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Observing Photochemical Transients by Ultrafast X-Ray Absorption Spectroscopy
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Accurate determination of the transient electronic structures, which drive photochemical reactions,
is crucial in chemistry and biology. We report the detection of transient chemical changes on the
picosecond time scale by x-ray-absorption near-edge structure of photoexcited aqueous [Ru(bpy); **.
Upon ultrashort laser pulse excitation a charge transfer excited state having a 300 ns lifetime is formed.
We detect the change of oxidation state of the central Ru atom at its Ly and L, edges, at a temporal
resolution of 100 ps with the zero of time unambiguously determined.
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Ultrafast charge transfer processes during photo-
chemical reactions occur in a large class of systems
such as small molecules [1], organometallic compounds
[2], metalloproteins [3—5], and inorganic media [6], and
are in some cases accompanied by ultrafast backtransfers
[3,4]. X-ray absorption spectroscopy (XAS) is a standard
technique for the determination of the static electronic
structure [via XANES (x-ray-absorption near-edge struc-
ture)] and the local geometric structure [via EXAFS
(extended x-ray-absorption fine structure)] around a spe-
cific atom. XANES is especially a universal tool to de-
termine the local electronic structure (e.g., oxidation
state) of atoms in different chemical compounds [7]. An
ultrafast optical pump-x-ray probe experiment using
XAS should allow the real-time visualization of both
electronic and structural changes. While this approach
has been proposed for some time [8—12], to date time-
resolved XAS studies have been limited to the ms-ns time
domain [13-16], except for one pioneering exception [17].

Several challenges hampered the implementation of
XAS with subnanosecond temporal resolution. First, it
requires a tunable and monochromatic source of ultra-
short x-ray pulses. Second, because of the solvent (back-
ground) absorption, solution-phase studies require rather
small sample dimensions in order to achieve a reasonable
transmission of the x-ray probe beam. Increasing the
concentration of the solute, and simultaneously reducing
the sample thickness cannot always compensate for this.
As a rule of thumb, the number of solute species should
not greatly exceed the number of available laser-pump
photons per pulse [11], typically 103-10" for commer-
cial amplified femtosecond lasers. Third, the absorption
cross sections in the optical and the x-ray domains can
differ by up to 3 orders of magnitude and need to be
carefully accounted for [11]. Fourth, the low x-ray pulse
intensity ( < 10° photons/0.1% bandwidth per pulse on
the sample) requires an extremely sensitive experimental
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setup. By reducing the measured noise level to nearly the
shot noise of the pulsed x-ray source [12] and using a
carefully designed sample (accounting for the optical and
x-ray absorption cross sections, the available laser pulse
energy, and the concentration and thickness of the
sample), which minimizes the required number of prob-
ing x-ray photons for the highest possible signal-to-noise
ratio, time-resolved XAS is possible with existing pico-
second and subpicosecond pulsed x-ray sources [11].

In this Letter, we present a time-resolved XANES
experiment using 100 ps x-ray pulses from the bend
magnet beam line 5.3.1 of the Advanced Light Source
(ALS) at the Lawrence Berkeley Laboratories. We are
able to take snapshots of the electronic structure of a
model complex, ruthenium (II) tris-2, 2’-bipyridine,
[Ru(bpy);]**, at different time delays after laser excita-
tion. Furthermore, we can scan the time delay at a se-
lected x-ray energy, which also delivers a cross
correlation signal between the laser and the x-ray pulses.

[Ru'(bpy);]** has served as a paradigm for the ultra-
fast electron transfer processes in many transition metal
complexes [2]. Ru complexes are also excellent reagents
for protein modification and internal electron transfer
studies [5]. Light absorption by [Ru(bpy);]** results in
the formation of a Franck-Condon metal-to-ligand
charge transfer singlet excited state,!(MLCT), which
undergoes subpicosecond intersystem crossing to a long-
lived triplet excited state, >(MLCT) [18], with near-unity
quantum yield. In the process, the D5 symmetry of ground
state [Ru'(bpy); > is reduced to the C, symmetry of
[Ru(bpy ) (bpy),]** in the 3(MLCT) state. The reaction
cycle is described by the scheme in Fig. 1 (where the
superscripts on the left hand side of the ground and
excited state compounds denote the spin multiplicity).

The oxidation states of Ru' and Ru'"' complexes exhibit
pronounced differences in their L-edge XANES [7,19,20].
This is shown in Fig. 2(a) for aqueous [Ru''(bpy);]** and
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FIG. 1. Photochemical reaction cycle of [Rull(bpy);**.

solid [Ru™(NH3)¢]Cl;, measured around the Ru L edge.
A preedge absorption feature at 2841.0 eV [denoted B in
Fig. 2(a)] characterizes the bivalent compounds due to the
2p3j, — 4dsp(e,) transition [7], next to the weaker
2p3/ — 58y, transition around 2851 €V (feature C)
[19]. Removal of the weakest bound electron from the
fully occupied 4d5, (1,,) level generates a trivalent ruthe-
nium compound, opening up an additional absorption due
to the allowed 2p5/, — 4ds); (t,,) (feature A’) in addition
to an oxidation state induced shift [7]. Thus we should
observe the appearance of the A’/B’ doublet structure in
the trivalent L; XANES together with a ca. 1 eV energetic
B — B’ and C — (' shift [Fig. 2(a)], resulting from the
change of oxidation state of the Ru central atom and
formation of *(MLCT) (Fig. 1).

For this experiment we exploit a special electron bunch
filling pattern of the ALS [Fig. 3(a)]. The storage ring is
filled with several 2 ns spaced bunches generating a
ca. 550 ns long “‘superbunch,” followed by a ca. 100 ns
dark section, in which one single electron bunch (the
“camshaft” pulse) is placed (Fig. 3). This filling pattern
allows us to record the intensity of this single x-ray pulse
with a suitably fast (and sensitive) avalanche photodiode
(APD) detector. The amplified femtosecond laser is syn-
chronized to this camshaft pulse so that the latter follows
every laser pulse at 1 kHz repetition rate and at a fixed
time delay. For this purpose the 6th harmonic of the fs
oscillator repetition rate is synchronized to the radio
frequency of the synchrotron (500 MHz) with less than
5 ps time jitter. One of these oscillator pulses (locked to
the ALS camshaft pulse) is then amplified at 1 kHz
repetition rate, thus maintaining the temporal synchro-
nization. An electronic phase shifter unit allows us to
adjust the time delay between the laser and x-ray pulses in
steps of 5 ps. The single x-ray pulses are recorded at twice
the laser repetition rate (i.e., at 2 kHz), and we monitor—
after pairwise subtraction of adjacent x-ray pulse inten-
sities—the transient XAS in transmission mode
[Fig. 3(c)]. This scheme allows us to improve our detec-
tion sensitivity to nearly the shot-noise limit of the x-ray
source [12].
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FIG. 2 (color online). (a) Static x-ray absorption spectra at
the Ru L; edge of aqueous [Ru"(bpy);]*" (open circles,
this experiment), and of [Ru™(NH;)sCl,] (from Ref. [7]).
(b) Transient absorption spectrum of photoexcited aqueous
[Ru™(bpy);]** (open circles) recorded 300 ps after the laser
pump pulse. The dashed curve is a fit accounting for the
blueshift of the static XAS due to the photoinduced increase
of oxidation state, and the solid fit curve includes the appear-
ance of feature A’ for the reaction intermediate. (c) Reactant
Ru! state absorption spectrum (dashed) fitted from the experi-
mental data in (a), and intermediate compound absorption
spectrum (solid curve) constructed from the reactant state
and the transient absorption fit [solid curve in (b)]. The labeled
features A’, B/, C’, and B, C denote the allowed transitions of
Ru'" and Ru", respectively.

We used 80 mmol/1 of [Ru'(bpy);]** dissolved in H,O,
which is circulated in a free-flowing jet of 0.1 mm thick-
ness inside a chamber filled with He. We use 300 wJ,
400 nm pump pulses from the frequency-doubled output
of an amplified Ti:sapphire fs laser system. Both laser and
x-ray beams were focused to ca. 0.3 mm diam on the
liquid jet. The x-ray flux was between 500 and 1000 per
pulse and 0.1% bandwidth (depending on the time after
injection) at 2.8 keV. The flux was derived from a statis-
tical analysis of the pulse height distribution of recorded
single x-ray pulses (thus including all subsequent elec-
tronic noise contributions), and this represents an effec-
tive number of photons per pulse, which contribute to a
given pump-probe signal exactly as one would expect
from a shot-noise limited source. The so-derived pulse
intensity is only slightly less than the expected value at
3 keV (ca. 10* per pulse) after correction for various
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FIG. 3. (a) Schematic of the electron bunch filling pattern at
the ALS. Several 2 ns spaced bunches are followed by a
ca. 100 ns long empty section, in which one densely packed
electron bunch (called the camshaft pulse) is placed. The
emitted radiation (b) is composed of a ca. 550 ns long "super-
bunch" together with the well-separated 100 ps long camshaft
pulse, to which an amplified fs laser pulse is synchronized with
an adjustable time delay Az (see inset). (¢c) A gated integrator
records the camshaft pulse intensity within its ca. 20 ns long
time window [indicated in the inset in (b)] at twice the
repetition rate of the fs laser. Thus the output signal of the
gated integrator consists of alternating laser-on laser-off x-ray
intensities, and pairwise subtraction delivers the photoinduced
X-ray transmission change.

losses in the beam line (filters, monochromator) and in
our experimental setup (He-air gas mixture). The re-
corded transmission spectra were transformed into ab-
sorption spectra via normalization with a transmission
spectrum without sample. The spectra were calibrated
with standard metal foils to an accuracy of better than
0.3 eV.

Figure 2(b) shows the transient absorption spectrum as
a function of the x-ray probe energy E, recorded 300 ps
after laser excitation (open circles). This transient con-
tains all the electronic changes from the reactant state
absorption spectrum, R(E), to the product state absorp-
tion spectrum, P(E, 1), at the time ¢ after photoexcitation.
With f(z) being the fraction of excited state species at
time ¢, the transient absorption spectrum T'(E, ¢) is given
by

T(E 1) = f(t) - [P(E, 1) = R(E)] )

Thus we can directly deduce the XANES spectrum of the
product state from the measured transient signal and the
reactant state XAS, if we know f(¢). Alternatively, we can
derive f(¢), if we know the exact shape of the product
state XAS, P(E, t). In this work, we have used different
independent methods to derive and crosscheck both
P(E, t) and f(1):

(i) The Ru L, edge (not shown here) consists mainly of
the 2p,/, — 4d5(e,) transition in both bi- and trivalent
complexes (features B and B’ in Fig. 2, respectively),
since the 2p/, — 4ds,(ty,) transition (feature A’) is for-

047403-3

bidden [7]. Thus the transient XAS of this edge can be
unambiguously fitted to Eq. (1) by adjusting the B — B’
energetic shift (assuming equal oscillator strengths),
which yields the transient shape and f(z). For this mea-
surement we derive an energetic shift of +1.2 eV and
f(300 ps) = 9%.

(i1) Relying on an energetic shift due to the change in
oxidation state, we initially fitted the reactant state ab-
sorption spectrum in Fig. 2(a) to its main features: The
intense 2p3/, — 4d (e,) absorption (feature B) was repro-
duced using a Voigt profile with the Lorentz width taken
from Ref. [19] including our spectral resolution of
ca. 2.5 eV (Gaussian width), an arctangent step function
describing the edge absorption (together with higher ly-
ing states), and a second Voigt profile describing the
2p3), — 55y, transition (feature C). The fitted XAS
spectrum shown in Fig. 2(c) (dashed) is very identical
to the measured spectrum in Fig. 2(a). Next, we fitted the
high-energy part of the transient in Fig. 2(b) to the
difference spectrum of both energy-shifted B— B’, C —
C' features together with the absorption edge. The fit
result yields an energetic shift of about 1.2 eV together
with £(300 ps) = 11%, which is very close to the above
estimates. The resulting curve [dashed in Fig. 2(b)]
matches the observed transient perfectly, except for the
lower energy region. This part was then finally fitted
assuming the appearance of a new absorption profile
with Gaussian and Lorentzian widths of 2.5 eV (mono-
chromator resolution) and 1.9 eV [19], respectively, which
arises from the photoinduced appearance of feature A’.
The solid curve in Fig. 2(b) now describes the measured
transient XAS. The product state XANES P(E, 1), con-
structed via Eq. (1) with this transient fit curve, is shown
in Fig. 2(c) (solid curve).

To date, no XAS exists for the intermediate species
[Ru™(bpy~)(bpy),]*" [solid curve in Fig. 2(c)], but we
can compare our spectrum with the static XAS of the
isoelectronic species [Ru! (NH;)¢]Cl; shown in Fig. 2(a).
Indeed, the spectra are very similar in A’-B’ splitting
(3.8 eV) and A’/B’ relative intensities (ca. 2.5), which
confirms the 3+ oxidation state of the central Ru atom.

The loss of absorption near the maximum of feature B
[Fig. 2(b)] is shown in Fig. 4 as a function of time delay
between the optical pump pulse and the x-ray probe pulse.
The temporal evolution can be described by a step func-
tion fitted with a Gaussian error function (solid curve).
The signal buildup around time zero occurs within 96 =
30 ps, which indicates the cross correlation time between
the ultrashort laser pulse and the 100 ps x-ray pulse as
shown by the (inverted) derivative of the fit curve in
Fig. 4. Figure 4 represents a single 10 min scan, corre-
sponding to 2500 pump-probe shots, thus utilizing 5000
x-ray pulses at 2 kHz per data point with our difference
detection scheme.

The scans in Figs. 2 and 4 were recorded, respectively,
with only 107 and 10° incident x-ray photons per data
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FIG. 4 (color online). Temporal evolution of the transient
absorption measured near feature B in Fig. 2(c) (at
2840.5 eV) together with a fit (solid curve). The inverted
derivative of the fit curve (below) indicates the cross correla-
tion time of ca. 100 ps governed by the x-ray pulse width.

point, for ca. 10% of excited state species. However, the
neat water solvent without solute already absorbs 90% of
the incident flux (H,O transmission at 2.8 keV for 0.1 mm
thickness). Thus the signal-to-noise of the transient signal
would be identical to the one shown in Fig. 4 with only
10° incident photons if we could neglect the solvent back-
ground absorption. This is promising for the future since
most transition metal complexes have characteristic ab-
sorption edges above 5 keV, where solvent background
losses are below 20%, while the solute absorption can
be optimized by increasing its concentration.

In summary, we have monitored a photoinduced charge
transfer reaction of aqueous [Ru'l(bpy);** with 100 ps
temporal resolution using time-resolved XAS. While our
findings are in full agreement with the expectations from
optical spectroscopy experiments [2], to date this mea-
surement describes the first detection of a change of
oxidation state on the subnanosecond time scale by
x-ray absorption spectroscopy of a transient chemical
species in solution. Hereby we have successfully resolved
the excited state species in both x-ray absorption energy
and in time. With data accumulation times similar to
those of laser-only experiments, these results also show
that time-resolved structural studies with EXAFS
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is within reach with present day picosecond x-ray
sources.
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