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NIR emitters are employed in bioimaging, communication, and optics applications
due to their emission in low-attenuation regions; however, they often exhibit low
quantum yields, which is typically attributed to C-H modes. Here, we report
perdeuteration of a NIR lumiphore, allowing us to assess C-H contributions for the
first time. Our results indicate that C—Hs are not primary contributors to non-
radiative decay, and we instead demonstrate the benefits of heteroatom
substitution to red-shift emission while retaining brightness.
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Elucidating non-radiative decay in near-infrared
lumiphores: Leveraging new design principles
to develop a telecom band organic dye laser

Lauren E. McNamara,' Christopher Melnychuk," Jan-Niklas Boyn,? Sophie W. Anferov,’

David A. Mazziotti,! Richard D. Schaller,>** and John S. Anderson’>*

SUMMARY

Organic near-infrared (NIR) lumiphores have been targeted for biolog-
ical and technological applications; however, these dyes exhibit expo-
nentially decreasing quantum yields with decreasing energy gaps. The
accepted model of this phenomenon invokes C-H stretching modes
as the dominant route of non-radiative energy dissipation. Reducing
the number of these modes is a popular strategy for the design of bright
NIR lumiphores, but quantitative experimental validation of this strat-
egy is lacking. Here, we evaluate the role of C-H modes in non-radiative
relaxation through isotopic labeling of a NIR-emitting complex. Mea-
surements comparing relaxation between protonated and perdeuter-
ated complexes indicate that C-H modes do not contribute significantly
to non-radiative relaxation. We instead propose that skeletal modes
may play a larger role and suggest that minimizing scaffold size is a
promising route for bright NIR lumiphores. We demonstrate the prom-
ise of such strategies through the development of the reddest organic-
based laser dye yet reported.

INTRODUCTION

NIR (700-1,700 nm) lumiphores are promising candidates for several applica-
tions.'” These include biological imaging, as NIR emission falls into the tissue
transparent range,'™ as well as in technological areas such as deep NIR
(>1,200 nm) emitters that can also be used in the low-attenuation telecom bands
(~1,260-1,550 nm).""° Organic NIR dyes have been specifically targeted due to
their biocompatibility (i.e., excretion); however, large conjugated systems are typi-
cally required to shift organic emission into the NIR region, and these dyes often
suffer from low photoluminescence (PL) quantum yields (PLQYs)." 4" Further-
more, PLQYs decrease roughly exponentially with decreasing emission energy, an
empirical observation known as the energy gap law."® Thus, understanding the
fundamental photophysical limitations on PLQY in the NIR region is vital to the
design of improved lumiphores.

The dominant theoretical explanation for the energy gap law was proposed by
Englman and Jortner (EJ) in 1970."° Starting in the 1950s, it was hypothesized that
non-radiative relaxation occurs by nonadiabatic coupling between ground and
excited electronic states involving “promoting” vibrational modes, followed by
rapid relaxation within the ground electronic state via energy dissipation into “ac-
cepting” vibrational modes.'“?" EJ built upon these earlier works to derive a simple
equation for the overall relaxation rate through a series of approximations involving
the accepting modes. The EJ model emphasizes the role of the highest-frequency
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THE BIGGER PICTURE
Near-infrared (NIR, 700-

1,700 nm) lumiphores are
promising for applications
ranging from bioimaging to low-
attenuation communication;
however, most NIR emitters suffer
from low quantum yields that drop
off exponentially into the NIR
region. For the past 50 years, this
behavior has been attributed to
C-H vibrational modes, which are
present at the core of most
organic NIR emitters. Thus, typical
design strategies for bright NIR
lumiphores include minimization
of C-Hs. Here, we report full
deuteration of an organic-based
NIR emitter to assess the
contributions of C-Hs to non-
radiative decay. Our results
suggest that C-Hs are not the
primary driver of low quantum
yields in the NIR region and
instead suggest that skeletal
modes may be more important.
Lastly, we propose an alternate
design strategy employing heavy
heteroatom substitution to shift
emission further into the NIR
region while minimizing skeletal
modes, allowing us to realize the
reddest organic-based laser to
date.

Gheck for
Updaies



Chem

vibrations as accepting modes due to the need for an elevated vibrational level of
the ground electronic state to be degenerate with the thermalized excited electronic
state, and the approximate exponential decrease of Franck-Condon factors with
increasing vibrational quantum number. The second consideration is responsible
for the gap law behavior in the EJ model and C-H stretches, commonly the high-
est-frequency vibrations in organic molecules, are therefore widely assumed to
mediate non-radiative relaxation.

Although the EJ model captures the overall exponential dependence of non-radiative
relaxation on the energy gap observed experimentally, quantitative application of the
EJ model requires proper identification of the promoting modes, accurate determina-
tion of nonadiabatic couplings, and a detailed understanding of the reorganization
energy associated with energy dissipation into the accepting modes."* %’ These quan-
tities are difficult to accurately measure or calculate, limiting the utility of the EJ model
as a framework for the rational design of NIR lumiphores. Fundamentally, the generic
problem of vibration-mediated non-radiative relaxation and gap law behavior remains
a topic of debate in chemistry, condensed matter physics, and materials sci-
ence.'’?’7** Several distinct physical models produce gap law-type behavior utilizing
different assumptions or frameworks,?’*'~*¢ but only the EJ model has received appre-
ciable investigation in molecules. The generic problem of vibration-mediated elec-
tronic relaxation is therefore of broad practical and theoretical interest.

One elegant experimental approach to evaluate the EJ model is isotopic substitu-
tion (deuteration) of C-H bonds. The EJ model predicts that the lower vibrational
frequency of C-D bonds should substantially reduce non-radiative relaxation by
increasing the number of vibrational quanta required to reach degeneracy. There
have been several prior examples of deuteration of the ligand environment of tran-
sition metal lumiphores; however, these complexes primarily emit in higher energy
regions where isotope effects are expected to be less prominent, and/or some may

be better approximated by the strong-coupling regime.??*/~°

Furthermore, perdeuteration of large organic NIR lumiphores is generally difficult
due to their structural and synthetic complexity. These compounds also often
oxidize easily, limiting their applications and complicating spectroscopic experi-
ments.””*! In limited examples of NIR organic lumiphores with partially deuterated
cores, only minimal improvements in PLQY and non-radiative decay rates are
observed.””"** These slight improvements contrast with those predicted by the EJ
model in their respective spectral regions and thus raise questions about the quan-
titative utility of this model.

Our lab recently reported a compact, tunable scaffold that emits in the NIR Il region
(1,000-1,700 nm).*> These tetrathiafulvalene-2,3,6,7-tetrathiolate-based (TTFtt)
complexes absorb and emit from a core free of C-Hs. These are typical organic
T-T transitions, making TTFtt an ideal platform for a broadly-applicable photophys-
ical study. Prior work indicated that these TTFtt systems display large PLQYs and
non-radiative lifetimes for the NIR Il region, but which are still much lower than those
of bluer-emitting compounds, in accordance with the broader gap law trend.*®
Although these results imply that C-H vibrational modes are not major contributors
to non-radiative decay rates, the presence of peripheral ligand-based C-H bonds
prevented more definitive conclusions.

To further test the validity of the EJ model, we designed a series of proteo and per-
deutero TTFtt isotopologs and evaluated the effects of ligand and solvent C-H

¢? CellPress

"Department of Chemistry, The University of
Chicago, Chicago, IL 60637, USA

?Department of Mechanical and Aerospace
Engineering, Princeton University, Princeton, NJ
08544, USA

3Center for Nanoscale Materials, Argonne
National Laboratory, Argonne, IL 60439, USA

4Department of Chemistry, Northwestern
University, Evanston, IL 60208, USA

5Lead contact

*Correspondence: schaller@anl.gov (R.D.S.),
jsanderson@uchicago.edu (J.S.A))

https://doi.org/10.1016/j.chempr.2024.03.023

Chem 10, 2266-2282, July 11, 2024 2267



¢? CellPress

modes on PLQYs and non-radiative lifetimes. We find only minimal changes in PLQY
and non-radiative decay upon complete deuteration of peripheral ligands and/or
solvent, providing convincing experimental evidence that C-H modes do not play
a dominant role in these systems’ non-radiative decay. Instead, skeletal ring vibra-
tions may play a more dominant role in mediating relaxation. Our results place phys-
ical constraints on the parameters in an EJ-type analysis, and we find that the EJ
model is inconsistent with our data when reasonable molecular parameters are
used. This suggests that the minimization of C-Hs may not be a broadly useful strat-
egy for designing bright NIR lumiphores and calls for a better theoretical framework
to understand infrared non-radiative relaxation.

Fundamentally, these results, and other recent literature findings, demonstrate that
alternative pathways should be considered when designing bright NIR lumiphores.
One strategy to alter skeletal modes is through heteroatom substitution.*” This
allows for deep NIR emission to be centered on a much smaller scaffold than tradi-
tional NIR molecular dyes. This smaller scaffold size inherently reduces the number
vibrations, which in turn should slow non-radiative relaxation. Indeed, TTFtt repre-
sents such a moiety, and we conclude this work by showing how the comparatively
slow non-radiative decay in this molecule allows for the development of the reddest
organic dye laser to date, with a lower threshold than current leading NIR organic
laser dyes.

These findings motivate a revision of the fundamental photophysical limitations of
deep NIR lumiphores and illustrate how compact heteroatom-substituted luminescent
cores position chemical synthesis to push the boundaries of organic NIR emitters.

RESULTS

Synthesis and structure

We synthesized Pt(PPh3),Cl; and its perdeuterated analog according to literature
procedures, with either triphenylphosphine or triphenylphosphine-ds.*® While a
synthetic route has been reported for {Pt(PPh3),},TTFtt, we followed an alternate
route from our lab using a (SnBuy), TTFtt precursor.’”*° Subsequent oxidation with
two equivalents of [FcBZCBArT 4] (where FcB© = benzoylferrocenium and BArT, =
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, see Figure 1A) provides the dicationic
analogs [{(PPh3),Pth, TTFt[BAr 4], (1) and [{(PPh3-ds)oPtl TTFHIBAr 4], (1-dso).

Single-crystal X-ray diffraction reveals an analogous structure to previously reported
TTFtt complexes of Pt (Figure 1B). The central C3-C4 distances range from 1.402 to
1.407 A across both 1 and 1-dgo. Theory suggests this distance correlates with the
diradical character in TTFtt.”" The distances shown here are relatively longer
compared with those of other analogs, suggesting moderate diradical character in
the solid state. This diradical character is confirmed via a solution-phase magnetic
moment of 2.45 pg measured via Evans method (see Figure S7).

Room temperature photophysical characterization: The role of intersystem
crossing

The room temperature photophysical properties of both analogs were characterized in
dichloromethane (CH,Cl,) and dichloromethane-d, (CD,Cl,, Table 1). UV-vis-NIR
spectra show intense (~107,000 M~ 'em™") -t transitions at 1,100 nm, which are
redshifted compared with previously reported analogs.*® These complexes emit in the
deep NIRIIregion, at 1,266 nm (Figure 1C). The PLQY of 1in CH,Cl, is 0.070%. Although
this PLQY is notably high for deep NIR emission, it is still quite low compared with bluer-
emitting lumiphores and consistent with the broader gap law trend.*
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Figure 1. Synthetic scheme, structural characterization, and photophysical properties of studied compounds
(A) Synthesis of 1 and 1-dgo. See supplemental information and experimental procedures for synthetic details.
(B) Single-crystal X-ray structure of 1.

(C) Absorption (solid) and emission (dashed) spectra of 1 in CH,Cl,.

Dicationic 1-dgo contains no C-Hs, providing a straightforward test of these moi-
eties’ involvement in non-radiative decay. The PLQY data in CD,Cl; provide a further
control for possible relaxation mediated by solvent C-Hs. Deuteration of peripheral
ligands only marginally improves the PLQY to 0.083% for 1-dgo in CH,Cl,. Solvent
deuteration also has only a minimal effect on PLQY, raising it to 0.077% for 1 in
CD,Cl,. Perdeuteration of both solvent and ligands results in the largest overall
improvement, albeit still small, with a PLQY of 0.108% for 1-dgg in CD,Cl,. Such a
small impact demonstrates that C—-H modes are not the primary non-radiative decay
pathway in these systems at room temperature.

We then conducted picosecond transient absorption (TA) measurements to further
clarify the role of deuteration on non-radiative decay and assess alternative non-
radiative decay pathways (Figure 2). The overall TA spectra at early timepoints

Table 1. Photophysical parameters of various analogs

1 1-dgo

PcHzcl2 0.00070 0.00083
Pcp2ciz 0.00077 0.00108
TeHzclz (ps)° 345+ 74 33.9 + 6.1
Tepzciz (P s)a 420+ 6.4 4233 +£73

Kor.cHzciz (87 2.90 x 10'° 2.95 x 10'°

Knr,coz2c12 (8~ ) 2.38 x 10" 2.36 x 10"
TcHzclz (P s)° 286.33 338.74
Tcp2ci2 (Ps)b 388.84 570.00

See experimental procedures and supplemental information for details and equations used in determi-
nation of quantum yields, rates, and lifetimes.

®Data acquired at 298 K by TA.

®Data acquired at 10 K by TCSPC.
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Figure 2. Electronic structure of studied dictations

(A) Transient absorption spectra of 1-deg at early time points.

(B) Transient absorption spectra of 1-dgg at later time points.

(C) Electronic structure of 1. 'A, corresponds to S; and upper A, corresponds to T,. All spectra acquired in CD,Cl, at 298 K.

(<149 ps) show population and decay of a previously-assigned first singlet excited
state in these complexes (S;, Figure 2A).%° The spectra show a characteristic
ground-state bleach (GSB) around 1,050 nm, an excited state absorption (ESA) at
~1,130 nm, and stimulated emission (SE) at 1,260 nm. Importantly, the position of
each feature does not substantially shift with deuteration of ligands and/or solvent,
suggesting that deuteration has little to no effect on the excited state energetics of
these complexes (see supplemental information).

The S; spectrum decays fully by ~125 ps with concurrent formation of a new feature
which we assign as a separate excited state (Figure 2B). Notably, this new excited
state still shows a GSB in the same region as the NIR absorption peak for both com-
pounds, as well as a new ESA around 1,290 nm. The weak signal and the density
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functional theory (DFT)-predicted proximity of a triplet excited state (T,) to S,
(1.026 kcal/mol, Figure 2C and supplemental information) suggests that these
new features correspond to the thermal population of T, by ISC. While ISC between
singlet and triplet states of the same configuration (such as "wm* to 3mr*) is typically
symmetry forbidden according to El-Sayed's rule, this TTFtt core can be modeled
using C; symmetry, which, along with molecules belonging to C,, point groups, al-
lows for spin-orbit coupling (SOC) between states of the same configuration.®”**

The relatively fast ISC observed here is expected in organic systems with heavy
atoms and illustrates another non-radiative decay route for lumiphores with heavy
heteroatom substitution. Prior work on these systems established that the lifetime
of S; extracted from TA is identical to the PL lifetime governing the PLQY, so we
used the S; TA decay of proteo and deutero isomers to evaluate whether C-H
modes impart any significant effect on the S; lifetime at room temperature.*® The
lifetime data are broadly consistent with the PLQYs; the lifetimes of 1 and 1-dso
are identical within error (Table 1), while solvent deuteration lengthens the lifetime
by about 30%. This indicates that C-H modes do not play a major role in the room
temperature non-radiative relaxation of S;.

Variable temperature photophysical measurements: The role of vibrations

To more directly examine the role of vibrations in non-radiative relaxation of S;, we
reduced ISC as a competing pathway by cooling to eliminate thermal population of
the energetically proximal triplet. Steady-state and time-resolved variable temper-
ature (VT) measurements on 1 and 1-dgg are consistent with small S;-T, gaps of
about 400 cm™" for both analogs based on a simple Boltzmann model, with T,
being higher-lying. Measurements were conducted in both polymer (poly(butyl
methacrylate-co-isobutyl methacrylate), see experimental procedures and supple-
mental information) and a glassing solvent mixture (1:1 CH,Cl,:toluene or 1:1
CD,Cl;:toluene-dsg) to assess possible rigidification effects associated with solvent
freezing. As shown in Figures 3A and 3B, lifetimes saturate below 100 K in all cases,
indicating that the proposed ISC pathway is eliminated below this temperature.
In this regime, where we expect a vibration-mediated mechanism to dominate,
the largest deviation in lifetimes upon deuteration arises between 1 in 1:1
CH,Cly:toluene and 1-dgg in 1:1 CD,Cls:toluene-dg; however, there is less than a
2-fold improvement upon deuteration of both solvent and ligand. As shown in Fig-
ure 5 and further discussed in subsequent sections, these results are inconsistent
with the EJ model even at a qualitative level.

The VT time-correlated single photon counting (TCSPC) data also agree well with the
VT PL data, with minor deviations in the PL data likely arising from changes in
ground-state population between Spand T; (Figures 3C and 3D). The low-tempera-
ture PL data show vibronic features, spaced roughly ~350 cm~" apart, which have
been previously assigned in related group 10 dithiolene systems as out of phase de-
formations of the five-membered rings (see Figures 3C and 542).>* In most molecular
and polymeric organic lumiphores, analogous vibronic structure is attributed to skel-
etal or C-H bending modes in the 1,000-1,500 cm™’ region, and, from an photo-
physical standpoint, the combination of coupling strength and selection rules clearly
favors non-C-H stretching modes in a diverse range of molecules.'** As discussed
below, we tentatively propose that such modes may be important in non-radiative
relaxation.

We emphasize that because PLQYs and lifetimes remain small even below 100 K and
upon complete deuteration, there must be major non-radiative pathways that are
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Figure 3. Shutting off intersystem crossing at low temperature
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(A) Time-resolved PL spectra for 1in 1:1 CH,Cly:toluene from 296 to 5 K. Inset: overlaid 5 K time-resolved PL for 1 and 1-deg, in 1:1 CH,Cl,:toluene and

1:1 CD,Cly:toluene-ds.

(B) Variable temperature lifetimes of 1 and 1-dgg in 1:1 CH,Cl,:toluene and 1:1 CD,Cl,:toluene-dsg fit to a Boltzmann distribution. Inset: variable

temperature lifetimes of 1 in polymer, fit to a Boltzmann distribution.
(C) Variable temperature PL of 1in 1:1 CH,Cl,:toluene.

(D) Variable temperature integrated counts for 1 and 1-dgo, in 1:1 CH,Cly:toluene and 1:1 CD,Cly:toluene-ds.

not related to C—H vibrations. Some possibilities include C=C skeletal vibrations, but
further investigation will be needed to assign these decay mechanisms. Irrespective
of the exact non-radiative decay pathway, C—H stretching modes do not meaning-
fully govern vibration-mediated non-radiative decay in the systems studied here,
in direct contrast to common interpretations of the EJ model.

Vibrational structure

Given the coupling to lower-frequency modes implied by the low-temperature vi-
bronic structure (see Figures 3C and S42), we investigated whether secondary ef-
fects of deuteration on nearby phenyl C=C modes might also be visible and poten-
tially affect non-radiative relaxation. Indeed, the 10 K PL spectra show a subtle (6 nm,
or40 cm™", see Figure 4A) shift from 1 in CH,Cl, to 1-dgg in CD,Cly. This is the same
shift observed in the infrared absorption spectra of 1 and 1-dgg in the region corre-
sponding to conjugated C=C stretches (Figure 4B).

This shift is also supported by theory, which predicts a 41 cm ™" shift of the outer

phenyl C=C mode frequencies upon deuteration. Notably, these stretches are
also predicted to couple with core TTF C=C stretches (see Figure 5C, supplemental
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Figure 4. The observed shifts of skeletal vibrations upon deuteration
(A) Overlayed 10 K PL spectra of 1 and 1-dgo in 1:1 CH,Cly:toluene and 1:1 CD,Cl,:toluene-ds.
(B) IR spectra of 1 (light blue) and 1-deg (magenta) dropcast onto KBr windows.

information and Videos S1 and 52).°°7¢° Such deuteration effects on skeletal mode
frequencies have been observed in other systems, and it is well-known that skeletal
modes can couple to excitations.’’“? The close correspondence between these
modes’ frequency changes and the magnitude of the Stokes shift suggests that
these modes may dominate the observed Stokes shift. Contribution of the accepting
modes to the Stokes shift is a key parameter in the EJ model, and these lower fre-
quency vibrations may therefore play this role in the non-radiative relaxation. Earlier
work has indeed suggested a more prominent role of skeletal modes in non-radia-

tive relaxation.®%¢*

While these data suggest that the coupling to these low energy vibrations might
contribute to non-radiative decay, these systems still have high PLQYs for this
deep NIR region.?*®? This is likely facilitated by the compact, rigid nature of the
TTFtt scaffold where the emissive transition is centered. Although skeletal vibrations
may contribute to non-radiative decay, all vibrations are ultimately minimized by the
compact size of TTFtt, which allows for NIR Il emission without extended conjuga-
tion. This is enabled by heteroatom substitution, which compresses the m system
and redshifts the absorption and emission.*” Calculations suggest that substitution
with an even heavier heteroatom such as Se is predicted to shift absorption and
emission further into the deep NIR Il region (see Figure S51; Table S7) without add-
ing additional vibrational modes. Heavier heteroatom substitution is therefore a
promising area of future investigation.

Comparison with EJ model predictions
The version of the EJ model most widely used to interpret organic non-radiative
decay is the following:

Ao e[ EN L) E Eeuetion 1
TNR B h h(,L)MEeXp n deM h&)M quation

where J is the matrix element for nonadiabatic coupling between excited and
ground electronic potentials, wy is the angular frequency of the highest-frequency
vibration in the system, E is the electronic energy gap, em is the nuclear reorganiza-
tion energy associated with the highest-frequency mode, and d is the number of
normal modes present at that frequency. The product dey is the total contribution
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Figure 5. Energy gap law predictions and calculated vibrational shifts

(A) Comparison of predicted lifetimes given coupling to C-H (1, solid) and C-D (1-dso, dashed) modes. Black dashed line marks the experimental low
temperature lifetime (~300 ps).

(B) Predicted lifetime ratio between protonated and deuterated molecules as a function of dey. Black dashed line represents ~2-fold improvement
seen experimentally.

(C) Linear combination of vibrations from simulations, corresponding to calculated 1,391 (1) and 1,350 (1-dgo) cm ™" features.

See Video S2 for full simulation.

(D) Comparisons of predicted lifetimes given dissipation through 1,580 cm ™" (solid) and 1,540 cm™" (dashed) modes. Black dashed line marks the
~300 ps experimental lifetime.

of the highest-frequency modes to the Stokes shift and is constrained by experiment
to be less than or equal to 700 ecm~"in 1 and 1-dgo. The following calculations take E
as 9,300 cm ™", from the 10 K absorption and emission data for 1 in polymer.

To compare our low-temperature data with the EJ model, we took the experimental
low-temperature lifetime of ~300 ps for 1 as a comparative lifetime, depicted as a
dashed black line in Figure 5A, and compared this value with those calculated
from Equation 1 for C-H/D isotopologs. These calculated values are shown as
colored solid and dashed lines, respectively, for different values of J. Assuming
that 250 cm™" is a reasonable lower limit for J, the intersections between the
300 ps lifetime (black dashed line) and the solid C-H curves give an upper bound
of about 350 cm™" on dey. This represents the amount of Stokes shift which would
be attributable to C-H/D stretching modes. With dey, < 350 cm ™', Figure 5A indi-
cates that non-radiative lifetimes in excess of several nanoseconds would be
expected upon deuteration. The corresponding ratio of C-D to C-H lifetimes, which
is independent of J, also predicts at least an order of magnitude increase in the
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lifetime and PLQY (Figure 5B). Even in the hypothetical case where the entire Stokes
shift is attributed to C-H/D stretch modes, a much stronger isotope effect is pre-
dicted by the EJ model than is observed. The large discrepancy between the predic-
tions of the EJ analysis and our experiments further indicates that C-H modes are not
the limiting factor in non-radiative decay.

Given the observed correlation between the C-D isotope effects on C=C modes and
the measured Stokes shift, it is alternatively possible that C=C modes are a dominant
contributor to non-radiative relaxation in our system. To test this hypothesis, we then
performed a related analysis with the EJ model, but instead assuming that skeletal
vibrations are the dominant accepting modes. The resulting lifetimes are shown in
Figure 5D and qualitatively support our experimental observations. This analysis
predicts a ~1.4-fold slowing of the non-radiative relaxation upon a shifting of the
C=C frequency from 1,580 to 1,540 cm™" upon deuteration. This 1.4-fold slowing
is indeed similar to the observed lifetime improvement upon deuteration of the
molecule (1.4-fold in CD,Cl, and 1.2-fold in CH,Cl,). Following previous arguments,
however, the intersection of our experimental lifetime (dashed black line) with these
predicted curves implies rather large values of dey and/or J. Such large values may
be discernable via simulations or spectroscopic experiments,®” and this is a potential
future area of investigation. The small yet distinct solvent effect indicates that inter-
molecular interactions also contribute to non-radiative relaxation, in contrast to the
assumption that molecular non-radiative relaxation is purely intramolecular.'®

PLQYs are in general affected by multiple non-radiative processes in composite
manner, and itis possible that a variety of heretofore-neglected pathways contribute
to the total non-radiative relaxation. This suggests that designing a bright NIR mole-
cule requires a more holistic consideration of molecular electronic and vibrational
structure than minimizing C-H modes alone.

Demonstration of a 1,400 nm organic dye laser

Given the emission energy and lifetimes of 1, as well as the observation of an SE
feature around 1,260 nm in the TA data, we investigated the performance of 1 as
a deep NIR laser dye. Current progress in this area has led to organic dye lasers
that can be tuned beyond 1,200 nm, but no candidates beyond 1,400 nm have

been reported.®?*°

Complex 1 was placed in a 3 mm fluorescence cuvette and transversely stripe pumped by
an 800 nm, 200 ps pulsewidth Ti:sapphire laser, without stirring or flowing. Light emission
from the cavity was detected with a 0.3 m spectrograph and cooled InGaAs array. As a
function of pump intensity, a distinct output threshold was reached around 1.68 mJ/
mm?, where the emission narrowed (the PL spectrum for 1 shows the emission full width
at half maximum, FWHM, is ~200 nm, Figure 1C). A central peak consistent with lasing
was observed at 1,371 nm, with a nearly equally intense shoulder around 1,400 nm (Fig-
ure 6A). The power conversion was measured to be 5.6%, consistent with other NIR la-
sers.®* These features span the range from 1,300 to 1,500 nm, making 1 the reddest
organic-based laser dye yet reported. This range is additionally of interest as it spans
the telecom region, where attenuation is minimized.

Misalignment of the cavity results in a loss of signal intensity, and signal is recovered
after realignment (Figure 6C). Complex 1 demonstrates reasonable photostability
over ~20,000 laser shots without stirring or flowing, and the dye continued to lase
with a moderate decrease in intensity (Figure 6D) putatively from degradation under
illumination. Comparison with the commercially available NIR laser dye, IR 26,
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Figure 6. Demonstration of a telecom band laser
(A) Laser profile of 1 in CH,Cl, as a function of input power.
(B) FWHM and integrated output intensity of 1 in CH,Cl, as a function of input power.

(C) Laser intensity and profile of 1in CH,Cl, given an input fluence of 1.87 mJ/mm?, upon cavity destruction via turning the mirror knob. The gray trace is

the return to the original position after cavity misalignment.
(D) Photostability of 1 in CH,Cl, under 1.87 mJ/mm? input fluence.

indicates 1 has a lower threshold, is significantly redshifted, and features a narrower
FWHM (see Figure S48).°%%* We believe that these light emission improvements
over IR 26 arise from the longer lifetime, facilitated by the compact nature of the
TTFtt scaffold.

To further improve the threshold, we also investigated a previously reported TTFtt-
based dye ([{(dppe)Pt}zTTFtt][BAmF]z, 2, dppe = 1,2-bis(diphenylphosphino)ethane,
see Figures S45 and S47) for lasing.”*® While not as red as 1, the reported lifetimes
of 2 at room temperature are appreciably longer. Consequently, we see the
threshold reduced to 1.46 mJ/mm?, while still lasing at longer wavelengths than IR
26 (see Figures S46 and S48). Additionally, 2 demonstrates the tunability of this sys-
tem; upon modification of capping ligands, the resultant laser maximum can be
significantly shifted. We note that additional tuning should be possible due to the
strong solvatochromic behavior of these compounds®®; different solvent dielectrics
should shift these dyes further into desirable regions.

DISCUSSION

We have synthesized two new Pt-capped TTFtt analogs to investigate the role of C-
H modes on non-radiative decay. Our data indicate that C-H modes do not impact
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lifetimes as significantly as implied by the widely utilized EJ model. These results,
along with recent literature findings,*%**~** challenge established design principles
for deep NIR-emitting organic molecules and motivate the investigation of alterna-
tive design strategies for lumiphores in this region. Furthermore, these data should
prompt renewed theoretical and computational investigations to form a more com-

plete and quantitative picture for vibration-mediated non-radiative relaxation.

This work further suggests that compact, rigid scaffolds are a strategy to minimize
the influence of any vibrational modes which may contribute to non-radiative decay.
Heteroatom substitution allows for deep NIR emission without extended conjuga-
tion, optimizing lifetimes through compactness and rigidification. Such optimized
lifetimes allow for the demonstration of a 1,400 nm organic-based laser dye. Ulti-
mately, these design principles open the door for improved deep NIR-emitting
organic lumiphores.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, John Anderson (jsanderson@uchicago.edu).

Materials availability

Compounds used in this study may be available from John Anderson (jsanderson@
uchicago.edu) with a completed materials transfer agreement. Availability is subject
to the current stocks in the laboratory.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request.

General synthetic methods

All transmetalation and oxidation procedures were performed under inert condi-
tions (dry Nj) in a MBraun UNIllab glovebox. Elemental analyses (C, H, and 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,),,*°
Pt(PPh3),Cl,,*® [FcBZCIBAI41,°° and 2*° were prepared according to literature pro-
cedures. Pt(PPhs-d;s5),Cl, was prepared according to a modified version of the
Pt(PPh3),Cl, procedure, using triphenylphosphine-d;s instead of triphenylphos-
phine.*® All other chemicals and reagents were purchased from commercial sources
and used as received.

Single-crystal X-ray diffraction

All single-crystal X-ray diffraction data were collected at 100 K on a Bruker D8
VENTURE diffractometer equipped with a microfocus Mo-target X-ray tube (A =
0.71073 A) and a PHOTON 100 CMOS detector. Single crystals were mounted on
a cryo-loop and transferred into the diffractometer nitrogen stream before collec-
tion. Data reduction and integration were performed with the Bruker APEX3%” soft-
ware package (Bruker AXS, version 2015.5-2, 2015). Data were scaled and corrected
for absorption effects using the multi-scan 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 us-
ing OLEX26°? (XL refinement program version 2018/17). Disorder was modeled with
common restraints.
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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 measure-
ments were acquired using a BASi Epsilon potentiostat and analyzed using the
BASi Epsilon software version 1.40.67NT.

Fourier transform infrared spectroscopy

All IR measurements were performed by dropcasting CH,Cl,/CD,Cl; solutions onto
KBr plates. Each spectrum was acquired on a Bruker Tensor II; both background sub-
tractions and baseline corrections were applied for each complex using the OPUS
software.

NMR spectroscopy

"H, 3'P, and ""°Pt nuclear magnetic resonance (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 hexachloropla-
tinate were used as references for 3'P and 7Pt NMR measurements, respectively.
Evans method measurements were conducted in CD3CN with a capillary insert of
95/5 w/w% CD3CN/MeCN. Pascal’s constants were used to correct for the diamag-
netic contribution.”’

UV-vis-NIR
UV-vis-NIR measurements were performed using a Shimadzu UV-3600 plus dual
beam spectrophotometer.

PL spectroscopy

Room temperature emission spectra were acquired on a Horiba Scientific PTI
QuantaMaster fluorometer. Low-temperature emission spectra were recorded by
loading samples in 1:1 CH,Cl;:toluene or 1:1 CD,Cl,:toluene-dg into 0.5 mm cu-
vettes, sealing with vacuum grease, and cooling in a Janis cryostat.

TA spectroscopy

TA spectroscopy was performed using a 5 kHz amplified titanium:sapphire laser with
a 120 fs laser pulse width. A portion of the 800 nm fundamental output was focused
into a sapphire crystal to produce NIR continuum probe pulses that were mechani-
cally delayed. Pump pulses were tuned to 950 nm using an optical parametric ampli-
fier, 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.

Lifetime measurements

Time-correlated single photon counting 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. VT lifetimes were
fit to a simple Boltzmann using the following equation:

1

S
14e R \T T2

TpL = (B X THT)+((1 — B) X TLT)

B =

and
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where 77 and 7,7 are the high and low temperature lifetimes.

PL quantum yield determination

The samples, sealed in NMR tubes, were individually placed in an integrating sphere
(Thorlabs, 1S200-4) with an 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 sam-
ple and with a DCM blank. 808 nm light is completely blocked by the silicon window
within the sensitivity of the measurement. The PL quantum yield is therefore the
following:

Q= 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 ab-
sorption edge of silicon, we calculate T explicitly as

/E(A)d,\x (/%da)f1

where E(2)is the normalized sample emission spectrum and T(2) is the normalized sil-
icon window transmission spectrum.

Non-radiative rate determination

The non-radiative and radiative rates were determined using the experimentally
determined quantum yield values, ¢, and the singlet TA lifetimes. Both values
were utilized using the expression ¢ = k/(k, + kp,), where the denominator, (k. +
knr), is the reciprocal of the TA lifetime, 7.

Synthetic procedures

Synthesis of [{(PPh3),Ptl,TTFtt][BAr ], (1)

TTFtt(SnBu,) (0.050 g, 0.063 mmol) was dissolved in 4 mL of DCM and slowly added to a
solution of Pt(PPh3),Cl, (0.100 g, 0.126 mmol) in 3 mL of DCM. The colorless solution
formed a shiny pink suspension upon addition of the orange solution of TTFtt(SnBuy),
and was left to stir for 10 min. Next, [Fe¥°][BArT,] (0.145 g, 0.126 mmol) was dissolved
in4mLDCM and slowly added to the stirring reaction. The pink suspension turned brown
and then olive green upon full addition of [FcB%)[BArT,] and was left to stir 5 min. The so-
lution was condensed to 1 mL under vacuum, and petroleum ether (5 mL) was slowly
added. Green crystals immediately began to form. The solids were washed with petro-
leum ether several times (3 x 5 mL) and dried under vacuum. The crude product was re-
dissolved in 2 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 green
crystals were collected and dried (0.219 g, 99% yield). Crystals suitable for diffraction
were selected from a dichloromethane/petroleum ether slow diffusion gradient left to
crystallize over a 2 days period at —35°C. "H NMR (500 MHz, CD,Cl,, 298 K): 6 7.23—
7.27 (m, PPhs), 7.36-7.43 (m, PPhs), 7.55 (s, [BAr4]7), 7.73 (s, [BAr417). 3'P{'"H} NMR
(162 MHz, CD,Cly, 298 K): 6 14.21 (Jpep = 3,052 Hz). "*Pt{"H} NMR (107 MHz, CD,Cl,,
298 K): 6 —4,442.79. Anal. calc. for 1, Cq42HgaBoF4gPtaP4Ss: C 48.81%, H 2.42%, N 0%;
found: C 48.79%, H 2.94%, N none.

Synthesis of [{(PPh3-d5),Pth, TTFtt][BAr ;)5 (1-ds0)
TTFtt(SnBuy), (0.015 g, 0.018 mmol) was dissolved in 3 mL of DCM and
slowly added to a solution of Pt(PPhs-d;s),Cl, (0.030 g, 0.037 mmol) in 3 mL of
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DCM. The colorless solution formed a shiny pink suspension upon addition of
TTFtt(SnBu,), and was left to stir for 10 min. Next, [Fc®?©][BArf,] (0.043 g,
0.037 mmol) was dissolved in 3 mL DCM and slowly added to the stirring reaction.
The shiny pink suspension turned brown and then green upon full addition of
[FcB?O)BArT,] and was left to stir for 5 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. Green crystals formed immediately. The solids were washed
with petroleum ether several times (3 x 5 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 green crystals were collected and dried (0.060 g, 92%
yield). Crystals suitable for diffraction were selected from a dichloromethane/petro-
leum ether slow diffusion gradient left to crystallize overnight at —35°C. "H NMR
(500 MHz, CD,Clp, 298 K): 6 7.55 (s, [BArT4]7), 7.72 (s, [BAr4]7). *'P{'"H} NMR
(162 MHz, CD,Cl,, 298 K): 6 13.75 (Jpep = 3,049 Hz). "7>Pt{'H} NMR (107 MHz,
CD,Cly, 298 K): 6 —4,444.89.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2024.03.023.
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