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A. Assumptions

For simplicity of the SOSS simulation presented in this work, we made the following
assumptions: (1) independent atom model, which assumes that the electron density
distribution of an iodine molecule can be expressed as a sum of two atomic electron density
distribution; (2) the redistribution of electron density induced by ionization is very fast that
the electron density distribution is static (or near equilibrium) during the sampling step size
(0.1 fs in this work) in the simulation of ionization kinetics; and (3) the atomic positions in
the molecule are static as well during the sampling step size. Besides, we did not consider any
noise effect other than Poisson noise although other types of noise may severely reduce the

quality of reconstructed wave function.

B. Characteristics of X-ray pulse

In the simulations performed in this work, the temporal intensity profile of X-ray pulse
was assumed to be Gaussian that has the temporal duration of w (FWHM in fs unit) and is
centered at w. The simulation was performed in the time range from zero to (2w — dr) with the
time step of df, where df was set to be 0.1 fs, thus covering nearly the entire temporal profile
of the pulse. It was assumed that X-ray is circularly polarized, perfectly monochromatic at the

wavelength of 1 A, and focused on a circular spot with 3 nm diameter.

C. Ionization model

To obtain the vibrational wave function using SOSS, it is critical to extract a correct bond
length from each single-molecule scattering image with the spatial resolution of smaller than
a few picometers, which correspond to the length scale of typical molecular vibrations. The
challenge lies in that the strong femtosecond X-ray pulse used for the SOSS experiment can
casily destroy the molecule by ionization and Coulomb explosion'? and thus affects the
resultant scattering pattern. In fact, according to our simulation of the interactions between I,
molecules and X-ray pulses of various pulse durations, the femtosecond X-ray pulse induces
severe structural change of the I, molecule (see Figure S3).

To account for this effect of sample damage on the scattering pattern, we included a
model describing the ionization induced by X-ray radiation in our simulation. Although it is
possible to perform an elaborate simulation considering the dynamic change of the scattering

cross section in all of the electronic states, such simulation would take an immense amount of
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calculation time.” Instead, we used a simplified model for the interaction between the photon
and electrons. Using the ionization model, we estimated the change in the number of
electrons in an atom as a function of time and reflected this information to the dynamic form
factors used to calculate the single-molecule scattering image.

A simplified model was used to describe ionization induced by X-ray radiation as
schematically shown in Figure S1. In this simplified model, we consider only three energy
levels: 1) K-shell, which cannot be ionized, 2) L;-shell, the only level that can be directly
ionized by the absorption of X-ray photons, and 3) higher shells, which is a single energy
level approximating all other shells with higher energies than the Li-shell. We assumed that
only the L;-shell is ionized directly by the absorption of X-ray photons based on the fact that
the L;-shell has the highest absorption cross section among the states in the energy range of
our interest.* This assumption was made for a simple description of ionization, but might not
be the accurate one. Still, it fits the need of this work that is focused on examining the
feasibility of the SOSS experiment rather than the exactness of the ionization model itself.
Upon ionization of the L;-shell, a hole generated in the L;-shell relaxes to the higher shells
(or an electron in the higher shells relaxes to the L;-shell) and induces the ejection of another
electron in the higher shells via an Auger process. In other words, the higher shells serve as a
sink for the relaxation of L;-holes as well as a source of electrons for the Auger process. We
assumed that the L;-hole relaxes to higher shells with a time constant of 0.3 fs, which is
deduced from the inverse of its natural line width.” In reality, as more electrons are ejected
via many steps of ionization processes, the increased positive charge of the atom may hinder
additional ionization. In this model, however, the influence of positive charge is ignored.
Therefore, this model is not likely to underestimate the rate of ionization and represents the
worst-case scenario in terms of the number of ejected electrons.

Generally, the electrons ejected off an atom are trapped by positive nuclear charge of
other atoms in a molecule. Consequently, secondary ionization occurs by collision of the
electron with the electron-trapping atom, stimulating sequential ionization processes in the
entire molecule.® However, in a diatomic molecule, the overall positive charge generated by
the ionization processes is much smaller than in large molecules such as proteins. As a result,
an electron ejected from one atom has much smaller probability of being trapped by the other
atom to cause secondary ionization. Therefore, we did not consider trapped electrons and

secondary ionization in our ionization model.

S4



Based on this ionization model, we performed a series of simulations at various time
points as follows. At each time point of the simulation, the ionization probability of the L;-

shell was calculated using the following equation:

p=n,x(1 —exp(—a/(/ter))) (S1)

where p is the probability of ionization of the L;-shell electron at each time step, 7, is number
of incident photons at each time step, o is the absorption cross-section of electron in the L;-

shell, and ry is the radius of X-ray focal spot. We assumed that the absorption cross section o

of the Li-shell electron is a constant, 2.5 x 10 A%* and not affected by the extent of

ionization. Each electron in the L;-shell is ejected from the atom by the absorption of an X-
ray photon with the probability p. Once a hole is generated by the ionization of the L, shell, it
relaxes to higher shells (that is, decay of L;-hole) with the probability of (df / 0.3 fs) as long
as there is any electron in the higher shells to be exchanged with the hole. When the hole
decays to the higher shells, another electron in the higher shells is ionized via an Auger
process. The simulation of these ionization processes (that is, ionization of the L; shell and
subsequent ionization of the higher shells) were repeated while changing the time points
through the temporal profile of X-ray pulse, providing the time-dependent electron density of

each atom.

D. Calculation of scattering pattern

For the calculation of the scattering patterns, we defined the detector parameters as
follows. First, we assumed that the detector is of spherical shape. The source of scattering
(that is, the sample) is positioned at the center of the detector sphere. Second, the pixels are
symmetric in the horizontal and vertical directions and, therefore, the separation angle (d¢)
between two adjacent pixels in the azimuthal angle () direction is the same to the separation

angle (d6) in the polar angle (6) direction. Third, the maximum values of both azimuthal and

polar angles were set to be 60°, which corresponds to the maximum ¢ = 6.28 A™". Finally, the

size of the entire array of pixels was set to be 30 x 30 (that is, 30 pixels in the azimuthal
direction and 30 pixels in the polar direction).
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We followed a simple independent atom model’® to calculate the X-ray scattering
patterns. With the independent atom model and the assumption of circular polarization of the

incident X-ray beam, we used the following equation for calculating scattering images:’

I(u,Q) =1/2(1+cos* 20)Qr” [ 1(1) | Y f,(t) exp {idk(u)-x,(¢) [ dt (S2)

where u is the position vector of a detector pixel, Q is the solid angle of the detector pixel,
is a half of the scattering angle corresponding to the pixel, 7. is the classical radius of an
electron, /(¢) is the instant photon flux at time ¢, fi(¢) is the instant form factor of the ;™ atom at
time ¢, Ak(u) is change in the scattering vector, and x;(?) is the position vector of the jth atom
at time ¢. This equation calculates the number of elastically scattered photons, and incoherent
scattering is ignored in this calculation. To calculate the scattering intensity detected at each
pixel, we considered the intensity only at the center of the pixel and assumed that the
intensity is equal at all different positions within a pixel. The instant form factor of an atom
was calculated only with the electrons left in an atom at an instant. For example, if an iodine
atom (I, Z = 53) loses an electron, its instant form factor was assumed to be the same as that
of neutral tellurium (Te, Z = 52). The number of electrons left in each iodine atom at an
instant (that is, instant electron density) was calculated from the simulation using the
ionization model described in Section C.

When calculating the scattering intensity, we considered the instant interatomic distance
between two iodine atoms, which was simulated based on the instant electron density
obtained from the ionization simulation described above. The interaction between the two
atoms was described by a potential as a function of interatomic distance, and the instant
interatomic force was calculated by differentiation of the potential. The potential is described

by a sum of Coulomb potential and Morse potential, of which the latter is as follows:
V(r)=D (1-exp(-a(r—r,))* (S3)

where a = 1.9 A’ r.=2.67 A, D, =150.03 kJ/mol. The instant interatomic distance between
the iodine atoms was calculated at every time point of the simulation using the interatomic

force obtained from the potential.
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In this work, we calculated (instead of measuring) experimental scattering patterns from
molecules of various bond lengths and molecular orientations. To do so, a set of parameters
for bond length () and molecular orientation (6, ¢) were randomly generated following a
well-defined reference probability density function, P(r, 6, ¢). For a set of simulation, we
calculated a total of 10,000 experimental scattering patterns.

In fact, Eq. S2 calculates the expectation value for the number of photons scattered to the
detector pixel. When simulating the experimental scattering patterns, since the number of
photons measured by a detector pixel must be an integer, this expectation value was
converted to an integer using probability mass function based on Poisson distribution as

follows:
— k-2
fX=kX=p=4"e"/ (S4)

This equation is a probability mass function in terms of stochastic variable X, which has the
expectation value of 4. However, when calculating the scattering patterns constituting the
reference library, we simply used the expectation value for each scattering pattern without
converting to an integer. Considering that each scattering pattern in the reference library is an
average of 50 scattering patterns (to account for the random characters of ionization and
scattering phenomena), it is desirable to use the expectation value, which is an average

number of photons scattered to the detector pixel, rather than an integer.

E. Making reference library and mapping

The key step of SOSS is to extract structural parameters from a single-shot, single-
molecule scattering image measured experimentally. There already exist many methods that
can convert the scattering pattern in g-space to the molecular structure in real space, for
example, genetic algorithm'® and phase retrieval.''"* However, phase retrieval method has
rather low spatial resolution and is not suitable for extracting atomic-scale structural
information required for obtaining vibrational wave function. Also, femtosecond X-ray pulse
of high photon flux still causes the sample damage by ionization, especially severe for small
molecules. Therefore, it is uncertain whether the conventional phase-retrieval methods can be

directly applied to SOSS.
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To circumvent these problems and retrieve correct structural parameters from a single-
shot, single-molecule scattering image, we adopted an approach of correlation mapping as
mentioned in the main text. In this method, a reference library is constructed, which is a
collection of scattering images calculated for all the possible structures and orientations of the
molecule, and an experimental scattering image is mapped into the reference library using a
correlation function.

When making a reference library, we calculated scattering images by considering the
dynamic form factor and the dynamic bond length of the I, molecule, as mentioned in Section
D, so that we can account for the effect of ionization. In particular, the dynamic form factor
was used to account for ionization induced by X-ray radiation, and the dynamic bond length
was used to address Coulomb repulsion between ionized atoms. Because both ionization and
scattering are quantum mechanical phenomena and thus occur randomly, even molecules
with the exactly same bond lengths and angular orientations can still give rise to slightly
different single-shot, single-molecule scattering images. However, if we know the exact
kinetics of ionization, a statistically-averaged reference scattering image can be precisely
calculated."

Each element of the reference library was prepared by (1) repeatedly calculating single-
shot, single-molecule scattering images for a molecule with a given set of bond length and
angular orientation (7, 6, ¢) and (2) averaging a total of 50 calculated scattering images to
obtain the most probable scattering image. The 50 single-molecule images are slightly
different from each other because the ionization rate of atoms and the Poisson noise of
scattered photons are different for each image due to random nature of ionization and
scattering events. A reference library was constructed by calculating the averaged single-shot,
single-molecule scattering images (that is, most probable scattering image) while varying (7,
0, ). When making a one-dimensional reference library spanning r-space, the bond length
was changed from 2.3 to 3.0 A with 0.01 A step size while 0 and ¢ were fixed at 0. When
making a two-dimensional reference library spanning (r, ¢)-space, the bond length » was
changed from 2.3 to 3.0 A with 0.02 A step size and ¢ was varied from 0 to 360° with the
step size of 1° while € was fixed at 30°. When making another two-dimensional reference
library spanning (7, §)-space, the bond length » was changed from 2.3 to 3.0 A with 0.02 A

step size and 6 was varied from 0 to 180° with the step size of 1° while ¢ was fixed at 0.
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We can derive a structural parameter of the I, molecule, I-I bond length, by mapping
each experimental scattering image into the reference library. In principle, the mapping
procedure is aimed at finding, in the reference library, the image that is most similar to the
experimental one. To find such image, we defined a correlation value, ¢, between a pair of

experimental image and an element of the reference library as follows:
c ! < 2 c "2\ /2
c=Q 1 I )LD QL) (S5)
j=1 j=1 Jj=1

where /; is the intensity of the jth pixel of the experimental scattering image, /’; is the
intensity of the jth pixel of the reference image, and N is the total number of pixels in a
scattering image. As the two scattering images become more similar to each other, the value
of ¢ becomes higher until it reaches the maximum of 1. The bond length of the I, molecule
captured in the experimental image is determined from the reference image that gives the

highest ¢ value.

F. Effect of X-ray pulse parameters on the sample damage

One of the biggest challenges for the realization of the SOSS experiment is that strong
femtosecond X-ray pulse can easily destroy the molecule by ionization and Coulomb
explosion, especially severe for small molecules. As a result, X-ray scattering pattern may be
distorted significantly by the change of molecular structure during light-matter interaction
between the X-ray pulse and the sample molecule. In this section, we investigated the extent
of sample damage induced by X-ray pulse at various experimental conditions, particularly
addressing the following issues: (1) How many electrons are ejected by ionization? (2) How
much is the change of the interatomic distances induced by ionization? (3) How many
photons are scattered to the detector? These three issues are essential for determining the
optimum condition for the SOSS experiment. The first two issues are related to the structural
change of the sample molecule induced by X-ray radiation, which should be minimized (or
corrected) for the success of SOSS. The third issue determines the signal-to-noise ratio of the
scattering pattern, which is critical for the analysis of single-shot, single-molecule scattering
patterns. As a quantitative measure to address the third issue, total scattering intensity, which

is a sum of the number of photons scattered to all the detector pixels, was calculated while
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varying several X-ray pulse parameters. To calculate the total scattering intensity, scattering
patterns were calculated following the procedure described in Section D, but without
converting an expected number of scattered photons derived from Eq. S2 to an integer. The
mean total scattering intensity was obtained by averaging the total scattering intensities of 50
calculated scattering patterns for each condition. We note that the 50 scattering patterns
calculated with the same X-ray pulse parameters were slightly different from each other due
to the difference in the dynamic form factor. The mean total scattering intensities are shown
in Table S1.

In general, the extent of sample damage strongly depends on the duration and the
intensity of X-ray pulse. To find suitable experimental conditions for the SOSS experiment,
we simulated the sample damage for an iodine molecule with four different pulse durations
and four different pulse intensities. Following the procedures of the ionization simulation and
the calculation of instant interatomic distance described in Section C and D, we calculated the
instant electron density and the instant interatomic distance. Also, we calculated and

integrated the scattering pattern to obtain the mean total scattering intensity.

Effect of X-ray pulse duration

First, the sample damage was simulated with four different pulse durations: 1 fs, 3 fs, 5 f5,
and 10 fs. The number of photons per pulse was set to be a constant, 10'". The simulation
results are shown in Figure S2, Figure S3, and Table S1. With 1-fs pulse, as can be seen in
Figure S2, the atoms are not fully ionized and there remain about 30 electrons in the atom
even after the interaction with the X-ray pulse is complete. At the intensity maximum of the
X-ray pulse, about 75 % of electrons are left bound to the nucleus, ensuring that enough
number of photons will be scattered to the detector. Also, as can be seen in Figure S3, the
bond length of the iodine molecule stays nearly unchanged during the measurement. At the
temporal center of the pulse, the bond length becomes larger by less than 0.01 A, and by less
than 0.05 A even at the end of the pulse. This bond elongation is comparable to a picometer,
which is the spatial resolution required for retrieving vibrational wave functions of Is.
Therefore, the sample damage induced by ionization is negligible with 1-fs pulse.

With 3-fs pulse, there are at least 15 electrons left at the temporal center of the pulse as
can be seen in Figure S2. Therefore, we expect that some photons are scattered to the detector
but the number of scattered photons would be much less than in the case of 1 fs. As can be

seen in Figure S3, the change in bond length is not severe until the temporal center of the
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pulse (¢ = 3 fs), but the bond length increases by larger than an angstrom at the end of the
pulse (¢ = 6 fs). Therefore, the sample molecule is damaged to some extent in this condition.
In the cases of much longer pulses, 5 fs and 10 fs, the atoms are fully ionized (except two
electrons in the K-shell) even before reaching the center of the X-ray pulse. Due to the fast
ionization, most electrons escape the molecule before enough scattering occurs, resulting in
relatively small number of photons scattered to the detector. Also, bond elongation occurs on
angstrom length scale, reflecting considerable damage of the sample. Thus, we cannot expect

to have the spatial resolution of a few picometers in these conditions.

Effect of X-ray intensity

The extent of sample damage was simulated with four different X-ray intensities (10",
10", 10", and 10" photons per pulse) using the same pulse duration (1 fs). The result is
shown in Figure S4, Figure S5, and Table S1. As can be seen in Figures S4 and S5, we
cannot see any dependence of instant electron density and bond length on the X-ray intensity.
We note that this independence is not a real situation but an artifact which originates from an
assumption used in our ionization model. As already mentioned in Section C, we assumed
that the L; shell is the only electronic level that can be directly ionized by X-ray absorption.
But, according to this simulation, it turned out that ionization of the L; shell is already
saturated even with the intensity of 10'® photons per pulse because the ionization probability
of the L, shell is calculated to be ~100 % in all the steps of simulation. Therefore, in this
work, the extent of sample damage does not increase with X-ray intensity. In the real
experiment, the ionization rate would increase with the X-ray intensity because the upper
electronic shells, L,, L3, or other higher shells can be also ionized. These shells have smaller
cross sections of ionization than the L, shell and should not be saturated with the intensity of

10" photons per pulse.

G. Effect of experimental conditions (X-ray parameters, angular

orientation of molecules) on the instrument response

Effect of X-ray pulse intensity
First, we examined the effect of X-ray intensity on PDF reconstruction. To do so, we
varied the X-ray intensity from 10'° to 10" photons per pulse and checked the quality of

reconstructed PDF at each condition. We used a delta function as the reference PDF and
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assumed that an I, molecule is perfectly aligned in one direction (that is, the first
configuration of orientation described in the section above). To calculate the scattering
patterns, the X-ray pulse duration of 1 fs was used as determined from the previous section.
The reconstructed PDFs for various X-ray intensities are shown in Figure S6. Each of the
reconstructed PDFs, PR(r), has a Gaussian distribution and we found that the width of
distribution is strongly dependent on the X-ray intensity. When comparing with the results on
the ground-state and the first excited-state vibrational PDFs of I, shown in the main text, we
can see that p and A values for the three different reference PDFs (that is, the delta function,
the ground-state and the first excited-state vibrational PDFs) are about the same. For the delta
function, the p value decreases from 0.247 A to 0.009 A as the X-ray intensity increases from
10" to 10" photons per pulse as listed in Table S2. As mentioned in the main text, the large p
value is caused by the lack of the number of photons scattered to the detector. Overall, the
increase of X-ray intensity by a factor of ten leads to the decrease of the width of the
reconstructed PDF by a factor of three. Thus, to retrieve a vibrational wave function of I, it is
desirable to use an intense X-ray pulse with the intensity of at least more than 10'* photons
per pulse (assuming that all the photons are focused into the 3-nm diameter used in our

simulations).

Effect of X-ray pulse duration

In order to test the dependence of PDF reconstruction on the temporal duration of X-ray
pulse, we repeated the same simulation as shown in Figure S6 using 3-fs X-ray pulse. The
reconstructed PDFs using 3-fs X-ray pulse are shown in Figure S7. First of all, we note that p
and A are much larger with the 3-fs pulse than with the 1-fs pulse. The deterioration of spatial
resolution with the 3-fs pulse can be attributed to the lack of the number of scattered photons.
With the 3-fs pulse, the number of scattered photons is about four times smaller than with the
1-fs pulse, leading to the larger p value. Secondly, we can see that the reconstructed PDF is
much noisier with the 3-fs pulse than with the 1-fs pulse, and the signal-to-noise ratio does
not improve even with the increase of X-ray intensity. The noise introduced with the use of 3-
fs pulse is ascribed to the increased ionization. With the increase of pulse duration, ionization
occurs more significantly because the time for the interaction between the X-ray pulse and
the molecule increases. As a result, the I, molecule suffers more severe structural change due
to repulsion between atomic nuclei, resulting in the distortion of single-molecule scattering

image. As more ionization occurs, the bond length extracted from each single-molecule
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scattering image becomes more random, thus making the reconstructed PDF noisier. Thus,
SOSS requires an extremely short X-ray pulse in order to obtain a reconstructed PDF that

closely resembles the reference PDF.

Effect of angular orientation of molecules

When a scattering pattern is obtained from an ensemble of randomly oriented molecules,
an isotropic pattern is obtained because of rotational averaging of the contributions from
various orientations of molecules. In contrast, an anisotropic scattering pattern (with respect
to the azimuthal angle) is obtained from aligned molecules and contains more structural
information than an isotropic scattering pattern.'” In contrast to the ensemble measurements,
a single-shot, single-molecule scattering pattern should be intrinsically anisotropic regardless
of the molecular orientation because X-ray is scattered off only one molecule. To examine
the effect of molecular orientation on the PDF of bond length reconstructed from the SOSS
analysis, we considered three configurations of angular orientation for the I, molecule.

In the first configuration, we assumed that the I, molecule is perfectly aligned in one
direction. In other words, all the molecules were set to be parallel to the y-axis shown in
Figure 1a of the main text, and the reconstructed and reference PDFs are dependent only on
I-1 bond length, r.

In the second configuration, only ¢ was varied while 8 was fixed at 30°. In this case, the

reconstructed and reference PDFs are defined with respect to the variables 7 and ¢ as follows:
P(r, p) = P(r)x P(p) (S6)

where P(p) has a uniform distribution over ¢. P*(r, p) can be integrated over ¢ to obtain P*(r),
the PDF of bond length.
In the third configuration, we varied only € following the probability distribution of cos’6

and fixed ¢ at 0°. In this case, the PDF can be written as follows:
P(r, 6)=ax P(r)xcos’ 0 (S7)
where a is a normalization constant.
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For each of the above three configurations of molecular orientation, the experimental
images were simulated and mapped to the reference library to reconstruct the PDF of I-I
bond length. By comparing p and A values extracted from the PDFs for the three
configurations, we investigated how the angular orientation of the molecule affects the
retrieval of the bond-length distribution. In this case, we used a delta function as the reference
PDF and calculated the scattering pattern using 1-fs X-ray pulse. Four different X-ray
intensities varying from 10'* to 10" photons per pulse were used.

The results of PDF reconstruction for various configurations of angular orientation and
various X-ray intensities are listed in Table S2. The reconstructed PDFs for three different
configurations of angular orientation (that is, perfect alignment of the I, molecule in one
direction; variation of ¢ with @ fixed at a constant; and variation of 6 with ¢ fixed at a
constant) with the X-ray intensity of 10" photons per pulse are shown in Figure S8. When
the I, molecule rotates freely along ¢ direction with a fixed 6 value, p is 0.022 A and A is
0.001 A. When the I, molecule rotates freely along @ direction with ¢ fixed at a constant, p is
0.001 A and A is zero. At a glance, the p values for the cases of variable ¢ (0.022 A) and
variable 6 (0.001 A) look different from that for the case of perfect alignment of the I,
molecule in one direction (0.009 A). However, as can be seen in Figure S8, only two distinct
bond lengths have nonzero occurrences in the PDFs for all the three orientational
configurations, and the p value, which is determined by fitting only these two points, is likely
to have a large error. Thus, the relatively large difference between the p values for the three
orientational configurations is simply an artifact, and the actual spatial resolution of PDF
reconstruction is indistinguishably good for all the three orientational configurations. For
different X-ray intensities (10'°, 10", 10'* photons/pulse), the effect of angular orientation is
found to be negligible as well. This result indicates that the spatial resolution for retrieving

the vibrational wave function is independent of the molecular orientation.

H. Further applications of SOSS

Besides the vibrational wave function investigated in this work, we can also apply the
SOSS method to retrieving the internal rotation wave function of a small molecule containing
a pair of heavy atoms. For example, the rotational wave functions of 1,2-diiodoethane
(C,Haly) are illustrated in Figure S9. A single-shot, single-molecule scattering pattern of the

C,Hyl, molecule sensitively changes depending on the conformation around the carbon-
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carbon bond. Therefore, by constructing a reference library with respect to suitable structural
parameters (including the torsional angle of carbon-carbon bond) and mapping the
experimental scattering images, we can retrieve the rotational wave function around the
carbon-carbon bond.

The molecular system (I;) proposed in this study and the motion of interest (vibration) is
a rather extreme example suitable for SOSS. For molecules consisting of more than two
atoms, the method presented in this work (that is, making a reference library and correlation
mapping) must be ineffective because much larger amount of computational resource would
be required and the mapping consistency will be much poorer for polyatomic molecules than
for I, molecules. Therefore, a new method needs to be developed to effectively retrieve an
instant molecular structure from a scattering pattern of a polyatomic molecule. Nevertheless,
the application of the SOSS method can be further extended to biological macromolecules if
a specific structural parameter is amplified instead of attempting to capture the overall 3D
structure. For example, if a biomolecule is labeled with a pair of metal nanoparticle probes at
specific locations via mutagenesis and chemical coupling, the scattering from the molecule
will be dominated by the contribution of those heavy-scattering probes.'®!” In other words,
we selectively probe only a specific structural parameter (in this case, the distance between
two nanoparticles) and discard all other detailed structural information contained in the
scattering pattern. In this simplified case where a nanoparticle is approximated as a large
atom, we can apply the same methodology used for I, with similar amount of computing
resources. By extracting the occurrence distribution of the distance between the two probes

using SOSS, we can monitor the conformational fluctuation of the biomolecule.

I. Comparison with ultrafast vibrational spectroscopy

The SOSS method based on X-ray scattering is closely related to ultrafast vibrational
spectroscopy, specifically ultrafast infrared (IR) spectroscopy (IR pump-probe spectroscopy
and two-dimensional IR echo spectroscopy), because both techniques can provide
information on the structures of rapidly fluctuating molecules in the electronic ground state at
equilibrium. However, in principle, the physical quantities measured by the two techniques
(and thus their applications) are different from each other. In SOSS, a femtosecond X-ray
pulse captures the instantaneous structure of a rapidly fluctuating molecule in the form of a

scattering pattern. From the measured X-ray scattering pattern, structural parameters such as
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bond lengths and bond angles are retrieved. By sampling many scattering patterns from single
molecules, a distribution (that is, PDF) of a structural parameter of interest can be obtained.
In other words, SOSS probes the structural fluctuation of molecules by random sampling of
individual single molecules using only one X-ray pulse. In ultrafast IR spectroscopy, a series
of ultrashort IR pulses tag the initial molecular structures by the frequency of a vibrational
mode and then monitors the evolution of that frequency with respect to time. From the
evolution dynamics of the vibrational frequency and comparison with theoretical models, the
information on the local molecular structure around the probed molecular vibration can be
obtained indirectly. In this manner, ultrafast IR spectroscopy probes the structural fluctuation
of molecules by keeping track of the evolution of the vibration frequencies of optically
tagged molecules using multiple laser pulses. Considering that geometric parameters directly
associated with the molecular structure are obtained, SOSS can be regarded as more direct
structural method than ultrafast IR spectroscopy. However, at the current stage, due to the
limitation of algorithms and computational resources used for extracting the molecular
structure from the measured X-ray scattering pattern, the application of SOSS will be limited
to only simple molecules isolated from the environment as examined in this work.

In terms of the target system, SOSS is designed for probing the structural variation of a
single molecule by making use of ultra-intense X-ray pulses available at XFEL. In contrast,
ultrafast IR spectroscopy has been applied only for an ensemble of molecules and it would be
difficult to extend the technique to the single-molecule level due to low absorption cross
section of the vibrational transition and/or the lack of ultra-intense IR source. The biggest
advantage of ultrafast IR spectroscopy is the non-destructive nature of the measurement
because low-energy photons at IR frequencies are used. On the other hand, high-energy X-
ray photons destroy the molecules even with ultrashort interaction, imposing significant
problems on the experimental scheme and the data analysis of the SOSS experiment.

Both techniques can be extended to more sophisticated time-resolved experiment that
probes the structural change of molecules undergoing non-equilibrium transitions among
multiple electronic states, that is, a photochemical reaction. Such extension can be achieved
by combining with an extra visible laser pulse that can excite the molecule to excited
electronic states. For ultrafast vibrational spectroscopy, such pump-probe scheme has been
already achieved as exemplified by time-resolved IR (visible pump—IR probe) spectroscopy18

and transient 2D-IR spectroscopy.'’ In the same manner, SOSS has the potential of being
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extended to time-resolved SOSS experiment, where a visible laser pulse initiates a reaction

and SOSS monitors the progress of the reaction.
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Figure S1. The model of photo-induced ionization used in this work. The two atoms of an I,
molecule are considered to be independent of each other with any possible interactions
between them being ignored. In this simplified model, only three energy levels are considered
for the structure of electronic shell of an iodine atom. In this figure, a filled circle means an
electron and an empty dashed circle represents a hole. In this ionization model, absorption of
X-ray photon occurs only in L;-shell, resulting in the ionization of two electrons via Auger

process.
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Figure S2. Effect of pulse duration on the instant electron density of an iodine atom. The
number of electrons bound to an iodine atom during the interaction of the X-ray pulse and the
I, molecule was calculated with four different pulse durations: 1 fs (black squares), 3 fs (red
circles), 5 fs (blue triangles), and 10 fs (green reverse triangles). A total of 50 simulations
were performed and averaged. The step size of the simulation was set to be 0.1 fs. The time
axis in the bottom was normalized by the duration of X-ray pulse, w, so that the rate of
ionization can be compared relative to the temporal profile of X-ray pulse. The blue dashed
line is the normalized temporal profile of the X-ray pulse with its intensity scaling with the

label on the right-side axis.
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Figure S3. Effect of pulse duration on the instant interatomic distance of an iodine molecule.
The instant interatomic distance between two iodine atoms during the interaction of X-ray
pulse and the iodine molecule was calculated with four different pulse durations: 1 fs (black
squares), 3 fs (red circles), 5 fs (blue triangles), and 10 fs (green reverse triangles). A total of
50 simulations were performed and averaged. The step size of the simulation was set to be
0.1 fs. The time axis in the bottom was normalized by the duration of X-ray pulse, w, so that
the rate of ionization can be compared relative to the temporal profile of X-ray pulse. The
blue dashed line is the normalized temporal profile of the X-ray pulse with its intensity

scaling with the label on the right-side axis.
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Figure S4. Effect of X-ray intensity on the instant electron density of an iodine atom. The
number of electrons bound to the iodine atom during the interaction of X-ray pulse and the
iodine molecule was calculated with four different intensities of X-ray pulse: 10
photons/pulse (black squares), 10'' photons/pulse (red circles), 10'* photons/pulse (blue
triangles), 10" photons/pulse (green reverse triangles). A total of 50 simulations were
performed and averaged. The step size of the simulation was set to be 0.1 fs. The time axis in
the bottom was normalized by the duration of X-ray pulse, w, as in Figure S2. The blue
dashed line is the normalized temporal profile of the X-ray pulse with its intensity scaling

with the label on the right-side axis.
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Figure SS. Effect of X-ray intensity on the instant interatomic distance of an iodine molecule.
The instant interatomic distance between two iodine atoms during the interaction of the X-ray
pulse and the iodine molecule was calculated with four different intensities of X-ray pulse:
10" photons/pulse (black squares), 10" photons/pulse (red circles), 10" photons/pulse (blue
triangles), 10" photons/pulse (green reverse triangles). A total of 50 simulations were
performed and averaged. The step size of the simulation was set to be 0.1 fs. The time axis in
the bottom was normalized by the duration of X-ray pulse, w, as in Figure S2. The blue
dashed line is the normalized temporal profile of the X-ray pulse with its intensity scaling

with the label on the right-side axis.
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Figure S6. Effect of X-ray intensity on the PDF reconstruction. The PDFs were reconstructed
by SOSS using various X-ray intensities: a) 10'°, b) 10'", ¢) 10", and d) 10" photons per
pulse. A total of 10,000 experimental scattering images were calculated for an I, molecule
whose I-1 bond length is governed by a reference PDF in the form of a delta function, P(r) =
6 (r [ 2.67 A). The temporal duration of X-ray pulse was set to be 1 fs, and it was assumed
that the I, molecule is perfectly aligned in one direction. Black squares represent the
occurrence of scattering images corresponding to a certain bond length. Red solid lines are
the fits of the black squares using Eq. (1) of the main text and represent the reconstructed

PDF of bond length. Note that y-scales are different between the plots.
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Figure S7. Effect of temporal duration of X-ray pulse on the PDF reconstruction. All other
conditions are the same as in Figure S6 except that X-ray pulse duration is stretched to 3 fs.

Note that the scales of y-axes are different between the plots.
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Figure S8. Effect of angular orientation on the PDF reconstruction. The panel a) is equivalent
to Figure S6d, which is a reconstructed PDF obtained from perfectly aligned molecules. In
panel b), a molecule is perfectly aligned in 8 direction, but freely rotates along ¢ direction. A
total of 10,000 scattering images were calculated with a reference PDF, P(r, p) =6 (r [1 2.67
A) x P(¢p), where P(p) is an uniform distribution along ¢. In panel ¢), a molecule is fixed at a
constant ¢ value, but freely rotates along 6 direction. A total of 10,000 scattering images were
calculated with a reference PDF, P(r, 0) = a x 6 (r [ 2.67 A) x cos” 6. The X-ray intensity of
10" photons per pulse was used for all the configurations of orientation, and the pulse
duration was set to be 1 fs. Black squares represent the occurrence of scattering images
corresponding to a certain bond length. Red solid lines are the fits of the black squares using

Eq. (1) of the main text and represent the reconstructed PDF of bond length.
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Figure S9. Rotational wave functions describing internal rotational motion around carbon-
carbon bond of C,Hul,. Only a half side of the potential energy surface (PES) and rotational
wave functions are plotted since they have mirror symmetry. The PES was obtained from
quantum chemical calculation? and the rotational wave function was calculated by using our
own program based on a method described in the literature.”' The molecular structures shown
in top right represent Newman projections of four conformational states that correspond to

the vertical dashed lines.
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Table S1. Mean total scattering intensities measured by the detector with various durations
and intensities of X-ray pulse. The total scattering intensity was calculated by summing the
number of photons scattered to all the detector pixels. Numbers in parentheses are the total

scattering intensity calculated without considering the ionization of the I, molecule.

pulse duration L 3 g s g 05
s s s s
photons per pulse
1010 60.27 16.13 6.04 1.60
(105.581) (106.801) (106.99) (107.106)
Lot 596.36 152.72 58.92 16.41
(1055.81) (1068.01) (1069.9) (1071.06)
1012 5926.68 1664.34 613.34 168.02
(10558.1) (10680.1) (10699) (10710.6)
NE 60343.2 16314.6 5934.46 1649.55
(105581) (106801) (106990) (107106)
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Table S2. Result of PDF reconstruction using SOSS with various experimental conditions.
The parameters defining the broadening (p) and shift (A) of PDF induced by instrument
response was calculated by fitting of the reconstructed PDF based on Egs. (1), (2), and (3) of

the main text. For comparison, simulation results shown in Table 1 of main text are shown

together.

alignment reference PDF pulse duration pulse intensity peak shift, a broadening, p
(free variables) (fs, FWHM) (photons / pulse)  (A) (A, FWHM)
r 8(r 0 2.67 A) 1 10'° 0.001 0.247
r S (r12.67A4) 1 10" -0.001 0.076
r S5 (r12.67A4) 1 10" -0.002 0.027
r 5 (r12.67A4) 1 10" —0.004 0.009
r0 5 (r12.67A4) 1 10'° 0.001 0.230
r0 5 (r12.67A4) 1 10" -0.001 0.071
r, 0 0 (r12.67A) 1 10" 0.000 0.029
r0 5 (r12.67A4) 1 10" 0.001 0.022
"o 0 (r12.674) 1 10'° 0.004 0.240
"o 0 (r12.67A) 1 10" -0.001 0.073
"o 0 (r12.674) 1 10" 0.001 0.028
"o 0 (r12.674) 1 10" 0.000 0.001
r o (r12.674) 3 10'° 0.002 0.661
r 0 (r12.674) 3 10" -0.016 0.206
r 0 (r12.67A) 3 10" -0.037 0.083
r 0 (r12.674) 3 10" -0.038 0.035
r Ground™ 1 10'° -0.001 0.260
r Ground™ 1 10" 0 0.080
r Ground™ 1 10" -0.002 0.030
r Ground™ 1 10" -0.005 0.013
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r 1% excited™ 1 10" 0.003 0.261

r 1% excited™ 1 10" 0 0.077
r 1% excited™ 1 10" -0.002 0.029
r 1% excited™ 1 10" —0.005 0.015

[a] vibrational PDF of a harmonic oscillator in the ground state. [b] vibrational PDF of a harmonic oscillator in the first

excited state.
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