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Abstract

The methyl-2,2-dicyanoacetate anion is synthesised in an electrospray ionisation source 

through a gas-phase reaction involving tetracyanoethylene and methanol. Photoelectron 

imaging is used to determine the isomeric form of the product. The photoelectron spectra and 

angular distributions are only consistent with a single isomer. Additionally, mode-specific 

vibrational autodetachment is observed. This can be correlated with the emission from a 

photoexcited dipole-bound state by considering the IR spectrum of the neutral molecule, 

adding further confirmation of the isomeric form and providing a binding energy of the 

dipole-bound state. Our experiments show how conventional photoelectron imaging can be 

used to determine detailed information about gas-phase reaction products. 
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Gas-phase ion chemistry has been extensively used to produce a wide range of species 

that would be difficult to make using traditional synthetic methods. For example, exotic 

anions can be made in situ in supersonic expansions, in the electrospray ionisation (ESI) 

processes, or by collision-induced dissociation.1–4 Mass-spectrometry is then used as a 

measure of the reaction products, which are often generated by careful design of the reactants 

and conditions. Some products are also produced by accident. Regardless of the intentions, 

isomeric forms of the intended products can commonly be formed, especially in energetic 

reactions such as in plasmas or collision-induced dissociation. To identify isomers requires 

spectroscopic techniques that are coupled to mass-spectrometry. Examples include: infrared 

spectroscopy (either multiphoton5,6 or messenger-tagged7,8), double-resonance (hole-burning) 

methods,9 or photoelectron spectroscopy.10 For the latter, high-resolution variants are 

particularly well suited to provide definitive assignments.11,12 Here, we show that even at 

relatively low resolution, isomeric identification is possible by exploiting the additional 

information offered by the photoelectron angular distributions and resonance-enhanced 

excitation to a non-valence state. These added measures, when combined with calculations, 

provide a definitive assignment of the isomer produced of an ESI-synthesised organic anion. 

Photoelectron spectroscopy has been used for many decades to determine geometric 

and electronic structure of gas-phase species. In particular, anion photoelectron 

spectroscopy13–15  is easily coupled to mass-spectrometry as the latter can isolate a single m/z 

ion to be investigated. Electron emission can generate the neutral ground state and therefore, 

provide detailed information about the neutral including its electron affinity and geometric 

parameters (i.e., vibrational frequencies). Particularly impressive has been the development 

of cryogenic slow electron velocity map imaging,10,16 where the resolution can be as good as 

a few wavenumbers, which is easily sufficient to distinguish isomers. However, such 

methods also come with experimental complications as they require cooling of the ions to 
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remove spectral congestion and the electron imaging is very sensitive to stray electric fields 

because the electrons have very low kinetic energy. However, conventional photoelectron 

imaging can also offer added information that is often disregarded. Specifically, 

photoelectron angular distributions provide a measure of the molecular orbital from which 

the electron was detached,17,18 but this orbital is of course also sensitive to the geometry of 

the anion.19–21 Additionally, photodetachment near the detachment threshold can lead to the 

excitation of vibrational resonances of non-valence states, either directly16,22 or indirectly,23–

26 which yields structure in low energy electron emission that can be correlated with 

vibrational modes of the final neutral state, thus offering an additional measure of structure. 

Here, we exploit this additional information to determine which of a number of possible 

isomers are formed in a gas-phase reaction.

Figure 1: Time-of-flight mass spectrum of TCNE (m/z = 128) following negative mode ESI 
from different solutions. In the presence of MeOH, a new product (m/z = 123) is seen, with 
the three possible isomers shown, including their relative energies in parenthesis in eV. The 
peak marked with an asterisk is not identified. 
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We set out initially to study the tetracyanoethylene (TCNE) anion. Figure 1 shows the 

time-of-flight mass spectrum following the ESI of a solution of TCNE dissolved in: MeCN, a 

MeCN:MeOH (1:1) mixture, or MeOH. The mass peak associated with TCNE– (m/z = 128 

amu) is clearly present when sprayed in pure MeCN, with an additional peak that we have not 

assigned indicated by the asterisks. In the MeCN:MeOH mixture, a new peak is present, 

while in methanol, only a single dominant peak at m/z = 123 amu is seen. Given the reactants 

present, the mass of this anion suggests that it arises from the loss of two cyano-groups from 

TCNE and their substitution with and oxygen and a methoxy-group, presumably forming 

HCN as a by-product. Apparently, the reaction is very facile and no other product anions are 

observed.

While the mass provides a chemical formula for the ESI-synthesised compound, 

C5N2H3O2
–, three isomeric forms of the product are possible. The two cyano-groups can be 

substituted on a single carbon or one on each carbon, with the latter having a cis and trans 

isomer. These three possible isomers for the methyl-dicyanoacetate anion (MDCA–), isomers 

1, 2, and 3, respectively, are shown in Figure 1. Figure 2(a) shows the photoelectron spectra 

taken over a range of photon energies (3.70 < hv < 4.35 eV) with Figure 2(b) showing the 

specific spectrum at hv = 4.20 eV. From the latter, the adiabatic detachment energy (ADE) 

and vertical detachment energy (VDE) of MDCA– were determined 3.60±0.10 eV and 

3.77±0.10 eV, respectively. Figure 2(c) shows the measured anisotropy associated with the 

photoelectron emission, which is quantified using the anisotropy parameter, β2.27 It has been 

determined by averaging the β2 values across the highest intensity region of the direct 

detachment peak. 
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Figure 2: (a) Photoelectron spectra of DCNE− taken at a range of photon energies as 
indicated. Vertical dashed lines highlight structure at low kinetic energy in spectra. (b) 
Representative photoelectron spectrum at hv = 4.20 eV with corresponding β2 spectrum in 
(c). The modelled photodetachment spectrum (red sticks) is shown alongside the 
experimental spectrum (black line) in (b).

The kinetic energy of the dominant peak at hv = 4.35 eV in Figure 2(a) decreases 

proportional to the decrease in photon energy and ultimately can no longer be distinguished 

for hv < 3.80 eV. This feature arises from direct detachment of MDCA− leaving the neutral in 
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its ground electronic state. However, in addition to this direct detachment channel, there are 

distinct peaks apparent at low kinetic energy that do not shift in kinetic energy despite the 

varying photon energy. These are highlighted by vertical dashed lines and appear at kinetic 

energies of 14, 66 and 126 meV. Interestingly, the peaks do not appear all at once, with the 

higher lying peaks becoming apparent at higher photon energies. For example, the spectrum 

at hv = 3.70 eV shows only evidence of the peak at 14 meV. As the photon energy increases, 

we begin to see electron emission occur from the second (66 meV) and third (126 meV) 

peaks at hv = 3.75 and 3.80 eV, respectively. These channels remain visible at most hv but 

disappear at higher hv, with the 14 meV peak becoming indistinguishable at hv ~ 4.20 eV, 

followed by the peak at 66 meV at hv ~ 4.25 eV and finally the peak at 124 meV at hv ~ 4.35 

eV. Hence, there is a limited photon energy window over which the specific low-energy 

peaks are observed.

We aide the interpretation of the experimental data using electronic structure 

calculations. DFT calculations predict that the isomer formed from substitution of the cyano-

groups on the same carbon, methyl-2,2-dicyanoacetate anion (isomer 1, Figure 1), is the most 

energetically stable by more than 1.3 eV. Hence, even at 300 K, we anticipate that the isomer 

1 will be the only isomer present in the ion packet. The preferential formation of isomer 1 is 

in agreement with a multistep cobalt-catalysed synthesis of MDCA from TCNE.28 The ADE 

and VDE calculated at the CAM-B3LYP/aug-cc-pVDZ level predict values of 3.76 and 3.91 

eV, respectively. A higher-level EOM-IP-CCSD calculation predicts a VDE of 3.81 eV. DFT 

calculations of isomers 2 and 3 yield values for the ADE and VDE of 3.27 and 3.72 eV, and 

3.15 and 3.69 eV, respectively. The experimental values of 3.60±0.10 and 3.77±0.10 eV are 

closest to that of isomer 1. However, the added information in Figure 2 can be exploited to be 

much more certain of this assignment.
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Figure 3: β2 determined at a number of different hv from the experimental photoelectron 
images (open circles) together with calculated β2 from the Dyson orbital for the three 
different isomers shown.  

For direct detachment, the photoelectron angular distributions are dictated by the 

molecular orbital from which the electron is removed (the Dyson orbital). From Figure 2(b), 

over the kinetic energy range in which there is meaningful photoelectron signal, the β2 values 

are broadly negative. Based on symmetry arguments, negative β2 values can be qualitatively 

interpreted to arise from photodetachment of a molecular orbital with π-character.18 The 

photoelectron angular distributions can also be quantitatively predicted using the Dyson 

orbital approach.29,30 Figure 3 shows the calculated β2 parameters as a function of kinetic 

energy of the electron for the different isomers. Isomers 2 and 3 have positive values of β2 

over the kinetic energy range probed in the experiment. In contrast, isomer 1 shows negative 

β2 values in reasonable agreement with the experimental trends in Figure 2(c). Hence, the 

photoelectron angular distributions can serve as a sensitive diagnostic of structure. This is 
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because the different substitution positions cause subtle changes to the electronic structure 

that directly determine the Dyson orbital. However, from simple inspection of the Dyson 

orbitals in Figure 3, it is not immediately obvious why these differences are so apparent 

because all the isomers have Dyson orbitals of predominantly π-character. In the case of 

MDCA−, there are geometric arguments that come into play. Only isomer 1 has a fully planar 

geometry; for isomers 2 and 3, the methoxy-groups are rotated out of the π-plane. We have 

previously shown how the photoelectron angular distributions are sensitive to such subtle 

geometric differences, which cause partial s- or σ-mixing into the Dyson orbital.19,21 While 

the qualitative agreement with isomer 1 is good, there are quantitative discrepancies between 

the measured and computed angular distributions. This may be due to the finite temperature 

of the ions, the neglect of a long-range (dipole-electron) interaction in the model, and because 

of the ability for the methyl group to undergo essentially free rotation. 

Finally, we consider the narrow peaks that are apparent at low energy in Figure 2(a). 

Structured peaks at low kinetic energy have been observed in a number of studies and a 

mechanism has recently been put forward to explain their structure.23,26 Specifically, these 

peaks have been associated with the presence of non-valence states that become populated 

and then undergo mode-specific vibrational autodetachment. For such a process to be 

operable in MDCA−, the anion must possess a non-valence state. The most common non-

valence state is a dipole-bound state (DBS) in which the excess electron is bound by a large 

(>2.5 D) permanent dipole moment of the neutral core.14,31  The calculated dipole-moment 

for isomer 1 is 4.7 D, suggesting that a DBS will exist. 
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In several previous studies, where mode-specific vibrational autodetachment was 

observed,22,24,26 the non-valence state was populated indirectly and was preceded by the 

excitation to valence resonances of the anion. However, for isomer 1, our calculations show 

that there are no excited states or resonances in the experimental range probed. The lowest-

lying resonance has a calculated vertical excitation energy of 4.35 eV and has a very small 

oscillator strength (8.5 × 10−5). Hence, the observation of the vibronic structure at photon 

energies as low as hv = 3.80 eV is inconsistent with the calculated energy of the valence 

resonances. Instead, the DBS can be directly excited. Even though direct excitation of a DBS 

may have a low oscillator strength because of the poor overlap between valence and non-

valence orbitals, resonant excitation has been clearly observed in many cases32–36 and, for 

example, exploited as an accurate probe for the structure of neutral ground states by Wang 

and coworkers.23,37 

Figure 4: Schematic of processes involved for a single (harmonic) vibrational mode, Q. 
Upward red arrows represent a photon; downward green dashed arrows photoelectrons; and 
downward pink arrows electron produced by vibrational autodetachment from a DBS (blue) 
to the neutral ground state (grey). The sketched grey spectrum represents the photoelectron 
spectrum, while the sketched blue spectrum represents the absorption cross section of the 

Q

PE signal

eK
E

Abs.

hv

DBS

Neutral
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vibrational levels from the ground anion state (not shown) to the DBS and the contribution of 
the continuum (grey shaded). Note that the Franck-Condon profiles of the photoelectron 
spectrum and the absorption spectrum are the same. The photoelectron spectrum shows 
where the autodetachment would be if the DBS was excited. 

The mode-specificity of the vibrational autodetachment from a non-valence state is 

rooted the nature of the electron binding. The potential energy surface of a non-valence state 

and of the corresponding neutral final state are essentially parallel, especially near the 

minimum energy structure, shown schematically in Figure 4. As a consequence, vibrational 

autodetachment of the DBS to the corresponding levels of the neutral tend to obey a ∆v = –1 

propensity rule.38 However, not all modes autodetach equally. In a simple picture, it is the 

vibrational modes that are strongly coupled to the non-valence state binding that facilitate 

electron emission. For a DBS, these are the modes that strongly modulate the permanent 

dipole-moment of the neutral core. That is to say, excited IR-active modes of the neutral 

effectively “shake off” the excess non-valence electron. In combination with the ∆v = –1 

propensity rule, this mode-specific autodetachment mechanism will lead to peaks in the 

photoelectron spectrum corresponding to IR-active modes that are red-shifted by the binding 

energy of the DBS.26 

Figure 5(a) shows the computed DBS orbital, along with the dipole moment vector, 

for isomer 1 in its neutral minimum energy geometry. The DBS is calculated to be bound by 

30 meV. Figure 5(b) show a comparison of the IR spectrum of isomer 1 with the low-energy 

structured photoelectron emission. Specifically, the IR spectrum is shown in Figure 5(c) and 

correlated to features in the low energy emission channel for a spectrum taken at hv = 3.90 

eV, which is shown in Figure 5(b). When a red-shift of ~35 meV is applied to the calculated 

IR spectrum, most of computed IR modes correlate with features in the photoelectron 

spectrum. To emphasise this correlation, we have reproduced the offset IR spectrum and 

superimposed it onto the photoelectron spectrum (Figure 5(b)). In this comparison, the IR 
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spectrum has been scaled by the inverse of the electron kinetic energy to account for the 

denominator in the expression for vibrational autodetachment from a non-valence state 

derived by Simons.38 Note that, even with this scaling, the intensities are likely to be 

inaccurate. However, as MDCA does not have symmetry restrictions governing non-adiabatic 

coupling of the DBS and neutral ground state, in principle any IR active modes may lead to 

non-zero couplings between the DBS and the continuum. The offset in energy between the 

photoelectron spectra and the IR spectrum corresponds to the offset in energy between the 

potential energy surfaces of the DBS and the neutral ground state. This is equivalent to the 

binding energy of the DBS, which is found to be ~35 meV and is in good agreement with the 

computed binding energy of 30 meV. The scaled IR fit provides excellent agreement with the 

low energy electron structure in Figure 5(b), the only feature that appears to be unaccounted 

for by the fit is a shoulder at eKE ~ 0.225 eV. This shoulder corresponds to the onset of the 

direct detachment channel.

The mode-specific autodetachment is only observed over a limited photon energy 

range. This range corresponds to the Franck-Condon (and Boltzmann) factors associated with 

excitation to the DBS. Specifically, because the DBS and neutral final states are parallel, we 

anticipate a similar Franck-Condon profile for both excitation to the DBS and the 

photoelectron spectrum from the anion ground state, as shown schematically in Figure 4. 

Hence, the broad photoelectron spectrum as indicated by the direct detachment (Figure 2(a)) 

has the autodetachment of the specific IR-active modes superimposed on it. Once the direct 

detachment leads only to photoelectrons with significant kinetic energy, we do not expect to 

be able to photoexcite the DBS. This argument is fully consistent with the data in Figure 2(a) 

that shows how the vibrational levels appear only when sufficient photon energy is present to 

directly excite them and that they subsequently disappear because the photon energy is above 

those vibrational levels of the DBS for which there is good Franck-Condon overlap.
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For completeness, we also considered isomers 2 and 3. Both have sufficiently large 

dipole moments to host a DBS with binding energies that were calculated to be 54 and 52 

meV for isomer 2 and 3, respectively. The shifted IR spectra for all isomers are provided in 

the Supporting Information. It should be noted that the neutral equilibrium geometries for 

isomers 2 and 3 are planar, while the anion equilibrium geometries are bent (as evidenced by 

the photoelectron angular distributions, Figure 3), and as such there is a very large 

displacement between the anion and neutral ground state potential energy surfaces, leading to 

a very broad Franck-Condon window, which is inconsistent with the observations. Moreover, 

the shifted IR spectra for these isomers does not provide good agreement with the low energy 

structure seen experimentally.
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Figure 5: (a) Computed dipole moment and dipole-bound state orbital of isomer 1. (b) 
Photoelectron spectrum taken at hv = 3.90 eV (black line). (c) Calculated IR spectrum (blue 
line). Applying a ΔE = −35 meV shift to the IR spectrum (light blue lines) leads to a good 
correlation between IR modes and mode-specific autodetachment peaks in the photoelectron 
spectrum. This correlation is shown by the scaled IR spectrum in (b).  

The mechanism for low energy emission should be a general feature of anion 

photoelectron spectroscopy near threshold if the neutral has a sufficient dipole-moment (or 

multipole and correlation energy). Surprisingly, however, to the best of our knowledge, these 

features have not been explicitly observed or explained, except in the context of cryo-slow 

electron velocity map imaging (SEVI) experiments by Wang and coworkers.16,23,39 There 

may be several reasons for this. Firstly, typical anion photoelectron spectroscopy is not 

performed near threshold because detachment cross sections are small and the entire Franck-

Condon envelope may not be apparent. Secondly, it is only through 2D photoelectron 

spectroscopy that such peaks stand out because they do not shift with kinetic energy. Thirdly, 

resonant excitation cross sections to the DBS may be small compared to direct detachment. In 

the present case, we appear to have a relatively large excitation cross section for the DBS, 

which may be a consequence of the large-dipole moment that binds the DBS more strongly 

leading to better overlap between the valence and non-valence orbitals.  

In conclusion, we have synthesised an organic molecule anion within an ESI source 

and have characterised the anion using photoelectron imaging. Three isomeric forms of the 

anion can in principle be produced and the photoelectron imaging offered: the vertical and 

adiabatic detachment energies; the photoelectron angular distributions; and the mode-specific 

vibrational autodetachment from a dipole-bound state. Based on these, an unambiguous 

assignment could be made, showing that photoelectron imaging can serve as a sensitive 

analytical tool.
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Experimental

Were produced by ESI of ~1 mM solution of tetracyanoethylene (TCNE) in methanol and 

acetonitrile. The anions generated were introduced to vacuum by a capillary tube and guided 

along a series of differentially pumped regions by a series of ring-electrode ion guides to a 

terminated ion trap.40 Anions were pulsed out of the trap into a colinear Wiley-McLaren 

time-of-flight (TOF) mass spectrometer.41 Mass-selected anion packets were irradiated with 

light from a tunable nanosecond laser pulse generated by a Nd:YAG pumped OPO. 

Photodetached electrons were detected using a velocity map imaging (VMI) assembly.42,43 

The PE spectra and angular distributions (PADs) were extracted using polar onion peeling 

algorithm from raw VMI images.44 The known atomic spectrum of I– was used to calibrate 

PE spectra. PE spectra have experimental resolution of ~5%.

Computational

All geometric and energetic calculations were carried out using the QChem 5.0 

computational package.45 Initial calculations of the neutral and anion ground states 

geometries of three mass-degenerate isomers were optimized using CAM-B3LYP/aug-cc-

pVDZ level of theory.46,47 The geometries obtained were verified to be global minimum 

energy structures by vibrational analysis, the IR spectrum of the neutral isomer 1 was taken 

from this calculation and convoluted with a Gaussian with full width at half maximum of 3 

meV. All energetics were corrected for zero-point energy. The photodetachment spectrum for 

isomer 1 was modelled at this level of theory using ezSpectrum 3.0, developed by Krylov and 

coworkers.48

Additional equations-of-motion ionisation potential coupled cluster singles and 

doubles (EOM-IP-CCSD)29,49 calculations were used to obtain Dyson Orbitals. Dyson 

orbitals were used to model the direct detachment channels for the anion using ezDyson v4, 

developed by Krylov and co-workers.50 Electronic excitation (EOM-EE-CCSD) 
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calculations51 were performed to find the vertical excitation energies (VEEs) of the anion 

excited states.

The energy of the DBS was calculated using EOM-EA-CCSD and a custom basis set. 

The DBS binding energy calculations were performed through addition of a ghost atom to the 

centre of mass of the MP2/aug-cc-pVDZ re-optimised neutral isomer 1. The neutral valence 

system was treated with the aug-cc-pVDZ basis set, and the non-valence DBS was treated 

through affixing very diffuse basis functions (6s6p6d) to the ghost atom. The coefficients of 

the diffuse basis functions were chosen to be even-tempered, in accordance with previous 

works.31,52,53 The energy of the DBS for isomers 2 and 3 were also calculated using this 

method.
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