Resolving the Ultrafast Intersystem Crossing in a Bimetallic Platinum Complex
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Bimetallic platinum complexes have interesting luminescent properties and feature
long-lasting vibrational coherence and ultrafast intersystem crossing after photoex-
citation. Ultrafast triplet formation is driven by very strong spin-orbit coupling in
these platinum (II) systems, where relativistic theoretical approaches beyond first-
order perturbation theory are desirable. Using a fully variational relativistic theo-
retical method recently developed by the authors, we investigate the origins of ultra-
fast ISC in the [Pt(ppy)(u-"Bugpz)]s complex (ppy=phenylpyridine, pz=pyrazolate).
Spin-orbit coupling values, evaluated along a Born-Oppenheimer molecular dynamics
trajectory, are used to propagate electronic populations in time. Using this technique,
we estimate ultrafast intersystem crossing rates of 15-134 fs in this species for the

possible intersystem crossing pathways into the three low-lying triplet states.
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I. INTRODUCTION

Platinum (II) complexes have been well-studied due to their luminescent properties. As
a result of their strong spin-orbit coupling, such complexes phosphoresce efficiently and
are good candidates for organic light-emitting diodes (OLEDs).}? Platinum dimer com-
plexes such as tetrakis(pyrophosphito)diplatinate(II) ([Pto(pop)s]*~), being smaller than
large supramolecular systems and thus easier to control, nevertheless exhibit many of the
same photophysical characteristics and have been extensively studied experimentally®® and
theoretically.®” A series of binuclear platinum complexes with different bridging and cy-
clometalating ligands have been synthesized, forming a full library of bichromophoric metal
complexes with subtly different electronic structure.®'° This new generation of butterfly-
shaped platinum dimers, such as the [Pt(ppy)(u-'Buspz)]e complex (ppy=phenylpyridine,
pz=pyrazolate) shown in Fig. 1, experimentally evinces rapid intersystem crossing (ISC)

and long-lasting vibrational coherence after photoexcitation.!! 14
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FIG. 1. Molecular structure for the ‘Bu-substituted pyrazolate-cyclometalated diplatinum complex.

Recent theoretical work from the authors'® demonstrated that the long-lived (~20 fs)
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electronic coherence in the singlet metal-metal to ligand charge transfer (!MMLCT) states
of binuclear platinum complexes can be achieved through structural modifications of the
bridging pyrazolate ligands that sterically enforce certain inter-platinum distances. How-
ever, pure electronic S1-So coherence quickly collapses to the S; electronic state within 20
fs due to the coupling with molecular vibrations.!® The next stage of the ultrafast photo-
chemical process in binuclear platinum complexes is the intersystem crossing to a triplet
manifold, experimentally reported to take place before 150 fs after photoexcitation.'? In
this paper, we continue to investigate the cascading excited-state pathway in photoexcited
[Pt(ppy)(p-'Buspz)]a by studying the energetic landscape that supports the intersystem

crossing dynamics from S; to lower-lying triplet states.

II. METHODOLOGY

A. Theory

Intersystem crossing, the transition between states of different spin multiplicities that is
formally spin-forbidden within non-relativistic quantum mechanics, plays an important role
in photochemistry. This change of spin state is only possible through spin-orbit coupling, a
fundamentally relativistic phenomenon.!™® We have recently developed a non-perturbative,
variational approach based on relativistic theory to compute the spin-orbit coupling strength
between spin-pure states.'® We only present a brief review herein and refer readers to Ref.

19 for theoretical details.

To observe a change in population between different spin states, a basis of states must
first be selected, and then couplings between those states must be evaluated. As states
calculated variationally in the presence of spin-orbit coupling will no longer belong to a
pure spin state, but rather a superposition of several spin states, it is natural to perform
calculations in a spin-pure basis where singlets, triplets, etc., can be easily identified. As
such, we define spin-pure states to be our spin-diabatic basis, and spin-orbit-coupled states

to be our spin-adiabats. In order to generate these, we apply a spin separation technique so



that the Dirac Hamiltonian can be written as,?%?!

vV T 0, 0,
H= & pVop—T T io-pV xXp (1)
T 4m?2c? 02 4m?2c?

where V' is the scalar potential, T the kinetic energy operator, ¢ the speed of light, and m
the electron mass. Spin and orbital angular momenta are coupled through the o - pV X p
term: the vector o contains the Pauli spin matrices, and p is the linear momentum operator.
The first term in Eq. (1) is the spin-pure portion of the Dirac Hamiltonian, which contains

scalar relativistic effects, while the second term gives rise to spin-couplings.

Variationally solving the Dirac equation without the spin-orbit-coupling term will produce
spin-diabatic states, e.g., singlets, triplets, etc., denoted as {&K} In contrast, when spin-
couplings are included in the Dirac Hamiltonian, the resulting eigenstates, {11}, correspond
to spin-adiabatic states. In order to calculate the state-to-state couplings between states of
different multiplicities, we search for a unitary transformation matrix, T, relating {1} and

{{EK} (see Ref. 19 for details). Finally, taking the diagonal spin-adiabatic Hamiltonian H

Ey
H= KB (2)
Em
and rotating it into the spin-diabatic basis
B Vi
H=THT = |v;, F, (3)

yields a diabatic Hamiltonian in a spin-pure basis with off-diagonal spin-orbit couplings that
drive the intersystem crossing event. For the purpose of this work, nonadiabatic couplings
between triplet states are effectively neglected, as we are principally interested in the tran-
sition from singlet to triplet. Once the spin-orbit couplings can be evaluated, what remains
is to sample the nuclear configurations that result during the photoexcitation process; we

elect to perform a single Born-Oppenheimer molecular dynamics (BOMD) trajectory on the
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first singlet excited state, which will produce representative nuclear geometries for the early
times of the photoexcited dynamics.

In this work, we employ the exact-two-component (X2C)?23* transformed relativistic
time-dependent density-functional theory (TDDFT)343¢ method to compute spin-diabatic
and spin-adiabatic states, using the one-electron Dirac Hamiltonian without and with the
spin-orbit coupling term. To account partially for two-electron relativistic effects, the spin-
orbit operator within X2C is scaled by a semiempirical fudge factor,?” reminiscent of the
use of effective nuclear charges to account for nuclear screening of valence electrons by core

electrons.

II1I. COMPUTATIONAL DETAILS

All calculations were performed using a locally modified copy of the development version
of GAUSSIAN16.3® Geometries for the platinum dimer were optimized®® using the CAM-
B3LYP functional,’ the 6-31g(d) basis on light atoms, and the LanL2DZ effective core
potential and double-¢ basis set on the Pt atoms.*! The range-separated functional was em-
ployed in order to better describe the excited states of this species, many of which are charge
transfer in character;*? a comparison of different functionals is presented in the Supporting
Information. Born-Oppenheimer molecular dynamics of the first singlet excited state were
performed at the same level of theory, beginning at the ground state geometry with zero
initial momentum, evaluated at 0.5 fs time steps over 200 fs. Relativistic X2C-TDDFT
calculations were performed with the same functional and basis on light atoms, with the rel-
ativistic Sapporo double-( basis applied to Pt.*3 All non-relativistic density functional theory
calculations were performed on a pruned (75, 302) grid (Grid=UltraFine in GAUSSIAN16),
while the convergence of relativistic calculations was improved by switching to a pruned

(175, 974) grid for light atoms and an unpruned (250, 974) grid for Pt (Grid=SuperFine).

IV. RESULTS AND DISCUSSION

Before discussing the dynamics, much information can be gleaned from static calculations
at the ground- and excited-state geometries of the [Pt(ppy)(u-"Bugpz)], dimer complex,

shown in Fig. 2 and given in full in the Supporting Information. Relative to the ground



FIG. 2. Optimized geometries for the ground (a) and first singlet excited (b) states of the platinum
dimer. The dimer contracts upon photoexcitation.

(c) T3

FIG. 3. (a)-(d): Natural transition orbitals (NTOs) of the first four excited states at the ground-
state geometry, corresponding to a vertical excitation. For each state, the hole orbital is on the
left and the particle orbital is on the right. T; and Ty are LC, while T3 and S; are MMLCT.



TABLE I. Spin-orbit coupling matrix elements Vgr of the four lowest-energy triplets to S; at
the ground-state geometry, and the corresponding intersystem crossing rates Fgr_lp estimated from
Fermi’s Golden Rule. Intersystem crossing is fastest to Ts, with non-negligible transition proba-
bilities to the other triplets as well.

T, T, Ts T,
Vsr (meV)| 28 84 40 31
Iy (fs) [134 15 66 110

state, the Pt-Pt bond distance in S; contracts from 3.0 A to 2.69 A, and the phenylpyridine
ligands fold toward one another, with their separation decreasing from 5.23 A to 4.01 A.
This behavior can be explained by examining the natural transition orbitals (NTOs)* that
correspond to an electronic transition from the ground state to the state of interest, plotted
in Fig. 3. The S; state, which is a metal-metal-to-ligand charge-transfer (MMLCT) state,
promotes an electron from the antibonding d.» orbital between the two Pt atoms to a
bonding combination of 7* orbitals on the ppy ligands. This increases the bond order
both between the Pt atoms and between the ppy ligands, resulting in shorter separations
between each. At the ground-state geometry, there are three triplet states below S; in
energy. T; and Ty are ligand-centered (LC) states, while T3 is also MMLCT. Though not
shown, at the S; geometry, S; remains MMLCT and T, remains LC, while T and T3 switch

45-47
d,

in character. For a description of how excited-state characters are assigne see the

Supporting Information.

El-Sayed’s rules®® maintain that ISC is fastest between singlets and triplets that differ
in electronic character. Ty is the only triplet that is LC at both geometries, while Sy is
MMLCT. In addition, Ty is lower in energy than S; at the ground-state geometry, while
it is higher in energy at the S; minimum, implying there is a crossing between the two
states somewhere between the two geometries. Those two facts allow us to postulate that
Ty is the most likely candidate for ultrafast ISC. However, using the procedure outlined
above, it is possible to be more quantitative. The spin-orbit couplings at the ground-state
geometry between the four lowest-energy triplets and S; are shown in Tab. I. As expected,
the coupling to Ty is quite strong at 84 meV (680 cm™!), which is easily strong enough to

allow for ultrafast intersystem crossing. A crude estimate for the ISC rate can be obtained

7



5.2 @
49¢t(a

1.6 dppy
4.3+
A0 fmmmm e e

3.0
2.9}
2.8}
2.7F
2.6

Separation (A)

341 (b) A\
33N < /:— —_—— \\ |

~
3.2 \\_ /‘//‘ N
N
31 Il
3.0 -
-

2.9 —
2.8} AT ad
27

2.6/
2.5¢
2.4}
2.3}
2.2}
2.1}
2.0

Energy (eV)

__"l"2
—— & — — T

0 20 40 60 80 100 120 140 160 180
Time (fs)

FIG. 4. Non-relativistic Born-Oppenheimer molecular dynamics simulation along the S; surface of
the platinum dimer. (a) Geometric parameters as a function of time. The distance between the
platinum atoms and between the ppy ligands both decrease over the early times of the simulation.
Dashed lines indicate the value of these parameters at the S; equilibrium geometry. Note the
different scales on the y-axis for the two parameters. (b) The potential energy surface (PES) of
the low-lying singlet and triplet states relative to the ground-state energy at equilibrium (Sq shifted
2.0 eV for clarity). S; reaches a relative minimum, and intersects with Ty and T, at 85 fs with a
Pt-Pt bond distance of 2.72 A.

by inserting these coupling values into Fermi’s Golden Rule,

Ly = 2TV o), ()

and neglecting the density-of-states by setting p(E;) = 1 eV~!. Shown also in Tab. I, the
ISC rate is fastest between the S; and Ty states, at a rate of 15 fs. The ISC rates to the
other triplets are slower, but are nevertheless still considered to be ultrafast events, with
rates ranging from 66 fs to 134 fs—all faster than the experimental resolution of 150 fs.
While these static data are compelling evidence of ultrafast intersystem crossing to the
second triplet excited state, ISC is an inherently dynamic process.'® In order to qualitatively

incorporate some of the photoexcited dynamics into the study of this molecule, an ab initio



direct Born-Oppenheimer molecular dynamics (BOMD)*%*0 trajectory was performed for
200 fs on the S; surface, at the same TD-CAM-B3LYP/Lanl2DZ level of theory as above.
The simulation began from the Frank-Condon point with zero initial momentum. The full
potential energy surface (PES) at this level of theory is shown in Fig. 4b. At this level
of theory, S; proceeds directly to the vicinity of the S; minimum, reaching a local energy
minimum around ¢ = 85 fs. In these first 85 fs, the Pt-Pt bond length (shown in Fig. 4a)
decreases rapidly, from 3.0 A to 2.72 A, near the S; minimum value of 2.69 A. The energy
rises somewhat as the Pt-Pt bond length decreases past its equilibrium value to a minimum
of 2.63 A, after which it begins to turn back toward equilibrium. The ppy ligands, whose
orientation is the second major change between the ground- and excited-state geometries
(also shown in Fig. 4a), are much slower to react, steadily approaching one another over the

course of the simulation but remaining far from the equilibrium separation of 4.01 A.

Interesting dynamics are also visible in the triplet states over this range of geometries.
As expected, S; intersects with both Ty and T3, around the same time as it reaches its local
energy minimum. The change in electronic character of these states over the course of the
simulation is evident. S; remains MMLCT over the entire trajectory, and Ty remains LC.
However, Ty is LC at short times, becoming MMLCT by ¢t = 85 fs, while T3 follows the
inverse pattern. This behavior is manifested within the PES: T; and Ty track one another
closely for the first 50 fs, after which they diverge and Ty and T3 then rise in energy together.
From these dynamics, it is clear that the photodynamics are strongly downhill for the first
80 fs, where we therefore consider the BOMD results to be representative of configurations
likely sampled at short times after photoexcitation. After that point, particularly if ISC is
fast enough that lower-lying triplet states might be meaningfully populated, it is less clear
that the BOMD simulation remains physically meaningful, and consequently we restrict

ourselves to considering the first 60 fs of the simulation.

With nuclear configurations now sampled, what remains is to evaluate the spin-orbit
coupling between excited states at these geometries. To that end, single-point calculations
were performed every 1 fs over the first 60 fs using X2C-TDDFT with and without spin-
orbit coupling, with the resultant surfaces shown in Fig. 5. The PESs of spin-diabatic X2C
results (Fig. ba) look much the same as those from the effective core potential. However,
even in the absence of spin-orbit coupling, the explicit inclusion of scalar relativistic effects

leads to an even earlier singlet-triplet crossing, occurring around ¢ = 40 fs. Each triplet
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FIG. 5. Relativistic PES of the Pt dimer computed with X2C-TDDFT using geometries sampled
from Born-Oppenheimer molecular dynamics simulations along the S; surface (Sg shifted 2.5 eV for
clarity). (a) Spin-diabatic PES predicts S; crossing the triplets Ty and T at an earlier time of 40 fs.
(b) Spin-adiabatic PES shows that strong spin-orbit coupling dramatically changes the potential
energy landscape, splitting triplets in energy by up to 0.1 eV and preventing the intersection of
surfaces.

state in the spin-free X2C calculations correctly exhibits a three-fold degeneracy; for clarity,
only one of each triplet state is shown in Fig. 5a. In contrast, a pronounced change occurs
upon the inclusion of spin-orbit coupling (Fig. 5b). States that belong to the same triplet
manifold are no longer degenerate and split in energy, by up to 0.1 eV in the case of T5. The
spin-orbit-coupled state corresponding to S; at short times is nearly flat over the trajectory,
unlike its spin-diabatic counterpart, which steadily decreases in energy. While any degree of
coupling between singlets and triplets would prevent true state crossings, one might expect
to see several avoided crossings in regions where S; crossed triplet states in the spin-free
calculations. Instead, there is very little change in relative energies along the trajectory,
suggesting that spin-orbit coupling between states is strong relative to energetic differences.
The dramatic change induced by spin-orbit coupling is evidence of very strong singlet-triplet
interactions in the platinum dimer that lead to rapid ISC.

Using the procedure outlined above and detailed in Ref. 19, the spin-adiabatic states
are rotated into the spin-diabatic basis, with the results plotted in Fig. 6a. Remarkably,
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FIG. 6. (a) Energies of spin-adiabatic states rotated into the spin-diabatic basis. The diabatic
transformation of the spin-adiabatic states recovers the qualitative character of the spin-diabatic
states: the triplet states regain their degeneracies, and S; decreases in energy over time and crosses
with T and T3. (b) Diabatic coupling of triplet states to S;. The norm of each set of singlet-triplet
couplings is presented. Ty couples most strongly, by nearly 90 meV over the first 40 fs.

the qualitative character of the spin-pure results is almost completely recovered; S; again
decreases in energy, triplets nearly regain their degeneracy, and there is a clear state crossing
between S; and the triplets Ty and Ts. The diabatic couplings to S; from the various triplet
states are also plotted in Fig. 6b. Singlet-triplet spin-orbit coupling is very strong in this
species. As expected, Ty couples most strongly to Si, by nearly 90 meV (725 cm™!) over
the first 40 fs. Coupling to T3 and T, is also significant, varying from 30 meV to 65 meV,
while the S;-T; coupling strength averages only 17 meV. However, this does not rule out
the importance of the T state in the photochemical process because it can couple to other

triplet states after the ISC occurs.

Finally, the effect of spin-orbit coupling on singlet and triplet populations immediately
following photoexcitation can be explored by directly propagating the populations according

to N
—1HAt

c(t+ At) = exp -

c(t), (5)

where ¢;(t) is the coefficient of state 1;2 at time ¢, and where non-adiabatic coupling has

been neglected. The resulting populations, equal to |¢;(t)|?, are shown in Fig. 7 for the
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FIG. 7. Population dynamics driven by spin-orbit coupling over the first 60 fs. The S; population
drops by 70% over the first 10 fs, followed by oscillatory behavior.

first 60 fs of the simulation, beginning with the total population in S; at time t = 0. A
rapid depletion of S; is observed, dropping by 70% in just 10 fs. As expected, much of
the population is transferred into T, reaching an initial maximum of 60% at time ¢t = 10
fs. After 10 fs, other triplets gain appreciable magnitude and oscillatory populations are
observed. That the population of S; oscillates over time rather than steadily decreases is
expected, as a consequence of a lack of coupling between triplet states. In particular, though
the T state is not efficiently populated in this simulation, it is lowest in energy and does
not couple efficiently to S;; were the triplet populations to funnel into T4, the reverse ISC
reaction seen in the Sy oscillations would be prevented. Transfer to T; can only be achieved
through two factors neglected in this study: nonadiabatic coupling and vibronic effects. The
former allows for direct population transfer between triplet states, while the latter can lead
to broken symmetries and an increased internal conversion rate. Were these effects included,
the intersystem crossing event would likely be rendered irreversible, and from these results,

we predict the ISC rate to be under 15 fs.

V. CONCLUSION

In this work, we have demonstrated that strong spin-orbit coupling effects lead to ultrafast
intersystem crossing in the [Pt(ppy)(u-‘Buspz)], dimer upon photoexcitation to the first

singlet excited state. State-to-state spin-orbit couplings were evaluated using a variational
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approach, applied to structures sampled from the ab initio excited-state molecular dynamics.
The rate of ISC is evaluated using both Fermi’s Golden Rule and time-propagation of state
coefficients. Due to its LC electronic character, its low energy separation from S;, and
its strong spin-orbit coupling to Si, the second triplet excited state Ty is the most likely
candidate for the initial ISC event. While the experimental resolution of intersystem crossing
in this species is 150 fs, this work suggests the intersystem crossing event could occur within
the first 15 fs, dramatically narrowing the window during which a change in spin state is

likely to occur.

In the absence of explicitly evaluating nonadiabatic coupling between triplet states, and
without allowing nuclear relaxation along triplet trajectories, nothing in the Hamiltonian in
Eq. (3) will prevent the reverse ISC reaction. Development of analytical nuclear gradients,
valuable in both nuclear dynamics and the evaluation of nonadiabatic coupling, remains
therefore an important goal for variational relativistic methods. Future work will also con-
sider the possibility of implicitly incorporating nonadiabatic coupling via a local diabatic

5152 once triplet states can efficiently couple to T;, which does not mean-

transformation:
ingfully participate in the ISC, it is expected that the intersystem crossing will no longer

appear reversible.

Finally, this work is evidence of the importance of choosing an appropriate basis for
describing dynamical processes. Fully variational relativistic calculations, though more ac-
curate in their depiction of spin-orbit coupling, render identification of the relevant states
much more difficult, as it is no longer meaningful to speak of them as singlets or triplets.
In contrast, after rotating into a spin-pure basis as above, states fully recover their mul-
tiplicities and are clearly identified. This procedure, in effect a form of spin-purification,
is an important step in the use of variational relativistic calculations in the simulation of

intersystem crossing events.

SUPPLEMENTARY MATERIAL

An analysis of excited-state character and density-functional dependence, as well as the

ground- and excited-state geometries, are presented in the supplementary material.
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