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ABSTRACT 14 Structural rearrangements within single molecules occur on ultrafast time scales. 15 Many aspects of molecular dynamics, such as the energy flow through excited states, have 16 been studied using spectroscopic techniques, yet the goal to watch molecules evolve their 17 geometrical structure in real-time remains challenging. By mapping nuclear motions using 18 femtosecond X-ray pulses, we have created real-space representations of the evolving 19 dynamics during a well-known chemical reaction and show a series of time-sorted 20 structural snapshots produced by ultrafast time-resolved hard X-ray scattering.  A 21 computational analysis optimally matches the series of scattering patterns produced by the 22 X-rays to a multitude of potential reaction paths.  In so doing we have made a critical step 23 toward the goal of viewing chemical reactions on femtosecond timescales, opening a new 24 direction in studies of ultrafast chemical reactions in the gas-phase. 25   26                                                         * These authors contributed equally † Corresponding authors: minitti@slac.stanford.edu, jbh@slac.stanford.edu and Peter_Weber@brown.edu  



2 

MAIN TEXT 27  28 For more than a century, chemists have explored chemical reactions that transform 29 molecules from one structure to another.  While mapping structure or function has become 30 routine in many instances, understanding the chemical dynamics that connect structure 31 and function remains, however, remarkably challenging [1]. A growing number of 32 experiments are emerging that aim to map chemical reactions with spatial and temporal 33 resolution, including molecular frame photoelectron spectroscopy [2], Coulomb explosion 34 imaging [3–5] and ultrafast electron diffraction [6]. It is notable that the most important 35 and frequently used techniques for the determination of static molecular structures, 36 namely x-ray scattering and nuclear magnetic resonance, are absent from this list. 37 X-ray scattering is one of the most powerful techniques for structure determination, but 38 the insufficient photon flux and too long pulse durations have rendered time-dependent 39 studies largely unfeasible. Some success has been attained using chopped x-ray pulses from 40 synchrotrons in the condensed phases for comparatively slow (t ≥ 50 ps) chemical 41 processes [7,8]. Chemical reaction dynamics studies aimed at determining unique 42 structural conformations benefit from dilute gases where the reactions unfold uninhibited 43 by perturbations from neighboring molecules or collisions. Unfortunately the number of 44 molecules in the interaction region in many gas-phase samples are often too low to provide 45 sufficient signal with conventional x-ray sources, which also lack the time-resolution 46 required for reactions that unfold on the femtosecond time scale. Impressive advances 47 have been achieved using electron scattering [9–12]. Electron scattering has a qualitatively 48 larger cross-section than scattering of x-rays, but space-charge interactions between 49 
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electrons within a pulse make it difficult to reach the pulse durations needed to follow 50 molecular motions. 51 This paper demonstrates that x-ray scattering can be used as a tool to study gas-phase 52 ultrafast chemical reactions. The realization of hard x-ray free electron lasers (XFELs), 53 notably the Linac Coherent Light Source (LCLS) in 2009, has made available sources with 54 unprecedented x-ray brightness.  Their pulse durations are as short as a few femtoseconds 55 and the intensity of a single x-ray pulse at LCLS is comparable to that available from 56 synchrotron sources integrated over one second. These parameters open up the possibility 57 to apply ultrafast x-ray sources to the study of chemical reaction dynamics in dilute 58 gases [13,14] and have now made it possible to observe molecular scattering patterns with 59 a time resolution approaching the ultrashort duration of laser pulses [15]. Scattering 60 experiments yield unique patterns that represent Fourier transforms of the molecular 61 structure. Because scattering experiments directly probe molecular geometry, they are 62 ideally suited for mechanistic studies on ultrafast time scales.  We report here the first 63 observation of time-evolving x-ray scattering patterns from dilute gas phase molecules 64 during a chemical reaction: the ultrafast ring-opening reaction of 1,3-cyclohexadiene (CHD) 65 to form linear 1,3,5-hexatriene (HT). 66 The ring-opening reaction of CHD has intrigued scientists for many years. As a 67 prototypical example of an electrocyclic reaction, it has played an important role in the 68 understanding of a large class of organic reactions [16]. The reaction motif also features 69 prominently in synthetic processes, photochemical switches, and natural product 70 synthesis [17]. Upon excitation by a UV photon, the molecule slides down the potential 71 energy surface of the 1B electronic state and goes through a conical intersection to reach a 72 
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steeply repulsive 2A surface, from where it transitions via an avoided crossing to the 73 ground state of the reaction product [17]. From spectroscopic experiments, the time scales 74 are known [18–20] but the correlation of time constants to molecular structures has 75 remained absent. By applying x-ray scattering we are now able to assign molecular 76 structures to each time point of the reaction before the molecules reach a thermal 77 equilibrium of conformational structures  [21]. 78 The experiment was performed at the X-ray Pump-Probe (XPP) Instrument of 79 LCLS [22]. Briefly, CHD vapor at a pressure of 3-4 Torr, corresponding to only ~1·1017 80 molecules/cm3, for a total of ~8·1012 total molecules in the interaction region, were 81 introduced into a custom scattering chamber, Fig. 1. The ring-opening reaction was 82 initiated by the absorption of a 267 nm optical pump photon (65 fs, 4-8 μJ, 100 μm FWHM 83 focus). The structural evolution of CHD to HT was observed by a time-delayed x-ray probe 84 (8.3 keV, 30 fs, 1012 photons/pulse, 30 x 30 μm FWHM focus) propagating collinearly with 85 the pump laser. Scattering patterns were collected on a 2.3-megapixel CSPAD imaging 86 detector [23] as a function of time delay.  For each pump-probe pair, precise relative arrival 87 times of the x-ray and optical pulses at the sample were monitored by a spectrally-encoded 88 cross-correlator [24,25]. Fast data collection enabled the adjustment of experimental 89 parameters, such as delay time and beam overlap, to optimize experimental conditions 90 during the experimental runs. 91 The percentage changes in the measured scattering signal for momentum transfers 92 between 1.0 and 4.2 Å-1 as a function of delay between optical laser excitation and the x-ray 93 probe are shown in Fig 2. The changes are on the order of 1%, which we estimate 94 corresponds to an average of 7% of the molecules excited by the pump pulse. In the 95 
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experiment, the percentage of molecules excited was deliberately kept low to minimize 96 multiphoton processes. Immediately after optical excitation, the difference scattering signal 97 appears as either positive or negative changes as a function of momentum transfer and 98 time delay. No further changes were observed after approximately 200 fs. This is consistent 99 with optical pump-probe experiments that have suggested that the molecule evolves on the 100 excited electronic state surfaces for about 140 fs [14]. 101 The time dependence of the scattering signal for specific momentum transfers is 102 shown in Fig. 3A. The analysis (Fig. 3B & 3C) shows that certain momentum transfers are 103 associated with transient features as short-lived as 75 fs while others have considerably 104 longer lifetimes. The difference in the observed rates and lifetimes for various regions of 105 momentum transfer (Fig. 3B & 3C) are simply attributed to the distances between non-106 neighboring carbons within CHD/HT moving with respect to one another on different 107 timescales. The shortest lived transients (Fig. 3B) exhibit lifetimes on the order of the 108 dissociation reaction [14], suggesting that the experiment captures the CHD molecule as it 109 reacts in the time domain.  110 The x-ray scattering results show that the structural part of the transformation of 1,3-111 cyclohexadiene to 1,3,5-hexatriene proceeds with an 80 fs time constant. This compares 112 with the decay (140 fs) of the last electronic state populated in the reaction sequence and 113 the point from where hexatriene is generated (the 2A surface), as reported from 114 spectroscopic experiments [17]. The time scale also compares with a 30 fs lifetime of the 115 initially excited 1B electronic state, and the separately observed spectroscopic appearance 116 time of structurally disperse hexatriene of 140 fs [26]. The x-ray scattering experiment 117 presented here, solely limited by the achievable momentum vector resolution, not only 118 
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provides reliable time constants for the structural evolution of the reaction, but also allows 119 one to calculate representative molecular structures along the reaction path consistent 120 with the experiment. 121 To determine the time-evolution of molecular structure implied by the experimental 122 data we start by calculating 100 trajectories, which represent a wide range of plausible 123 reaction paths. Each trajectory is obtained with slightly different starting conditions 124 sampled from a vibrational Wigner distribution of the v=0 vibrational state of the S0 125 electronic ground state [27]. Trajectories are propagated using the multiconfigurational 126 Ehrenfest method  [28] with potential energies and non-adiabatic couplings obtained on-127 
the-fly from SA3-CAS(6,4)-SCF/cc-pVDZ ab initio electronic structure calculations using 128 Molpro [29]. The all-atom simulations do not assume any reduced representation or pre-129 existing reaction coordinate. Three electronic states are included: the ground state, the 130 optically accessed 1B state, and the 2A state that is implicated in the Woodward-Hoffman 131 mechanism of the electrocyclic reaction [16]. The rotationally averaged coherent scattering 132 signal is obtained via the independent-atom model by [30]  133 
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the trajectories diverge within the first 50 fs of the reaction, as can be seen in 141 Supplementary Figure 1. Some of the molecules remain initially in bonded form, but open 142 up after one or more oscillations.  143 
To determine the combination of trajectories that best describes the chemical reaction, 144 we compare the experimental scattering patterns with scattering patterns calculated from 145 the computed trajectories. Using a multi-start nonlinear least-square optimization routine 146 with a finite-difference gradient [32], we determined the weights on the trajectories which 147 result in a signal that best matches the experimental data in Fig. 2. The optimization 148 converges on a small number of trajectories (highlighted in Supplementary Figure 2) with 149 the four dominant trajectories having a combined weight of approximately 80%, and the 150 remaining 20% made up by four more trajectories. Based on the representation of x-ray 151 scattering embodied by equation (1), these trajectories suffice to represent the 152 experimentally observed data, within the approximations inherent in equation (1) and a 153 classical representation of the chemical reaction. A direct comparison of the theoretical 154 signal and the experimental data at particular time points is shown in Fig. 4.  Movies 155 showing the time-evolving molecular structures of the four dominant trajectories (bold 156 lines in Supplementary Figure 2) are available as extended data (Supplementary Movies 1-157 4).  158 Our analysis shows that upon absorption of the optical photon, the chemical reaction 159 of 1,3-cyclohexadiene to 1,3,5-hexatriene starts with a rapid expansion of the carbon bonds 160 of the cyclohexadiene ring. This expansion is related to the weakening of the chemical 161 bonds due to the electronic excitation of the molecular π-bonds. Within one or two 162 oscillations of the carbon skeleton, the C1-C6 chemical bond breaks as the terminal carbon 163 
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atoms move perpendicular to the molecular plane along the reaction coordinate. It is 164 already at this point that the terminal hydrogen atoms of the nascent hexatriene molecule 165 align to conform to the Woodward-Hoffman rules [16]. Consequently, the stereochemical 166 fate of the chemical reaction is sealed as early as thirty femtoseconds after the optical 167 excitation. 168 In summary, we report the first ultrafast time-resolved gas-phase x-ray scattering 169 experiment, recording the ring-opening reaction of 1,3-cyclohexadiene using femtosecond 170 hard x-ray pulses from LCLS, and thereby opening a new direction for time-resolved x-ray 171 scattering experiments for chemical dynamics. Time-dependent x-ray scattering patterns 172 from molecular structures as they evolve during chemical reactions can provide important 173 feedback to mechanistic studies, as well as to computational methods that aim to elucidate 174 chemical reaction mechanisms. Such data should prove quite useful to spectroscopic 175 experiments, which associate specific spectral features with time points in the reaction. 176 With the time-evolution of molecular structure available from x-ray scattering experiments, 177 the spectroscopic results can be better matched to computer simulations, providing 178 synergy between different experimental techniques and theory. In particular, important 179 spectroscopic experiments that explore the path of the molecule through the conical 180 intersections can now be coupled with structural information. The time-dependent 181 molecular structures during the electrocyclic ring-opening reaction of 1,3-cyclohexadiene 182 to 1,3,5-hexatriene obtained in the present work will help form an important foundation 183 for a significant body of future XFEL experimental and computational studies. We 184 anticipate an exciting period of rapid developments in ultrafast x-ray scattering 185 experiments that push both temporal and spatial resolution boundaries, as well as in the 186 
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theoretical and computational framework required to interpret these new experiments. 187 
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MAIN TEXT FIGURES & FIGURE CAPTIONS 312 
 313 
Figure 1. 314  315  316 

 317 
 318 
Figure 1: (Color) Experimental setup for ultrafast time resolved x-ray scattering studies. 319 Low pressure 1,3-cyclohexadiene vapor (green) is introduced into the scattering cell via a 320 needle valve from a room temperature sample reservoir. CHD is excited to the photoactive 321 state by the UV optical pump pulse (blue), inducing the chemical reaction that leads to 322 several conformers of 1,3,5-hexatriene. The reacting molecules are probed by diffracting 323 photons from an 8.3 keV x-ray pulse (red) that arrives with variable time delay relative the 324 pump pulse, onto a large area pixel array detector. The time delay between the optical and 325 x-ray pulses are varied to obtain the complete molecular movie. 326  327 
 328 
 329 
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Figure 2. 330 

 331 
Figure 2: (Color) The time-dependent pump-probe signal, defined as the percent 332 difference. The scattering patterns for positive delay times versus negative delay times 333 (100*((laser on-laser off)/laser off)), as a function of pump-probe delay time. The 334 scattering signals change on the order of 1% to 2% as indicated by the color bar. 335  336 
 337 
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Figure 3. 350 
 351 

 352 
 353 
Figure 3: (Color) Time-dependent scattered signal intensities.  A) Line traces of the 354 scattering signals at 2.1 – 2.5 Å (red squares) and 2.9 – 3.1 Å (blue circles), and fits (red and 355 blue lines, respectively). B & C) The derivatives of the fits show transients of 82 ± 24 and 356 75 ± 35 fs, respectively. Error bars for the fits in A) and the uncertainties in B &C) are 357 reported to 3σcalculated from the frame-to-frame shot noise from the CSPAD detector .  358 
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Figure 4.  376 

 377 
Figure 4: (Color) Experimental (black lines) and computational (thick colored lines) 378 scattering signals for the first 250 fs of the ring–opening reaction of 1,3-cylohexadiene. 379 
 380 


