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Triplet state structure-property relationships in a series of
platinum acetylides: effect of chromophore length and end cap
electronic properties
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To develop quantitative structure-spectroscopic property relationships in platinum acetylides, we investigated the triplet
state behavior of nominally centrosymmetric chromophores trans-Pt(PBu3)2(C=C-Phenyl-X)2, where X = diphenylamino, NHz,
OCHs, t-Bu, CHs, H, F, benzothiazole, CFs, CN, and NO,. We measured ground state absorption, phosphorescence, excitation
spectra, triplet state absorption spectra and triplet lifetimes. By DFT we calculated the phosphorescence emission
energy(Er), the spin density on the end cap(SD(X)), triplet state geometry and the distance between the triplet centroid and
the central platinum atom(<Rs.pyx>). Compounds with electron-donating X have smaller triplet state lifetime, blue-shifted
phosphorescence and larger triplet potential energy surface displacement associated with the C=C bond. Compounds with
electron-withdrawing X have larger triplet lifetime, red-shifted phosphorescence and smaller triplet potential energy surface
displacement associated with the C=C bond. The range of spin-orbit-coupling between the platinum atom and the triplet
centroid was determined to be 6 A. The quantity <Rs> is shown to be a linear function of one-dimensional well length
calculated from experimental Er. The multiple examples demonstrate <Rs.pt> is a useful descriptor for analyzing triplet state

behavior.

To develop quantitative-structure-property relationships(QSPR)
Introduction for E1-BTF-like chromophores, we have published a series of papers
Two-photon absorbing(2PA) and effective three photon(E3PA) focusing on 2PA and time-resolved spectroscopy.®1 We designed
absorbing materials have utility in a variety of nonlinear photonics FBus

X ——Pt— X

applications.13  Good 2PA chromophores have been found to have <:> PBu, ( >
either an asymmetrical D-n-A (donor- 7 -conjugated group-acceptor) X" Series

or a symmetrical D--A-7t-D or A-nt-D-w-A structural motif leading to
alarge change in polarization upon excitation.#> Platinum acetylides
have been intensively studied as nonlinear optical materials.®® We
have investigated platinum acetylide 2PA and E3PA chromophores
possessing both the asymmetrical and symmetrical structural motif.

. . . "FI-X" Seri
In particular, we measured a large two photon cross section in the A- eries

n-D-n-A chromophore E1-BTF.2 E1-BTF behaves as an E3PA
chromophore, having both a large 2PA cross section and strong spin- X = NHz, OCHg, DPA, t-Bu, CHy, H, F, BTH, CF;, CN, NO,
orbit-coupling(SOC) from the central Pt atom giving efficient chart 1 Molecular formula of platinum acetylide “X” series X-m;,-Pt(PBus),-1,-X

) . series; 1, = phenyl acetylene(PA); Also presented is “FI-X” series X-Ttp-11-
conversion to the triplet state. Pt(PBus),-mt1-7t,-X; DPA=diphenyl amino; BTH=benzothiozole.

two series of platinum-acetylide complexes to determine effects of

o Materials and Manufacturing Directorate, Air Force Research Laboratory, Wright- . .
Patterson Air Force Base, OH 45433 ligand length: H-m1-mt,-X vs. H-mt,-X and end cap X acceptor electronic

b General Dynamics Information Technology, Dayton, OH 45431. properties: electron-donating(ED) vs. electron-withdrawing(EW) on
¢ SOCHE Student Research Program, Dayton, OH 45420. . . .
g v 1PA, 2PA and excited-state spectra. The end caps(X) are listed in

9 Electronic Supplementary Information (ESI) available: Phosphorescence emission Chart 1. The first series we published was the X-mt;-1t1-Pt(PBus),-11-
and excitation spectra of samples dissolved in Me-THF glasses, triplet state ) ) . . .
absorption spectra obtained from flash photolysis are and DFT calculation results. X chromophore trans—bls-(trlbutylphosph|ne)-bls-(4—((9,9-d|ethy|-

See DOI: 10.1039/x0xx00000x 7-ethynyl-9H-fluoren-2-yl)ethynylphenyl)-platinum, designated as
“FI-X”, where we measured time-resolved spectroscopy, triplet state

behavior and 2PA spectra.
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DFT calculations show relationships between the ligand spin
distribution and triplet state lifetimes and phosphorescence
quantum yields. We measured the instantaneous 2PA spectra of the
FI-X series12  and the ligands.13 DFT calculations show low-energy-
cost ligand distortion to out-of-plane conformations yielding 2PA
cross sections calculated from a S; state two-level model that agree
with experiment. Due to out-of-plane ground state conformations,
the FI-X S; state has D-n-A character rather than MLCT character
expected from the nominally centrosymmetric A-ni-D-n-A formula.
Measurement of 2PA by both nonlinear absorption and fluorescence
of the complexes and ligands shows the complexes have E3PA
behaviour arising from S; & S, transitions as well as the So - S;
transition.

The second series is the X—m2-Pt(PBus),-m2-X chromophore trans-
bis(tributylphosphine)bis(ethynylphenyl)-platinum, labeled
“X”(Chart 1). We recently published 1PA and 2PA spectra for the X
series.’* TDDFT calculations from energetically and statistically
favorable out-of-plane conformations predict 1PA transition dipoles
and 2PA cross sections agreeing with experiment.

In the current work we present triplet state data from series X.
We use DFT calculations to explain the effect of end cap X on triplet
state behavior and QSPRs. We tested descriptors including
calculated triplet energy, triplet-versus-singlet-state geometry
changes, end cap spin density and spin-weighted average distance
between the triplet centroid(TC) and the central platinum atom.
Good correlations were found between these descriptors and
measured phosphorescence energy, Huang-Rhys factors and triplet-
state-lifetime data. These descriptors are useful as a starting point
for higher level calculations!> and machine learning studies of large
chromophore sets.11.16

Experimental and computational methods

Chromophore synthesis and spectroscopic methods have been
published.114 Ground state absorption spectra of these compounds
dissolved Me-THF, emission and excitation spectra were collected
from Me-THF glass at 77 K. Emission spectra(10 nm ex/em slit width)
were obtained by exciting the sample at the absorption maximum
while excitation spectra(10 nm ex/em slit width) were obtained by
monitoring emission intensity at the emission maximum. The
spectra corrected for inner filter effect and converted to transition
dipole moment representation!’ are shown in Fig 1 and S1—S11.

Room temperature triplet state absorption spectra and
A detailed
description of the laser flash photolysis apparatus was published
earlier.® The samples were dissolved in benzene and deoxygenated

lifetimes were measured by laser flash photolysis.

by three successive freeze-pump-thaw cycles.  Nanosecond-
transient-absorption measurements were carried out using the third
harmonic (355 nm) of a Q-switched Nd:YAG laser (Quantel Brilliant,
pulse width of ~5 ns). Pulse fluences of up to 1 mJ cm2 at the

excitation wavelength were typically used.

2 | J. Name., 2012, 00, 1-3

Room temperature ultrafast transient absorption spectra were
performed using a modified version of the femtosecond pump-probe
UV-VIS spectrometer.l® We obtained 1 mJ, 150 fs pulses at 800 nm
at 1 kHz repetition rate from a diode-pumped, Ti:Sapphire
regenerative amplifier (Spectra Physics Hurricane). The output laser
beam was splitinto pump and probe (85 and 15%) by a beam splitter.
The pump beam was directed into a frequency doubler (CSK Super
Tripler) and then was focused into the sample. The probe beam was
delayed in a computer-controlled optical delay (Newport MM4000
250 mm linear positioning stage) and then focused into a sapphire
plate to generate white light continuum. The white light was then
overlapped with the pump beam in a 2 mm quartz cuvette and then
coupled into a CCD detector (Ocean Optics S2000 UV-VIS). Data
acquisition was controlled by software developed by Ultrafast
Systems LLC.

DFT calculations were done using Gaussian 09W, Version 7.0.20
The chromophores were modeled as trans-Pt(PMejs),(CC-Phenyl-X),.
The THF solvent environment was simulated with the polarizable
continuum model.2!  We performed DFT energy minimizations for
the ground and triplet state using B3LYP/6-311g(2d,p). Excited state
TDDFT calculations of the So = S; and S - T; transitions used CAM-
B3LYP/6-311g(2d,p). CAM-B3LYP has long range corrections that
give more accurate excited state energies, especially for charge
transfer transitions.?2 The basis set for the central Pt atom was SDD.
We obtained excited state population densities using the default
“Pop = Orbitals = 5” keyword. We performed relaxed potential
energy surface(PES) scans on the Sp and T; state of H by varying the
dihedral angle between the two phenyl rings from 0 to 90 deg and
minimizing the energy with frozen dihedral angle. We calculated the
phosphorescence 0-0 band energy from the expression

E(T1-So) = Em(T1 geometry — Eso(T1 geometry) @

Atomic spin density differences between the o and B occupied
orbitals were obtained from the default calculation output.

Results and discussion

Table 1 summarizes the spectroscopic data for series X. Figs. 1A,
1B and 1C show ground state absorption, emission and
excitation spectra, respectively. Ground state absorption spectra
were published previously and shown for reference.’* Fluorescence
is weak(@{BTH) = 0.018, ¢ < 0.004 for all other compounds).
Previously we measured the room temperature phosphorescence
quantum yield of H to be ¢, = <0.0001.18 The room temperature
phosphorescence quantum vyields of the FI-X series are also a few
percent. Because of the low yields of the other systems, we did not
measure room temperature phosphorescence quantum yields in the
current series and consider triplet decay to be mostly nonradiative.
We measured triplet state absorption spectra and lifetimes(Table 1,
Figs S13-S18). The data for NH, and CFs had a poor signal-to-noise
ratio due to their lifetimes being less than the 100 ns time resolution
limit of the instrument.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Spectroscopic data

X Amax(GS)? Amax(ph)® S Amax(ex)? AEst® T1Tn max' 778 Vsoc'

NH: 341(2.99) 462 0.597 361 0.751 Small <100 ns -
signal

OCH3 332(2.81) 442 0.637 344 0.799 ---

DPA 356(6.91) 486 0.583 380 0.712 750 420(52) ns 0.762

t-Bu 326(2.87) 438 0.644 341 0.805 ---

CH3 327(3.04) 442 0.639 343 0.810 ---

H 323(2.58) 439 0.624 342 0.807 626 590(150) ps 30.3

F 323(2.53) 435 0.686 338 0.818 -

BTH 377(11.0) 542 0.570 403 0.793 610 183(33) us 0.0247

CF3 326(3.00) 449 0.658 349 0.791 Small <100 ns -
signal

CN 335(4.84) 476 0.620 367 0.779 670 331(39) ns 0.920

NO: 386(5.19) 530 - 425 0.582 740 19(2) ps 0.0828

aAll wavelengths in nm; Ground state absorption spectrum maximum; quantity in parenthesis is extinction coefficient(M-1cm-1) x 10-4.

bWavelength of 0-0 band from phosphorescence spectra obtained from Me-THF glass at 77 K.

cHuang-Rhys parameter for C=C vibration(~2,000 cm) equaling the square root of the emission spectrum intensity relative to the 0-0 band. No band was observed on
NO2. The uncertainty is estimated to be 3% from instrumental noise.

dWavelength of 0-0 band from phosphorescence excitation spectra obtained from Me-THF glass at 77 K.

eAEst(eV) = Eex — Eem Obtained from excitation and emission spectra 0-0 bands.

fTriplet state absorption spectrum maximum. Due to blue-shifted absorption spectra we were unable to collect spectra from OCHs, t-Bu, CHz and F.

eTriplet lifetime with standard deviation in parenthesis obtained from samples dissolved in benzene and deoxygenated by freeze pump thaw.

lifetime of compound H previously published.23

hElectronic coupling energy Vsoc(meV) between T1 and S states calculated from equation (7).

Triplet spectrum and

Please do not adjust margins
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Fig. 1 Spectra of series X obtained from Me-THF solution. A: Ground state absorption spectra obtained from solution at room temperature; B: Emission spectra from
Me-THF glass at 77 K; C: Excitation spectra from Me-THF solution at 77 K; D: Plot of experimental 0-0 band transition energies(Table 1) obtained from emission and
excitation spectra at 77 K vs. calculated emission(T; — Sp) and excitation(So — S;) spectra transition energies(Table 2).
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We normalized the phosphorescence(Fig. 2) and
excitation(Fig. 3) spectra to the 0-0 band. The phosphorescence
and excitation spectra show strong 0-0 bands and weaker vibronic
peaks. This bandshape is typical of phenyl acetylenes and platinum
acetylides due to nearly diagonal Duschinsky matrix and small
excited state potential energy surface displacement(APES).6:24.25 The
excitation and emission spectra contain information about the
process of instantaneous excitation of the equilibrium ground state
to the FC S; state, followed by relaxation to the equilibrium T state
and FC emission to the ground state having equilibrium T; state
conformation. Both the excitation and emission spectra have very
clear 0-0 bands, so 4Esr can be measured.

‘ ; . .
101 ——BTH 5

Relative Intensity

The 0-0 bands of the excitation spectra are broader than those 0.5 J
of the emission spectra, suggesting the ground state PES is flatter
than the excited state PES. Allthe spectra presented in the upper
panel of Fig 1 show similar band shape with vibronic peaks near 0.0
1,000 cmt and 2,000 cmL. In particular, the 2,000 cm band is 6000 4000 2000 0
associated with C=C stretch vibrations. To estimate triplet state
APES relative to the ground state, we estimated the Huang-Rhys
factor S from the intensity of the 2,000 cm band. The lower Fig. 2 Emission spectra of series X relative to 0-0 band obtained from Me-THF

Frequency Relative to 0-0 Band(cm™)

panel of Fig 2 shows phosphorescence spectra for BTH and NO,. 8253t 77K
BTH and NO; show vibronic bands at 1,550 cm! and 1,300 cm?
associated with the benzothiazole and nitro portions of the 1.0
ligand, respectively.
A comparison of the emission(Fig. 2) with the excitation
spectra(Fig. 3) bandshapes gives insight into the conformation -l? i
distribution of the FC S; state compared to the equilibrium T, g
state. The excitation spectra in the upper panel of Fig. 2 have 2 0.0 -
broad vibronic peaks near 1,700 cml. The lower frequency £
compared to the emission spectra gives evidence for bond o ; -
length differences between the S; and equilibrium T, states. E L —BTH
The 0-0 bands of the excitation spectra are broader than those K} ——NO2 1
of the emission spectra, suggesting a broad ground state and DO:J 0.5 A
narrower T; state conformation distribution. The excitation
spectra of BTH and NO; in the lower panel of Fig. 3 are broader
than the corresponding emission spectra(Fig. 2), which show 0.0 i s S 060

distinct vibronic bands. The differences between excitation and

: 4
emission spectra suggest excitation to the S; state from a Frequency Relative to 0-0 Band(cm”)

disordered ground state conformation distribution followed by
Fig. 3 Excitation spectra of series X relative to 0-0 band obtained from Me-THF glass at

relaxation into a more ordered equilibrium T; state i

conformation distribution. In particular, the emission spectra

of BTH and NO; suggest the triplet state is located on Similar behavior has been observed in the fluorescence of
benzothiazole and nitro groups having ordered conformation.  phenyl acetylene oligomers.26:27
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Table2 Data from DFT calculations

Ligand(X) SD(X)? ARrws(PA)° ARgwms(X)© <Rs.pr>¢ Ap® prf Apoi® Er Ery' n
NH: 0.197 0.041 0.0013 4.50 0.35 2.33 2.98 2.37 2.84 10
OCHs 0.107 0.044 0.0019 4.35 0.28 0.07 1.3 2.43 2.90 8
DPA 0.338 0.041 0.0058 5.38 0.23 2.53 4.45 2.20 2.67 22
t-Bu 0.003 0.042 0.0043 4.29 0.18 1.67 0.53 2.43 2.90 8
CHs 0.011 0.044 0.011 4.31 0.18 1.67 0.74 2.42 2.89 8
H -0.036 0.043 0.000 4.13 0.18 2.11 -0.07 2.46 2.92 8
F 0.040 0.043 0.0005 4.17 0.16 1.73 0.5 2.46 2.93 8
BTH 0.636 0.032 0.022 6.58 -0.20 6.13 3.69 1.86 2.35 18
CF3 0.032 0.040 0.012 4.34 -0.06 4.35 2.69 2.38 2.81 8
CN 0.157 0.040 0.022 491 -0.15 5.30 5.24 2.20 2.60 10
NOz 0.484 0.031 0.049 5.42 -0.26 14.0 10.1 1.91 2.46 12

aSpin density on end cap(X) of the ligand calculated from equilibrium T1 geometry.
bRMS phenyl acetylene(PA) bond length change Ti state vs. ground state(A)
cRMS end cap bond length change T1 state vs. ground state(A)

dSpin-weighted average distance between TC and central platinum atom(A).

ePopulation change on Pt calculated from population analysis of S1 state when platinum complex is in an out-of-plane conformation. Change in population is defined as

population(n* orbital, platinum atom) — population(d orbital, platinum atom).

fT1 state dipole moment(D) calculated from equilibrium T1 geometry.

eDipole moment difference(D) between Si state and ground state previously published.?

hEr = Er(equilibrium T1 geometry) — E(So, equilibrium T1 geometry)(eV). The equilibriu

m T1 geometry was calculated from a DFT energy minimization.

iFranck-Condon Ti energy(eV) calculated from TDDFT calculation on the equilibrium So geometry

iNumber of 7 electrons on the X series ligand. For FI-X series, add 14 7 electrons.

Table 2 summarizes the DFT calculation results. For all the
complexes, the lowest energy conformations for both So and T
states has coplanar phenyl rings. To estimate the barrier to rotation
about the phenyl acetylene bond we did a PES scan on H. The
rotation barrier about the phenyl acetylene bond is ~0.4
kcal/mole(0.015 eV) for the Sp state and ~0.3 kcal/mole(0.01 eV) for
the T, state(Fig. S12). The rotation barrier is slightly larger for the So
state than the T, state due to resonance from delocalized S state vs.
confinement of the T; state to the ligand. Fig. S12 gives the
calculated Boltzmann-weighted fraction as a function of dihedral
angle at both room temperature and 77 K.  Although the planar
conformation is favored at low temperature, there is still a broad
distribution of nonplanar conformations both at room temperature
and 77 K. In previous calculations we assumed the 90 deg dihedral
angle between the two phenyl groups and calculated 1PA So — S;
transition dipoles, energies and 2PA cross sections in good
agreement with experiment.’* The calculated T, emission energies

Please do not a

assume a relaxed planar T; state conformation. However, the
rotation barrier about the phenyl rings is ~0.01 eV, so the
conformation has a small effect on the calculated T, state emission
energy (Er~2-3 eV). Because of the low rotation barrier, there will be
a distribution of molecular conformations in all cases. Comparison
of the excitation and emission spectra of NO, and BTH (Figs. 2 and 3)
suggest the T state has a more structured PES localized on the ligand
not influenced by the dihedral angle between the two phenyl groups.

Fig. 1D shows plots of experimental vs. calculated S; and T,
energies. The linear regressions for both excitation and emission
spectra have near unity slope, but there are offsets in the intercepts
due to factors such as basis set, functional and the use of the
Inclusion of conformation-

polarizable continuum model.
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distribution effects by sampling conformations obtained from
molecular dynamics methods followed by statistical averaging would ,

Sy %

improve the calculated state energies.28 skars 2o 40."“’ ..‘uwaﬂl:;;o:.::‘,
In order to interpret phosphorescence spectra band shape, we Ty ’ wt ’
analyzed the relation between equilibrium T, state spin densities and HOMO LUmMo
geometry. All the data for this analysis can be found in the electronic il g 2N
supplementary information(Tables S1-S7). Table S7 gives images for g "f"ﬁm
the HOMO, LUMO and T; state spin density for series X. Chart 2 Triplet Stat‘eSpin Density
shows an example image set for BTH. The images show that the
out-of-plane conformation results in the HOMO and LUMO being
confined to one ligand plus the platinum atom. The equilibrium T,
state spin density is also confined to one ligand.
We performed a population analysis(Table2, Table S5) of the S;

state. The S; state is a mixture of a d7* transition on the platinum

5 A
2y 0

Chart 2 Example images of HOMO, LUMO and triplet state spin density for compound
BTH. The images for the remaining complexes are given in Table S7.

atom and zz* transition on the ligand. The change in electron Es—
density between the S; state and the ground state(4p=p(7*)-p(d)) on E 24
the platinum atom measures the CT character. The density change 5
correlates with ligand electron affinity(EA)(Fig. 4 upper panel). %1-
When the ligand has a small EA, e.g. NHz, OCHs and DPA, Ap >0 and w

the S; state has LMCT character. The moderate LMCT S; states of
compounds H, F, CHs, and t-Bu have 4p~ 0.16 — 0.18. When the 064 LI,
ligand has large EA, e.g. BTH, CN and NO,, 4p < 0 and the S; state has

—

0.4 4
MLCT character. The S; state of CF3(4p = -0.03) has intraligand(IL) %
character. o 0.2 NHZ

The relation between SD(X) and S; state charge densities are 0.0 - crs [
shown in the lower panel of Fig. 4. It gives the relation between e F ma o 02 o5 e
instantaneous charge movement upon excitation to the S; state and Ap(Pt) S, State
the end cap spin density in the equilibrium T, state. The fitted curve
is a concave-upward quadratic function. Compounds NO, BTH, CN Fig. 4 Upper panel: plot of calculated ligand electron affinity vs. difference in electron
have 4p<0andslope <0 associated with MLCT states. The T, states density between the S; state and the ground state(4p=p(7*)-p(d)) on the platinum
of BTH and NO; have biradicaloid character, with approximately one atom; lower panel: plot of calculated equilibrium T state spin density on the ligand end

cap(SD(X)) vs. difference in electron density between the S; state and the ground

electron on phenyl acetylene(PA) and another on the end cap. )
state(dp=p(7*)-p(d)) on the platinum atom.

Compounds H and CF; are near the minimum, slope = 0, where SD(X)
< 0.1 and are associated with weak CT to IL S; state. The smallest T T T T

CH3 tBu

SD(X) is seen in compound H where two electrons are localized on < E'g:' Bond 1 aa iy Tl
the PAgroup. The compounds F, CHs, t-Bu, DPA, OCH; and NH; have & ] Bt | 2 4= ]
i i & 0009 Bond2 _"“17 3 < > 4 g
Ap>0, slope >0 associated with LMCT states. i o LU .
,—;-' ] ora * wiz *-.,H *:e.v‘u e o i
The spin density is mostly confined to one ligand with the spin = -0.04 - =L Rl
o e . . @ Bond 3 = B on ocHICHS 1au O
density distributed between the platinum atom, the PA unit and the -0.06 4 . . . e ]
end cap X(Table S6). 0.075 0.080 0.085 0.090
? T T T T
SD(Pt) + SD(PA) + SD(X) = 2 2
—r -
Bt
The calculated spin density in the remainder of the molecule ranges ‘K;i
from 0.13 (NH,) to 0.03(BTH). o5 ]
v
We calculated the spin-weighted average distance between the . |
TC and the central platinum atom T T T T
0.075 0.080 0.085 0.090
(RS—Pt) — %Zatoms Siri,Ptv (3) Potential Energy Surface Displacement(A)

. i X i X X Fig. 5 Upper panel: Plot of bond length change(AR = R(T;) — R(So) state vs distance
where S;is the spin density on atom i having a distance r;p: from the

between TC and central platinum atom; Lower panel: plot of T, state spin density on
central platinum atom. It is a measure of the triplet dimension and  the ligand end cap vs. distance between TC and central platinum atom.
models the triplet state as a point at distance <Rs.p:>from the central
. . . . 29 .
platinum atom. Similar descriptors have been described.2? SD(X) is SD(X) = —1.14+ 0.291(Rs_p,) 7 = 0.95 )

a linear function of <Rs.p>(A).

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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This relation connects the spin density distribution and T; state
geometry. Compared to SD(X), the spin-weighted average distance
<Rs.pt> is more general and can be used to compare systems with
different classes of ligands, while SD(X) is specific to series X. Bond
length changes in PA are a function of <Rs.p> (upper panel Fig. 5).
The PA distortion occurs in bonds 1-4, with no systematic variation
inbonds 5and 6. More distortion is seen in ED end caps, as the spin
is localized in PA. With EW end caps, especially NO, and BTH, spin
density is localized on the end cap so the bond length change is
smaller.

Examination of previously published calculated and experimental
triplet state behavior of the FI-X series makes possible determination
of the effect of the extended conjugation of the fluorenyl group on
spectroscopic behavior.! In Chart 3 we show <Rs.p:> distances for X
and FI-X. The quantity <Rs.p> varies from 4.1 Ain H to 6.6 A in BTH.
We previously calculated <Rs.pr> for the FI-X series. The values range
from ~8 to 15 A, with the largest (15 A) in FI-BTH. There is potential
difference with current calculations as the previous calculations used
the LANL2DZ basis set.

Our previous work and has shown the triplet state is confined to
one ligand.?3° The effective length of a one-dimensional well relates
to state energy and the number of 7 electrons according to the
expression3!

_ ’h_zn,,/2+1
LlD ~ A\lsm AE ’ (5)

where nz is the number of 7 electrons in one ligand and AE is the
transition energy Er. Equation (5) describes optical transitions in a
one-dimensional confined well and predicts
diphenyl polyenes,3? colloidal quantum dots,33:34 F-centers in alkali
halides35 and quantum wells.3¢

1/L2 dependence in

We plotted the L;p obtained from experimental Er vs. <Rs.p:>,
combining the X and FI-X series(Fig. 6). In the X series, Lip ™~ 2<gs.p¢>,
showing more confinement of the triplet state compared to a one-
dimensional well. In the FI-X series, L;p ~ 9 + 0.5<Rs.p>, the slope
showing inclusion of fluorenyl spacer group causes less end cap
effect as the TC is further away from the central platinum atom. The
slope will likely approach zero in larger systems. For DPA in both
series, <Rs.p> << Lip, due to the nonlinear shape of the diphenyl
amine ligand compared to the other ligands. The current work shows
<Rs.pr> describes confined triplet state dimension and is a linear
function of Lip.

Excitation to the S; state followed by relaxation to the
equilibrium T, state involves charge movement as well as bond
length changes. Fig. 7 is a plot of AEsrvs. pr— Apps. The quantity ur
— Aup; is  a measure of the net charge movement following
excitationto the FCS; state and relaxation to the equilibrium T state.
The upper curve was obtained from calculated AEsr = E(So > S1) —
E(So = T1). Both energies were obtained from TDDFT calculations on
the equilibrium ground state geometry and include instantaneous
reaction field contributions. The calculated A4Esr assumes no
conformation change or time-dependent solvent contributions. The

lower curve is a plot using experimental AEsr. Both data sets fit toa
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Change in dipole moment (D)

Fig'7 Plot of AEsy vs calculated dipole moment change, Ap = pr— Apo; where pir is the
calculated equilibrium T, state dipole moment and Api; is the calculated difference
between the ground state and S; state dipole moments. The top curve is the energy
difference AEst = E(So— S1) — E(So-T1) obtained from TDDFT calculations using ground
state geometry(Table 2). The top fitted curve is AEsr(calculated, eV) = 1.22 + 0.03Ap —
0.017Ap?, r2 = 0.72. The bottom curve is the corresponding plot from experimental
data(Table 1). The bottom fitted curve is AEsr(experimental, eV) =0.81 + 0.02Ap —
0.018Ap?, r2=0.78.

concave-downward parabolic function and the calculated 4Esr is

approximately 0.4 eV larger than the experimental value. The

This journal is © The Royal Society of Chemistry 20xx
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contributions to AEsrinclude the exchange integral Ky; obtained from
TDDFT calculations(2Ko: = E(So = S1) — E(So > Ti)) as well as
instantaneous solvent reaction field. Contributions to AEsr also
include time-dependent intramolecular and solvent cavity energy
changes associated with FC excitation to the S; state having a dipole
moment change from the ground state Azp; followed by intersystem
crossing and relaxation to the equilibrium T; state having dipole
moment 7. The 0.4 eV difference results from solvent and
conformation effects as well as systematic errors from the DFT
calculations.

The calculated Awp; > wr in NH, OCH; and DPA implies
instantaneous charge movement from the ligand to the central
platinum forming the LMCT S; state, followed by time-dependent
relaxation to a less polar equilibrium T; state. The calculated ur >
Atip; seen in BTH and NO; implies instantaneous charge movement
from the central platinum atom to the ligand forming the MLCT S;
state, followed by time-dependent relaxation to a more polar
biradicaloid equilibrium T; state.
associated with nonpolar end caps and smaller dipoles. The smallest
AEsr values in NO, and DPA are associated with charge transfer after
initial excitation end caps and dipole-dipole interaction with the
polar solvent glass. The differences can be explained as the
Hamiltonian for the exchange integral is 1/r;, and charge-separated
states will have less electron correlation and more interaction with
the polar solvent environment.

To determine T; state APES relative to the ground state we
assumed the displaced harmonic oscillator model3738 and calculated
bond length changes relative to the ground state. Assuming small
APES, the Huang-Rhys factor S is a dimensionless parameter given by

The largest AEsr values are

I Mw
ﬁ =52= Sh (AR,)? (6)
where Iy is the intensity of the 1-0 vibronic peak, /Iy is the intensity
of the 0-0 band normalized to 1, i = 1.054 x 1034 J-s, M is the
reduced mass in kg/atom associated with a vibration frequency
w(=cv)and 4R, is the equilibrium APES associated with the T; state
relative to the So state. The APES was calculated from Eqn. 6,
assuming M = 12 amu, @ = 2,100 cm and the Huang-Rhys factor
measured from the emission spectrum intensity at 2,100 cm1. We
were unable to estimate S from NO,.

In the upper panel of Fig. 8 APES is associated with increase in
the C=C bond length and decrease in Pt-C=C and C=C-C bond lengths.
The smallest offset is associated with ED or EW ligands like BTH, NH,
and DPA while largest offsets are associated with neutral end caps
like CHs;, H and F. This result is consistent with BTH’s TC being
localized on the benzothiazole group rather than PA. The lower
panel of Fig 8 shows <Rs.p> is a function of APES. A larger APES s
associated with a TC near the central platinum atom, while a smaller
APES is associated with a TC further away from the central platinum
atom.

We were able to obtain triplet state absorption spectra from
DPA, CN, BTH and NO,(Figs S13-518). The spectra exhibited broad-
band transient absorption from 500-800 nm. Due to their red-shifted
absorption spectra, we were able to examine the triplet state spectra

This journal is © The Royal Society of Chemistry 20xx
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of BTH and NO, via fs transient absorption in benzene with 400 nm
excitation(Fig 9). At time zero BTH(upper panel, Fig. 9) has peaks at
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Fig. 9 Ultrafast transient absorption spectra of BTH and NO, obtained
from THF solutions at room temperature.

490, 586, and 676 nm. By 10 ps the 490 nm peak has essentially
disappeared while the other two persist, but decrease in intensity.
This short lifetime is 2.40 +/- 0.85 ps is attributed to intramolecular
vibration and solvent relaxation. The peak at 490 nm may also be
associated with instantaneous charge transfer from the central
platinum atom to the ligand, forming the FC MLCT S; state. Its decay
may be associated with formation of the more polar biradicaloid
equilibrium T, state. From this point there is an increase in AOD at
the maximum with an observed lifetime of 486 +/- 27 ps. There is a
slight blue shift of the max to 490 nm while the shoulder at 676 nm
is significantly less pronounced. This spectrum resembles the T; state
so this process is assigned as intersystem crossing. The electron
density in the S; state of BTH is likely more distal to the Pt center,
slowing intersystem crossing. At time zero NO. (lower panel, Fig.
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9)has a higher energy peak/shoulder near 610 nm. It decays with a
lifetime of 5.79 +/- 1.13 ps attributed to a combination of vibrational
cooling and solvent relaxation leading to a peak around 665-670 nm.
The spectrum around 10 ps also has some shoulders/structure at
higher energy, which then decay to leave just a broad, featureless
spectrum with an absorption maximum in the 665-670 nm range. A
long decay with a 242 +/- 12 ps lifetime is attributed to intersystem
crossing.
crossing lifetime and 4.1 ps solvent relaxation component.2

For comparison, compound H has a <100 fs intersystem
The
MLCT character and movement of charge away from the central
platinum of the BTH and NO; S; states during ISC compared to H gives
evidence for weaker SOC in the triplet states of BTH and NO,.

To estimate the electronic contribution to the triplet state
lifetime, we used the energy gap law for the nonradiative decay rate
constant.3® The energy gap law is the product of two terms: a spin-
orbit coupling(SOC) term, Vso2 and an energy gap term, EG(E7).

Vsoc?V2m —VE,
by = "S5 exp (128) = Ve EG(Ey), ()

where Eris the T; — Sp energy gap, Aw is the energy of the acceptor
vibration mode, ¥ is a function of molecular parameters and Vo =
(T1|H|Sy) is the electronic matrix element accounting for SOC and
other electronic interactions. To calculate Vsoc, we assume ky, >> k;,
v~1, and Aw = 3,000 cm-! corresponding to C-H stretch vibrations.
Fig. 10 is a plot of the estimated electronic matrix element Vsoc vs.
<Rs.pr> for both series of chromophores. The plot shows strong spin-
orbit coupling between the TC and the platinum atom at a range <Rs.
s> < 6 A. Rapid triplet decay is associated with the triplet state being
confined to PA, while slower triplet decay is associated with the
triplet state being on both PA and the end cap. In series X going from
H to NO, k..(H)/kn{NO3) = 33,000. Most of the variation in k, results
from spin orbit coupling as Vsoc(H)/Vsoc(NO2) = 366 while the
EG(H)/EG(NO;) = 0.25. The variation in k,, results from the Vsoc term
rather than the EG term. In contrast, there are published
measurements of k, for a series of platinum acetylides having Er
values down to 1.30 eV.%0 In that series kn(high)/kn(low) = 125,
Vsoc(high)/Vsoc(low) = 1.9, while EG(high)/EG(low) = 33. Due to the
lower triplet energies, the variation in k,- from this data set results
from the EG term rather than the Vsoc term.

Conclusions

This study has focused on the use of descriptors derived
from DFT calculations to understand the triplet state behavior
of a systematic series of platinum acetylides. We found that Er
is a good estimate of the 0-O0 band energy obtained from
phosphorescence spectra. The energy measures emission from
the T; state, which is confined to one ligand. Higher energy
states will be associated with the other ligand.*? The spin
density on the end cap, SD(X), is a quadratic function of the Sy
state electron density change on the platinum atom associated
with MLCT or LMCT states. We also show that SD(X) is a
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points were previously published for series FI-X.(1).  Blue data points were

calculated from the EG term of the energy gap law(Eqgn. 8).
function of PA bond length changes, where the bond length
change is larger with ED substituents and smaller with EW
substituents. Larger APES values are associated with ED end
caps and more PA distortion. Smaller APES values are
associated with EW end caps and less PA distortion.

The descriptor <Rs.p> measures the distance between the
TC and the central platinum atom. By combining data from
both the X and published FI-X series, the energy gap law shows
the variation of triplet decay rate constant results from strong
short range SOC interaction between the triplet state and the
central platinum and a weaker contribution from the energy
gap term. The SOC interaction is larger with ED substituents and
smaller with EW substituents. The one-dimensional well length
Lip > <Rs.pt>, giving evidence for confinement of the TC. Also,
the effect of end cap on <Rsp:> is less in the FI-X series
compared to the X series. The TC concept could be useful in
studying the behavior of Frenkel excitons, defined to be tightly-
bound electron-hole pairs of molecular dimension located in
molecular crystals. Frenkel excitons are involved in singlet fission
and triplet fusion processes.*? Although we successfully calculated
Er with TDDFT methods(Fig. 1D), visualizing the triplet excited state
as a point may be useful in understanding triplet mobility in
polymers and molecular crystals.

Machine learning algorithms are a strategy to screen large
numbers of candidate materials towards a goal.#344 A recent
publication demonstrated a search for chromophore structures
having a target S; state energy.1® Their strategy involves the use
of molecular structure generation software followed by DFT
calculations of the S; state energy to produce possible
structures rated according to a “reward function”. The authors
synthesized several optimum candidates and the calculations
show good agreement with experiment. The current work gives
descriptors that could be used in a machine learning project to
search for platinum acetylides with desired photophysical
properties such as triplet energy from Er calculations and
lifetime from <Rs.pt> calculations.45-48

This journal is © The Royal Society of Chemistry 20xx
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Ligand end cap X determines triplet state behavior.

End group determines triplet centroid location
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