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Abstract:

We present optical pump / X-ray absorption probe studies to probe changes in electronic
distribution and local structure upon formation of a self-trapped exciton. The experiments were
carried out on the mixed-valence halide-bridged transition metal linear chain charge density
wave material [Pt(en,)][Pt(en,)Cl,](ClO4)4. Photoinduced changes in the Pt Ly XANES
spectrum were measured on a picosecond time scale following generation of excitons via optical
excitation of the intervalence charge transfer transition. A4b initio FEFF9 modeling of the spectra
and the associated angular momentum projected density of states was used to interpret the
response. We find photoinduced changes reflecting electronic redistribution and local lattice

distortions that correspond to strong localization of the self-trapped state.
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Introduction

Self-trapping, in which an electronic excitation localizes in a lattice deformation as a
result of electron-phonon coupling, is a process of fundamental interest in a wide range of
condensed phase systems, and has a dramatic impact on energy and charge transport properties
of materials. Key examples include the formation of polarons in inorganic and organic
semiconductors and of self-trapped excitons (STEs, sometimes also referred to as exciton-
polarons) in molecular crystals and photosynthetic antenna complexes. These localized states
have clear technological importance and also reflect fundamental interactions in the physics of

condensed matter systems.

Mixed-valence platinum-halide linear chain complexes have proven to be excellent
systems for investigating the physics of formation of localized excitations, owing in part to their
relatively simple quasi-one-dimensional structure.!"!! Figure 1 presents the structure of the
platinum-chloride complex [Pt(en),][Pt(en),Cl,](ClO4)4 (en = ethylenediamine, C,HgN,),
commonly denoted PtCl(en) or PtCl, that is the subject of the current study.!? The basic
structural motif is a linear chain of alternating platinum and halide ions. Ethylenediamine
ligands occupy the transverse bonding sites on the platinum ions, and parallel chains are
separated by perchlorate counterions to form a three-dimensional crystal structure. The linear
chain structure results in one-dimensional electronic bands, and the ground electronic state is a
Peierls-distorted commensurate charge density wave (CDW) with alternating valence states on
the platinum ions and a corresponding alternation in the platinum-halide bond lengths. The
relative strength of the electron-phonon coupling is determined by the halide bridging ion, with
the strongest coupling and therefore the largest ground state Peierls distortion and CDW

amplitude for Cl, with progressively weaker coupling for Br and I. The CDW amplitude can be
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characterized by a charge disproportionation parameter 8, such that platinum ions of nominal
formal valence +3 disproportionate to give alternating mixed valence states of +(3 + 8) and +(3 —
d) in the CDW, as shown schematically in Figure 1(c). Modeling!3 of X-ray photoelectron
spectra!* of platinum-halide materials yields an estimate of 6 ~ 0.91 for PtCl, approaching the

limit of complete charge disproportionation corresponding to alternating Pt** and Pt?* ions.

CST 98057
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- X—ee Pt 3 X Pt +(3-3) __. - Pt #3%3) __X——__ Pt *(3-3) __ - Pt *34#3) ___ X Pt 38 | @ ! e
N

Figure 1. Structure of the [Pt(en),][Pt(en),Cl,](C104)4 (en = ethylenediamine) complex.!?

(a) Three repeat units of the [Pt(en);][Pt(en),Cl,] chain. (b) Crystal packing of the chains and
CIOy4 counterions, viewed down the chain axis. For clarity, only a short segment of the extended
chain structure is presented and H atoms are omitted from the structures. (c) Schematic chain-
axis structure with the amplitude of the charge density wave represented by the charge
disproportionation parameter 6. Figures 1 (a) and (b) are reprinted with permission from Ref. 9,
copyright 1999 American Physical Society; Figure 1(c) is reprinted in part from Ref. 3, copyright

2013 IOP Publishing.
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The optical absorption spectrum of platinum-halide chain materials is dominated by an
intense optical intervalence charge transfer (IVCT) transition that is strongly polarized along the
chain axis and that effectively transfers charge between the inequivalent mixed-valence platinum
ions in the chain structure. Excitation of the IVCT transition generates delocalized free excitons
and triggers the structural relaxation that leads to self-trapping. Self-trapping is barrierless in
one dimension, resulting in rapid formation of STEs on the time scale of a single vibrational
period, as verified by the vibrational wavepacket dynamics observed in femtosecond optical
studies of the materials.>”” The STE in the platinum-halide materials consists of a localized
region in which the Peierls distortion and CDW are relaxed. Theoretical modeling predicts that
the spatial extent, or localization length, varies with the relative strength of the electron-phonon
coupling as determined by the halide bridging ion, with stronger coupling giving rise to more

highly localized excitations.!?

While femtosecond optical studies of the materials have revealed the dynamics of
formation of STEs in the platinum-halide materials,3-® experimental characterization of the
electronic properties of the resulting self-trapped states remains largely unexplored. In the work
reported here, we use X-ray transient absorption to probe the electronic distribution in the STE of
PtCl, which is predicted to lie in the highly localized limit.!%!! Our approach is motivated by our
X-ray absorption near edge structure (XANES) spectroscopy study of a series of platinum-halide
chain materials,!> which demonstrated that the Pt Ly near edge features are sensitive to variation
of the fractional mixed valence charge states in the CDW ground states of the materials. In the
experiment reported here, STEs are generated by optical excitation and the resulting
photoinduced change in the Pt L;j; XANES spectrum is probed on a picosecond time scale. The

results are interpreted using ab initio calculations of the spectra and associated angular
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momentum projected density of states (IDOS) based on a model for the STE derived from
previous extended Peierls-Hubbard calculations,!%!! allowing the measured photoinduced

spectral changes to be related to the change in charge distribution upon formation of STE.

Methods

X-ray transient absorption measurements were carried out at beamline 11-ID-D of the
Advanced Photon Source, operating in singlet hybrid mode with a 65 ps singlet pulse. Single-
crystal samples of [Pt(en,)][Pt(en,)Cl,](Cl0,4), were prepared by solution phase synthesis!? to
produce plate-like crystals with the chain axis lying in the plane of the plate. Samples were
maintained at room temperature, above the monoclinic to orthorhombic structural phase
transition temperature. Oriented single-crystal samples were excited near the low energy edge of
the IVCT band using the 527 nm second harmonic output of a Nd:YLF laser producing pulses 5
ps in duration at a 1 kHz repetition rate. The X-ray probe energy was scanned through the Pt Ly
edge XANES region using a Si(111) crystal monochromator. The monochromator energy was
calibrated using a Pt metal foil, with the Pt L;;; edge energy set to 11562.76 eV in accordance
with Kraft et al.'¢ The singlet X-ray pulse was isolated and its repetition rate reduced using a 5
kHz heat load chopper that was synchronized with the 1 kHz laser to provide a “pump-on”
channel, with the four intervening X-ray pulses used as the “pump-off” reference. The X-ray
beam was focused in the vertical direction to give a beam height of 16 um FWHM at the sample
position, and a slit was used in the horizontal direction to give a beam width of 300 pum.
Samples were positioned in the X-ray beam at near grazing incidence at a nominal angle of 0.8

degrees and were pumped with the laser at near normal incidence to improve overlap of the ~
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200 nm optical absorption depth with the ~ 60 um X-ray absorption depth. Samples were
oriented so that both the optical pump and the X-ray probe were polarized along the chain axis.
X-ray fluorescence was detected using a pair of fast avalanche photodiode (APD) detectors with
custom made Soller slits to minimize elastic scattering, and a third detector was used to collect
elastically scattered X-rays for normalization to the incident intensity. The waveform from each
APD was recorded and processed on a shot-to-shot basis using a custom system based on an
Agilent Acqiris fast digitizer, allowing sensitive detection of small photoinduced changes in
fluorescence intensity.!” Multiple scans were acquired and were inspected prior to averaging to
ensure against radiation-induced degradation of the response. The nominal pump-probe delay
was set to zero with the center of the 5 ps laser pump pulse coincident with that of the 65 ps X-
ray probe pulse, so that the photoinduced response was averaged over the 30 ps lifetime of the

STE state, as previously determined by optical transient absorption spectroscopy.'®

Data processing of the X-ray spectra, including energy calibration, averaging, and
normalization were performed using OriginPro (version 8.5, OriginLab Corp.). Since the X-ray
response was detected as fluorescence, the spectra were subject to over-absorption and were
corrected using the Fluo algorithm in Athena (version 0.8.057).1° The spectra without
photoexcitation (pump-off) were corrected so as to match the previously measured transmission
XANES spectrum of PtCl, and the same correction was then applied to the spectra with

photoexcitation (pump-on).

Ab initio modeling was performed with FEFF9 2 (version 9.6 revision 4), following the
approach used in our previous XANES studies of the PtX(en) materials.!> Given an input
structure, FEFF9 carries out self-consistent field (SCF) electronic structure calculations to

determine the atomic scattering potentials and phase shifts assuming spherical muffin-tin (MT)
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potentials, followed by a full multiple scattering (FMS) calculation that sums scattering paths for
the photoelectron emitted from the absorbing atom from neighboring atoms to infinite order
using Green’s function propagators and phase shifts to determine the angular momentum

projected density of states (IDOS) and XANES absorption spectrum.?!-22

Ground state (pump-off) and excited state XANES spectra were modeled using FEFF9
parameters determined in our previous XANES study!> as noted below, with exception of the
imaginary part of the self-energy, which was set to give the 5.17 eV line width corresponding to
the core-hole lifetime as appropriate for the measurements presented here, instead of the
narrower line width of the measurements in the previous study, which were carried out using
high energy resolution fluorescence detection (HERFD) techniques. The structure of PtCl
determined by X-ray diffraction!? was used in the Atoms program?3 (version 0.9.25) to generate
the atomic positions input into FEFF9 for the ground state spectrum. The model structure for the
STE was constructed by adjusting Pt — Cl bond lengths in the ground state structure, as described
in more detail in the following section. The cluster radius for the SCF calculations was set to 6 A
about the central absorbing platinum ion so as to include the neighboring platinum ions in the
chain structure, and the cluster radius for the FMS calculations was set to 8.6 A, large enough to
include atoms up to the second nearest neighbor halide ions in the chain structure, and the
smallest radius for which further increase no longer affected the calculated spectrum. MT
potential overlap factors and the SCF and FMS angular momentum bases were also set as
defined previously,!® and the random phase approximation (RPA) treatment of core-hole
screening and the multi-pole complex energy-dependent Hedin-Lundqvist (HL) self-energy were
again chosen to provide the best agreement between the calculations and the measured spectra.

Inequivalent platinum ions in the structures were assigned unique potentials in the calculations,
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as were other atoms having different local environments. Spectra were calculated for each of the
inequivalent platinum ions as the absorber atom, and the resulting XANES response for each was
weighted and summed to create the final model spectrum. For the ground state calculations, the
Fermi energy was, as previously, adjusted downward by 1 eV to leave the LUMO orbitals fully
unoccupied, increasing the amplitude of the white line and providing a better match to the
experimental spectrum. For the calculation of the STE spectrum, Fermi energy shifts were
applied as described in the following section. The final calculated spectra were shifted in energy
by 4 eV, as required to match the energy of the white line feature in the measured ground state

spectrum.

Results and Discussion

Experimental measurements are presented in Figure 2, which shows the ground state Pt
Ly edge XANES spectrum of an oriented single crystal sample of PtCl together with the
photoinduced change following excitation of the intervalence charge transfer transition to
generate the STE. The spectra are measured with the X-ray polarization along the chain axis.
The ground state XANES spectrum has a white line peak at 11566.7 eV and a secondary peak
that appears as a shoulder ~ 6 eV higher in energy. Photoinduced changes are evident in both

features, and include changes in amplitude as well as shifts in energy of the transitions.
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Figure 2. Oriented single-crystal Pt L;;; edge XANES spectrum of the platinum-halide linear
chain complex [Pt(en),][Pt(en)ClL;]-(ClO,4)4 with the X-ray polarization along the chain axis
(black), and the photoinduced change in absorption induced by excitation of the intervalence
charge transfer transition to form the self-trapped exciton state (red). The photoinduced change
is smoothed with a Savitzky-Golay filter and scaled up by a factor of 150 relative to the ground

state spectrum.

Ground state spectrum In order to interpret the photoinduced spectral changes, we first consider
the origin of the spectral features of the ground electronic state. The features in the ground state
XANES spectrum can be understood in terms of the quasi-one-dimensional electronic structure

of the PtCl chains. Modeling of the electronic structure of the platinum-halide chain materials
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was carried out previously using an extended Peierls-Hubbard Hamiltonian model with basis
states formed from the 5d,? orbitals of the two inequivalent platinum ions and the p, orbitals of
the two halide ions in each chain axis repeat unit.!® These calculations yield four bands: two
lower energy fully filled bands that are predominantly halide p, in character, a HOMO band in
which the largest contribution is from the 5d,? orbitals of the platinum ions of lower charge, and
a LUMO band in which the largest contribution is from the 5d,? orbitals of the platinum ions of
higher charge. Although not explicitly included in the Peierls-Hubbard modeling, symmetry
considerations indicate that platinum 6s orbitals will also contribute to these states: the local
environment about each of the platinum ions is nearly tetragonal, and D, symmetry allows

mixing between the a;, 5d,? and 6s orbitals on each of the inequivalent platinum ions.

Using the IDOS calculated in FEFF9, the contributions of individual orbitals to the
electronic states can be seen for each of the ions in the chain structure. Figure 3(a) presents
FEFF9 IDOS calculations for the d-DOS and s-DOS of the two inequivalent platinum ions and
the p-DOS of the bridging chloride ion, together with the calculated oriented XANES response
for each of the two inequivalent platinum ions in the ground state structure. The energy axis for
the IDOS calculations is positioned so that the LUMO is aligned with the white line XANES
feature. The width of the calculated IDOS features is arbitrary, and the broadening, chosen to
facilitate comparison with the spectral features, is narrower than the experimental resolution. As
can be seen in the IDOS calculations, the dominant contribution to the LUMO is from the 5d,2
orbital of the platinum ion of higher charge. Mixing of this orbital with the 5d,? orbital of the
platinum ion of lower charge as well as with the 6s orbitals of the platinum ions and the p, orbital

of the bridging chloride ion is evident from their overlapping IDOS features.
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Figure 3. (a) FEFF9 ab initio modeling of the charge density wave ground state. Angular
momentum projected density of states (IDOS) calculations for the d-DOS (thin solid lines) and s-
DOS (dashed lines) of the two inequivalent platinum ions (platinum ion of higher charge in red;
platinum ion of lower charge in blue) and the p-DOS of the bridging chloride ion (green dotted
line), together with the calculated oriented Pt Lj;; XANES response for each of the two
inequivalent platinum ions in the ground state structure (thick red and blue lines). The Fermi
energy is indicated by a vertical dashed black line. The width of the calculated IDOS features is
arbitrary, and the broadening, chosen to facilitate comparison with the spectral features, is
narrower than the experimental resolution. (b) FEFF9 IDOS calculations for the two central
platinum ions and the central bridging chloride ion in the model STE structure, together with the

calculated oriented XANES response for each of the two central platinum ions.
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In general, the Ly edge includes dipole transitions from the 2p core level to final states of
d and s character. As can be seen from the IDOS, the white line of the oriented PtCl XANES
spectrum is dominated by the transition to the 5d,? orbital of the platinum ion of higher charge,
with a smaller contribution from the 5d,? orbital of the platinum ion of lower charge. In general,
p to s transitions have a much lower intrinsic strength, and these make a negligible contribution
to the white line, as was confirmed in our detailed modeling and assignments of the HERFD-
XANES spectrum of PtCl in which the individual spectral contributions were calculated.'> This
modeling also showed a small decrease in the white line intensity resulting from interference
between final states of d and s character, an effect observable in oriented spectra of anisotropic
systems.!>2425 As a result of symmetry selection rules, the 5d,2.,2 orbitals appearing at slightly
higher energy in the IDOS calculations do not contribute to the oriented XANES spectrum for

the X-ray polarization parallel to the chain axis.

The broader secondary peak in the XANES spectrum (~ 6 eV above the white line) lies in
the region of the 6s states of the two inequivalent platinum ions as seen in the IDOS in Figure 3a.
There are multiple contributions to this spectral feature, as determined by our previous
modeling.!> Most of the amplitude originates from dipole transitions of p to d character that
occur as a result of symmetry-allowed mixing between the a;, 6s and 5d,? orbitals, with much
smaller contributions from the inherently weaker 2p to 6s dipole transitions. Additional
contributions result from final state interference involving the mixed 6s and 5d,? states. Both of
the inequivalent platinum ions have empty 6s orbitals and contribute to the secondary peak,
though the platinum ion of lower charge makes the larger contribution as a result of the greater
extent of mixing of its 6s and 5d,? orbitals. Both the white line and the secondary peak in the

XANES spectrum are thus seen to be sensitive to the 5d,? orbitals in the chain structure.
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STE model To interpret the photoinduced changes, FEFF9 calculations, presented in Fig. 3b,
were carried out using a model structure for the STE based on extended Peierls-Hubbard
calculations.!%!! In the platinum-halide materials, the STE (also referred to as a neutral
bipolaron, or B? defect) corresponds to a localized region within the chain in which the Peierls
distortion and charge density wave are relaxed, and in PtCl, the STE is predicted to lie in the
highly localized limit with the associated charge density localized principally on two adjacent
platinum ions. The platinum ions in platinum-halide materials are largely held in place by
hydrogen bonding of their ethylenediamine ligands in the three dimensional crystal structure, so
that the structural change is expected to mainly involve the positions of the bridging halide ions.
Accordingly, the model STE structure was constructed by adjusting positions of chloride ions in
the ground state structure. The chain axis ions in the model STE structure are shown in
comparison to those of the ground state in Figure 4. The model structure corresponds to the

highly localized limit in which the Peierls distortion is absent in the center of the STE, with

the central chloride ion equidistant between the two central platinum ions (labeled Pt"*%" and
Pt*3-" to retain the correspondence with their identities in the ground electronic state), giving two
equal Pt-Cl bond lengths that are the average of the two Pt-Cl bond lengths in the Peierls
distorted ground state structure. The positions of the chloride ions to the left and right,
respectively, of these two platinum ions are adjusted so as to have Pt-Cl bond lengths
intermediate between those of the ground state structure and the average bond length in the
center of the STE. These modified atomic positions were used in the input structure for FEFF9
calculations, with unique potentials defined for the inequivalent platinum ions and inequivalent
chloride ions introduced in the STE structure. The remaining atomic positions and parameters

were the same as those used for the ground electronic state.
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Pt+3+8 Pt+3-8

(a) Peierls distorted CDW ground state

(b) STE

Figure 4. Schematic structures for ions along the chain axis (platinum ions in red and blue;
chloride ions in gray). (a) Charge density wave ground state. The Peierls distortion is
magnified for clarity; the actual short and long Pt-Cl distances are 2.327 and 3.101 A. (b) Model
structure for the STE in the highly localized limit in which the Peierls distortion is removed
between the central platinum ions and is reduced for the two adjacent sites. The central platinum
ions in the STE structure are labeled Pt*3*%" and Pt*3-% to retain the correspondence with their

identities in the ground electronic state.

The calculated IDOS for the two central platinum ions and the central chloride ion in the STE
structure are presented in Figure 3b. 1IDOS calculations were also carried out for the platinum
ions adjacent to the two central platinum ions; these gave results very similar to those found for
the two inequivalent platinum ions in the ground state structure (results not shown). Comparing
the 1dos features for the STE with those for the ground state, the LUMO is seen to shift to lower
energy and the HOMO is seen to shift to higher energy, reducing the HOMO-LUMO splitting in
the STE state relative to the ground electronic state. The decrease in the HOMO-LUMO
splitting reflects the stabilization of the STE state, an effect that is also evident in the significant

Stokes shift seen upon formation of the STE in optical measurements.!3 The composition of the
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HOMO and LUMO states is also seen to change in the STE state, with greater mixing of the 5d,
orbitals of the two central platinum ions. The energies and composition of the states in the region
of the platinum 6s orbitals are also seen to change: the 6s orbitals of the two inequivalent
platinum ions move closer in energy in the STE state relative to the ground state, and the degree
of mixing of the 5d,? and 6s orbitals increases for the platinum ion of higher charge and
decreases for the platinum ion of lower charge. In this model, photoexcitation to form an STE
results in half-filled HOMO and half-filled LUMO states localized on the two central platinum
ions. Spectra for these half-filled states were constructed by averaging two calculations: one in
which the Fermi energy was set below the HOMO so that both the HOMO and LUMO were
empty and one in which the Fermi energy was set above the LUMO so that both were filled. The
resulting calculated contributions for each of the central platinum ions to the XANES spectrum

of the STE are presented along with the Idos in Figure 3b.

Changes in the XANES spectrum for the STE relative to the ground state result from
changes in the occupancy, composition, and energies of the orbitals. For the lower energy white
line feature, changes in occupancy are the dominant effect. The partial opening of the HOMO
results in increased absorption at the lower energy edge. A larger effect is seen in the spectrum
of the platinum ion of lower charge since the 5d,? orbital of this ion makes the largest
contribution to the HOMO. Partial filling of the LUMO state results in decreased absorption at
the peak of the white line, primarily from the platinum ion of higher charge, since its 5d,> orbital
makes the largest contribution to the LUMO. The shift in energy of this orbital also shifts the
white line peak to lower energy. Since the states in the region of the secondary XANES peak
(~ 6 eV above the white line) are empty in both the ground state and the STE, the changes in this

region result from changes in orbital composition and energies only. The largest effects
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originate from the increased d-DOS amplitude in this region for the platinum ion of higher
charge, which results in an increased XANES transition amplitude for this ion. A small decrease
in d-DOS amplitude and, correspondingly, the XANES transition amplitude are seen for the
platinum ion of lower charge. Small shifts in the energy of the various orbitals that contribute to

this spectral region also result in changes in spectral shape and position.

The calculated XANES responses for the inequivalent platinum ions in the ground state
and in the STE are compared in Figure 5a and their contributions to the difference spectrum are
presented along with the experimentally measured photoinduced difference spectrum in Figure
5b. The largest contribution to the difference spectrum is seen to originate from the platinum ion
of higher charge. The decrease in the white line amplitude resulting from half-occupancy of the
LUMO and its shift to lower energy is partially offset by the increase in absorption from the half-
empty HOMO, as seen in the contribution from the platinum ion of lower charge that peaks at
lower energy. Both ions contribute to spectral changes in the region of the higher energy

secondary peak.

The total calculated STE — ground state difference spectrum, including the contributions
from both platinum ions, is seen to capture the main features of the measured response, showing
the reduction in amplitude and downward shift in energy of the white line peak, together with
changes in the structure of the secondary peak. Remaining discrepancies between the calculated
and measured responses likely result from mismatches in the calculation of state energies and the
extent of state mixing. In particular, we note that even though the model structure used in the
calculations corresponds to the most highly localized limit, with the Peierls distortion completely
removed between the two central platinum ions, the calculated response still underestimates the

energy level shifts upon formation of the STE, as indicated by the mismatch between the Stokes
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shift observed in optical measurements'? and the difference in the calculated HOMO-LUMO
splittings for the ground state CDW and the model STE structure: the peak of the optical IVCT
absorption spectrum appears at 2.7 eV and the peak of the photoluminescence spectrum from the
metastable STE state is detected at 1.2 eV, corresponding to a 1.5 eV Stokes shift, while the
difference in the calculated HOMO-LUMO splittings yields only a 1.0 eV energy shift. Model
structures for the STE having a lesser degree of distortion between the STE and the ground state
structures would yield an even smaller energy shift, and would therefore result in an even larger

mismatch between the calculated spectra and the measurement.
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Figure 5. (a) Comparison of the calculated XANES spectral contributions from the
inequivalent platinum ions in the ground state (thin blue line = Pt"3-3, thin red line = Pt*3*%) with
those of the platinum ions in the corresponding positions in the STE state (thick light blue line =
Pt"3-% thick light red line = Pt%%"). (b) Comparison of the calculated STE — ground state
difference spectra with the measured photoinduced response. Blue line = STE state Pt*3-%" —
ground state Pt"3-® difference; red line = STE state Pt"3*%" — ground state Pt"3*® difference; black
line = difference between merged STE and merged ground state spectra; dotted gray line =

measurement scaled by x150 for comparison with the calculated normalized spectra.
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In addition to guiding the interpretation of the observed spectral changes, the IDOS
modeling provides information on the charge distribution. In general, the calculated IDOS can
be used to quantify the occupancy of specific orbitals by integration over the corresponding
IDOS features.?® In our modeling of the HERFD-XANES spectra of a series of platinum-halide
materials in their CDW ground states, we demonstrated that integration over the IDOS features
corresponding to the platinum orbital contributions to the HOMO states yielded excellent
agreement with the charge-disproportionated mixed valence states determined by modeling of
XPS measurements.!'315 To address the charge distribution in the STE state studied here,
contributions from both the HOMO and LUMO states must be included, since each is half-filled.
The orbital occupancy was assessed for each of the two central ions in the STE by integrating
over the 5d,% and 6s orbital contributions to the HOMO and to the LUMO, weighting each by
one-half. The resulting values yielded essentially equal electron occupancies for the two ions.
The IDOS calculations for the bridging chloride ion indicate minimal change in the charge
density on the chloride ion upon formation of the STE: although the chloride p, contribution to
the STE HOMO is reduced relative to that of the ground electronic state, its increased
contribution to the STE LUMO effectively cancels this effect, yielding essentially no net change
for the half-filled HOMO and LUMO of the exciton state. The resulting charge distribution
within the STE corresponds to that expected for a charge-transfer STE with essentially complete
charge transfer between the two inequivalent platinum ions, each having a nominal valence state

of +3.
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Concluding remarks

The X-ray transient absorption measurements presented here demonstrate that the Pt Ly
XANES response is sensitive to photoinduced valence state changes and accompanying
structural relaxation. A4b initio modeling of the response provides characterization of the change
in charge distribution associated with exciton formation and yields good agreement with a highly
localized model for the self-trapped state. We anticipate that the approach used in this work will
be applicable to other photoactive materials, and that future time-resolved studies on
femtosecond time scales may allow observation of the evolution of the electronic distribution

during the localization process.
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