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ABSTRACT: The identification of the initially prepared, optically active state remains a
challenging problem in many studies of ultrafast photoinduced processes. We show that the
initially excited electronic state can be determined using the anisotropic component of ultrafast
time-resolved X-ray scattering signals. The concept is demonstrated using the time-dependent X-
ray scattering of N-methyl morpholine in the gas-phase upon excitation by a 200 nm linearly
polarized optical pulse. Analysis of the angular dependence of the scattering signal near time zero
renders the orientation of the transition dipole moment in the molecular frame and identifies the
initially excited state as the 3p, Rydberg state, thus bypassing the need for further experimental
studies to determine the starting point of the photoinduced dynamics and clarifying inconsistent

computational results.

TOC GRAPHICS

KEYWORDS. X-ray scattering, ultrafast dynamics, Rydberg states, molecular alignment,

transition dipole moment, optical excitation.



The identification of the initially excited electronic state in ultrafast time-resolved experiments
is of paramount importance for the analysis of the observed dynamics. Inaccurate assignment can
lead to falsely attributed structural changes and to pathways that may not be accessible in the given
experiments. Yet accurate assignments remain challenging, especially for short-lived
electronically excited systems that often are at the core of molecular dynamics investigations. We
demonstrate here a path to assign the excited state via the orientation of the optical transition dipole
moment (TDM), which can be obtained from time-resolved, anisotropic X-ray scattering.

Traditionally, TDMs are determined spectroscopically®. Experimental techniques such as 1D
and 2D IR spectroscopy?, fluorescence spectroscopy>* and photoelectron spectroscopy® can be
used for long-lived states. In addition, related properties such as oscillator strength and excitation
energies are often obtained from electronic structure calculations and serve as supporting evidence
for pinpointing the initially excited states. However, these strategies do not always provide
unambiguous results. On the one hand, the experimental spectra may exhibit broadening that
results from either instrumental parameters or the natural linewidth of the underlying transitions.
If the molecular system features an ultrashort-lived state, arising for example from internal
conversion, the determination of the TDM orientation is impossible using traditional spectroscopy
methods. On the other hand, excitation energies, TDMs and oscillator strengths derived from
computations are often associated with large uncertainties,®’ not the least in molecules where the
initially excited state has Rydberg character and thus highly diffuse orbitals.® The identification
of the initially excited state is therefore a challenging problem.

In this Letter we illustrate how the aforementioned complications can largely be bypassed in
gas-phase ultrafast time-resolved X-ray scattering experiments, which have become possible with

the recent development of powerful X-ray Free-Electron Lasers (XFELSs). Within a few years of



the first X-rays emerging from the Linac Coherent Light Source (LCLS),° ultrafast gas phase X-
ray scattering experiments have become a reality, yielding scattering data with high temporal and
angular resolution.!** It is now feasible to obtain high-quality two-dimensional scattering signals
that reveal the alignment and anisotropy in the sample.** Thus, in addition to the isotropic signal
that reveals the structural dynamics, one can also explore the richness of information hidden in the
anisotropy of the time-resolved X-ray scattering patterns. The potential importance of the
anisotropic components of X-ray and electron scattering in gas-phase ensembles, and the
accompanying rotational dynamics, is underscored by the fact that they have been studied
theoretically for many years.*>?! Experimental studies of rotational and structural dynamics of
gas-phase molecules have also been performed by Yang et al. using time-resolved ultrafast
electron diffraction.???® In the present study, we show that for short lived states in polyatomic
molecules, for which TDM orientations are difficult to obtain, the anisotropic scattering signal
reveals the identity of the initially prepared state. We investigate the optical excitation of an
asymmetric top molecule, N-methyl Morpholine (NMM) shown in Figure 1, using a 200 nm pump
laser pulse in the gas phase and show that the anisotropy near time zero can be used as a quick and
reliable tool to determine the initially accessed state.

The time-resolved molecular dynamics of NMM has previously been explored using Rydberg
Fingerprint Spectroscopy.?’?® Zhang et al. found that optical excitation at 208 nm prepares the
molecule in a 3p state , which then decays via an internal conversion on a time scale of about 100
fs to the lower-lying 3s Rydberg state.?® In the spectrum, they noticed that the 3p peak right after
time zero splits into two components, one intense peak with higher binding energy (BE) and one
weaker peak at lower BE. Based on the relative order of binding energies calculated from self-

interaction corrected density functional theory (DFT-SIC), the high BE and the low BE peaks were



assigned to the 3p; and 3px states, respectively. However, this identification of the initially excited
state is only as reliable as the supporting computational results. To examine this last point, we
show in Table 1 the computational results for the 3p Rydberg states of NMM at three different
levels of theory. While the benchmark multireference configuration interaction (MRCI) and
complete active space SCF (CASSCF) methods indicate that the most probable excitation is to the
3p; state, the time-dependent density functional theory (TDDFT) suggests that it is a 3py state. It
is also worth noting that MRCI1 and CASSCF calculations suggest that vertical excitations energies
are ordered as 3p,<3px<3py, but for TDDFT the order is 3px<3py<3p.. Because of such
inconsistencies in the computational results for Rydberg-excited systems, the unambiguous
determination of short-lived optically excited states is rarely possible.

Table 1. Oscillator strengths with TDM directions, shown as (x,y,z) unit vectors, from the
ground state to each of the three 3p states in NMM, calculated at different levels of theory.

Molecular axes are defined by the three principal rotational axes of NMM (Figure 1).

Excited State C?Mﬁ%"(lg& SA5'%?ffg(Fd()2’5)/ 6- MRCI(2,5)/6-311+G(d)
3px 0.0041 (1, 0, 0) 0.0704 (1, 0, 0) 0.0322 (1, 0, 0)
3py 0.1159 (0, 0.82, 0.57) 0.0496 (0, 0.84, 0.55) 0.0340 (0, 0.85, 0.52)
3p; 0.0318 (0, -0.99, 0.15) | 0.1321 (0, 0.18, -0.98) 0.1138 (0, 0.18, -0.98)




Figure 1. Structure and molecular axes of NMM in the ground state.

In the time-resolved X-ray scattering experiments, a thermal ensemble of room temperature gas-
phase NMM molecules is excited with a 200 nm pump laser and probed using 9.5 keV X-ray
photons generated by the Linac Coherent Light Source (LCLS). The scattering signal is detected
on a 2.3-megapixel Cornell-SLAC Pixel Array Detector (CSPAD)?® and the position of the
detected X-rays is converted into the polar coordinates on the detector, expressed in terms of the
amplitude of the scattering vector q and the azimuthal angle ¢. The optical laser and the X-rays
propagate collinearly, and their linear polarizations are perpendicular to each other. The time-

evolving patterns are expressed as the percent difference scattering patterns, Py;¢(¢, g, t),

Ion(,q,t)— Ioff(¢vQ)
) 1
Logr(e,q) @)

Pyirr (¢, q,t) = 100
where 1,,,(¢, g, t) represents the scattering pattern at a given pump-probe delay time t, and
I,s£ (¢, q) is the scattering pattern from the ground state, un-excited molecules. Using the percent
difference of the scattering signal helps to cancel poorly defined experimental parameters such as

background signals and gas pressure fluctuations. More importantly, the anisotropy due to the

polarization of the X-rays also cancels out in Equation 1,%° leaving only the anisotropy introduced



by the optical pump pulse. The percent difference signal scales with the excitation probability,
which is intentionally kept small so as to reduce the probability of competing multi-photon

excitation processes. Details about the experiments are described in the Supporting Information.



700 fs

Figure 2. Experimental percent difference scattering patterns at three pump-probe delay
times (0 fs, 150 fs, and 700 fs). The vertical axis is defined by the orientation of the
polarization axis of the pump laser. The circles in the panels indicate values of the scattering

momentum transfer vector of q =1.3, 2.4, 3.4, and 4.4 Al



The time-dependent scattering images shown in Figure 2 display a strong anisotropy near time
zero, which decays at later times. The isotropic, radial dependence of the percent difference signal
encodes the NMM dynamics as the molecule evolves from the ground state structure to the
Rydberg state geometry after the optical excitation. The variation of the scattering signal with the
azimuthal angle, i.e. the anisotropy, originates from the preferential excitation of those molecules
whose TDM vector aligns with the polarization of the optical pulse. For a single-photon excitation
the anisotropy takes a cos?(0) functional form with respect to the laser polarization axis, where 0
is defined as the angle between the molecular TDM vector and the laser polarization vector and
ranges from 0 to =.3! It follows that the orientation of the TDM in the molecular frame determines
the orientation of the excited state population of molecules in the laboratory frame, which is
captured in the scattering signal near time zero. For symmetric and asymmetric tops and linear
molecules, different orientations of the TDM vectors in the molecular frame produce markedly
different scattering signals regardless of their relative magnitude. Since their orientation is often
constrained by the point group of the molecule, straightforward scattering pattern symmetry
arguments, possibly assisted by structures derived from inexpensive calculations, can be used to

unambiguously determine the initially excited state.
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Figure 3. Simulated percent difference scattering pattern produced using the rotationally
averaged independent atom model (I1AM)3? showing the isotropic result once the alignment
disappears (100% excitation is assumed). The excited state molecular geometry used
corresponds to the optimized geometry of the molecular ion, which is also used in modeling

the lon signal in Figure 4.

The sensitivity of the ultrafast X-ray scattering experiments to molecular geometry implies that
although the maximum molecular alignment occurs at time zero, the maximum strength of the
anisotropy is observed only when the geometry has evolved significantly. No anisotropic signal
will be observed without a change in the isotropic scattering signal. However, because rotational
motion is generally much slower than the molecular frame structural dynamics, the anisotropy
should be detectable in a majority of molecular systems. In NMM, as is evident from the data,
rotational dephasing fully destroys the cos?(0) alignment in approximately 700 fs, while a near-
equilibrium geometry for the Rydberg state is reached in less than 250 fs. Subsequent vibrational
motion and subtle geometry transformations shift the peak positions in the g-dependent signal

without affecting significantly the overall shape and orientation of the observed anisotropy. This
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makes the anisotropy near time zero a simple but powerful tool for determining the initially excited
state prior to any detailed analysis of the underlying dynamics.

The quadrant symmetry of the observed signal is explained by the orientational freedom around
the polarization axis. Close inspection of the anisotropy in the images in Figure 2 reveals that the
angular dependence peaks near q=1.3 A and q=3.4 A1, The amplitude of the negative peak at
g=1.3 A is at a maximum in vertical direction, while the negative signal near g=3.4 A is stronger
in the horizontal direction. The positive feature at q=2.4 A does not show a strong anisotropy,

besides a slight stretch along the vertical axis.
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Figure 4. Simulated percent difference scattering patterns for NMM molecules, left column,
excited to the 3px, 3py and the 3p: electronic Rydberg states, right column. A cos?(0)
distribution with respect to the laser polarization axis is assumed and orientations due to
rotation about the laser polarization axis are averaged out. In the right column the
orientation of the TDM in the molecular frame is indicated using a purple arrow, as
calculated from MRCI(2,5)/6-311+G(d).
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For the purpose of calculating reference scattering intensities, the optimized geometry of the
ion-state NMM from UMP2/aug-cc-pVDZ is used to approximate the Rydberg state structure.
While not strictly accurate, the resulting error in the isotropic signal has only a small effect on the
anisotropic component of the signal. The isotropic difference signal is calculated as shown in
Figure 3, which agrees favorably with the experimental pattern following rotational dephasing (at
approximately t>700 fs). In order to identify the initially excited state, we create a cos?(0)
distribution of excited molecules in an ensemble for the three possible cases of alignment,
corresponding to the polarization axis being aligned with the TDM axis of the 3px, the 3py or the
3p; state. The calculated percent difference scattering patterns are presented in Figure 4. It is
apparent that only the simulated pattern of the 3p; excitation shows the same symmetry as the

experiment (see Figure 2, 150 fs panel).
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Figure 5. The anisotropic signal derived from experimental results at a pump-probe delay
time of t=150 fs. The three theoretical signals are derived from the calculated results shown
in Figure 4. The theoretical curves are scaled with respect to the excitation fraction, and

dephasing of the cos?(@) distribution after time zero is taken into consideration.
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In order to quantify the difference between the three states of interest, the amplitude of their
anisotropic scattering components are extracted from the total signal,!”**?* and compared to the
experimental result at 150 fs, which shows maximum anisotropy. (The results using other times
are shown in the SI.) As is evident from Figure 5, the anisotropic signal derived from the
experimental scattering pattern only matches that of the 3p, Rydberg state, for which the TDM
points along the lone pair of the nitrogen atom. The three calculated signals are remarkably
different on account of the orthogonality of their TDMs, which makes identification of the state
straightforward. Specifically, the 3p, and 3py anisotropy components are nearly opposite of each
other, while the 3px anisotropy components have different peak centers and much smaller
magnitudes compared to 3py.

It is possible to imagine situations where a wavepacket is launched on several electronic states,
in which case the anisotropy will have contributions from all states involved. Under these
circumstances, depending on the relative orientations of their TDMs, it might be possible to apply
a fitting procedure to determine even the relative excitation fractions of these states. In the case of
NMM, this is not necessary as the experimental results are clearly explained by the 3p; state alone.
This is to be expected given the bandwidth of the pump laser, which is around 1.21 nm, the large
energy differences of the 3p states,?® and the difference in the oscillator strengths from the
benchmark MRCI(2,5)/6-311+G(d) calculation in Table 1.

The current experiment also yields time-dependent scattering signals of the coherent vibrational
motion in NMM on the 3s potential energy surface following 3p, — 3s internal conversion. The
full analysis of this motion requires in-depth calculations of the electron density distributions and
guantum molecular dynamics that account for the vibrational dephasing of the coherent vibrations

and the nonadiabatic coupling between electronic and nuclear motions. Such an analysis of the
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presented data is currently underway with the aim of a complete understanding of the photoexcited
dynamics, and will be reported later.

In contrast to other pump-probe techniques, where the determination of the initially excited state
is limited by the availability of complementary spectra or the accuracy of the computed oscillator
strengths, ultrafast X-ray scattering experiments provides inherent information for the electronic
transition induced by the pump pulse. In this Letter, we demonstrate how the strong anisotropy
detected immediately after photoexcitation leads to fast and reliable identification of the initially
excited state relying only on the orientation of the TDM in the molecular frame. Because the
alignment of the molecules in the ensemble is preserved for a long time compared to the lifetime
of the excited state, this method is applicable despite the fast internal conversion after excitation.
Ultimately, the advantage of X-ray scattering stems from the fact that, unlike spectroscopy which
deals with the energy levels, the scattering signal constitutes a direct observation of the molecular

structure in Space.
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