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Excited state unimolecular reactions of some polyenes exhibit localization of their dynamics at a
single ethylenic double bond. Here we present studies of the fundamental photophysical processes
in the ethylene unit itself. Combined femtosecond time-resolved photoelectron spectroscopy (TR-
PES) and ab initio quantum chemical calculations was applied to the study of excited state dy-
namics in cis-butene, trans-butene, trimethylethylene, and tetramethylethylene, following initial ex-
citation to their respective m3s Rydberg states. The wavelength dependence of the mw3s Rydberg
state dynamics of tetramethylethylene was investigated in more detail. The 73s Rydberg to 77" va-
lence state decay rate varies greatly with substituent: the 1,2-di- and tri-methyl substituted ethylenes
(cis-butene, trans-butene, and trimethylethylene) show an ultrafast decay (~20 fs), whereas the fully
methylated tetramethylethylene shows a decay rate of 2 to 4 orders of magnitude slower. These
observations are rationalized in terms of topographical trends in the relevant potential energy sur-
faces, as found from ab initio calculations: (1) the barrier between the 7 3s state and the wm*
state increases with increasing methylation, and (2) the w3s/m7* minimum energy conical inter-
section displaces monotonically away from the 7 3s Franck-Condon region with increasing methy-
lation. The use of systematic methylation in combination with TRPES and ab initio computation is
emerging as an important tool in discerning the excited state dynamics of unsaturated hydrocarbons.

[doi:10.1063/1.3652966]

. INTRODUCTION

Ethylene is the smallest organic molecule containing a
carbon-carbon double bond. Its behavior upon photoexcita-
tion often serves as a model for understanding photochem-
ical and photobiological processes in larger molecules, par-
ticularly their reaction dynamics,' including the fundamental
process of cis-trans isomerization. For example, theoretical
calculations show that the photodynamics of ethylene shares
similarities with dynamics in the much larger 1,2-diphenyl-
ethylene (stilbene).”™* Indeed, some unsaturated hydrocar-
bons, such as butadiene,’ cyclopentadiene,®’ and cyclohexa-
1,4-diene,® appear to localize their excited state dynamics on
the ethylenic subunit even though their UV chromophores are
quite delocalized. This suggests that a systematic study of the
effect of chemical substitution on the excited state dynamics
of ethylene may provide further insights into the applicability
and limitations of ethylene as a model for the larger unsatu-
rated hydrocarbons. In this paper, we present studies on the
effects of methyl substitution on the dynamics of the 7 3s Ry-
dberg state. In a subsequent paper, we will present our studies
on the effects of methyl substitution on the dynamics of the
nr’ state.

We begin with a brief review of the excited state dynam-
ics of ethylene itself. The electronic ground state of ethylene
is planar and stable with respect to twisting. Its absorption
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spectrum begins around 200-210 nm and reaches a broad
maximum near 162 nm (7.65 eV), where it is, however, super-
imposed with very sharp structures.’~'? The strong and broad
electronic transition is attributed to the m7™ state, whereas
the sharp structures were assigned to the 7w 3s Rydberg state.
In Mulliken’s nomenclature,'? the 7™ state is called the V
(valence excited) state, the 7 3s Rydberg state is called the R
state, and N (normal) denotes the ground state.

The substituted ethylenes studied here are 1,2-
dimethylethylene (cis-butene, trans-butene), trimethylethy-
lene, and tetramethylethylene. Upon increasing methylation,
the origin of the mw3s<«-N transition shifts strongly to the
red (as does the ionization potential), whereas the V<N
transition maximum shifts only slightly to the red.'®!3-15 As
a result, the 73s<«N bands, which in ethylene lie fairly close
to the V<N Franck-Condon (FC) maximum, move relatively
further to the red with methylation, until in tetramethylethy-
lene, they are clearly isolated from the V<N transition. For
1,2-dimethylethylene and trimethylethylene, the m3s<N
bands may be overlapped with the red edge of the strong
V<N bands. In general, the spectra of these substituted
ethylenes are diffuse, prohibiting a facile decomposition.

Fluorescence studies and high-resolution excited-state
photoelectron spectroscopy studies have provided informa-
tion about the excited states involved.'"!" The lifetimes of
some mono-olefinic hydrocarbons were estimated'® from in-
tegrated oscillator strengths of the electronic transitions, flu-
orescence quantum yields, and their concentration-dependent
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quenching by CCly or O,. For cis- and trans-butene vapour
excited at 184.9 nm, the estimated lifetimes were in the
10-100 fs range. For tetramethylethylene vapour (~125 Torr
and 25 °C), the excited state lifetime at 228.8 nm was esti-
mated to be about 4 ps, whereas at 184.9 nm, it was 3 to 4
times shorter. An R— N assignment for the emission was pro-
posed for all these molecules. The low fluorescence quantum
yield was proposed as being due to ultrafast non-radiative de-
cay of the R to V state for cis- and trans-butene, whereas for
tetramethylethylene, intersystem crossing from a singlet to a
triplet Rydberg state was suggested.'® Wickramaaratchi and
co-workers performed fluorescence quantum yield studies of
tetramethylethylene under collisionless condition, yielding a
strongly excitation wavelength dependent lifetime which was
determined to be 20.8 % 0.9 ns upon excitation at 235 nm.!’
No conclusive identification of the emitting state was given.
In 1990s, Siebrand et al. showed that the fluorescence exci-
tation spectrum of tetramethylethylene can be vibrationally
resolved in a cold molecular beam.'® They assigned the fluo-
rescence to a V—N emission, with a lifetime of 33 £ 5 ns
at 231.5 nm excitation. The fluorescence quantum yield
rapidly decreases at shorter wavelengths, explained as be-
ing due to an increased non-radiative decay rate. No fluo-
rescence has been found from ethylene. In 2002, Rijkenberg
et al. studied the resonance-enhanced multiphoton ionization
(REMPI) spectra of jet-cooled tetramethylethylene.'” The
73s Rydberg state was identified as the intermediate in the
(1 + 1) REMPI excitation spectrum for a one-photon en-
ergy range of 41500—440 00 cm~! (241.0-227.2 nm). The ob-
served rapid decrease in REMPI signal at shorter wavelengths
was attributed to the internal conversion of the 73s Rydberg
state to the wr* valence state.

The experimental and theoretical studies of excited state
dynamics in ethylene and methyl substituted ethylenes have
been mainly focused on the V state. There are a few studies of
the Rydberg state dynamics, the subject of the present study.
The dynamics of electronically excited ethylene and deuter-
ated ethylene at 162 nm was interrogated in a previous study
using an 11 fs pump laser pulse.?’ At this wavelength, absorp-
tion is dominated by the transition to the V state, with only
small contributions from the 7 3s Rydberg state. It was sug-
gested that the initially populated 73s Rydberg state appears
to decay to the V state within 80 fs, whereupon it follows
the canonical dynamics of the V state. The ultrafast dynamics
of cyclohexene®?! and do-cyclohexene®! excited at 200 nm
was studied by fs time-resolved photoelectron spectroscopy®
(TRPES) and by mass-selective strong field ionization.?' The
initially excited 7 3s Rydberg state appeared to decay to the V
state within 20 fs. This rapidity was rationalized by claiming
the small barrier encountered via passage around the lower
cone of the 3s/mw* conical intersection would be easily sur-
mounted. This mechanism was also used to explain the ul-
trafast decay of the 3s state of a few other systems.?”>* The
coupling of the V and Rydberg states has been discussed in a
number of previous studies.?*? In the simulation of the ethy-
lene absorption spectrum, Martinez and co-workers found that
the coupling of the 7w 3s Rydberg state with the V state had to
been taken into account in order to reproduce the experimen-
tally observed doublet-like structure.?”
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FIG. 1. The TRPES scheme and proposed picture for excited state dynam-
ics of 1,2-dimethylethylene (cis-butene and trans-butene), trimethylethylene,
and tetramethylethylene upon excitation of the 73s Rydberg state. The 7 3s
state decays to the wr” state, the latter subsequently decaying to the ground
state, presumably via an “ethylene-like” mechanism.

In the following, we describe the TRPES (Ref. 30)
method used for the experimental study of 73s Rydberg state
dynamics in isolated methyl ethylenes, shown schematically
in Figure 1. Along with the experimental results, detailed ab
initio calculations were performed in order to rationalize the
observations. A detailed discussion of the effect of methyl
substitution on the w3s Rydberg state dynamics ensues, fol-
lowed by conclusions and prospects for future directions.

Il. METHODS
A. Experimental method

We briefly describe our femtosecond time-resolved mag-
netic bottle photoelectron spectrometry method, detailed in
Ref. 31. Due to the red-shifting of the UV absorption spec-
trum upon methylation, the fs pump laser wavelength was
systematically tuned so as to maintain resonance with the
7 3s Rydberg state. For cis-butene and trans-butene, the pump
wavelength was 200.5 nm, with a fs probe wavelength of
224.8 nm. For trimethylethylene, the fs pump and probe laser
pulses were 215.9 nm and 266.5 nm, respectively. For tetram-
ethylethylene, pump wavelengths of 215.9 nm, 219.3 nm,
222.4 nm, 224.5 nm, 229.2 nm, and 232.4 nm were used,
all with a probe wavelength of 266.5 nm. Femtosecond laser
pulses were obtained from a Ti:Sapphire regenerative ampli-
fier (Coherent, Legend, 800 nm). Part of the output (~700
©J) was used for harmonic generation to produce 200.5 nm
or 266.5 nm laser pulses. A second part (~700 uJ) was used
to pump a TOPAS (optical parametric amplifier, Light Con-
version) system. The idler output from the TOPAS was dou-
bled in a beta barium borate (BBO) crystal and summed with
an external 800 nm pulse (~460 wJ) in a second BBO crys-
tal. The resulting sum frequency was then doubled in a third
BBO crystal to generate fs UV laser pulses tunable between
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TABLE 1. 2D globally fitted time constants for cis-butene, trans-butene, trimethylethylene, and tetramethylethylene. tr and 7y represent lifetimes of the 7 3s
Rydberg state and the 7™ valence state, respectively, as detailed in the text. The pump and probe laser wavelengths (energies) used for each molecule and

corresponding cross-correlations are also included.

1P (eV) Pump/probe (nm) (pump/probe (eV)) Cross-correlation (fs) TR (fs) Ty (fs)

Cis-butene 9.11 200.5/224.8 (6.18/5.52) 122 £10 17+ 10 38+ 10
Trans-butene 9.10 19+ 10 88 £ 10
Trimethylethylene 8.69 215.9/266.5 (5.74/4.65) 133 £10 23+ 10 132 £ 10
Tetramethylethylene 8.27 5.6 +0.2ps

219.3/266.5 (5.65/4.65) 135+ 10 73 +£0.1ps

222.4/266.5 (5.57/4.65) 150 £ 10 8.1+ 0.1ps

224.5/266.5 (5.52/4.65) 140 £ 10 11.8 £ 0.1 ps

229.2/266.5 (5.41/4.65) 180 &+ 10 14 + 1 ps/72 £5ps

232.4/266.5 (5.33/4.65) 225 £ 10 22 +2ps /439 £ 14 ps

215.9 nm and 232.4 nm. The fs UV pulses were individu-
ally recompressed using vacuum ultraviolet-grade CaF, prism
pairs, combined collinearly on a dichroic mirror, and then
gently focused using f/125 spherical reflective optics to in-
tersect a seeded, pulsed molecular beam in the interaction re-
gion of a magnetic bottle photoelectron spectrometer. Time
delays between pump and probe pulses were scanned us-
ing a computer-controlled stepper motor. Pulsed seeded (1%)
supersonic molecular beams containing cis-butene (Aldrich,
>99%), trans-butene (TCI America, >99%), trimethylethy-
lene (Sigma-Aldrich, >99%), or tetramethylethylene (Sigma-
Aldrich, >99%) in 3—4 bars helium carrier gas were generated
using a 1 kHz Even-Lavie pulsed valve. Photoelectron spectra
arising from the pump and probe laser pulses at negative time
delays (i.e., the probe preceding the pump) were recorded and
subtracted in order to correct for background photoelectrons
generated from single laser multiphoton ionization.

Electron kinetic energy calibration was achieved us-
ing the well-characterized two-photon ionization of nitric
oxide.??3 Time zero overlap and cross-correlations (i.e., in-
strumental response function) between the pump and the
probe pulses were determined by 141" photoionization of ni-
tric oxide or 1,3-butadiene. The cross-correlation data are in-
cluded in Table I.

B. Computational methods

The potential energy surfaces of ethylene and the methy-
lated ethylenes were investigated employing ab initio elec-
tronic structure methods. The vertical excitation energies, the
global minima of the ground and the 7 3s Rydberg states, and
the minimum energy conical intersections (MECI) between
the 73s Rydberg and 7w * valence states were optimized em-
ploying a 3s2p1d/2s1p atomic natural orbital (ANO) basis®*
set in conjunction with multi-reference configuration inter-
action with single and double excitations (MR-CISD) wave-
functions. The ANO basis was augmented with a pair of s
and  diffuse functions, optimized from cationic energies and
expanded in a basis of universal exponents,>3’ centered at
the ethylenic carbons of each molecule. The complete ac-
tive space self-consistent field (CASSCF) optimized reference
functions were computed using a (2,3) active space that cor-
responds to the w, 7*, and 3s orbitals. The g (energy differ-
ence gradient) and h (collinear with the non-adiabatic cou-

pling gradient) (Ref. 38) directions associated with the m3s/
nr* MECIs were calculated for each molecule. These vec-
tors, the Cartesian geometries of the ground and 7 3s Rydberg
state minima, as well as the 73s/ 7w * MECI, are given as in
supplementary material.* Furthermore, for tetramethylethy-
lene, the harmonic frequencies at ground state, the w7 3s Ry-
dberg state, and a constrained mw* valence state minimum
were computed at the same level of theory and are also pre-
sented in the supplementary material. All electronic structure
computations in this report were performed with the COLUM-
BUS suite of programs.**-4!

C. Data analysis methods

A 2D global least-squares method was employed to fit
all photoelectron kinetic energies and time delays simulta-
neously, using a Levenberg-Marquardt algorithm. For cis-
butene, trans-butene, and trimethylethylene, it was found that
the simplest model to non-trivially fit all measured transients
was comprised of the cross-correlation plus two time con-
stants. By contrast, for tetramethylethylene, it was found that
the cross-correlation plus two or more time constants were
required, depending on the pump laser wavelength. As a di-
dactic example, the two-time-constant kinetic model which
numerically simulates the 2D experimental data involves a
convolution of the following expression:

for 1 >0, S(ex, 1) = Daler) exp (—+)+Dgler) exp (— 1),
fort <0, S(e,t) =0,

(1)

with a Gaussian cross-correlation function which was
determined separately. Here, ¢, is the kinetic energy of the
emitted photoelectrons. The D4(¢;) and Dp(ey) are decay
associated spectra (DAS), which are the energy-resolved am-
plitudes of components having time constants t4 and 7,
respectively. This expression can be used to represent two
different kinetic models: a parallel or a sequential one. As
discussed below, depending on the kinetic model, the DAS
may or may not be directly proportional to the state-resolved
photoelectron spectrum (i.e., energy-resolved photoionization
cross section) o (g¢). In a parallel model, the pump laser si-
multaneously prepares two excited states, A and B, which then
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decay independently, each with its own lifetime of t4 or 7.
Here, D(g;) equals the product of initial population n with
the energy-resolved photoionization cross section o () of the
corresponding state having lifetime 7. In this case, the DAS
are non-negative at all ¢;. By contrast, in a sequential model,
an excited state A prepared by the pump pulse decays to state
B with a time constant 74, which itself subsequently decays
with time constant 7. The sequential model can be expressed
in the form

fort > 0, S(ex, 1) = nos(e)exp(— L) +n “—op(er)

TA p—

X [exp(—#)—exp(—f’—A)],

fort <0, S(e, 1) =0.

@

As in the parallel model, o 4(g;) and o p(e;) represent the
energy-resolved photoionization cross sections of states A and
B, respectively, and n is the initial population on state A. In
this case, the DAS of 74 is

B
Da(er) =n [GA(Sk) - —UB(Bk)i| ; (3)
Tp —TA
which, we note, can be negative at certain kinetic energies &,
depending on the relative magnitudes of the energy-resolved
photoionization cross sections of states A and B. Indeed, nega-

tive amplitudes are indicative of a sequential model. The DAS
for time constant tg is

D) = n—2L—oy(er), @)
Tg — Ta

which is proportional to the energy-resolved photoionization
cross section of state B.

lll. RESULTS
A. Experimental results

The TRPES spectra for cis- and trans-butene excited
at 200.5 nm, trimethylethylene at 215.9 nm, and tetram-
ethylethylene at 232.4 nm are shown in Figures 2-5. For
each molecule, the DAS extracted from the fit are pre-
sented beneath the corresponding TRPES data. The time con-
stants derived from the fit for cis-butene, trans-butene, and
trimethylethylene and time constants assigned to the 7w 3s Ry-
dberg state for tetramethylethylene (see the assignment in
Sec. IV A) are given in Table 1. The error bars are based on
the uncertainties in the time zeros, the cross correlations, and
statistical errors in the data. The origin and physical interpre-
tation of these time constants will be discussed in Sec. IV A.

B. Theoretical results

In Figure 6(a), we show the vertical excitation energies
for each of ethylene (C,H,), propene (C3Hg), cis-butene and
trans-butene (C4Hg), trimethylethylene (CsHjg), and tetram-
ethylethylene (C¢Hj,). While experimental data for the first
two species were not recorded, they are included in the com-
putational results for a clearer presentation of the trends in the
series. These values appear to overestimate the excitation en-
ergies (particularly for the valence states), but the trends are

J. Chem. Phys. 135, 164309 (2011)
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FIG. 2. (a) TRPES spectrum of cis-butene at pump and probe wavelengths
of 200.5 nm and 224.8 nm, respectively. (b) Decay associated spectra (DAS)
associated with the two time constants derived from a 2D global least-squares
fit. (c) Photoionization cross sections derived from the DAS by assuming ini-
tial excitation to the 7 3s Rydberg state alone. The relationship between par-
tial photoionization cross sections and decay associated spectra as discussed
in Sec. II C. Due to the proximity of the two time constants (17 and 38 fs), the
global fitting routine does not fully separate these two spectra. The thin red
line indicates the expected photoelectron spectrum of the w7 * state whereas
the thin green line indicates the same for the 7 3s state.
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FIG. 3. (a) TRPES spectrum of ¢rans-butene at pump and probe wavelengths
of 200.5 nm and 224.8 nm, respectively. (b) Decay associated spectra (DAS)
associated with the two time constants derived from a 2D global least-squares
fit.
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FIG. 4. (a) TRPES spectrum of trimethylethylene at pump and probe wave-
lengths of 215.9 nm and 266.5 nm, respectively. (b) Decay associated spectra
(DAS) associated with the two time constants derived from a 2D global least-
squares fit.

clear: while the vertical excitation energy to the lowest va-
lence state decreases (unevenly) by ~0.3 eV on going from
ethylene to tetramethylethylene, the excitation energy to the
3s Rydberg state decreases rapidly and monotonically by
~1.5 eV, from 7.1 to 5.6 eV. The observation which hints at
a unified perspective on these excited state dynamics is that
as methyl groups are added to the ethylenic moiety, the verti-

Delay (ps)
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FIG. 5. (a) TRPES spectrum of tetramethylethylene at pump and probe
wavelengths of 232.4 nm and 266.5 nm, respectively. Note that a combina-
tion of linear and logarithmic scales is used in the ordinate. (b) Decay associ-
ated spectra (DAS) associated with the two time constants derived from a 2D
global least-squares fit.
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FIG. 6. (a) Vertical excitation energies to the 73s Rydberg and w7 * states,
and energy of the w3s/m7* MECI, for each member of the series ethylene
(C2Hy4), methylethylene (propylene, C3Hg), 1,2-dimethylethylene (C4Hg),
trimethylethylene (CsHjp), and tetramethylethylene (C¢Hj2). For C4Hg,
there exist two isomers, cis-butene and frans-butene, denoted by (#) and (W),
respectively. (b) Energy differences between the optimized minimum of the
73s Rydberg state and the 7 3s/m* MECI.

cal excitation energy of the low-lying Rydberg state decreases
more rapidly than that of the valence state.

The energy of the w3s/mx* MECI for each member of
the series is also shown in Figure 6(a). While there may be
systematic overestimation of the energy of the MECI rela-
tive to the Rydberg minimum, the trend is clear: the energy
of the w3s/mw* MECI monotonically decreases with the in-
creasing substitution. In order to more clearly elucidate the
consequences of the increasing energy gap between the m3s
and wr* excited states, Figure 6(b) evinces the energy differ-
ence between the 7 3s Rydberg minimum and the correspond-
ing 7 3s/mr* MECI for each member of the series. As clearly
shown by the plot, this energy difference increases upon in-
creasing substitution, from 0.05 eV in ethylene to almost
0.9 eV in tetramethylethylene.

While the optimized Cartesian geometry of each MECI
in given in Tables S1-S6 in the supplemental material,® the
largest amplitude displacement from the FC geometry to the
intersection is described by the torsion angle, 6ygcr, about
the ethylenic carbon-carbon bond. This angle is defined as the
average of the four dihedral angles, where the planar config-
uration is defined to have a value of zero. The value of this
angle is presented in Table II for each member of the se-
ries. As the energy difference between these two states grows,
the torsional displacement required to obtain degeneracy be-
tween the valence and Rydberg states displays a concomitant
increase, moving the intersection point further from the FC
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TABLE II. Computed energy differences between the 7 3s/w 7 * MECI and
the 73s Franck-Condon geometry as well as the corresponding torsional an-
gle for each. Both the energy difference and MECI torsional angle increase
upon methylation.

Emeci—Erc Orc OMECT
(eV) “) “)

Ethylene —0.05 0.0 332
Propene 0.11 0.0 39.8
Trans-butene 0.29 0.0 47.4
Cis-butene 0.46 0.0 46.8
Trimethylethylene 0.47 0.0 57.5
Tetramethylethylene 0.58 3.7 62.8

window. Furthermore, as the first column of Table II shows,
with the exception of ethylene for which the energy of
7 3s/mr* MECI lies below the energy of the FC point, there is
a small but increasing barrier to the MECI upon methylation.
In fact, for tetramethylethylene, this barrier (the difference in
energy between the 7 3s/mw* MECI and 7 3s Rydberg state at
the FC geometry) has increased to almost 0.6 eV. Therefore,
in tetramethylethylene, unless the excited state wavepacket is
prepared with a significant amount of internal energy, access-
ing the MECI may be difficult.

The two directions along which the degeneracy is broken
at first order, g and h, were also calculated at the 7 3s/mm*
MECI for each member of this series, as shown in Figure
S1 of the supplemental material.*® The g vectors are pre-
dominantly torsion about the central C—C bond but also in-
volve significant central C—C stretch. The h vectors are some-
what more complicated (particularly for the lower symmetry
species), but show systematic changes upon substitution. In
ethylene, the h direction is characterized by the asymmetric
C-H stretch. Upon methylation, the torsional angles at the
MECI increase, and these vectors rotate “out of the plane”
until this direction is predominantly pyramidalization at the
central C—C carbons for tetramethylethylene.

In order to assess the relevance of CI mediated dynamics
to the excited state lifetime of tetramethylethylene, we per-
formed model computations of the rate of radiationless transi-
tions from the 7 3s Rydberg state into the manifold of 7w 7 * vi-
bronic states. Within the model, the rate of internal conversion
is proportional to the sum of the squares of the non-adiabatic
coupling matrix elements and is computed according to the
expression:

2 N1 ’
K=" P =Y Y,
2 | Q=) 5| Wi Q)
f j J
x E*I(Ef*Ei)/UIZ’ (5)

where the number of internal nuclear degrees of freedom is
given by N"? = 3N2°ms _ 6 QQ and r are (mass-weighted, i.e.,
normal) the nuclear and electronic coordinates, respectively,
Ef and E; are the energies of the states ¥y and v/, and o is a
parameter that defines the energetic width of the wavepacket
in the excited state manifold. For the following simulations,
o was set to 200 cm™! in order to approximate the bandwidth
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of the pump pulse used in experiments. Taking the total wave-
function to be a product of electronic and nuclear functions,

Nnvib
W, Q) =y Q) [ ] xi(@m). (6)
m=1
where the superscript e = R or V, denoting the 73s Ryd-
berg or 7 * valence electronic states, respectively. Neglect-
ing the second-derivative coupling contributions to the matrix
element, this expression is expanded to give

Nvib

- ad
K= 50 2| 0 Qg ol Q)
f J ’
2
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J

The integral over the electronic component of the wave-
function is obtained from ab initio computations,‘u’43 while
the integral over the nuclear functions may be readily deter-
mined from Franck-Condon integrals if a harmonic oscillator
basis is employed.*+¢

In the following analysis, the large amplitude torsional
mode, characterized by the dihedral angle (8) about the C-C
bond, will be treated separately from the remaining N"”—1
normal coordinates, such that Q = {q,0}. Therefore, the ini-
tial and final state wavefunctions denoted in Eq. (6) may be
re-expressed as

Nvib_q
Wi(q, 0.0) = s q. 0xe @) [] x5 ul@mm, @
m=1
where the x;  (¢,,) are harmonic oscillator basis functions for
the normal modes, the X;ﬁ(e)) are the basis functions which
characterize the dihedral angle () coordinate, and are ob-
tained as the solutions of the following equations:

a¢ 92 1 [ Ui(X = cos[2(6 — 6o))+
“orear T2 Ui = costa@ — o))
— (E; — Eg) X,f,e(e) =0. )]

The values of the parameters Uy and U5 were determined
from a least-squares fit of ab initio energies at six equidistant
points along the torsional coordinate from 0° to 90° (as well as
6 = 6.9° for the 35 Rydberg state). The /¢ are the moments of
inertia about the C—C bond (computed from the optimized ge-
ometries), and the parameters a° are employed as scale factors
to ensure that the analytic potentials approximately reproduce
the torsional mode ab initio fundamentals within each state,
given by 101 cm~! and 369 cm™! for the 7 3s and 7 77 * states,
respectively. The application of these constraints, and the
expansion of the x, ,(¢) in a Fourier series basis, yielded
the following parameters (in a.u. unless specified): (a, I°,
Uy, Uz, 85, Eg) = (10, 759 659, 0.049 30, —0.01549, 6.9°,
0) and (10, 802 160, —0.074 02, —0.001 94, 0°, 0.067220 1)
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TABLE III. Computed tetramethylethylene v 3s Rydberg state lifetimes for
radiationless transitions to the valence mm* electronic state, as a function
of the number of quanta vy in the C—C double bond torsional mode. For a
description of the radiationless transition model, see Sec. III B.

E?; T
ve (em™) (ps)
0 0 42843
1 101 5628
2 223 569
3 377 71
4 550 14

for e = R and V, respectively. The potential function for the
V state yields doubly degenerate torsional levels (E; = 281
cm™!), while the Rydberg state potential function yields pairs
of doubly degenerate energy levels (E; = 101 cm™!) which
were energy-averaged to yield quasi-quadruply degenerate
levels (thereby reducing the number of Franck-Condon type
integrals requiring computation). The above parameters result
in a crossing between the two curves at a dihedral angle of
60° and at an energy of 0.48 eV above the Rydberg state FC
point: this reasonably approximates the ab initio potential
data given in Table II and Fig. 6. Note that this approach is
completely analogous to that of Zerbetto and Zgierski,*” who
employed a similar ansatz to study the rate of radiationless
transitions between the 2!A, and 1'A, states of butadiene.
That study determined that the rate of transitions between the
excited and ground electronic states was profoundly sensitive
to the dihedral angle about the terminal C—C bond, increasing
by orders of magnitude as this angle was increased away
from the planar ground state equilibrium geometry.

Converged transition rates were obtained by evaluating
all non-adiabatic matrix elements involving up to five quanta
in a given vibrational coordinate, except for the torsional co-
ordinate upon which no excitation restrictions were placed.
This is the so-called “accepting” mode in the nomenclature
of Siebrand and Zgierski.*®*’ The results of these calcula-
tions are given in Table III. While the absolute value of the
computed lifetime for the lowest vibrational level of the 7 3s
Rydberg state is significantly longer (43 ns) than the longest
time constant extracted from the TRPES data (439 ps), the
computed lifetimes display a pronounced dependence on the
excitation level of the torsional mode, decreasing roughly by
an order of magnitude upon each successive excitation. This
trend was computed up to v = 4, which corresponds to an
energy only 550 cm™! above the v = 0 torsional level, but
results in a lifetime of only 14 ps—a difference of more than
3 orders of magnitude. This level is in better accord with the
second time constant determined from the experimental mea-
surements (22 ps). Given the large error bars that would be ex-
pected for this relatively qualitative computation, an attempt
to make a direct assignment of the vibrational states involved
would be ill-advised. Rather, the utility of these computations
is found in the validation of the proposed non-radiative de-
cay channel, as well as the vibrational state dependence of the
excited state lifetime, which will be discussed in more detail
below.
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IV. DISCUSSION
A. Assignment of the fitted time constants

It is always possible to trivially improve a fit by adding
more components to the fitting procedure. The reduced x>
is a statistical measure used to determine if an additional fit
component is non-trivially required. However, in our situa-
tion, providing TRPES spectral evidence (i.e., comparing the
forms of the DAS) is the most physically intuitive justifica-
tion. In other words, the form of the energy-resolved photo-
electron spectra can help with the assignment of channels as
being of Rydberg or valence character. In the following, we
discuss the assignment of the time constants derived from our
2D fits.

For cis- and trans-butene at 200.4 nm and trimethylethy-
lene at 215.9 nm, both the w7 valence and 73s Rydberg
states could conceivably be excited. Normally, a strongly al-
lowed 77" valence state should dominate the photoabsorp-
tion. However, due to its twisted geometry, it is greatly dis-
favored (at the given pump wavelengths) due to its small
FC factors, thus potentially rendering both states operational.
This might suggest initial use of a parallel kinetic model.
We anticipate, however, that any direct excitation of the an”
state would lead to “ethylene-like” ultrafast monoexponen-
tial decay.”>°% In our biexponential fitting procedure, an
ultrafast w7r" parallel decay channel would contribute only
to the fastest component which has amplitude near At = 0.
We note that (i) the relative contribution (at 200 nm) of
the o™ state is unknown, and (ii) we have clear evidence
for a sequential process, indicating that any parallel 77"
channel contribution must be small, which is consistent with
the absorption spectra. Therefore, we will model the dy-
namics as a sequential process involving direct preparation
of the m3s Rydberg state alone, followed by its sequen-
tial decay to the " state. Nevertheless, it must be under-
stood in the following that the fastest time constant and the
form of its correlated DAS potentially contain unresolved
minor contributions from an ultrafast 77" parallel decay
channel.

For cis-butene at 200 nm, Fig. 2, the DAS associated with
the 38 fs time constant has positive value over the whole spec-
trum, while that of the 17 fs time constant has negative val-
ues over a broad range of electron kinetic energies. There-
fore, the 17 fs constant is assigned to the lifetime of the 7 3s
Rydberg, the first step in a sequential process. Making use
of our calculations (see Table II, Fig. 6, and supplemental
material)* and analogies between ethylene and methyl sub-
stituted ethylenes, we believe that the 73s Rydberg state is
crossed by the w" state at a twisted geometry. Therefore,
the second state in the sequential model should be the wn*
state, which itself subsequently decays to the ground state,
presumably via “ethylene-like” dynamics, in 38 fs. The partial
photoionization cross sections (i.e., the photoelectron spec-
tra) derived from the DASs (see Sec. II C) are shown in Fig.
2(c). The argumentation for trans-butene and trimethylethy-
lene proceeds in an analogous manner. Since the two time
constants for cis-butene are within the same decade, it is dif-
ficult to fully separate the two-photoelectron spectra. Due to
this, the numerically extracted photoelectron spectra, shown
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FIG. 7. Tetramethylethylene decay associated spectra (DAS) of the 7 3s Ry-
dberg state as a function of wavelength between 215.9 nm and 232.4 nm. At
229.2 and 232.4 nm, there are two time constants assigned to the 73s Ryd-
berg state, each having very similar DAS: only one is shown here for clarity,
that with the smaller time constant.

as the blue line for the w* state and the black line for the
7 3s state, show some mixing. For example, the photoelectron
spectrum of the 7 3s state is not expected to show a double
peak structure at its origin. For this reason, we have sketched,
in green for the 73s and in red for the wm* states, the ex-
pected forms of the photoelectron spectrum associated with
each state, as a guide to the eye. It is conceivable that more
sophisticated global fitting methods may improve the numer-
ical separation of these associated photoelectron spectra.

In order to fit the tetramethylethylene data, we started
with the longest wavelength, 232.4 nm, where photoabsorp-
tion is to the w3s Rydberg state alone. Two time constants
were extracted and the DASs, neither having negative am-
plitude at any electron kinetic energies, support a parallel
kinetic model. These two photoelectron spectra (equivalent
to the DASs in a parallel model, as discussed in Sec. II C)
are very similar, both dominated by a single strong peak at
the same energetic position. These spectra, showing a limited
Franck-Condon progression, are consistent with the photoion-
ization of a Rydberg state. At shorter wavelengths, we found
components (two at 229.2 nm, one at the other wavelengths)
having similar Rydberg-like DAS and associated time con-
stants of similar order of magnitude, the comparison being
given in Fig. 7. The DAS again have a single strong peak at
the same energetic position, despite the energy difference be-
tween 215.9 nm and 232.4 nm being ~0.4 eV. The pump en-
ergy independence of this photoelectron spectrum and its sin-
gle intense peak are strong indications of the photoionization
of a Rydberg state. In Ref. 19, the (14-1) REMPI photoelec-
tron spectrum of tetramethylethylene at one-photon energy of
42842 cm™' (233.4 nm) was reported and the 73s Rydberg
state was identified as being the resonant state. Significant
similarities are observed between this previous study and our
energy-resolved photoelectron spectra. Therefore, these ob-
servations lead to an assignment of this component to the 7 3s
Rydberg state. Furthermore, at 229.2 nm and 232.4 nm, the
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absorption spectrum of tetramethylethylene is dominated by
transition to the w3s Rydberg state. We note that no other
state has been reported in the same energy region. There-
fore, the second component is tentatively assigned to the 7 3s
Rydberg state as well. The possible reasons that there are two
components having different lifetimes, yet associated with the
Rydberg state, will be discussed in later section.

In summary, 200.5 nm excitation of cis-butene and trans-
butene, or 215.9 nm excitation of trimethylethylene populates
mainly the 7 3s Rydberg state, which subsequently decays to
the mr* state (and finally to the ground state), as depicted in
Fig. 1. For the case of tetramethylethylene at 229.2 nm and
232.4 nm, absorption is only to the 7 3s Rydberg state, which
at these energies persists 3 to 4 orders of magnitude longer
than that of the dimethyl and trimethyl species. With increas-
ing excitation energy, the decay rate of the tetramethylethy-
lene 3s Rydberg state increases, but at a much slower rate
than those of the dimethyl and trimethyl species. In Table I,
we present the fitted time constants for all molecules, labeled
as tgr and 7y, which correspond to the lifetime of the 7 3s
Rydberg state and the 7 ” state, respectively.

B. Non-radiative decay processes

The 73s Rydberg state lifetimes of cis-butene, trans-
butene, and tetramethylethylene are in reasonably good agree-
ment with those derived from fluorescence quantum yield
measurements.'® The lifetimes of tetramethylethylene derived
from other fluorescence studies are much longer: 20.8 £ 0.9
ns at 235 nm (Ref. 17) or 33 & 5 ns at 231.5 nm.'® The mono-
tonic decrease in lifetime of the tetramethylethylene 7 3s Ry-
dberg state observed in our measurements is consistent with
the observations in the fluorescence studies: the fluorescence
yield rapidly decreases at shorter wavelengths.'®

The extremely short Rydberg state lifetimes of cis-butene
and trans-butene at 200 nm and trimethylethylene at 215.9
nm are not unprecedented and have been observed in other
unsaturated hydrocarbons such as cyclopentadienes®’ and
cyclohexenes.®?! The rationale is that these Rydberg states
often possess some degree of valence character'®!* and the
low lying n = 3 member would be expected to be strongly
coupled to the valence manifold.

Ab initio computations (Fig. 6 and Table II) show that
although energy difference between the 73s Franck-Condon
region and the w3s/m* MECI increases upon methylation,
it nevertheless remains small in absolute magnitude for
cis-butene, frans-butene and, arguably, trimethylethylene.
The predominant geometrical distortion leading to these
MECIs is torsion about the central C—C double bond. We
further note that species having a larger energy difference
achieve the MECI at an increased torsional angle. Thus, upon
methylation, the 3s/mw* MECI occurs not only at relatively
higher energy, but correspondingly at geometries further
displaced from the FC point. The extremely short Rydberg
state lifetimes for the dimethyl and trimethyl species suggest
that the initially prepared wavepackets on the mw3s Rydberg
surfaces rapidly access the coupling region associated
with the 73s/mx* MECI. This implies, for dimethyl- and
trimethylethylene, that any energetic barriers to the MECI
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region are easily surmounted. Following transition to the
m* valence state, we assume that the dynamics follow
the well-known intersection mediated pathways back to
the ground electronic state. This mechanism has been used
to explain the ultrafast decay of the w3s Rydberg state of
cyclohexene and other molecules.>'~>3

In tetramethylethylene, the 73s decay rate at the longest
wavelength (232.4 nm) is much slower than in dimethyl- and
trimethylethylene. Ab initio computation shows that there is
likely an increased energy barrier to accessing the w3s/mm*
MECI region and, therefore—the fast channel through CI
region being closed—Ieads to a much slower decay. How-
ever, the dependence of the w3s Rydberg state lifetime on
the excitation energy seems to indicate that there may be
other factors at play. At 215.9 nm, the 73s Rydberg state
of trimethylethylene has an ultrashort lifetime (23 fs), while
that of tetramethylethylene is more than 100 times longer
(5.6 ps). The ultrafast decay of trimethylethylene suggests
that, at this pump laser wavelength, the wavepacket should
have sufficient internal energy to overcome the small barrier
to the 7w 3s/mw* MECI region. However, according to our cal-
culations (Fig. 6), the 7 3s/m* MECI of tetramethylethylene
is energetically below that of trimethylethylene and, there-
fore (at 215.9 nm), tetramethylethylene should also readily
access the w3s/mm* MECI region and exhibit ultrafast de-
cay. This is contrary to what was observed. Therefore, we
suggest that for tetramethylethylene, the following two fac-
tors may also play important roles: (1) the larger torsional
displacement of the 73s/mm* MECI from the m3s Franck-
Condon region may make accessing this CI region more dif-
ficult, and (2) the h vector is dominated by pyramidalization
at the ethylenic C—C carbons. Displacement along the pyra-
midalization coordinate (which lower the barrier from the
73s Rydberg to the wm* state) would presumably be sub-
ject to steric effects, given the comparatively bulky methyl
groups, and may inhibit the “skirting” of wavepacket around
the lower cone of CI. These two effects dramatically reduce
the decay rate to the V state. In this situation, a descrip-
tion of the decay mechanism via CI may not be appropri-
ate. In tetramethylethylene, we believe, based on our calcu-
lations, that the predominant decay channel is still to the va-
lence wm* state (analogous with the other members of the
series). However, given the barriers and larger displacement
to accessing the MECI, the role of CI in tetramethylethylene
is significantly diminished. The computations presented in
Sec. IIT B present an alternate w3s decay mechanism for
tetramethylethylene. Even in the absence of a CI, the 7 3s
Rydberg state contains significant valence character, result-
ing in rates of internal conversion that are competitive with
fluorescence.

Finally, our computations show that the additional time
constant observed in the decay of the 73s state of tetram-
ethylethylene at the two longest pump wavelengths is most
likely due to vibrational hot bands from the ground state. This
suggests the incoherent decay of two independently prepared
vibrational states in the 3s Rydberg electronic state, probably
corresponding to the C—C twisting vibrational mode. Given
that the ab initio computed harmonic fundamental for the
ground state torsion is only 163 cm™!, it is likely that the rela-
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tively inefficient cooling of thermal vibrational excitations in
supersonic molecular beams could give rise to non-negligible
population of these low-lying vibrational states. Due to possi-
bly enhanced Franck-Condon factors for twisted ground state
geometries, even small populations of vibrationally excited
torsional modes may contribute comparably to the excited
state population. Since there is no phase relationship between
them, each ground vibrational state will produce an indepen-
dent excited state wavepacket. This interpretation is consis-
tent with both the trends and absolute values of the lifetimes
shown in Table III. At the longest wavelengths where two
time constants are required, the small but excess ground state
vibrational energy due to the hot band transition has an ob-
servable effect. At shorter wavelengths, this small amount of
ground state vibrational energy becomes relatively less im-
portant, and therefore a single time constant suffices. Experi-
ments with elevated vibrational temperatures may help to val-
idate this proposed mechanism.

V. CONCLUSIONS

Using a combination of TRPES and high-level ab ini-
tio calculations, we studied the m3s Rydberg state dynam-
ics of 1,2-dimethylethylene (cis-butene and trans-butene),
trimethylethylene, and tetramethylethylene. The 1,2-di- and
tri-methyl substituted ethylenes exhibit ultrafast decay (~20
fs) to the wmr* state, whereas that of the fully methylated
ethylene is 2 to 4 orders of magnitude slower, depending
on the excitation energy. These observations are rational-
ized by our calculations. The energetic barrier between the
Franck-Condon region of the m3s Rydberg state and the
n3s/mr* MECI increases systematically upon methylation.
Furthermore, upon increasing methylation, the geometry of
the m3s/mw* MECI systematically displaces along the tor-
sional coordinate leading from the w3s Rydberg state. In
tetramethylethylene, excitation to the 3s Rydberg state be-
tween 215.9 nm and 232.4 nm leads to a situation where the
energetic barrier and geometric displacement required to ac-
cess the w3s/mr* MECI make the decay through CI very un-
likely, significantly slowing down the decay rate.

Our proposed picture for the 7 3s Rydberg state dynam-
ics and the dramatic changes in lifetime of the 3s Rydberg
state from trimethylethylene to tetramethylethylene deserves
more experimental and theoretical study. Time-resolved stud-
ies with even shorter pump and probe laser pulses will
be helpful in more accurately determining the lifetimes of
1,2-dimethylethylene and trimethylethylene. Molecular frame
time-resolved photoelectron angular distributions®* may also
provide additional views of the evolving electronic character
of the excited states involved. We anticipate that the pump
wavelength dependence of the 3s dynamics for 1,2-di- and
tri-methyl substituted ethylenes will be very interesting, espe-
cially around the barrier region.

Finally, we note that methyl substitution in ethylene also
affects the dynamics of the 7w * valence state. Methylation
affects the topography of the potential energy surfaces, the lo-
cations and shapes of the relevant CIs, the potential closure of
the H-migration channel, the relative frequencies of key vibra-
tional modes (e.g., torsion), etc. We will report on our TRPES
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and ab initio studies of substitution effects on ethylene m *
state dynamics in a forthcoming paper.
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