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We study the structural dynamics of photoexcited [Co(terpy),]** in an aqueous solution with ultrafast
x-ray diffuse scattering experiments conducted at the Linac Coherent Light Source. Through direct
comparisons with density functional theory calculations, our analysis shows that the photoexcitation event
leads to elongation of the Co-N bonds, followed by coherent Co-N bond length oscillations arising from the
impulsive excitation of a vibrational mode dominated by the symmetrical stretch of all six Co-N bonds.
This mode has a period of 0.33 ps and decays on a subpicosecond time scale. We find that the equilibrium
bond-elongated structure of the high spin state is established on a single-picosecond time scale and that this

state has a lifetime of ~7 ps.
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Several Co(Il) compounds are known to transition
between their low spin (LS) and high spin (HS) electronic
states [ 1-3]. Such transitions can be induced by temperature
increase, excitation by light, or high magnetic fields [4], and
they are accompanied by distinct changes in magnetic and
structural properties that may be exploited in the design of
display and memory devices [5,6] and in single-molecule
spintronic applications [7]. The realization of exploitable
spin-state transitions (SSTs) in Co(Il) compounds is more
challenging than in the corresponding Fe(Il) complexes,
which have been investigated in great detail during the last
decades [8—15]. These challenges stem from the partial
occupation of the antibonding ej, orbitals in the ground state,
which leads to smaller structural changes arising from the
SST phenomenon; the corresponding smaller energy bar-
riers between the potential surfaces of the HS and LS Co(II)
states result in faster dynamics [1], as well as a high
sensitivity to the crystalline environment or to the solvent
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properties [2]. The key structural parameters for the SST's are
the Co-N bond lengths [8], but the time scales and the
dynamics of the LS-HS transitions have remained unclear
for Co compounds. Time-resolved x-ray scattering can be
used to monitor such structural changes and dynamics if the
time resolution of the experiment is sufficiently high. X-ray
free electron lasers (XFELs) provide ultrashort (~30 fs)
x-ray pulses and high flux allowing the nuclear dynamics
following photoexcitation to be recorded at the required
femtosecond time scales [16,17]. Here, we report, for the
first time, direct measurements of the excited-state structure
and the ultrafast structural dynamics of a solvated Co(II)
complex upon a photoinduced SST.

Figure 1 shows the molecular structure of [Co(terpy),]**
(terpy = 2,2':6/, 2" — terpyridine). In this six-coordinated
complex, the d’ Co center can be either a LS doublet state or
a HS quartet state [2,18]. In solid-state samples, the relative
populations of both spin states depend strongly on the
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FIG. 1. Schematic structure  of

representation of the
[Co(terpy),]>*. The LS — HS transition can be induced by
photoexcitation with a 530 nm laser pulse and is characterized
by an anisotropic expansion of the metal-ligand bonds. Axial and
equatorial Co-N bonds are highlighted in different colors.

temperature and on the crystalline environment [19-21]. In
crystallographic studies the compound was observed to be
compressed in the LS state (short axial and long equatorial
Co-N bonds), due mostly to the geometrical constraints
of the coordinating tridentate ligands, and may also exhibit
asymmetry, with one ligand being closer to the Co center
than the other due to a pseudo—Jahn-Teller effect [20,22].
Upon LS — HS transition in solid-state samples, the axial
bond length has been observed to increase by up to 0.21 A
and the equatorial by 0.07 A, depending on the anion and the
degree of hybridization [23]. As reported by Vargas et al.
[22], density functional theory (DFT) calculations in the gas
phase also predict an anisotropic increase of the Co-N bonds
upon the LS — HS spin change (an increase of 0.16 and
0.05 A for the axial and equatorial bonds, respectively).
A few studies on the properties of [Co(terpy),]*" in
solution also exist [2,3,18,24]. Kremer et al. [18] report
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that solvated [Co(terpy),]** is predominantly LS at room
temperature, and Enachescu et al. demonstrated that photo-
excitation in the visible range populates the metal to ligand
charge transfer (MLCT) state from which the HS state is
populated [3]. Very little information is available regarding
the excited-state decay pathways and the HS — LS relax-
ation time is currently only known to be less than 2 ns [24].

In this work, we utilized x-ray diffuse scattering (XDS)
laser pump—x-ray probe experiments to study the formation,
structure, and decay of the HS state of aqueous
[Co(terpy),]**. The measurements were conducted at the
x-ray pump-probe (XPP) instrument at the Linac Coherent
Light Source (LCLS) XFEL facility [17]. A 20 mM aqueous
solution of [Co(terpy),]** was pumped trough a nozzle
producing a 100 pm liquid sheet flowing in the vertical
direction at a flow rate sufficient to fully replace the sample
between successive pump-probe events. The photocycle
was initiated by 70 pJ laser pulses at 530 nm and with a
70 fs pulse width (FWHM) focused onto a spot of 150 pm
(FWHM). The 8.3 keV x-ray probe pulses overlapped with
the pump laser at the sample position. The time delay ¢
between the laser and the x-ray pulses was determined for
every pump-probe event with ~10 fs (FWHM) resolution
using the XPP timing tool [25]. The scattered x-rays were
detected by a Cornell-SLAC pixel array detector [26] 70 mm
after the sample, covering scattering vectors Q up to 3.5 Al

Following detector corrections [27], the scattering signal
was scaled to the liquid unit cell reflecting the stoichiom-
etry of the sample [28], yielding the acquired signal in
electron units per solute molecule (e.u./molec). Individual
2D difference scattering patterns were obtained by sub-
tracting images where the pump laser was dropped before
the sample from those where the pump laser had interacted
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(a) Measured difference scattering signal (AS) of photoexcited [Co(terpy),]>* in water. (b) Residuals obtained by subtracting

the model (AS,,,4e1) from the experimental data. (c),(d) Fit of the 1D difference scattering curves at 300 fs and 2 ps. (c) The modeled
difference signal (the magenta line) overlaid over the experimental data (the black points). (d) The contributions to the model from the
structural changes (solute and cage, the blue line) and from the bulk solvent (the red line).
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with the sample. The patterns were then time sorted and
averaged in ~23 fs wide bins. Finally, 1D isotropic and
anisotropic difference scattering signals were extracted
[29]. Figure 2(a) shows the measured isotropic difference
signals AS(Q, ) in a 2D representation.

AS(Q, 1) can be considered as arising from three con-
tributions [30]: the structural changes in the solute molecules
(ASopute)» the local changes in geometry and rearrangements
of the solvent molecules in close proximity to the solute
(AS ag), and the temperature and density changes in the
bulk solvent following energy deposition (ASgiyent)-

AS¢uie(Q) can be directly calculated from putative
structural models of the molecule through the Debye
equation [Eq. (S2) in the Supplemental Material (SM)
[31]]. As a starting point for the present analysis, the
difference scattering signal expected upon the photoexci-
tation was calculated from the LS and HS DFT-optimized
geometries of [Co(terpy),]**:

ASsotue(Q) = Sus(Q) — Sis(Q). (1)

The DFT calculations were carried out as detailed in the SM
[31], and Table I reports the key DFT-calculated structural
parameters. Upon the LS — HS transition, the Co-N bonds
expand ~0.16 and ~0.08 A along the axial and the equatorial
directions, respectively, in good agreement with the earlier
study by Vargas et al. [22]. The ratio between the axial
and the equatorial Co-N disatnce is defined as #. In the LS
state the average 7 is 0.91 (0.88 and 0.92 for the two ligands,
with the difference due to the Jahn-Teller effect), while in
the HS state 7 increases to 0.95 (for both ligands).

The cage contribution AS,,.(Q) to the simulated signal
was calculated from the radial distribution functions of the
solute-solvent atom pairs [43] determined through classical
molecular dynamics (MD) simulations [31]. The contribu-
tion from changes in the solute structure and the solvation
cage are related 1:1 and can therefore be combined under
the term “structure”, ASg, (Q), such that

ASstr.(Q) = ASSOIute(Q) + AScage(Q)' (2)

Finally, the bulk-solvent term A S, en(Q) has been shown
to be very well described by a linear combination of solvent

TABLE I.  Structural parameters of the DFT-calculated LS and
HS structures of [Co(terpy),]>" obtained in the present study.
deoNaxial Ad degNequatorial A€ averages over the two axial and
the four equatorial metal-ligand bond distances, respectively, and
n= (dCo-Naxial/dCo-Nequatorial)' The Change of each parameter
upon the LS — HS spin transition is also reported and compared
with the values obtained from the measured data.

LS HS
dCo—Naxial (A) 1 902 2.058

dCo-Nequatorial (A) 2.08 2.16
n 091 095

DFT Measured
Adconasia (A) 016 0.13

AdCo-Nequa(orial (A) 0.08 0.06

difference signals, (9S(Q)/0T)|, and (0S(Q)/9p)|r, which
can be measured in separate experiments [44,45]:

98(0)
or

95(0)
op

AS(Q’ t)solvent = AT(t) + A/)(t)

P

S

T

where AT and Ap are the changes in temperature and
density, respectively. Such solvent differentials for XDS
experiments are archived for a range of solvents [45,40]
and are used in the present work. In contrast to earlier
experiments on Fe SST compounds [30], we observe no
density change above our detection limit of 0.05 kg/m?
[Fig. S1(b) of the SM [31]], and this term was thus excluded
from the analysis.

From visual inspection of the measured difference signal
in Fig. 2(a), we qualitatively observe a very fast rise of a
negative feature at low Q (Q < 1 A~") which gradually
decays over the course of several picoseconds. Such a low-
Q feature is characteristic of an increase in the solute size.
On the few picosecond time scale, a distinct signal around
Q =2A7" grows in. This feature is identified as the
characteristic difference signal arising from a temperature
increase of the aqueous solvent. In the low-Q region,
oscillatory features as a function of time can be observed
and indicate structural dynamics along the main coordinate
of the structural changes; in the present case, the Co-N
bond lengths (dc,.n)- The latter is therefore introduced as a
time-dependent parameter in Eq. (1):

Sus (0. 1) = Sus(Q. dcon(t))- (4)

Specifically, dco.naxia Of the HS structure was allowed to
vary +£0.1 A from the value reported in Table I, while the
ratio 77, through which dcg nequatorial €an be calculated and
included in the structural modeling, was kept fixed to 0.95
in the analysis. Thus, all six Co-N bond length changes
are parametrized through the single structural parameter
dCo—Naxial-

Based on the considerations outlined above, the full
model applied to fit and interpret the measured difference
signal is thus:

98(Q)
or |’ )

p

ASmodel(Q7 t) = a(t)ASstr.(Qv t) + AT<t)

where a(t) describes the time-dependent excitation fraction
of the solute, which, in the context of the present analysis,
is assumed to be described by an exponential decay starting
at fo, i.e., the arrival time of the laser pump. The time
resolution of the experiment is included by convolution
with the (Gaussian) instrument response function (IRF) to
yield the following expression for a(¢):

a(t) = IRF(oge, t) @ H(t — tg)Ae~(=10/7), (6)
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where orp i1s the width of the IRF; A and 7 are the
amplitude and the lifetime of the exponential function
representing, respectively, the initial excitation fraction and
the lifetime of the bond-elongated excited state; and H is
the Heaviside step function centered at f, [as detailed in
Eq. (S3) of the SM [31]]. We note that assuming the
excited-state population to be given by the integral of a
Gaussian envelope of the excitation pulse is an approxi-
mation—especially given the high intensity of the optical
excitation, as discussed in further detail below. o and ¢,
were determined from the transient solvent contribution
to the anisotropic part of the difference scattering signal
(Fig. S4 of the SM [31]), from which we find
orr = 0.05 ps = 0.03 ps. Furthermore, we estimated the
lifetime of the HS state from a single set of measurements
out to 20 ps. The analysis of this data set is presented in the
SM and yields 7 = 6.8 ps £ 0.8 ps [Fig. S8(a) of the SM
[31]], allowing us to constrain this parameter in Eq. (6).

From these considerations, the number of free parameters
in the model described by Eq. (5) is reduced to three: A,
dco-Naxial» and AT. The model was fitted to the acquired
difference signal AS(Q) for all time delays simultaneously
within a standard y? [Eq. (S6) of the SM [31]] minimization
framework [47]. Good fits were observed for all time delays,
and Fig. 2(b) shows the residuals after subtracting the model
from the measured data. Figures 2(c) and 2(d) show examples
of the fitting results at two time delays, 300 fs and 2 ps.

From the kinetics part of the fit of our model to the
acquired data, the initial excitation fraction A was found to
be 34% =+ 2%. Regarding the difference signal arising from
solvent heating: the analysis of AT(z) is discussed in detail
in the SM [Figs. S3 and S8(b) [31]], but, stated briefly, it is
found to be well described by a broadened double expo-
nential dominated (> 90%) by a response with a grow-in
time constant of 4.0 ps £ 0.6 ps. A total solvent temper-
ature increase of AT = 0.8 K is found, which is 0.4 K more
than the amount of energy expected to be released through
nonradiative decay processes after single-photon excitation
of the solute. As detailed in the SM [31], this extra heat can
be ascribed to multiphoton absorption due to the relatively
high excitation laser intensity and short pulse length. A
direct comparison with data taken at 3 times lower laser
power (Fig. S10 of the SM [31]) shows that the multiphoton
absorption has no discernible impact on the structural
response of the solute molecules.

Turning to the key results of this Letter, Fig. 3 shows the
best-fit result for the changes in dcy.Naxia from the ground
to the excited state as a function of time (the black
data points). Following excitation, the axial Co-N bond
increases by Adcy naxial = 0.14 A and exhibits oscillations.
On the 1 ps time scale, the axial Co-N bond length of the
excited-state ensemble decreases by ~0.01 A and then
remains constant over the ~7 ps lifetime of the HS state.
Thus, dcoNaxia @04 dco-Nequatorial @re found to be, respec-
tively, 0.13 and 0.06 A longer in the HS state than in the

—-
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FIG. 3. Time evolution of the Co-N bond lengths (black dots)
upon photoexcitation, smoothed with 4-point (~100 fs) moving
average filter. The insert shows a time-resolved Fourier transform
of the oscillatory part of the difference scattering signal (Fig. 2(a)
and Fig. S6 [31]), indicating sequential activation of two vibra-
tional modes. The red line shows a heuristic fit, incorporating
sequential activation of first a 7| ~0.33 ps mode and then a
T, ~0.23 ps mode identified as, respectively, breathing- and
pincerlike by direct comparison with our DFT calculations.

LS state, distance changes which are slightly smaller than
the DFT predictions (Table I). The rise time of the solvent
heating signal indicates that full thermal equilibration with
the surrounding solvent takes place in about 4 ps.

The inset of Fig. 3 shows a time-dependent Fourier
transform () of the oscillatory structural signal contained
in AS and calculated as detailed in the SM [31]. From this,
we observe two distinct components: one mode which
appears within the time resolution of our experiment and
decays ona ~1 ps time scale, and one mode which grows in
after 1 ps. The red line in Fig. 3 illustrates the fit of a
heuristic model to the data after the initial lengthening of
the Co-N axial bond. The model is comprised of two
sinusoidals [Eq. (S4) of the SM [31]], the first one being
damped and driving the second. Both sinusoidals are
broadened by the IRF and superimposed on an exponen-
tially decaying background with a time constant of
0.7 ps £ 0.1 ps. From this fit, we find that the period T,
of the main oscillation is 0.33 ps 4+ 0.03 ps and that the
damping time is 0.4 ps 4+ 0.1 ps. On the same time scale,
we observe the growing of the second oscillation with a
period of T, = 0.23 ps £ 0.01 ps. In the framework of this
analysis and by direct comparison with the DFT-calculated
vibrational modes of the HS state, we assign the first
component to a breathinglike mode (movie S1 of the SM
[31]) with synchronous stretching of all six Co-N bonds,
whereas the second, weaker component is assigned to arise
from a pincerlike movement of the tridentate ligands
(movie S2 of the SM [31]). The assignment of these modes
is in good agreement with the recent work on related
Fe(Il) complexes [10,48,49], where the immediately
excited stretching modes were quickly damped as energy
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was dissipated into other degrees of freedom. Future
experiments utilizing higher x-ray energies to access a
larger region of momentum space should facilitate detailed
studies of the structural degrees of freedom [as recently
demonstrated for [Fe(terpy),]** on synchrotron time scales
(100 ps) [12,50,51]] involved in the structural relaxation
of the electronically excited state. Such studies may be
fruitfully combined with ab initio MD [52], thus going
beyond the classical-mechanics description of the com-
bined DFT-MD simulations used in the present analysis.

Returning to the solute dynamics, by assuming that the
excited-state potential is well approximated by a harmonic
potential and if the population of this state is nearly
instantaneous, one would expect the ensemble mean of
the Co-N bond length to reach its maximum value one half
period (~0.17 ps) after excitation. From Fig. 3, we find
this point to be reached only after 0.25 ps. By singular
value decomposition of the structural contribution to AS
(Figs. S4 and S5 of the SM [31]), we find this observation
of a delayed structural transition to be model independent
and further find that the delayed onset is well described
by an exponential grow-in (z = 0.06 ps &= 0.01 ps) of the
signal with a 0.08 ps £ 0.02 ps phase shift of the oscil-
lations. These observations are consistent with the excited-
state structural dynamics taking place on several potential
surfaces: photoexcitation produces a MLCT excited state,
while bond elongation is believed to occur predominantly
in the metal-centered HS excited state. Referring back to
the discussion of Eq. (6), we note that this expression is
only strictly applicable in a regime of linear response and
that, therefore, the ~100 fs delay in bond elongation can be
considered only a coarse, structural measure of the time
scale involved in the electronic processes of intersystem
crossing and internal conversion that eventually leads to
formation of the HS state. This delay, while sufficiently fast
to launch the observed synchronous Co-N stretch mode,
leads to a significant broadening of the HS population in
terms of the Co-N bond lengths. This in turn leads to the
observed phase shift and the comparatively low amplitude
of the observed oscillations.

These results demonstrate how time-resolved x-ray
scattering with solution-state samples can be utilized to
accurately characterize femtosecond structural dynamics as
photoexcited molecules traverse the potential energy land-
scape of the excited state(s). We believe the results and
methodology presented here to be broadly applicable, and
we envision that these types of experiments will have a
significant impact on our understanding of the fundamental
mechanisms at work in SST systems and in both natural and
artificial photosensitizers, where the redistribution of energy
to different and strongly coupled internal degrees of freedom
(both electronic and structural) are of key importance.

The DTU-affiliated authors would like to gratefully
acknowledge DANSCATT for funding the beam time
efforts. M.M.N., K.B.M,, K.H,, A.D,, E.B., K.S.K,

and T.B.V.D. acknowledge support from Det Frie
Forskningsrdad (DFF), and the Lundbeck Foundation.
S. E. C acknowledges funding from SFB 1073. This project
was also supported by the European Research Council via
Contract No. ERC-StG-259709, the Hungarian Scientific
Research Fund (OTKA) under Contract No. K29724 and the
Lendiilet (Momentum) Program of the Hungarian Academy
of Sciences (LP2013-59). Z.N. acknowledges support
from the Bolyai Fellowship of the Hungarian Academy
of Sciences. M. P. acknowledges support from the People
Programme (Marie Curie Actions) of the European
Union’s Seventh Framework Programme (FP7 2007-2013)
under REA  Grant Agreement No. 609405
(COFUNDPostdocDTU). J. U. gratefully acknowledges the
continued funding from the Knut and Alice Wallenberg
Foundation. J. Z. greatly acknowledges support from NSFC
(21302138) and the Tianjin High School Science and
Technology Fund Planning Project (20130504). R. W. H.,
H. W. L., and K. J. G. acknowledge support from the AMOS
program within the Chemical Science, Geosciences and
Biosciences Division of the Office of Basic Energy
Sciences, Office of Science, U.S. Department of Energy.
T.A., A.B., W.G,, A.G,, and C. B. acknowledge funding
from the German Science Foundation (DFG) via SFB925
and from the Centre of Ultrafast Imaging (CUI). Use of the
Linac Coherent Light Source (LCLS), SLAC National
Accelerator Laboratory, is supported by the U.S.
Department of Energy, Office of Science, Office of Basic
Energy Sciences under Contract No. DE-AC02-76SF00515.

*Corresponding author.
hald @fysik.dtu.dk

[1] H. A. Goodwin, Top. Curr. Chem. 234, 23 (2004).

[2] I. Krivokapic, M. Zerara, M.L. Daku, A. Vargas, C.
Enachescu, C. Ambrus, P. Tregenna-Piggott, N. Amstutz,
E. Krausz, and A. Hauser, Coord. Chem. Rev. 251, 364
(2007).

[3] C. Enachescu, I. Krivokapic, M. Zerara, J. A. Real, N.
Amstutz, and A. Hauser, Inorg. Chim. Acta 360, 3945 (2007).

[4] A. Bousseksou, K. Boukheddaden, M. Goiran, C. Consejo,
M.-L. Boillot, and J.-P. Tuchagues, Phys. Rev. B 65, 172412
(2002).

[5] O. Kahn and C.J. Martinez, Science 279, 44 (1998).

[6] G. Molnar, L. Salmon, W. Nicolazzi, F. Terki, and A.
Bousseksou, J. Mater. Chem. C 2, 1360 (2014).

[7] E. Ruiz, Phys. Chem. Chem. Phys. 16, 14 (2014).

[8] P. Giitlich and H. A. Goodwin, Top. Curr. Chem. 233, 1
(2004).

[9] M. Chergui, in Spin-Crossover Materials, edited by M. A.
Halcrow (John Wiley & Sons, New York, 2013), p. 405.

[10] M. Cammarata, R. Bertoni, M. Lorenc, H. Cailleau, S. Di
Matteo, C. Mauriac, S. F. Matar, H. Lemke, M. Chollet, S.
Ravy et al., Phys. Rev. Lett. 113, 227402 (2014).
[11] G. Vanké, T. Neisius, G. Molndr, F. Renz, S. Karpati, A.

Shukla, and F. M. F. de Groot, J. Phys. Chem. B 110, 11647
(20006).

013002-5



PRL 117, 013002 (2016)

PHYSICAL REVIEW LETTERS

week ending
1 JULY 2016

[12] S.E. Canton, X. Zhang, L.M. Lawson Daku, A.L.
Smeigh, J. Zhang, Y. Liu, C.-J. Wallentin, K. Attenkofer,
G. Jennings, C. A. Kurtz et al., J. Phys. Chem. C 118, 4536
(2014).

[13] J. Nance, D. N. Bowman, S. Mukherjee, C. T. Kelley, and
E. Jakubikova, Inorg. Chem. 54, 11259 (2015).

[14] K. Haldrup et al., J. Phys. Chem. B 120, 1158 (2016).

[15] H. Lemke et al., arXiv:1511.01294.

[16] H.T. Lemke, C. Bressler, L. X. Chen, D. M. Fritz, K.J.
Gaffney, A. Galler, W. Gawelda, K. Haldrup, R.W.
Hartsock, H. Thee, J. Kim, K. H. Kim, J. H. Lee, M. M.
Nielsen, A.B. Stickrath, W. Zhang, D. Zhu, and M.
Cammarata, J. Phys. Chem. A 117, 735 (2013).

[17] M. Chollet, R. Alonso-Mori, M. Cammarata, D. Damiani, J.
Defever, J. T. Delor, Y. Feng, J. M. Glownia, J. B. Langton,
S. Nelson, K. Ramsey, A. Robert, M. Sikorski, S. Song,
D. Stefanescu, V. Srinivasan, D. Zhu, H. T. Lemke, and
D. M. Fritz, J. Synchrotron Radiat. 22, 503 (2015).

[18] S. Kremer, W. Henke, and D. Reinen, Inorg. Chem. 21,
3013 (1982).

[19] J.S. Judge and W. Baker, Jr., Inorg. Chim. Acta 1, 68
(1967).

[20] S. Hayami, Y. Komatsu, T. Shimizu, H. Kamihata, and Y. H.
Lee, Coord. Chem. Rev. 255, 1981 (2011).

[21] H. Oshio, H. Spiering, V. Ksenofontov, F. Renz, and P.
Giitlich, Inorg. Chem. 40, 1143 (2001).

[22] A. Vargas, 1. Krivokapic, A. Hauser, and L. M. Lawson
Daku, Phys. Chem. Chem. Phys. 15, 3752 (2013).

[23] B. N. Figgis, E. S. Kucharski, and A. H. White, Australian
Journal of Chemistry 36, 1537 (1983).

[24] J. K. Beattie, R. A. Binstead, M. T. Kelso, P. Del Favero,
T. G. Dewey, and D. H. Turner, Inorg. Chim. Acta 235, 245
(1995).

[25] M. P. Minitti, J. S. Robinson, R.N. Coffee, S. Edstrom,
S. Gilevich, J. M. Glownia, E. Granados, P. Hering, M. C.
Hoffmann, A. Miahnahri et al., J. Synchrotron Radiat. 22,
526 (2015).

[26] H.T. Philipp, M. Hromalik, M. Tate, L. Koerner, and S. M.
Gruner, Nucl. Instrum. Methods Phys. Res., Sect. A 649, 67
(2011).

[27] T.B. van Driel, K. S. Kjaer, E. Biasin, K. Haldrup, H. T.
Lemke, and M. M. Nielsen, Faraday Discuss. 177, 443
(2015).

[28] K. Haldrup, M. Christensen, and M. Meedom Nielsen, Acta
Crystallogr. Sect. A 66, 261 (2010).

[29] U. Lorenz, K. B. Mgller, and N. E. Henriksen, New J. Phys.
12, 113022 (2010).

[30] K. Haldrup, G. Vanké, W. Gawelda, A. Galler, G. Doumy,
A. M. March, E. P. Kanter, A. Bordage, A. Dohn, T. B. van
Driel, K. S. Kjer, H. T. Lemke, S.E. Canton, J. Uhlig, V.
Sundstrom, L. Young, S.H. Southworth, M. M. Nielsen,
and C. Bressler, J. Phys. Chem. A 116, 9878 (2012).

[31] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.117.013002, which

includes Refs. [31-41], for full description of the fit
procedure, a further analysis and discussion of the solvent
and structural contribution to the difference scattering
signal as a function of laser power and an extended
description of the dynamics observed in the data, including
movies S1 and S2 showing the identified vibrational modes.
Details of the IRF-determination and MD simulations are
also included.

[32] J. Als-Nielsen and D. McMorrow, Elements of Modern
X-ray Physics (John Wiley & Sons, New York, 2011), p. 1.

[33] S. Palese, L. Schilling, R. J. D. Miller, P. R. Staver, and W. T.
Lotshaw, J. Phys. Chem. 98, 6308 (1994).

[34] H. W. Horn, W. C. Swope, J. W. Pitera, J. D. Madura, T. J.
Dick, G. L. Hura, and T. Head-Gordon, J. Chem. Phys. 120,
9665 (2004).

[35] W. L. Jorgensen, D. S. Maxwell, and J. Tirado-Rives, J. Am.
Chem. Soc. 118, 11225 (1996).

[36] G.J. Martyna, M. L. Klein, and M. Tuckerman, J. Chem.
Phys. 97, 2635 (1992).

[37] J. Neuefeind, C.J. Benmore, J.K.R. Weber, and D.
Paschek, Mol. Phys. 109, 279 (2011).

[38] F. Neese, Max-Planck-Institut fiir Chemische Energiekon-
version, ORCA version 3.0.3, https://orcaforum.cec.mpg.de/.

[39] F. Neese, WIREs Comput. Mol. Sci. 2, 73 (2012).

[40] A.D. Becke, Phys. Rev. A 38, 3098 (1988).

[41] J. P. Perdew, Phys. Rev. B 33, 8822 (1986).

[42] R. A. Binstead and J. K. Beattie, Inorg. Chem. 25, 1481
(1986).

[43] A. Dohn, E. Biasin, K. Haldrup, M. M. Nielsen, N.E.
Henriksen, and K. B. Mgller, J. Phys. B 48, 244010 (2015).

[44] M. Cammarata, M. Lorenc, T. Kim, J. Lee, Q. Kong, E.
Pontecorvo, M. L. Russo, G. Schiro, A. Cupane, M. Wulff
et al., J. Chem. Phys. 124, 124504 (2006).

[45] K.S. Kjaer, T.B. van Driel, J. Kehres, K. Haldrup, D.
Khakhulin, K. Bechgaard, M. Cammarata, M. Wulff, T. J.
Sgrensen, and M. M. Nielsen, Phys. Chem. Chem. Phys. 15,
15003 (2013).

[46] T.J. Sgrensen and K. S. Kjer, https://sites.google.com/site/
trwaxs/ (2013).

[47] S. Jun, J. H. Lee, J. Kim, J. Kim, K. H. Kim, Q. Kong, T. K.
Kim, M. Lo Russo, M. Wulff, and H. Ihee, Phys. Chem.
Chem. Phys. 12, 11536 (2010).

[48] G. Aubock and M. Chergui, Nat. Chem. 7, 629 (2015).

[49] C. Consani, M. Prémont-Schwarz, A. ElNahhas, C.
Bressler, F. van Mourik, A. Cannizzo, and M. Chergui,
Angew. Chem. 121, 7320 (2009).

[50] G. Vanko et al., J. Phys. Chem. C 119, 5888 (2015).

[51] X. Zhang, M.L. Lawson Daku, J. Zhang, K. Suarez-
Alcantara, G. Jennings, C.A. Kurtz, and S.E. Canton,
J. Phys. Chem. C 119, 3312 (2015).

[52] A.O. Dohn, E. Orn Jénsson, K.S. Kjer, T.B. van Driel,
M. M. Nielsen, K. W. Jacobsen, N. E. Henriksen, and K. B.
Mgller, J. Phys. Chem. Lett. 5, 2414 (2014).

013002-6



