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Every photochemical reaction starts with an electronically
excited state and ends with a ground-state molecule. This is
also true in bimolecular photoreactions, in which the excited
molecule collides with a ground-state reactant. The collision
complex may follow a potential energy surface directly to the
primary ground-state product. The reaction may also proceed
on an excited-state surface and reach a stable minimum
configuration. This excited complex—an exciplex—is antici-
pated to precede the primary product of many types of
bimolecular photoreactions, most prominently in photoin-
duced electron-transfer reactions.[1]

The presence of an exciplex is easily demonstrated if it
emits a characteristic emission. However, this situation is the
exception rather than the rule, and exciplexes are generally
not easily detected. An alternative to emission spectroscopy is
time-resolved absorption spectroscopy based on laser meth-
ods. Unfortunately, neither type of spectroscopy provides
direct structural information. The present study presents
time-resolved X-ray scattering in aqueous solution as a new
means of directly obtaining a model-independent structure of
this kind of elusive intermediate.

The advent of intense and pulsed X-ray beams from
synchrotron insertion devices has opened up unprecedented
opportunities to obtain structural information on transient
molecules.[2, 3] In the crystalline state, diffraction studies have
allowed structure determination of photoexcited mole-
cules[4–7] including the 3A2u state of salts of octahydrogen[te-

trakis-m-diphosphito-1kP :2kP’-diplatinate](4-) (PtPOP*)[5, 6]

and excimers.[8] Only recently have time-resolved scattering
studies of reactions in solutions become possible despite the
large background scattering from the solvent[9] and the
absence of signal amplification from long-range order. The
theoretical foundation of the laser/X-ray pump–probe
method has been established,[10,11] and the solvent response
to impulsive heating has been described.[12, 13] Thus, solution-
state pump–probe X-ray scattering studies on time scales of
picoseconds to nanoseconds have been reported[14] for light-
induced reactions of small molecules such as I2, HgI2, CH2I2,
and C2H4I2

[15,16] dissolved in CCl4 and methanol, and for gold
nanoparticles in water.[17] The excited 3A2u state of PtPOP*
represents the most complex structure hitherto investigated in
solution by time-resolved X-ray scattering.[18]

PtPOP* displays characteristic photophysical (phosphor-
escence quantum yield, Fp = 0.5; lifetime, tp = 10 ms[19,20]) and
photochemical properties. Hydrogen/halogen atom abstrac-
tion and photocatalytical generation of H2 by C�H bond
cleavage are among the reactions reported.[21] PtPOP* also
forms excited-state complexes (exciplexes) with, for example,
Tl+ ions. This bimolecular reaction is of particular interest as
it was the first metal–metal bonded exciplex formation to be
reported.[22–24]

The present study deals with the exciplex TlPtPOP*,
which forms between PtPOP* and a single Tl+ ion, in the time
frame from 100 ps to 100 ns after excitation. The processes
occurring are illustrated in Figure 1. On longer time scales, or
at high concentrations of Tl+ ions, an additional Tl+ ion can
combine with TlPtPOP* to form Tl2PtPOP*.[24]

The liquid-scattering experiments were carried out on
beamline ID09B at the ESRF facility following a well-
established laser/X-ray pump–probe protocol.[9, 18,25] The con-
centrations in a typical experiment were [PtPOP] = 12 mm

and [Tl+] = 7.2 mm. The aqueous solution was circulated
under oxygen-free conditions through a sapphire nozzle
producing a 0.3 mm thick sheet of liquid. This was crossed
by the laser and X-ray beams. The optical pump pulse at
390 nm was generated by frequency doubling the 780 nm
output of a Ti:sapphire laser. To reduce multiphoton excita-
tion of the solvent as well as other higher-order effects, the
peak intensity of the pump pulse was reduced by stretching
the 150 fs pulse to 2 ps.

The X-ray probe pulse was created by an undulator
insertion device producing a “pink-beam” energy profile with
a maximum at 18.2 keV and 3% bandwidth after passing the
X-ray optics. The X-rays from a single bunch in the storage
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ring were isolated by a high-speed chopper[14] operating in
phase with the pulse repetition frequency of the pump laser.
The temporal resolution of the setup depends on the bunch
structure of the storage ring, but it was always better than
100 ps and can approach 50 ps. Timing jitter was 3–5 ps.[15] Six
time delays (Dt) between the pump and probe pulses were
investigated in the range from 100 ps to 25 ns.

The scattered X-rays were detected by an integrating area
detector placed 50 mm from the sample, allowing photons
with scattering angles up to 2q = 558 to be collected. The
integration time was 10 s, corresponding to 9863 individual
pump–probe events. As in similar pump–probe studies,[9,13]

the data were acquired in an alternating sequence of laser-on/
laser-off images to minimize effects of system drift.

The two-dimensional scattering patterns were converted
to one-dimensional radial curves S(2q). Difference curves
DS(2q,t) were obtained by subtracting the average of two
neighboring laser-off curves from the laser-on curve between
them. The ratio DS/S for the PtPOP system under inves-
tigation here is typically below 10�3, underlining the need for
careful scaling and averaging. The DS(2q) curves were
converted to DS(Q), Q ¼ 4p

l sin q, using the spectral profile
I(l) of the X-ray beam.

Figure 2A shows QDS(Q) curves for three representative
time delays, Dt = 100 ps, 2 ns, and 25 ns. In these curves, three
distinct Q regions are apparent for all time steps: 1) A low-Q
part below Q = 1 ��1 exhibiting a distinct increase as time
progresses, 2) an intermediate range from Q = 1 to Q = 4
dominated by a single large oscillation, and 3) a high-Q part
beyond Q = 4 showing oscillations that shift slightly as the
time delay between the pump and the probe is increased from
100 ps to 25 ns.

The scattered forward intensity (Q = 0) is proportional to
the square of the number of electrons in the molecule.[26]

Hence, for each exciplex being formed, the forward scattering
signal will change by an amount proportional to (ZPtPOP +

ZTl)
2�(ZPtPOP

2+ZTl
2) = 2ZPtPOPZTl. The observation of a grow-

in at low Q as the time delay increases from 100 ps to 25 ns

Figure 1. Simplified illustration of the photochemistry of Tl+/PtPOP in
aqueous solution. A laser pulse (2 ps, 390 nm) excites PtPOP in
aqueous solution from the 1A1g ground state to the 1A2u excited state.
Rapid (ps) intersystem crossing transforms the molecule into the 3A2u

state (PtPOP*), which in a bimolecular reaction can combine with a
Tl+ ion to form an exciplex. All excited-state molecules subsequently
return radiatively or nonradiatively to the ground state on a ms time
scale. Concomitantly, the exciplex dissociates. Energy values were
taken from Clodfelter et al.[24] Color code: Pt green, Tl blue, O red,
P yellow; H is omitted for clarity.

Figure 2. Experimental results and simulated data. A) Difference scat-
tering signal (multiplied by Q) for three time delays: Dt = 100 ps, 2 ns,

and 25 ns. B) Thermodynamic differentials,[13] @ðDSÞ
@T

�
�
�

1
and @ðDSÞ

@1

�
�
�

T
,

describing the solvent’s thermodynamic response to impulse heating
of 0.3 8C and density changes. C) Simulated scattering signals from
PtPOP* (black) and from a range of putative exciplex structures each
with a Pt–Tl distance of dPtTl = 2.5–3.5 � (red). D) Experimental data
(black circles) and model fit (red lines) for the six time delays
investigated ([PtPOP]= 12 mm, [Tl+] = 7.2 mm). For clarity, traces are
off-set vertically.

Angewandte
Chemie

4245Angew. Chem. 2009, 121, 4244 –4248 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


constitutes unambiguous and model-independent proof that
an associative reaction takes place.

In the intermediate Q range, the single large oscillation
observed in this region is known from previous studies[13, 27] to
be a consequence of the thermodynamic response of the
solvent, water, to the energy release associated with the fast
intersystem crossing between the 1A2u and 3A2u states as
shown in Figure 1. The contribution to the difference signal
can be well described[13] by a linear combination of two

thermodynamic differentials, DSsolvent ¼ DT @ðDSÞ
@T

�
�
�

1
þD1

@ðDSÞ
@1

�
�
�

T
.

Figure 2B shows how the scattering signal is affected by
changes in the solvent temperature and density.

The Q> 3 part of the difference scattering signals
(Figure 2A) reflects a change in the configuration of coher-
ently scattering electrons between Dt = 100 ps and Dt = 25 ns.

To explore how the scattering curve changes when the
distance dPtTl between the axially coordinated Tl and Pt atoms
in TlPtPOP* is varied, DSTlPtPOP*(dPtTl) was calculated as the
Tl–Pt distance was increased from 2.5 � to 3.5 � in steps of
0.025 �. The structure of PtPOP* was fixed using the atomic
coordinates obtained in an independent time-resolved scat-
tering study.[18] Since Pt and Tl have a comparable number of
electrons, a possible change in the Pt–Pt distance will be too
strongly correlated with the Pt–Tl distance for these values to
be independently optimized when the calculated signal is fit
to the measured.

Six of these curves are shown in Figure 2C, corresponding
to increments of 0.2 � in dPtTl between each curve. In these
simulations the fraction of excited states relative to ground-
state PtPOP molecules, a, was provisionally fixed at a =

0.05.[18] A fraction b = 0.5 of the excited states was assumed
to have associated with Tl+ to form TlPtPOP* exciplexes.

The determination of the Pt–Tl distance in the TlPtPOP*
exciplex and of the time-dependent concentrations of the two
excited-state species are dealt with quantitatively by express-
ing the total signal for any time delay, Dt, as the sum of the
four terms in Equation (1).

DSðQÞsim ¼ aDSPtPOP* þ bDSTlPtPOP* ðdPtTlÞ þ DT
@ðDSÞ
@T

�
�
�
�

1

þD1
@ðDSÞ
@1

�
�
�
�

T

ð1Þ

The objective was to find the combinations of the five
variable parameters (a, b, dPtTl, DT, and D1) (Table 1) that
most accurately fit the difference signals. The search for a
global best fit of structural models to the data was undertaken
within a multiparameter maximum likelihood analysis
(MLA) framework. The study employed a c2 estimator with
c2 given by Equation (2).

c2ðdPtTl;a;b;DT;D1Þ ¼
X

Q

ðSsimðQÞ � SdataðQÞÞ2
2s2

Q

,

ðN � p� 1Þ ð2Þ

Here sQ is the standard deviation evaluated at each Q point,
N is the number of Q points, and p the number of free
parameters, for the goodness-of-fit for each combination of
the five parameters.[28] Figure 2D illustrates the result of
applying this method to the difference curves for every time
delay, Dt, with the data shown as black circles and the best-fit
scattering signal as red lines. For all time delays, good
agreement is observed between the data and the simulations.

The approach is illustrated with reference to Figure 3,
where the procedure is applied to the data set obtained for
Dt = 25 ns. Within the framework of MLA, a (relative)
likelihood can be assigned to each combination of the five
fitting parameters through L(a, b, dPtTl, DT, and D1)/ exp-
(�c2).[28] Thus, correlations between the individual fitting
parameters can be explored as shown in Figure 3A, where
iso-likelihood curves are given for projections of the five-
dimensional parameter space onto the four planes containing
the dPtTl distance as one axis. Correlations are observed
between dPtTl and the a and b parameters, which signify the
strong connection between the amount of each individual
molecular species and the height and shape of the DS(Q)-
curve oscillations.

To directly gauge the most-probable parameter value,
without assuming any a priori knowledge of the other fitting
parameters, the full five-dimensional likelihood distribution
for the Dt = 25 ns data set was projected onto the dPtTl axis, as
shown in Figure 3B. From this, the most probable value of
dPtTl is determined to be 2.93� 0.12 �, with the limits
enclosing 68 % of the total likelihood distribution.

Applying the projection method to the remaining param-
eters, a photoexcitation fraction of 3.9% was found to be most
likely. Of this fraction, 55 % has formed the exciplex at 25 ns,
corresponding to a total concentration of TlPtPOP*
� 0.26 mm (Table 1). This value is in good agreement with
the kinetic scheme and rate constants determined in earlier
spectroscopic studies.[24]

No change in solvent density appears up to 25 ns, at which
point the temperature rise is determined to be 0.3–0.4 8C. This
increase is larger than expected from the observed excitation
fraction (only 0.8 eV is released from intersystem crossing
between the 1A2u and 3A2u states) and indicates the presence
of nonlinear multiphoton processes such as re-excitation of
1A2u and 3A2u.

To determine dPtTl more accurately, two other experiments
were carried out with concentrations of Tl+ ions of 3.4 mm and
1.8 mm, respectively. All other conditions were unchanged.
Selected data from all three series are collected in Table 1. For

Table 1: Optimized fitting parameters for three experimental series with [PtPOP]= 12 mm and Tl+ concentrations as indicated in the first column. For
each, the time delay Dt with the highest concentration of the TlPtPOP* exciplex is presented. Parameters a, b, dPtTl, DT, and D1 are defined in the text
[see Eq. (1)].

[Tl+] [mm] Dt [ns] a b [PtPOP*]max [mm] [TlPtPOP*]max [mm] dPtTl [�] DT [K] D1 [kgm�3]

7.2 25 0.039 (�0.015) 0.55 (�0.19) 0.47 (�0.18) 0.26 (�0.09) 2.93 (�0.12) 0.36 (�0.08) 0.01 (�0.07)
3.4 100 0.027 (�0.013) 0.49 (�0.22) 0.32 (�0.16) 0.16 (�0.07) 2.93 (�0.17) 0.30 (�0.07) -0.08 (�0.06)
1.8 100 0.019 (�0.013) 0.33 (�0.25) 0.23 (�0.16) 0.08 (�0.06) 2.88 (�0.29) 0.17 (�0.08) -0.01 (�0.07)
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each series, the time delay (Dt) with the highest concentration
of the TlPtPOP* exciplex is presented. The five fitting
parameters and their optimal values are listed. In addition
to the relative fractions of excitation (a) of PtPOP and the
maximum fraction exciplex formed (b), the corresponding
concentrations [PtPOP*]max and [TlPtPOP*]max have also
been calculated, as these provide a means for understanding
the differences in the error estimates. For the lower Tl+

concentrations, the optimum exciplex concentration was
found at longer time delays in accordance with the kinetics
of exciplex formation. The uncertainty in the determination
of dPtTl is observed to increase with decreasing exciplex
concentration, as would be expected.

Combining the results for the three time delays with the
highest concentrations of TlPtPOP*, the value dPtTl = 2.92�
0.09 � was obtained. The Tl–Pt distance, dPtTl = 2.92� 0.09 �,
thus derived for TlPtPOP*, is in good agreement with
previous estimates of 2.7 to 3.0 �,[24] but it is considerably
shorter than the distance reported for the structurally similar
system [Tl2Pt(CN)4] (dPtTl = 3.14 �, crystal data[29]). However,
it is in good agreement with the value dPtTl = 2.88 � predicted
in a calculation of the structure of [Tl2Pt(CN)4] in vacuum.[24]

Time-resolved X-ray scattering measurements directly
provide structural information about excited states and other

short-lived species. The present study demonstrates how this
method can be extended to bimolecular reactions occurring
on very short time scales in solution.

Experimental Section
The Supporting Information contains: 1) experimental procedures
pertaining to sample handling, 2) a description of the actual liquid jet
used together with a description of beamline ID-09B at ESRF, and
3) extensive accounts of the data analysis.
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