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ABSTRACT: An anion photoelectron imaging study probing the sensitivity of the photoelectron 

angular distribution (PAD) to conformational changes is presented. The PADs of a series of 

para-substituted phenolate anions is compared with those calculated using the Dyson orbital 

formalization. Good agreement was attained for the two observed direct detachment channels of 

all anions, except for the lowest energy detachment channel of para-ethyl phenolate for which 

two conformations exist that yield very different PADs. The conformational freedom leads to an 

observed PAD that is the incoherent sum of the PADs from all conformers populated under 

experimental conditions. In contrast, a second detachment channel shows no sensitivity to the 

conformational flexibility of para-ethyl phenolate. Our results show that PADs can provide 

detailed information about the electronic structure of the anion and its conformations. 
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 Molecular conformation plays a key role in determining chemical reactivity or 

biomolecular function and structure. The measurement and understanding of intrinsic 

interactions that lead to specific conformations represents an important branch of physical 

chemistry, which impacts many branches of science. The development of new methods that can 

probe conformations and conformational change may provide new insights. Gas-phase ion 

spectroscopy in particular has provided a wealth of insight into the intrinsic interactions leading 

to specific conformations in biological, chemical and catalytic contexts.1–7 Electronic structure is 

of course closely linked to molecular structure and, generally, specific geometric structures can 

have very different electronic structures that in turn lead to differing physical or chemical 

properties. Anion photoelectron (PE) spectroscopy is a powerful and well-established method 

that probes electronic structure directly and, by comparison with calculations and vibrational 

analysis of the Franck-Condon profiles of the PE spectra, can also probe geometric structure.8–11 

Many experimental implementations of PE spectroscopy also measure the photoelectron angular 

distribution (PAD); here we consider how sensitive these PADs are to geometric changes in a 

molecular anion.  

In principle, the angular component of the PE provides complimentary information to its 

electron kinetic energy (eKE) spectrum, as it is sensitive to the orbital from which the electron 

was removed.12 The PAD is generally quantified by a single anisotropy parameter, β2, defined 

for a single photon process as;13  

 2 2( ) 1 (cos )I Pθ β θ∝ + , (1.1) 

where 21
2 2
(cos ) (3cos 1)P θ θ= −  is the second order Legendre polynomial and θ is the angle 

between the outgoing electron vector and the polarization axis of the excitation field, εεεε. The two 
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limiting values of β2 are +2 and –1, corresponding to emission predominantly parallel (cos2 
θ 

distribution) and perpendicular (sin2 θ distribution) to εεεε, respectively. A negative β2 is broadly 

attributed to photodetachment from an orbital with p- or π-character, whereas a positive sign 

corresponds to s- or σ-character,14 although its value depends sensitively on the interference 

between all possible outgoing partial waves. Generally, at low eKE, symmetry arguments can 

provide qualitative insight into the nature of the molecular orbital from which the electron is 

removed.14 More recently, semi-quantitative approaches to predicting β2 parameters have been 

developed15,16 and applied to photodetachment17–19 and scattering processes in water clusters.20 

 One computational approach, based on electronic structure calculations, that has emerged 

as a useful means of computing the PADs from anions is based on the use of Dyson orbitals, 

most commonly through implementation of the equation-of-motion coupled-cluster (EOM-

CCSD) formalization.16,21,22 Dyson orbitals can be thought of as the one electron wavefunction of 

the leaving electron, before photodetachment.23–26 For anionic systems, the Dyson orbital, 

Dyson (1)ψ , represents the overlap between an N electron molecular wavefunction and the N–1 

electron wavefunction of the corresponding anion: 

 1
Dyson (1) (1,..., ) (2,..., ) 2...N N

i fN n n d dnψ −= Ψ Ψ∫ , (1.2) 

where i and f are the initial and final states, respectively (the anion and neutral state in the 

present context). As such, the molecular orbital (MO) from which the electron is removed 

provides a good approximation of the Dyson orbital.  The PADs can be predicted by computing 

the transition dipole moments between the Dyson orbital and a free electron, with appropriate 

averaging of the molecular frame.16,27 In the present paper, we explore the sensitivity of the 

PADs to changes in molecular structure that might be considered to have small effects on the 
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electronic structure. The sensitivity of PADs to gauche and anti conformers of neutral species 

has previously been noted and was used to assign PE spectral bands.28 Here, we performed a 

combined PE imaging and computational study on a series of para-substituted phenolate anions 

shown in Figure 1: para-methyl phenolate (pMP–), para-ethyl phenolate (pEP–), and para-vinyl 

phenolate (pVP–). These three phenolate anions have similar structures, which may in turn be 

expected to have broadly similar electronic structure. 

 Figure 1 shows the PE images and spectra of the three phenolate anions at the two photon 

energies hν = 2.85 and 4.00 eV. The PE spectra at hv = 2.85 eV show a single direct detachment 

feature, while the hv = 4.00 eV shows an additional higher binding energy peak. These spectra 

are consistent with previous measurements on phenolate anions by the Lineberger group, albeit 

at lower resolution.29,30 The highest eKE feature corresponds to photodetachment from the 

ground state of the anion to the ground state of the neutral, S0 + hv → D0 + e–. The peak at lower 

eKE that is only visible at hv = 4.00 eV corresponds to the S0 + hv → D1 + e– detachment 

channel in which the neutral is formed in its first excited state. In the following, we will refer to 

these two photodetachment processes as the D0 or the D1 detachment channel, respectively. 

 The experimental PADs of both detachment channels were quantified using the β2 

parameter (Equation 1.1). The PADs were determined from a series of PE images taken over a 

range of photon energies with 50 meV intervals. The β2 values across the highest intensity of the 

peaks were averaged and plotted as a function of eKE above the threshold of each channel. The 

measured β2 parameters for the D0 and D1 detachment channel covering a range of nearly 1 eV in 

eKE are plotted in Figure 2 and 3, respectively. The error associated with the β2 values is on the 

order of ±0.1. Also shown in Figures 2 and 3 are the calculated β2 parameters including the 
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relevant Dyson orbital corresponding to the detachment channel. For pEP–, two β2 parameters 

were calculated (Figure 2(b)), corresponding to different conformers. The eKE range over which 

β2 was measured has been restricted because of the presence of electronic resonances. 

Resonances have been shown to cause changes in the PE spectra of both pMP– and the phenolate 

anion29,30 and many other molecular anions, as well as in PADs.19,31–33 PADs from resonances 

are not accounted for within the current calculations. 

 For the D1 detachment channel, the computed PADs are in very good agreement with 

those experimentally observed (Figure 3). For the three phenolate anions, the PAD is 

characterized by a negative β2 value. Previous studies have confirmed the nature of the D1 

state,30,34 which is in good agreement with the experimental onset observed here and our 

electronic structure calculations. The Dyson orbitals corresponding to the D1 detachment channel 

for pMP–,  pEP–, and pVP– are shown in Figure 3(a), (b), and (c), respectively. These show that 

the electron density is primarily localized to the phenolate-motif in all molecules. The dominant 

character of this Dyson orbital is a lone pair of the oxygen atom (p-character), which 

qualitatively agrees with the experimentally observed negative β2 values. The convergence of β2 

→ 0 as eKE → 0 arises from the Wigner law,35 which dictates the predominance of l = 0 partial 

waves to the total outgoing electron near threshold.  

 The D0 detachment channels for pMP– and pVP– have negative experimental β2 values 

and vary more rapidly with eKE compared to the D1 channel as shown in Figure 2(a) and (c), 

respectively. For these two anions, there is again very good agreement with the calculated PADs. 

Qualitatively, a negative value of β2 is indicative of p- or π-character of the MO from which the 

electron is detached, which is consistent with the calculated Dyson orbitals for the D0 

detachment channel (See Figure 2).  For pEP–, β2 is observed to be broadly isotropic with a value 
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close to 0. At first glance, the striking difference between the PADs of pEP– and pMP– or pVP– is 

surprising. Firstly, one might envisage a larger change in electronic structure between pVP– and 

the other two because of the increased conjugation. Secondly, similar differences are not seen for 

the D1 detachment channel. Indeed, the calculated PADs for pEP– with a similar planar geometry 

as for pMP– and pVP– indicates that a negative PAD is expected for this too (see Figure 2(b)). 

However, pEP– has greater conformational flexibility than pMP– and pVP–, due to the saturated 

ethyl chain. A second conformation was found to be the global minimum energy structure, 

related by torsion about a single bond as shown in Figure 4. The calculated PAD of the lowest 

energy conformer is dramatically different, showing an inversion of sign with respect to all other 

calculated PADs in this energy range. This observation is more consistent with the 

experimentally observed anisotropy, although not quantitatively correct. 

 A relaxed potential energy scan as a function of the torsion angle to the ethyl-chain is 

shown in Figure 4(a).  The out-of-plane structure is the lowest energy with a 70 meV (565 cm–1) 

barrier to the planar conformation. The torsional mode connecting the two geometries can be 

readily identified from the calculations (see Figure 4(b)) and the (harmonic) frequency of the 

mode is 56.4 cm–1 in the out-of-plane geometry (64.7 cm–1 for the planar geometry). Hence, the 

zero-point energy associated with this torsion is approximately 30 cm–1 (~3.5 meV). In principle, 

the wavefunctions of the torsional levels can be calculated36 from this potential. The square of 

these wavefunctions then provides a distribution of possible conformations and the PADs for 

these conformations can be calculated from their Dyson orbitals. If the PAD of each 

conformation is correctly represented, then the weighted sum of these PADs can be used to 

reproduce the experimentally observed PAD. However, the present experiments were conducted 

with ions thermalized in a ~300 K ion trap. Although only a small fraction (<10%) of the 
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molecules have energies above the barrier, it is clear that on average, several quanta of energy 

are imparted in the torsional mode at 300 K. Hence, to quantitatively determine the 

conformational distribution would require a precise knowledge of the temperature and a high 

quality potential energy surface for the torsion based on spectroscopic data which is not 

available. Nevertheless, as most of the pEP– molecules are at energies well below the barrier, the 

out-of-plane conformation will have the highest probability and therefore, qualitatively, we 

expect the overall PAD to predominantly represent that of the lowest-energy conformation in 

agreement with our observations. The use of temperature controlled cryogenic ion traps coupled 

with PE imaging37,38 would allow the molecules to be cooled so that only the lowest modes are 

populated which would greatly simplify a quantitative analysis.  

 Based on the above discussion, the rigidity of the molecules impacts the observed PADs. 

The most rigid of the three anions studied is pVP–. At elevated temperatures, the distribution of 

the Dyson orbital can be considered to be static and pVP– shows the closest agreement between 

experimental and predicted PADs. For pMP–, good agreement between experimental and 

computational results are seen, however, the experimental values are generally less negative than 

the predicted ones. For pMP– at finite temperature, the methyl-group will have rotational 

freedom and such motion may have small, but important effects on the Dyson orbital. A similar 

point was noted in a recent photodetachment study on tocopherol anions,39 which have similar 

Dyson orbitals as the D0 channel in this study. The PADs were mostly isotropic except for δ-

tocopherol in which the ring contains only H atoms in the ortho- and meta-positions. The other 

tocopherols have methyl groups in these positions that either lower the symmetry of the Dyson 

orbital, or in the case of α-tocopherol, may reduce the PAD anisotropy through rotational 

freedom. Overall, however, rotamers are likely to have a much smaller effect on PADs than 
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conformers, which is consistent with our observations for pMP– (Figure 2(a)). The flexibility in 

the ethyl-chain in pEP– yields two distinct conformers, for which the electron distribution of the 

MOs have some distinctive differences. The planar, higher energy, conformer has a Dyson 

orbital with the same nodal character as pMP– and pVP– and as a result, the predicted PADs are 

very similar for the three molecules (see Figure 2). When the ethyl-chain in pEP– is bent out of 

the plane of the phenolate ring, its Dyson orbital shows an increase in the number of nodes. It 

appears that this change in MO character causes the drastic change in PAD, illustrating how 

sensitive the PADs are to such small changes in electronic structure caused by conformational 

flexibility. 

The sensitivity of PADs to conformation is starkly different for the two detachment 

channels. The D1 channel shows no sensitivity to the conformational flexibility of pEP–. Using 

similar arguments as used for the D0 detachment channel, this may be rationalized by the lack of 

electron density in the Dyson orbital on the ethyl-chain. Calculations show that the PADs are 

almost identical for both pEP– isomers in the energy range shown here. The small additional 

Dyson orbital density on the vinyl chain of pVP– observed for the D1 channel also does not 

appear to have altered the expected PADs significantly compared to pMP– and pEP–, because the 

overall nodal structure of the Dyson orbital remains unchanged. 

 In summary, we have shown through a series of PE imaging studies of para-substituted 

phenolate anions that conformation can subtly alter the electronic structure of certain MOs. 

PADs can be extremely sensitive to these changes, which can be probed directly through PE 

imaging. Computation of the Dyson orbital corresponding to specific photodetachment channels 

allows the PADs to be predicted and compared with experiment and shows very good overall 

agreement. Hence, by combining experiment and theory, the dominant conformation under 
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experimental conditions can be determined through the PADs. Moreover, the sensitivity of the 

PAD to the Dyson orbital provides detailed information concerning the electronic structure of the 

anion. Finally, the sensitivity of the PADs to conformation may also be informative for 

dynamical processes in which time-resolved photoelectron imaging could track large amplitude 

motions of complex molecules through real-time changes in the PADs.  

 
METHODOLOGY 
 

The experimental set-up has been detailed in full elsewhere.19,40 Briefly, deprotonated 

anions were produced by electrospray ionization (ESI) of ~1 mM solutions of p-cresol and 4-

ethyl-phenol in methanol. The ESI source was coupled to the first of several vacuum regions by 

a transfer capillary. Anions progressed along a sequence of ring-electrode ion guides, consisting 

of radially-confining RF and longitudinal DC ramps. At the end of the ion guides was an ion 

trap, which pulsed a packet of anions into a collinear Wiley-McLaren time-of-flight mass 

spectrometer.41 Mass-selected ion packets were then sent into in a velocity map PE imaging 

spectrometer,42,43 where they were irradiated by a tunable ~6 ns laser pulse from a Nd:YAG 

pumped optical parametric oscillator (Continuum Surelite II-10, Horizon I) . Raw PE images 

were analyzed using the Polar Onion Peeling (POP) algorithm44 to determine both the PE 

spectrum and the PAD. PE spectra were calibrated from the atomic I– spectrum and have a 

resolution of ~5%.  

Deprotonated anions of pVP were produced from a ~1 mM solution of para-coumaric 

acid (pCA) in methanol with a few drops of NH3 added, site-specifically deprotonating at the 

phenolate group. The pCA anion underwent collisional induced dissociation to lose CO2 and 

form pVP– in the ion guide ,which were then rethermalized and mass-selected.19 
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 Initial density functional theory (DFT) calculations were used to optimize the geometries 

of the ground states of the neutral and anion using the QChem 4.4 package.45 Geometries were 

confirmed to be energetic minima by vibrational frequency analysis. A relaxed potential energy 

surface scan was performed along torsion about the ethyl-chain with respect to the phenolate 

plane (see Figure 4(a)). All DFT calculations used the B3LYP functional46–49 and the aug-cc-

pVDZ Dunning basis set.50 Additional time-dependent DFT calculations, using the Tamm-

Dancoff approximation,51 confirmed the energetics and character of the excited state of the 

neutral accessed experimentally. Using the same basis set as DFT calculations, the geometries of 

all anions were then optimized using CCSD and EOM-IP-CCSD calculations of the Dyson 

orbitals were performed. The initial reference wavefunction, (1,..., )N

i nΨ , is that of the anion 

ground state and is the same for both D0 and D1 detachment channels. The final wavefunction, 

1(2,..., )N

f n−Ψ , is that of the ground and first excited state of the neutral for the D0 and D1 

detachment channels, respectively. The PAD for both direct detachment channels were 

calculated using the ezDyson program (version 3.2) developed by Krylov and coworkers.52 

 

AUTHOR INFORMATION 

*Corresponding Author: j.r.r.verlet@durham.ac.uk. The authors declare no competing financial 

interests. 

 

ACKNOWLEDGMENT 

We thank Eckart Wrede and David Tozer for useful discussions about internal rotation of 

molecules. This work was funded by the ERC (Starting Grant 306536).  



 12

 

Figure 1. Photoelectron spectra acquired at photon energies of 2.85 and 4.00 eV for (a) pMP–, 

(b) pEP–, and (c) pVP–. Respective raw images are inset with the polarization axis of the laser 

shown by the double arrow.  
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Figure 2. Plots of the experimental (circles) and computed (solid lines) β2 parameters as a 

function of eKE for the D0 detachment channel for (a) pMP–, (b) pEP– and (c) pVP–. For pEP– 

two computed PADs are shown corresponding to global (red) and local (blue) minimum energy 

structures. The right hand side shows the relevant Dyson orbitals. 
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Figure 3. Plots of the experimental (circles) and computed (solid lines) β2 parameters for (a) 

pMP–, (b) pEP– and (c) pVP–, as a function of eKE for the D1 detachment feature. The right hand 

side shows the relevant Dyson orbitals. 
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Figure 4. (a) A relaxed potential energy scan of pEP– as a function of the torsion angle around the 

ethyl chain as shown. Above and below are shown snapshots of conformations where the ethyl-

chain is in the plane and out of the plane of the phenolate, respectively. (b) Calculated torsional 

mode for pEP– indicating the displacement vectors of the atoms.  
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