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The feasibility of time-resolved structural studies using pulsed X-ray radiation from
a 3rd generation synchrotron is discussed and compared with scattering experiments
which might be possible with a future free electron laser (X-FEL). As an example, it is
shown that the structural changes during the isomerisation process of trans-stilbene into
cis-stilbene can be observed using time-resolved X-ray diffraction in the gas-phase as
well as in solution.

1. Introduction
In this article, the possibility of time-resolved molecular structure studies using
pulsed X-ray radiation from a synchrotron of the 3rd generation is discussed
and compared with scattering experiments which might be performed with
a future free electron laser (X-FEL) as been proposed in the context of the
TESLA project at DESY in Hamburg (Germany) [1]. Pulsed X-ray radiation
from an undulator at existing synchrotrons, e.g. the European Synchrotron Fa-
cility (ESRF) in Grenoble (France), the Advanced Photon Source (APS) in
Chicago (USA) and SPring-8 in Harima (Japan), is a powerful new tool, which
allows for tracking of structural changes during the course of chemical reac-
tions down to the picosecond (ps) time-scale.
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The major part of these fast experiments employ the pump and probe
scheme: A short laser pulse initiates the photoreaction and an X-ray pulse
probes the outcome after a given delay time. The laser pulse raises the internal
energy above a critical threshold and initiates the reaction. The structural evo-
lution of the photo-triggered reaction is then followed by a sequence of static
data sets at different points of time, each representing a snapshot at a given time
in the course of the reaction.

In 1995, the first experiment of this kind was realised at the time-resolved
beamline of the ESRF [2, 3]. Here, the structural dynamics of the photolysed
myoglobin-carbonmonoxide complex was studied on the sub-microsecond
time-scale. Recently, the technical time limit (50 ps) was reached through
implementation of a femtosecond (fs) laser as pump source, which was phase-
locked to the X-ray pulses [4]. Due to the high repetition frequency of the laser
and the X-rays (896.6 Hz) monochromatic experiments are possible, which
require a stroboscopic sampling strategy. Using the apparatus described else-
where [4, 5] and applying this method to chemical systems, the transient in-
tramolecular reorganisation processes in solid N,N-dimethylaminobenzonitrile
were studied on the ps time-scale [5, 6]. In the liquid phase, the light-excited
reaction intermediates of the unimolecular dissociation of molecular iodine in
CH2Cl2 were probed (also on the ps time-scale) [7, 8].

The focus of this article is the question as to whether light-triggered large-
amplitude motions like the trans/cis-isomerisation of trans-stilbene can be
probed with state-of-the-art set-ups as the time-resolved beamline of the ESRF.
Further, the feasibility of this kind of experiment is discussed for possible
pump-probe experiments at an X-ray free electron laser facility (X-FEL) as
planned at the Deutsches Elektronen Synchrotron (DESY) [1, 9–11].

The largest light-triggered intramolecular motion which can be thought
of is the trans/cis-isomerisation around a double bond. Here, an example
par excellence is the isomerisation of trans-stilbene to a mixture of cis- and
trans-stilbene [12–16]. The simplified reaction scheme of the photocycle of
trans-stilbene is displayed graphically in Fig. 1. After the electronic excitation
of trans-stilbene (1) through the absorption of a laser pulse, the Franck–Condon
state (2) is generated. Due to strong repulsive interaction the system relaxes
within some ps via the so-called phantom state (3) to the cis- and trans-products
of the electronic ground state (1 and4) [17, 18].

Experimentally, the radiationless isomerisation reaction can be probed by
(ultra-)fast quenching of the fluorescence of trans-stilbene. The characteristic
(quenched) fluorescence varies with the experimental conditions (e.g. gas-jet
experiments, pressure-experiments in the liquid phase or studies on stilbene
derivatives) between femtoseconds and some picoseconds [19–30]. The re-
action scheme is complicated by the fact that the formed cis-product can
also be excited in the next step of a repetitive experiment (not shown in
Fig. 1) [31–34]. Starting the reaction from the cis-conformer dihydrophenan-
threne (DHP)/phenanthrene might be formed [33].
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Most important for the present work – and this is the reason why e.g. state
(3), where the phenyl groups are tilted 90◦ against each other, is mentioned –
are the configurational changes during the isomerisation reaction.

2. Simulation of the diffuse X-ray signal

A theoretical description of probing an isomerisation process by X-ray scatter-
ing starts with a quasi-stationary treatment of the various possible conforma-
tions sketched in Figs. 1 and 2.

Fig. 1. Simplified reaction scheme of the trans/cis-isomerisation of stilbene.

Fig. 2. Assignment of the atoms in trans-(1) and cis-stilbene (4).
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2.1 Simulation of a gaseous sample

Applying the Debye scattering equation for diffuse scattering of a gaseous sam-
ple [35], it is possible to derive an analytical expression for the change of the
diffracted intensity as a function of the torsional angle which describes the
motion around the ethylenic double bond (in e.u.):

I =
∑

u

∑
v

fu fv sin[4πqruv]/[4πqruv]
=

∑
m

∑
m′ fm fm′ sin[4πqrmm′ ]/[4πqrmm′ ]

+
∑

n

∑
n′ fn fn′ sin[4πqrnn′(ϑ)]/[4πqrnn′(ϑ)] . (1)

Here,ϑ is the torsional angle andq is defined asq = sinΘ/λ;Θ denotes the
Bragg angle of the diffracted X-ray beam andλ is the X-ray wavelength. The
indicesu andv denote the atoms of an arbitrary molecule.

In stilbene, thermm′ denote all bond distances between two carbon atoms
m andm ′, which are not affected by the torsional motion around the ethylenic
double bond. The interatomic distances which change during the isomerisation
are described by thernn′(ϑ); these are all distances between the carbon atoms
n = 2, . . . , 7 of the first phenyl moiety to the carbon atomsn′ = 2′, . . . , 7′ of
the second phenyl moiety (see Fig. 2). E.g., the exact changing of the distance
between C(2) and C(2′) during the isomerisation is described by:

r22′(ϑ) = √[k1 − k2 cosϑ] (2)

with

k1 = 4r 2
12+ r 2

11′ −4r12r11′ cos(α211′ )−2r 2
12 sin2(α211′ )

k2 = 2r 2
12 sin2(α211′ ) ,

where r12 is the distance between C(1) and C(2). Due to the symmetry of
stilbene, it holdsr12 = r1′2′ . The distance between C(1) and C(1′) is denoted
by r11′ , and α211′ is the angle between the C atoms of the ethylenic dou-
ble bond and C(2). Using (2) in the cis-conformation(ϑ ∼= 0), one obtains
r cis

22′ = √[k1 − k2], whereas in the trans-conformation(ϑ = π) the distance is
given byr trans

22′ (ϑ) = √[k1 + k2].
Fig. 3 shows the simulated change of the absolute scattered intensity of

gaseous stilbene according to (1) as a function ofq andϑ. The torsional angle
ϑ was fixed in the calculations, whereas all other geometrical parameters were
optimised with respect to energy. The described procedure has the advantage
that other large amplitude motions, e.g. the tilting between the phenyl and the
ethylene moieties, which can also change during the isomerisation process,
are taken into account [36, 37]. Since for the explorative calculations in this
work no high-level ab initio computations are required we decided to make
use of a semi-empirical method, viz. AM1. The program package GAUSSIAN
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Fig. 3. The diffuse scattering of gaseous stilbene as a function ofl = sinΘ/λ for different
torsional anglesϑ according to the Debye scattering equation.

98 was used throughout [38]. In order to assess the quality of these computa-
tions, we performed calculations on the potential energy hypersurface (PES) of
the electronic ground state using the density functional (DFT) variant B3LYP
in conjunction with the 6-311+G** basis set. Overall, the calculated geomet-
rical parameters, even those pertinent to large amplitude motion, are in good
agreement with the results obtained employing AM1. E.g., the torsional angle
with respect to the ethylenic double bond was calculated to be 6.4◦ (B3LYP/6-
311+G**) and 3.1◦ (AM1). The AM1 calculations on the PES of the first
exited electronic state were performed in the interval 0◦ ≤ ϑ ≤ 180◦ in steps
of 5◦. In future work, more sophisticated electronic structure calculations will
be considered. Here, only the demonstration of the general feasibility is con-
cerned.

The calculations were performed assuming 30% of photo-excitation, a de-
cay of 98% of the photo-activated species via the phantom state and a fluores-
cence from the Franck–Condon state of 2%. Thus, competitive photo-reactions
besides fluorescence and isomerisation are neglected. Fig. 3 shows the clear
modulation of the intensity signal as a function ofq for the different di-
astereomeres, in particular against the 90◦-conformation as reference. In this
conformation, both phenyl moieties stay perpendicular to each other. The 6◦-
and 45◦-conformations show opposite intensity behaviour with respect to the
90◦-conformation compared to the 135◦- and 180◦-conformation (e.g., intensity
increase atq < 0.060 Å−1 instead of intensity decrease).

Fig. 4 shows the intensity change with respect to the trans-educt. The rela-
tive intensity change∆I/I is plotted as a function ofq for different values ofϑ.
Trans-stilbene(ϑ = 180◦) was chosen as reference. Going from 180◦ to 6◦, the
relative peak maxima are shifted to largerq, and the change in intensity is in-
creased at lowerq. The shift of the relative peak maxima also increases withq.
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Fig. 4. Change of the diffuse scattering of gaseous stilbene during the photo-induced iso-
merisation. A photo-excitation level of 30% was assumed.

In order to find the optimum X-ray wavelength for monochromatic data
sampling which can probe the isomerisation, a compromise between the inten-
sity change and the shift of the diffraction maxima has to be found: Since the
effect of the maxima shift increases withq whereas the intensity change de-
creases, the X-ray wavelength has to be chosen in such a way that for a selected
q range the intensity change and the shift of the Bragg maxima are optimised
with respect to each other. According to Fig. 4 this should be valid in the gas
phase for 0.03 Å−1 ≤ q ≤ 0.3 Å−1, which is larger than the usable range for the
diffuse scattering signal of stilbene in liquids (see below).

2.2 Simulation of a diluted sample in the liquid phase

This section describes how structural changes, e.g. isomerisation processes,
can be probed in liquids. Fig. 5a and b summarise the simulated change of
the scattered X-ray intensity after laser-excitation for the reactant, the phan-
tom state and the product of stilbene dissolved in methanol. In order to reduce
the dependence of the diffuse X-ray scattering to a function ofq (andϑ) only,
in a first approximation gas-like behaviour of diluted stilbene solution is as-
sumed. In future work, this approach will be corrected for the solvent-solute
interaction, which is mainly determined by higher order terms in the diffraction
intensity.

Intermolecular interactions for the solvent are taken into account, because
the used X-ray diffraction signal of methanol is a measured signal [4]. The in-
fluence of intermolecular forces results mainly in a decrease of the scattered
X-ray intensity and a shift of the maxima towards smaller diffraction angles
compared to the gas-phase simulation (Fig. 4). As in Sect. 2.1, it is assumed

Bereitgestellt von | MPI fuer biophysikalische Chemie
Angemeldet

Heruntergeladen am | 07.10.15 15:54



On the possibility of the Observation of Intramolecular Reaction Dynamics ... 581

I li
q

[
e.

u.
]

I
liq [

ph.u.]

Θ λ [ ]

∆
I

/ I

Fig. 5. Absolute (a) and relative (b) diffuse scattering signal of the photo-induced isomeri-
sation of stilbene in methanol taking a concentration of 5 mM trans-stilbene. A photo-
excitation level of 30%, a population of the phantom state of 98% and back-fluorescence
from the Franck–Condon state of 2% were assumed.

that 30% of the species are photo-excited; 98% of them decay via the phantom
state and 2% fluoresce back from the Franck–Condon state. Reference signal is
the reactant signal of 5 mM trans-stilbene solution in methanol.

Due to the dominant methanol signal theq interval with the biggest signal
change ranges fromq = 0 Å−1 to 0.15 Å−1 which is smaller than the usuable
range in the gas-phase in Fig. 4(0.03 Å−1 ≤ q ≤ 0.3 Å−1). With a monochro-
matic X-ray energy ofEX-ray = 11 keV, which corresponds to a wavelength of
λX-ray = 1.127 Å, the range of the Bragg diffraction signal is 0◦ ≤ 2Θ ≤ 19.5◦.
EX-ray = 11 keV is a typical X-ray energy of an undulator device built in the
storage ring of a high-energy synchrotron like the ESRF. The values are taken
from [3].

Fig. 5b reflects the signal decrease of the pure stilbene signal due to dilu-
tion effects by solving it in methanol. While in the gas phase (Fig. 4) the largest
intensity change is∆I/I = 28% it decreases in the liquid phase to∆I/I = 2%
(Fig. 5b).

Assuming an equal decay rate to the trans- and cis-product states(1 : 1) the
intensity change, which can be expected, amounts to 1.7%. The population of
the 45◦-conformation would increase the overall signal by 0.08% and the pop-
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Fig. 6. Simulation of different product ratios (cis : trans-product ratio= 4 : 1 and 1: 1).

ulation of the 90◦-conformation by 1.9%. More importantly, Fig. 5b also shows
that the change of the scattered signal occurring due to the population of the
product states and due to the formation of conformational intermediates, which
might be populated during the relaxation processes, is clearly distinguishable
within the spatial resolution of an X-ray diffraction apparatus. Not only the
change in intensity but also the phase shift of the scattered signal gives clear
evidence which species is formed at a given time-delay.

In keeping with the broad diffraction signal in Fig. 5b one might argue that
a change in the distribution function, e.g. between the different conformers or
a change of the product state ratio (4: 1 instead of 1: 1) strongly influence the
diffraction signal. As shown in Fig. 6 this is valid for the recorded intensity of
the scattered signal but not for its phase. Changes in the product ratio may lead
to an intensity decrease or increase but not to a phase-shift of the scattered sig-
nal. Thus, the enrichment of the cis-product due to chemical wasting will not
change the signal position inq-space but its intensity.

2.3 Time evolution of the scattered X-ray signal

If one assumes that the intramolecular reaction coordinate of the isomerisation
is dominated by the torsional angleϑ, in a first approximation one can as-
sign different points of time to different geometrical conformations of stilbene.
Therefore, the scattered signals of the different conformations in Figs. 3, 4 and
5 can also be regarded as the time evolution of the change in the stilbene sig-
nal during the isomerisation: At time zero all educts are in trans-conformation
(ϑ = 180◦), which is also the conformation of the Franck–Condon state di-
rectly after laser excitation. Some hundred fs later this state decays via several
structural conformations and the phantom state(ϑ = 90◦) to the trans- and cis-
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products (ϑ = 180◦ and ϑ = 6◦). As shown, the phase-shift of the scattered
signal mainly reflects the formation of the various conformations in time.

Distinguishing two extreme cases one can now define a time evolution of
the phase-shift 2Θmax[t] and a time-evolution for the scattered X-ray signal,∫ |∆I |d(2Θ)[t]. However, both signals should reflect the ultra-fast build-up
time of the several conformations and the slower decay time of 40 ps towards
the trans/cis-product mixture.

2.3.1 Conformational changes: phase-shift of the scattered signal

Starting with e.g. the relative signal change of Fig. 5b, one can now simulate the
time evolution of the maximum/minimum positions of the diffuse X-ray sig-
nal as well as the time evolution of the integrated intensity

∫ |∆I |d(2Θ) (see
Fig. 7). The difference curve∆I is defined as the signal change with respect to
the diffuse scattering signal of the trans-educt(t0 = 0):

∆I = I(t)− I(t0) . (3)

Fig. 7. Time evolution of the diffracted peak minimum at 2Θmin
∼= 8.8◦ (a) and the relative

integrated intensity change (b) of stilbene in methanol (ϑ = 45◦-conformation).
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The experiment was simulated employing a 40 ps inverse rate constant for
the isomerisation from the trans-educt via the several conformations to the
trans/cis-products [27]. We assume that the lower limit for the time-scale of the
conformational changes is given by the overall isomerisation rate constant.

The maximum/minimum positions of the∆I-curve were calculated as
a function of q for an undulator source as described in Sect. 2.2(λX-ray =
1.127 Å). Since the time-dependent phase-shift of the scattered signal is re-
flected in the position change of 2Θmax and 2Θmin, the minimum at 2Θmin

∼= 8.8◦

was chosen as an example for this time-dependent position change. Within the
time window considered, 2Θmin

∼= 8.8◦ follows an exponential saturation func-
tion (see Fig. 7, top):

2Θmin(t) = A1[1−exp(−t/τ1)]+ A2 exp(−t/τ2) (4)

with the fitting parametersA1 = 10.14◦, A2 = −0.61◦, τ1 = 0.8 fs andτ2 =
40 ps.

2.3.2 Change in the distribution function: intensity increase/decrease

As described, the time-evolution of the integrated intensity signal reflects the
change in the population for a given conformation. In this – theoretical –
work it was considered that the build-up and decay of the different vibrational
levels follow common exponential time laws. Here, build-up and decay of the
45◦-conformation was simulated (see Fig. 7, bottom). The integration range of
the scattered signal was set to 0◦ ≤ 2Θ ≤ 20◦:∫

|∆I |d(2Θ)[t] = Ã1[1−exp(−t/τ ′
1)]+ Ã2 exp(−t/τ ′

2) (3)

with Ã1 = 1118◦ e.u.,τ1 = 1.5 fs andÃ2 = 72◦ e.u.,τ ′
2 = 40 ps. The fitting con-

stantsτ ′
1 andτ ′

2 reflect the build-up and decay time of the 45◦-conformation.

3. Experimental requirements
In order to evaluate the feasibility of probing conformational changes with
pulsed X-rays, several technical specifications concerning a synchrotron of the
3rd and 4th generations (X-FEL) have to be considered.

Since the expected signal changes are only weak(0.2%≤ (∆I/I) ≤ 1.8%),
careful comparison between signal to noise ratio(S/N) as well as simu-
lated relative changes of intensity are required. High X-ray fluxes and signal-
sensitive detection methods are necessary.

Table 1 summarises the basic features concerning flux and time resolution
of a synchrotron of the 3rd generation and an X-FEL. In order to receive a dif-
fuse X-ray signal of sufficient intensity – using a 2D CCD camera as detector –
107 X-ray pulses with 105 photons/pulse have to be accumulated on the detec-
tor. Using the X-FEL as source, 1−2 X-ray pulses yield the same or an even
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Table 1. Basic features of a monochromatic X-ray beam produced in a 3rd generation syn-
chrotron compared to a monochromatic X-ray beam of an X-FEL. 1 Å= 100 pm

3rd generation synchrotron
EX-ray λX-ray photons/pulse focus νrep Nopulses/ ∆tX-ray ∆tobs

(U20) [Å] [ph/0.1% bw] [µm2] [Hz] meas [fs] (Streak-cam)
[keV] [fs]

11 1.13 105 −106 180·200 896.6 107 50000 500−1000

X-FEL
EX-ray λX-ray photons/pulse focus νrep Nopulses/ ∆tX-ray

[keV] [Å] [ph /0.1% bw] [µm2] [Hz] meas [fs]

12.4 1.00 1010 10·10 5 1−2 100

better result. Sub-ps resolution of the experimental set-up can only be obtained
with a 3rd generation synchrotron (with a natural pulse width of 50 ps) if an
IR-laser pulse triggered X-ray Streak camera is used as detection system. How-
ever, the low sensitivity of this device is not favourable for diffuse scattering
experiments with in general weak signals.

An X-ray pulse generated by an X-FEL has a natural pulse-width of 100 fs
and is therefore the source of choice for structural relaxation experiments in the
liquid phase.

4. Conclusions

In this work it could be shown that it is in principle possible to follow large
amplitude motions as relaxation processes on the potential energy surface of
the excited electronic state in the gas-phase as well as in the liquid phase. Pro-
vided that the isomerisation occurs on the timescale of 200 fs to 100 ps (or
even longer), the appearance of the different conformations involved in the re-
laxation processes should be resolvable in theq-space of an X-ray scattering
apparatus. However, the expectable signal change of the usually weak scattered
signal is on the order of 0.2 to 2%, which requires high X-ray fluxes and/or
signal-sensitive detection methods.

The change in scattered signal reflects a complex superposition of intensity
variations due togeometry changes during the photocycle and thechange of the
distribution function for different geometries at different points of time. How-
ever, it could be shown in this work that the scattered intensity variations due
to a change in the distribution function can be distinguished from a scattered
signal variation due to the geometrical changes. Concerning this feature of
scattered diffraction signals, further effort should be spent on feasibility studies
of other photo-driven reactions.
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Within the time-resolution of a synchrotron of the 3rd generation (50 ps),
the ultra-fast conformational changes can only be probed if the X-ray pulses are
“cut” by using an X-ray Streak camera with fs resolution [39, 40]. At an X-ray
Free Electron Laser facility this problem is eliminated through the short X-ray
bunch structures (100 fs).

Since with time-resolved X-ray diffraction techniques structural relaxation
processes can be probed which are independent of optical selection rules, it
might be possible to visualise structures and species with optically forbidden
transitions including radiationless internal conversion processes.

However, even if time-resolved X-ray scattering might lead to the success-
ful determination of ultrafast structural relaxation, it is till now not understood
how coherence of motions and coherent dynamic wavepacket propagation
might be reflected in these experiments. At present the latter can well be
studied by different experimental approaches like coherent infrared multipho-
ton excitation [41].
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