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ABSTRACT: Anisotropic X-ray scattering patterns of transiently
aligned protein molecules in solution are measured by using
pump-probe X-ray solution scattering. When a linearly polarized
laser pulse interacts with an ensemble of molecules, the population
of excited molecules is created with their transition dipoles
preferentially aligned along the laser polarization direction. We
measured the X-ray scattering from the myoglobin protein molecules excited by a linearly polarized, short laser pulse and obtained
anisotropic scattering patterns on a 100 ps time scale. An anisotropic scattering pattern contains higher structural information
content than a typical isotropic pattern available from randomly
oriented molecules. In addition, multiple independent diﬀraction
patterns measured by using various laser polarization orientations
will give a substantially increased amount of structural information
compared with that from a single isotropic pattern. By monitoring
the temporal change of the anisotropic scattering pattern from 100
ps to 1 μs, we observed the orientational dynamics of photogenerated myoglobin with the rotational diﬀusion time of ∼15 ns.
SECTION: Kinetics, Spectroscopy

T

ime-resolved X-ray solution scattering (liquidography)
oﬀers a means of directly accessing the transient molecular
structure in the solution phase, for example, the time dependence
of bond lengths and angles. Structural dynamics of various
molecular systems in solution including diatomic molecules,
haloalkanes, organometallic complexes, protein molecules, and
nanoparticles have been elucidated using this technique.1-15
Due to the lack of long-range order and random orientation of
molecules in solution, a solution scattering pattern generally
exhibits an isotropic, smooth oscillation proﬁle, containing much
less information content compared with diﬀraction patterns from
crystalline samples. Enhancing information content would allow
extraction of more accurate structures and dynamics. As one of the
ﬁrst steps toward this goal, here, we investigate the possibility of
increasing the information content by manipulating the polarization
orientation of the pump laser pulse relative to the X-ray propagation
direction. As a result, the excited molecules are photoselectively
aligned and generate anisotropic X-ray scattering patterns.
To some extent, this approach is similar to time domain
spectroscopy using polarized light, which has been a powerful
tool for selectively probing molecular orientational dynamics in
isotropic media.16-20 One of the most representative polarization spectroscopic techniques is pump-probe transient anisotropy, which can measure the depolarization rate. When a linearly
polarized laser pulse interacts with an ensemble of molecules, the
population of excited molecules is created with their transition
r XXXX American Chemical Society

dipoles preferentially aligned along the laser polarization direction. By using another linearly polarized light propagating in the
same direction as the ﬁrst laser beam as a probe, the evolution of a
transition dipole direction over time can be probed in real time.
The transient anisotropy has been mainly used for measuring
rotational diﬀusion of molecules21,22 as well as energy transfer
dynamics in multichromophore systems such as conjugated polymers23,24 and photosynthetic light-harvesting complexes.25,26 In
addition, important insight has been gained from polarization
anisotropy studies of aqueous systems in the infrared region.27-29
With the advance in time-resolved diﬀraction techniques, the
potential of probing the molecular orientational dynamics using
electron diﬀraction has been investigated.30-33 Especially, when
applied to time-resolved diﬀraction techniques, it has been
anticipated that linearly polarized excitation can help to characterize the molecular structure and dynamics more clearly
because it has the eﬀect of freezing the molecular orientation
along the polarization direction. Conversely, the anisotropy
eﬀect manifested in the diﬀraction pattern could mislead the
interpretation of the diﬀraction pattern. Therefore, more careful
treatment is needed in the analysis of the anisotropic diﬀraction
pattern.
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Figure 1. Concept of X-ray scattering from selectively aligned protein molecules. (a) With respect to the X-ray propagation direction (x-axis), the
polarization (ε) of the laser pulse can have any orientation deﬁned by θ and j in spherical coordinates, where 0 e θ e π/2 and 0 e j e π/2. (b) In our
experiment, the laser light with linear polarization was sent along the z-direction (setting j = π/2), and only the θ value was varied between 0 and π/2.
The orientation of the transition dipole (μ) of a molecule is described by the angle R with respect to the laser polarization (ε). The red cylinder
represents a capillary containing protein solution. With the interaction of molecules in an ensemble with a linearly polarized laser pulse, the population of
excited molecules is created with their transition dipoles preferentially aligned along the laser polarization direction in proportion to cos2 R. We used
linearly polarized light with θ = 0 (i.e., parallel to the X-ray propagation) and θ = π/2 (i.e., perpendicular to the X-ray propagation) and the circularly
polarized light (θ varies from 0 to π/2) as the laser excitation source. Two-dimensional scattering patterns from transiently aligned molecules were
obtained, and the anisotropy of the 2D pattern was examined by comparing the 1D curves of the vertical (ΔSV) and horizontal (ΔSH) cuts of the pattern.

In contrast to the gas-phase ultrafast electron diﬀraction
technique, of which the time resolution reaches down to a few
picoseconds, time-resolved X-ray diﬀraction (scattering) using
third-generation synchrotrons currently has a time resolution of
only ∼100 ps. Thus, the anisotropy eﬀect on the X-ray diﬀraction
pattern has not been seriously considered so far because the
rotational diﬀusion of small molecules commonly occurs on a
much shorter time scale than 100 ps. However, with the advent of
femtosecond X-ray pulses from the X-ray free-electron laser
(XFEL), consideration of the anisotropic eﬀect in the X-ray
diﬀraction pattern will become increasingly important in the
future experiments using femtosecond X-ray pulses.34
In this paper, we report for the ﬁrst time the anisotropic X-ray
scattering patterns from transiently aligned protein molecules in
solution. To generate anisotropic scattering patterns that can be
observed with 100 ps time resolution available from thirdgeneration synchrotrons, we used a macromolecule, namely,
myoglobin (Mb), instead of small molecules. Because Mb has
much larger size than small molecules, its transient anisotropy
lasts over ∼10 ns.35-37 Therefore, it is a relevant system for
examining the eﬀect of linearly polarized excitation on the X-ray
scattering pattern using 100 ps X-ray solution scattering. Mb, a
prototypical model system for studying protein structural dynamics, is a heme protein that carries ligands such as O2, CO, and
NO in oxygen transport in muscles. In its ligated form with a CO
ligand, the ligand forms a covalent bond with Fe2þ of the heme
group and is photolyzed by visible light on the subpicosecond
time scale.38,39 In our experiment, the excited Mb molecules are
selectively aligned by photodissociation of a CO ligand from the
metal ion of the heme group in the carboxymyoglobin (MbCO)
using a linearly (or circularly) polarized picosecond laser pulse.
Complex structural kinetics of Mb with multiexponential decays
from 100 ps to 1 μs have been recently elucidated using X-ray
solution scattering.40,41
The geometry of our experimental setup is shown in Figure 1.
We consider a laser polarization orientation (ε) with the X-ray
propagating along the x-axis in a laboratory-ﬁxed reference frame.
An arbitrary laser polarization orientation can be described by a
combination of spherical coordinates θ and j in the range of 0 e
θ e π/2 and 0 e j e π/2. When a linearly polarized laser pulse
interacts with an ensemble of molecules, the population of

excited molecules is created with their transition dipoles preferentially aligned along the laser polarization direction in proportion to cos2 R, where R is an angle between the transition dipole
(μ) and the laser polarization (ε). In our experiment, the laser
pulse with linear polarization was sent from the top along the zaxis, thereby ﬁxing j at π/2, and only the θ value was adjusted
between 0 and π/2. The two-dimensional (2D) diﬀraction
patterns obtained from transiently aligned molecules using
various polarization orientations in this range form a basis set
consisting of unique, linearly independent 2D diﬀraction patterns. Because multiple independent diﬀraction patterns can be
obtained in this scheme, contrary to a single isotropic pattern
typically obtained from randomly oriented molecules, the structural information content can be substantially increased. The 2D
patterns obtained from any polarization orientations (any θ and
j) can be reverted to one of these basis 2D patterns via rotation
around the x-axis. In particular, we examined the polarization
eﬀect using linearly polarized light with θ = 0 (i.e., parallel to the
X-ray propagation) and θ = π/2 (i.e., perpendicular to the X-ray
propagation) and the circularly polarized light (θ varies from 0 to
π/2) as the laser excitation source. It should be noted that in
polarization spectroscopy, the pump and probe pulses typically
propagate in nearly the same direction as each other and the
relative angle between the polarizations of two pulses is the key
parameter for the observation of anisotropy. On the contrary, in
our approach for anisotropic X-ray scattering, the polarization
orientation of the pump laser pulse relative to the X-ray
propagation direction is the relevant parameter. We also note
that the probe X-ray itself is linearly polarized, and thus, the
scattering pattern is already anisotropic due to this X-ray
polarization, even if the sample is isotropic in molecular orientation. However, this does not increase the information content of
the scattered signal because every molecule in the sample
experiences the same X-ray polarization regardless of the molecular orientation. This kind of anisotropy due to the intrinsic X-ray
polarization should be distinguished from the anisotropy induced
by the laser polarization of the pump pulse discussed in this work.
To examine the laser polarization eﬀect on the obtained
scattering pattern, we ﬁrst checked the 1D curves obtained from
the cuts of the 2D scattering image along its horizontal and
vertical directions ΔSH(q,t) and ΔSV(q,t), respectively, as shown
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Figure 2. 1D scattering curves, ΔSH(q,t) and ΔSV(q,t), obtained from horizontal (black) and vertical (red) cuts of the 2D diﬀerence patterns of Mb
measured at (a-c) 100 ps and (d-f) 1 μs time delays. The directions of linear laser polarization and X-ray propagation were adjusted to be (a, d)
perpendicular (θ = π/2) and (b, e) parallel (θ = 0), or (c, f) circularly polarized light was used as the laser excitation source. Also, the orientations of the
laser polarization and the X-ray propagation are schematically shown on the left.

in Figure 2. In Figure 2a, when the laser polarization is perpendicular to the direction of X-ray propagation, the diﬀerence
between the horizontal and vertical cross sections can be clearly
seen at a 100 ps time delay. As time goes on, the anisotropy in the
scattering pattern decays and completely vanishes in the data at a
1 μs time delay. In contrast, in Figure 2b, when the laser
polarization is parallel to the X-ray propagation direction, no
distinct diﬀerence between the horizontal and vertical cuts is seen
even at 100 ps. In this case, the lack of distinct anisotropy
between the horizontal and vertical cuts can be ascribed to the
experimental condition that the direction of laser polarization is
identical to the X-ray propagation direction. Due to such experimental geometry, any anisotropy induced by linear laser polarization cannot be mapped out in the image plane of the 2D CCD
detector, which is perpendicular to the direction of both laser
polarization and X-ray propagation. However, the laser polarization still aﬀects the scattering image in this geometry, and the
eﬀect will be manifested in the decay dynamics of the diﬀraction
pattern over time, regardless of the lack of distinct anisotropy in a
diﬀraction pattern measured at a certain time delay.
We also examined the polarization eﬀect using circularly
polarized excitation, as shown in Figure 2c. Because circularly
polarized light can be described as a linear combination of two
orthogonal linearly polarized lights with equal contribution, we
can expect to see the anisotropy in the scattering pattern to some
extent. As expected, the diﬀerence between the vertical and
horizontal cuts can be seen in the data measured at a 100 ps time
delay, although it is not as distinct as that in Figure 2a.

We also azimuthally averaged the entire 2D scattering patterns to
obtain 1D scattering curves for the cases of perpendicular and
parallel laser polarization-X-ray propagation geometries. The two
1D curves, ΔSθ=π/2(q,t) and ΔSθ=0(q,t), are compared in
Figure 3a-c for three representative time delays (100 ps, 3.16 ns,
and 1 μs). The diﬀerence between the scattering curves measured
with the perpendicular and parallel polarizations of laser excitation is
clearly seen at 100 ps, decreases at 3.16 ns, and completely vanishes
at 1 μs. Here, it should be noted that the polarization-dependent
alignment eﬀect is still manifested in the 1D scattering curves
obtained by azimuthally integrating the 2D patterns. The azimuthal
integration averages the 2D diﬀraction pattern around the X-ray
propagation direction, and therefore, it has the eﬀect of destroying
the anisotropy in the 2D diﬀraction pattern. However, despite the
azimuthal integration, the spatial distributions of the photoselected
molecules from the parallel and perpendicular excitations are still
diﬀerent even after the averaging around the X-ray propagation
direction. Thus, the diﬀerence between the scattering signals
measured with the parallel and perpendicular geometry of laser
polarization and X-ray propagation is still distinct in the 1D
scattering curves. To completely eliminate such residual anisotropy
in the 1D curve obtained by azimuthal integration, circularly
polarized light should be used as the excitation source. In fact, to
remove this polarization eﬀect, circularly polarized light is commonly used in the pump-probe X-ray solution scattering experiment for the samples with large size and slow rotational diﬀusion.
To follow the time evolution of the anisotropy manifested in
the X-ray scattering pattern, at each time delay, we took the
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agrees well with the rotational diﬀusion time measured by NMR
(10 ns in ref 35 and 15-20 ns in ref 36) and the value predicted
by the Stokes-Einstein equation (11 ns). Thus, the transient
anisotropy measured by picosecond X-ray solution scattering is
relevant for measuring the orientational dynamics of the protein
molecules. Also, it should be noted that the rotational diﬀusion
time measured in our work is for the Mb molecules generated by
photolysis, whereas those measured by NMR are for unexcited
Mb molecules. Therefore, our technique serves as a useful
method that can measure the rotational diﬀusion time of photogenerated protein species.
The anisotropic X-ray scattering pattern observed in this work
can be easily explained theoretically. For this purpose, we simulated 2D diﬀerence X-ray scattering patterns from the hypothetical
photoinduced structural change of iodine (I2) in the gas phase as a
model system. For this reaction, we took into account the fact that
the probability of initial excitation is governed by the cos2 R
relationship, where R is the angle between the laser polarization
and the transition dipole of the iodine molecule. Figure 4a and b
shows the simulated diﬀerence scattering patterns for the perpendicular and parallel laser polarization-X-ray propagation cases,
respectively. Clearly, the 2D diﬀerence scattering image for the
perpendicular case (Figure 4a) shows an anisotropic pattern, while
that for the parallel case (Figure 4b) is isotropic. As in Figure 2,
we also show the 1D curves, ΔSH(q) and ΔSV(q), obtained from
the cuts of the 2D scattering image along its horizontal and vertical
directions, respectively. The diﬀerence between ΔSH(q) and
ΔSV(q) is clearly seen in the perpendicular case (Figure 4a),
which corresponds to Figure 2a. In contrast, ΔSH(q) and ΔSV(q)
are identical in the parallel case (Figure 4b), which corresponds to
Figure 2b. In Figure 4c, we also compare azimuthally averaged 1D
scattering curves, ΔSθ=π/2(q) and ΔSθ=0(q), for the cases of
perpendicular and parallel laser polarization-X-ray geometries,
respectively. As in Figure 3a, it can be clearly seen that ΔSθ=π/2(q)
and ΔSθ=0(q) are diﬀerent.
In this work, from picosecond X-ray solution scattering using
linearly polarized light, we obtained anisotropic scattering patterns
of transiently aligned protein molecules for the ﬁrst time. Because
multiple independent diﬀraction patterns can be measured by
using various laser polarization orientations relative to the X-ray
propagation direction, a substantially increased amount of structural information can be obtained than from a single isotropic
pattern typically available from randomly oriented molecules.
Thus, if the anisotropic 2D diﬀraction patterns obtained from
protein molecules of transiently ﬁxed orientation can be analyzed
in more detail with the development of advanced structural
analysis tools, the transient structures of Mb associated with the
photoinduced structural changes will be determined more accurately. In addition, by monitoring the time-dependent change of
the anisotropic patterns, we extracted the time scale of the
orientational dynamics of the protein molecule, which reﬂects
the rotational diﬀusion time of photogenerated protein species. In
the near future, with the development of femtosecond X-ray
scattering experiments and appropriate theoretical tools to analyze
the anisotropic scattering pattern, we expect that the molecular
structure and dynamics will be determined more accurately, aided
by the transient alignment using linearly polarized laser excitation.

Figure 3. The polarization-dependent alignment eﬀect survives even in the
1D scattering curves obtained by azimuthally integrating the 2D patterns.
The 1D curves, ΔSθ=π/2(q,t) and ΔSθ=0(q,t), measured by using perpendicular (black) and parallel (red) geometries of the linear laser polarization
and X-ray propagation direction are shown together at three representative
time delays of (a) 100 ps, (b) 3.16 ns, and (c) 1 μs. The diﬀerence is clearly
seen at 100 ps and decreases over time. (d) Time evolution of transient
anisotropy obtained from the X-ray scattering curves. The diﬀerence
between the parallel and perpendicular cases (black circles) reﬂects the
degree of anisotropy (see eq 1) and thus can be used to follow the rotational
diﬀusion of the protein molecules in solution. Also, the perpendicular case
alone can be used to extract the anisotropy by taking the diﬀerence between
the vertical and horizontal cross sections (green squares) (see eq 2),
whereas the diﬀerence between the same cross sections does not show any
anisotropy in the parallel case (blue diamonds). The red curve is a ﬁt to the
observed time-dependent anisotropy (black circles), and the decay time
constants of both anisotropies, 15 ( 6 ns, match the rotational diﬀusion rate
of the same protein obtained from other studies.

diﬀerence between the two scattering curves from the perpendicular and parallel cases and integrated it along the q-axis to deﬁne
a measure of polarization anisotropy contained in the X-ray
scattering patterns as follows
AnisotropyðtÞ
P
¼

i

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jðΔSθ¼ π=2 ðqi ,tÞ-ΔSθ¼0 ðqi ,tÞÞ= σ 2θ¼ π=2 ðqi ,tÞþσ2θ¼0 ðqi ,tÞj
P
P
jΔSθ¼ π=2 ðqi ,tÞjþ jΔSθ¼0 ðqi ,tÞj
i

i

ð1Þ
where σ(qi,t) means the standard deviation of the ΔS(qi,t). The
time evolution of the anisotropy is plotted in Figure 3d. Also, the
perpendicular case alone can be used to extract the anisotropy by
taking the diﬀerence between the 1D curves from the vertical and
horizontal cross sections as follows
AnisotropyðtÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
jðΔSH ðqi ,tÞ-ΔSV ðqi ,tÞÞ= σ2H ðqi ,tÞþσ 2V ðqi ,tÞj
i
P
P
ð2Þ
¼
jΔSH ðqi ,tÞjþ jΔSV ðqi ,tÞj
i

i

The observed anisotropy decay of aligned Mb molecules can
be ﬁtted by an exponential of the ∼15 ns time constant, which

’ EXPERIMENTAL SECTION
Time-resolved X-ray solution scattering data were measured at
the 14IDB BioCARS beamline at the Advanced Photon Source
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Figure 4. Theoretically calculated diﬀerence scattering patterns from a hypothetical photoinduced structural change of iodine (I2) when using (a)
perpendicular and (b) parallel geometries of the laser polarization and X-ray propagation direction. Due to the interaction with the laser electric ﬁeld of linear
polarization, the iodine molecules are excited following the cos2 R excitation probability. As a result, the spatial distribution of the excited population takes a
dumbbell shape lying along the polarization direction. The 1D diﬀerence scattering curves correspond to the horizontal (ΔSH) and vertical (ΔSV) cuts of the
calculated 2D diﬀerence scattering image. The diﬀerence between ΔSH(q,t) and ΔSV(q,t) is clearly seen in the case of the perpendicular case, while there is no
diﬀerence between the two curves in the parallel case. (c) The 1D curves, ΔSθ=π/2 and ΔSθ=0, were obtained by azimuthally integrating the entire 2D images
in the perpendicular (black) and parallel (red) geometries of the linear laser polarization and X-ray propagation direction. It can be clearly seen that the two
curves are diﬀerent. We note that the y-axis scale of the plot in (a) is three times larger than the ones in (b) and (c).

while the storage ring was operated in the standard operating topup mode at 7 GeV. The usual experimental protocol10,42 was
followed. Speciﬁcally, equine heart MbCO solution (8 mM, pH
7.0, 0.1 M sodium phosphate) was excited by a ∼30-ps-long laser
pulse at 532 nm to initiate the CO photodissociation, and a
∼100-ps-long single X-ray pulse was used as a probe to follow the
progress of the reaction. The laser polarization was controlled by
using a Berek compensator. A laser pulse of ∼60 μJ energy was
focused onto a spot of 0.65 mm  0.16 mm size at the sample
position, yielding an energy ﬂuence of 0.6 mJ/mm2. The sample
was contained in a sealed quartz capillary of 1 mm diameter and
maintained at 25 °C with a cold nitrogen stream (Oxford
Cryostream). The laser and X-ray beams were crossed at the
sample in a perpendicular geometry, as shown in Figure 1. The
X-ray pulses scattered by the sample were recorded by a 2D
MarCCD CCD detector as a function of the time delay between
the laser and X-ray pulses. To attain enough signal-to-noise ratio,
∼10 images were acquired at each time delay. To avoid radiation
damage and provide a fresh sample for each pair of X-ray and
laser pulses, the capillary containing the sample was translated by
0.2 mm after each probe pulse along its long axis over a 20 mm
range. The laser-oﬀ images were acquired with laser pulses
arriving 5 μs earlier than the X-ray pulse in order to probe the
ground state while assuring the same average temperature of the
solution. These laser-oﬀ images were used to compute the timeresolved X-ray scattering diﬀerences. The data were measured at
time delays spread evenly in the logarithmic time scale and are
as follows: -5 μs, 100 ps, 300 ps, 1 ns, 1.78 ns, 3.16 ns, 5.62 ns,
10 ns, 17.8 ns, 31.6 ns, 56.2 ns, 100 ns, 300 ns, 1 μs, and 30 ms.
For the simulation of hypothetical photoinduced structural
change of iodine (I2) in the gas phase, 30 000 randomly
orientated iodine molecules were considered. The molecules
become excited following the excitation probability of cos2 R,
where R is the angle between the laser polarization and the
transition dipole of the iodine molecule. Once they are excited,

it is assumed that the iodine molecule dissociates and the I-I
distance changes from 2.67 to 4.00 Å. The 2D scattering image
for the photoexcited sample was calculated by adding the 2D
scattering images of the 30 000 molecules that can have either 4
(if excited) or 2.67 Å distance (if not excited). The 2D scattering
image for the ground-state sample prior to photoexcitation was
calculated by adding the 2D scattering images of the 30 000
molecules that have only 2.67 Å distance. Then, the diﬀerence
was taken between the two images to give the diﬀerence 2D
scattering pattern. The 1D scattering curves were calculated by
azimuthally integrating the diﬀerence 2D scattering patterns.
These calculations were repeated for perpendicular and parallel
laser polarization-X-ray propagation geometries.
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