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ABSTRACT: Determining the electronic and geometric
structures of photoexcited transient species with high accuracy
is crucial for understanding their fundamental photochemistry
and controlling their photoreactivity. We have applied X-ray
transient absorption spectroscopy to measure the XANES and
EXAFS spectra of a dilute (submillimolar) solution of the
osmium(II) polypyridyl complex [Os(bpy),dcbpy](PFq),
(dcbpy = 4,4'-dicarboxy-2,2'-bipyridine) (OsL,L’) in meth-
anol at the Os Ly edge. We have obtained spectra of superb
quality for both the ground state and the photoinduced
*MLCT excited state that have allowed us not only to extract
detailed information about the Os Sd orbitals but also to

o3
E
;2
£
S1
0
10870 10880
Energy (€V) — Ground State
__15 ——Excited State
< Os-N
- 10 Ad,,,=0.010(£0.008) A
» .
:i_, \
=5
e /"
0 10 15 20 25
R (A)

resolve very small differences of 0.010 + 0.008 A in the average Os—N bond lengths of the ground and excited states. Theoretical
calculations using a recently developed DFT-based approach support the measured electronic structures and further identify the
nature of the molecular orbitals that contribute to the main absorption bands in the XANES spectra.

B INTRODUCTION

The metal-to-ligand charge transfer (MLCT) excited states of
ruthenium and osmium polypyridyl complexes and their
derivatives have superior photophysical and photochemical
properties, such as intense absorption bands that match a large
fraction of the solar spectrum, long excited-state lifetimes,
strong luminescence, and highly efficient electron injection to
the conduction band of semiconductor nanocrystals.'>
Therefore, the MLCT states of Ru and Os transition-metal
compounds have versatile applications in solar energy
utilization and other fields ranging from molecular electronics
and photocatalysis to light-emitting devices and biolabels.' ™
The MLCT excitation induced by light absorption
corresponds to an electron transfer from metal-centered
molecular orbitals (MOs) with d character to ligand-centered
(LC) MOs with #* character. Because the electronic and
geometrical structures of molecular systems are strongly
correlated with their functionalities and often govern the
outcomes of photoinduced reactions, in-depth structural
information on MLCT states is important for the rational
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design of solar energy devices. Over the past several decades,
the MLCT states of Ru compounds have been intensely studied
using a wealth of techniques.'™#*?'° The recent development
of X-ray transient absorption (XTA) spectroscopy has made it
possible to directly probe the transient electronic and molecular
structures of photoexcited species.”''™'® Studies of the
transient structure of photoexcited [Ru'(bpy);]** (bpy =
2,2-bipyridine) showed a shrinkage of about 0.03—0.04 A in
the average Ru—N bond distance in the MLCT state compared
with the ground state.”'®'? Later on, the same technique was
applied to capture the structural changes of Ru(dcbpy),(NCS),
(dcbpy = 4,4'-dicarboxy-2,2"-bipyridine) dye molecules ad-
sorbed onto a TiO, nanoparticle surface accompanying
photoinduced electron injection from the dye to TiO,."> The
average Ru—Nyg bond length shortens by about 0.06 A in
going from the ground state to the transient charge-separated
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state, while the average Ru—Ngyy,, bond length remains
unchanged.

Compared with their Ru analogues, Os compounds present
extra absorption at longer wavelengths that enhances the solar
photon absorption efficiency. Figure 1 shows the UV-—vis
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The XTA measurements used laser “pump” pulses to initiate the
MLCT transition of OsL,L’ and X-ray “probe” pulses at a certain delay
time with respect to the pump pulses to monitor the transient
structural changes by X-ray absorption spectroscopy.The XTA
measurements were carried out on beamline 11-ID-D of the Advanced
Photon Source (APS) at Argonne National Laboratory. The 527 nm, 5
ps full width at half-maximum (fwhm), 1.6 kHz laser pulses given by
the second-harmonic output of a Nd:YFL regenerative amplified laser
were used as the pump pulses. The X-ray pulses were the single-
electron bunch extracted from the storage ring at 271.6 kHz operated
under the hybrid timing mode. The time resolution of the XTA
measurements was 160 ps as determined by the fwhm of the X-ray
pulses provided by the APS. A detailed experimental description is
given in the Supporting Information (SI).

B RESULTS AND DISCUSSION

(1). XANES Spectra by XTA Spectroscopy. Figure 2a
shows the Os Lyj-edge X-ray absorption near-edge fine
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Figure 1. (a) Chemical structure of Os(Ru)L,L’. (b) UV—vis
absorption spectra of OsL,L’ (solid line) and RuL,L’ (dashed line)
in methanol.

absorption spectra of [Os(bpy),dcbpy](PFs), and [Ru-
(bpy),dcbpy](PF¢), (abbreviated as OsL,L’ and RuL,L’,
respectively). The intense absorption between 400 and 550
nm is ascribed to the transition from the 'A; ground state to the
'MLCT state. Another broad absorption band at longer
wavelength (550—750 nm) can be observed in the spectrum
of OsL,L’. This band originates from photoexcitation directly
to the MLCT state. The *MLCT transition becomes allowed
as a result of the strong spin—orbit coupling induced by the 5d
electrons, while it is much weaker in the Ru analogues. Studies
of a series of Os polypyridyl dyes attached to TiO,
nanoparticles have shown that they can achieve photo-
electrochemical performance similar to that of the eflicient
Ru dyes.>”*

Despite these clear advantages, much fewer studies have been
done on Os polypyridyl complexes for solar energy
applications. In particular, knowledge about the transient
electronic and geometric structures of their photoexcited
form is extremely limited from both the experimental and
theoretical points of view. The theoretical calculations are fairly
intensive because of the relativistic effects induced by the heavy
Os atom; the influence of spin—orbit coupling cannot be
ignored. In this work, we have applied XTA spectroscopy at the
Ly, edge and density functional theory (DFT) to study the
transient *MLCT excited state of OsL,L’. We have obtained
XTA spectra with unprecedented signal-to-noise ratio that have
allowed us to determine the internuclear distances of OsL,L’
with less than 0.01 A uncertainty for both the ground and
excited states. The information obtained from this study, such
as ligand-field splitting strength, orbital energy levels, and local
geometric structure, are of fundamental importance not only
for Os complexes in dye-sensitized solar cells (DSSCs) but also
for general molecular designs in solar energy applications.

B EXPERIMENTAL SECTION

[Os(bpy),debpy] (PEg), (Os"LoL/),> [Os"(bpy);](PEg), (Os'Ly),”
and [Os"(bpy);](PFs); (Os™L,;)** were prepared using literature
procedures. All of the other chemicals were purchased from Aldrich
and used as received.
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Figure 2. (a) XANES spectra of a 0.8 mM solution of Os"L,L’ in
methanol measured at the Os Lyj; edge. The black curve is the ground-
state spectrum, and the red curve is the spectrum measured 400 ps
after laser excitation. (b) X-ray transient absorption kinetics probed at
the 2p — t,, transition peak (10870.7 V) at delay times from —0.6 to
50 ns. The inset shows the rise of the transient absorption at early
delay times. (c) Ground-state XANES spectra of 0.8 mM solutions of
Os"L; (black) and Os™L; (red) in acetonitrile. (d) The difference
XANES spectrum between laser-on (400 ps delay) and laser-off for
Os"L,L" (red) and the difference XANES spectrum between Os"L,
and Os™L; (green).

structure (XANES) spectra of OsL,L’ in methanol with and
without laser excitation. The laser-on spectrum was recorded at
a 400 ps delay after the laser pump pulse. The intense
absorption band corresponds to the dipole-allowed transition
from the 2p;/, level to the unoccupied 5d orbitals. Therefore,
the Lj-edge XANES spectra directly measure the occupancy of
the metal d orbitals. On the basis of ligand-field theory, the five
5d orbitals of Os split into doubly degenerate e, orbitals and
triply degenerate t,, orbitals in an ideal octahedral coordination
environment. In the 'A; ground state, the six Sd electrons
occupy the three t,, orbitals. The so-called white line (B band)
in the ground-state spectrum is attributed to the transition from
the 2p;); level to the empty e, orbitals. The laser-on spectrum
shows an additional absorption band (A’) on the low-energy
side of the main band (B’) that indicates an extra 2p — Sd
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transition in the excited state. The 527 nm laser excites the
OsL,L’ to the '"MLCT state. According to previous time-
resolved laser spectroscopy studies, this photoexcited state
relaxes to the lowest *MLCT state on the subpicosecond to
tens of picoseconds time scale.””** In the SMLCT state, one
electron has been transferred from the t,, orbital to a nearby
ligand, leaving a half-filled t,, orbital. Consequently, the A’
band in the spectrum of the *MLCT state corresponds to the
2p — t,, transition.

Figure 2b shows the X-ray transient absorption kinetics
measured at the maximum of the 2p — t,, transition of the
SMLCT state (10870.7 €V). The inset shows the rise of the
difference absorption around time zero, which corresponds to
the appearance of the *MLCT state. On the basis of these X-ray
transient kinetic measurements, the rise of the transient signal
takes about 160 ps, which is limited by the duration of the X-
ray probe pulses. The photoexcited species measured at a 400
ps delay should be mainly in the *MLCT state. The kinetic
trace was fitted with a single-exponential decay convoluted with
a Gaussian function of 160 ps fwhm representing the X-ray
pulse width. The lifetime of the *MLCT state obtained from
the fitting of the kinetic trace is 33 + 2 ns.

In order to obtain the pure spectrum of the MLCT excited
state, one must know the excited-state fraction at a delay of 400
ps after the laser excitation probed by the X-ray pulses. One
significant change after laser excitation is that the Os oxidation
state has increased from +2 to +3, resulting in an extra 2p — t,,
transition in the excited state. We measured the static XANES
spectra of the two reference compounds [Os"(bpy);](PFy),
(Os"L;) and [Os™(bpy);](PF); (Os™L;) in order to get the
XANES spectra of 100% Os" and 100% Os"™ (Figure 2c).
Figure 2d displays the difference XANES spectrum with and
without laser excitation for Os"L,L’ (red) and the difference
XANES spectrum between Os"L; and Os™L, (green). The
positive difference absorption between 10866 and 10719 eV
corresponds to the 2p — t,, transition in Os"". By comparison
of the integrated areas between 10866 and 10719 eV for the
two different XANES features in Figure 2d, the excited-state
fraction for the laser-on spectra was determined to be 0.89.
Such a high excited-state population is attributable to the
combination of a dilute sample (0.8 mM), a high absorption
coefficient, and a high photon density per pulse.

The Os Ly-edge XANES spectra of the ground state and
*MLCT excited state were fitted with a sum of an arctangent
function for the edge-jump absorption and several pseudo-
Voigt functions to represent the absorption bands (Figure 3).
The peak positions extracted from the fitting are listed in Table
1S in the SI. The 4.6 eV energy difference between A’ and B’
directly measures the ligand-field spitting between the e, and t,,
orbitals (denoted as A) in the MLCT state. The 2p — e,
orbital transition energy is blue-shifted by 0.5 eV from 10874.8
to 10875.3 eV in changing from the 'A; state to the MLCT
state. Furthermore, there is a shoulder [labeled as C (C’)] in
the higher-energy tail of the B (B’) band that originates from
transitions from the 2p to other empty molecular orbitals below
the ionization potential.

(2). EXAFS Spectra by XTA Spectroscopy. Figure 4a,b
shows the extended X-ray absorption fine structure (EXAFS)
spectra of 0.8 mM OsL,L’ in methanol in k space and the
magnitude of the phase-uncorrected Fourier transformed
EXAFS spectra in R space. There is no significant difference
between the EXAFS spectra of the 'A; and the *MLCT states.
Consequently, only small structural changes upon laser
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Figure 3. Os Lyj-edge XANES spectra (solid circles) of OsL,L’ in
methanol in (a) the ground state ('A;) and (b) the MLCT state. The
solid lines are the respective fitted curves as described in the text. The
contributions of the individual absorption bands and the edge jump
obtained from the fitting are also displayed.
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Figure 4. (a, b) Os Lj-edge EXAFS spectra of 0.8 mM OsL,L’ in
methanol for both the 'A; state and the *MLCT state in (a) k space
and (b) R space. A k-space range of 2.4 to 11.2 A™! was used for the
Fourier transform to R space. (c, d) Fourier transformed EXAFS
spectra of OsL,L’ and best fits for (c) the 'A; state and (d) the
SMLCT state. The spectra are phase-uncorrected, so the distances R
shown in the figure are smaller than the actual values.

excitation are expected. The peaks between 1 and 2 A are
associated with the Os—N bond distance, and they are slightly
shifted to higher positions in the excited state (Figure 4b). The
k*-weighted Fourier transformed EXAFS spectra with k ranging
from 2.4 to 11.2 A™" are fitted in R space in the range of 1—3.2
A. The contributions from all of the paths in the first two
scattering shells (Os—N and Os—C, ;) were included in the
fitting. The atoms involved in those paths are labeled in Figure
la. The magnitudes and imaginary parts of the R-space fittings
of the Fourier transformed EXAFS spectra for the 'A; and
SMLCT states are displayed in Figure 4c,d, respectively.

Table 1 lists the main structural parameters of the Os—N and
Os—C, shells for both the A, and the *MLCT states as
extracted from the EXAFS data analysis. Detailed analysis can
be found in the SI. These high-quality XTA spectra allow us to
determine the bond lengths in the ground and excited states
with picometer resolution. The average distances between Os
and the first-shell nitrogens are 2.066 + 0.005 A for the lAl
state and 2.076 + 0.006 for the *MLCT state. The bond-length
change is small, and the direction of the change is opposite to
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Table 1. Electronic and Structural Parameters of OsL,L’ Determined by XTA Measurements and DFT Calculations

‘A SMLCT
(E, = 10884.9 + 1.1 eV; S2 = 0.90 + 0.08) (Ey = 108862 + 12 eV; S2 = 0.80 + 0.11)
method bond N R (A) o (A?) N R (A) o (A?) AEg _, (eV) AEg_g (eV)
XTA Os—N 6 2.066 + 0.00S 0.0008 + 0.0007 6 2.076 + 0.006 0.0004 + 0.0007 4.6 £ 0.1 0.6 + 0.1
Os—C, 6 2.940 + 0.014 0.004 + 0.002 6 2.947 £ 0.017 0.004 + 0.002
0s—Cy 6 3.052 + 0.014 0.004 + 0.002 6 3.058 + 0.017 0.004 + 0.002
DFT Os—N 6 2.03 6 2.03 S.0 0.7
that of RuL;**, which shows a 0.03—0.04 A decrease in the (a)
SMLCT state.”'® The bonding between Ru/Os and Ny,
contains two components: the donation of the lone-pair
electron density from nitrogen to an empty metal d orbital
through ¢ bonding and electron density donation from a metal HoMo LuMO
d orbital to a ligand 7™ orbital through 7 back-bonding. Upon
photoexcitation, the metal center of the Ru/Os polypyridyl
complex loses electron density, which causes two competing
effects on the Ru/Os—N bond order: (1) strengthening of the
Ru/Os—N o bonding and (2) weakening of the 7 back-
bonding. In RuL;, the first effect is stronger than the second
one, so the Ru—N bond length is decreased by ~0.03—0.04 A
in the *MLCT state. In Os compounds, the stronger spin—orbit
coupling further splits the three t,; orbitals, which brings one of
them closer to the ligand z* orbital. Johansson et al.*®
investigated the electronic structure of a series of ML,
complexes (M = Fe, Ru, Os) using photoelectron spectroscopy () E &g
and observed that one of the t,, orbitals in OsL;** is about 0.6 1 'y
eV closer to the ligand 7* orbital than that of RuL,*". The P S0ev
smaller energy difference between the occupied metal-centered o~ 8 ¥ =+
ty, orbital and the ligand 7* orbital of the Os complex increases - 2p Al B
the 7 back-bonding effect in comparison with its Ru analogue. 1_1 2ev
Therefore, in OsL,L’ the weakening of the 7 back-bonding in A Tttt SMLCT
the conversion from the 'A; to the SMLCT state overwhelms !
the strengthening of the ¢ bonding, resulting in an Os—N bond Figure 5. (a) Electronic structures of the HOMO and LUMO of
length elongation of 0.010 + 0.008 A. The present results are OsL,L’ in the ‘A, state from the calculations. (b) Calculated XANES
very similar to the Os—N bond lengths obtained from X-ray spectra of both the 'A; state and the *MLCT state. The electronic
diffraction (XRD) measurements, which are 2.061 + 0.008 A structu.res of the molecular orbitals contr.ibuting to the main transition
for OSHL3 and 0.01 A longer for OsIHL3 in genera1.26 A very bands in the XANES s'pectra are also displayed. (c) Energ}'I levels of
. . it the molecular orbitals involved in 2p — Sd transitions obtained from
recent time-dependent DFT calculation on Os'L; gave an the calculations
average Os—N bond length of 2.074 A,*” which is only 0.008 A ]
longer than the Os—N bond length obtained in our
measurements on OsL,L" in the 'A; ground state. calculated spectra agree well with the experimental data. The
(3). DFT-Based Calculations. In order to gain further molecular orbital that contributes to the A’ feature is very
understanding of the electronic excited state and visualize the similar to the HOMO orbital of the 'A, state. Photoexcitation
molecular orbitals that contribute to the XANES spectral induces electron transfer from the HOMO to the LUMO,
features, we calculated the Os Ly;-edge XANES spectra of the leaving an Os 5d orbital vacancy in the HOMO. The HOMO
'A; and *MLCT states using approaches based on the two- of the A, state becomes the LUMO of the MLCT state, and
component relativistic zeroth-order regular approximation the transition from 2p to this LUMO gives rise to the A’ feature
(ZORA) implemented in DFT.*® These calculations also take in the XANES spectrum of the MLCT state. As can be seen
into consideration the spin—orbit coupling and the hybrid- from Figure Sb, the molecular orbitals contributing to the A’
ization between the Os Sd and ligand orbitals. Unlike and B (B’) transitions have mainly Os Sd orbital character as
calculations using the FEFF and FDMNES programs, this expected, while those contributing to C (C’) have substantial
approach does not require the input of the Fermi energy, which contributions from both metal d orbitals and ligand orbitals,
is not so easy to define a priori, implying that the shapes of the which indicates that the C (C’) band originates from
XANES spectra given by this approach are generally more hybridization of the Os 5d and ligand orbitals.
reliable.”® The calculations also provide quantitative information about
On the basis of the calculations, the highest occupied the geometric structures and the molecular orbital energies.
molecular orbital (HOMO) of the 'A, state has electron Table 1 compares the main electronic and structural parameters
density localized around Os, while the lowest unoccupied extracted from the experiments and calculations. The average
molecular orbital (LUMO) has electron density residing on the Os—N bond length from the calculations is 2.03 A for both
ligands (Figure Sa). Figure Sb shows the calculated Os Ly-edge states, which is 0.03—0.04 A shorter than those extracted from
XANES spectra for both the 'A; and the *MLCT states. The the TXA measurements. The energy difference between the A’
8807 dx.doi.org/10.1021/ja5040733 | J. Am. Chem. Soc. 2014, 136, 8804—8809
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and B’ bands (AEp_,) of OsL,L’ in the MLCT state
characterizes the ligand-field splitting (A). AEg_, of OsL,L’
from the calculations is 5.0 eV, which is close to the
experimentally measured value of 4.6 eV. The calculation
indicates a 0.7 eV increase in the energy of the 2p — e,
transition of the MLCT state in comparison with the 'A; state.
The XTA measurement gave a similar increase of 0.5 eV.
However, the calculations reveal the absolute energy changes of
molecular orbitals in going from the 'A, state to the MLCT
state, which cannot be obtained directly from the XTA
measurements. The 2p core orbital and the e, orbital are
lowered by 1.3 and 0.6 eV, respectively, during the transition
from the 'A; state to the *MLCT state (Figure Sc). The
reduced electron density at the Os center in the MLCT
excited state increases the screening effect and therefore
stabilizes the molecular orbitals.

B SUMMARY

We have obtained accurate electronic and geometric structural
information for the Os" polypyridyl complex [Os(bpy),dcbpy]-
(PFg), in methanol in both the ground state and the *MLCT
photoexcited state using XTA spectroscopy. We have achieved
spatial resolution of less than 0.01 A, allowing us to resolve an
average Os—N bond distance change of (0.010 + 0.008) A in
the excited state. Information regarding the molecular orbital
energies, such as the ligand field splitting and absorption band
positions, also agree with our DFT-based calculations. The
calculations give further insight into the origin of the transitions
and reveal how the electron density changes affect the orbital
energy levels.

The ability to determine ground-state and transient
structures with high accuracy provides new insights into
fundamental photochemistry. With the quality of XTA spectra
now reaching that of static X-ray absorption spectra, XTA
spectroscopy can be used on not only the relatively simple
model systems for which extensive photochemical and
photophysical knowledge exist but also on general solar energy
conversion processes with complex changes of electronic and
atomic structures. XTA measurements combined with calcu-
lations can provide crucial information for realizing the rational
design of molecular systems for efficient solar energy
applications.

B ASSOCIATED CONTENT

© Supporting Information

Additional details concerning XTA measurements, XANES and
EXAFS data analysis, and DFT-based calculations. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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