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Time-resolved x-ray liquidography (TRXL) is a powerful technique to study
molecular structural dynamics in the solution phase. Typically, a TRXL experi-
ment is conducted during limited beamtime at a beamline of a synchrotron or
an x-ray free-electron laser, demanding a proper design and careful planning.
In this regard, the optimal g range needs to be determined to find the optimal
x-ray energy and sample-to-detector distance. For such purpose, here, we pre-
sent effective ways to quantify the sensitivity of the TRXL data as a function of
g to various factors such as the atomic positions, internuclear distances, solvent
cage, and bulk solvent. The developed approaches are also applicable to other
types of time-resolved diffraction, such as ultrafast electron diffraction.
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INTRODUCTION

Time-resolved diffraction with x-ray or electron pulses is a
powerful method that can provide direct structural infor-
mation of reaction intermediates. Depending on the
phase of the sample (gas, solid, and liquid phases) and
the identity of the probe pulse (x-ray and electron), vari-
ous versions of time-resolved diffraction techniques have
been developed. Among them, time-resolved x-ray
liquidography (TRXL), also known as time-resolved x-ray
solution scattering, has been established as a useful
method in studying the structural dynamics and kinetics
of chemical and biological reactions in the liquid solution
phase."® In a typical experiment of TRXL, an ultrashort
optical pulse from a femtosecond laser system is used to
initiate a reaction of interest, and an x-ray pulse with a
time delay with respect to the laser pulse is used as the
probe pulse to interrogate the status of the reaction
progress.'™* X-ray scattering pattern is collected as a func-
tion of time delay between the pump pulse and the x-ray
pulse. The scattering pattern can be expressed as a math-
ematical function of structural parameters such as bond
lengths and angles. Thus, analyzing the scattering pattern
can unveil the structural information,®”®® and analyzing

the time-resolved scattering patterns can unveil the time-
dependent structural changes of molecules.'2®

A TRXL experiment is conducted at a beamline of a
synchrotron®°® or an x-ray free-electron laser (XFEL),%"
7689290 \which provides x-ray pulses with a pulse width of
~100 ps and ~100 fs, respectively. Generally, beamtimes
are offered based on competitive selection procedures of
research proposals. Successful proposals, therefore,
require careful design and planning. It is ideal that for a
target molecule and the reaction of interest, the expected
signal and noise are estimated to ensure that a satisfac-
tory TRXL signal can be obtained in given beamtime and
available experimental setups of the beamline. For this
purpose, a program named S-cube was developed by our
group.’’ The expected signal and noise for a given mole-
cule and reaction can be estimated using S-cube. A typical
TRXL signal has three components: (i) the solute-only
term, (ii) the solute-solvent cross term (or cage term), and
(iii) the solvent-only term (or solvent heating term).'™ §-
cube also provides the expected noise level as well as the
expected signal for each term, and thus the relative mag-
nitudes of the three terms can be easily accessed.”’

Besides these features, it would be ideal if two addi-
tional pieces of information are available in advance:
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() how sensitively the difference scattering curve
depends on the expected structural change as a function
of g, and (ii) how sensitively the difference scattering
curve changes with respect to various factors such as the
atomic positions, internuclear distances, solvent cage,
and bulk solvent that affect the difference scattering cur-
ves. In general, a larger g range for the difference curve is
desirable because the structural resolution would be pro-
portional to the g range. However, for a given beamline,
the x-ray energy, which determines the x-ray wavelength,
has a limited range, and the number of x-ray photons per
pulse sensitively depends on the x-ray energy used for
the TRXL experiment. Moreover, the sizes of the available
detectors and the x-ray energy-dependent sensitivities of
the detectors are generally fixed. With the larger x-ray
energy, the smaller x-ray wavelength can give the larger
range of g for a given detector size and a sample-to-
detector distance. Usually, the x-ray energy can be tuned
up to a certain limit, but at the expense of the number of
x-ray photons. For this reason, the optimal x-ray energy
and the sample-to-detector distance need to be chosen
for the best use of the beamtime. For this purpose, the
sensitivity of the difference scattering curve on the struc-
tural change associated with the expected reaction needs
to be calculated as a function of g. Such information will
identify the g range that is sensitive enough to capture
the structural change of interest and thus will aid in deter-
mining an optimal g range for the experiment. In this
work, we present a systematic way to quantitatively rep-
resent such information.

Another useful information is how sensitively the dif-
ference scattering curve changes with regard to the
changes of the atomic positions and internuclear dis-
tances of the reactant and product molecules.* The TRXL
signal is affected by diverse factors. For example, the
change of the three-dimensional structure of reactant
and product molecules contributes to the TRXL signal. In
addition to the change of the molecules directly involved
in the reaction, the change of the solvent cage surround-
ing the solute molecules and the change of bulk solvent
due to the heating also affect the TRXL signal. In this
regard, another useful piece of information is how sensi-
tively the difference scattering curve changes with regard
to the changes of these factors. For instance, for the reac-
tant and product molecules, the TRXL signal can be
expressed as a function of the parameters, including the
positions of constituent atoms or the internuclear dis-
tances in the molecule. If one can predict which atomic
positions or internuclear distances will contribute to the
TRXL signal predominantly or if one can assess how much
the solvent cage and the solvent heating will contribute
to the TRXL signal, one can estimate the plausibility and
applicability of TRXL in studying the structural dynamics
of the molecule of interest before conducting an experi-
ment. This work presents a protocol to visually display
such information along with the sensitivities to the
atomic positions, internuclear distances, solvent cage,
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and solvent heating. This new feature will be
implemented in the S-cube program.”!

TRXL data

From a TRXL experiment, two-dimensional
(2D) scattering images are obtained as a function of
time. Then, one-dimensional (1D) scattering curves, 5(q,
t), are obtained by azimuthal integration of the 2D scat-
tering images as a function of the momentum transfer
q = (4n/A)sin(0), where 1 is the wavelength of x-rays, 26
is the scattering angle, and t is the time delay between
the laser and x-ray pulses."™* The difference scattering
curves, gAS(q, t), are obtained by subtracting S(qg, t) at a
negative time delay from S(g, t) at positive time delays
and multiplying g to amplify the intensities at high
scattering angle.

To analyze AS(qg, t) obtained from a TRXL experiment,
one needs to calculate a theoretical AS(qg, t) curve. Usu-
ally, a theoretical AS(g, t) with the following three compo-
nents is considered.'™

AS(q,t) = ASsolute (q;t) + Ascage (q, t) + ASsolvent(q: t) (1 )

The solute-only term, ASy (g, t), contains informa-
tion about the change of molecular structure of solute
molecules, whose concentration changes with time
according to the governing kinetics. The solute-solvent
cross term (cage term), ASc,qe(g, 1), contains information
about the change of the cage structure, which is coupled
with the change of molecular structure of solute mole-
cules. The solvent-only term, ASgowent(g, t), is caused by
the change of solvent temperature and density, which are
also energetically linked to the kinetics of solute mole-
cules because the heat released from the reaction of sol-
ute molecules governs the change of the temperature
and density of solvent. Usually, the goal of data analysis is
to determine the kinetic parameters and structures of sol-
ute molecules (reactants, intermediates, and products)
that yield theoretical AS(g, t) as close to the experimental
AS(qg, t) as possible. For that purpose, theoretical AS(qg, t)
is estimated with varying the kinetic parameters and
structures of solute molecules and is compared with AS
@ 1)

To calculate AS(g, t), first, one needs to calculate the
solute-related term comprising the solute-only term and
the cage term needs to be calculated. The solute-only
term is calculated using the Debye equation. It should be
noted that we used the form-factor parameterization
introduced by Waasmaier and Krifel to calculate the
solute-related term.’> The cage term is obtained using
MD simulations. From an MD simulation, a series of MD
snapshots are obtained and used to calculate pair distri-
bution functions, g(r). The g(r) for a certain pair of atoms
is then used to calculate the corresponding S(g) compo-
nent. Depending on the atoms constituting the pair,
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appropriate S(g)’s are used to calculate the cage term.
The solvent-only term can be expressed as follows:

AS(qg,t)

solvent —

AT(t) x (35/9T), + Ap(t) x (35/Ip); (2)

where (95/d7), is the change of the solvent scattering
intensity in response to a temperature change at a constant
density, (0S/dp)r is the change of the solvent scattering
intensity in response to a density change at a constant tem-
perature, and AT(t) and Ap(t) are the time-dependent
changes in the temperature and density of the solvent,
respectively. The two basis differentials, (J5/J7), and (@5/
dp), can be obtained either via MD simulations or in a sepa-
rate solvent heating experiment using a dye solution.”® The
latter method gives more accurate differentials, whereas
the former method is useful in assigning peak positions to
specific atomic pairs.

qAZ(q): Metric to represent the sensitivity
of gAS(q) to the structural change as a
function of q

To check how sensitively gAS(g) changes with the struc-
tural change, one can first calculate gAS(g)'s for a range
of structural changes for a given target reaction and
check how the calculated gAS(qg)’s vary as a function of q.
As a measure to quantitatively display the "sensitivity" of
the TRXL signal to the structural change of the reactants
and products, we propose to use the standard deviation.
More specifically, the standard deviation of the several
TRXL curves calculated with varying a structural parame-
ter directly shows how much the signal is affected by the
change of the structural parameter. In other words, the
more sensitive the TRXL signal to a specific structural
parameter, the TRXL signal would change more severely
upon the change of the parameter. Accordingly, we pro-
pose that the standard deviation quantitatively represents
the degree of the sensitivity of the TRXL signal and define
the measure of the sensitivity using the equation for the
standard deviation. With this approach, to quantify the
sensitivity of gAS(qg) to the structural parameter, we intro-
duce gAZ(g), which is the standard deviation of gAS{(q)
calculated for various structures, as in the following
equation:

N

ﬁz (qASf(q) —qASave (q))2 (3)

i=1

qAZ(q) =

Here, N is the total number of the difference scatter-
ing curves (qASiq)) calculated for various structures,
i=1,2, ..., N, which differ in the structural parameter,
and AS,..(q) is the average of AS{q) as in the following
equation:

N
ASave(q) =%Z ASi(q) (4)

RESULTS AND DISCUSSION

gAZ(q) for the structural change as a
function of g: Gas-phase reactions

Prior to calculating gAZ(g) through Equation (3), it is nec-
essary to define a quantitative means to generate
N structures which differ in the structural parameter. For
example, we can consider the dissociation of a homonu-
clear diatomic molecule X; into 2X (X;—X + X) in the gas
phase as a model reaction where the bond length R(X—X)
of X, is the structural parameter of interest. To inspect the
sensitivity of the TRXL signal to R(X—X), gAS(g)'s should
be calculated for various structures of X, having different
R(X—X). Here, it should be noted that the standard devia-
tion of the gAS(q)'s, gAZ(q), would vary depending on
R(X—X)'s from which the gAS(q)’s are calculated. Figure 1a
shows gAS(q)'s for the reaction I,—I| + | calculated for
various R(I—)’s ranging from 1.0 A to 4.0 A. The frequency
of the oscillatory features increases with R(I—I) because of
the reciprocal relation between the real space and the
g space. Due to the change of the frequency of the oscil-
latory feature, gAZ(qg) significantly vary depending on
both the value of R(I—I) around which the R(I—I)’s are
sampled and the interval between the sampled R(I—I)’s.

One of the most straightforward ways to check whether
R(X—X) is sensitive in the TRXL signal is to see whether
there is a noticeable change in gAS(g) when R(X—X) is
increased or decreased from a certain value. Considering
this, we generated three different structures with varying
the internuclear distance by +Ar, 0, and —Ar from a certain
value of R(X—X). Figure 1b,c shows qAZ(q) of l,—I1 + | cal-
culated for various R(X—X) values (Figure 1b) and intervals,
or structural variance, Ar (Figure 1¢). We also changed X
to another atom and repeated the same calculations.
Figure 1d compares the plots of gAZ(q) for various types of
atoms (iodine, chlorine, carbon, and hydrogen). These plots
show that the sensitivity of the TRXL signal at the high
g region increases rather dramatically with the atomic num-
ber of X. This result is well expected from how the x-ray
atomic form factors depend on atoms. This result under-
scores the advantage of heavier atoms in terms of sensitiv-
ity and also shows that the scattering data at the high
g region are more drastically benefited by molecules with
heavier atoms.

As the second model reaction, we consider the struc-
tural change of X, (X—X—X---X), where X = H, C, Cl, and .
The R(X—X) of the reactant was fixed at 2.5 A, and R(X--X)
was varied from 1.0 A to 5 A. Figure 1e shows gAS(q)
when X = |, and Figure 1f shows gAZ(q) for various atoms
with RX-—X) = 5 A. Ar for R(X--X) was set to be 0.1 A.
The plot of qAZ(q) visualizes that the sensitivity of gAS(q)
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FIGURE 1 gAS(g) and gAZ(g) for two simple gas-phase reactions: (a-d) X,—X + X and (e-g) X—X—X---X. (a) gAS(q) for X; — X + X in the gas

phase. lodine atoms were used for X and the R(X—X) was varied from 1.0 A to 4.0 A. (b) gAZ(q), corresponding to R(X—X) = 1.0, 2.0, 3.0, and 4.0 A,
respectively. Ar = 0.1 A for R(X—X) is used to calculate gAZ(q). (c) gAZ(q) corresponding to R(X—X) = 3.0 A with various values of Ar. Ar = 0.01, 0.1,
and 0.7 A for the R(X—X) are used to calculate gAZ(q), respectively. Plots (b) and (c) show that gAZ(q) is dependent on the value of R(X—X) and Ar.

(d) gAZ(q) for various types of atoms (X = H, C, Cl, and 1) calculated for R(X—X) = 3.0 A with Ar = 0.1 A. (e) gAS(qg) for the structural change of X,
(X—X—X---X) in the gas phase, where X = I. The R(X—X) of the reactant is fixed at 2.5 A and the R(X-—-X) is varied from 1.0 A to 5.0 A. (f) gAZ(q) for
R(X---X) of the reaction X—X—X---X for various types of atoms (X = H, C, Cl, and I). gAZ(q) is calculated for R(X---X) = 5.0 A with Ar = 0.1 A. The R(X—X)
of the reactant is fixed at 2.5 A. (9) gAZ(q) for R(X—X) of the reaction X—X—X---X, corresponding to R(X—X) = 1.0, 2.0, 3.0, and 4.0 A, respectively, with

Ar= 0.1 A. lodine atoms are used for X and the R(X---X) is fixed at 5.0 A for the calculation of gAZ(q)

to the structural parameter of R(X---X) decreases with
g but increases at the high g region dramatically with the
atomic number of X. This feature is quite similar to the
case of Figure 1b-d.

To demonstrate the calculations of gAZ(q) for larger
molecules composed of several atoms, we then consider
the dissociation of C, into C,_; + C (C,—C,_; + C). For
simplicity, C, and C,_; are set to have linear structures
with the same R(C—C) for all nearest C—C pairs except for
R(C---C) for the dissociating terminal C---C pair in C,. To
calculate gAZ(q) for the R(C:--C) of the dissociating C---C
pair, the structure of C, is modified by changing the
R(C---C) by Ar from the equilibrium distance, while the
other internuclear distances are fixed to the reference dis-
tances. In general, when there are N interatomic distances
in a molecule, it is impossible to change only one dis-
tance without affecting the other N—1 distances. Here,
however, when estimating the sensitivity to a specific
bond distance, R(C---C), we assumed such an impossible,
unrealistic case; we changed the specific bond distance
while the other bond distances were maintained. We used
this approach for the following reason. If we consider a
realistic structural change, multiple structural parameters
are correlated so that even if one tries to change only
one parameter, several parameters are changed simulta-
neously. gAZ(q) calculated for such a structural change,
where several parameters change all together, may not
accurately describe the sensitivity to the change of a
specific structural parameter.

The gAS(q) for R(C:--C) of the dissociating C:--C bond
in C, from 1.0 A to 4.0 A are calculated (Figure 2a), and
gAZ(q) is shown for four different R(C---C)'s with
Ar = 0.1 A in Figure 2b. Then, the size of the molecule, n,
was scanned from n = 2 to n = 30, and the result is plot-
ted together in Figure 2c. This plot reveals that gAZ(q)
does not depend on the size of the molecule. Subse-
quently, we repeated the same calculation for the case
where C is replaced with H, Cl, and |, with n fixed at
20, and the results are shown in Figure 2d. The plots of
gAZ(q) in Figure 2d show the same trend observed in the
first model reaction shown in Figure 1d.

Here, it should be noted that gAZ(q) in Figure 1b-d,f
visualizes the sensitivity to only a single structural param-
eter, R(X—X) and R(X---X), respectively. In the same way,
Figure 2b represents the sensitivity to only a single struc-
tural parameter of R(C---C). For the reaction of X,—X + X,
gAZ(q) for a single structural parameter is enough. On the
contrary, the reaction of X—X—X---X has two structural
parameters, R(X—X) and R(X---X), and thus qAZ(q) for a
single structural parameter is not enough. In this case, to
quantify the sensitivity to R(X—X) instead of R(X---X), gAZ
(@) needs to be calculated for R(X—X). For this purpose,
we also estimated gAZ(q) for RX—X) = 2.5 A with
Ar = 0.1 A where R(X-—-X) was fixed at 5 A. Figure 1g
shows the corresponding gAZ(q). At this point, naturally,
we consider a method to visualize the sensitivities to mul-
tiple structural parameters simultaneously. For this rea-
son, we devised such a method described in the
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(a) gAS(q) for C,—C,,_1 + C, with n = 20, calculated for R(C---C) from 1.0 A to 4.0 A of the dissociating C---C pair in C,,. RCC—C) of nearest

C—C pairs in C,, and in C,,_; except for C---C is fixed at 2.5 A. (b) gAZ(q) for R(C---C) in C,, for the reaction C,—C,_; + C, for n = 20. gAZ(q) is calculated
for four different R(C---C)’s, 1.0, 2.0, 3.0, and 4.0 A, with Ar = 0.1 A. R(C—C) is fixed at 2.5 A as in the case of (a). (c) gAZ(qg) for R(C---C) in C,, for the
reaction C,—C,_; + C, for n = 2-30. gAZ(q) is calculated for R(C---C) = 2.5 A with, Ar = 0.1 A. R(C—C) is fixed at 2.5 A. The resulting gAZ(q)'s are
identical for n = 2-30, showing that gAZ(q) does not depend on the size of the molecule, (d) gAZ(q) for R(X:--X) of the dissociating X---X pair in X,, for
the reaction X,—Xn_1 + X (X = H, C, Cl, and 1), with n = 20. gAZ(q) is calculated for R(X---X) = 2.5 A with Ar = 0.1 A. R(X—X) is fixed at 2.5 A

following section. Nevertheless, we note that qAZ(q) is
certainly useful for visualizing the sensitivity of the signal
to a structural parameter of interest, as a function of g as
exemplified in Figures 1 and 2.

Sensitivity of gAS(q) to the changes of
atomic positions and structural parameters

The concept of the sensitivity plot

The TRXL signal sensitively changes in response to the
structural changes associated with a reaction. All atoms in
the reactant and product molecules contribute to the
TRXL signal with a different degree depending on its
x-ray scattering factor, and as a result, the sensitivity of
the internuclear distance to the TRXL signal varies
depending on the corresponding atoms. To quantitatively
visualize the sensitivity of atomic positions and inter-
nuclear distances to the TRXL signal, we first checked
how the atomic position and the internuclear distances
quantitatively affect the TRXL signal. Then, we plotted the
results in the form of a sensitivity plot on the drawing of
the molecular structures of reactant and product mole-
cules. In the sensitivity plot, the sensitivity of the atomic

position is visually indicated with the size of the radius of
the atom and that of the internuclear distance with the
color of the line representing the internuclear distance.

This concept of the sensitivity plot was introduced in
a recent publication.4 In this scheme, the difference scat-
tering curve (AS.£(q)) arising from a reaction of interest
(e.g., the change from a reactant to a product) is calcu-
lated and used as a reference. Then, the degree of change
in the difference scattering curve with reference to
(ASref(q)) upon the modification of the atomic position
or internuclear distance of the participating molecules
(e.g., a reactant and a product) is evaluated. The evalu-
ated quantities for various atomic positions or inter-
nuclear distances are then averaged and used to draw a
sensitivity plot. Here, instead of this scheme, we propose
that the concept of gAZ(qg) can be used to draw a sensitiv-
ity plot, as explained in the following.

Sensitivities of gAS(g) to internuclear distances

To quantify the sensitivity of an internuclear distance, we
modified the structure by changing the internuclear dis-
tance by Ar from the equilibrium distance, while the
other internuclear distances are fixed to the reference
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distances, as shown in Figure 2 for the calculation of gAZ
(g) for the reaction of a multiatomic molecule. To quantify
the dissimilarity between the reference difference scatter-
ing curve and the difference scattering curve calculated
from the modified structure, of which an internuclear dis-
tance is changed, we can calculate gAZ(g) and use it to
quantify the relative sensitivity (RS) of the target inter-
nuclear distance. In this way, gAZ(q) is calculated for all
relevant internuclear distances. Here, we set Ar, the struc-
tural variance of the internuclear distance, to be 0.1 A.

In most cases, we are interested in the sensitivity at
the overall g range instead of a specific g. In this case,
gAZ(g) can be summed up for all g values. Then > (gAZ
(@) values are scaled to yield the RSs by setting the maxi-
mum sensitivity for the internuclear distance to be unity.
The RSs of the internuclear distances are shown by the
color gradient of lines, where the darker color represents
the higher RS of the internuclear distance. For example,
using this scheme, the RSs of the internuclear distances
were calculated for the reaction of X—X—X---X. Figure 3
shows the sensitivity plot drawn based on this scheme.
The RS is visualized by the color used to indicate the
corresponding internuclear distance. The darker color is
used for the larger RS. If RSs at a specific g need to be

|-i1 (x 1500)|-'|2

C O
C, %50 ¢,

000 N

0 0.25 0.75 0
Relative sen5|t|V|ty of atomic posmon

0.25

Relative sensitivity of |nternuc|ear dlstance
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visualized, then gAZ(q) at the specific g instead of > (gAZ
(g)) can be used to calculate RSs.

Sensitivities of gAS(g) to atomic positions

The sensitivity to the atomic position is evaluated in a
similar way to that used for evaluating the sensitivity to
the internuclear distance. Each atom in the molecules
involved in the reaction of interest is shifted from its ref-
erence position, and qAZ(q) is calculated to quantify the
dissimilarity between the reference difference scattering
curve and the difference scattering curve calculated from
the modified structure, in which an atom is translated by
r;. For shifting the atomic position, we used the evenly
spaced coordinates generated by the spiral method
described in the previous work. Specifically, we generated
300 different structures with varying the position of the
atom. For each structure, the position of the atom in the
structure is translated by r;(Ar,6;,¢;), which is the coordi-
nate of the jth point sampled on the surface of a sphere
with radius Ar by using the spiral method. The coordinate
of the jth point sampled by using the spiral method is
given by the following equation:
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aH,H,eC,C,aCl,Clyl,l,
T
210° v o v
2 1
= A 1 A
12}
© 5102 |
» L4 1 °
o 1
2 !
& 10° !
© L] 1 n
© & !
1

Reactant Product

Internuclear Distances
= H;-H, ¢ C,-C, 4 CL,-Cl, v 1,1,

2z 10° v o v
2 1
3 S A
102
% 10 L4 : °
I 1
> 1
& 10 !
g | e
1
0.75 L
Reactant Product

FIGURE 3 Sensitivity plots for the reaction of X—X— X---X in the gas phase for various types of atoms (X = H, C, Cl, and I). In the sensitivity plots,
the larger radius represents the higher sensitivity of the atomic position, and the darker color represents the higher sensitivity of the internuclear
distance. The sensitivity was evaluated by the degree of change of the difference x-ray scattering curve upon altering each atomic position or
internuclear distance. To quantitatively estimate the sensitivity, first, gAZ(q)'s are calculated for the atomic positions and internuclear distances of the
reactant, X—X, and product, X---X. Then, gAZ(q)'s are summed up for all g values to yield >"(qAZ(q)). The > (qAZ(q)) values were scaled to yield the
relative sensitivity (RS) by setting the maximum sensitivity for the atomic position or internuclear distance to be unity. Here, the > (qAZ(q)) values for
the position of the iodine atoms or the internuclear distance of R(I—I) are the maxima, and thus the sensitivities for the cases of other atoms are scaled
with respect to those of the I, case. The RSs are calculated for the molecular structures of the reactant and product with R(X—X) = 2.5 A and R(X---

X) = 3.0 A. The shift of atomic positions or internuclear distances with an amplitude of 0.1 A, that is, Ar = 0.1 A, is used to calculate RSs. The numbers
in parentheses indicate the multiplication factors, without which the circles to represent the RSs are too small to be visible due to their low
sensitivities. Because those for H,, C,, and Cl, are too small, their RSs are multiplied by the factors shown in the figure. Internuclear distances with RSs
below a certain threshold are not shown for simplicity. The scatter plots represent the RSs of the atomic positions and internuclear distances
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2j—1—
0; = arccos (jfj) (5)

=) ©

where J is the total number of the coordinates on the
spiral of the sphere and j = 1, 2, ..., J. Here, Ar, the struc-
tural variance of the atomic position, of 0.1 A and J of
300 were used for this simulation. gAS{q)s are calculated
using 300 structures generated by the spiral method, and
qAZ(q) is calculated using qAS/(qg)s. As in the case of the
internuclear distances, qAZ(g) or Y (qAZ(qg)) values are
scaled to yield the RSs by setting the maximum sensitivity
for the atomic position to be unity. By setting the maxi-
mum sensitivity for the atomic position to be unity,
the sensitivities to the atomic positions are scaled to
yield the RSs. Figure 3 shows the sensitivity plots drawn
based on this scheme for the reaction of X—X—X---X. The
RS is visualized by the radii of circles representing
the atoms. In other words, the larger radius represents
the higher sensitivity of the atomic position. The whole
g range of 0-30 A~ is used for Figure 3. To check the
dependence of the sensitivity plots on g, we also draw
the sensitivity plots at three g values of 0.5, 7.0, and
30 A" in Figure 4a—c.
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FIGURE 4 Sensitivity plots for the reaction of X—X—X-—X in the gas phase (X = H, C, Cl, and I), at three g values of (a) 0.5 A’

(c) g=30A" (d)

The plots reveal that the sensitivities depend signifi-
cantly on the g value as well as the constituting atoms.
The relative importance of heavier and lighter atoms is
higher at the larger and smaller g, respectively. The
g-dependent gAZ(q) and summed gAZ(q) can offer differ-
ent and complementary information on the sensitivity.
The g-dependent qAZ(g) would be useful for determining
the g range that should be included for the analysis for a
specific purpose. For example, it can be inferred that the
low g region should be included for the analysis of H; to
increase the sensitivity since the RS of the H atom is
larger in the low g region, as shown in Figure 4. On the
other hand, the summed gAZ(q) quantitatively shows to
which structural parameters the TRXL signal measured for
a given g range is sensitive. In other words, the summed
gAZ(q) shows which structural parameters among numer-
ous structural parameters of a molecule can be reliably
retrieved from the TRXL signal measured for the given
g range (Figure 3).

Sensitivity plots for the solution phase

Now, we consider how gAZ(q) behaves for the TRXL data,
which contain the cage term and solvent heating term as
well as the solute-only term, which corresponds to the
gas-phase signal. First, we consider the simplest case
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(€) 30 A", The relative sensitivities (RSs) are calculated for the molecular structures of the reactant and product with R(X—X) = 2.5 A and R(X———

X) = 3.0 A. Ar=0.1 Ais used for the calculation of relative sensitivities both for the atomic position and internuclear distance. (d) Scatter plots of the
RSs of the atomic position and internuclear distance. For the sake of simplicity, only the reactants are displayed by omitting the products. For each
case of g, the maximum RS, which is with the | atoms and the |-l internuclear distances, is set to be unity. The numbers in parentheses indicate the
multiplication factors, without which the circles to represent the RSs are too small to be visible due to their low sensitivities. The plots reveal that the
RSs depend significantly on the g value as well as the constituting atoms. Please note that the RSs are calculated just at the g value specified on the
top of the figure, not for a range of g. For example, the RSs plotted in Figure 4c are calculated just at the g value of g = 30 A, not at the range of

g values of g =0-30 A’
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considered in the previous section, X,—X + X, in various
solvents (methanol, cyclohexane, water, and acetonitrile).
As explained earlier, MD simulations are needed to calcu-
late the cage term. Here, since the accuracy of the cage
term is not important, we used an approximate method
developed to calculate the cage term conveniently. This
method is based on approximating the atoms as hard
spheres. In this way, g(r) can be expressed in a simplified
mathematical form without MD simulations. The solvent-
only term was generated using Equation (2). The two
basis differentials, (05/JT), and (9S/dp)r, are well known
for common solvents.”> AT and Ap were estimated using
the approximate method employed in S-cube.’’ Here, we
note that the quantitative determination of the degree of
sensitivity of the cage term and the solvent term is not as
straightforward as of the solute-only term. This is because
the two terms, cage term and solvent term, cannot be
directly expressed as a function of the molecular structure
of solute, in contrast to the solute-only term, which is sim-
ply expressed as a well-known Debye function. Neverthe-
less, to evaluate the RS of the solvent term and the cage
term with respect to the solute-only term, we introduced
an indirect method, where the RSs of the cage and sol-
vent terms are estimated from their relative signal ampli-
tudes with respect to that of the solute-only term. More
specifically, the RSs of the cage term and solvent term
were estimated as follows. First, to estimate a general
relationship between the signal amplitude of each of the
three terms (solute-only term, cage term, and solvent
term) and sensitivity, we examined how the signal ampli-
tude of the solute term is related to the sensitivity. For
that purpose, we prepared five pseudo reactions and cal-
culated the difference scattering curve and sensitivity for
each pseudo reaction. For the pseudo reactions, we con-
sidered replica reactions where all the elements in the
reactants and products are replaced with different ele-
ments. For a reaction Hgl,—Hgl + | as an example,>® we
calculated the difference scattering curves for each of
the following reaction: (1) H—H—H—H—H +H,
2) —CC=CC+C (3 d-d-Cd-=a-C+d,
(4) Br—Br—Br—Br—Br + Br, (5) I—I—I—I—I + I. After that,
by inspecting how the amplitude of the signal, especially
that of the solute term, is related to the sensitivity for
each pseudo reaction, we generated an equation to cal-
culate the sensitivity from the signal amplitude. We calcu-
lated the area under the curves (AUC) of those five
difference scattering curves using the following
equation:

AUC= JIqAS(q)qu (7)

When we plotted the calculated AUC versus sensitiv-
ity, the plot showed that there is a strong positive correla-
tion between the AUC and the sensitivity (data not
shown). In fact, we found that the sensitivity can be nicely
described using the AUC using the following equation:

KOREAN CHEMICAL SOCIETY

log,,(sensitivity) = a(logm(AUC))2 +b(log;o(AUQC)) + ¢
(8)

Using the five AUCs and sensitivities for the five
pseudo reactions, we optimized the parameters g, b, and
¢. Then, we used Equation (8) with the determined param-
eters to estimate the sensitivities of the cage and solvent
terms of the target reaction, for example, Hgl,—Hgl + | in
this case. The AUC of the cage and solvent terms of the
target reaction were calculated using S-cube. Finally, from
the AUCs of these terms, we estimated the sensitivities of
the cage term and the solvent term based on Equation (8),
and RSs were calculated using the sensitivity values by
normalization of the values with respect to the highest
sensitivity value of the reaction. It should be noted that
the parameters in Equation (8) need to be determined for
each target reaction, following the approach
described here.

Figure 5a shows the sensitivity plots of X,—X + X for
the solution phase. Two solvent molecules are indicated
as circles to represent the RSs of the cage term and the
solvent-only term, respectively. Figure 5b,c shows the
sensitivity plots of X—X—X--X and X,— X,_; + X
(X =H, C,Cl, and I), with n = 20, respectively, for the solu-
tion phase. In all three reactions, the contributions from
the cage and solvent-only terms are comparable to the
solute-only term only for the case of X = I. In the cases of
other atoms (X = Cl, F, and H), the solute-only and cage
terms become negligible, and only the solvent-only term
is significant. The sensitivity plots of the reactant for
X;—X + X and X—X—X---X are quite similar, but the sen-
sitivities of the cage term show a considerable difference.
The considerably larger cage sensitivity of X,—X + X than
that of X—X—X---X is caused because the change of the
cage structure is much larger in the former reaction than
in the latter case. To also check how the sensitivity plots
depend on different solvents, the sensitivity plots for
X—X—X---X (X = |) for various solvents (methanol, cyclo-
hexane, water, and acetonitrile) are compared (Figure 6).
The RS of the solvent term shows noticeable dependence
on solvents. For example, among the four solvents tested
here, the cyclohexane case has the largest sensitivity to
the solvent term.

Finally, Figure 7 lists sensitivity plots for several repre-
sentative reactions studied by TRXL. Here, the sensitivities
of all reactions are plotted on the common scale so that
the sensitivities among different reactions can be easily
compared. Also, for the sake of comparison, the concen-
tration of the solute species of all reactions is set to be
the same at 10 mM. Since the two | atoms in Hgl, and the
two Hg-l internuclear distances in Hgl, of the reaction of
Hgl,—Hgl + | have the largest sensitivities, their sensitivi-
ties are set to be unities.”® In general, the sensitivities of
the atomic positions of the light atoms (C, N, and H) are
low. For example, the atomic positions of C and N of [Au
(CN)5 13 (Sp)—[AU(CN), 13 (T;") have small sensitivities of
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FIGURE 5 Sensitivity plots for (a) X,—X 4+ X and (b) X—X—X---X, and (c) X,—X,_1 + X (X =H, C, Cl, and 1), with n = 20, for the solution phase

(in methanol). The relative sensitivities (RSs) are calculated for the molecular structures with (a) R(X—X) = 2.5 A, (b) RX—X) = 2.5 A and R(X-—-X) = 3.0 A,
and (c) R(X—X) = 2.5 A for all nearest X—X pairs. Ar = 0.1 A is used for the calculation of RSs both for the atomic position and internuclear distance. For
the sake of simplicity, only the reactants are displayed by omitting the products. For each case, the maximum sensitivity, which is with the positions of
| atoms and the |l internuclear distances, is set to be unity. The numbers in parentheses indicate the multiplication factors, without which the circles
to represent the sensitivities are too small to be visible due to their low sensitivities. Internuclear distances between atoms forming bonds are
indicated in solid lines, and those without bonds are in broken lines. The scatter plots represent the RSs of the atomic positions and internuclear
distances. The g range of 1-8 A" is used for the calculation of sensitivity plots

less than 5% compared to the atomic positions of the
Au.”" A notable point from the inspection of RSs for the
various reactions is that the RS for the position of an atom
is exceptionally small for the atoms located at the center
of a symmetric molecule (e.g., Au, of [Au(CN), 15 (T,")
shown in Figure 7f and Fe of [Fe(bpy)s]*" and [Fe
(bpy)s]** shown in Figure 7g). This insensitivity for the
position of an atom, for example, Fe of [Fe(bpy)s]*>", arises
because the TRXL signal is indeed insensitive to the posi-
tion of the atom: in the case when the position of the Fe
atom is displaced from the symmetric center of the mole-
cule to elsewhere, the TRXL signal can detect that such a
displacement occurred; however, the direction of the dis-
placement of the position of Fe atom cannot be

discriminated from the TRXL signal because, for example,
the TRXL signal is the same whether the Fe atom is
moved upward, downward, leftward, or rightward.

Sensitivity plots for determining the optimal
g range

As mentioned earlier, the motivation for devising the
metric gAZ(q) is a need for a reasonable, quantitative
determination of the optimal experimental condition. The
key in determining the optimal experimental conditions
is to determine the optimal g range to be examined. Once
the optimal g range is identified, the experimental
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FIGURE 6 Sensitivity plots for X—X—X---X (X = ) for the solution phase with various solvents: (a) methanol, (b) cyclohexane, (c) water, and

(d) acetonitrile. The relative sensitivities (RSs) are calculated for the molecular structures with RX—X) = 2.5 A and R(X-—-X) = 3.0 A. Ar = 0.1 A is used
for the calculation of relative sensitivities both for the atomic position and internuclear distance. (e) Scatter plots of the RSs of the atomic position and
internuclear distance. For the sake of simplicity, only the reactants are displayed by omitting the products. For each case, the maximum sensitivity,

which is with the positions of | atoms and the Il internuclear distances, is set to be unity. The g range of 1-8 A~

sensitivity plots

parameters such as sample-to-detector distance and x-ray
photon energy can be optimized according to the pre-
determined g region and the size of the available detec-
tor. For the ideal case where one can obtain clean data
free from any experimental noise, a g range as wide as
possible would be better. This is because the data in a
wider g range provide richer structural information and
thus would result in a better structural resolution. In real-
ity, the experimental data contain noise, and the higher
the g, the larger the noise level and the weaker the signal
strength. Therefore, it is inevitable to compromise the
g range in order to conduct the experiment efficiently
within limited beamtime: it is required to cover a g range
as wide as possible within the region where the signal is
not overwhelmed by noise.

For that purpose, here we propose a criterion for
determining the optimal g range based on gAZ(q): the
optimal g range is the region where AZ(q), which is gAZ
(g) divided by g, is larger than the expected noise level of
the experiment (cexp(q)). In other words, the optimal
q range is the region where gAZ(q) is larger than c,,(q)
multiplied by g (that is, goexp(q)). This criterion is devised
based on the traditional method of determining whether
the experiment is feasible by comparing the noise and
signal levels expected for the experiment.®’ Such a tradi-
tional criterion assumes that data measured at a g point
would be meaningful only when the signal amplitude is
larger than the amplitude of the noise. Likewise, the
criteria we propose here are based on the following
assumption: a signal measured at a g point is meaningful
only when the degree to which the signals of the differ-
ent structures differ (i.e, represented quantitatively by
the measure, gAZ(q)) is large enough to overcome the
noise level of the experiment. This assumption also

Vs used for the calculation of

means that AZ(qg) sets the upper limit of the experimental
noise level, 6es(q), Necessary for detecting the target
structural change. It should be noted that the amplitude
of gAZ(q) is dependent on the structural variance, Ar, of
the structural parameter. We suggest that if there is a
desired level of structural resolution, for example, x A
resolution of a specific structural parameter, to be
achieved for the experiment, the optimal g range can be
calculated by taking into account the desired level of the
structural resolution. More specifically, by comparing
Goexp(q@) With gAZ(q) calculated under the degree of
structural variance Ar = x A, one can determine (1)
whether it is feasible to retrieve the structural parameter
from the experiment with the desired level of the struc-
tural resolution, and (2) what is the optimal g range for
the experiment.

Based on the criteria, here we demonstrate an exam-
ple showing how the optimal g range can be determined.
In Figure 8, we compared qAZ(q) of the reactions X,—X
4+ X (X = H, C Cl, and 1) in the solution phase with
G0exp(q). For the estimation of gAZ(q) and goeyp(q), we
assumed that 10 mM of X, with R(X—X) of 2.5 A dissolved
in cyclohexane is converted to yield 20 mM of product, X,
and the data are collected at the ID09 beamline of ESRF.
Then, gAZ(qg) was calculated assuming the structural vari-
ance (Ar) of RX—X) of 0.1 A. Following the criteria, the
optimal g region can be determined to be the region
where gAZ(q) is higher than goe,,(q). Here, it should be
noted that goe.(q) is dependent on the experimental
parameters, especially on the data accumulation time,
because the signal-to-noise ratio (SNR) of the data is
dependent on the number of scattering images collected
per a time delay.”’ Accordingly, the optimal g range of
the experiment is dependent on the accumulation time.



386 | BULLETIN OF THE
KOREAN CHEMICAL SOCIETY

JEONG T AL

To demonstrate this point, we estimated Goeyp(q) by vary-
ing the number of scattering images (50 and 1000
images) collected per time delay, with the assumption
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FIGURE 7 Legend on next page.

that the exposure time for each image is 1.5 s, and com-
pared the estimated goe(q) with gAZ(g). In addition,
because gAZ(q) calculated for a structural parameter is
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FIGURE 8 (a) Comparison of gAZ(q) and goexp(q) for the reactions X,—X + X (X =1, Cl, C, H) in solution. gAZ(q) is calculated for R(X—X) with
Ar=0.1A Goexp(q) is estimated assuming 50 and 1000 difference scattering images are accumulated for each data with 1.5 s exposure time for each
image. It is assumed that 10 mM of X, dissolved in cyclohexane undergoes the reaction to yield 2X and R(X—X) is 2.5 A. (b) Comparison of gAZ(g) and
Goexplq) for the reaction Cl,—Cl 4 Clin solution. Here, gAZ(q) is calculated under two different degrees of structural variances of R(CI—Cl), Ar = 0.1 A
and Ar = 0.7 A. The other conditions are the same as those for (a). (c) Comparison of gAZ(q) and goe,,(q) for the reaction [Fe(bpy)3]2Jr — [Fe
(bpy)s]*"*.2° The superscript * indicates an electronic excited state. For the reaction, it is assumed that the electronic transition accompanies Fe—N
bond elongation from about 1.96 Ato2.10A. gAZ(q) (black solid line) is calculated for R(Fe-N) of [Fe(bpy)3]2+* with 0.1 A structural variance. Goexp(q) is
estimated assuming that 50 mM of [Fe(bpy)g,]2+ dissolved in water undergoes the structural change. goe,,(q) for 50 (red solid line) and 1000 (red solid

line) accumulated images are estimated assuming that exposure time for each difference scattering is 1.5 s

dependent on the degree of structural variance of the
structural parameter, we calculated the qAZ(q) with vary-
ing the structural variance.

As shown in Figure 8a, when a small number (50) of
images are collected per a time delay, goe,p(q) is always
higher than gAZ(q) of the reactions X,—X + X except for
the case of X = I. This comparison directly shows that 50
images per time delay is not enough to resolve the struc-
tural change of Cl,, C,, or H,. For the reaction l,—I + 1,
qAZ(q) is higher than goe,p(q) throughout the examined
region (g = 0.5-9 A™"), indicating that all the examined
regions fall within the optimal g range. When a larger
number (1000) of images are collected per time delay, the
signal from the reaction Cl,—Cl + Cl also can be obtained
with a quality sufficient to resolve the structural change
of Cl,. For the experiment, the optimal g range would be
about g < 8.9 A", sStill, the quality of the signal is insuffi-
cient for the reactions C,—C + C and reactions H,—H
+ H. Figure 8b shows how the optimal g range changes
depending on the desired level of the precision of the
structural analysis. For the reaction Cl,—Cl + Cl, if the
goal of the experiment is to retrieve the CI—Cl distance

with an accuracy of about 0.1 A (the corresponding gAZ
(@) is shown in a blue solid line), the data obtained by
accumulating 50 difference scattering images would not
be of quality high enough to achieve the desired struc-
tural resolution because the large experimental noise
(goexp(q), represented by red solid line) would make it
impossible to discern the difference in the experimental
signal due to the structural change of the order of 0.1 A
(blue solid line). To distinguish the desired difference in
the TRXL signal, one needs to accumulate as many
images as 1000. However, if the goal of the experiment is
rather to roughly estimate the structural parameter, for
example, the CI—Cl distance with an accuracy of 0.7 A (the
corresponding qAZ(q) is shown in a turquoise solid line),
such a goal can be achieved with the data obtained by
accumulating only 50 difference scattering images. The
optimal g range is also highly dependent on the desired
level of structural precision. When the goal of the experi-
ment is a rough estimate of the molecular structure (tur-
quoise solid line in Figure 8b), the qAZ(q) significantly
diminishes at the high-q region (g > 7 A™"), indicating that
it is less desirable to cover the high-g region. However,

FIGURE 7 Sensitivity plots for various representative reactions studied with TRXL. (a) Hgl,—Hgl + I in methanol.>® (b) HgBr,—HgBr + Br in

methanol.?*>? (c) CH,l,—CH,l + 1 in methanol.?%”> (d) C,H,l,—bridged-CoHal + | in cyclohexane.”3 (e) CoF4l,—anti-CoF4l + 1in cyclohexane.® (f) [Au
(CN); 715 (So)—[AU(CN), 15 (T") in water.”" (g) [Fe(bpy)s]*" (R(Fe-N) = 1.96 A)—[Fe(bpy)s]*>"* (R(Fe-N) = 2.10 A) in water.”® Here, the sensitivities of all
reactions are plotted on the common scale so that the sensitivities among different reactions can be easily compared. Ar = 0.1 A is used for the
calculation of relative sensitivities for both the atomic position and internuclear distance. Since the positions of two | atoms in Hgl, and the two Hg-I
internuclear distances in Hgl, of the reaction of Hgl,—Hgl + | in (a) have the largest sensitivities among all reactions considered here, their sensitivities
are set to be unities. Internuclear distances between atoms forming bonds are indicated in solid lines, and those without bonds are in broken lines.
Internuclear distances with sensitivities below a certain threshold are omitted for simplicity. We note that the sensitivity is dependent on the
concentration of the solutes participating in the reaction. For the sake of comparison, the concentration of the solute species of all reactions is set to
be the same at 10 mM. The 1D scatter plots represent the relative sensitivities (RSs) of the atomic position and internuclear distance with a log scale.
The g range of 1-8 A~ is used for the calculation of sensitivity plots. Since all the atoms corresponding to each element showed similar values of RS in
(9), the average value of the RSs for each element is expressed as a point in the scatter plot, and the standard deviation of the RSs for each element is
expressed as an error bar
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when determining the molecular structure with a higher
precision (black solid line in Figure 8b), the gAZ(q) of the
high-g region becomes similar or even larger than that of
the low-qg region, implying that it is desirable to cover the
high-g region.

The criterion for determining the optimal g range,
which we propose in this work, is applicable not only to
the reaction of simple molecules, such as X,—X + X
shown in Figure 8a,b, but also to the reaction of compli-
cated molecules, such as organometallic complexes. Here,
we also show an example with more complex molecular
geometry, namely, [Fe(bpy)s]*" dissolved in water (See
Figure 8c). For this molecule, we estimated gAZ(q) and
G0exp(q) assuming that 50 mM of [Fe(bpy)s]*" dissolved in
water is photoexcited to its high spin state and the data
are collected at the ID09 beamline of ESRF with the expo-
sure time per image of 1.5 s. We assume that the spin-
state transition accompanies Fe—N bond elongation from
about 1.9 A to 2.1 A°® The result shows that to resolve
the Fe—N distance in the short-lived excited state with
about 0.1 A resolution, one needs to obtain a large num-
ber, about 1000, of images. And in that case, the optimal
g range would be from g = 0.5 A~ or smaller to about
g=62A".

CONCLUSION
Summary and outlook

In this work, we introduced a systematic method to quan-
tify and visualize the sensitivities of the atomic positions
and the internuclear distances to the TRXL signal, even as
a function of g if desired. The devised sensitivity plots
should facilitate easy estimation of the relative contribu-
tions of three components constituting the TRXL signal
(the solute-only term, the cage term, and the solvent-only
term), thereby making it possible to examine whether the
expected TRXL signal from a target molecular system is
sensitive enough to the atomic positions and internuclear
distances of interest compared to other atomic positions
and internuclear distances. In addition, the sensitivity
plots as a function of g should aid in determining the
optimal g range, x-ray energy and sample-to-detector
distance for the experiment so that the beamtime, which
is generally highly competitive, can be used to produce
the maximum output.

The consideration of gAZ(q) confirms that for a certain
target reaction, the maximum g of the optimal g range
exceeds 9 A~", depending on the experimental parame-
ters such as the exposure time and the number of accu-
mulations per time delay. In this regard, it is notable that
recently, x-ray facilities such as the european synchrotron
radiation facility (ESRF) or the linac coherent light source
(LCLS) are providing, or planning to provide, high-energy

x-rays up to ~25 keV, which can extend the accessible
g range of the TRXL experiments to an unprecedented
level, for example, up to 15 A~". Definitely, accessibility to
such a high-g range would provide a new opportunity to
the users of the TRXL experiment. Nevertheless, the use
of such a high-energy x-ray is not always beneficial: it
depends on the goal of the experiment and the reaction.
Accordingly, it will be crucial to decide which x-ray
energy, for example, 25 keV or 12 keV, is optimal for the
goal of the experiment, and our proposed gAZ(q) metric
should aid in determining the optimal x-ray energy.

We note that in principle, the proposed method
should be applicable to not only TRXL but also other scat-
tering methods such as ultrafast electron diffraction®*?¢~
8 and femtosecond x-ray scattering in the gas phase.

Distribution

We import and distribute the function to plot the sensitiv-
ity presented in this work as a MATLAB app, S-cube, which
can simulate the TRXL data and has already been distrib-
uted by Kim et al.”’ The function of the sensitivity plot
presented in this work is imported to version 3.4 or a later
version of S-cube. The S-cube program (doi: 10.5281/
zenodo.3637919) is distributed in https://zenodo.org/
badge/latestdoi/207274974 as well as the GitHub reposi-
tory (https://github.com/Jkim9486/Scube).
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