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Fundamental studies of chemical reactions often consider the molecular dynamics
alongareaction coordinate using a calculated or suggested potential energy
surface'™. But fully mapping such dynamics experimentally, by following all nuclear
motionsin atime-resolved manner—that is, the motions of wavepackets—is
challenging and has not yet been realized even for the simple stereotypical
bimolecular reaction®®: A-B+C > A+B-C. Here we track the trajectories of these
vibrational wavepackets during photoinduced bond formation of the gold trimer
complex [Au(CN), ];inan aqueous monomer solution, using femtosecond X-ray
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liquidography

with X-ray free-electron lasers™™, In the complex, which forms when

15,16

three monomers A, Band C cluster together through non-covalent interactions™*,
the distance between A and Bis shorter than that between B and C. Tracking the
wavepacket in three-dimensional nuclear coordinates reveals that within the first

60 femtoseconds after photoexcitation, a covalent bond forms between Aand B to
give A-B+C. The second covalent bond, between B and C, subsequently forms within
360 femtoseconds to give alinear and covalently bonded trimer complex A-B-C.
The trimer exhibits harmonic vibrations that we map and unambiguously assign to
specific normal modes using only the experimental data. In principle, more intense
X-rays could visualize the motion not only of highly scattering atoms such as gold but
also of lighter atoms such as carbon and nitrogen, which will openthe door to the
direct tracking of the atomic motions involved in many chemical reactions.

The [Au(CN), ]1;complex serves as a valuable model system for study-
ing photoinitiated processes in solution. Irradiation with ultraviolet
light excites [Au(CN), 1, from its ground state (S,) to the singlet state
(S, whichwithin 20 fsundergoesintersystem crossing toreachatriplet
excited state (T))V. A further transition from T to another triplet excited
state (T,) thenoccurs with a time constant of about 1-2 ps, completing
the formation of covalent bonds and transformation of the complex
from abent toalinear structure®”® (see Supplementary Information
for details of the notations of electronic states).

Formation of the bonds could involve any of the three possible can-
didate trajectories sketched in Fig.1b. The equilibrium structure in the
ground state determines the position of the Franck-Condon (FC) region
in the excited state; the excited-state wavepacket created in the FC
region can be considered as the reactants (A + B + C) of the reaction.

This wavepacket moves towards the equilibrium structure of T{, which
is the product (A-B-C) with two equivalent covalent Au-Au bonds.
Using three-dimensional nuclear coordinates Rz, Rgcand R,, if the FC
regionislocated at the point at which R,y is shorter than R, the short-
est pathway connecting the FC region and the equilibrium structure
of Tis path 2, corresponding to the concerted bond formation. Alter-
natively, two covalent bonds can form sequentially in time (that is,
asynchronously), asin path1and path 3, which differ only by the order
in which covalent bonds are formed: path 1 represents a pathway in
which the covalent bond between A and B is formed first, and path 3
represents the case in which the bond between B and C is formed first
(Fig. 1c). To determine the position of the FC region and whether the
reaction trajectory involves concerted or asynchronous bond forma-
tion, theinitial motions of the wavepacket starting from the FC region
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Fig.1|Schematics of the mechanisms for reactionsinvolving three atoms
and twobonds. a, Arepresentative reaction trajectory for A-B+C~>A+B-C.

b, Representativereaction trajectories for A+B+C~> A-B-C.¢c, Candidate
pathways of the reactioninb. Path 2 represents a pathway whereby the two
covalent Au-Aubonds are formed simultaneously, corresponding to a
concerted bond formation mechanism. Path1and path3represent pathways
whereby the two bonds are formed sequentially in time, corresponding to an
asynchronous bond-formation mechanism. Path1and path 3 are distinct,
depending onwhichbond is formedfirst, as described in the text. To determine
thereaction pathway, theinitial motion of the wavepacket must be tracked.

on a multidimensional potential energy surface (PES) need to be
observed directly—something not achieved in previous studies (see
Extended Data Fig.1for details).

Femtosecond electronand X-ray scattering and X-ray absorp-
tion spectroscopy'®??® have both the structural sensitivity and the
temporal resolution needed for probing ultrafast changes of molecular
structure in real space and real time. They have been used to observe
vibrational motions'®?-2+2%28 byt mostly to observe diatomic mol-
ecules that have only asingle nuclear coordinate or polyatomic mole-
cules that were approximated as pseudo-diatomic species. This reflects
the challenging nature of tracking wavepacket motions in the multidi-
mensional nuclear coordinates of polyatomic molecules.

We accomplished this task using time-resolved X-ray liquidography
(TRXL)®"%2, also known as time-resolved X-ray solution scattering.
Time-resolved difference scattering curves, gAS(q, t), for the
momentum-transfer vector g = (41/A)sin(26/2), where 1is the X-ray
wavelength and 26 is the scattering angle, and a measurement time ¢,
areshownin Extended DataFig. 2a. Details of experimental procedures
and dataanalysis are described in Methods and Supplementary Infor-
mation. The temporal changes of gAS(q, t) can be determined from the
first two right singular vectors (RSVs) obtained from a singular value
decomposition (SVD) of gAS(qg, t). The two RSVs are well fitted by an
exponential function withatime constant of 1.1+ 0.1 ps (mean +s.e.m.),
whichis related to the Tj-to-T, transition’, convoluted with the instru-
ment response function, IRF(¢) (Extended Data Fig. 2c). Apart from
these population kinetics, oscillations are observed inthefirst to fourth
RSVs (Extended Data Fig.2d). To analyse the oscillations in more detail,
we extracted the oscillating components from the experimental
qAS(g, t) by subtracting the contributions of the T{-to-T, transition and
the solvent heating, yielding residual difference scattering curves
GAS,qiqua(q, £). The two-dimensional gAS, . qua(q, ) curveinthe g domain
and the tdomain provides direct information on the time-dependent
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molecular structure and eventually enables us to track the motions of
the wavepacket in multidimensional nuclear coordinates.

Figure 2ashows gAS, a.a(g, t) measured at time delays from 1,040 fs
t02,235fs. The TRXL signal is sensitive to wavepacket motions in any
of the structurally distinct states (that s, the Sy, T;and T, states) and
wetherefore first examined which state is associated with the observed
features of the residual difference scattering curve. As detailed in Meth-
ods and Supplementary Information, the best fits shown in Fig. 2a were
obtained by considering the ground state S, and excited state T+, indi-
cating that the residual difference scattering curves arise from
wavepacket motions on the PESs of bothS,and T;. InFig. 2b-e, we show
thetime-dependent changes of the structural parameters, R s, Ry, Rac
andthe Au-Au-Auangle, 6, obtained from the structural analysis. From
the time evolution of these structural parameters, the trajectories of
the excited-state (Fig. 3a) and ground-state (Fig. 3¢c) wavepackets can
bereconstructed in multidimensional nuclear coordinates, R,z versus
Ry versus 8, which describe the relative positions of all three Auatoms
inthe gold trimer complex. We note that these trajectories are obtained
purely on the basis of the experimental data, without recourse to
theoretical calculation, thanks to the structural sensitivity of TRXL.

The trajectories of the wavepackets occur in two distinct time
regimes: (1) the initial motion on the PES of T starting from the FC
region of S, at earlier times (¢t <360 fs), and (2) subsequent harmonic
oscillations around the equilibrium structures of T{ at later times
(t > 360 fs). At earlier times, the excited-state and ground-state
wavepackets each move on their own PES to approach their own equi-
librium structure. To examine the reaction mechanism of the bond
formation, we first inspected the initial motion of the excited-state
wavepacket with respect to the progress of the covalent-bond forma-
tion and the bent-to-linear transformation. Specifically, as shown in
Fig. 3a, the excited-state wavepacket is generated in the FC region
(Ras=3.13A, Ry =3.38A,0=119°) by aninteraction with the pump pulse
and then moves on the PES of T{towards the equilibrium structure of
T; (R =2.82A, Ryc=2.82 A, 6=180°). Along the coordinates of §, the
excited-state wavepacket in T;starts from the FC region (6=119°) and
reaches the equilibrium of T{ (8 =180°) within 335 fs, giving the time-
scale of the bent-to-linear transformation. The progress of the
covalent-bond formation can be visualized more clearly by projecting
the trajectory of the excited-state wavepacket onto the R,;—R;c plane
as shown in Fig. 3a and Supplementary Fig. 5a. The trajectory of the
excited-state wavepacket reveals that the formation of two covalent
bonds doesnotoccurinaconcerted, synchronous manner (as exempli-
fiedby path2inFig.1).Instead, R,; decreases rapidly down to the cova-
lent Au-Au bond length of the equilibrium of T; (2.82 A) at a 35-fs time
delay, and at 60 fs it becomes even shorter, reaching the minimum
length along the entire trajectory, whereas Ry remains much longer
thanthe covalent bond length (2.82 A) at those time delays (Fig. 3a and
Supplementary Fig. 5a). This trajectory at earlier times indicates that
the shape of the PES around the FC region is steeper along the R, axis
than along the Ry axis. Subsequently, Ry continues decreasing and
R, oscillates around the equilibrium bond length with a frequency of
97 cm™ until Ryc eventually reaches the equilibrium bond length at
360 fs. These observations indicate asynchronous bond formation as
inpath1, withthe covalent bond formed earlier in the Au-Au pair with
ashorter distance in the ground state.

We note that the temporal changes in Ry are correlated with the
temporal oscillations of R,;. In the time range from O fs to 60 fs, both
R,z and Ry rapidly decrease by 0.35 A and 0.16 A, respectively. In the
subsequent time range, from 60 fs to 260 fs, R, increases by 0.09 A,
whereas Ry continues to decrease, but only by 0.12 A and withamuch
lower ratethanintherange t<60fs. Then, inthetime range from260 fs
t0360 fs,both R,z and Ry decrease, by 0.03 Aand 0.25 A, respectively,
such that the rate of decrease of Ry recovers to its initial rate. This
correlation between the changesin R,; and Ry indicates that the sym-
metricstretching mode of the gold trimer complex mediates the bond

Nature | Vol582 | 25 June 2020 | 521



Article

a 1,000+
1
-500 A
U] et L i | e L ;
—_ -l &
g — e , rM w" C— ' — g_
2 0| g i -
F A A T e T A s
1,000 'g
1,500
Experiment Theoretical fits
2,000 1
T T T T T - T T T T T
2 3 4 5 6 2 3 4 5 6
q &Y q (A
b 6.0 T c d 60- So e
K 5.8+ 5.8-
584 ¥ s, . T,_#6 (79 cm™) B8 eeeereeeeeessesessseseesens . S,_#6 (32 cm™)
N 4 R T,_#12 (125 cm™) a S,_#5 (44 cm™)
LX) f‘ ° AC -» AC :‘_) 5.7
5.6 mm e "".’."?_g 5.7 ° 1
Q Y : 0 ° T H
Y % °%p Rac Y :
¢ 7 g i 5
S 34 _. 56 6 ©° g P AV A A
% o < oo %’ -'\ ¢ < 5.5
2 o i 8 ¢ 2 : 08
L 829 N s L3270  igm .
2 N £ 55 S i o B
: > ) AB >
3.0 H <|( 3.0 AR <I
. & 2 ]
: Rgc < . L <
2.8- 'A'NN’*’R—‘ ' 2.8 .‘,f
N A T AB...: 1804 ; . . .
3 ~ 6 3
§ 1501 S 3 150 ,
< ° <
120 1204t Ve
T T T 2.7 T T T T 3.0

T
0 500 1,000 1,5002,000
Time (fs)

500 1,000 1,500 2,000
Time (fs)

Fig.2|Structural analysis using residual difference scattering curves.

a, Experimental residual difference scattering curves, gAS,aua(g, t) (Ieft) and
their theoretical fits (right) obtained from the structural analysis performed
by considering wavepacket motionsinthe statesS,and T;. b, d, Top,
time-dependent Au-Au distances R ,5(¢) (black), Ryc(¢) (red) and R .. (¢) (blue);
and bottom, Au-Au-Au angle, (6, teal) of T (b) and S, (d), determined from the

formation. Detailed structural changes of the gold trimer complex
associated with the initial wavepacket motion on the PES of T{are sum-
marized in Fig. 3b.

Thetrajectory of the ground-state wavepacketinS,isrepresentedin
Fig.3candits projectiononto the R,;—Ry. planeisshowninFig.3cand
Supplementary Fig. 5b. The ground-state wavepacket is generated by
two interactions with the pump pulse, that s, via resonant, impulsive
stimulated Raman scattering®, and then within 100 fs is seen to move
inthe direction of decreasing R,; and increasing 6. This initial motion
should reflect the initial structural changes occurring in the excited
state—that is, the ultrafast bond formation and the bent-to-linear
transformation (see Supplementary Information for details). Detailed
structural changes associated with the initial wavepacket motion on
the PES of Sy are shown in Fig. 3d.
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structuralanalysis. ¢, e Magnified views of the structure at t>360 fs for T; (c)
andS, (e). The measured R ,5(£), Rpc(t) and R ,(¢) (black opencircles) are fitted
by asum of two damping cosine functions (red lines), the frequencies of which
aregivenatthetopleft. Asdescribed inthe text, specific normal modes of
Tiand S, were assigned to these oscillations of the Au-Au distances.

After theinitial motions of the wavepacketsin the ground and excited
states as described above, at later times (¢ > 360 fs) the wavepackets
oscillate around their equilibrium structures. Molecular vibrations
playanimportant partin the progress of chemical reactions by provid-
ing atomic motions along the reaction coordinates and are often dis-
cussed as key parameters in the interpretation of reaction dynamics
measured with various time-resolved spectroscopies'>**%, The tem-
poral changes of the structural parameters of Tjand S, after 360 fs are
shown in Fig. 2c, e, respectively. It can be seen that all the structural
parameters simply oscillate around their own equilibrium values, with-
out any major changes observed in the wavepacket motion at earlier
times. To characterize these oscillations at later times, we fitted R,5(¢),
Rpc() and R, (¢) of T{and S, obtained from the structural analysis with
various combinations of the vibrational normal modes, that is, the
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dots, the colours of which represent time delays given by the colour scale.
Several representative time delays, given in femtoseconds, are shown next to

symmetric stretching, asymmetric stretching and bending modes. For
T;, asum of two symmetric stretching modes with frequencies of 79 cm™
and 125 cm™ gives a satisfactory fit to the temporal changes in Au-Au
distances, as shown in Fig. 2c. Accordingly, those two oscillations at
79 cm™and 125 cm™ are assigned to two symmetric stretching modes
of T{: T._#6 (theoretical frequency, 63 cm™) and T,_#12 (theoretical
frequency, 92cm™) (see Extended DataFig. 6), respectively, identified
by density functional theory (DFT) calculations (see Methods and
Extended DataFig. 6 for details). Similarly, from the fitting of the tem-
poral changes of the structural parameters of S, asymmetric stretch-
ingmode with frequency 32 cm™and anasymmetric stretching mode
with frequency 44 cm™ wereidentified, as showninFig. 2e, and assigned
to S,_#6 (theoretical frequency, 58 cm™) and S,_#5 (theoretical

a Excited-state wavepacket
2,000 ¢ 2,000

D
>

o® 1,135

1,500 1,500

Time (fs)
Time (fs)

153
=}
S}

500

2.78 o ! oo .
2.80 : : <
3.12
282 280 8 314
'948 @ 2% 2.78 ?\%0\ A @ 3
Y 2.86 64

Fig.4 |Harmonic oscillations of the ground-state and excited-state
wavepacketsat¢>360fs.a, b Later-time (>360 fs) trajectories of the
excited-state wavepacketin T; (a) and the ground-state wavepacketin S, (b),
represented in the multidimensional nuclear coordinates R ,; versus Ry versus
time (t). The wavepacket trajectories are indicated by black curves. The
wavepacket positions at several representative time delays (givenin
femtoseconds) areindicated by red dots. The equilibrium distances of R . and
RycinT;and Sy areindicated by thered dotted linesinaand b, respectively. The
normal coordinates Q of the two symmetric stretching modes for T;, Q(T,_#6)
and Q(T,_#12) (a), and the symmetric and asymmetric stretching modes for S,
Q(S,_#6) and Q(S,_#5) (b) areindicated by blue arrows. At the end of each arrow,
therepresentative structure, with Auatoms as yellow spheres, isshown to
indicate the displacements of three Auatoms according to the corresponding
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ordered by time; they correspond to the trajectory of the wavepacket over
time. b, d Transient structures of T; (b) and S, (d) at representative time delays.
The Auatoms at eachtime delay are represented by yellow dots, and the Au
atomsintheFCregionarerepresented by grey dots. Inb, the covalentbonds
formedintheexcited stateareindicated by theblack solid lines. The change
ininteratomic distance and angle areindicated by red and blue arrows,
respectively. Theligands are omitted for simplicity. Structural changes are
exaggerated for clarity.

frequency, 43 cm™)of S,, respectively (see Methods and Supplementary
Information for details).

Thetrajectories of the wavepacketsin Tjand S, atlater times (>360 fs)
areshowninthe nuclear coordinates R, versus Ry in Fig. 4a, b, respec-
tively. The displacements of the wavepackets from the equilibrium
structures arerepresented by the sum of structural changes along the
two normal coordinates of the activated vibrational modes (T,_#6 and
T, #12 for T{; So_#6 and S,_#5 for S,). As shown in Fig. 4a, b, both
wavepackets oscillate with respect to the normal coordinates of the
activated vibrational modes and eventually approach their equilibrium
structures with vibrational dephasing. Therefore, we conclude thatin
thelate time range, both excited-state and ground-state wavepackets
exhibit harmonic oscillations around the equilibrium structures.
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3.18

normal coordinate, and the positions of the Auatoms in the equilibrium
structures arerepresented by grey spheres. The red arrowsin the
representative structuresindicate the displacement vectors of the Auatoms
foreach mode; they are exaggerated for clarity. In a, the normal coordinates—
exactly onthe diagonal direction of the R ,;—Ryc plane—are each slightly
displaced for clarity. The projections of the trajectories onto the R ,3—Rgc plane
areshowninSupplementary Fig. 5c, d, respectively. ¢, Averaged Fourier power
spectrumof gAS,..qua(q, £) at later times (>360 fs). The peak positions were
determined tooccurat32cm™, 79 cm™and 125 cm™, by fitting the power
spectrumwith the sumofthree Gaussian functions, represented by the red
curves. Thevertical bars below the Fourier spectrumindicate the
DFT-calculated frequencies of the normal modes of S, (blue) and T, (green) in
thefrequency range 20-170 cm™.
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Importantly, these harmonic oscillations, manifested by the motions
of wavepackets, can be unambiguously assigned to specific normal
modes, because the TRXL signal contains information on the vibrational
frequency as well as on the atomic-level movement pattern of a vibra-
tional mode (Extended Data Fig. 4).

These assignments canbe compared with those made on the basis of
only the frequencies of normal modes. The oscillation frequencies can
be easily extracted from the Fourier power spectrum of gAS, ciqua(g, £)
atlater times. The Fourier transform spectrum shownin Fig. 4c shows
amajor peak at 32 cm™and minor peaks at 79 cm™and 125cm™. As
detailed in Supplementary Information, if one follows the normal prac-
tice of choosing the normal mode with the most similar frequency as
the 32 cm™ oscillation from among the 11 modes identified by DFT
calculations for Sy and T,, a bending mode of T, with a frequency of
33 cm™ would be incorrectly chosen. Also, the additional mode (an
asymmetric stretching mode with a frequency of 44 cm™) discovered
by TRXL dataanalysis would not beidentified in the Fourier transform
spectrum. Therefore, the results of this work showcase that the assign-
ment of the observed oscillations to specific vibrational modes on the
basis of a simple numerical comparison of vibrational frequencies is
susceptible to misinterpretation for polyatomic molecules, which
have many normal modes.

These observations illustrate that femtosecond TRXL can map the
real-time trajectories of nuclear wavepackets and thereby identify how
vibrational motion drives asynchronous bond formation. Although in
this study we have tracked only the motions of highly scattering gold
atoms, itisin principle also possibleto visualize the motions of lighter
atoms such as carbon and nitrogen—especially once next-generation
X-ray sources such as LCLS-I HE** become available (see the simulation
for O, presented in Supplementary Information).
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Methods

TRXL experiments at PAL-XFEL

TRXL experiments were performed at the XSS beamline of PAL-XFEL
(the Pohang Accelerator Laboratory X-ray free-electron laser). In the
TRXL experiment, the sample solution of [Au(CN), 1, was excited
by an optical laser pulse to initiate a photoinduced reaction of the
sample molecules and a time-delayed X-ray pulse was used to probe
the progress of the reaction. Femtosecond laser pulses at the centre
wavelength of 800 nm were generated fromaTi:sapphire regenerative
amplifier and converted to 100-fs pulses at a wavelength of 267 nm
by third-harmonic generation. The laser beam was focused by alens
to a spot of 200-um diameter at the sample position, yielding a laser
fluence of 1.5 m) mm™. Femtosecond X-ray pulses were generated
from an X-ray free-electron laser (XFEL) by self-amplified spontane-
ous emission. The X-ray pulses have a centre energy of12.7 keV with a
narrow energy bandwidth (AE/E=0.3%). The X-ray beam was focused
toaspot40pumindiameter atthe sample position. The laser and X-ray
beamswere overlapped at the sample position with a crossing angle of
10°. The X-ray scattering patterns from the photoexcited [Au(CN), 1,
solution generated by the X-ray pulses were measured with an area
detector (MX225-HS, Rayonix) over a g range of 1.37 A to 6.5 A with
asample-to-detector distance of 46 mm.

The TRXL data were measured at various time delays in the range
-1,040fst02,235fswithatime step of 25fs, yielding atotal of 132 time
delays. The laser-offimages were acquired with the X-ray pulse arriving
20 ps earlier than the laser pulse (that is, with a 20 ps time delay) to
probe the (unexcited) molecules in the ground state while ensuring
the same average temperature of the sample solution. These laser-off
imageswere repeatedly measured before every laser-onimage and were
subtracted from the laser-onimages to yield time-resolved difference
scattering patterns of the [Au(CN), 1, solution. Each scattering image
was obtained withasingle X-ray pulse and, to achieve asignal-to-noise
ratio sufficient for data analysis, around 2,800 images were acquired
at each time delay. The resultant time-resolved difference scattering
curves are shown in Extended Data Fig. 2a.

For the sample, we used an aqueous solution of a gold oligomer
complex, [Au(CN), 1,.. In the solution of Au(CN), at the 300 mM con-
centration used in this work, the [Au(CN), 1, trimers are dominantly
present compared with dimers or monomers of Au(CN),". The sam-
ple solution was excited by the laser pulses of 267-nm wavelength.
Thesamplesolutionwascirculated throughanozzle withal00-um-thick
aperture. To supply a fresh sample for every laser and X-ray shot, the
flow velocity of the sample was set to be over 3 ms™. To prevent the
scattering signal from contamination by radiation-damaged sample
molecules, the sample in the reservoir was replaced with a fresh one
whenever the transient signal measured at 100 ps was no longer repro-
duced. Evenifthe transient signal at 100 ps did not change, the sample
in the reservoir was regularly replaced (every 2-3 h of measurement)
to ensure the supply of fresh samples.

TRXL experiments at SACLA

The TRXL experiments were also performed at the BL3 beamline of
SACLA (the SPring-8 dangstrom compact free-electron laser). In the
TRXL experiment, the photoinduced reaction of the gold complex
was initiated by an optical laser pulse and its progress was probed
by atime-delayed X-ray pulse. Femtosecond laser pulses at a centre
wavelength of 800 nm were generated fromaTi:sapphire regenerative
amplifier and converted to 200-fs pulses at a wavelength of 267 nm
by third-harmonic generation. The laser beam was focused by alens
to a spot of 300-um diameter at the sample position, yielding a laser
fluence of about 2 mj mm™. Femtosecond X-ray pulses were gener-
ated from an XFEL by self-amplified spontaneous emission. The X-ray
pulses have a centre energy of 15 keV with a narrow energy bandwidth
(AE/E=0.6%).The X-ray beam was focused to aspot of diameter 200 pm

atthe sample position. The laser and X-ray beams were overlapped at
the sample position with a crossing angle of 10°. The X-ray scattering
patterns fromthe photoexcited [Au(CN), ];solution generated by the
X-ray pulses were measured withan area detector (LX255-HS, Rayonix)
over agrange of 1.37 A" to 6.5 A with a sample-to-detector distance
of 30 mm. Toimprove the time resolution of the TRXL measurements,
atiming monitor installed at SACLA was used. The TRXL data were
measured at various time delays from -740 fs to 2,260 fs with a time
step of 25fs, yielding atotal of 121 time delays. At each time delay, about
2,000 images were accumulated. The same data-acquisition scheme
asthatused at PAL-XFEL was used for the TRXL experiment at SACLA.
Theresultant time-resolved difference scattering curves are shownin
Extended Data Fig. 2b.

As can be seen in Extended Data Fig. 2a, b, the two TRXL datasets
measured at PAL-XFEL and SACLA are nearly identical, except for the
time resolution (170 fs at PAL-XFEL and 320 fs at SACLA), indicating
that the difference scattering signals are highly reproducible at either
facility. In this work, we primarily used the TRXL dataset measured at
PAL-XFEL, which has better time resolution and signal-to-noise ratio.

Toeliminate the contribution of solvent heating, the difference scat-
tering signal of 40 mM FeCl; solution was measured from a separate
TRXL experiment, as shown in Extended Data Fig. 8, with the same
experimental conditions used in the TRXL experiment on the gold
trimer complex at SACLA (See Supplementary Information for details).

Singular value decomposition

To extract the kinetics from the measured TRXL data of [Au(CN), 15,
we applied an SVD analysis. To do so, we builtan n, x n,data matrix, A,
the column vectors of which are experimental time-resolved difference
scattering curves, where n, is the number of g pointsin the difference
scattering curves and n, is the number of time-delay points. By SVD,
the matrix A is decomposed into three matrices satisfying the relation-
shipA=USV" (where V"is the transpose of matrix V). Uis an n, x n, matrix
the column vectors of which are called the left singular vectors (LSVs)
of A, Vis an n, x n, matrix the column vectors of which are the RSVs of
A, and Sis a diagonal n, x n,matrix the diagonal elements of which are
called the singular values of A. The matrices Uand Vfollow the relation-
shipsU'U=1, and Vv= Iny respectively, where /, Jdsann.xn, identity
matrix. The LSVs represent time-independentq spectra theRSVsrep-
resent the time-dependent amplitude changes of the corresponding
LSVs, and the singular values represent the weights of the correspond-
ing LSVs and RSVs. The singular values are ordered such that s, >
S, ...25,20, and so (both left and right) singular vectors in the
left-hand columns have larger contributions to the experimental data
matrix A. The first and second RSVs shown in Extended Data Fig. 2¢c
were well fitted with the convolution of a Gaussian function with a full
width at half-maximum (FWHM) of 170 + 50 fs and an exponential func-
tion with a time constant of 1.1+ 0.1 ps. The errors are the standard
errors of the mean determined from around 2,800 independent
measurements.

Residual difference scattering curves, gAS, . qua(q, £)

To more effectively visualize the scattering intensities arising from
wavepacket motions, we extracted residual difference scattering
curves, gAS,..qua(g, t), from raw experimental difference scattering
curves, gAS(q, t), of photoexcited [Au(CN), 1,. AS(g, t) can be repre-
sented as follows:

AS(g,t)= CTi(t) [ST;([)(Q) - Ssgq(q)] + CTl(t) [STl(t)(q) - Ssgq(Q)]

(0
+ [CTi(t) + CTl(t)][Sso(t)(q) - Ssg“(‘])] +ASpea(q, 0,

where Ss, 0@ Sti0(@ and Sto(q) are the scattering patterns of
the instantaneous structures of the Sy, T;and T, states, respectively,
that evolve following vibrational wavepacket motions. Ssualq) is the
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scattering pattern of the equilibrium S, structure, and cr(t)and c1(2)
are the time-dependent relative populations of the T{and T, states,
respectively. AS,...(g, t) represents the change in scattering intensity
induced by solvent heating.

Alternatively, AS(g, t) can be represented as the sum of scattering
contributions of: (1) the dynamics of the T{-to-T, transition, AS .nsi(q, ©);
(2) the temporal oscillations of scattering intensities owing to vibra-
tional wavepacket motionsintheS,, Tjand T, states—that s, the resid-
ual difference scattering curves, AS,.qu(q, t); and (3) the solvent
heating, AS;...(g,t), as

AS(q, t) = Astransit(q' t) + ASresidual(qr t) + Asheat(qr l'), (2)

where

AStransit(q, ©) = Cry(0)[Styea(q) = Sseal@)] + c1,(0)[Srea(q) = Sseal@)],  (3)

AS,esiqual(q, £) = [c(8) + 1 (O1[Ss (1(9) ~ Sse(P)]
+Cp(0)[St10(q) = Sta(q)] 4)
+Cp(O[St,6/(q) = Stea(q)]

and STieq(t) and ST;q(q) are the scattering intensities arising from the
equilibrium structure of the T{and T, states, respectively. To extract
the residual difference scattering curves, gAS, . q.a(q, t), we subtracted
the contributions of: (1) the T{-to-T, transition dynamics; and (2) the
solvent heating from AS(qg, t), as described in the following.

We notethat AS,,..(q, £) shows the dynamics described by an expo-
nential with a time constant of 1.1 ps, whereas AS,q.a(g, t) exhibits
temporal oscillation owing to wavepacket motions. To extract
AS,iaual(q, t) from AS(g, t), we examined the RSVs obtained from the
SVD analysis described in the previous section. As can be seen in
Extended DataFig.2d, the first two RSVs exhibit exponential dynamics
with superimposed temporal oscillations, whereas other RSVs oscillate
only around zero. By removing the exponential components from the
firsttwo RSVs, we can remove the scattering contribution of the T{-to-T,
dynamics, AS,,..si(q, t), and the contribution of the solvent heating,
AS;..(g, t). Infact, ascanbe seenin Extended DataFig. 7, the TRXL data
from our previous TRXL study® on [Au(CN), 1;, which involves only the
contributions from AS,,,.«:(q, £) and AS,....(g, t), can be well explained
by the first two RSVs. Therefore, the removal of the exponential com-
ponents from the first two RSVs of AS(g, t) removes AS,,.i:(q, t) and
Asheat(q' t)' IeaVing Only ASresidual(qr t)'

Toeliminate the exponential components from the first two singular
vectors, we defined new matrices, U’, V and §’, which contain only the
first two column vectors of U, Vand S, respectively. In other words, U’
is an n,x 2 matrix containing only the first two LSVs of U, §"isa2 x 2
diagonal matrix containing only the first two singular values of S, and
V’is an n, x 2 matrix containing only the first two RSVs of V. We then
defined a matrix Cthat represents the exponential temporal profiles
of the two RSVs. Elements of the matrix Cwere calculated as follows:

c,(t) = IRF(¢t) ® [exp( t/1.1ps)6(t)] and

c,(t) =IRF(¢) ® [(1 - exp(-¢/1.1ps)6(0)], 5)

where ¢,(¢) and c,(¢) are the firstand second column vectors of C, IRF(¢)
istheinstrumentresponse function determined from the fitting of the
firstand second RSVs shown in Extended DataFig. 2c, 6(¢) is the Heav-
iside step function and ® is the convolution operator. Then,a2 x 2
parameter matrix Pis defined to relate Cto V. Elements of P were
adjusted to minimize the discrepancy between V’ and CP. As aresult,
the exponential components contained in the first two RSVs (V') can
berepresented by an optimized CP. Then, time-dependent scattering
intensities, which are governed by the exponential dynamics of the

first two RSVs, were calculated by the following relationship,
A’=U’S'(CP)", where the scattering intensities are column vectors of
the A’ matrix. Finally, A” was subtracted from A, giving AS, .iqua(g, £) @s
column vectors of the matrix A - A”.

Structural analysis using residual difference scattering curves
Asshownin Fig. 2, we fitted AS,.q.(q, t) by the theoretical difference
scattering curves, AS .., (q, t), to extract the temporal changes of the
individual interatomic Au-Au distances—R,;(£), Ry () and Ry (¢£)—from
the experimental residual difference scattering curves, AS,cgquai(g, ).
To do so, we constructed theoretical difference scattering curves,
ASheory(q, 1), as follows:

ASiheory(q, 0) = [cr,() + e (D1ASs (g, ) + ¢ ()AST/(q, 1)
+cr(DAST(q, ).

(6)

Inequation (6), AS,(g, t) isthe difference in scattering intensity arising
from a transient structure of state X (5x(q, £); X=1{S,, T, T,}), and that
arising from the equilibrium structure of state X, Syea(q), calculated
by the following equation:

ASy(q,t) =Sx(q, t) - Sxea(q). 7)

Scattering intensities arising from the molecular structures of S, T;
and T, were calculated using the Debye equation as follows:

sin(gRgc)
qRsc

Sin(gR,p) N
qRap

5(9)=3F2() +2Fiu<q)( + Si"("RAc)], ®)

qRxc

where F,(q) is the atomic form factor of an Au atom. Debye-Waller
factors (DWFs) were introduced to consider distributions of intera-
tomicdistances: forS,, arising from the weak Au-Aubondingin S,, and
for Ty, arising from the spatial broadening of the initially created
wavepacket, (which is induced by a finite pulse duration of the pump
pulse), on the PES of T{. DWFs for T, were not used, as their use did not
improve the fit quality. When including the DWF, here equation (8) is
modified to become equation (5) of the Supplementary Information.
The DWFs for Sy and T used in the fitting analysis are shown in Sup-
plementary Table1.

For thefitting, the discrepancy between AS, qiq,a1(q, 1), and AS e, (G, 1)
was minimized by independently adjusting the structural parameters
(Ru, Rec and 0) of the Sy, T; or T, states at each time delay, and
time-dependent molecular structures were obtained from the fit over
the entire time range. At each time delay, the molecular structure was
optimized using amaximum likelihood estimation with the y* estima-
tor, whichis given by the following equation:

XZ _ 1 % (CSAStheory(q[' H- ASresidual(q," t))z )
n,~-p-14 o(q, ) )

Here, n,isthe number offitted g points, pis the number of fitting param-

eters, gis the standard deviation of the dataand ¢ is the scaling factor

between the theoretical and experimental difference curves. Thefitting

was performed with the MINUIT software package and the error values

were obtained with the MINOS algorithm in MINUIT.

The TRXL signal can be sensitive to wavepacket motions on any of
the structurally distinct Sy, T{and T, states, and so we examined which
state is associated with the residual difference scattering curves.
The first, second and third terms in equation (6) correspond to
wavepacket motionsin Sy, T{and T,, respectively. Depending on the
number of participating states, those terms were selectively used.
For example, when we considered the wavepacket motionin a single
electronic state, we considered only the term corresponding to that
electronic state among the three terms in equation (6); the other two



terms were neglected. When we considered wavepacket motions in
two electronic states, we considered the corresponding two terms in
equation (6) and neglected the remaining term. We first tried structural
analysis considering only one of S,, T{and T,. As shown in Extended
DataFig. 3, the structural analysis performed using only Sy yielded the
best fit to the experimental dataamongthe three cases, but there still
remained a discrepancy between the experimental data and the theo-
retical fits. We therefore considered additional contributions: the best
fit to AS,esiquai(q, £)—shown in Fig. 2a and Extended Data Fig. 3—was
obtained when Tjwas considered together with S, indicating that the
residual difference scattering curves arise from wavepacket motions
onthe PESs of bothSyand T,

We note that the structural analysis described above was conducted
for time delays later than the experimental IRF (>170 fs). The structural
analysis for time delays earlier than 170 fs is described in the section
‘Structural analysis for transient structures around ¢t =0’. Although we
used all of the structural parameters (R, Rgc and 6) of S, and Ty as fit-
ting parametersinthe structural analysis, we observed relatively small
structural changes at later times (¢>360 fs), compared with structural
changes at earlier times; in particular, the changes in R,z and Ry of T}
showed a strong correlation. Accordingly, we checked whether the
experimental data could be satisfactorily fitted even when fewer struc-
tural parameters of T{ were used for fitting in the later time range. To
do so, we classified vibrations of T{ at later times into three types of
vibrational motions (symmetric stretching, asymmetric stretching
andbending), and the fitting parameters of T{were collectively adjusted
to simulate each type of motion. For simulating symmetric stretching,
the transient structures of T; at later times were set to be R,z = Rgc =R
and 6=180°, leaving R as the only fitting parameter at each time delay.
For simulating asymmetric stretching, the parameters of T were
adjusted as R,z =2.82 A+ R, Ryc=2.82 A~ Rand #=180°, also leaving R
asthe onlyfitting parameter at each time delay. Finally, for simulating
bending, R,z and Ry of Tjwere fixed t0 2.82 Aand Owas used as the only
fitting parameter at each time delay. As aresult, only one fitting param-
eter of T{was used for all the three types of vibrational motions in the
late time range (t>360 fs). By contrast, for S, we used all three structural
parameters, Rz, Rgc and 6.

Following this approach, we performed the structural analysis for
each of the three types of vibrational motions. As can be seen in
Extended Data Fig. 9a-c, the structural analysis considering the sym-
metric stretching yielded the best fits to the experimental dataamong
the three cases. Also, the fits using symmetric stretching are equally
good as the fits obtained by using all the three structural parameters
of T}, asshownin Extended DataFig. 9d. Thisresultindicates that only
symmetric stretching is observed for T{in the current TRXL data. We
also note that, after 1,500 fs, the transient structures of T{ were fixed
to the values identical to the equilibrium structure of T| (R,; = 2.82 A,
Ryc=2.82A,0=180°) for simplicity, as shownin Fig. 2b, ¢, because the
quality of the fit to gAS,.;aua(g, ) did not deteriorate even when
the structure values of T; were set to the equilibrium structure values
for all time delays after 1,500 fs.

Fromthestructural analysis described above, we obtained transient
structures of S,and T{in the time range from 170 fsto0 2,235 fs, as shown
inFig.2b-e. Toidentify the reaction mechanism of ultrafast bond for-
mationinthe gold trimer complex, we tracked the wavepacket motion
in the excited state by inspecting the structural changes of T;at earlier
times. For example, we checked the transient structure of T;at 185 fs
(Rag=2.81A, Ry =313 A, 0=158°) and 210 fs (R, = 2.83 A, Ry = 3.11A,
6=157°) and found that for these time delays, the values of R, for T}
are similar to the equilibrium value, that is, 2.82 A. By contrast, the
values of Ry for T;at185fsand 210 fs are longer than Ry at equilibrium
(2.82A). This observationindicates that the covalent bond in the shorter
Au-Au pair (of the ground state) is formed sooner, during the earlier
timerange, whereas the other covalent bond, in the longer Au-Au pair,
forms later, supporting path1of Fig. 1.

In the structural analysis presented in this work, we used an asym-
metric equilibrium structure for S,. In our previous TRXL study® on
[Au(CN), ];—performed with lower time resolution than in this work—
the TRXL data were equally well fitted by a symmetric S, structure
when anappropriate Debye-Waller factor was used. Therefore, in the
present work, we also considered the possibility that S, has asymmetric
structure where R, is equal to R,.. As shown in Extended Data Fig. 10,
the structural analysis using the symmetric equilibrium S, structure
doesnotgive satisfactory agreement with the experimental data. Thus,
by performing the TRXL measurement with higher time resolution and
resolving the signatures of molecular vibrations, we confirm that the
equilibrium structure of Sy is asymmetric.

Structural analysis for transient structures around =0
Toextract the wavepacket trajectory and obtain the transient structures
of Spand T{on timescales shorter than the temporal width of the exper-
imental IRF (<170 fs), and to visualize the progress of the bond forma-
tion process more clearly and obtain accurate timescales of the earlier
bond formation, we performed astructural analysis for transient struc-
tures around ¢ = O considering the convolution of the molecular
response with the IRF, instead of conducting the structural analysis
directly on the residual difference scattering curves described in the
previous section. To do so, we modelled the interatomic Au-Au dis-
tances of Sy and Tj, Rup(¢), Rec(t) and R,(¢), from 0-170 fs using the
polynomial functions

N
RO)=Y ay ",
i=0

(10)

where N represents the Nth order polynomial function and a,_;is the
coefficient of the polynomial function. Also, constraints were applied
to the Au-Au distances calculated by the polynomial functions to
smoothly connect the structure at O fs (S5 = the FC region) and the
structure at 185 fs obtained from the structural analysis.

Using the Au-Au distances calculated by the polynomial functions at
various time delays, we calculated the theoretical difference scattering
intensities, ASy...r,(q, t), following equations (6)-(8), then convoluted
them with the IRF determined in Extended Data Fig. 2c, IRF(¢), using
equation (11):

ASeonm(q, ) = AStheory(q, £) ® IRF (). (11)

The resultant convoluted curves, AS,,,.,(q, t), were compared with the
experimental residual difference scattering curves, AS,.q.a(g, ), in a
time range from 140 fs to 160 fs, to optimize the coefficients of the
polynomial functions using the x* estimator, given by

n

47 (CAScony(d, £) ~ ASresiaual(Gy 1)’
22 2 ’
i 0jj

2:

X (12)

1
ngn.—p-1
where n,isthe number offitted g points, n.is the number of fitted time
delays (-140fs<t<160fs), pis the number of fitting parameters, g;is the
standard deviation, and c,is the scaling factor between the theoretical
and experimental difference curves.

The structures around ¢t = 0 shown in Fig. 2b, d were obtained
using fourth-order polynomial functions because the third-order
and fifth-order polynomial functions yielded fitting qualities
poorer than and similar to the fourth-order polynomial functions,
respectively.

Normal-mode calculation

Geometry optimization and normal-mode calculations were per-
formed using DFT for the S, and T, states of [Au(CN), 15, and using
time-dependent DFT for the S, state of [Au(CN), 1,. For the S, state,
the PBEO exchange-correlation functional with empirical dispersion
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(Grimme’s D3 method) was used to reasonably describe the weak inter-
action between Au atoms. The ®B97XD functional was used for the S,
and T, states. The aug-cc-pVTZ-PP relativistic effective core potentials
were used for Au atoms and the aug-cc-pVDZ basis set was used for C
and N atoms. The solvent (water) effect was modelled using the integral
equation formalismversion of the polarizable continuum model. Nor-
mal modes of the T, state were calculated for the equilibrium structure
that was optimized by the DFT calculation, and the optimized struc-
turewasinagreement with the equilibrium structure of T, determined
from the experimental data. By contrast, from the DFT calculation
the optimized structure of S, was determined to be symmetric, and
therefore, instead, the normal modes of the S, state were calculated by
asingle-point calculation using the asymmetric equilibrium structure
refined with the experimental data. Several normal modes forS,and T,
areshownin Extended Data Figs. 5 and 6, respectively. All the calcula-
tions were performed using the Gaussian09 program.

Fourier power spectrum of gAS, ..;q..(q, £)

The Fourier power spectrum at each g value was obtained by Fourier
transform of gAS,.q..(g, t) atlater times (>360 fs), and each spectrum
was normalized at its maximum value. All the normalized spectra at
various g values were averaged to yield the averaged Fourier power
spectrum shownin Fig. 4c.

Data availability

The datasets generated and analysed here are available from the cor-
responding author on reasonable request.

Code availability

The codes used for the analysis here are available from the correspond-
ing author onreasonable request.
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Extended DataFig.1|Schematic of photoinduced bond formationin
[Au(CN), ;. Upon laser excitation (with energy represented by hv),
wavepackets are created inboth ofthe ground and excited states. The
excited-state wavepacketin the T stateis preparedin the FCregion after the
ultrafastintersystem crossing from the initially excited singlet state (S,) toa
triplet excited state (T;). The excited-state wavepacket created in the FC region
should move towards the equilibrium structure of T;, which has two equivalent
covalent Au-Aubondsbetween adjacent gold atoms (right inset, yellow
spheres; blue and white spheres denote Nand C atoms, respectively). The
trajectory of the wavepacket from the FC region to the equilibrium structure of
T;eventually determines the reaction trajectories of the ultrafast bond
formation and hints towardsits reaction mechanism. Three candidate reaction

mechanisms of bond formation (paths1,2and 3), described in the text, are
represented by blue arrows on the nuclear coordinates of R ;5 versus Rgc. In
short, path2represents a concerted bond formation mechanismand path 1
and path3representasynchronous bond formation mechanism.Path1land
path3aredistinct, depending on which bond is formed first between the A-B
pair and the B-C pair. The initial motion of the excited-state wavepacket affects
theinitial motion of the ground-state wavepacketin the S, state, because
impulsive Raman scattering generating the ground-state wavepacket can
occur non-impulsively, owing to the finite pulse duration (-100 fs), as described
inSupplementary Information. After the initial motions of the wavepacketsin
theground and excited states, the wavepackets oscillate around their
equilibriumstructures.
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Extended DataFig.2| TRXL data of [Au(CN), ];measured at PAL-XFEL and
SACLA.a,b, Time-resolved difference scattering curves, gAS(q, t), of
[Au(CN), 1;measured at PAL-XFEL (a) and SACLA (b). ¢, The firstand second
RSVs (black and blue squares, respectively) obtained from the SVD analysis of
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gAS(g,t) measured at PAL-XFEL and their fits (red lines) using an exponential
1.1-pstime constant convoluted with an IRF witha FWHM of 170 fs. d, The first
five RSVsresulting from the SVD analysis on the data measured at PAL-XFEL,
multiplied by their corresponding singular valuess,, s,, S5, 5, and ss.
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Extended DataFig. 3 | Results of the structural analysis using residual 0of gAS,csiqua(g, t) Obtained from the structural analyses considering wavepacket
differencescattering curves. a, Experimental residual difference scattering motionsintheS,state (b), the T state (c), the T, state (d), or both the S, and T}

curves, gAS, caua(g, t), measured from-1,040fs to 2,235fs.b-e, Theoretical fits  states (e). Only the last analysis (using S, and T;) gives asatisfactory fit quality.
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Extended DataFig. 4| Assignment of vibrational modes using vibrational
frequencies and vibrational motions. Each vibrationalnormalmode hasa
specific structural motion with a characteristic frequency. For example, a
simple nonlinear triatomic molecule has three vibrational modes named after
specific structural motions: symmetric stretching, asymmetric stretching and
bending. The characteristic frequency v, of avibrational mode vibrating along
anormal coordinate Q,correspondsto the energy gap between adjacent
vibrational states of each mode, wheren={a, b, c} for symmetric stretching,
asymmetricstretching and bending, respectively. Vibrational frequencies are
routinely measured by static or time-resolved spectroscopy that can probe
vibrational transitions viainfrared absorption or Raman scattering. Atomic
motions themselves are not directly detected by spectroscopy, and thus the
assignment of the observed frequencies to specific vibrational modes
requires quantum chemical calculations that provide the connection between
thevibrational frequencies and their corresponding atomic motions.
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By comparing the vibrational frequencies determined from experiment (v,,,)
and quantum chemical calculation, the measured vibrational frequency can be
assigned to aspecificnormal mode. Direct characterization of vibrational
motions requires atool with structural sensitivity, forexample TRXL, as
presented in this work.Ina TRXL measurement, photoexcitation with a
coherentoptical laser pulse creates vibrational wavepackets of certain
vibrational modes, and scattering of an X-ray pulse directly probes the
resultant time-dependent structural changes that are characteristic of the
activated vibrational modes—such as the temporal changes of the interatomic
distances (R 45, Rgc and R,c) in[Au(CN), 1. On the basis of directinformation of
bothvibrational motions and vibrational frequencies obtained with TRXL,
vibrational assignments can be made more accurately, and even the locations
of vibrational wavepackets and the trajectories of their motionsin
multidimensional nuclear coordinates canbe determined.
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Extended DataFig. 5| Normalmodes of the S, state. Normal modes of the S,
state with frequenciesinarange from20cm™to170 cm™, obtained from DFT
calculations. The frequency and atomic motions of each normalmode are

)
- )
[ 3 °®
Sy_#3 mode Sy_#4 mode

Frequency: 25 cm-
Au-Au-Au asymmetric stretching

Frequency: 30 cm™!
C-Au-C twisting

Sy_#7 mode
Frequency: 70 cm™!
Au-Au-Au twisting
+ C-Au-C bending

S,_#8 mode
Frequency: 77 cm-
C-Au-C bending

So_#11 mode
Frequency: 84 cm™!
C-Au-C bending
+ Au-Au-Au asymmetric stretching

shown. Displacement vectors of eachnormal mode are indicated by red arrows
for the Auatoms (yellow) and blue arrows for the other atoms (C, grey spheres;
N, bluespheres).
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Extended DataFig.7|SVD analysis onthe TRXL data of [Au(CN), 1,
measuredinthe previous TRXL study. Seeref.’. Shown are the first four RSVs

multiplied by their corresponding singular values.
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Extended DataFig. 8|Solvent heating contribution to the TRXLssignal.

contain meaningful signals, and so asingle difference scattering curve (thatis,
a, Experimental difference scattering curves, gAS(q), of FeCl, solution

the first LSV) accounts for the contribution to solvent heating on the scattering
measured at time delays from-740fsto 2,260 fs. b, The first four LSVs datameasured with awater solvent. Inthe structural analysis, the first LSV was
multiplied by their corresponding singular values. ¢, The first four RSVs used asascatteringintensity change uponincrease intemperature of the water
multiplied by their corresponding singular values. Only the first LSV and RSV solvent, AS;...(q).
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Extended DataFig. 9 |Structural analysis of the three types of vibrational
motions ofthe T,state. Experimental residual difference scattering curves
(blacklines) at several time delays after 360 fs and their theoretical fits (red
lines), obtained from the structural analysis. a-c, For the structural analysis,
vibrations of T at later times (>360 fs) were classified into three types of

q (A"

q (A"

vibrational motions (symmetric stretching, asymmetric stretching and
bending). We performed the structural analysis for each of the three cases
considering symmetric stretching motions (a), asymmetric stretching
motions (b) and bending motions (c) of T{. d, For comparison, all the three
structural parameters of T{ were used for the structural analysis.
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Extended DataFig.10|Structural analysis using asymmetric and structure (left) or symmetricbent S, structure (right). The asymmetric case
symmetricstructures of S,. Experimental residual difference scattering givessuperior fit qualities compared to the symmetric case, indicating that the
curves (blacklines) at selected time delays and their theoretical fits (red lines) equilibriumstructure of Syisasymmetric and bent.

obtained from the structural refinements considering the asymmetricbent S,
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