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Abstract 

We investigate the competition between intersystem crossing (ISC) and internal conversion 

(IC) as non-radiative relaxation pathways in cyclic α,β-unsaturated enones following 

excitation to their lowest lying 1
ππ* state, by means of time-resolved photoelectron 

spectroscopy and ab initio computation.  Upon excitation, the 1ππ* state of 2-cyclopentenone 



 

 

decays to the lowest-lying 1nπ* state within 120 ± 20 femtoseconds. Within 1.2 ± 0.2 

picoseconds, the molecule subsequently decays to the triplet manifold and the singlet ground 

state, with quantum yields of 0.35 and 0.65, respectively. The corresponding dynamics in 

modified derivatives, obtained by selective methylation, show a decrease in both IC and ISC 

rates, with the quantum yields of ISC varying between 0.35 and 0.08. The rapid rates of ISC 

are explained by a large spin orbit coupling of 45-60 cm-1 over an extended region of near 

degeneracy between the singlet and triplet state.  Furthermore, the rate of IC is depressed by 

the existence of a well-defined minimum on the 1nπ* potential energy surface. The non-

adiabatic pathways evinced by the present results highlight the fact that these molecular 

systems conceptually represent “intermediate cases” between ultrafast dynamics mediated by 

vibrational motions at conical intersections versus those by statistical decay mechanisms. 

I. INTRODUCTION 

The class of molecules denoted α,β-enones are a basic building block of organic 

synthesis and are known to manifest a varied photochemistry [1-4].  Their excited state 

processes, the subject of this work, involve an initial excitation to the lowest lying 1ππ* (S2) 

state whose absorption spectrum peaks in the wavelength range between 250 and 200 nm.  

Following preparation of this bright state, the dynamics exhibit rapid internal conversion to a 

lower lying 1nπ* (S1) state.  The electronic structure of this state is characterized by an 

excitation from the non-bonding lone pair orbital on the oxygen atom to a delocalized anti-

bonding π* orbital, thereby reducing the electronic density at the oxygen, as well as its 

reactivity.  From the 1nπ* state, there exist two major non-radiative relaxation channels: 

either internal conversion (IC) to the electronic ground state or intersystem crossing (ISC) to 

the triplet manifold. Regarding the latter channel, two triplet states are energetically 



 

 

accessible: a 3
ππ*- and 3nπ* state. The specific energetic ordering of these triplet states 

relative to the 1nπ* state in the vicinity of the global minimum of the S1 surface varies for the 

different enones, but all three states are generally close in energy [5, 6]. Non-radiative 

transitions from the 1nπ* state can occur to either the 3
ππ*- or the 3nπ* state [7], the former 

being preferred according to El-Sayed’s rules [8]. The subsequent ISC back to the ground 

state was previously studied from both triplet states [9, 10]. 

Most photochemical reactions of  α,β-enones are known to originate from the triplet 

state [4]. In the gas phase, these are mostly Norrish type I reactions [4], i.e. α-cleavage 

reactions at the carbonyl group, or Norrish type II, if a γ H-atom is present, leading to creation 

of a dienole or a cyclobutane, which may then undergo several consecutive reactions [1]. 

Reactions in liquid phase were observed to be more varied. An overview of the many possible 

reactions can be found in [3].   

In this study, we are interested in the fundamental question as to when and why 

intersystem crossing can successfully compete with internal conversion on the femto- to 

picosecond timescales.  The molecule acrolein serves as a natural starting point to address this 

question.  It is the simplest α,β-enone and, as such, has been studied in some detail [11-16] 

(see Figure 1 for the molecular structure). In the liquid phase, two major product channels are 

observed upon photoexcitation to the 1
ππ* state: [1,3] H-migration with a product yield of 

0.78 and α-hydrogen loss with a product yield of 0.12 [11]. Use of a triplet quencher revealed 

that the first process is correlated with the triplet state whereas the second process takes place 

exclusively on the singlet manifold.  On the basis of these results, it was concluded that ISC 

occurs much more readily than IC. As an explanation, it was argued that the minimum energy 

geometry on the 1nπ∗ state interacts with nearby 3
ππ* and 3nπ* triplet states in acetonitrile 



 

 

solution (B3LYP/cc-pVDZ with the PCM solvent model) [10]. However, absolute branching 

ratios are not known and it is likely that molecules reaching the ground state directly via a S0-

1nπ* intersection are readily cooled in solution and therefore do not show fragmentation. 

An even larger uncertainty exists for branching ratios in gas phase experiments. C-H 

bond fission in the aldehyde functional group of acrolein was presumed to happen on the 

triplet surfaces, evincing gas phase ISC [12]. Lee et al. studied time resolved photoelectron 

spectra of acrolein and its monomethylated derivatives (at the α-, β-, and γ-positions, 

respectively): methyl vinyl ketone (MVK), methacrolein and crotonaldehyde [13]. Upon 

excitation of acrolein to the 1
ππ* state at 209 nm, an initial S2-S1 internal conversion was 

observed within approximately 100 fs and the signal associated with the 1nπ* state decayed 

within (0.9 ± 0.1) ps (see Figure 2 for an overview of the dynamics).  Moreover, linewidth 

measurements at the 1nπ* state minimum showed a lower bound for ISC of 1.8-2.1 ps [17] 

which is supported by a large calculated spin-orbit coupling of ~65 cm−1 [18]. These 

experiments indicate that, following excitation of the 1ππ* state, ISC is able to compete with 

IC in most of the simple enones. Surprisingly, a negligible triplet yield was observed for 

crotonaldehyde where the 1nπ* state exhibits a decay time constant of (0.5 ± 0.07) ps [13] and 

HCO (α-cleavage) product formation – an indicator of ISC – could not be detected [15] 

(although there remains the possibility that the presence of a γ-hydrogen opens up a more 

efficient triplet channel competing with HCO loss). It was concluded that IC for 

crotonaldehyde is fast compared to that of acrolein mainly because of the more adiabatic 

behaviour associated with the slower torsional dynamics that result from methyl substitution 

[13]. 

Most time resolved experiments [19-21] and ab initio calculations [10, 22] on 2-



 

 

cyclopentanone (CPO) and related cyclic α,β-enones have dealt exclusively with triplet state 

dynamics, which are not the focus of this investigation. Most recently, it was shown in 

femtosecond time-resolved transient absorption studies that excitation of the 1
ππ* state of 3-

methyl-2-cyclopentenone (3MeCPO) in acetonitrile and 2,3,4,5-tetramethyl-2-cyclopentenone 

(TMCPO) in acetonitrile and methanol led to a ground state bleach in the 230 nm region, with 

a time independent amplitude within the first nanosecond. This was interpreted as unit triplet 

quantum yield ΦISC [23, 24], and is consistent with the increased ΦISC found for acrolein 

upon solvation [12].  

Here we investigate a series of cyclic α,β-enones: CPO, the methylated species 

3MeCPO and TMCPO, as well as the open chain molecule MVK, all depicted in Figure 1. 

Although the electronic structures of these species are qualitatively similar, several subtle 

differences exist which may have significant impacts on the dynamics.  Upon methylation: (i) 

the 1ππ∗ state is shifted to the red while the 1nπ∗ state is shifted to the blue (see Figure 3); (ii) 

the 3nπ*- and 3ππ*-triplet states are shifted to lower energies with respect to the 1nπ* state at 

its minimum geometry (see Table 1); (iii) the closed ring structure presents a significant 

constraint to gradient directed (large amplitude) nuclear motions [25, 26]. 

The aim of the present study is to resolve the competing mechanisms which drive the 

primary excited state dynamics of α,β-enones and to quantify how they may be influenced by 

a change of dynamical parameters, e.g. increased inertia due to methylation of specific 

vibrational motions, and increased flexibility within certain modes by ring enlargement. Here, 

we combine time-resolved photoelectron spectroscopy and ab initio calculations to interrogate 

the excited state dynamics of these various substituted cyclopentenones, employing the open 

chain methyl vinyl ketone (MVK) as a reference, in order to clarify the reaction timescales 

and branching ratios between IC and ISC in these systems. 



 

 

 

II. METHODS 

A.	Experimental	

CPO, 3MeCPO, TMCPO, and MVK were purchased from Sigma-Aldrich with 

nominal purities of 98%, 97%, 95%, and 99%, respectively. For the absorption spectra and 

the TRPES experiments, these were used without further purification. For He(I)-photoelectron 

spectroscopy, the samples were degassed to remove air from the sample.  

Absorption spectra were taken in a 1 cm quartz cuvette under saturated vapor pressure 

using a Cary 5e photospectrometer (Varian). He (I) photoelectron spectra were recorded with 

a magnetic bottle electron spectrometer setup akin to the one described previously in [27], but 

with a flight tube of 2.2 m [28, 29]. The magnetic bottle setup used for time resolved 

measurements is described in reference [30]. Wavelengths for pump (λp=216 nm) and probe 

(λe=267 nm) pulses were generated using methods analogous to those in reference [25] and 

the in situ cross correlation of the experiment was 140 fs, as measured in nitric oxide TRPES 

(which also served for energy calibration). The molecular beam was generated by a pulsed 

Even-Lavie valve with a 200 µm conical nozzle [31]. Filter paper saturated with the specific 

liquid sample under study was inserted into the body of the pulsed valve, providing the seed 

gas for the molecular beam. Expansion of the seed vapor into the vacuum system was 

achieved using 3 bar of helium carrier gas.  

 

B.	Theory	

The energetically accessible IC relaxation pathways were investigated via 

optimization of the pertinent ground and excited state minimum structures, as well as low-

lying minimum energy conical intersections for CPO, 3MeCPO and TMCPO.  Each 



 

 

computation employed an atomic natural orbital (ANO) basis set [32] of the form 3s2p1d for 

the C and O atoms and 2s1p for the H atoms. Those computations that involved the 

determination of a complete active space self-consistent field (CASSCF) reference function 

employed an active space denoted (5o,6e), comprised of the π, π* and lone pair σ orbital of 

oxygen. 

The optimization of the ground state geometries were performed at the CCSD(T) level 

of theory determined using the CFOUR program package [33]. All excited state optimizations 

(i.e. energy minima and conical intersections) employed a treatment of dynamic electron 

correlation at the second-order multi-reference configuration interaction (SO-MRCI) level of 

theory for CPO and first-order (FO)-MRCI treatment for 3MeCPO and TMCPO using the 

COLUMBUS electronic structure package [34]. The Cartesian geometries of each optimized 

structure are given in Tables S1 to S20 of the Supporting Information. 

At each minimum energy structure, the singlet and triplet electronic energies were 

computed at the Davidson-corrected SO-MRCI level of theory [35]. Table 1 summarizes the 

minimum energy structures, while Table 2 gives the energies at the minimum energy conical 

intersections. At these same geometries, the spin-orbit coupling matrix elements were 

computed using the ANO basis mentioned above, employing MS-CASPT2 wave-functions 

obtained from the MOLPRO program package [36]. 

 

III. RESULTS 

A.	Static	Spectroscopy	

Gas phase absorption spectra of CPO, 3MeCPO, and TMCPO are shown in Figure 3. 

As can be seen, the intense 1
ππ*-spectra shown in the main panel exhibit a red-shift of the 

maximum upon increasing substitution. The opposite is true for the 1nπ* state (see inset of 



 

 

Figure 3) where increasing substitution lowers the energy of the non-bonding lone-pair 

orbital, yielding a small spectral blue shift (this is more clearly seen in liquid phase spectra as 

shown in Reference [23]).  

The He(I) photoelectron spectra of CPO, 3MeCPO, and TMCPO, which serve as 

reference data for the interpretation of the time-resolved photoelectron spectra studied here, 

are shown in Figure S7 of the Supporting Information. The photoelectron spectrum of CPO is 

similar to those of the open chain α,β-enones acrolein and methyl vinyl ketone (MVK) [37, 

38] and exhibits its first two maxima at 9.55 and 10.35 eV. According to our MRCI 

calculations, and in agreement with previous computations [37], the ionic ground state (D0) is 

associated with ionization of the highest lying n-orbital, while the first excited state (D1) is 

due to ionization from the π-orbital localized at the oxygen atom (see a sketch in Figure S9 in 

the Supporting Information). In 3MeCPO, these two bands are closer together, at 9.3 and 9.7 

eV, whereas in TMCPO, only one peak at 9.3 eV can be identified. 

 

B.	Ab	initio	Electronic	Structure	Calculations	

As shown in Table 1, the blue and red shifts of the excitation energies for the lowest 

lying 1nπ* and 1
ππ* states are reproduced by our ab initio electronic structure calculations. 

With respect to the initial excitation, the computed vertical excitation energy of 6.17 eV for 

CPO agrees well with the absorption maximum at 6.11 eV. Upon methylation, the 

corresponding transition in 3MeCPO and TMCPO shifts to lower energy, in agreement with 

the maxima of the absorption spectra, although the computed transition energies of 6.11 eV 

and 5.84 eV are slightly higher than the observed maxima at 5.90 eV and 5.56 eV, 

respectively.  Likewise, the computations show a clear blue-shift of the 1nπ* state upon 

methylation, with the vertical excitation energies for CPO, 3MeCPO and TMCPO computed 



 

 

to be 4.01, 4.05, and 4.18 eV, respectively. However, direct comparison to the experimental 

UV absorption spectrum is difficult as the bands are broad and of low intensity. The former 

observation is consistent with the sizable relaxation energies (from the Franck-Condon 

region) of the 1nπ* states, shown in Table 1 to be approximately 0.4 eV for each of the CPO-

derived species. 

The energetic ordering of the triplet states is also given in Table 1. These show clearly 

that the singlet states of interest in this study are very nearly “bracketed” by pairs of triplet 

states over a large variety of molecular configurations. In particular, we note that the energy 

differences between the 1nπ*- and the T1- and T2 states are small over a region of 

configuration space which extends from the Franck-Condon (S0 minimum) geometry to the 

1nπ*- minima for CPO and both of the methyl-substituted derivatives. 

Excited state seams of conical intersection were determined for a number of different 

crossing archetypes. Table 2 summarizes the electronic energies at those minimum energy 

conical intersections of relevance to this study (given the energy of the initial pump photon). 

As stated above, the initial non-adiabatic transition involves a conical intersection between 

the initially prepared 1
ππ* state and the lower-lying 1nπ* state. The two primary relaxation 

pathways which lie below the excitation energy involve the familiar twist-pyramidalization at 

the C-C double bond [26, 39] in the CPO ring, as well as α-cleavage of the bond between the 

carbonyl carbon and an sp3-ring carbon atom (thereby preserving the π electronic system). 

While the twisted-pyramidalized minimum energy conical intersection (MECI) type is 

slightly lower in energy than the α-cleavage intersection (by ~ 0.1, 0.3, and 0.6 eV for CPO, 

3MeCPO, and TMCPO, respectively), the branching between these pathways will likely be 

strongly dependent on dynamical effects. 



 

 

 Table 2 shows that each of the S2-S1 intersection types has a corresponding S1-S0 

conical intersection in both energetic and geometric proximity. Indeed, the relatively small 

energy gaps between S0, S1, and S2 at the S2-S1 MECIs strongly suggest that there are seams 

of three state conical intersections at low-energy, although these seams were not determined 

in this study. In general, the S1-S0 MECIs lie slightly higher in energy relative to the S1-

minimum (which exhibits clear 1nπ*-character).  The barrier to accessing the α-cleavage 

MECI is relatively insensitive to the degree of methylation and is computed to be 0.37, 0.32, 

and 0.33 eV for CPO, 3MeCPO, and TMCPO, respectively. Alternatively, the barriers to the 

twisted-pyramidalized MECIs are larger and significantly influenced by methylation with 

energies of 1.23, 0.80, and 1.04 eV for the same three molecular species. 

 Lastly, the computed spin-orbit matrix elements are found to be largely geometry 

independent and only weakly dependent on the degree of methylation. Specifically, values of 

36 and 37 cm-1 were determined for the spin-orbit coupling matrix elements between the 1nπ* 

state and the nearest triplet states at the Franck-Condon and the 1nπ*-minimum energy 

geometry, respectively. These values increase to 43, 44 cm-1 and 48, 49 cm-1 for 3MeCPO and 

TMCPO, respectively. 

 

C.	Time	Resolved	Photoelectron	Spectroscopy	

Time resolved photoelectron spectra of CPO, 3MeCPO and TMCPO excited at 216 

nm and probed at 267 nm are shown in Figure 4, whereas the corresponding spectrum of 

MVK is given in the Supporting Information. The total energy of one pump plus one probe 

photon [1+1’] is 10.38 eV, whereas probing with two photons [1+2’] delivers 15.03 eV. For 

CPO, the ionic ground state (D0) is reached by [1+1’] ionization with an excess energy of 



 

 

~0.8 eV which can be converted to kinetic energy of the photoelectron. This energy is in 

agreement with the cut-off of the intense maximum at low kinetic energies in the time 

resolved photoelectron spectrum (Figure 4 a) which has its origin around time zero. While 

ionization of the 1
ππ* state correlates at zeroth order to the D1 cationic state via Koopmans’ 

correlations, this channel exceeds the [1+1’] available energy and therefore is only 

energetically accessible via a multi-photon ionization of the excited state (see Figure 2). 

These ionization channels are in fact observed (specifically, two-photon probe ionization) at 

higher electron kinetic energies, as expected. Here, we see a delayed rise of the signal which 

can be attributed to the lower lying 1nπ* state and is best seen in the energy slices of Figure 

4c.  At long delay times (> 10 ps), the spectrum retains a significant contribution which does 

not decay over the scan range of the measurement. The origin of this band is probably not the 

hot ground state since the Franck-Condon overlap with the ionic manifold is typically rather 

poor [40]. We suggest that this signal most likely originates from the triplet manifold. 

Time constants and their Decay Associated Spectra (DAS) were determined by a 

Levenberg-Marquart 2D global fitting routine, as explained in detail in Reference [41]. In 

brief: The time- and energy-resolved photoelectron signal S(E,Δt) can be described as a sum 

of i kinetic steps through 

  S E,∆t = A! E P! ∆t �g(∆t)!                                        (1) 

where Ai(E) is the DAS of the individual step. The DAS Ai(E) has a time dependence Pi(t) 

which is commonly expressed in terms of exponential functions; g(t) is the independently 

determined cross-correlation function (see experimental section). As discussed previously 

[26, 41, 42], this global fitting scheme may be unsatisfactory if the molecule undergoes large 

amplitude motions. In such cases, the spectrum typically shows a shift (‘tilt’) toward lower 

kinetic energies at longer time delays , since the vertical ionization potential typically rises 



 

 

along large amplitude deformation coordinates. One phenomenological method to account for 

this shift within 2D global fitting is to artificially vary the ‘time zero’ of the fit as a parameter 

[26], as discussed in the Supporting Information. With such an approach, the variation in 

‘time zero’ can be phenomenologically associated with large amplitude motion. 

In the time resolved photoelectron spectrum of CPO as well as in that of MVK, no 

spectral shifts were observed and the time constants obtained by Equation (1) are given in 

Table 3. In accordance with the previous analysis, the first time constant, τ1, can be assigned 

to the initially populated S2(ππ*) state whereas τ2 is associated with the dynamics in S1(nπ*). 

For 3MeCPO and TMCPO, we see a spectral shift (‘tilt’) of the signal toward lower electron 

kinetic energies in the [1+1’] region by 20 fs (3MeCPO) and 40 fs (TMCPO) and a 

concomitant increase in the associated time constant. This is caused by nuclear motion toward 

the highly distorted conical intersection between the 1
ππ*- and the 1nπ* state (see Figures 2 

and 5). This motion is sensitive to substitution in the 3-position as can also be inferred from 

the results on acrolein where a 90 degree twist of the terminal C-atom is a prerequisite for 

these dynamics [13]. This might not only result in slower nuclear dynamics, but also a change 

in the potential energy surfaces which causes the ‘tilt’ to become visible. This ‘tilt’ agrees 

with the work of Lee et al. where a similar behavior was indicated by an increase of the first 

time constant toward lower lying electron kinetic energies of the time-resolved photoelectron 

spectra of the open chained enones [13]. The time constants given in Table 3 for 3MeCPO 

and TMCPO include the spectral shift plus the exponential decay time at low kinetic energies 

(see Supporting Information). 

 



 

 

IV. DISCUSSION 

A.	Determination	of	quantum	yields	

In order to discuss the influence of the triplet channel on the reaction dynamics, one 

must first determine approximate yields of triplet vs. singlet products from the spectroscopic 

results.  To this end, we consider the bifurcation of the wavepacket upon reaching the conical 

intersection between the 1nπ*- and 1
ππ* states. The total decay of the excited state 

wavepacket via all channels occurs in about a picosecond for all of the molecules in this 

study, with the exception of TMCPO, where the 1nπ* state lifetime is 2.8 ± 0.5 ps. A relative 

measure for the singlet-triplet branching ratio is the amplitude ratio of the so called state 

associated spectra (SAS) of the 1nπ*- and the triplet state which can be extracted (with the 

assumption of unit ionization cross sections) from the DAS, and the time constants as detailed 

in the Supporting Information. This ratio is shown in Figure 6 for CPO, 3MeCPO, TMCPO, 

and MVK. For MVK, the amplitude of the long lived component is small over the whole 

spectral region, in agreement with previous findings which yielded a low ISC rate for the 

open chained enones [13]. For TMCPO and 3MeCPO, we find this ratio increased, implying 

that a larger fraction of the wavepacket evolves into triplet character.  The largest value of this 

ratio is observed for CPO. If we assume similar ionization cross-sections for all molecules, 

the relative triplet quantum yields ΦISC are obtained from the ratio of the energy integrated 

SAS for the 1nπ*- and the triple state and are 1.2 : 2.1 : 2.3 : 3.5 for MVK : TMCPO : 

3MeCPO : CPO respectively. We note that these ratios may also be estimated from Figure 6 

(see also Table 3). More details on this estimation procedure are presented in the Supporting 

Information. 

Approximate triplet quantum yields can be obtained from the jet cooled fluorescence 

excitation spectrum of the 1nπ* state of CPO [43]. Here, a FWHM linewidth of Γ ≈ 1.5 cm-



 

 

1for the 0-0 transition was seen in the excitation spectrum, corresponding to a lifetime of τISC 

= (2πcΓ)-1 ≈ 3.5 ps. This lifetime can be assigned to ISC since the quantum yield upon 

excitation to the 1nπ* state is assumed to be unity [19]. In the following analysis, it is 

assumed that this rate does not change upon excitation to the 1
ππ* state.  Employing this 

assumption, the quantum yield for ISC can be obtained by ΦISC = τ2 / τISC ≈ 0.35 and the time 

constant for IC is given by τIC = τ2 / (1 – ΦISC) = 1.8 ps. The triplet yields for the different 

molecules can now be estimated by the ratios derived earlier: the time constants for IC and 

ISC are summarized in Table 3. The following trend is observed: the rate of ISC decreases 

upon methylation as well as upon ring enlargement.  While the rate of IC is only weakly 

influenced by methylation at the 3-position, it is significantly slowed upon tetra-methylation.  

 

B.	Competition	between	non-radiative	relaxation	pathways	

The triplet quantum yield upon photoexcitation of α,β-unsaturated enones depends on 

the pump wavelength. Upon direct excitation to the origin of the 1nπ* state, ISC is the only 

observed relaxation pathway [19]. This is consistent with our ab initio calculations which 

show significant potential energy barriers to accessing the relevant minimum energy conical 

intersections which would enable rapid IC to the ground state. Computations for the open 

chain molecules resulted in barriers almost 1 eV above the energy minimum of the 1nπ* state 

[9, 13], while smaller barriers of ~0.4 eV were obtained for the cyclic species studied in this 

work.  

The dynamics becomes more complex upon excitation to the 1
ππ* state, as more 

reaction paths become accessible. Furthermore, the triplet yields vary considerably depending 



 

 

on both the molecular structures and their environment. In acrolein and its methylated 

derivatives, the rate of IC between the 1nπ* state and the singlet ground state was interpreted 

to depend on: (a) the large amplitude twisting motion of the terminal CH2-group (a slower 

motion would follow from C3 methyl substitution), and (b) the ‘velocity’ of the wavepacket 

when passing through the region of a conical intersection, affecting diabatic vs. adiabatic 

branching (the critical coordinates [g- and h-vectors] were found to involve terminal twisting 

and pyramidalization at the C2-atom). The fastest relaxation to the ground state was observed 

for crotonaldehyde, which has a methyl group at the terminal C3-position, but not at the C2-

position. The high quantum yield for IC to the ground state is only observed in the gas phase, 

where no internal energy is lost to the environment, and the barriers to conical intersections 

are readily surmounted.  The rate of ISC, on the other hand, depends not only on the existence 

of large spin-orbit coupling, but also on the (near) degeneracy of singlet and triplet states [3, 

7, 44] over an extended region of the potential energy surface in order to accumulate an 

appreciable transition amplitude. In that sense, the ISC rate for TMCPO is reduced, as 

indicated by calculations, due to a larger energy gap between the 1nπ*-minimum and the 

triplet states, most importantly for the preferred 3ππ* state associated with El Sayed’s rules. 

In the present study, the role of large amplitude motions involving the carbon atoms 

which comprise the π-electron system was minimized by “locking down” the carbon 

backbone into a closed ring (with MVK as the exception which forms the basis for 

comparison).  Examining the role of methylation in the absence of such large amplitude 

distortions, we find that both the triplet quantum yield and the triplet decay rate decrease upon 

methylation.  

The emerging picture of dynamical processes following photoexcitation to the 1
ππ* 

state can be summarized as follows. The wavepacket immediately undergoes gradient-



 

 

directed relaxation and approaches the seam of conical intersection with the 1nπ* state.  As 

the wavepacket passes through this region, it may undergo nonadiabatic transition from the 

1ππ* to the 1nπ* state, with the gradients on the latter surface directing the wavepacket 

toward the well-defined S1 minimum or to the nearby S0-S1 conical intersections whereupon it 

reaches the ground state (i.e. internal conversion), as observed in other molecules having 

conjugated π-electron systems [26, 39, 45]. Alternatively, the initial wavepacket may continue 

diabatically through the S2-S1 coupling region, retaining 1ππ* character for a longer period of 

time.   

In the case of the current experiment, however, the predominant component of the 

wavepacket appears to develop 1nπ*-character. This is consistent with the analogous 

dynamical processes observed for acrolein.  In the present case, one observes a higher triplet 

yield as well as a lower barrier to accessing the conical intersection to the ground state, 

suggesting that decay to the ground state via the 1nπ* state is even more likely. Furthermore, 

it is assumed that all ISC processes initiate on the 1nπ* state. A comparatively rapid decay 

rate (competitive with IC) requires relatively large spin-orbit coupling constants, as well as an 

energetically proximate triplet manifold over large regions of coordinate space. As discussed 

in Sec. IIIB and summarized in Tables 1 and 2, all the molecules in this study possess such 

features. Quantitatively, however, Table 3 shows the trend that increased methylation leads to 

a deceleration of ISC. Since the relevant computed spin-orbit coupling constants increase 

(slightly) with methylation, rationalizing this trend likely requires a dynamical perspective. 

Specifically, an identification of which coordinates and molecular vibrations are most closely 

associated with singlet-triplet state coupling is needed, as well as an understanding of the 

inertially retarding effects that methylation may have on these.  



 

 

While the preceding analysis rationalizes the present results, it should be noted that the 

similar time scales for ISC and IC are largely dependent on the fact that the internal energy is 

conserved in gas phase processes. This is not the case in the liquid phase where energy 

dissipation rapidly decreases the internal vibrational energy to the extent that crossing to the 

ground state via conical intersections occurs at a much slower rate than ISC. This can be 

understood as solvent-induced relaxation rapidly bringing the system close to the S1 

minimum, energetically below the barriers which lead to S0-S1 intersection. This renders ISC 

the dominant solution phase relaxation pathway [23, 24]. 

These results suggest that cyclopentenone and its methylated derivatives form an 

“intermediate case” between the ultrafast gradient directed dynamics and processes which are 

better described by statistical theories. The photoinitiated dynamics of smaller polyenes are 

characterized by the former, displaying electronic relaxation on a sub-picosecond time scale, 

which in general is shorter than the timescales for intramolecular vibrational redistribution 

(IVR) [46, 47].  Non-adiabatic dynamical processes which occur on timescales shorter than 

those required for IVR limit the utility of “Golden Rule” based statistical descriptions, since 

not all degrees of freedom (e.g. low frequency modes) can be involved on such short time 

scales. That this intermediate regime is relevant in systems containing heteroatoms 

(particularly those characterized by large spin-orbit coupling) is a result of ISC occurring on a 

timescale competitive with the singlet relaxation processes. The present study on cyclic 

enones combined with the results of prior studies of linear enones [13] reveals that: the (gas 

phase) IC time scales in these systems range from 0.5 (crotonalhdehyde) to 3 ps (TMCPO); 

the ISC rate seems to be within the same order of magnitude whereas the quantum yields 

depend on the actual rates. In order to firmly establish these trends, however, experiments on 

still larger systems are desirable, as are more detailed ab initio dynamical investigations of 

these radiationless processes. 



 

 

 

V. CONCLUSION 

Time resolved photoelectron spectroscopy was employed to investigate the excited 

state dynamics, following excitation to their lowest lying 1ππ* state, of the cyclic α,β-enones 

cyclopentenone and its methylated derivatives, cyclohexenone and the open chain methyl 

vinyl ketone. Following rapid electronic relaxation on a 100 fs timescale, the system either 

returns to the ground state or undergo ISC via the 1nπ* state. The triplet yields vary between 

0.35 and 0.08 and show that, for the molecules studied here, both channels are accessed . 

Increased methylation decelerates both ISC and IC, as detailed in the discussion section. That 

ISC can compete with IC depends on two factors, which seem to be a pattern in the 

photodynamics of α, β unsaturated carbonyls: (i) there is a significant barrier to accessing the 

conical intersection between the 1nπ* state and the ground state from the 1nπ*-minimum 

energy geometry (in contrast to simple polyenes where this crossing is close to the energetic 

minimum); and (ii) energetically close lying 3
ππ*-triplet states exist over large regions of 

configuration space, leading to high ISC probabilities and, therefore, quick access to the 

triplet manifold. 

In a future study, we plan to investigate these dynamics in liquid phase enones, where 

(i) the solvent polarity can influence the energies of conical intersections and triplet states and 

(ii) vibrational energy can be dissipated into the surrounding solvent. 
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Figures 

 
 

Figure 1. Structures of the molecules under study. 
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Figure 2. Sketch of the photo-induced dynamics of acrolein, 2-cyclopentenone (CPO) and its 

methylated derivatives upon excitation to the S2(ππ*) state as detailed in the text. 

Geometries for CPO at the positions indicated by the numbers are shown in 

Figure 5. 

 



 

 

 

 

Figure 3. Gas phase absorption spectra of 2-cyclopentenone (black), 3-methyl-2- 

cyclopentenone (green) and 2,3,4,5-tetramethyl-2-cyclopentenone (blue). 



 

 

 

Figure 4. Time-resolved photoelectron (TRPES) spectra of a) 2-cyclopentenone, b) 3-methyl-

2-cyclopentenone and c) 2,3,4,5-tetramethyl-2-cyclopentenone after excitation at 

216 nm and probing at 267 nm. Time slices at delays of 0.1, 0.5 and 10 ps are 

shown above each TRPES spectrum; energy slices at 0.3, 1, and 3 eV are shown 

on the right hand side of each TRPES spectrum. 



 

 

 

Figure 5. Relevant geometries in the reaction path according to the numbering in Figure 4: 

The lowest lying MECIs between the 1nπ* (S1) state and the ground state is the 

ring-opened α-cleavage form which lies below the ortho twisted-pyramidalized 

form. 



 

 

 

Figure 6. Ratio between state associated spectra (SAS) of the long-time component of the 

triplet state signal and the 1nπ*-decay time A(τ2) for: 2-cyclopentenone (CPO, 

black squares), 3-methyl-2-cyclopentenone (3MeCPO, small green tilted squares), 

2,3,4,5-tetramethyl-2-cyclopentenone (TMCPO, blue triangles), and methyl-vinyl-

ketone (MVK, red circles). 
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Tables 

Table 1. Ground and excited state energies (in eV) at adiabatic surface minima for CPO, 

3MeCPO, and TMCPO.a 

 CPO 3MeCPO TMCPO 

 Rmin (S0) Rmin (S1) Rmin (S0) Rmin (S1) Rmin (S0) Rmin (S1) 

S0, A’ 0.00 0.65 0.00 0.52 0.00 0.59 

S1(nπ*), A” 4.01 3.56 4.05 3.63 4.18 3.77 

S2(ππ*), A’ 6.17 6.26 6.11 6.36 5.84 5.56 

S3(nπ*), A” 6.93 6.51 6.95 6.60 6.87 6.82 

T1(nπ*), A” 3.83 3.42 3.85 3.49 3.69 3.25 

T2(ππ*), A’ 4.04 3.70 4.07 3.74 3.98 3.53 

T3(ππ*), A’ 6.27 5.88 6.26 5.96 6.48 6.02 

T4(nπ*), A” 6.84 6.74 6.86 6.74 6.71 6.68 

a Computed at the Davidson corrected SO-MRCI/CASSCF(6,5) level of theory. Cs 
symmetry is indicated by labels of the irreducible representation, although TMCPO 
doses not posess Cs symmetry. 

 



 

 

Table 2. Ground and excited state energies (in eV) at minimum energy conical intersections 

of CPO, 3MeCPO, and TMCPO.a 

 CPO 3MeCPO TMCPO 

 Rmex (S2-S1) Rmex (S1-S0) Rmex (S2-S1) Rmex (S1-S0) Rmex (S2-S1) Rmex (S1-S0) 

 
α-

cleav
e 

twist
/pyr.. 

α-
cleave 

twist
/pyr. 

α-
cleav

e 

twist
/pyr. 

α-
cleave 

twist/
pyr. 

α-
clea
ve 

twist/
pyr. 

α-
cleave 

twist
/pyr. 

S0 4.76 4.29 3.93 4.78 4.99 4.25 3.95 4.43 5.13 3.91 4.10 4.81 

S1 5.63 5.55 3.93 4.78 5.71 5.43 3.95 4.43 6.00 5.41 4.10 4.81 

S2 5.63 5.55 7.56 8.15 5.71 5.43 7.51 7.36 6.00 5.41 8.08 7.28 

S3 9.40 9.10 9.40 8.54 9.81 9.07 9.11 9.38 9.91 8.82 8.40 9.58 

T1 5.25 4.90 3.88 5.13 5.01 4.75 4.17 4.59 5.27 4.51 4.33 4.99 

T2 6.23 6.02 7.21 7.26 5.75 5.85 5.78 6.87 6.01 5.79 6.06 7.06 

T3 8.33 9.00 7.84 8.17 9.71 8.94 7.20 8.00 9.72 8.71 7.13 8.46 

T4 9.35 9.86 9.15 9.84 9.86 9.45 9.21 9.31 9.89 9.57 9.34 9.54 

a  All energies are relative to the ground state minimum energy of the respective molecule at the 

SO-MRCI/CASSCF(6,5) level of theory. 

 

 



 

 

Table 3. Time constants τ1 and τ2 obtained by a global fitting analysis from the time-resolved 

photoelectron spectra, estimated triplet quantum yields ΦISC and time constants 

for internal conversion τIC and intersystem crossing τISC. See text and supporting 

information for details. 

 τ1 / fs τ2 / ps ΦISC τIC / ps τISC / ps 

CPO 120 1.2 0.35 1.8 3.5 

3MeCPO 90 1.4 0.23 1.8 6.1 

TMCPO 160 2.8 0.21 3.5 13 

MVK 50 0.9 0.12 1.0 7.5 

 


