CH,Cl,/hexanes slow diffusion gradient
left to crystallize over a 2-day period at —35 °C. '"H NMR (400 MHz,
CD,Cl,, 298 K): & 3.80 (36H, s, OCH;), 6.75—6.77 (24H, m, PPh;),
7.27-7.32 (24H, m, PPh,), 7.56 (8H, s, [BAr,f]"), 7.72 (16H, s,
[BAr,"]7). *'P{'H} NMR (162 MHz, CD,Cl,, 298 K): § 10.50 (Jpp
= 3084 Hz). Pt{'H} NMR (107 MHz, CD,Cl, 298 K): &
—4394.37 (Jp,p = 3072 Hz). Anal. Calcd for 4,
CissH10501:B,F,sPt,P,S: C 47.98%, H 2.82%, N 0%; found: C
48.13%, H 2.85%, N none.

B CHARACTERIZATION AND ANALYSIS METHODS

Single-Crystal X-ray Diffraction (SXRD). All SXRD data were
collected at 100 K on an XtalAB Synergy-S dual-source single-crystal
X-ray diffractometer using a PhotonJet-S Cu (1, 2, and 4) or Mo (3)
50 W Microfocus X-ray source (4 = 1.5418 or 0.7107 A, respectively)
and a HyPix-6000HE Hybrid Photon Counting detector. Data
reduction and integration were performed with the CryAlisPro
1.171.43.75a (Rigaku Oxford Diffraction, 2023) software package,
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with numerical absorption correction based on Gaussian integration
over a multifaceted crystal model and empirical absorption correction
using spherical harmonics, implemented in the SCALE3 ABSPACK
scaling algorithm. The structures were solved by SHELXT (version
2018/2)* and refined by a full-matrix least-squares procedure using
OLEX2 (XL refinement program version 2018/ 3).47’48 ‘We note some
A- and B-level alerts resulting from the propensity of the BAr,F
counteranions to disorder and also from the commonly observed
spurious electron density near the heavy metal, in these cases, Pt. In
particular, the lack of rigidity in the methoxy groups of 4 potentially
led to low crystallinity and loss of quality for this sample. We note that
this was the best diffracting sample among numerous crystallization
attempts.

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 an internal standard (Fc*/Fc). All
measurements were acquired using a BASi Epsilon potentiostat and
analyzed using the BASi Epsilon software version 1.40.67NT.

Fourier Transform Infrared (FT-IR) Spectroscopy. All IR
measurements were performed by drop-casting CH,CIl, 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 3'P and Pt NMR measurements, respectively.
Evans method measurements were conducted in CDCl; with a
capillary insert of 95/5% w/w CDCIl;/CHCl,. Pascal’s constants were
used to correct for the diamagnetic contribution.*’

UV—Vis—NIR. UV—vis—NIR measurements were performed using
a Shimadzu UV-3600 Plus dual-beam spectrophotometer.

Photoluminescence Spectroscopy. Room-temperature emis-
sion spectra were acquired on a Horiba Fluorolog-3 spectrofluor-
ometer equipped with a Synapse IGA-512X1-50-1700 InGaAs Array.
Stability measurements were acquired on a Horiba Scientific PTI
QuantaMaster fluorometer. Low-temperature emission spectra were
recorded by loading samples in polymer onto a sapphire disk and
cooling in a Janis cryostat.

Transient Absorption Spectroscopy. Transient absorption
spectroscopy was performed using a S kHz amplified titanium:sap-
phire laser with a 120 fs laser pulse width. A portion of the 800 nm
fundamental output was focused into a sapphire crystal to produce
near-infrared 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 excited with 0.2 mW of pump power.

Lifetime Measurements. Time-correlated single photon count-
ing was performed on the samples using a 975 nm diode laser with a
60 ps pulse width operating at 20 MHz. Collected PL was dispersed
using a 0.3 m spectrograph and detected with a superconducting
nanowire single photon detector and multichannel scaler with 25 ps
bin width. Of note, the instrument response function (IRF) falls
around ~60 ps.

Photoluminescence Quantum Yield Determination. The
samples in 1 cm quartz fluorescence cuvettes (Starna) were
normalized to optical densities at 900 nm using UV—vis—NIR
measurements. All samples were kept at or below 0.1 OD at 900 nm
to minimize reabsorption effects. Three different ODs were tested per
sample, forming a gradient upon plotting against the integrated
photoluminescence. The individual quantum vyields were then
calculated using this gradient and the reference method (reference
is [(dppePt), TTFtt][BAr“],, PLQY = 0.136% in DCM at 298 K').
The following equation was used

2
PLQY, = PLQY{E][E]
m, )\ n,

r

17293

where m is the gradient of the OD vs integrated PL plot, n is the
refractive index of the solvent, and r and s refer to the reference and
the sample, respectively.

Radiative and Nonradiative Rate Determination. Both the
experimentally determined quantum yield values, ¢, and the TA
singlet lifetimes were utilized to determine the nonradiative and
radiative rate through the expression ¢ = k./(k, + k), where the
denominator, (k, + k), is the reciprocal of the TA lifetime, 71,.

NIR Imaging Studies. The compounds were imaged using an
Allied Vision Goldeye G-034 VSWIR TEC1 camera, mounted above a
THORLABS 1000 nm long-pass filter (or an 1150 nm bandpass filter,
dependent on the experiment). The samples rest on a stage below
these two items and are orthogonally excited by an 808 nm fiber-
coupled laser (THORLABS L808P200) operated at 250 mA.

Polymer Sample Preparation. The polymer samples for VT
TCSPC, TA, and NIR barcoding experiments were prepared via
dissolution of polymer (the polymer used throughout this study is
poly(butyl methacrylate-co-isobutyl methacrylate)) and compound in
dichloromethane and subsequent drop-casting onto either a micro-
scope slide or sapphire disk. The optical density for all films was
adjusted to 0.5 OD at the excitation wavelength.
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