Transient Symmetry Controls Photo Dynamics near

Conical Intersections

Max D.J. Waters,® Wenpeng Du,” Andres Moreno Carrascosa,” Brian Stankus,® Martina

Cacciarini,” Peter M. Weber,” and Theis I. Sglling””

SLaboratorium Fir Physikalische Chemie ETH Ziirich Vladimir-Prelogs-Weg 2, 8093 Ziirich,
Switzerland *Department of Chemistry Brown University Providence, Rl 02912, United States of

America

&Department of Chemistry and Biochemistry, Western Connecticut State University, Danbury, CT

06810, United States of America

“Department of Chemistry, University of Florence, Via della Lastruccia 3-13, 50019 Sesto

Fiorentino (FI) Italy

"College of Petroleum & Geosciences, King Fahd University of Petroleum & Minerals, Dharan

31261, Saudi Arabia email: theis.solling@kfupm.edu.sa

AUTHOR INFORMATION

Corresponding Author

Prof. Theis I. Sglling, College of Petroleum & Geosciences, King Fahd University of Petroleum

Minerals, Dharan 31261, Saudi Arabia, email: theis.solling@kfupm.edu.sa



ABSTRACT Excited-state chemistry lacks generalised symmetry rules. With many
femtochemistry studies focused on individual cases, it is hard to build up the same level of
chemical intuition for excited-states as exists for ground states. Here, we unravel the degrees of
freedom involved in ultrafast internal conversion (IC) by mapping the vibrational coherence of the
initial wavepacket, and the dependence on molecular symmetry in various cyclic tertiary amines.
Molecular symmetry plays an important role in the preservation of vibrational coherence in the
transit from one electronic state to another. We show here that it is sufficient for the molecule to
simply have the possibility of a more symmetric structure to achieve the preservation of vibrational
coherence. It can be transient and still lead to preservation. This finding provides an additional
angle on how symmetry influences electronic transitions and an additional piece to the puzzle of

establishing symmetry-based selection rules for excited-state processes.

TOC GRAPHICS

The mere possibility of excited-state symmetry enables the preservation of vibrational coherence in a specific degree
of freedom following a non-radiative transition that normally would be expected to be statistical in nature. N-ethyl
morpholine undergoes fast internal conversion. Because of symmetry restrictions, the coherence of the amine
wagging motion is retained in excited state structure outside of the Franck-Condon region. This stands in contrast to
the asymmetric where there is no coupling restriction and thus no preservation of coherence. The arrows represent
molecular vibrations. In the asymmetric system most of the molecular vibrations are active on the lower-lying state.
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Ultrafast internal conversion (IC), or rather, IC on a femtosecond timescale, is a topic of research
that has gained much attention due to its fundamental role in directing photochemical dynamics.-
5 Central to this process are the conical intersections (Cls) — a point on the potential energy
landscape where two potential energy surfaces are degenerate. A Cl is often referred to as a
photochemical funnel and is often characterized by the non-adiabatic coupling vector and the
gradient difference vector, where the former constitute a favourable route to the symmetry of the
coupling mode.® Cls can efficiently mediate radiationless relaxation of an electronically excited
molecule, of which IC is an example.®®° Symmetry is a key tool to help predict and explain
dynamical behaviour on ultrafast timescales.'®*® The following symmetry condition is useful in
helping predict the symmetry of the coupling mode, and is helpful in predicting the appearance of
certain kinds of Cls:
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If the direct symmetry product of the initial state I3, the coupling mode I, and the final state I;,,,
are a superset of the totally symmetric irreducible representation I, a Cl is an allowed
topographical feature on the potential energy hypersurface.® The topology of the potential energy
landscape surrounding a ClI is theoretically described as a function of the perturbations to the
molecular geometry following two degeneracy-lifting vectors: the gradient-difference mode, and
the non-adiabatic coupling vector, which follows the symmetry that couples the electronic states

(FQ).B’M

This theoretical description of a ClI can be validated through the observation of vibrational

coherence following ultrafast IC because the coherence often corresponds to the motion of the



vibronic wavepacket along one of the modes in the branching space of the CI1.™>" Vibrational
coherence is an uncommon observation in large molecules because there are many vibrational
degrees of freedom available and often very few symmetry restrictions. Intermode coupling can
be reasonably expected to dissipate excess potential energy, resulting in a rapid loss of the
coherence that is intrinsic to the initially prepared wavepacket. Nevertheless, preservation of
vibrational coherence has recently been observed in cyclic tertiary aliphatic amines (CTAAs)!81°
and associated with symmetry restrictions of the available vibrational modes that can dissipate the
energy.’® We demonstrate now that even the mere possibility of a symmetric conformation can
control the fate of a photoexcited system to the extent that it is coherently funneled through a CI.
To this end, we investigate a molecule that starts of in an asymmetric ground-state structure and
ends in a symmetric equilibrium structure immediately after exciting the Franck-Condon region.
This transition can take place on the ultrafast timescale without dissipation of the internal energy
because the gradient at the Franck-Condon region directs the structural change towards the
symmetric excited-state equilibrium structure. In the context of the Rydberg state dynamics of
these CTAAs, the CI of interest is formed between the 3p manifold and the 3s Rydberg state. It
has been established that the CI coupling space primarily can be described as more or less being
in-line with (an extension of) the path from the Franck Condon geometry to the 3p equilibrium

structure.®
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Figure 1. (Left) A generalised schematic for a pump-probe time-of-flight photoelectron spectrometer, where the time
resolution is introduced through a moving stage which changes the length of one of the beam paths. The flight time
of the photoelectrons is recorded, which is inversely proportional to the square root of the photoelectron kinetic energy.
(Right) A cartoon of how pump-probe spectroscopic techniques can be mapped onto the potential energy landscape
of a molecular system — in this case, CTAAs which planarise around the nitrogen centre upon excitation to a Rydberg
state, allowing us to obtain time-resolved measurements of chemical dynamics. The corresponding molecular motion
can be thought of as being an amine wag which is populated because it is associated with the steepest decent out of
the Franck-Condon region (movie in SI). Oscillatory motions are observable because of the fact that Dy is slightly
shifted from the Rydberg states.

We report time-resolved photoelectron spectra (TRPES) of three CTAAS (setup and principle in
Figure 1): N-methyl morpholine (NMM), N-ethyl morpholine (NEM), and N-methyl
isomorpholine (NMI). A calculation (SI) shows that it is only the symmetry breaking conformer
of NEM that is relevant to consider to begin with because it is more stable by 11 kJ/mol compared
to the symmetric one (that resembles NMM). A schematic of the experimental technique, and how
it allows us to extract dynamical information about molecular systems, is shown in Figure 1, and
further details can be found in the supplementary information. The TRPES were measured at two
different pump energies, 211 nm and 216 nm in order to probe the ultrafast dynamics in the region
of the Cl as closely as possible (the minimum energy structures are presented in Figure 2). A pump
energy of 211 nm was chosen as this energy is enough to populate the 3p manifold in each of the
three systems, whereas 216 nm is just below this threshold. At the longer pump wavelength, there
is evidence for some 3p population (as can be seen in Figure 3.), because the Franck-Condon
envelope is so large that the 3s and 3p spectral bands overlap, however it should be highlighted
that the majority of the excited state population that is induced by 216 nm light is prepared on the
3s state, so the dynamics are dominated by the 3s state — even though we can extract and fit decay
times of the 3p manifold when pumping with 216 nm. The probe wavelength for all measurements

is 400 nm.
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Figure 2. Geometries and selected parameters of the ground state optimised structures of NMM, NMI, and NEM,
calculated at the CAM-B3LYP/6-311++G(d,p) level of theory. The umbrella angle is defined as the dihedral angle
between the central nitrogen, and the three carbons bonded to it.

Figure 2. illustrates that NMM is the only molecule in this study that exhibits Cs symmetry in its
ground electronic state, the calculated ground-state geometries of NMM and NMI are adapted from
a previous study.!> Electronic excitation that involves a lone pair to Rydberg transition retains this
symmetry as recent structure measurements of NMM in 3p and 3s have revealed.?’ Both NEM and
NMI are C; in the ground state. The geometric parameters of the target molecules are all very
similar. This structural similarity between the three systems makes them highly suitable for
comparison, as it implies that the main difference between the molecules pertains to symmetry,

and the inertia of the amine wagging motion.

Figure 3. shows the measured TRPES of the three molecules for two different pump wavelengths.
It can be seen that each molecule shows vibrational coherence when excited by 216 nm. Coherent
oscillations are also observed in NMM and NEM when pumped with a higher energy pulse (211
nm). However, the coherence is lost in NMI for the higher photon energy. These observations are
consistent with previously published measurements.!>'%!° In the spectra measured with a 216 nm
pump, NMI shows very little 3p photoelectron signal when compared to NEM and NMM. This
means that the 3p state is not populated to a significant extent at 216 nm. Previously, the difference

between NMM and NMI was assigned to symmetry selection rules restricting the number of



vibronic transitions that are allowed in NMM compared to NMI.'"> NEM shows a similar 3p
photoelectron binding energy to NMM and does give rise to an oscillating signal even though the
ground electronic state molecular symmetry of NEM is Ci. This implies that the symmetry
restrictions on the initial allowed vibronic transitions do not tell the full story and further insights

are necessary to explain the NEM dynamics.
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Figure 3. Time resolved photoelectron spectra for N-methyl morpholine (NMM), N-ethyl morpholine (NEM), and
N-methyl isomorpholine (NMI), measured with two different pump wavelengths, 216 nm, and 211 nm, and probed
with 400 nm light. In each spectrum, the photoelectron peak with the lowest binding energy, centered at 2.3 — 2.4 eV
originates from the 3p Rydberg manifold, whereas the long-lived peak in the 2.8-3.0 eV range is the 3s signal. The
guide was added in the first spectrum to make the oscillations more evident: They should be apparent in all but the
last spectrum. It can be seen that NMI has by far the highest frequency oscillations.

The results of the fitting procedures are outlined in Table 1. We notice that the decay of the 3s
state is outside our experimental range and that the lifetime has been fixed to a constant large
value. The methodology is described in the supporting information, where the graphical
representations of the fitting components for the 3s and 3p states of each molecule can also be

found. The time constants returned by the fits of the 3p manifold in each system are shown in



Table 1 together withthe oscillation period and damping time at each probe wavelength. It is
important to realize that the wagging motion is launched in the Franck-Condon region in all

molecules.

Looking at the decay time constants for the 3p Rydberg manifold for NEM and NMM pumped at
211 nm, it is seen that they both decay on comparable timescales (117 fs, and 120 fs, respectively),
which is significantly faster than the decay of the NMI 3p Rydberg manifold (307 fs). These results
are in good agreement with previously reported findings, which found that the 3p decay constants
associated with NMM are in the range of 106-120 fs, 117 fs for NEM, and 312 fs for NM[.1>%
The fact that NEM and NMM have nearly identical decay times is highly surprising. Given that
both molecules show long-lived vibrational coherence in the 3s state, statistical dynamics based
on the density of states can be ruled out. Additionally, the ethyl group has significantly more mass
compared to the methyl group (as is reflected by the longer oscillation period for the umbrella
motion in the 3s state in NEM).

The short-lived 3p manifold of NEM, along with the preserved vibrational coherence in the 3s
electronic state, implies that the dynamics of this molecule is ballistic and non-statistical — just as
it is in NMM. This is somewhat surprising as the initial wavepacket is prepared in a similar number
of vibronic states as that of NMI, due to the lack of symmetry in NEM at time zero. This surprising
nonergodicity seen in NEM is highlighting the flaws in using statistical models to explain ultrafast
behaviour. To further this, we wish to emphasise that adequate theoretical descriptions of ultrafast
behaviour need to adapt to coupling conditions that will change as a function of the reaction
coordinate, as it is fundamentally these coupling conditions (whether that is intermode coupling,

or nonadiabatic coupling) that provide the various relaxation pathways. This is something that is



shown quite starkly in the case of NEM, because the symmetry that is introduced as a function of
the relaxation coordinate hinders coupling between symmetric and non-symmetric vibrational

modes.

Table 1. Fitting of the oscillation present in the 3s state and the lifetimes of the 3p state (errors are

reported within the 95% confidence bounds.

Pump 3p re_5|dence Damping time Period of Oscillation
Molecule Wavelength time
(fs) (fs)
(nm)
216 104(6) 500(213) 650(80)
NMM
211 125(5) 665(196) 600(39)
216 121(7) 490(120) 806(118)
NEM
211 111(17) 412(126) 708(85)
216 242(76) 294(40) 373(23)
NMI
211 298(133)

As is highlighted more quantitatively in Table 1, all three molecular systems show vibrational
coherence in the amine wagging motion when directly excited to the 3s Rydberg state. Previous
studies have reported oscillation periods of NEM and NMM when directly excited to the 3s state
of 760(47) and 650(13) fs, respectively. This is in excellent agreement with the results presented
here.81® The coherent oscillations arise because the amines tend to planarise when irradiated in
such a way that an electron is promoted from the nitrogen lone pair to a Rydberg orbital. 11151921
Furthermore, it has been firmly established that the amine wagging motion is the mode along which
relaxation out of the Franck-Condon region occurs in these molecules, most recently by x-ray
scattering measurements of the molecular structure of NMM in its 3s state.’>820 We note that
the wagging frequency in the 3s state of NEM is half of what it is in NMI (Table S3, SI) and we
propose that this is due to an unbalance in the asymmetric ring structure of NMI that allows for a

wagging motion that is located mostly in one side of the system. This is in-line with the



experimental finding that the oscillation period in NMI is half of what it is in NEM. It is also
worth noticing that all the low frequencies have an ethyl wagging component which does indeed

make the symmetrization of NEM by the rotation of the ethyl group a very plausible process.
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Figure 4. Calculated (CAM-B3LYP/6-311++G(d,p) level of theory) excited state minima for NEM in its 3p and 3s
Rydberg states show that NEM only becomes symmetric in the 3p..

With the longer pump wavelength (where the molecules are excited to the 3s Rydberg state, with
no ultrafast internal conversion being involved (before or after), the damping time for the amine
wagging in NMI is ~294 fs. This is significantly shorter than the damping times for NEM and
NMM, which are 412 fs and 665 fs, respectively. This can be rationalised by considering that no
intermode coupling is explicitly forbidden for a molecule with C; symmetry. Therefore, the energy
in the amine wagging motion will be able to dissipate to other vibrational modes much more
efficiently than in molecules with symmetry restrictions that hinder intermode coupling. Another

possible explanation could be dephasing of the wavepacket due to superposition of vibrations with
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slightly different frequencies of different conformers. However, the relative energy of the ground
state conformers (Sl, Figure S5), this seems less likely that there are more than one conformeric
species involved. Calculated excited state minimum energy geometries, Figure 4., show that the
point group symmetry for the NEM molecule in its 3p; state is Cs. Because of its large oscillator
strength, the n->3pz state is the most populated state of the three 3p-states (CAM-B3LYP/6-

311++G(d,p) predicts f = 0.0156 for the 3pz state versus f = 0.003 for the two others).

The consequence of the excited state minima in the 3p; state being Cs is that there will be a
symmetry restriction on the energy dissipation through intermode coupling, and that the CI
between the 3p; state and the 3s state is allowed to form along normal modes that retain the mirror

plane. In this case, the coupling space is made up of two symmetric amine wagging motions.

Given that NEM is Cy in its ground state geometry, it could be expected that the excited state
dynamics follows that of NMI, where the initially prepared wavepacket explores the potential
energy surface of the 3p Rydberg state ergodically. However, NEM behaves like NMM and the
vibrational coherence is observed to be preserved on the 3s state. A conical intersection was found
along a direction that more or less is in-line with (an extension of) the path from the Franck Condon
geometry to the 3p equilibrium structure. The structure is shown in Figure 5 and it can be seen
that the coupling space essentially is defined by wagging motions (leading to flattening at N) and
motions of the ethyl group. The energy of the Cl is found to be 0.23 eV higher than that at the
FC geometry but 0.91 eV lower than energy provided by a 211 nm photon which is taken to be
consistent with the experimental 120 fs decay time of the 3p population. NMI, on the other hand,
is proposed to explore the 3p surface more extensively due to the lack of symmetry restrictions.
This isgiving rise to the approximately three-times larger 3p lifetime in NMI. The insights provided

by studying NEM demonstrate that the initial population seems in fact to be secondary as long as
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the energetically favorable path out of the Franck Condon region introduces symmetry as is the

case for NEM.

;AP
"8 b

Figure 5. The conical intersection between the 3p;and the 3s states. The top shows the structure with bond lengths in
Angstroms and the bottom structures depict the non-adiabatic coupling vector (left) and the gradient difference (right).
The ethyl group is perpendicular to the plane of the ring. The structure is calculated at the CAS(12,11)/aug-cc-pvdz
level of theory with the BAGEL package.??> The energy of the ClI is found to be 0.23 eV higher than that at the FC

geometry but 0.91 eV lower than energy provided by a 211 nm photon.

In NMI, symmetry effects do not enter the dynamics at any point, because the molecular structure
is always C1. However, in NEM, the energetically favored path involves an ethyl rotation during
the Franck-Condon relaxation that leads to a structure with a mirror plane in the molecule. We
attribute this rotation to a hyperconjugation effect that is only possible in the 3p; state. This
hyperconjugation occurs because electron density has been removed from the lone pair on
nitrogen, creating an electron deficit in this orbital. The ethyl group then rotates, as this deficit can

be stabilised through an attraction between the C-C ¢ bond and the partially filled lone pair.
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In conclusion, NEM presents a case where, given the nature of the CI, the mere possibility of
symmetry creates a dynamic funnel that leads to the preservation of coherence. This molecular
system is demonstrating how transient symmetry can play a key role in the 1C process, an important
finding when a full set of symmetry rules are to be derived. The symmetry rules that are discussed
here are general, but there are certain boundary conditions that will have to be in play when it
comes to the potential energy surfaces that are involved. There will have to be a possibility of an
ultrafast transition between two excited states that are involved and this transition will have to
involve the degrees of freedom that are activated upon the exit from the Franck-Condon region.
Interestingly, we have actually found that is condition has been fulfilled in all of the systems what
we have studied hitherto.?* Therefore, we have no reason to believe that the symmetry findings are

not general.
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