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ABSTRACT
Functional group substituents are a ubiquitous tool in ground-state organic chemistry often employed to fine-tune chemical properties and
obtain desired chemical reaction outcomes. Their effect on photoexcited electronic states, however, remains poorly understood. To help build
an intuition for these effects, we have studied ethylene, substituted with electron acceptor (cyano) and/or electron donor (methoxy) sub-
stituents, both theoretically and experimentally: using ab initio quantum molecular dynamics and time-resolved photoelectron spectroscopy.
Our results show the consistent trend that photo-induced ethylenic dynamics is primarily localized to the carbon with the greater electron
density. For doubly substituted ethylenes, the trend is additive when both substituents are located on opposite carbons, whereas the methoxy
group (in concert with steric effects) dominates when both substituents are located on a single carbon atom. These results point to the devel-
opment of rules for structure–dynamics correlations; in this case, a novel mechanistic ultrafast photochemistry for conjugated carbon chains
employing long-established chemical concepts.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031689., s

I. INTRODUCTION

The conjugated carbon chain is a recurring chromophore in
many natural systems of photochemical relevance, such as in retinal,
whose photoisomerization drives the process of vision,1–6 molecular
switches such as stilbene,7–9 and molecular motors.10 Furthermore,
the biological or mechanical activity of these molecules depends
on isomerization occurring at a specific C==C double bond upon
photoexcitation to a low-lying, generally electronically delocalized
ππ∗ state. A well-established picture has emerged for the main

decay pathway after excitation of the isolated chromophore ethy-
lene:11–18 after vertical excitation to its ππ∗ state, the main pathway
is an ultrafast decay to the ground state S0 via a conical intersec-
tion (CI) seam. The passage via the CI seam entails large changes
in both nuclear and electronic structure: not only is there a simul-
taneous twist about the C==C bond and pyramidalization on one
of the carbon atoms but also a “sudden polarization”14,17,18 occurs
along the C==C bond, as depicted in the top of Fig. 1. This sud-
den polarization arises from the dominant lone-pair character local-
ized at the pyramidalized carbon, causing a separation of charge
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FIG. 1. Illustration of the change in geometry induced after photoexcitation into
the ππ∗ state upon passage via the conical intersection (CI, hourglass symbol) in
the case of ethylene (top), a π-acceptor (A) substituted ethylene (middle), and an
π-donor (D) substituted ethylene (bottom).

across the C==C bond. Upon return to the ground state, ethylene
may complete the twisting motion, which, for substituted ethylenes,
equals an E ↔ Z isomerization. Other electronically excited states
may interfere with this deactivation, notably the π3s Rydberg
state.19

In non-adiabatic (non-Born–Oppenheimer) processes, it is
not the only structure that is important. As non-adiabatic cou-
pling is a derivative coupling whose strength depends on momenta
rather than positions, a new more dynamical perspective must
be adopted. Controlling the excited-state dynamics of the C==C
double bond—including the location of pyramidalization and the
lifetimes—is of long-standing interest. Chemical substitution has
been demonstrated as a promising avenue to achieve these ends.20

By selectively replacing the hydrogen atoms of ethylene with one or
more methyl groups, the π3s Rydberg to ππ∗ valence state decay
rate can be varied by up to two orders of magnitude.21 A simi-
lar effect was observed in acrolein, where the methyl group had an
inertial effect, slowing the large-amplitude motions involved in the
twisting-pyramidalization mechanism.22 In these and other exam-
ples,19,23–26 chemical substituents have been used to both affect the
momentum of the nuclear component of the wavepacket through
a region of strong non-adiabatic coupling (inertial effects) and
shift the relative energy of various conical intersection moieties or
the magnitude of electronic potential energy gradients (electronic
effects).

Our previous work19 explored a particular type of the electronic
effect, which directs the excited-state dynamics: π-conjugation using
what is known as the π-acceptor and π-donor groups. In a ground
state picture, π-acceptor and π-donor groups increase or decrease
the electron density on the substituted carbon by acting as an
electron sink or source, respectively, which, in turn, influences
both the nuclear structure and electronic energy of the minimum
energy conical intersection (MECI) geometry (see Fig. 1). The
optimized MECI of various π-acceptor and π-donor substituted

ethylenes showed that π-conjugation efficiently controls on which
carbon atom the pyramidalization occurs. In a model system
for a π-acceptor substituted ethylene, acrylonitrile, pyramidaliza-
tion was favored at the substituted carbon, whereas the system
with a π-donor substituent, vinylamine, pyramidalizes predomi-
nantly at the unsubstituted carbon. Both deactivate on an ultrafast
timescale.

Here, we extend our work on substituent effects on dynamics at
conical intersections in a systematic joint experimental and theoret-
ical investigation of π-acceptor and π-donor substituted ethylenes
by ab initio multiple spawning (AIMS) and time-resolved photo-
electron spectroscopy (TRPES),27,28 a combination which has given
valuable insight into the excited-state dynamics of numerous other
systems.23,24,26,29–31

As in the aforementioned paper, we use a nitrile moiety as
the π-acceptor group, whereas for the π-donor group, we chose
a methoxy group. Vinylamine is, from an experimental perspec-
tive, an unstable and difficult to handle chemical.32 In the follow-
ing, we investigate and compare the excited-state dynamics of the
purely π-acceptor substituted ethylene, acrylonitrile (AN), and the
purely π-donor substituted ethylene, methylvinylether (MVE), as
well as the di-substituted methoxyacrylonitrile (MAN) structural
isomer 1-cyano-2-methoxyethylene (1,2-MAN) both theoretically
and experimentally. The di-substituted 1-cyano-1-methoxyethylene
(1,1-MAN) could only be investigated theoretically, as its synthesis
proved unsuccessful. Figure 2 shows these four molecular structures
as well as the ethylenic carbon labeling (C1 and C2) employed in this
work. In the following, we will show that the effect of the two sub-
stituents can be additive, altering the relevant excited state potentials
in order to direct coupled electronic–nuclear dynamics to achieve
specific reactive outcomes.

FIG. 2. Molecular structure and ethylenic carbon labeling of (clockwise from top
left) acrylonitrile, methylvinylether, 1-cyano-1-methoxyethylene, and 1-cyano-2-
methoxyethylene. 1,2-MAN is a 2:1 combination of trans and cis isomers.

J. Chem. Phys. 153, 244307 (2020); doi: 10.1063/5.0031689 153, 244307-2

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

II. THEORETICAL METHODS
Electronic structure calculations for critical geometries of AN,

MVE, 1,2-MAN, and 1,1-MAN were conducted using the COLUM-
BUS electronic structure package.33–35 The active space chosen was
the smallest possible one which accurately described the relevant
electronic states for each molecule. Calculations for AN were com-
puted at the multi-reference configuration interaction singles (MR-
CIS) level. The underlying complete active space self-consistent
field (CASSCF) reference wavefunctions employed a 6 electron, 6
orbital active space within a 6-31G∗ basis set for AN via the opti-
mization of the average energy of the lowest five electronic states,
denoted as MR-CIS(6,6)/6-31G∗.26 The strong valence-Rydberg
coupling in the low-lying excited states of MVE required a slightly
different approach. Specifically, the electronic wavefunctions were
computed at the MR-CIS(4,5) level, employing a 7-state average
CASSCF computation and using the ANO(3s2p1d + 3s(X)) basis
set, where 3s(X) is a diffuse function located at the molecular cen-
ter of mass. The electronic structures of 1,2-MAN and 1,1-MAN
were treated at the MR-CIS(6,6)/ANO(3s2p1d) level, employing a
4-state average in the CASSCF procedure. The open-shell calcula-
tions for cationic states of singly ionized MAN isomers were com-
puted at the MR-CIS(7,7)/ANO(3s2p1d) level, employing a 5-state
average in the determination of the CASSCF wavefunction. Open-
shell calculations of AN and MVE were studied with the same active
space detailed above with the removal of a single electron. In gen-
eral, the orbitals comprising the active space were the valence π
and π∗, as well as the non-bonding O lone pair electrons on the
methoxy substituent, depending on the isomer. However, a num-
ber of the optimized MECI structures (as well as the dynamics
simulation for one of the isomers, described below) involve the
cleavage of the C−−O bond on the methoxy substituent. For these
structures, the active space orbitals will include a C−−O σ and σ∗
pair in lieu of a π, π∗ set. In the case of the dynamics simula-
tion, the rotation of these orbitals into the active space did not
result in a significant discontinuity in the potential energy surface
(i.e., >10−3 a.u.).

Dynamics simulations were performed using the AIMS for-
malism,36–38 wherein the multiconfigurational total wavefunction
ansatz,

Ψ(r,R, t) =
Ns

∑
I=1

NI(t)
∑
j=1

cI
j(t)ψI

j (r;RI
j(t))χI

j (R;RI
j(t),PI

j(t), γI
j(t)), (1)

is a linear combination of electronic and nuclear components
summed over all electronic states I, where R is the nuclear coordi-
nate vector and r is the electronic coordinate vector. The nuclear
component, χI(R; t), is a linear combination of NI(t) trajectory
basis functions, each with a complex coefficient cI

j(t) determined
by the time-dependent Schrödinger equation. The trajectories are in
turn products of frozen Gaussians, which are characterized by time-
dependent classically evolving nuclear position RI

j , momentum PI
j ,

and phase γI
j .

The total wavefunction of each molecule was taken as an inco-
herent sum over calculations starting from a single initial trajec-
tory basis function.39,40 These initial geometries were generated
using displacements in position and momentum sampled from a

v = 0 Wigner vibrational distribution centered at the optimized
ground state minimum geometry. Each AIMS calculation began
with a single trajectory on the state with the largest transition dipole
moment for vertical excitation. The number of initial conditions was
increased until the standard deviations of the adiabatic populations
were less than 0.1. This resulted in 31, 27, and 28 initial conditions
(which generated 559, 953, and 146 trajectories) for AN, MVE, and
1,1-MAN, respectively. For 1,2-MAN, trans and cis isomer calcula-
tions were run separately. trans- (cis-) 1,2-MAN employed 30 (29)
initial conditions, leading to 155 (140) trajectories.

For select S1–S0 MECI geometries, the degree of polarization
across the C==C bond was determined using iterative Hirshfeld
charges,41,42 as described previously.19,24 In the charge vs pyrami-
dalization figure of Sec. V B 3, a Gaussian filter with a standard
deviation of 0.1 e horizontally and 7○ vertically is employed. Each
data point corresponds to the a S1–S0 spawn geometry weighted by
the total transferred electronic population. The state of the spawn
geometry used for the charge calculation was selected by the state
with the most dominant closed-shell character, e.g., the lone-pair
configuration of the twist-pyramidalized geometries.

The calculated AIMS wavefunctions were used to simulate the
TRPES. The photoelectron signal is given by23,43–45

S(E, t) =
N0

s

∑
I=1

NI(t)
∑
j=1
∣cI

j(t)∣
2

×
N+

s

∑
J=1

WIJ
j R

I
j(t), δ(E − [ω − ΔEIJ

j (R
I
j(t))]), (2)

WIJ
j (R

I
j(t))∝ N∣⟨ψJ

j (R
I
j(t))∣ψI

j (RI
j(t))⟩∣

2 = ∣ϕIJ
j (R

I
j(t))∣

2
, (3)

where N0
s is the number of neutral states and N+

s is the number
of cationic states. MR-CIS level calculations performed on AIMS
geometries determined the ionization potential ΔEIJ

j (R
I
j(t)) from

neutral state I to cationic state J of trajectory j at each time step.
The kinetic energy was given by E = ω−ΔEIJ

j (R
I
j(t)), where ω is the

probe pulse energy. Ionization potential energy shifts were applied at
each time to account for theoretical and experimental energy differ-
ences. The energetic shifts of 1.40 eV for AN and 1.91 eV for MVE
were set based on the energy cutoff of the experimental TRPES. A
shift of 1.86 eV for 1,2-MAN was determined by comparison to
the photoelectron spectra in the work of Chrostowska et al.46 The
probability of ionization WIJ

j (R
I
j(t)) is given by the Dyson orbital

norm ϕIJ
j (R

I
j(t)) for a one-photon signal.47 The TRPES data employ

a Gaussian filter with a time width of σt = 38.22 fs and an energy
width of σE = 0.1 eV.

III. EXPERIMENTAL METHODS
AN and 1,2-MAN were purchased from Sigma Aldrich (>99%)

and abcr (90%), respectively. Commercial AN contained 35 ppm
–45 ppm monomethyl ether hydroquinine as a radical stabilizer,
which was assumed not to interfere in measurements due to its low
vapor pressure and minute concentration. 1,2-MAN is a mixture of
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both trans and cis isomers, with the relative ratios being ∼2 to 1
according to the 1H-NMR spectrum (Sigma Aldrich). Assuming that
the vapor pressures of both isomers are approximately equal, this
ratio corresponds to the isomer ratio in the molecular beam. MVE
was synthesized through a trans-etherization reaction with Hg(II) as
the catalyst, as described by Watanabe and Conlon.48

The velocity-map-imaging (VMI) photoelectron spectrometer
and the laser system were described previously.49 Briefly, the VMI
consists of a source chamber (10−4 mbar) and an interaction cham-
ber (10−8 mbar). The species of interest, diluted to ∼1% in helium,
was expanded as a seeded molecular beam through a 1 kHz Even–
Lavie valve into the source chamber. The gas backing pressures were
typically ∼1.5 bar and the reservoir temperature of the Even–Lavie
valve was ∼35 ○C–50 ○C in order to work under cluster-free con-
ditions, as verified by time-resolved mass spectrometry. The super-
sonic jet passed a 1 mm diameter skimmer (Beam Dynamics Model
A) and intersected with the pump/probe laser pulses at 90○ in the
interaction chamber. Photoelectrons and ions were focused using a
multi-element charged particle lens onto a conventional MCP/P47
detector coupled to a CCD camera.

Both pump and probe wavelengths were created using the
3.25 mJ output of a Coherent Legend Elite Duo (800 nm, 35 fs,
7.0 mJ, and 1 kHz). Following propagation through a compressor,
the beam was split into two arms, one of which (0.75 mJ) was used
to generate a 200 nm pump pulse (1.2 μJ/pulse) via a set of BBO
crystals after passing a computer-controlled delay stage. The other
arm was split further into two arms; one of which was frequency
tripled to 266 nm via BBO crystals. Both 266 nm and 800 nm were
focused non-collinearly into a Ar gas cell (32 Torr), producing a
160 nm probe pulse in a non-collinear four-wave mixing scheme,
as described previously.49 These beams were softly focused using
spherical Al mirrors with ROC = 1.4 m and 2 m, respectively. The
cross correlation, time-zero, and energy calibrations were deter-
mined before and after each experiment using the [1 + 1′]-non-
resonant two-photon ionization of xenon. A typical cross correlation
time width value is σt = 55 fs. Each dataset consists of at least ten
averaged scans, where the one-color signals were recorded and sub-
tracted from each scan. Photoelectron images were inverted using an
inverse Abel procedure.50

IV. FITTING EXPERIMENTAL AND THEORETICAL
TRPES

All photoelectron kinetic energies and time delays were fit-
ted simultaneously via a 2D least-squares method using a standard
Levenberg–Marquardt algorithm assuming a given kinetic model.
For a parallel kinetic model with states i, the time (t)- and energy
(ϵk)-resolved photoelectron signal PES is described through

PES(ϵk, t) = g(t)⊗∑
i

Di(ϵk)e−t/τi , (4)

where the temporal evolution of each time constant τi, associated
with a time-independent, energy resolved decay-associated spec-
trum (DAS) Di(ϵk), is convoluted with the Gaussian cross correla-
tion function g(t).30 Negative Di obtained via this model are a sign
of sequential dynamics.

To determine the uncertainties associated with each time
constant τi, the uncertainties σ(ϵ, t) at each time- and energy-
dependent point are needed to be considered in the fitting routine.
This corresponds to globally minimizing the residuals given by the
expression

r =∑
ϵ,t
(

PESexp(ϵ, t) − PESfit(ϵ, t)
σ(ϵ, t) )

2

, (5)

where PESfit was calculated according to Eq. (4). Each pump–probe
scan was repeated at least ten times. The average of these (after Abel
inversion, background subtraction, and kinetic energy scale conver-
sion) are the TRPES presented in Figs. 8–10 and Fig. S15 of the
supplementary material.

The experimental uncertainties were determined by bootstrap-
ping over the experimental scans and using the standard deviation
of bootstrapped values, while theoretical uncertainties were deter-
mined by bootstrapping over the sets of initial conditions. Some
theoretical determined uncertainties of the 2D simulated TRPES
spectrum had zero data, leading to a divergence of Eq. (5). There-
fore, 40% of σ(ϵ, t)max was added to each σ(ϵ, t) value. Once the
fit had converged according to Eq. (5), the uncertainties associated
with the time constant τx were determined by exploring the hyper-
surface of the residuals, scanning τx around the optimum value and
relaxing all other fitting parameters. All uncertainties associated with
the time constants correspond to a width of two standard devia-
tions (68%). All fitting procedures and the exploration of the residual
hypersurface employed the TRPES simulator.51

V. RESULTS
A. Potential energy surfaces

Before presenting the results of the dynamical calculations or
the experimental and simulated time-resolved spectra, we begin by
showing how chemical substitution affects the relative energies of
key points on the coupled electronic potential energy surfaces. In
particular, the primary emphasis will be on the preferential stabi-
lization of select MECIs and how this relates to the actual conical
intersection mediated nonadiabatic relaxation processes observed in
the dynamics simulations.

Potential energies at critical points on the electronic potential
energy surfaces of AN and MVE are given in Figs. 3(a) and 3(b),
respectively. Note that the structures included in Fig. 3 are only those
MECIs relevant for the dynamics following excitation to the lowest-
lying optically bright valence state. Additional structures, including
diradical polyene-like MECIs, are, no doubt, present at higher ener-
gies. At the Franck–Condon (FC) point, the lowest-lying excited
states of AN, S1, and S2 are nearly degenerate and have πCNπ∗ and
ππ∗ characters, respectively, where πCN denotes an in-plane π orbital
on the CN group. These two states cross at the a S2–S1 MECI geom-
etry following a C==C stretch. For MVE, the ethylene ππ∗ state is S3
at the FC point, with S1 and S2 having π3s and π3p electronic char-
acters, respectively. Similar to AN, the S3–S2 and S2–S1 MECIs are
reached from the FC region by a C==C stretch and a torsion about
the C==C bond. The MECI geometries between the ππ∗ state and
the lower-lying Rydberg states are only slightly distorted relative to
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FIG. 3. Electronic potential energies of (a) AN, (b) MVE, (c) trans-1,2-MAN, and
(d) 1,1-MAN at various optimized critical geometries. cis-1,2-MAN MECIs show
similar energies and observed tendencies as trans-1,2-MAN and are therefore not
included. Adiabatic states are distinguished by color; bicolored dashed lines indi-
cate state degeneracy. In the molecular structures given in the bottom, R is one
of CN, OCH3, and H. The observed (via simulation) MECI-mediated dynamical
pathways from the ππ∗ state to S0 are shown with connecting lines between the
energy levels starting at the Franck–Condon minimum. Other relevant MECIs are
displayed to the right of the gray dashed line.

the FC geometry, similar to the S2–S1 MECI of ethylene. As will be
shown in Secs. V B and V C, the π3s Rydberg state plays a role in the
excited-state trapping and methyl dissociation of MVE, whereas the
higher-lying π3p state remains mostly unpopulated.

Of particular interest are the differences in the S1–S0 MECI
energies. AN has three relevant MECIs based on the pyramidaliza-
tion MECI of ethylene, with a characteristic increase in the energy
of the C2 pyramidalization MECI (C2Pyr) relative to the C1Pyr
MECI due to the π-accepting cyano group. The CN-bridging MECI
(CNBri) has a similar electronic structure to the C1Pyr MECI, but it
results from a C==C−−C angle bend rather than pyramidalization.26

The opposite trend is observed for the π-donating methoxy group
of MVE, with a decrease in the C2Pyr MECI energy. Also present
for MVE is a CH3 dissociation MECI (CH3Dis), which results from
the coupling of the π3s state with a πσ∗ localized to the O−−CH3
bond.

As seen in our previous study of substituted ethylenes,19 the
energetic shift caused by functional group substitution has a more

dramatic effect on the unsubstituted site (C2). This has important
implications for the kinetic energy gained en-route to the more
favorable S1–S0 MECI. Although the initial excitation energies of
AN and MVE are similar, the C2Pyr MECI energy of MVE is nearly
2 eV lower than that of AN and roughly 1 eV lower than the C1Pyr
MECI of MVE. The CH3Dis MECI of MVE is even lower in energy.
Considering the energetic difference of more than 3 eV from the FC
region, a barrier to CH3 dissociation can be overcome.

The first three excited states S1, S2, and S3 of 1,2-MAN at the
FC point have ππ∗, πCNπ∗, and ππ∗CN character, respectively. The
S1–S0 MECIs are of the same types as characterized for AN and
MVE: C1Pyr, C2Pyr, CNBri, and CH3Dis. The S1–S0 MECI for pyra-
midalization at the methoxy-substituted carbon C2 (S1–S0 C2Pyr) is
2 eV–3 eV higher in energy than S1–S0 C1Pyr. This is due to a syner-
getic effect: The electron-donating methoxy group at C2 is a source
of electron density for C1, thus decreasing the potential energy of the
S1–S0 C1Pyr MECI. The electron-withdrawing cyano group at C1
acts as a sink for electron density, therefore increasing the potential
energy of the S1–S0 C2Pyr MECI. Based on these results, it appears
that the effects of including both the cyano and methoxy groups
are additive. Of the four critical structures compared here, the
S1–S0 C2Pyr MECI has the highest potential energy, which suggests
that it is an improbable de-excitation pathway for 1,2-MAN. Con-
versely, the S1–S0 C1Pyr, CNBri, and CH3Dis MECIs have similar
low potential energies. As the MECI with the lowest relative energy,
C1Pyr is the favored de-excitation pathway.

Figure 3(d) shows the relative potential energies of 1,1-MAN.
The excited states S1 and S2 at the FC point have ππ∗ and ππ∗CN
character, respectively. Relative to the FC point, the potential ener-
gies of the S1–S0 C1Pyr and CNBri MECIs are slightly higher than
those of S1–S0 C2Pyr. Since both the cyano and methoxy groups
are on C1, this suggests that the effects of the π-donating methoxy
group dominate. In addition, the potential energies of the CH3Dis
MECI are lower than those for 1,2-MAN, indicating that the methyl
group may dissociate as the molecule relaxes from S1 to S0. There-
fore, the current results indicate that for 1,1-MAN, the most likely
dynamical pathways are through the S1–S0 C2Pyr and CH3Dis
MECIs.

B. Excited state dynamics simulations
In the following, we present our ab initio simulations of the

excited state dynamics, which result following photoexcitation to
the relevant optically bright electronic state. We show first the evo-
lution of the adiabatic state populations to convey the timescale of
the electronic dynamics. This is followed by the wavepacket nuclear
densities to illustrate the chemical mechanism of decay and finally
an analysis of the spawn geometries to rationalize the observed
dynamics.

1. Adiabatic populations
Figure 4 illustrates the adiabatic populations of all four

molecules. AN [Fig. 4(a)] shows a characteristic decay for ethylenic
molecules from the initial ππ∗ state (S2) to the ground state. Similar
to photoexcited ethylene, the electronic population passes through
the πCNπ∗ state (S1 in the FC region) during the decay, maintain-
ing ππ∗ character on S1.26 Although MVE is also substituted with
a single functional group, it undergoes more complex dynamics, as
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FIG. 4. Adiabatic populations as a function of time for (a) AN, (b) MVE, (c) 1,2-
MAN, and (d) 1,1-MAN after excitation into the bright ππ∗ state. The populations
of 1,2-MAN are an incoherent average of trans- and cis-1,2-MAN results with a 2:1
ratio according to the isomer ratio of the experimental sample (see Secs. II and III).
Fits to a kinetic model are indicated by dashed lines, where the color corresponds
to the adiabatic state or combination of adiabatic states fitted.

shown in Fig. 4(b). The near-degeneracy of S2 and S3 leads to an
initial population of ∼0.5 on each state. Much of the S3 population
immediately decays to S2. Likewise, the S2 decay to S1 occurs quickly
within the first 50 fs but then slows as the population is trapped on
S2. S1 decays much slower into S0, with only 60% of the population
reaching the ground state after 400 fs. The S1 population reaches a
steady state after about 100 fs, which is characteristic of excited-state
trapping similar to that observed for vinylamine.19

Figures 4(c) and 4(d) show the adiabatic populations of 1,2-
MAN and 1,1-MAN, respectively. The 1,2-MAN population starts
mainly in the ππ∗ (S1) state, since this is the bright state at the FC
point (see Table S5 of the supplementary material), before decaying
to the ground state after ∼90 fs. A small portion of the population
begins on S2, but most of it moves to S1 within the first 15 fs after
excitation. The timescale for electronic relaxation to the ground elec-
tronic state in 1,1-MAN is similar to that of AN and 1,2-MAN. In
this case, no population begins on S2, despite S1 and S2 being nearly
degenerate, due to the oscillator strength of the S0 to S1 transition
at the FC point being much stronger than for any other ground to
excited state transition. Population transfer between S1 and S0 occurs
faster than for 1,2-MAN, with the majority of the population being
in the ground state after 80 fs.

A more quantitative analysis of the population dynamics is
achieved by fitting the adiabatic populations to a simple kinetic
model of the form

A
τ1⇋
τ−1

B
τ2⇋
τ−2

C, (6)

TABLE I. Theoretical decay offsets, time zero, and fitting parameters for the adiabatic
populations of AN, MVE, 1,2-MAN, and 1,1-MAN.

t0 (fs) τ1 (fs) τ−1 (fs) τ2 (fs) τ−2 (fs)

AN 62.1 ± 0.8 46 ± 1 390 ± 16 . . . . . .
MVE 8 ± 3 43 ± 8 28 ± 6 45 ± 4 177 ± 24
1,2-MAN 28.3 ± 0.8 71 ± 1 2806 ± 236 . . . . . .
1,1-MAN 21 ± 1 82 ± 2 3074 ± 376 . . . . . .

where A, B, and C are state populations and τi are decay time con-
stants. A global time delay t0 was also included to account for ini-
tial evolution on the excited state.24 Table I shows the optimized
least-squares fitting parameters for all molecules. In cases where the
electronic character (ππ∗) was maintained during passage between
adiabatic states, the fitting showed better agreement for a reduced
number of states. For this reason, AN, 1,2-MAN, and 1,1-MAN were
fit to a two-state model (τ2 = τ−2 = 0) and MVE was fit to the
three-state model above.

The fit parameters in the model are interpreted as follows: t0
represents the delay before decay on the model, e.g., the time for
dynamics on a single diabatic surface. This time is shortest for MVE
and longest for AN, which reflects the relative gradients of the PES
inferred from Fig. 3. τ1 and τ2 are the exponential lifetimes of the
states, while τ−1 and τ−2 provide a measure of how much of the
wavepacket remains on the excited state. The large values of τ−1
for AN and the MAN isomers indicate that most of the popula-
tion decays to the ground state relative to the small values seen for
MVE. The forward decay lifetimes are similar for AN and MVE,
whereas the lifetimes of the MAN isomers are greater but similar
to each other. This suggests an additive effect on the decay effi-
ciency, which can be interpreted as an increase in gradients toward
the MECI (relative to AN) without the excited-state trapping seen
for MVE.

2. Wavepacket density
Figures 5(a) and 5(c) show the time-dependent expectation

value of the total excited-state density of AN along the C==C torsion
and the C==C−−C bond angle, which provides a summary of the anal-
ysis in Ref. 26: decay to the ground state is preceded by simultaneous
torsion and bending to reach the most energetically favorable CNBri
MECI. Figures 5(b) and 5(d) show a more complicated picture for
MVE: the torsion angle initially rotates toward a value of 90○, but
much of the wavepacket remains on the excited states and spreads
out. The fate of the excited wavepacket is seen from the density along
the O−−CH3 stretch. Most of the wavepacket reaches a stretch of
2.0 Å, and then, the wavepacket bifurcates with some dissociation
along the O−−CH3 bond (see Fig. S6 of the supplementary material).
This dissociation continues regularly for the remaining excited state
population, which is visualized in Fig. 5(d) as a consistent increase
in the expected O−−CH3 distance. Thus, in addition to the ethylenic
decay channel, MVE has a dissociative decay channel similar to the
N−−H dissociation of vinylamine.19

Figures 6(a), 6(c), and 6(e) shows the dynamics of various inter-
nal coordinates of 1,2-MAN. 1,2-MAN undergoes a twist of ∼90○
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FIG. 5. Expectation values of the total excited state density for a given internal
coordinate with standard deviation shown. Left column: AN projected along (a)
C==C torsion and (c) C==C−−C bond angle. Right column: MVE projected along
(b) C==C torsion and (d) O−−CH3 stretch. The opacity is determined by the total
excited state population at a given time.

about the central double bond within the first 100 fs after excita-
tion. In half that time, there is a rapid pyramidalization to near
50○ at C1. The C1Pyr angle oscillates about this value as electronic
population is transferred into the ground state. Conversely, C2 pyra-
midalizes weakly to about 28○ within the first 35 fs, and this value
decreases over time. With 1,1-MAN [Figs. 6(b), 6(d), and 6(f)], the
torsion about the C==C bond is much more pronounced. Within the
first 50 fs, this angle increases to about 150○ and then falls by ∼50○,
while over 80% of the electronic population is still on S1. Unlike 1,2-
MAN, 1,1-MAN continues twisting about the double bond by large
degrees even as its excited state (S1) population is largely depleted.
1,1-MAN has much more kinetic energy in the excited state than
1,2-MAN, as evidenced by the extensive torsional motion about the
C==C bond. This could be explained by 1,2-MAN having a sub-
stituent on each carbon, hindering the twisting motion, whereas
1,1-MAN has no substituents on C2, facilitating motion about this
carbon. Figure 6(d) shows that the C1 pyramidalization angle stays
consistently around 15○. The standard deviation on this coordi-
nate’s expectation value is relatively small, which suggests that the
wavepacket density is in-phase. Again, the substituents at C1 likely
prevent this side from moving, and C2 and the connected hydrogen
atoms are the recipients of the available kinetic energy. This is rein-
forced by the rapid pyramidalization at C2 to about 50○ within the
first 40 fs [Fig. 6(f)].

While dissociation of the methyl group is prominent in MVE, it
was not observed for 1,2-MAN or 1,1-MAN. For MVE, the CH3Dis
MECI has the lowest potential energy, which is not the case for the

FIG. 6. Expectation values of the total excited state density for a given internal
coordinate with standard deviation shown. Left column: 1,2-MAN projected along
(a) C==C torsion, (c) the C1 pyramidalization angle, and (e) the C2 pyramidalization
angle. Right column: 1,1-MAN projected along (b) C==C torsion, (d) the C1 pyrami-
dalization angle, and (f) the C2 pyramidalization angle. The opacity is determined
by the total excited state population at a given time.

MAN isomers, where it is slightly higher than the pyramidalization
MECIs. Hence, while methyl dissociation is energetically accessible,
it is not obviously favored.

3. Conical intersection analysis
This section builds upon the previous results by illustrating

via which MECIs the majority of the electronic population passes.
In Fig. 7, the horizontal axis is the difference in iterative-Hirshfeld
charges, ΔqC1,C2 = qC2 − qC1, and the vertical axis is the differ-
ence in absolute pyramidalization angles, Δ|τC1,C2| = |τC2| − |τC1|.
Also shown by red symbols are the charge and pyramidalization
differences of relevant optimized MECIs.

Figures 7(a) and 7(b) present an analysis of the AIMS S1–S0
spawn geometries for AN and MVE, previously used to study
branching ratios of substituted ethylenes19 and butadienes.24,25 As
expected, the majority of the population transfer of AN occurs
around the C1Pyr and CNBri MECIs, with only a small portion
transferring at the energetically unfavorable C2Pyr MECI. Con-
versely, the C1Pyr MECI of MVE is higher in energy and no spawns
occurred within its vicinity. Most of the MVE population is trans-
ferred near the lowest-energy, CH3Dis MECI, and a relatively small
proportion occurs at the C2Pyr MECI. The spreading of the spawn
geometries between MECIs may correspond to an energetically
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FIG. 7. Partial charge differences ΔqC1,C2 vs difference in pyramidalization angles
Δ∣τC1,C2∣ between C1 and C2 for closed-shell spawning geometries of (a) AN,
(b) MVE, (c) 1,2-MAN, and (d) 1,1-MAN. Each data point is weighted by trans-
ferred electronic population. The charge and pyramidalization difference of the
S1–S0 MECIs is indicated with red symbols, and the MECI molecular structures
are shown above. For 1,2-MAN, the cis CH3Dis MECI shows similar values as the
trans CH3Dis MECI and is therefore not shown. The 0-0 point corresponds to a
molecule where the partial charges and pyramidalization are equally distributed
on C1 and C2.

accessible conical intersection seam. Indeed, inspection of individ-
ual MVE spawn geometries reveals that much of the decay occurs
with both pyramidalization and dissociation.

For 1,2-MAN, the polarization across the C==C bond at the
spawn geometries is consistent with the values computed at the
CNBri and C1Pyr MECI [Fig. 7(c)]. Just as with MVE, the pyra-
midalization MECI at the carbon with the methoxy group (C1Pyr
for MVE and C2Pyr for 1,2-MAN) is at much higher energy,
and none of the spawn geometries have electronic and nuclear
structures consistent with this MECI. Furthermore, as expected,
Fig. 7(d) shows that 1,1-MAN does not pyramidalize at C1. It can
be clearly seen that the dynamical pathway is through the C2Pyr
MECI. The density cluster with the lower pyramidalization angle
difference corresponds to spawn geometries with pyramidalization
at C2 and a C−−C≡≡N bend. There is some population near the
CH3Dis MECI; however, this density corresponds to geometries
with a slight pyramidalization at C2 and no methyl dissociation.
While the degree of charge separation across the C==C bond for
the C1Pyr structure is consistent with that observed in MVE, there
is practically no polarization across this bond observed for the
CNBri structure of the 1,1-MAN isomer (in contrast to what is
seen for AN and 1,2-MAN). A rationalization of this result will
be discussed below. In summary, Figs. 7(c) and 7(d) are fully con-
sistent with a dynamical picture in which the 1,2-MAN isomer
relaxes to the ground state via C1Pyr and/or CNBri MECI-like struc-
tures, while the 1,1-MAN isomer relaxes primarily via C2Pyr-like
structures.

C. Time-resolved photoelectron spectra (TRPES)
Experimentally, we used a 200 nm (6.20 eV) pump pulse to

excite to the ethylenic ππ∗ state and a VUV probe pulse at 160 nm
(7.76 eV) to ionize and probe the subsequent dynamics. Probing
with a VUV photon allows following the dynamics over a larger
time-window than a lower photon energy probe would permit,
since most organic molecules have non-negligible absorption cross
sections at the VUV probe wavelengths. In addition, the VUV
probe pulse is also resonant with the ground state molecule and,
therefore, the experimental TRPES of AN, MVE, and 1,2-MAN
shows dynamics induced both by the 200 nm and 160 nm pulses.
These can be differentiated by fitting time delay scans in both the
positive (pump before probe) and negative (probe before pump)
directions. However, the theoretical TRPES show exclusively the
dynamics after excitation into the ππ∗ state, corresponding to the
experimentally positive time direction. In each theoretical TRPES,
the faint intensity found at energies larger than the experimen-
tal ionization limit D0 is an artifact of Wigner sampling (outlined
in Sec. II).

The experimental and simulated TRPES of AN are shown in
Figs. 8(a) and 8(b), respectively. The absorption cross section of AN
is around 10–20 MB at both 200 nm and 160 nm.54 Both experimen-
tal and simulated TRPES exhibit maximum intensity close to 0 eV
and extend with decreasing intensity up to the ionization limit D0
[indicated as a white dashed line in Fig. 8(a)]. The slight difference
in the ionization limit evinced by the experimental and simulated
TRPES arises from the shifted probe energy not accounting for the-
oretical errors in the energy gaps between potential energy surfaces
of neutral and cationic manifolds. If the energy gaps are too great,
then shifting to the same cutoff as the experiment would exclude
features of the theoretical spectrum, which appear in the experi-
mental spectrum. Thus, an additional shift of ∼0.5 eV was added to
the theoretical spectrum in order to match the experimental signal
near 0 eV.

FIG. 8. (a) Experimental and (b) simulated TRPES for AN. The dotted lines
correspond to the maximum kinetic photoelectron energies after ionization with
13.95 eV (200 nm and 160 nm) into D0 (IE = 10.92 eV52,53), D1 (12.353 eV53),
D2 (13.017 eV52,53), and D3 (13.445 eV52,53). Positive pump–probe delay cor-
responds to 200 nm and 160 nm as pump and probe laser, respectively. In
the simulated TRPES (b), processes induced by 160 nm as a pump are not
included. Decay-associated spectra and fitted TRPES/residuals can be found in
the supplementary material.
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Qualitatively, the experimental and simulated TRPES show
good agreement in the positive time direction. In order to con-
duct a quantitative comparison, we applied global fits to both the
experimental and simulated TRPES data, as described in Sec. IV.
Beginning with the simulated TRPES, the global fit analysis follows
the previously described approach used to extract time constants
of the simulated and experimental TRPES of AN using 200 nm
pump and multi-photon 266 nm probe in a magnetic bottle setup.26

The kinetic mechanism is a mono-exponential decay, where the
time zero t0 is used as an additional fit parameter. A floating time
zero accounts for large-amplitude motion during the ultrafast decay,
which translates as a “sweep” of the photoelectron kinetic energies
toward lower energies at later times. The obtained time constant
τ′ = 65 ± 25 fs is in excellent agreement with the previously reported
time-constant τ1 = 60 ± 10 fs.26 The decay-associated spectra (DAS)
with τ′ and t0 are also in excellent agreement with those previously
reported.26

However, the dynamics induced by the 160 nm pulse challenges
the application of the same kinetic mechanism (mono-exponential
decay with a floating t0) to the experimental TRPES. In order to pro-
vide a satisfactory fit, we fix t0 and assume a mono-exponential decay
induced by both 200 nm and 160 nm in different temporal direc-
tions. The τ′ obtained from the experimental TRPES, 50 ± 20 fs,
agrees well with the one obtained from the simulated TRPES, as do
the corresponding DAS (see Fig. S9 of the supplementary material).
This corresponds to the dynamics of the ππ∗-state. The 160 nm
likely excites a high-lying Rydberg state, and the observed ultra-
fast dynamics (τ = 32 ± 30 fs) in the negative direction will not be
discussed further here.

The experimental and simulated TRPES of MVE are shown
in Figs. 9(a) and 9(b), respectively. The experimental TRPES of
MVE reveals dynamics induced by both 200 nm and 160 nm, as the
absorption cross sections at both wavelengths are comparable.55,56

The photoelectron spectrum at zero delay exhibits the most intense
peak at 4.75 eV, close to the ionization limit D0, and a featureless

FIG. 9. (a) Experimental and (b) simulated TRPES for MVE. The dotted lines
correspond to the maximum kinetic photoelectron energies after ionization with
13.95 eV (200 nm and 160 nm) into D0 (IE = 8.96 eV), D1 (12.10 eV),
D2 (12.40 eV), and D3 (13.40 eV).55 Positive pump–probe delay corresponds
to 200 nm and 160 nm as pump and probe laser, respectively. In the simulated
TRPES (b), processes induced by 160 nm as a pump are not included. Decay-
associated spectra and fitted TRPES/residuals can be found in the supplementary
material.

weaker band spanning all lower electronic kinetic energies. At posi-
tive delays, a longer-lived tail composed of photoelectrons with near
0 eV is visible—a feature that is missing for negative delays. The sim-
ulated TRPES shows a maximum intensity at 4.0 eV and a broad
band spanning all the way across the ionization window. Close to
0 eV, a weak longer-lived tail is visible. The qualitative agreement
between experimental and simulated TRPES for positive delays is
good. As outlined above, the ionization limit differs between the
experimental and theoretical TRPES.

Analogous to the case of AN, in order to quantitatively judge
the agreement between the experimental and simulated TRPES, we
extracted time constants and DAS using the global fitting approach.
Starting with the simulated TRPES, the best fit was achieved assum-
ing a mono-exponential decay with floating t0, leading to τ′ = 79
± 10 fs. Capturing the longer-lived tail using a bi-exponential decay
was not possible: due to its low intensity and large uncertainties such
a fit failed to converge.

A global fit of the experimental TRPES is again complicated by
the dynamics induced by the 160 nm pulse. In order to disentangle
the dynamics induced by 200 nm from those by 160 nm, the latter
were characterized in a 160 nm pump/266 nm probe TRPES exper-
iment (see Fig. S15 of the supplementary material). This revealed a
mono-exponential decay with τ = 198 ± 6 fs, permitting the fixing
of this parameter in the global fit of the 200/160 nm experimental
TRPES. Fixing τ to 198 fs, the best global fit was obtained assuming
a sequential bi-exponential decay, exhibiting one ultrafast compo-
nent (τ′1 = 37+15

−10 fs) whose DAS is one broad band spanning from
the [1 + 1′]-ionization limit all the way to zero-kinetic energy pho-
toelectrons, and one long-lived component (τ′2 = 14.7+6

−4 ps) whose
DAS has only photoelectrons with a kinetic energy lower than 0.4 eV
(see Fig. S12 of the supplementary material for the DAS).

The ultrafast components of the experimental (τ′1 = 37+15
−10 fs)

and simulated (τ′ = 79 ± 10 fs) TRPES differ by roughly a factor
of two. However, the kinetic mechanisms employed to extract these
time constants are not identical. It is possible that even though the
S/N ratio of the longer-lived tail at 0 eV in the simulated TRPES is
too low to converge a global fit assuming a bi-exponential decay, it
still may lead to an apparent longer τ′ in a mono-exponential fit.
The ultrafast component in both the experimental and simulated
TRPES is attributed to the passage of the initial wavepacket on the
ππ∗ state back to the ground state. The attribution of the longer-
lived component is more challenging. In the simulated TRPES, the
long-lived signal between 0 eV and 0.5 eV corresponds predomi-
nately to geometries with a dissociated methyl group, as well as some
contributions from a vibrationally highly excited ground state geom-
etry. The majority of the long-lived signal corresponds to an excited
vinyloxy radical. This is in agreement with previous studies exam-
ining interpolated pathways of methyl vinyl ether along the C−−O
coordinate.57,58

Experimentally, the methyl and vinyloxy radical products have
(ground state) vertical ionization energies of 9.84 ± 0.02 eV59 and
10.85 eV,60 too high to be ionized with one 160 nm VUV photon
(7.76 eV). The first excited state of the vinyloxy radical is at 3.57 eV,61

leading to a maximal kinetic photoelectron energy upon ionization
with one 160 nm photon of 0.47 eV, agreeing well with our experi-
mental TRPES. We therefore tentatively attribute the long-lived low-
kinetic photoelectron energy signal to the signature of the vinyloxy
radical product in its first excited state. The lifetime of the A-state
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FIG. 10. (a) Experimental and (b) simulated TRPES for 1,2-MAN. The dotted lines
correspond to the maximum kinetic photoelectron energies after ionization with
13.95 eV (200 nm and 160 nm) into D0 (IE = 9.6 eV), D1 (12.0 eV), D2 (12.6 eV), D3

(12.9 eV), and D4 (13.4 eV).46 Positive pump–probe delay corresponds to 200 nm
and 160 nm as pump and probe laser, respectively. In the simulated TRPES, pro-
cesses induced by 160 nm as a pump are not included. Decay-associated spectra
and fitted TRPES/residuals can be found in the supplementary material.

of the vinyloxy radical has been reported to be 0.8 μs,61 whereas
we observe a slow decay (fit to ∼13 ps). However, the S/N ratio of
this weak feature is low, and intramolecular vibrational redistribu-
tion might broaden the peak below our signal level, and therefore,
we cannot attribute any significance to this observed slow decay.

The experimental TRPES of 1,2-MAN [see Fig. 10(a)] reveals
one broad band, centered around 1 eV and extending all the way to
the [1 + 1′] ionization limit, with ultrafast dynamics induced by both
200 nm and 160 nm. The simulated TRPES [Fig. 10(b)] similarly
shows one broad band centered around 1 eV and extending all the
way to the ionization potential.

For a more quantitative comparison, global fits were used,
employing the same kinetic mechanisms as for AN. The simulated
TRPES is best reproduced using a monoexponential decay with a
floating t0, resulting in a time constant of τ′ = 79 ± 10 fs. A float-
ing t0 could not be employed for the global fit of the experimental
TRPES, as the dynamics induced by 160 nm obscures the photo-
electron kinetic energy sweep. Instead, a mono-exponential decay
for both 200 nm (positive delays) and 160 nm (negative delays) was
assumed, leading to τ′ = 40+30

−20 fs and τ = 59 ± 10 fs, respectively. The
fits to the excited-state dynamics in the experimental and simulated
TRPES data agree within the uncertainties.

VI. DISCUSSION
The structural isomers considered in this study were chosen to

address two general questions: (1) Can the effect of chemical sub-
stituents be considered additive when a chromophore is multiply-
substituted? (2) Is it possible to determine the relative electronic
potential of different substituents for controlling (modifying) the
excited state dynamics? Comparing the dynamics of AN and MVE
with those of 1,2-MAN addresses the first question. Specifically,
the π-donor and π-acceptor are placed in complementary positions
such that the negative charge is expected to form at the π-acceptor-
substituted site. The relative capacity for dynamical control of the

two substituents is addressed by the dynamics of the 1,1-MAN iso-
mer. In this case, the π-acceptor would favor the formation of the
negative charge at the substituted carbon, while the π-donor would
direct the charge to form at the methylene carbon atom.

A. Additive effect of substituents
The effect of chemical substitution on the relative energies of

the various conical intersection moieties is evidenced in Fig. 11.
The reference energy (0 eV) corresponds to the excitation energy
(computed at the ground state minimum energy structure) to the
bright ππ∗ state and the negative energies of the conical intersec-
tions denote the degree of energetic relaxation relative to the initially
excited ππ∗ state.

As illustrated in Fig. 11, the effect of the cyano-substituent
alone (AN, the green lines in Fig. 11) lowers the energy of the C1Pyr
intersection by ∼0.5 eV relative to the C2Pyr structure. However,
the π-system of the CN group is also able to interact with the empty
p-orbital of the electro-positive carbon atom, yielding a global MECI
characterized by a small C==C−−CN angle (reminiscent of H-bridged
structures in ethylene). Likewise, we see the methoxy-substituent in
MVE (the blue lines in Fig. 11) also behaves as expected, lowering
the energy of the C2Pyr structure by ∼0.5 eV relative to the C1Pyr
MECI geometry.

Furthermore, the additive effect of these substituents is clearly
observed in the relative MECI energies of the 1,2-MAN isomer
(red lines in Fig. 11). Here, the C1Pyr structure is over 2 eV lower
in energy than the C2Pyr MECI. Additionally, the stabilization of
MECI geometries involving pyramidalization at the CN-substituted
C-atom is significant enough to make these structures the global
MECI nuclear configurations—lower in energy than the CN-bridged
structures of AN.

The dynamics of the 1,2-MAN isomers demonstrate that these
changes to the underlying potential energy surfaces also result in
directing the electronic–nuclear dynamics toward certain electronic-
relaxation pathways. In Fig. 6, the integrated nuclear densities show

FIG. 11. Electronic potential energies of S1–S0 MECI geometries relative to the
energy of the ππ∗ state at the FC point for all four molecules. ΔE provides an
estimate of the kinetic energy gained in the transition. In the molecular structures,
R is one of CN, OCH3, and H.
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that (following rapid torsion about the C==C bond), large amplitude
pyramidalization is directed almost exclusively to the C1 position.
The ability of the substituents to stabilize polarization across the
C==C bond is evinced by Fig. 7(c), which shows that the spawn
geometries correspond exclusively to negative charge formation at
the C1 position. Taken together, these results show that (i) com-
plementary chemical substitutions are able to direct the nuclear
dynamics to MECI geometries having specific electronic structures
and (ii) that the effect is significant enough to change the dynami-
cal pathway from CN-bridged MECI to C1Pyr-like structures upon
methoxy-substitution of AN.

B. Relative strength of substituents
To ascertain the relative capacity for dynamical control by the

substituents, we compare the results of 1,1-MAN with those of AN
and MVE. An analysis of the relevant points on the PES of 1,1-
MAN shows that the C2Pyr is significantly lower in energy than the
C1Pyr structure. This would suggest that the methoxy group more
decisively affects the electronic structure at the MECI geometries,
significantly lowering the energy of structures involving charge for-
mation at the terminal carbon. In fact, the difference in energy is
sizable, with the C2Pyr being more than 1 eV lower in energy than
the C1Pyr MECI. We also note that there will likely be a steric inter-
action between the two substituents upon pyramidalization at the C1
position. Figure 11 shows that the C1Pyr structure for the 1,1-MAN
isomer lies more than 3 eV below the FC geometry.

An additional cause of the destabilization of the C1Pyr and
CNBri MECIs relative to the C2Pyr motif in 1,1-MAN lies in elec-
tronic structure effects that go beyond π-electron based resonance
concepts. First, from Fig. 7 and Tables S6–S9, we see that methoxy-
substituted species do not support appreciable negative charge for-
mation at the substituted carbon atom (C1 for 1,1-MAN); the charge
separation for C2Pyr structures is much larger than for C1Pyr struc-
tures. We postulate that this is due to the fact that the pyramidal-
ized nuclear structure does not facilitate efficient delocalization into
the π-system, resulting in an isolated negative charge adjacent to
the more electronegative O-atom. These structures would not be
expected to be energetically favorable. Furthermore, in the case of
the CNBri MECI, this polarization is further reduced via donation
of π-electron density into the “empty” p-orbital methylene carbon
atom, resulting in a near zero net polarization across the C==C bond
[see Fig. 7(d)].

The adiabatic populations of 1,1-MAN are very similar to AN
and exhibit none of the excited state trapping seen with MVE. Most
of the 1,1-MAN electronic population reaches S0 before 80 fs, indica-
tive of a single dominant de-excitation channel. The expectation
values of the 1,1-MAN wavepacket density projected on the pyrami-
dalization angle at C2 [Fig. 6(f)] show a rapid transfer of electronic
population to the ground state resulting from an out-of-plane angle
of about 50○, whereas this angle at C1 is relatively stable and does
not exceed 25○. These density plots show rather conclusively that
electronic dynamics in 1,1-MAN proceeds via pyramidalization at
the terminal methylene C-atom (C2) rather than C1, in agreement
with what one would predict based on the static PES computations in
Fig. 3. The MECI analysis plots provide further confirmation: in the
spawning regions, charge localizes almost exclusively at the terminal
methylene carbon.

The open question is to what extent the results of 1,1-MAN
can be attributed to the strength of the methoxy-substituent relative
to the cyano-substituent or whether the observed ultrafast dynam-
ics is simply a result of non-π-electron resonance effects that arise
from the specific electronic structure of the substituents; namely,
the electrostatic repulsion that destabilizes the negative charge next
to the electronegative oxygen atom for the C1Pyr MECI. In short,
while the present results are not definitive in resolving the question
of the relative “strength” of the two substituents, this work suggests
that the π-donor methoxy group is more effective at stabilizing the
MECI involving pyramidalization at the C2 carbon atom. However,
the results of this study do indicate the need for subsequent system-
atic investigations, which account for “higher-order” effects, such as
steric interactions and non-π-resonance effects.

The experimental and theoretical TRPES agree based on two
assessment standards, which have proven effective in previous
work.26 First, there was a qualitative correlation between the TRPES
shapes in the positive time domain. This is further supported by
the DAS time constants τ′ for AN and 1,2-MAN TRPES agreeing
within the given error. Furthermore, the discrepancy between MVE
experimental and theoretical τ′ may be attributed to the different
kinetic mechanisms employed. The utility of employing the VUV
160 nm probe (which corresponds to 7.75 eV) is particularly well
demonstrated with MVE. This photon energy enables the simul-
taneous projection of the wavepacket onto multiple cationic states
and results in a TRPES which continually track the wavepacket
through the entire nonadiabatic dynamical process until it reaches
the ground electronic state (also rapidly dephases). This is con-
firmed not only via an analysis of the simulated spectra but also
simply by noting that the timescales for the population decay in
Fig. 4 roughly coincide with the experimentally determined time
constants. This direct mapping between the state populations and
the measured time constants obviates the need for a more com-
plex analysis of the observable. In particular, it is common for
a sudden decrease in the one-photon ionization cross section to
occur due to an increase in vertical ionization potentials arising
from large amplitude nuclear motion. These “windowing effects”
are a perennial problem in studies of this nature but are largely
absent from the present work due to the use of the VUV probe
photon.

VII. CONCLUSIONS
This work represents an early attempt to develop a set of design

principles, using well-established concepts in functional group sub-
stitution, to direct photochemical reactions to pre-determined out-
comes. Here, we use the π-accepting and π-donating capacities of
CN and OCH3 groups, respectively, to influence the electronic and
nuclear structures (hence relative energies) of key regions of con-
ical intersection seams in order to preferentially stabilize charge
localization at particular ethylenic carbon atoms. For the singly sub-
stituted AN and MVE molecules, we find that, in agreement with
our previous work, CN and OCH3 groups stabilize pyramidaliza-
tion (which corresponds to transient negative charge formation)
at the C1 and C2 carbons, respectively. As a result, the relevant
MECI moieties observed in the dynamics simulations behave as
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“transition states” in the electronically excited state: they are, as
in ground state dynamics, the phase-space bottlenecks through
which the preponderance of excited state population is transferred
to the ground state. This microscopic view of the dynamics is
supported by the agreement between the experimentally measured
TRPES spectra and those simulated using the nuclear dynamics
simulations.

Furthermore, when these substituents are placed on different
ethylenic carbons, they behave additively: the energy of the MECI
structures corresponding to pyramidalization at the CN-substituted
carbon are dramatically lowered relative to the other MECIs, result-
ing in these structures dominating the electronic relaxation of 1,2-
MAN. Again, the simulated and experimentally determined TRPES
are in agreement.

Finally, an attempt was made to discern which of the sub-
stituents employed here could more effectively direct the nuclear
dynamics by preferentially stabilizing different conical intersection
moieties by placing them on the same carbon atom (1,1-MAN), thus
in “competition” with each other. The π-acceptor CN group sta-
bilizes charge formation at the C1 atom, while the π-donor OMe
stabilizes pyramidalization at the C2 site. The dynamics simulations
clearly indicate that pyramidalization occurs exclusively at the C2
carbon, indicating that the π-donor OCH3 is the “stronger” sub-
stituent; however, subsequent work will be required to quantify the
extent to which higher-order effects, such as steric and electrostatic
interactions, also play a role in preferentially (de-)stabilizing the
various CI electronic structures.

This study adds to a growing body of results,19,25,26 which indi-
cate that competing ultrafast nonadiabatic processes in electroni-
cally excited states can be influenced, perhaps even controlled, using
chemical concepts such as π-resonance. That these concepts are rel-
evant is due to the role of conical intersections in the electronic
dynamics. These structural bottlenecks, the regions of strong nona-
diabatic coupling, function as de facto transition states for excited
state photochemical reactions.20,62,63 As such, substituent control
over the unique electronic structures of these regions offers a new
opportunity for influencing the outcome of light-driven processes in
molecules and materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional and supporting
electronic structure information (including optimized geometries
and wave function analyses) and details of the techniques employed
to perform the data analysis on the experimental and simulated
time-resolved photoelectron spectra.

AUTHORS’ CONTRIBUTIONS

K.R.H. and A.R. contributed equally to this work.

ACKNOWLEDGMENTS
A.S. and M.S.S. acknowledge the support of the NSERC Dis-

covery Grant program and A.S. thanks the NRC-uOttawa Joint

Center for Extreme Photonics for financial support. A.R. is grate-
ful to the Anschubfinanzierung (Grant No. GRK2112), the Alexan-
der von Humboldt foundation, and the Joint Center for Extreme
Photonics for financial support.

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES
1M. Ben-Nun, F. Molnar, K. Schulten, and T. J. Martínez, “The role of intersection
topography in bond selectivity of cis-trans photoisomerization,” Proc. Natl. Acad.
Sci. U. S. A. 99, 1769–1773 (2002).
2O. Weingart, “The twisted C11=C12 bond of the rhodopsin chromophore—A
photochemical hot spot,” J. Am. Chem. Soc. 129, 10618–10619 (2007).
3D. Polli, P. Altoè, O. Weingart, K. M. Spillane, C. Manzoni, D. Brida,
G. Tomasello, G. Orlandi, P. Kukura, R. A. Mathies, M. Garavelli, and G. Cerullo,
“Conical intersection dynamics of the primary photoisomerization event in
vision,” Nature 467, 440–443 (2010).
4A. Cembran, F. Bernardi, M. Olivucci, and M. Garavelli, “The retinal chro-
mophore/chloride ion pair: Structure of the photoisomerization path and inter-
play of charge transfer and covalent states,” Proc. Natl. Acad. Sci. U. S. A. 102,
6255–6260 (2005).
5T. J. Martínez, “Insights for light-driven molecular devices from ab initio mul-
tiple spawning excited-state dynamics of organic and biological chromophores,”
Acc. Chem. Res. 39, 119–126 (2006).
6S. Gozem, H. L. Luk, I. Schapiro, and M. Olivucci, “Theory and simulation of
the ultrafast double-bond isomerization of biological chromophores,” Chem. Rev.
117, 13502–13565 (2017).
7S. Takeuchi, S. Ruhman, T. Tsuneda, M. Chiba, T. Taketsugu, and T. Tahara,
“Spectroscopic tracking of structural evolution in ultrafast stilbene photoisomer-
ization,” Science 322, 1073–1077 (2008).
8J. Quenneville and T. J. Martínez, “Ab initio study of cis-trans photoisomerization
in stilbene and ethylene,” J. Phys. Chem. A 107, 829–837 (2003).
9W. Fuß, C. Kosmidis, W. E. Schmid, and S. A. Trushin, “The photochemical
cis-trans isomerization of free stilbene molecules follows a hula-twist pathway,”
Angew. Chem., Int. Ed. 43, 4178–4182 (2004).
10D. Roke, S. J. Wezenberg, and B. L. Feringa, “Molecular rotary motors: Uni-
directional motion around double bonds,” Proc. Natl. Acad. Sci. U. S. A. 115,
9423–9431 (2018).
11T. K. Allison, H. Tao, W. J. Glover, T. W. Wright, A. M. Stooke, C. Khurmi,
J. Van Tilborg, Y. Liu, R. W. Falcone, T. J. Martnez, and A. Belkacem, “Ultrafast
internal conversion in ethylene. II. Mechanisms and pathways for quenching and
hydrogen elimination,” J. Chem. Phys. 136, 124317 (2012).
12T. Kobayashi, T. Horio, and T. Suzuki, “Ultrafast deactivation of the ππ∗(V)
state of ethylene studied using sub-20 fs time-resolved photoelectron imaging,”
J. Phys. Chem. A 119, 9518–9523 (2015).
13E. G. Champenois, N. H. Shivaram, T. W. Wright, C. S. Yang, A. Belkacem, and
J. P. Cryan, “Involvement of a low-lying Rydberg state in the ultrafast relaxation
dynamics of ethylene,” J. Chem. Phys. 144, 014303 (2016).
14B. R. Brooks and H. F. Henry, “Sudden polarization: Pyramidalization of twisted
ethylene,” J. Am. Chem. Soc. 101, 307–311 (1979).
15M. Ben-Nun and T. J. Martínez, “Photodynamics of ethylene: Ab initio studies
of conical intersections,” Chem. Phys. 259, 237–248 (2000).
16M. Barbatti, G. Granucci, M. Persico, and H. Lischka, “Semiempirical molecular
dynamics investigation of the excited state lifetime of ethylene,” Chem. Phys. Lett.
401, 276–281 (2005).

J. Chem. Phys. 153, 244307 (2020); doi: 10.1063/5.0031689 153, 244307-12

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0031689
https://www.scitation.org/doi/suppl/10.1063/5.0031689
https://doi.org/10.1073/pnas.032658099
https://doi.org/10.1073/pnas.032658099
https://doi.org/10.1021/ja071793t
https://doi.org/10.1038/nature09346
https://doi.org/10.1073/pnas.0408723102
https://doi.org/10.1021/ar040202q
https://doi.org/10.1021/acs.chemrev.7b00177
https://doi.org/10.1126/science.1160902
https://doi.org/10.1021/jp021210w
https://doi.org/10.1002/anie.200454221
https://doi.org/10.1073/pnas.1712784115
https://doi.org/10.1063/1.3697760
https://doi.org/10.1021/acs.jpca.5b06094
https://doi.org/10.1063/1.4939220
https://doi.org/10.1021/ja00496a005
https://doi.org/10.1016/s0301-0104(00)00194-4
https://doi.org/10.1016/j.cplett.2004.11.069


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp
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