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Femtosecond time-resolved photoelectron spectroscopy and high-level theoretical calculations were used to
study the effects of methyl substitution on the electronic dynamics oftjienones acrolein (2-propenal),
crotonaldehyde (2-butenal), methylvinylketone (3-buten-2-one), and methacrolein (2-methyl-2-propenal)
following excitation to the fm*) state at 209 and 200 nm. We determine that following excitation the
molecules move rapidly away from the FrargBondon region, reaching a conical intersection promoting
relaxation to the §nz*) state. Once on the;Ssurface, the trajectories access another conical intersection,
leading them to the ground state. Only small variations between molecules are seen in tleeiaystimes.
However, the position of methyl group substitution greatly affects the relaxation rate from shief&e and

the branching ratios to the products. Ab initio calculations used to compare the geometries, energies, and
topographies of the ;5 conical intersections of the molecules are not able to satisfactorily explain the
variations in relaxation behavior. We propose that thiéf&ime differences are caused by specific dynamical
factors that affect the efficiency of passage through thi&Sonical intersection.

1. Introduction ClI. Molecules with large amounts of excess internal energy are
expected to have faster nonadiabatic relaxation through Cls than
those with little excess energy. The topography (tilt and
asymmetry) of the Cl is also important. Atchity et‘ahnd
Yarkony? have examined Cls and classified them into two
§ategories: “peaked” and “sloped”. Peaked topographies lead

Conical intersections (Cls) continue to find increasing
importance in descriptions of nonadiabatic dynamics in excited
states of polyatomic moleculés® They can lead to very fast
electronic relaxation dynamics (internal conversion) on the
femtosecond and picosecond timescales. The literature contain . . . . :
numerous examples where the discovery of a Cl in a polyatomic to fast internal conversion by funneling the trajectories toward

molecule leads to conclusions being drawn about its excited- the Cl, Vk\]’_h”e htrajectorlesl_:(hell_th dod make it thrgugE slopeﬂ
state chemical dynamics and branching ratios. Yet, merely topographies have some likelihood to recross back onto the

finding a Cl does not indicate how or even if a molecular UPPEr state, leading to slower net internal conversion. Ben-Nun
trajectory passes near it. and Martinez have used this reasoning to explain the selectivity

Consideration of Cls as important features on potential energy ©f €iS~trans isomerization about the,Cdouble bond versus
surfaces (PESS) is dependent on a number of factors. The first{1€ Gis double bond in retinal. Often overlooked but arguably
trivial concern is whether or not the Cl is conformationally and €dually important to the topographical features of the potential
energetically accessible from the initially excited state. The €Nergy surface are dynamical factors affecting excited-state
energy of the Cl may be important, particularly when the Cl is traJe_ctorles. By dynamlcgl factors, we mean specific molec_ular
located above an excited-state minimum and the molecule Motions (both their magnitude and speed) that promote or hinder
relaxes to this minimum before internal conversion occurs. In Nonadiabatic crossing of the excited-state trajectory. Similar to
this case, the energy difference between the minimum and theth® one-dimensional avoided crossing surface hopping prob-
Cl represents an effective barrier over which the molecular ability analyses of Landau and Zerférthe velocity of the
trajectory must pass. Analogous to the behavior of a barrier in trajectory near a Cl is expected to affect the branching ratio
statistical transition state theory, Cls with low barriers generally between adiabatic and nonadiabatic dynamics.
have faster relaxation rates than those with large barriers. Closely Here we use methyl substitution to investigate its effect on
related is the amount of excess energy available to reach thethe time scales of ultrafast nonadiabatic processes in the simplest
o,-enones using time-resolved photoelectron spectroscopy
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A° O In AC, the ordering of the lowest triplet statéasg* and®r*)
= _ depends on geometry. For vertical excitation from the ground
Ag\"ée)'“ C“""E“Ca"gfhyde state 3ns* is the lowest state. However, by twisting the terminal

CH, to ~90°, the triplet states are nearly degenerate, with
thelzz* state slightly lower in energ$t14The minimum energy

(o]
/\f )\éo conformations of both triplet states lie below ther&inimum

energy.
Methylvinylketone Methacrolein At 193 nm, the AC g state adiabatically correlates with

(MVK) (MA) energetically unavailable, highly excited dissociation products

Figure 1. o,8-Enones: acrolein, crotonaldehyde, methylvinylketone, and, therefore, is assumed to rapidly internally convert to the
and methacrolein. lower lying singlet state, S22 Reguero et al® suggest three

possible relaxation mechanisms fromt Snternal conversion
energetics, Cl topography, and dynamical factors near Cls toto S, from a~90° twisted S state, fluorescence from the S
explain and predict nonadiabatic excited-state dynamics in minimum to the ground state, or ISC to the triplet manifold,
polyatomic molecules. with To(zr*) < Sy(nr*) being the dominant channel according
The a,-enones contain the conjugate@=C—C=0 chro- to El-Sayed’s Rule

mophore. Unlike the conjugated hydrocarbons, additional  Numerous researchers have performed laser photodissociation
excited states exist, and different photochemical pathways areexperiments at 193 nm on &&23-25 and CR?” Photodissocia-
available due to the presence of the nonbonding electrons ontion experiments near 300 nm have also been performed on AC
the oxygen atom. The simplesf$-enone, acrolein (AC), isan  in the gas phag&and in argon matrixe®. Following 193 nm

important theoretical system for quantitatively studying con- photoexcitation to the Sstate in AC, the main fragmentation
figuration interaction with dynamic electron correlation effects. pathways are

The PES landscape of AC is predicted to abound with conical
intersections and intersystem crossings (ISCs) that control the ~ CH,=CH—CHO— CH,=CH(X?A") + HCO(X’A") (1)
excited-state relaxation pathwalfs? We compare the dynam-

ics of AC with its singly methyl-substituted analogues crotonal- — CH,=CH(X?A") + HCO(A’A")  (2)
dehyde (CR), methylvinylketone (MVK), and methacrolein

(MA). These molecules are depicted in Figure 1. — CH;=CH-CO+H ©)
In the ground state, conjugation across the centraC®ond — CH,CH=C=0 — CH,CH + CO

restricts internal rotation, and AC is found to have a planar

s-trans structure at room temperature. A strong, broad electronic — CH,=CH, + CO 4

transition at 193 nm (6.4 eV) is attributed to thgs8r*) state ) o . .
while weak transitions at 387 nm (3.2 eV) and 412 nm The most extensive ab initio electronic structure calculations

(3.0 eV) have been assigned to th¢r§*) and To(nz*) states, on AC to date have been conducted by Fafithe I—_|CO(X2A_')
respectivelyt? product channel (eq 1) was found to correlate directly with the
The S — S absorption in AC is qualitatively the transition ground anérz* states, while the HCO(AA") product channel
of an electron from the bonding orbital to the antibonding ~ Correlates with § However, the HCO(A) state is predissociative
7* orbital. As expected from symmetry considerations, this ©ON the picosecond time scale_and is not easily detectable using
transition has a large oscillator strength. A simple molecular 125€r Or mass spectrometric techniques. The molecular CO
orbital analysis indicates that this state is biradicaloid in nature formation channel (eq 4) is believed to occur via a 1,3-H
with significant bond reversal relative to the ground state, Sigmatropic shift on thierz* surface followed by fragmentation
strengthening the central-& bond and weakening the=€C and rearrangement.
and G=0 double bonds. Treatment of dynamical electron
correlation is required to calculate the vertical excitation energies
accurately** Theoretical studies predict that the bond reversal ~ 2.1. Vacuum UV Absorption Spectra.Absolute absorption
in this excited state results in the minimum energy geometry cross-sections of AC, CR, and MA were measured using
having the terminal CH group rotated out of plane by synchrotron radiation from the HF-CGM beamline at the
approximately 90.10.11,14 National Synchrotron Radiation Research Center in Hsinchu,
The § electronic state in AC is approximately the ground- Taiwan. This beamline is equipped with a cylindrical grating
state configuration with a nonbonding electron on oxyg®s) ( (600 lines/mm, focal length of 6 m, and variable slit width) for
removed and placed in the* orbital. Forbidden by orbital usage in the wavelength range of H#30 nm. A LiF window
symmetry considerations, this transition has little oscillator eliminated short-wavelength, high-order light diffracted from
strength. Bond order reversal is expected, although to a lessetthe grating. A double-beam absorption cell of 8.9 cm in length
extent than that in Sbecause only one electron occupies the simultaneously recorded the incident and transmitted light
antibondingz* orbital whereas two occupy the bonding intensities to obtain the absorbance. The samples were purified
orbital. Charge reversal along the=O© bond is also expected at least twice via vacuum distillation prior to use. The absolute
with the oxygen becoming more positively charged because thewavelength positions were calibrated with lines of CO, NO,
no electron nominally residing on oxygen is delocalized into and Q in the same wavelength region.
the 7-system. Bond length increases-e0.12 A for the G=C The UV absorption spectra of AC, CR, and MA are shown
and C=0 bonds were observed spectroscopically after excitation in Figure 2. The UV absorption spectrum of MVK has been
to the S state!®1516Detailed studies of the vibronic spectra of reported previously!-32AC was measured with 0.1 nm resolu-
the § state were performed on A€1% and CR, MVK, and tion between 223 and 177 nm and 0.02 nm resolution between
MA.20 Unlike the other molecules, MA shows richer structure 177 and 105 nm. CR was measured with 0.1 nm resolution
in its S vibronic spectrum due to a series of=C vibrational between 230 and 184.5 nm and 0.02 nm resolution between
bands. 184.5 and 105 nm. MA was measured with 0.1 nm resolution

2. Experimental Section
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Figure 3. Multiphoton photoionization spectra of acrolein. The energy
1o axis is labeled for two-photon ionization at 200 and 209 nm and three-
ok A A ) ) photon ionization at 267 and 279 nm. The He(l) photoionization
60 j T j T energies from the and orbitals are indicated with vertical lines.
50f Methacrolein 3 and probe pulses were scanned using a computer-controlled
o stepper motor in 25 fs steps. Typically, pump pulse energies
3 40F E were~100nJ, and probe pulse energies wei25 uJ. Super-
5 sonic molecular beams of AC, CR, MVK, and MA were made
¥ %°F 3 by bubbling helium through the respective neat liquid. The
:8'20' ; liquids were precooled in a temperature-controlled bath to
§ choose a desired vapor pressure. The 200 or 209 nm pump pulse
1ok 3 excited the molecules from theip §round state into their ;S
20 (mwx*) excited state. The delayed 267 or 279 nm probe pulse
ok . ) ; . ) E produced photoelectrons via one- and/or two-photon ionization
100 120 140 160 180 200 220 240 of the excited molecule. Photoelectron spectra arising from the

Wavelength (nm) pump laser alone and probe laser alone were subtracted to
Figure 2. Absolute UV absorption cross-sections of acrolein, cro- correct for background photoelectrons generated from single-
tonaldehyde, and methacrolein measured with synchrotron radiation. color multiphoton ionization. For each particular molecule, the
Acrolein was measured with 0.1 nm resolution between 223 and pump-probe time delays were scanned back and forth multiple

177 nm and 0.02 nm resolution between 177 and 105 nm. Crotonal- ;; T ;
; : im minimize any eff f temporal and/or ial laser
dehyde was measured with 0.1 nm resolution between 230 andtjriftes to e any effects of temporal and/or spatial lase

184.5 nm and 0.02 nm resolution between 184.5 and 105 nm. L . . .
Methacrolein was measured with 0.1 nm resolution between 230 and 1 he electron kinetic energy calibration and time zero overlap
190 nm, 0.02 nm resolution between 190 and 129 nm, and 0.05 nm Of the two laser pulses were achieved using the well-character-
resolution between 129 and 105 nm. The excitation wavelengths ized 1+ 1' photoionization of nitric oxide. Measured-t 1'
(ZOQ and 209 nm) used ir_l the time-resolved photoelectron experimentspump—probe cross-correlations (i.e., instrumental response or
are indicated by dotted lines. time resolution) ranged between 150 and 170 fs. The energy
between 230 and 190 nm, 0.02 nm resolution between 190 andand time calibration scans were performed both before and after
129 nm, and 0.05 nm resolution between 129 and 105 nm. Theeach experiment.
broad, featureless absorption band of thet&te can been seen Single-color multiphoton photoelectron spectra at 209 nm
near 200 nm in all cases. The excitation wavelengths used in(2 x 5.93 eV= 11.86 eV), 200 nm (% 6.2 eV=12.4 eV),
the time-resolved experiments (200 and 209 nm) are indicated279 nm (3x 4.44 eV= 13.32 eV), and 267 nm (3 4.65 eV
by dotted lines in the figures. = 13.95 eV) for AC, CR, MVK, and MA are shown in Figures
2.2. Time-Resolved Photoelectron Spectroscopye briefly 3—6, respectively. As determined by He(l) photoelectron
describe our femtosecond time-resolved magnetic bottle pho-spectroscopy, the-hole andz-hole ionization energies for the
toelectron spectrometer experiments, as detailed elsewhere. molecules aré* AC (10.11 and 10.93 eV), CR (9.75 and
Harmonic generation of an amplified femtosecond Ti:sapphire 10.20 eV), MVK (9.66 and 10.53 eV), and MA (9.92 and
system was used to produce pump and probe laser pulses fol0.38 eV). Due to the resonant nature of the multiphoton
two complete sets of experiments: one using 209 nm pump ionization process (# 1 for 209/200 nm and 2 1 for 279/
and 279 nm probe pulses; the other using 200 nm pump and267 nm), bands are present in the-1I2 eV region not seen
267 nm probe pulses. The UV pulses were individually previously in the one-photon He(l) spectfas® The shapes of
recompressed using Caprism pairs, combined collinearly, and  the spectra from our experiments are determined by fast
then gently focused usingf80 spherical reflective optics to  dynamics of the molecules occurring within the duration of the
intersect a seeded molecular beam in the interaction region oflaser pulses. Rapid, large-amplitude motions of the molecules
a magnetic bottle spectrometer. Time delays between pumpallow ionization to ionic states with geometries different from



Substituent Effects at Conical Intersections J. Phys. Chem. A, Vol. 111, No. 47, 200171951

Intensity

:

Crotonaldehyde Methacrolein
C noa _E - n" x' .
3 E 2% 200nm
3 ///\ 2 x 209nm _5 ] __/ 7
/\ : /\\ 2% 200nm -
| 2 x 200nm _ - » -

J{\&wwnm

N 3% 279nm 3 E
= WM,\ i : s 267 :
] J 3x267nm 3 3
9 10 I 12 13 14 9 10 11 12 13 14

Binding Energy (eV) Binding Energy (eV)

Figure 4. Multiphoton photoionization spectra of crotonaldehyde. The Figure 6. Multiphoton photoionization spectra of methacrolein. The
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Figure 5. Multiphoton photoionization spectra of methylvinylketone.
The energy axis is labeled for two-photon ionization at 200 and
209 nm and three-photon ionization at 267 and 279 nm. The He(l)
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13

that of the ground state. lonic state energies, (D., Dy)
calculated at the TD/B3LYP/cc-pvdz level of theory using D

ization energies from tha andx orbitals are indicated with vertical
lines.

TABLE 1: Energies of lonic States Optimized at the 0y
Geometry Using the TD/B3LYP/cc-pvdz Level of Theory

state AC CR MVK MA
Do 9.78(10.11) 9.29(9.75)  9.26(9.66)  9.56 (9.92)
D; 10.62(10.93) 9.78(10.20) 10.28 (10.53) 9.93(10.38)
D, 12.84 12.37 12.40 12.28
D; 13.46 12.49 12.84 12.31
D, 13.80 13.09 12.50 12.63

aValues obtained from the literature for He(l) photoionization are
shown in parenthesé$The energies are reported in electronvolts and
are Relative to the neutral ground state.

geometries were minimized at the MP2 level. All calculations
employed a 6-31G* basis set and were performed with the
MOLPRO suite®®

The optimized geometries for the 8nd S minima and the
minimum energy conical intersection (MECI) points connecting
S, with S and § with S are shown in Figures 79,
respectively. The energies of these structures are shown in Table
2. Attempts to locate a true minimum with all real vibrational
frequencies on Swvere unsuccessful. Bond alternation progresses
smoothly from G=C—C=0 at the $ Franck-Condon (FC)
point, to a resonant pattern in which all three bond lengths are
roughly equal at the Sminimum, to full reversal as €C=
C—0 at the 9Sy MECI. The geometries of all of the calculated
structures are shown in the Supporting Information.

The four molecules have very similar geometries at the
ground state (§ minimum, the $ minimum, and the 8S; and

optimized geometries are shown in Table 1. The ordering of Si/So MECIs. All are planar at thegSand § minima but twisted
the ionization energies between the molecules is predictedand pyramidalized to roughly the same degree at th€&S

correctly when compared to experiment. The presence of ionic MECI. Pyramidalization is a common feature of intersection
states in the 1112 eV region agrees with our measured geometrieg:**41The pyramidalization angles indicated in Figure
photoelectron spectra. 9 are defined as

2.3. Ab Initio Calculations. Excited-state geometries were
optimized using the complete active space self-consistent field
(CASSCF§” method with a (6,5) active space. To optimize the
states in an equivalent manner, the orbitals were optimized to
yield the lowest average energy for the first three singlet states,where unit vectors pointing along a bond from atom A to atom
using the state-averag&dpproach (SA3-CAS). Ground-state B are denoted byas. The $/S; MECI geometries vary to a

Toyr = COSTI((G%R1 X echz)'ecpcz) - g (5)
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Figure 8. SA3-CAS(6,5)/6-31G* 8S;, minimum energy conical
intersection structures for the,S-enones studied here. All four
molecules are twisted about both—C bonds of the molecular
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Figure 9. SA3-CAS(6,5)/6-31G* 8 minimum energy conical
intersection structures for the,S-enones studied here. Structures are
twisted 90 about the nominally €&C bond, and the terminal carbon

is slightly pyramidalized in all four cases. The twisted bonds are labeled
with asterisks. The pyramidalization angig; is explicitly defined in

the text.

TABLE 2: SA3-CAS(6,5)/6-31G* Calculated Energies for
the Franck—Condon Vertical Excitation to S; (S, FC), the
S,/S; MECI, the S; Minimum, and the S;/Sy; MECI of the
o, f-Enones Examined in the Text

S, FC S/S; Cl S.min S/S Cl
AC 7.55 (6.41) 5.38 2.96 (3.2  3.94
CR 6.92 (6.11) 5.32 2.90 (3.20)  3.89
MVK  6.98 (6.36§" 5.34 2.93 (3.2 3.75
MA 6.96 (6.00) 5.29 2.98 (3.28) 3.80

a Experimental values are shown in parentheses. All energies are
relative to the ground state and reported in electronvolts.

0.2 eV because the magnetic bottle transmission below this
energy is unreliable.

For the 209+ 279 nm experiments, the+ 1' and 1+ 2'
total photon energies are 10.38 and 14.81 eV, respectively.
Likewise, for the 200+ 267 nm experiments, the total photon
energies are 10.85 and 15.50 eV. Thus, there are two regions
in the photoelectron spectra, resulting from ionization via these
two processes. In the low electron kinetic energy region of the
spectra, photoelectrons are produced from both types of pump
probe processes: single photon ionization of the excited states
by the probe laser (# 1') and two-photon ionization by the
probe laser (& 2'). In the high electron kinetic energy region
of the spectra, all photoelectrons result from-2' ionization.

As a first step in the analysis, the photoelectron energy/time
delay scans were sliced into 0.025 eV bins to yield time-
dependent transients. Each time transient was fit using an
exponential kinetic model convoluted with the appropriate

backbone. The torsional angles indicated are the average values for alGaussian instrumental response function. In the I’ region,

dihedral angles about the€C, bond. These are explicitly defined in
the Supporting Information.

the instrumental response was taken to be the Gaussian fit of
the measured NO % 1' cross-correlation with full width at
half-maximumzi41. In the 1+ 2' region of the spectra, the

Sllghtly Iarger extent than the Othel’ pOintS, but a” are thSted pump and probe |aser pulses were assumed to be Of the same

along the carbon backbone.

3. Results and Discussion

duration such that the + 2' instrumental responsg.» could

be calculated using;+» = T101V/3/2.
The time constants and spectral amplitudes were varied to

Excerpts from the time-resolved photoelectron scans at minimize the weighteg? value of the fit to the data. Initially,
selected pumpprobe time delays are shown in Figures 10 and the time constants were allowed to vary independently from
11. Each time delay in the plot is offset vertically downward slice to slice. In all slices, for all molecules, it was found that
as the pump-probe time delay increases. The scans start from the simplest model to fit all the time transients reasonably was
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Figure 10. Selected time-dependent photoelectron spectra for acrolein, Figure 11. Selected time-dependent photoelectron spectra for acrolein,
crotonaldehyde, methylvinylketone, and methacrolein using 209 nm crotonaldehyde, methylvinylketone, and methacrolein using 200 nm
pump and 279 nm probe pulses. Each time spectrum is offset downwardpump and 267 nm probe pulses. Each time spectrum is offset downward
with increasing time delay. The + 1' n-hole ionization energies are  with increasing time delay. The + 1' n-hole andz-hole ionization
shown as dotted vertical lines. energies are shown as dotted vertical lines.

one that contained four components. One component, referredwas used in which, was optimized but held constant across
to here asx, was only present during the cross-correlation of the entire spectrum. The complete time transient was then
the two laser pulses. The other three components were fit refit with all componentsX, A, I, andP), this time holdingt;
according to a sequential decay kinetic model in which an constant at the value from the previous analysis step. In contrast
immediately prepared componehtlecayed with time constant  to the fitting of t;, t; was found to vary across the spectrum
t; to an intermediate componehtwhich in turn decayed with  for all molecules. This is indicative of large-amplitude motion
time constant; to a product componerR. occurring on this time scale. Nevertheless, in subregions of
AC, MVK, and MA were found to havet, values ap- the spectra, th& values were found to be relatively constant.
proximately constant across the entire photoelectron spectrumin these subregions, each roughly encompassing broad spectral
using both excitation/probing schemes. Td{itnore accurately  features, the time transients were integrated, and the resulting
for these molecules, photoelectron spectra at short piprgbe transient was fit once again fdf and the spectral ampli-
delay times were removed to yield time transients consisting tude. An example of one of the fits, for AC, is shown in Figure
of only thel andP components. A global fitting procedure then  12.
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6x10*F for individual species across the different energy regions, not
E between species within a single energy region. The time
Bx104E- constants fot; are comparable or shorter than the instrumental
E response yet are still easily observed and fit as seen in Figure
E 12. Uncertainty in the pumpprobe overlap time and limitations
4x104E in the Gaussian instrumental response function approximation
c results in large error bars for the valuestpf
g 3x104F | A The validity and implications of this fitting model should be
3 E )t discussed. It is always possible to achieve a better fit by adding
O E { more components to the fitting procedure. Therefore, to justify
2x104 | this model over a three-component model, it is necessary to
2 X\ provide spectral evidence for four identifiable components.
1x104 _ 4 1;; P Simply adding components until an “acceptable” fit is achieved
E Vel is not a satisfactory method to determine the number of
- : Sy e components.
O 3 The product componem s easily distinguished because, at
1000 0 1000 2000 3000 4000 long time delays, it is the only component remaining after all
Pump Probe Time Delay (fs) other components have decayed to zero. It should be noted that

Figure 12. Example fit of acrolein 209 nm pump/279 nm probe data Iabel!ng !t as the produ_c'_( component does not mean that this
between 1.5 and 2.5 eV using a four-component sequential model: anSPeCi€s is stable indefinitely: It only means that it does not
instrumental response componegtan immediately excited species ~decay appreciably on the time scale of our experiment (i.e.,
A, which decays to an intermedidtevhich in turn decays to a product ~ approximately hundreds of picoseconds).

P. The _decay times of thé& and| components are 65 and 900 fs, The instrumental response componeXtis also easily
respectively. recognized because it follows the laser cross-correlation. The
TABLE 3: Fitted Time Constants for TRPES Scans of only part of the spectrum where tecomponent has significant
Acrolein, Crotonaldehyde, Methylvinylketone, and amplitude is in the low-energy region wheret11' ionization
Methacrolein Using 209 nm Pump and 279 nm Probe dominates. SmalK amplitudes in the 1 2' region are most
Wavelengthg

likely due to the limitations of fitting with a Gaussian laser cross-

energy range ty t2 correlation. The - 1' ionization regime is the only region of
(eV) (fs) (fs) the spectrum where the-€C stretching vibrations are resolved.
AC 0.23-0.28 90+ 20 900+ 100 The X component can arise from either resonant or nonresonant
0.28-1.5 100+ 20 ionization of the molecules. If nonresonant ionization is
15-25 65+ 25 primarily responsible for the spectra, then they should resemble
25-5.0 45+ 25 the He(l) photoelectron spectts;36 wheren-hole andz-hole
CR 0.25-0.65 70+ 30 380+ 50 photoelectron bands are approximately equal in intensity with
0.65-2.4 90+ 30 500+ 70 one or two vibration bands visible. However, the 200 nm spectra
2.4-5.0 50+ 15 360+ 50 obtained here (Figure 11) show that tkeomponents for the
MVK 0.30—0.73 170+ 20 1080+ 80 molecules are quite different in appearance from the He(l)
0.73-1.7 190+ 30 spectra, with several vibrational bands seen in AC astble
17-2.6 140+ 40 ionization much more favored thamhole ionization in CR and
26-5.0 90+ 20 MA. If the ionization process resonantly involves the* state,
MA 0.30-0.46 1504 20 2020+ 80 then we would expect that ionization correlates to thbole
(1)-‘716—2147 188i 38 ionic state. The change in ionization propensity to favarbital

ionization can also be seen in the pump only(200 nm and
2 x 209 nm) spectra in Figures-®. These single-color spectra

& The model used to fit the spectra consisted of a cross-correlation can be thought of as a pumprobe experiment using 200 nm
responseX, an immed!ately ex_cite_d specidsthat d(_ecays with time for both pump and probe pulses with a very short time delay
constant; to intermediatd, which in turn decays with time constant between them. These compelling reasons provide strong evi-
tz to productP. dence that theX component is a resonant signal and is part of

For CR, the dynamics were sufficiently fast such that the (e excited-state dynamical process.
time transients could not be fit with time constants in the =~ The remaining component& and | are more difficult to
piecewise fashion described above for the other molecules. InSeparate because they are spectrally broad and overlap to a large
addition, botht; andt, were found to vary across the photo- €xtent. However, the global fitting procedure described above
electron spectrum, so no global fitting procedure could be reveals significant differences in the spectra of thend |
applied, indicating that CR in some way behaves differently components. Specifically, thé\ component has a larger
from the other molecules. The full energy range was divided contribution in the high electron kinetic energy region than the
into three subregions wherg and t, were approximately | component. Thus, we conclude that because the two compo-
constant. Within these regions, the spectral slices were inte-nents have different photoelectron spectra, they arise from
grated, and the transient was fit again fgtt,, and the spectral  ionization of two different electronic states.
amplitudes. It is important to state that this four-component sequential
The time constants and spectral amplitudes for all molecules model is limited in several ways. It is constructed with
are summarized in Tables 3 (209 nm pump/279 nm probe) andexponential kinetics convoluted with fitted £ 1' or 1 + 2'
4 (200 nm pump/267 nm probe). The spectral amplitudes are Gaussian cross-correlations. The real measured1l cross-
determined such that direct comparisons should only be madecorrelation can be used in some regions when convoluting with

2.4-5.0 70+ 20
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TABLE 4: Fitted Time Constants for TRPES Scans of

C
S'ﬂx)\s, N Acrolein, Crotonaldehyde, Methylvinylketone, and
t Methacrolein Using 200 nm Pump and 267 nm Probe
S,/S, MECI AN/ T, T, Wavelengths
S,/S, MECI energy range t1 to
— (eV) (fs) (fs)
S, min (I
vomin () AC 0.30-0.75 100+ 30 620 80
S, (P) 0.75-1.8 110+ 30
S 1.8-2.6 75+ 25
(L. 2.6-5.0 60+ 20
Figure 13_. Proposed scheme for qltrafasg ®laxation of _the(x,ﬁ- CR 0.25-1.12 70+ 25 480+ 25
enonesX is the Franck-Condon region on the,Surface A is away 1.12-2.6 70+ 25 580+ 50
from the Franck—Cpndon region on the,Surface,| is the S state, 2.6-5.0 50+ 20 530+ 50
and P is the long-lived ¢100s of picoseconds) hot ground-state or
triplet-state products. The decay Xfto A is very fast (i.e.<160 fs, MVK 0.30—1.2 170+ 40 10404+ 100
our laser cross-correlation. andt, are the decay times fok and|, 1.2-2.0 190+ 30
respectively. 2.0-2.6 170+ 40
2.6-5.0 90+ 30
the exponential dynamics, but this correction is minor. The  MA 0.30-0.93 110+ 25 1800+ 100
assumption of exponential dynamics is the more restrictive 0.93-2.0 130+ 30
assumption, especially at short pusgrobe delay times that 2.0-2.7 95+ 25
are on the time scale of molecular vibrations. In addition, there 2.7-5.0 70+£20
is a somewhat hidden restriction implied by fitting the aThe model used to fit the spectra consisted of a cross-correlation

component. By fitting it with the instrumental response function, responseX, an immediately excited speciésthat decays with time
it is equivalent to fitting an initially excited component that constant; to intermediatd, which in turn decays with time constant
decays instantaneously with zero lifetime. It would be ideal to tz to productP.

be able to relax this restriction because all resonant processes Qnce leaving the FC region, the molecules make their way
have some nonzero lifetime, however small. Yet this restriction toward the $/S, conical intersection located roughly 1.5 eV
is necessary becguse the obseriiedalues are ghorter or on  (as calculated by CASSCF) below theFsC region. We propose
the order of the instrumental response functionl§0 fs). that theA signal arises from these molecules still on the S
Regardless of the fitting procedure, two time constants cannot g ;rface but located away from the FC region. From the apparent
be fit that are close together (i.e., the same order of magnitude).ahsence of a true minimum fop,®ne would expect very rapid
Thus, thet; values are probably the upper limit for the— | internal conversion toSas seems to be reflected by the short
process. A lifetimes (1) in Tables 3 and 4. There are small differences
For the above reasons, we conclude that the four-componentin t; between the molecules, with CR being the fastest-@D
fitting model used in this work describes a resonant processfs), followed by AC (45-110 fs), MA (65-155 fs), and finally
that starts wittX decaying very rapidly té, which decays with  MVK (90—190 fs). However, we draw no conclusions from
a maximum time constart to |, which subsequently decays these small differences due to the uncertainties in the fitting
with time constant; to P. As detailed below, we propose the procedure as described previously. The differences ai 200
relaxation pathway fromSor thea,-enones shown in Figure  and 209 nm appear to be minimal, suggesting that similar
13. In this scheme, relaxation rapidly occurs from theFE dynamics are occurring on thgtime scale at both wavelengths
region (X) toward the &/S; MECI. We assign the decay ting for all molecules. For all of the enones, thedecay times at
of componentA to the residence time on the Surface. Fast  |ow photoelectron kinetic energies are longer compared to those
internal conversion through a conical intersection leads the at higher kinetic energies. Spectrally, this means that the
molecules onto the ;Ssurface (). From this surface, the  photoelectron spectrum éfis shifting to lower kinetic energies
molecules proceed through another conical intersection to as time progresses. Correspondingly, this means that the excited
produce hot ground-state molecules or intersystem cross to long-molecules preferentially ionize to more highly excited vibra-
lived states in the triplet manifold. These “products” are the tional states at later times. This observation is indicative of large

TRPES component identified & deformations (bond stretching and torsion) occurring on the S
The pump laser initially excites the planar ground-state surface.
molecules into the FC region of the(8z*) PES. The molecules After passing through the >, conical intersection, the

are expected to move rapidly away from the FC region toward molecules reside on the Surface. This is componehin our
the more energetically favored geometries via torsion about the model, with its lifetime described bly. By referring to Tables
terminal CH group and bond alternation of the carbon 3 and 4, we come to the most striking observation thattthe
backbone. Only while the molecules are near the FC region arerelaxation times are very different for the differenf-enones.
their photoelectron spectra expected to be somewhat similar toAt 209 nm, CR (366-560 fs) appears to have the fastest
their nonresonant He(l) spectra. Accordingly, we assign the relaxation time by a factor of2 compared to AC (908 100
structuredX component as this FC region on thg shirface. fs) and MVK (1080 80 fs), while MA (2020+ 80 fs) is the
At 209 nm, the X components of all molecules show slowest by a factor of~2. At 200 nm, AC (615+ 80 fs) and
vibrational resolution in the # 1' (low kinetic energy) region MA (1800 + 100 fs) speed up slightly, while CR (48880
of the photoelectron spectrum (Figure 10). In CR and MVK, a fs) and MVK (1040+ 100 fs) stay approximately the same, as
vibrational progression with a spacing of roughly 0.15 eV or compared to their relaxation times at 209 nm.
1200 cnt?! is seen. This progression is assigned te=@ Three possibilities exist for relaxation from the State:
stretching in the ionic states of the molecules and matches thefluorescence from S ISC to the triplet manifold, or decay
previously reported value for CR.At 200 nm, all molecules  through a conical intersection to the ground stageF8om the
show the G=C stretch vibrational progression (Figure 11). short lifetimes of the Sstates, fluorescence can be ruled out.
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Intersystem crossing as the major relaxation pathway remainsTABLE 5: Calculated Properties near the S/S, Conical
somewhat dubious, as it seems unlikely that a spin-forbidden Intersections for the o.f-Enones Discussed Here

process can compete with spin-allowed internal conversion. AC CR MVK MA
Thus, we conclude that the dominantr8laxation pathway is E' (eV) 0.98 0.99 0.82 0.82
rapid decay through thei/& conical intersection. Eys (V) 3.61 3.03 3.23 3.16

The significance of differences in thg 8ecay times for the Exsavg(eV) 0.20 0.11 0.12 0.12

; ; S« 0.083 0.083 0.065 0.089
enones is supported by HCO(X) quantum yield measurements
AC and CR photolysis at 193 nfA.Using laser-induced % 0.0000 0.0000 0.0001 0.0000

on : dgh 0.021 0.021 0.018 0.022
fluorescence, HCO ground-state photoproducts, HCO(X), thought = A, 0.952 0.953 0.893 0.956
to be formed exclusively via the triplet manifolé?®> were 1,209 nm (fg) 900 400 1080 2020

observed only from AC, while no detectablg produc_:t|on 2 E'is the energy between the Sinimum and the §S, MECI. Exs
(<0.35%) was found from CR. (The observation of triplet s the excess energy available at thgSs MECI (i.e., the energy
products does not contradict the statement that ISC may not bedifference between,$C and ¥Sy MECI). Exs.aviS the excess energy
the major relaxation pathway because the singigplet averaged over the number of vibrational modes. Projections of the
branching ratios are not known.) With the addition of the methyl 9gradient differenced) and nonadiabatic coupling) vectors onto the
group, the rate of ISC for CR might be expected to be greater fee;rgsgr:%dtlﬁgtdé?g;%r:)gngteric%gi?e E)r/;c?]?r?gsgp;iz);?nz\;)erggﬁll}s

or equgl to that of AC, dependlr}g on whether or not the mgthyl the asymmetry of the conical intersecti®s?*® "are the measured, S
group increases the local density of states through coupling 10 decay times from the TRPES experiments.

the mode promoting ISC. In contradiction, the entire triplet yield

seems to be shut off b_y the addition of the methyl group. TWO gaams along which two (and possibly thf&é3in which case
explanations are possible: (1) the opening of another channeline seam isl — 5 dimensional) electronic states are degenerate.
on the § surface in CR that depletes the opulation or (2)  The two dimensions along which the degeneracy is broken form
.remarkak')ly faster internal conversion in CR via th&$conical the branchind, or g—h“ plane. We begin by considering two
intersection as compared to AC. electronic stateslOand |JOwith energiesE(R) and Ex(R),

The accessibility of a new channel in CR cannot be excluded respective|y_ Th@ (gradient difference) vector is defined by
by energetic reasons because fragmentation to produce the

excited-state fragment HCO(A) is possible at wavelengths used 29, = Vx(E(R) — ER)) (6)
in our TRPES experiments. The 193 nm photolysis experi-

mentg? were only able to detect ground-state HCO(X) not HCO-
(A). Experiments using synchrotron vacuum UV light as the
ionization source following 193 nm excitati®rspeculate that
this channel might be present. However, direct observation o
the HCO(A) photoproduct is impossible because it is unstable
relative to further fragmentation. There are a number of
drawbacks for this explanation of the observedr&axation h; = 0| Vg JUE, — Ey) = []VgH|JO ™)
times. A barrier restricts HCO(A) formation in A8 Thus, this

explanation requires the unlikely result that simple addition of  The classification of conical intersections as “peaked” or
the methyl group at the end of AC substantially lowers the «sjoped” is based on the projections

barrier to HCO(A) formation. Also, by Hammond'’s postulate,

in which the Vg operator indicates differentiation with respect

to nuclear coordinates, all of which have been appropriately
fmass-weighted. Likewise, the nonadiabatic coupling velstor
between electronic stat¢kland |J0is defined as

one would expect that corresponding formation of the more S = SX (8)
stable acetyl radical GO from MVK would be more
favorable and should have a shorter&axation time than CR, 5 =5y 9)

which it does not. In addition, this mechanism cannot explain

why the § relaxation time is slower for MA. in which x andy are normalized versions of the branching plane
The more probable explanations for the differingdgcay vectorsg and h, respectively

times between the enones are differences occurring at or near
the S/S, conical intersection, resulting in promotion or retarda-

tion of internal conversion to the ground state. We attempted X= ﬁ (10)
to find correlations between the; Slecay times and the

properties defining the CI. Table 5 shows the computed values __h (11)
for the barrierE" (difference between the; $ninimum and the y [1hl]

S1/Sy MECI), the total excess enerdis (difference between

S, FC and S MECI), and the excess averaged over the The seam coordinateis

number of moded,s avg for each of the four molecules. From

these values, it is clear that energetics alone cannot explain the 2s= Vi(E(R) + E,(R)) (12)
difference in $ lifetimes—it fails to discriminate between CR,
MVK, and MA (whose lifetimes differ by a factor of 2) and
would dictate that AC decays faster than CR (which it does
not).

Next, we examined the topographical features of th&S
intersection itself. For the case of a two-state crossing, in the
two coordinates that break the degeneracy, the potential energy 5 5
surfaces resemble a double cone with the CI at the apex. Far Agy= ligl” — [IhII* (13)
from being mere isolated points, Cls forid ¢ 2)-dimensional ¢ llgl®> + [1h|]?

representing the gradient of the average energy of the intersec-
tion seam.

In addition to the projections, two additional parameters are
needed to fully characterize the seam spadene first of these
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measures the intersection asymmetry, or ellipticity of the
intersection. The final parameter

dy, = VIlgl1* + [h][? (14)

provides a distance metric for the branching space. Larger values
of dgn represent steeper pitched (narrower) Cls than smaller
values.

The branching planeg(and h) vectors as determined by ‘fgggfce
standard intersection optimization schemes are unique only to
within arbitrary rotations, and their orthogonality is generally ~ (P)
not guaranteed. Because the magnitudes ahds, vary with
the rotation ofg andh, these vectors must be phased in a unique
and consistent fashion for the projections to have unambiguous
significance. As Yarkony has shown previoudijs difficulty
can be removed by forcing orthogonality of the original pair.
This, in turn, can be achieved by linear transformation to new
gandh

~nonadiabat
* ﬁ’ﬁo‘ Yo, " coupling vector

9 - gradient difference
vector

g” = (¢"” cos 8 + h" sin 28) (15)

$ e
- N ® nwupﬁng vedtor

R — _ Vi Figure 14. Examples of conical intersections in the space defined by

h (h”cos  —g" sin ) (16) the gradient differencg and nonadiabatic couplifgvectors. The upper

and lower surfaces are red and blue, respectively. The left and right

diagrams are different views of the same intersection. (a) An asym-
g3 metric, peaked conical intersection. The asymmetry, parametrized by

tan 48 = 2[h™-g"] (17) Agn, iS easily seen as the diﬁering slopes along ghand_h vectors

a2 = 119”113 near the intersectios, = s, = 0 indicates that the cone axis is vertical.
(b) A symmetric, sloped intersectiog. = 0 ands, = 0 indicate that

This particular rotation of the branching space has several the cone axis is only tilted along tigedirection.

The rotation anglé8 is calculated from

pleasant consequences, including assurance ghaind h" symmetric becausAgp is zero. Unlike the idealized examples
reflect the point group symmetry of the molecule and are presented here, real conical intersections in general contain some
continuous along the intersection seam. degree of both tilt and asymmetry. It is important to note that

Previous studi€’s' attempted to correlate intersection topog- the preceding parametrization of conical intersections describes
raphy with decay efficiency, and we summarize the relevant only a local PES subspace near the Cl. Generalizations as to
points here. Intersections with branching plane vectors having the size of this linear region are quite difficult to make. Larger
zero projection = 0, s, = 0) onto the seam coordinate are global PES features (barriers and valleys) may play more
described as vertical or “peaked” cones. In this situation, the important roles in Cl accessibility.
upper surface lies entirely above the ClI in energy, while the  The gradient differencg and nonadiabatic couplifgvectors
lower surface lies entirely below. This topography conforms for AC are shown in Figure 15. The gradient difference vector
closely to the classical picture of a funnel, meaning that is mostly bond alternation of the nominaHC bond, but due
population on the upper state is very efficiently directed to and to motions of the aldehyde H and O, it bears resemblance to
through the intersection located at the apex of the cone. scissoring motion of the CCOH. The nonadiabatic coupling
Intersections with branching space axes having nonzero projec-vector is pyramidalization of the central backbone carbon. The
tion onto the seam coordinats, ¢ 0 and/ors, = 0), however, g andh vectors for CR, MVK, and MA are qualitatively the
are tilted or “sloped”. In this case, the cone axis can be tilted same as those for AC, providing no evidence to explain the
significantly such that parts of the upper surface lie below the differences in glifetimes between the molecules. The displace-
Cl energy while parts of the lower surface lie above the ClI ment vectors forg, h, ands are included in the Supporting
energy. Some trajectories pass efficiently through these slopedinformation.

Cls, while others do not. In addition, recrossing of the Cl is  In Table 5, we show the calculated the paramedgrs, Agn,
possible for such geometries. More so than in the peaked patternanddg, describing the topography of the/S Cls for theo., -

the direction by which a sloped Cl is approached can be critical enones. The results reveal intersections sloped sharply along
in determining whether the adiabatic or nonadiabatic pathway the gradient difference axis but almost perfectly peaked along
is followed. The symmetry and pitch of the Cl, defined A&y, that of the nonadiabatic coupling,(~ 0). Qualitatively, they
anddg,, can also affect the efficiency of passage through the resemble the CI presented in Figure 14b. The calculated PES
Cl. landscape for AC is shown in Figure 16. The valuesdfiffer

The parameters defining the conical intersections are il- by <10% between the molecules. Assuming approach of the
lustrated with two examples shown in Figure 14. Figure 14a S)/Sy MECI from the § minimum (i.e., from below the CI),

shows two views of a vertical asymmetric Cl. A nonze¥gh the magnitudes o$; fail to distinguish between AC and CR,
is readily seen as a difference in slopes of the PESs along theand values for both are larger than that for MVK, even though
g andh vectors. The projections of the seam coordinafeito theirt, decay rates are higher. This is contrary to the correlation

the branching space vectors are zero, and the cone axis isanticipated by Yarkony.Lack of a clear pattern relating trse
completely vertical. Figure 14b shows two views of a symmetric projection values withy, is perhaps not surprising in this context
sloped CI, whose cone axis is only tilted along the gradient because the relative differences in tilt and asymmetry examined
difference vectog. The Cl is not tilted along the nonadiabatic here are quite small in comparison to those studied previdusly
coupling vectorh; thus onlys, = 0 ands, = 0. The Cl is (in which they are greater than 0.5 for bathand Agp).
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g - gradient difference vector topographies of the conical intersections. It fails to find a
. consistent explanation for the observed differences in relaxation
f; rates between the four molecules. Therefore, the remaining

important issues are the vibrational dynamics occurring near
the S/Sy Cl and their relationship to surface crossing prob-
abilities. The geometric changes required to move from the S
minimum to the $Sy; MECI are dominated by torsion about
the terminal CH (or CHCHs in CR). It is here where we point
out an important dynamical effect that potentially explains the
| different § relaxation time scales between CR and the other

o,p-enones. Due to the presence of the methyl group on CR,
torsion about the terminal CHX methylene group is expected

h - nonadiabatic coupling vector to be approximately twice as slow compared to that in AC,
MVK, and MA.

This leads us to propose a mechanism for the faster internal
conversion in CR. Vertically oriented Cls funnel the trajectories
toward the intersection to promote fast internal conversion.
However, the direction of approach is important in determining
the efficiency of crossing in sloped Cls. As indicated above,
the S/Sy MECIs for all of the enones are of this latter type.
Figure 9 indicates that the MECI geometries for the molecules
are all twisted~90° about the terminat- C=CHX. A complete
rotation about the methylene bond takes the trajectory from the
Si: minimum at 0 and 180 (planar geometry) to regions nearby
the S/S, Cl at 9C° and 270 (twisted geometry). We speculate
Figure_ 15. Gradient diﬁgrence and nona_ldiabatic _coupling vectors fpr that slow torsion through the CI region promotes internal
acrolein. The gradient difference vector is essentially bond alternation conversion. In CR, more time is spent near the intersection

(strongest on the nominally -€C bond) but due to motions of the edion on each pass near the Cl region. during which other
aldehyde H and O bears some resemblance to scissoring motion of the €9 P gion, 9

CCOH. The nonadiabatic coupling vector is pyramidalization of the Molecular motions can occur. Importantly, these motions can
central backbone carbon. bring the molecular trajectory to the/Sp ClI, resulting in rapid
internal conversion to the ground state. Conversely, for the faster
twisting molecules (AC, MVK, and MA), the trajectories pass
though the CI region relatively quickly, missing the opportunity
to pass through the CI. Interestingly, this postulate is opposite
in nature to the analysis of one-dimensional LandZaner
avoided crossings, where faster moving trajectories are more
likely to follow the diabatic pathway to end up on the other
surface, while slower moving trajectories follow the adiabatic
pathway and remain on the same surface. However, this
difference in behavior is not surprising considering that for Cls
the upper and lower surfaces do meet at a degenerate point,
unlike the case in avoided crossings. We also point out that
this torsion is not one of the two coordinates that lifts the
degeneracy in first order at the MECI. However, it is important
0.0 to note that the branching plane coordinates have a privileged
] 0.02 role in altering the energy gap between states only in a limited
0.00 region around the MECtthe region where the cone is well-

02 v A : . S

g/ (amu) descrlb_ed by a flrst-ord_er Hamiltonian. In the present molecules,
) i ) the region encompassing the relevant dynamics extends beyond
Figure 16. SA3-CAS(6,5)/6-31G* potential energy surfaces in the  ne |inear region, and one must also consider the role of the

neighborhood of the # minimal energy conical intersection in . - . :
acrolein. The intersection point is marked by an arrow, and comparison seam coordinates in altering the energy gap, even though their

of the grid lines reveals that the degeneracy is broken much more rapidly &ffect is only second order at the MECI. The torsion is one of
along the gradient differencg)(axis than along that of the nonadiabatic ~ these seam coordinates.
coupling (). While faster rotation of the Cigroup is consistent with the
relatively longer $ decay times observed for AC and MVK,
The Cls for the molecules are also quite asymmetric, as we note that of MA appears anomalously long. With a similar
indicated by the values afg, in Table 5 and shown in Figure  torsional frequency about the terminal £blond, the reasons
16. The intersections all are steeply sloped along the gradientoutlined above would predict MA to have a similay @ecay
difference vectors while the degeneracy is barely broken along time as compared to those of AC and MVK. However, this is
the nonadiabatic coupling vector. Again there do not appear to not the case. For MA, we propose a different effect responsible
be appreciable differences in the CI asymmetries that would for the slower $ relaxation dynamics. Examination of the
explain trends seen in the &laxation behavior. branching space vectors for AC in Figure 15 reveals that the
The analysis thus far has dealt with static features on the nonadiabatic coupling vectoh) is primarily pyramidalization
potential energy surfaces of the molecules and the energies andround the central carbon. The magnitude and speed of the

&

Energy / eV
o

I
(@myys. 40'0 -0.



Substituent Effects at Conical Intersections J. Phys. Chem. A, Vol. 111, No. 47, 200171959

motion of this carbon are affected by substitution of the identify two important types of motions in the molecules that
hydrogen with a relatively heavy methyl group at this location, we studied. The molecular displacements described bygthe
as is the case in MA. As such, themotion in MA is expected andh vectors lift the electronic degeneracy in first order around
to be slower relative to that in CR, AC, and MVK. A key the MECI. Displacements in this “branching plane” play a role
difference in this situation compared to the anomalous decay analogous to the single coordinate in Landaener models.
rate in CR is the fact that the methyl group in MA is directly Increased momentum in the branching coordinates leads to more
affecting one of the branching space vectors (in this dgse  efficient nonadiabatic transitions and thus faster decay.Nhe
We expect that MA, AC, and MVK access the intersection — 2 remaining molecular displacements lift the degeneracy only
region, with the terminal methylene group twisted by’,98t in second or higher order around the MECI. Thus, these
approximately the same rate. We speculate that AC and MVK “complementary coordinates”, also known as “seam coordi-
have overall faster ;Srelaxation because the molecules are nates”, are of less relevance in promoting the nonadiabatic

moving faster along the directions described by ¢hand h transition itself. However, motion in the complementary coor-
vectors, which allow them to access th¢Ss Cl more efficiently dinates controls access to the MECI region. The longer the
than MA. molecule is in the MECI region, the more chance it has to

We postulate that the relative speeds of specific motions are undergo displacement along the branching coordinates to make
important in controlling relaxation rates in sloped conical a nonadiabatic transition. Hence, increased momentum in the
intersections. Motions that are required to reach the CI, but are complementary coordinates decreases the amount of time spent
not necessarily responsible in first order for creating the in the MECI region each time it is accessed. This leads to a
intersection (e.g., the torsional mode), speed up the crossingslower decay-the opposite of the momentum dependence that
rate (as in CR). Conversely, motions that create the intersectionis predicted for the branching coordinates.

(i.e., theg andh vectors) speed up the crossing rate when they  In the case of ther,-enones, the most important comple-
are fast because they quickly shoot the trajectory through thementary coordinate is the terminal methylene torsion. This
Cl. This reasoning seems consistent with the experimentally torsion is one of the largest distortions proceeding from the S
observed trend in Selaxation rates. CR has the fastest decay minimum to the ¥S; MECI. However, it is not one of the
because both effects, slow torsional motion to reach the CI branching coordinates and therefore does little to promote
region and fast motion along timecoordinate, drive nonadiabatic  nonadiabatic transitions. A 9Qwisting in this coordinate is
crossing. At the other extreme in decay rates, MA is the slowest required to reach the vicinity of the intersection sestiis is a
because both effects, fast torsional motion by the Cl region andnecessary but not a sufficient condition for nonadiabatic
slow motion along thén coordinate, are detrimental to nona- transitions. One further requires distortions of the branching
diabatic crossing. AC and MVK fall in between because the coordinates for efficient population decay. This reasoning is
effects operate in a canceling fashion, with fast torsional motion consistent with the measured &laxation rates in thet,S-
retarding relaxation and fast motion along thecoordinate enones. CR has the fastest decay because it has the slowest
promoting relaxation. We stress that this analysis applies only methylene torsion and also fast motion of thandh vectors.

to sloped conical intersections where the excited-state trajectoriesAC and MVK are of an intermediate decay rate because the
are expected to come from points on the PES lower in energy. effects of the fast methylene torsion and fast CI modes oppose

Clearly, more experimental and theoretical investigations are each other. MA has the slowest decay rate because it has fast
needed to explore the validity of the postulates presented here methylene torsion and the methyl group substituent slbws
Attempts to theoretically clarify these issues using full quantum
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