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Hydroxycinnamate anions: the evolution of gas-phase action spectroscopy to study photoisomerisable molecules
Eleanor Κ. Ashworth and James N. Bull
School of Chemistry, University of East Anglia, Norwich, UK
ABSTRACT
The hydroxycinnamate moiety is a widespread biochromophore in nature, acting as a photoswitch in photoactive yellow protein and as UV-absorbing photoprotective units in the leaves of plants. The a, ^-unsaturated carbonyl group supports Ε and Z geometric iso​mers, which may photoisomerise following the absorption of light, with this structural change driving subsequent photodynamics or activity in biological systems. This review summarises our current understanding of the intrinsic (gas phase) photophysics of hydrox​ycinnamates anions, focussing on the most common para struc​tural isomers. While the photochemistry of hydroxycinnamate anions has intrigued scientists for several decades, recent advances in gas​phase instrumentation involving the coupling of electrospray ioni​sation with mass spectrometry and action spectroscopy techniques have incrementally provided a complete picture of their funda​mental photo-induced dynamics. Significantly, the combination of femtosecond time-resolved photoelectron and photoisomerisation action spectroscopy has highlighted the role of excited-state barri​ers along the isomerisation co-ordinate in defining the photophysics. These barriers are largely suppressed in condensed phases. Overall, the hydroxycinnamates provide a clear example of how gas-phase action spectroscopy experiments have evolved to uncover intrinsic reaction dynamics of isolated molecules.
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1. 
Hydroxycinnamates
Hydroxycinnamates are a class of phenylpropanoid molecules that are widespread in nature [1]. The simplest hydroxycinnamate, para-coumaric acid (pCA), is a hydroxyl derivative of cinnamic acid (Figure 1), which is an intermediate in numerous biosynthetic pathways, including those for lignins, flavinoids, aurones, and phenylpropanoids [2,3]. Many hydrox​ycinnamates are classified as plant phytochemicals, where they exhibit biological and antioxidant activity, and provide some degree of defence towards pathogens and ingestion of the plant by insects [4-6]. The molecular structures of some common hydroxycinna​mate moieties are shown in Figure 1, with derivatives having increased functionalisation on the phenolic ring and propanoid tail (α,β-unsaturated carbonyl). In the photoactive yellow protein (PYP) described in Section 2.1, the propanoid tail is covalently bound to a protein side-chain [7].
From a photochemical perspective, hydroxycinnamates have received considerable attention over the last few decades because: (1) the phenylpropanoid moiety is a common backbone found throughout biological and synthetic systems that absorbs blue and near- UV light, (2) the conjugated double bond in the propanoid tail means that hydroxycin​namates may exist as E (trans) and Z (cis) isomers and, thus, may photoisomerise, and (3) they can have strong environment-dependent dynamics, exhibiting distinct photo-induced properties in the protein, solution, and isolated (gas phase) environments.
This review focuses on the photo-induced dynamics of isolated hydroxycinnamate anions, with an emphasis on describing the experimental action spectroscopy techniques. Our understanding of isolated hydroxycinnamate anions serve as clear example of how gas-phase action spectroscopy techniques have evolved over the last two to three decades,
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Figure 1. Structures of common hydroxycinnamate moieties: para-coumaric acid (pCA), the methyl​ester (pCEs), and ketone (pCK) derivatives, along with caffeic acid (CA), ferulic acid (FA), and sinap- inic/sinapic acid (SA). In PYP, the chromophore exists as the deprotonated thiolated form (pCT) - this abbreviation is used interchangeably in the literature for the thio-methyl ester and the thio-phenyl ester. To form the anion, deprotonation occurs at the phenoxide site in PYP, although multiple deprotomers may form in gas-phase experiments using electrospray ionisation.
with specialised techniques able to probe most aspects of the photo-induced dynam​ics. Significantly, strategies to monitor photoisomerisation dynamics in the gas phase are the most recent addition to the action spectroscopy toolkit and have proven particularly informative. While there have been studies on neutral and cationic hydroxycinnamates in the gas phase, the anions have been much more thoroughly studied due to their lower detachment thresholds (several electronvolts) requiring conventional visible-UV labora​tory lasers operating in a single-photon regime to induce dissociation, electron ejection, and isomerisation. Due to the low detachment threshold for anions, it is easier to imple​ment the femtosecond time-resolved photoelectron spectroscopy and photoisomerisation action spectroscopy techniques, which are most informative on excited state dynamics [8, 9]. Moreover, the selectivity of photoisomerisation action spectroscopy techniques provides the highest degree of control and confidence in the photo-induced dynamics, particularly when several gas-phase investigations using complementary methods are con​sidered in concert [10]. Our focus on gas-phase dynamics is because hydroxycinnamates often show strongly environment-dependent dynamics [11], and it is desirable to inves​tigate and characterise inherent photophysics without interference from the environment [12]. Furthermore, while anion properties can be more difficult to compute (than neu​trals) due to the need for diffuse basis sets with associated convergence challenges, the comparison of calculated data with gas-phase experiments is more straightforward than corresponding comparison with condensed-phase measurements. The absence of solvent interactions in gas-phase experiments means that, where gas-phase and simulated data deviate, the experiments can provide direction for refinement/recalibration of theory. If theoretical or computational methods cannot describe the gas-phase situation, then those methods will be unreliable for condensed-phase properties or dynamics and any agreement with experiment would be fortuitous.
2. Molecular photoswitches
A topical function of hydroxycinnamates is as a molecular photoswitch. Briefly, a molec​ular photoswitch is a molecule that isomerises following the absorption of light [13]. In turn, this structural change can trigger other chemical or physical processes. Photoswitch molecules embedded in photoactive proteins are ubiquitous in nature; these include visual and sensory rhodopsins (retinal chromophore) [14, 15], Dronpa and related green flu​orescent proteins (p-hydroxybenzylideneimidazolidinone, p-HBDI chromophore) [16], and photoactive yellow protein, PYP (E-4-hydroxycinnamic acid/p-hydroxycinnamate chromophores) [7]. In these examples, the photoswitching unit is a comparatively small chromophore (cf. 15-30 atoms) that is covalently-bound to accessible amino acid residues within a protein binding pocket. The chromophore interacts with the protein bind​ing pocket through non-covalent (electrostatic, inductive, and dispersive) interactions [17-20]. The protein binding pocket has evolved to maximise the efficiency of the chro​mophore photochemistry, for example by tuning protein-chromophore and/or protein​water interactions [20, 21]. The amalgamation of protein-chromophore interactions, including steric interactions, results in the so-called electrochromatic shift (compared with the gas-phase or inherent absorption spectrum), and can alter the intrinsic excited-state dynamics of the biochromophore significantly [11, 22]. A range of studies have shown that perturbing the environment around a biochromophore can change its photophysical properties and nuclear dynamics substantially [23-26]. However, it is difficult to disen​tangle the importance of each interaction within the protein binding pocket [22, 27]. Systematic exploration of the individual interactions within, and effects caused by, an envi​ronment provides a robust strategy for investigating protein-chromophore interactions. In a bottom-up approach, understanding the mechanistic steps of a photoswitching protein requires characterisation of both the initial chromophore photodynamics and the degree to which the protein environment perturbs the inherent photoswitching dynamics of the biochromophore [28].
Aside from the biological importance of photoswitches, molecules possessing photo- switchable characteristics have, over the last two decades, become increasingly important in technological settings, including for photoresponsive materials. Applications range from optoelectronics and optical storage, to nanotechnology and photopharmacology [29-33]. Due to the topical nature of these systems, combined with the fact that much of their photodynamical behaviour is not fully understood, there is a need for fundamental charac​terisations of both pre-existing and proposed/new photoswitches. The ultimate goal from this knowledge is to direct the rational design of new photoswitches with improved char​acteristics [34]. The gas-phase experimental techniques described in this work are equally applicable to other biological or technological photoswitches.
2.7. Photoactive yellow protein (PYP)
Evolution and natural selection has provided bacteria and plants with purpose-designed photoprotection mechanisms that minimise the damage incurred through the absorption of UV-A and UV-B radiation [7, 35-37]. Such photoprotection mechanisms often involve a protein-bound chromophore. Hydroxycinnamates are one such compound, found in bac​terial organisms including the Halorhodospira halophila bacterium [38, 39], and in the stems and leaves of members of the Plantae kingdom. In these organisms, the absorp​tion of UV-radiation initiates a complex photocycle helping to protect the organism from the detrimental effects of prolonged exposure to this radiation. Due to their desirable photoprotecting properties, hydroxycinnamates, and related phenolic species, have been incorporated in cosmetic sunscreens [40].
In the Halorhodospira halophila bacterium, the primary photoreceptor and UV-sensing protein is the photoactive yellow protein (PYP) [38, 39]. Upon absorption of blue light, the hydroxycinnamate chromophore (Figure 2) undergoes E —> Z isomerisation, trigger​ing a complex photocycle that ultimately causes a negative phototactic response of the bacterium. The protein cavity containing the chromophore is hydrophobic due to the posi​tioning of particular amino acid side chains that block access for water molecules [46]. The amino acid sidechain leads to an intricate hydrogen-bonding network with the chro​mophore’s phenoxide deprotonation site, which is important given that proton transfer plays a key role in the photocycle recovery step [25, 47, 48]. A number of studies have explored the functional importance of the hydrogen-bonding network in the proximity of the chromophore [46, 49-51]. Notably, Brudler et al. [49] demonstrated the effect of disrupting the normal hydrogen-bond network through site-directed mutagenesis of PYP. This modification resulted in changes to both the absorption spectrum of the chromophore and to the kinetics of several photocycle steps, ultimately confirming the importance of the hydrogen-bonding network in directing PYP excited-state dynamics. Conversely, the pho​tocycles of other proteins, such as that in green fluorescent protein (GFP), are mediated by amino acid residues (with hydrogen bonding), electrostatic fields, and a water molecule
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Figure 2. Illustration of the photoactive yellow protein (PYP), with the p-hydroxycinnamate chro​mophore unit and thioester linkage to a cysteine residue (Cys69) shown (PDB ID: 1UWN) [41]. The structure was visualised in the Mol* Viewer [42-44] using data from the Protein Data Bank [45] (https://www.rcsb.org/). Included is the structure of the deprotonated p-hydroxycinnamate chro​mophore. Figure reproduced from the MScR thesis of EKA with permission.
[52, 53]. While the study of biochromophores dissolved in solution or in the protein are invaluable, probing these systems in vacuo informs on the total environmental effects on chromophore dynamics. The small molecular size of the PYP chromophore enables it to be studied readily (both experimentally and computationally), generally in the form of the model derivatives shown in Figure 1 [54-61].
While the focus of this review is on gas-phase anions, it is useful to compare the observed gas-phase spectroscopy and dynamics with those from solution studies to ascertain how solvation influences the dynamics. A comprehensive review of hydroxycinnamates (neu​trals and anions) in solution, is beyond the scope of this work, but readers are directed to Refs. [23, 24, 56, 62-65], and references therein.
3. Gas-phase action spectroscopy
In order to review the current understanding of hydroxycinnamate anions in the gas phase and describe how gas-phase action spectroscopy techniques have evolved over the last two decades to probe detailed excited state dynamics, we must introduce the relevant action spectroscopy methods, including photodissociation, photoelectron, and photoiso​merisation spectroscopies. These techniques are termed as variants of ‘action spectroscopy’ because they involve measuring an action that occurs in response to the absorption of light, such as ejection of an electron. This action (ideally) is background free, allowing trace action signals to be quantified. The vast majority of action spectroscopy techniques applied to study ions leverage on principles of mass spectrometry, where the reactant and/or prod​ucts are separated based on their mass-to-charge (m/z) ratio, making use of time-of-flight regions or quadrupole mass filters [67-69].
To understand why gas-phase studies rely on action spectroscopy strategies, we con​sider typical ion number densities in an experiment (Figure 3). In solution, the number density of absorbing species (1011-1014 molecules/mm3) is sufficiently high for a notice​able attenuation of light intensity to be measured (i.e. a small change on a large background is quantifiable). On the other hand, in the gas phase, there are far too few absorbing species (103-106 molecules/mm3) for such a change to be detected. We acknowledge that cavity ring-down and derivative techniques may be suitable for monitoring such low num​ber densities [70], however, there have been limited deployments to study gas-phase ions [71]. Gas-phase action spectroscopy experiments cannot be purchased off the shelf; thus, research groups invest years into the construction and ongoing development of custom- designed instruments. This is the most challenging, but fulfilling, aspect of gas-phase research and why such action spectroscopy experiments are restricted to a few specialised research groups.
The most widely-used strategy to introduce anionic hydroxycinnamates into the gas phase is through electrospray ionisation (ESI, Figure 4). ESI is a universal soft ionisation technique [74-76], which has, broadly speaking, opened up the field of gas-phase spec​troscopy to ‘large’, biological ions such as peptides and proteins [77-80]. ESI is now the most common ionisation mechanism in mass spectrometry, and is routinely incorporated into custom-built action spectroscopy experiments. For hydroxycinnamates, negative​mode ESI causes loss of an acidic proton, generating a deprotonated molecular anion. Because many hydroxycinnamates have several acidic protons, the anions may be formed as multiple deprotomers (and/or tautomers) [81]. The generation of co-existing isomers
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Figure 3. Schematic illustration of workflows for (a) conventional solution spectroscopy, and (b) action spectroscopy involving ejection of electrons. For (b), the low number density (concentration) in the gas phase mean that measurements relying on direct absorption are not possible, instead relying on appear​ance of an (ideally) background-free new signal. We note that gas-phase fluorescence in 'large' molecular anions is uncommon [66], particularly at room temperature, and is challenging to use as the basis for action spectroscopy of anionic hydroxycinnamates.
in a gas-phase experiment complicates analysis, unless there is some dimension of isomer selectivity or chemical modification to avoid particular deprotomers.
The following sub-sections provide a concise introduction to the three main action spectroscopy techniques pertinent to studying gas-phase hydroxycinnamate anions. These are photodissociation spectroscopy, photodetachment and photoelectron spectroscopy, and photoisomerisation action (PISA) spectroscopy. Photoelectron spectroscopy has also been applied in the femtosecond time domain, allowing for direct measurement of excited state lifetimes. To our knowledge, almost all gas-phase studies on anionic hydroxycinna​mates have considered (near) room temperature anions; thus, we preclude discussion of cryogenic cooling or messenger tagging spectroscopy.
3.7. Photodissociation spectroscopy
Photodissociation spectroscopy is the most common action spectroscopy strategy used for measuring proxies to an absorption spectrum [82-84]. The technique involves irra​diation of ions, selected based on their mass-to-charge (m/z), with tunable wavelength laser light, inducing dissociation (fragmentation). An action spectrum is constructed by summing the abundance of the fragment ions at a given laser wavelength and normalising relative to parent ion abundance (laser off) and laser fluence. The product ion fragments are usually analysed using some flavour of mass spectrometry, although selected photodissoci​ation experiments can operate through detection of total neutral products (e.g. ELISA, see below). For most polyatomic molecules with a dozen or more atoms, dissociation is a sta​tistical process whereby the initially excited system rapidly undergoes internal conversion
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Figure 4. Schematic illustration of negative-mode electrospray ionisation (ESI). Red arrowheads indi​cate the stages of the electrospray mechanism, and the small grey arrowheads (in the capillary nozzle) show the direction of heated gas flow. In ESI, the analyte is dissolved in an appropriate solvent, which is often methanol or a methanol-water mixture. To form anions, a negative voltage is applied to the capillary nozzle such that, as the solution is delivered through the nozzle to the tip, the negative ions in solution begin to accumulate at the orifice. As Coulomb forces act on the solution, a 'Taylor cone' is estab​lished at the nozzle opening [72]. From the apex of this cone, droplets are emitted. A heated desolvation gas flows from a sheath around the nozzle to aid solvent evaporation. Once these droplets have formed, the solvent begins to evaporate (I) increasing the charge density at the droplet surface. Once sufficient solvent has evaporated, the droplet reaches the Rayleigh limit, corresponding to the point at which the Coulomb repulsion forces of the negative charges can no longer be counteracted by the surface tension of the droplet, resulting in explosion of the droplet (Coulombic fission, II).[73] Cycles of processes I and II (solvent evaporation and Coulombic fission) continue until only the isolated anionic analyte remains (III). Finally, the entrance capillary to the gas-phase instrument is heated to remove any remaining solvent. Figure reproduced from the PhD thesis of EKA with permission.
(e.g. over tens of femtoseconds to hundreds of picoseconds) from the excited electronic state to recover the ground electronic state, thus converting the electronic energy into vibrational excitation [85]. In turn, over a longer timescale (e.g. nanoseconds to hundreds of microseconds), vibrational energy accumulates in certain vibrational modes leading to bond scission. While, in some instances, the measured m/z for the ion fragments provides a molecular formula and may help to identify the site of deprotonation, such interpreta​tions must be judicious because isomerisation barriers on the ground electronic state are always lower than dissociation barriers, meaning that isomerisation precedes dissociation [86, 87].
For anions, some fraction of photoexcited molecules may undergo electron detachment rather than dissociate, producing the parent neutral molecule. Because neutral molecules are not detected in most subsequent mass spectrometric analysis, the photodissociation spectrum may deviate from the absorption spectrum. This is particularity true if the electron detachment process has a wavelength dependence that is not paralleled by pho​todissociation processes. In this latter case, it is useful to monitor photodepeletion signal of the parent anion and ensure that this parallels the total photodissociation signal. Pho​todepeletion measurements involve quantifying small changes in a signal (rather than the appearance of a background-free new signal), and consequently are more susceptible to noise.
For an ideal photodissociation measurement, the transition energy of the electronic excited state(s) of interest should exceed the lowest bond dissociation energy. Under such conditions, the absorption of a single photon imparts sufficient energy to induce disso​ciation. On the other hand, when the lowest bond dissociation energy is greater than the transition energy, two or more photons must be absorbed to induce dissociation. The most complicated situation arises when the bond dissociation energies correspond to wave​lengths near the centre of an absorption band. In such a case, a single photon at higher energies is sufficient to induce dissociation, while a lower energy photon is insufficient [12, 88]. When constructing the action spectrum in this latter case, care must be taken to account for both laser focussing and normalisation with laser fluence, as their neglect would result in a skewed action spectrum.
Another factor that influences how well a photodissociation action spectrum parallels the underlying absorption profile is the so-called kinetic shift [89, 90], which is related to the duration of the acquisition time window and the timescale for the statistical dissocia​tion processes. In the instance when the experimental acquisition (time) window captures all the action (i.e. there is no wavelength-dependent dissociation or other processes), the resulting action spectrum should parallel the gas-phase absorption cross section. However, the photodissociation spectrum can sometimes deviate from the gas-phase absorption spectrum (typically blue shifted) because the redder wavelengths (lower photon ener​gies) over the absorption band impart less energy; consequently, dissociation processes are slower compared with bluer wavelengths (higher photon energies).
Andersen and co-workers at Aarhus University were amongst the pioneering mem​bers of the gas-phase community to couple ESI with photodissociation strategies (allowing for the investigation of gas-phase biomolecular ions), notably using the ELISA electro​static ion storage ring (Figure 5) [54, 92, 93]. In contrast to most other photodissociation experiments, the ELISA instrument can detect the photo-induced neutral production. The capacity to monitor neutral production has particular advantages for anion spectroscopy if direct photodetachment (described in the next subsection) is a major pathway. The Andersen group was the first to record action spectra for a range of biochromophores, including selected anionic hydroxycinnamates [54], and that in green fluorescent protein (GFP) [92, 93].
The majority of mass-spectrometry-based photodissociation instruments incorporate an ion trap, such as the 3D Paul trap (Figure 6), where electrosprayed anions (that may be selected initially based on their mass-to-charge ratio) are confined by a combination of radio-frequency (RF) and direct current (DC) electric fields, with the frequency of the RF field tuned to trap the desired m/z. Laser light is directed between holes in the central ring electrode (see Figure 6), crossing with the trapped ion bunch. The principal advantage of use of an ion trap (e.g. Paul or linear trap) is confinement of the ions to a small volume of comparable dimensions to the laser beam profile, thereby ensuring the best overlap with a typical laboratory laser beam. This geometric configuration is ideal for single-photon pho​todissociation spectroscopy. Because many commercial mass spectrometers incorporate some form of ion trap, selected research groups have opted to modify commercial instru​ments, providing laser-interfaced mass spectrometry. For example, the Dessent group at the University of York has used such a modified commercial instrument to study anionic hydroxycinnmates [94, 95].
Ultimately, while photodissociation action spectroscopy (accounting for electron detachment) generally provides the closest proxy to the underlying absorption spectrum, the technique provides little information on the excited-state dynamics. Although there
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Figure 5. The ELISA electrostatic ion storage ring at Aarhus University. Following ESI, the ions are injected into the storage ring where they are intersected co-linearly with laser light pulses, initiating pho​todissociation. Neutral fragments generated from photodissociation events are detected as a function of ion storage time, providing prompt and delayed signal (where 'delayed' is defined as more than one rev​olution of the storage ring). Ions may be stored for many cycles and the dissociation processes observed over a microsecond to millisecond detection window. In some regards, ion storage ring experiments pro​vide the closest approximation to an absorption spectrum due to ultra-high vacuum conditions and long ion storage times (minimising kinetic shifts). Reprinted with permission from Ref. [91]. Copyright 2019 American Chemical Society.
have been extensions into the time domain using pump-probe approaches, for example with an ion storage ring to study the GFP chromophore [97], such deployments have not yet been applied to anionic hydroxycinnamates.
3.2. Photodetachment and photoelectron spectroscopies
Photodetachment and photoelectron spectroscopies involve monitoring the ejection of an electron. Photodetachment spectroscopy records the total electron yield as a function of photon energy, while photoelectron spectroscopy records the electron kinetic energy (eKE) at a given photon energy (Figure 7). These two approaches are complementary, with photodetachment spectroscopy often providing a good proxy for an anion’s gas​phase absorption profile, and photoelectron spectroscopy providing information on the binding energy of selected orbitals, fingerprints of dynamical processes in the anion, and information on electronic states of the detached product molecule.
To achieve electron ejection (termed photodetachment) in either of these techniques, a photon must raise the total energy of the molecular system to be in excess of the detachment
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Figure 6. Schematic illustration of a 3D quadrupole (Paul) ion trap: (a) central slice of the ion trap, and (b) cut away 3D render of a common Jordan Paul trap ( & 40 mm across). Ions are localised within a small volume between curved ring electrodes using a combination of radio-frequency (RF) and direct current (DC) electric fields. Action spectroscopy experiments tune the RF field to trap the anion of interest (based on m/z), and the trapped ions are irradiated using laser radiation. After irradiation, ions are ejected from the trap and are subjected to mass spectrometric analysis to identify fragments and quantify fragment abundances. A photodissociation action spectrum is constructed by integrating ion fragment signals as a function of wavelength and normalising with respect to light-off signal and laser fluence. Figure reproduced from the PhD thesis of EKA with permission.
threshold (ionisation energy of the anion) [98]. Detachment thresholds for anions are typ​ically 0.5-4 eV, with the lower end of the scale corresponding to small radical anions and the higher end of the scale corresponding to closed-shell sulfates or carboxylates [99]. These energies are accessible using conventional visible and near-UV laboratory lasers. In comparison, ionisation thresholds for neutral molecules are typically 8-12 eV (e.g. aro​matic and saturated organic molecules), requiring multi-photon schemes, synchrotron light sources, or atomic discharge lamps (e.g. He II). In a similar vein to dissociation in photodissociation spectroscopy, if the absorption band lies below the electron detachment threshold, two or more photons are required to eject the most weakly bound electron.
As described above, photodetachment spectroscopy records the total yield of ejected electrons as a function of photon energy or wavelength - see Figure 7(a). In terms of the underlying electron ejection processes, they can occur via either a non-resonant or a reso​nant mechanism. Direct photodetachment is a non-resonant mechanism, involving the near instantaneous ejection of an electron and formation of the neutral on interaction with incident visible or UV photon (M- -> M +e-). Through conservation of energy, the kinetic energy of the ejected electron is equal to the incident photon energy minus the electron binding energy, eKE = hv - eBE. The photoelectron is ejected at an angle that takes into account both the polarisation of the photon relative to the molecular frame​work and the symmetry of the ejecting orbital (from conservation of momentum). Thus, by measuring the photoelectron kinetic energies and photoelectron angular distributions (PADs), information on the anion and corresponding neutral electronic structure can be determined. The minimum energy necessary for photodetachment from the ground-state anion is termed the adiabatic detachment energy (ADE), while the energy to detach the electron at the equilibrium geometry of the anion is termed the vertical detachment energy (VDE) and corresponds to the most intense feature in the direct photodetachment feature
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Figure 7. Electron detachment processes probed using (a) photodetachment and (b)/(c) photoelectron spectroscopy. The illustration considers a closed-shell anion (So and D0 states for the ground-state anion and neutral, respectively). Photodetachment spectroscopy records the total yield of photoelectrons as a function of photon energy, while photoelectron spectroscopy measures the electron kinetic energy (eKE) distribution at a given photon energy. IC is internal conversion. For both photoelectron and photode​tachment spectroscopies, the intensity of spectral bands depends on the overlap between vibrational wavefunctions; the smaller the change in geometry between the anion and the neutral, the better the overlap between the ground vibrational wavefunctions of the initial and final electronic states. Rota​tional structure is usually not available in low-symmetry molecules larger than a few atoms (except in special cases) [96], especially at Τ & 300 Κ. Direct photodetachment processes in (b) are near instanta​neous and do not involve resonant excited states of the anion. Indirect photodetachment processes in (c) are driven by resonant excitation of excited states, although the ensuing autodetachment dynamics may occur on the femtosecond timescale. Thermionic emission, which involves recovery of the ground electronic state followed by statistical energy redistribution and eventual electron ejection (because the total internal energy exceeds the detachment threshold), occurs over the nanosecond to microsecond timescale (usually in competition with statistical dissociation). Figure adapted from the PhD thesis of EKA with permission.
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Figure 8. Illustration of the adiabatic detachment energy (ADE) and vertical detachment energy (VDE). The ADE is often referred to as the adiabatic electron affinity of the neutral molecule.
in a photoelectron spectrum. ADE and VDE parameters are schematically illustrated in Figure 8.
Indirect photodetachment, which provides important fingerprints of excited-state dynamics in anionic hydroxycinnamates, involves excitation to intermediary anionic excited states from which either prompt autodetachment, delayed autodetachment, or internal conversion (leading to thermionic emission) may occur (Figure 7(c)). Indirect channels are important because the excited states in anionic hydroxycinnamates are mostly ‘bright’ (i.e. they have excitation oscillator strengths or cross sections that are larger than direct photodetachment cross sections), meaning that indirect photodetachment processes dominate the photoelectron spectra at certain photon energies. These excited states are mostly situated above the detachment threshold where they are classed as predominately shape or Feshbach resonances (often called temporary anions) [99, 100] and are open to autodetachment. Such resonances typically have lifetimes ranging from a few femtoseconds to several picoseconds.
We now discuss the possible fates of populated anion resonances [8]. Prompt autode​tachment (e.g. over a few to tens of femtoseconds) involves ejection of the electron before any substantial nuclear reorganisation, while delayed autodetachment occurs after some degree of nuclear reorganisation or following internal conversion to a lower-lying res​onance. While prompt autodetachment may yield a photoelectron spectrum similar to direct photodetachment, delayed autodetachment produces an eKE distribution shifted to lower energies due to the internal redistribution of vibrational energy, hence giving rise to a different eKE distribution. There are two further indirect processes: vibrational autodetachment (VAD) and thermionic emission (ΤΕ). For VAD, internal conversion pop​ulates an excited electronic state that is situated below the detachment threshold. However, because the total vibrational energy of the anion exceeds the detachment threshold, vibra​tional motion causes a coupling between the anion and neutral states, resulting in electron ejection on the picosecond to nanosecond timescale (depending on the total internal energy) [101]. Alternatively, if internal conversion leads to recovery of the ground elec​tronic state, electron ejection (ΤΕ) occurs on a nanosecond to microsecond timescale, similar to statistical dissociation where vibrational energy must slowly accumulate in the correct vibrational modes [102, 103]. Both VAD and ΤΕ produce characteristic Boltzmann- like photoelectron spectral bands that can be distinguished through time gating of a detector to record just the slow electron ejection associated with TE [104].
Although conventional photoelectron spectroscopy monitors eKE at a given photon energy, it is now commonplace, with tunable wavelength (e.g. ΟΡΟ) lasers, to record photoelectron spectra across a broad range of photon energies, effectively producing a 2D photoelectron-photodetachment map [10, 105]. For further information, the reader is directed to an earlier review in this journal on the application of photoelectron spec​troscopy and 2D strategies to study anion resonances [8].
3.2.1. Velocity-map imaging
Experimentally, a photodetachment spectrum may be recorded using any detector sensitive to detecting electrons. In contrast, measurement of the electron kinetic energy distribu​tion for a photoelectron spectrum requires either time-of-flight based strategies, such as a magnetic bottle or an electrostatic energy analyser, [106, 107] or a detection strategy called velocity-map imaging (VMI) that essentially determines the velocity vectors of the ejected electrons [108-113]. The principal benefit of VMI is the measurement of photo​electron angular distributions (PADs) alongside the electron kinetic energy distribution. While limited PADs can be measured with a rotatable detector, VMI offers far simpler and faster acquisition. The PAD, which is usually quantified in the form of a B2 value, provides insight into some combination of the electronic character (symmetry) of the molecular orbital from which the electrons were ejected and the lifetime of the ejection process. The signal intensity in the PADs, I(O), is described by
σ
1(θ) = — [1+^2^ (cos6*)], (1)
where Θ is the polar angle between the polarisation vector of the radiation and the veloc​ity vector of the ejected photoelectron, σ is the direct photodetachment cross-section for a given photon energy, β2 is the anisotropy parameter, and P2(cosO) is a second-order Lengendre polynomial [114]. For single-photon electron detachment from an atomic-like orbital, β2 values for the photoelectrons range between +2 and —1, with the limits corre​sponding to a cos2 Θ (parallel) and a sin2 Θ (perpendicular) distribution, relative to the laser polarisation vector [115]. For electron ejection from molecular orbitals, β2 values usually span a reduced range. A non-zero β2 for single-photon ionisation means that electron ejec​tion occurs more rapidly than molecular rotation, which is on the order of picoseconds for the anionic hydroxycinnamates at T > 300 K.
3.2.2. Time-resolved photoelectron spectroscopy
A further advantage of anion photoelectron spectroscopy coupled with VMI detection is ease of extension into the time domain using femtosecond pump-probe configurations, as discussed in Ref. [8]. Briefly, a femtosecond pump pulse excites the anion resonance while a delayed femtosecond probe pulse samples the excited-state population. The probe is usu​ally chosen to have a photon energy lower than the detachment threshold to avoid any electron ejection associated with the (single photon) probe-only pulse, minimising back​ground signal. By varying the delay between the pump and probe pulses, the evolution of the photoelectron spectra and PADs can be monitored, providing a direct measure of the excited-state dynamics (examples shown in Section 5.5). Any changes in the pump​probe spectra can be correlated with electronic structure calculations. Moreover, it is often the case that the dynamics of the entire reaction coordinate can be monitored because photoelectron spectroscopy is not restricted to specific selection rules like absorption spectroscopies [99].
Because the dynamics of anion resonances are usually dominated by a competition between internal conversion and autodetachment, the observed rate of loss of time- resolved photoelectron bands follows the sum of two rates, kobs = kic+kAD, where the rate for internal conversion (kic) can be determined by monitoring the final state for​mation (e.g. ground state recovery). In an ideal time-resolved experiment, the dynamics are characterised at several pump wavelengths; however, because of the experimental acquisition time required to obtain one good data set combined with challenges associ​ated with generating femtosecond pulses at a given wavelength mean that, usually, only one or a few carefully-selected wavelengths are feasible. These pump wavelengths are best selected based on 2D photoelectron-photodetachment maps identifying interesting spectral regions and any temporary anions (resonances).
3.3. Photoisomerisation action spectroscopy
Compared with photodissociation, photodetachment, and photoelectron spectroscopies, photoisomerisation action spectroscopy (PISA) is much more recent and still emerging technique. PISA spectroscopy, which was pioneered by the Bieske group at The Univer​sity of Melbourne [116, 117], couples tandem ion mobility mass spectrometry (IMS) with laser spectroscopy to achieve both isomer-specific spectroscopy and the ability to mon​itor photoisomerisation directly. The clear identification and separation of isomers, and the ability to monitor photoisomerisation, has been an on-going challenge in gas-phase experiments.
PISA spectroscopy (Figure 9(a)) relies on isomeric ions becoming separated in space (which is related to arrival time or ‘traversal time’) when they are propelled through a drift region containing a buffer gas at a pressure of &%5-10 mbar under the influ​ence of a weak electric field ( ~ 44 V cm-1) [61, 116]. In the drift region, isomers with larger collision cross sections travel more slowly than isomers with smaller collision cross sections - this technique is akin to a gas phase version of electrophoresis. In the case of anions, a conventional IMS drift region usually has sufficient resolution to sep​arate E and Z isomers and deprotomers [118-121], where deprotomers correspond to different sites of deprotonation. As we shall see for the anionic hydroxycinnamates in the following sections, deprotomers usually have substantially different collision cross sections due to large changes in their dipole moments and electrostatic charge density surfaces.
A schematic illustration of a PISA experiment is shown in Figure 9(b). A typical exper​iment starts by recording a histogram of ion counts as a function of arrival time (passage time though the entire drift region, IMS1 + IMS2), yielding the arrival time distribution of the isomers, and allowing the fraction of each isomer in the ESI beam to be charac​terised. To probe isomer-specific photochemistry, the drift tube is effectively separated into two regions. The first region (IMSI) separates the isomers, with a Bradbury-Nielsen ion

[image: image9.jpg]ion detector
OPO beam

|F2
0. octupole quadrupole
IG1 IGZ

IF1

electrospray

(b)

| o b
G2

| | —
- _ -

.
v

arrival time arrival time

Y




Figure 9. Photoisomerisation action (PISA) spectroscopy: (a) Tandem drift tube ion mobility mass spec​trometer experiment. Electrosprayed ions pass through a heated capillary and are focussed, by the first ion funnel (IF1), to the first ion gate (IG1), which injects the ions into the first drift region. Any isomers generated in ESI separate according to their collision cross-section with a buffer gas. The target isomer is selected (according to the isomer's arrival time which is proportional to the isomer's collision cross​section) by the second ion gate (IG2) and are excited by tuneable ΟΡΟ laser light immediately after IG2. The photoproduct ions separate in the second drift region, from where they are focussed, by a second ion funnel (IF2), into the octopole ion guide. Next, the ions are transmitted into a quadrupole mass filter, where they are mass selected, and, ultimately, reach a channeltron detector, (b) Schematic representa​tion of a PISA spectroscopy experiment. Prior to IG2, the charged isomers (a and b) separate according the their buffer gas collision cross-sections. In this case, isomer b is selected by IG2, according to its arrival time, and is then irradiated by a laser pulse (hv). The resulting arrival time distribution shows a depleted signal for isomer b, and the appearance of a new product, isomer c (blue). Seeding the buffer gas with & 1% SF6 enables the photodetachment channel to be monitored by the formation of SF6—, which mani​fests as a new peak (red) in the arrival time distribution. Part (a) reprinted with permission from Ref. [118]. Copyright 2019 American Chemical Society.
gate timed to let just the desired isomer transit into the second region, IMS2. Immediately after the mobility-selected ions enter IMS2, they are exposed to a tuneable wavelength laser pulse, possibly initiating photoisomerisation or photodetachment. The resulting photoiso​mers separate in IMS2 and may be quantified in a laser-on-laser-off difference spectrum, with the occurrence of photoisomerisation manifesting as a shift in arrival time. Photode​tachment is measured by seeding & 1% SF6 (an electron scavenger) into the buffer gas and monitoring the formation of SF6- (Figure 9(b)). In a normal PISA spectrum acquisition, the laser is operated at half of the instrument repetition rate, allowing for accumula​tion of concurrent laser-off and laser-on arrival time distributions. PISA spectroscopy has been successfully applied to wide range of photoisomerisable molecules (both anions and cations), including E-Z photoswitches and conjugated molecules [122-125], ring-opening and ring-closing reactions [126, 127], and technological dye molecules [128-130].
3.3.1. Photoisomerisation and statistical (thermal) isomerisation
An important consideration for a PISA spectroscopy experiment is the identity of the ion mobility buffer gas. Changing the buffer gas is analogous to varying the stationary phase in ion chromatography, and may significantly enhance separation of certain isomers [11, 118, 121, 128]. The collision cross-section can be interpreted as the effective collisional surface area presented by an ion to buffer gas molecules, and has two contributions: a small impact parameter (hard-sphere collision) component, and a large impact parameter (glancing col​lision) component. Whereas He buffer gas is best suited for distinguishing isomers with substantially different shapes defined by hard-sphere scattering, buffer gases such as Ν2, CO2, or those seeded with organic dopants such as propan-2-ol (e.g. 3 1%) are suited for distinguishing isomers with differing long-range intermolecular interactions, includ​ing dipole-quadrupole and hydrogen bonding [118, 121, 128]. The latter conditions are most suitable for anionic hydroxycinnamates.
In principle, an isomerisation response in a PISA spectroscopy experiment may occur via two mechanisms: (i) a rapid excited-state process associated with passage through a conical intersection - i.e. the mechanism that we would conventionally label as a photoi​somerisation and is governed by excited-state dynamics - and (ii) statistical isomerisation on the ground electronic state before collisions in the drift region thermalise the activated ions [129]. For both cases, statistical (thermal) isomerisation on the ground electronic state potential energy surface (PES) may occur before the vibrationally energised anions are deactivated through buffer gas collisions - this is termed secondary isomerisation. At typical buffer gas pressures (6-10 mbar), the collision rate is = 109 s-1 (hundreds of collisions are required to thermalise photoactivated ions). When thermal E —> Z isomeri​sation barriers are high (e.g. > 80 kJ mol-1), statistical isomerisation becomes negligible because the collision rate is low compared with the quenching rate; these conditions have been established for anionic hydroxycinnamates such as pCK- [11]. The preponderance for secondary isomerisation can be ascertained through Rice-Ramsperger-Kassel-Marcus (RRKM) and coupled master equation statistical modelling combined with Langevin colli​sional energy quenching, or by an experimental approach involving changing the buffer gas (e.g. from Ν2 to CO2) [11]. For the latter strategy, the rationale is that the vibrational energy quenching collision cross-section for CO2 is an order of magnitude larger than that for Ν2 [131], providing more rapid thermalisation of the ions and suppression of hot ground​state statistical processes. Thus, if the photoisomerisation response and action spectra are the same when recorded in two buffer gas environments with substantially different energy quenching cross-sections, statistical isomerisation should not be an issue. A final charac​teristic of PISA spectroscopy is that dissociation processes are often quenched (similar to secondary isomerisation) because collisional energy quenching occurs more rapidly than statistical dissociation.
Because PISA spectroscopy is an emerging technique, it has not yet been extended to the time domain using femtosecond pump-probe strategies. Our research group plans to take this step in the near future.
3.4. Dynamical timescales
The timescales over which excited-state dynamics occur in hydroxycinnamate anions span the femto- to microsecond domain, and are influenced by both molecular properties (e.g.


excited-state dissociation
Figure 10. Timescales of the dynamic processes relevant for the photophysics of anionic hydroxycinna​mates, spanning the femto- to microsecond range. Also shown are laser pulse durations; the femtosec​ond laser pulse (blue) has a precise duration (narrow) but consists of a broader range of wavelengths, and vice versa for the nanosecond laser pulse (green). Note that the time scale is broken in the nanosecond to microsecond range. The two processes in grey are specific to solution and modify the importance or occurrence of slower dynamics in solution compared with the gas phase. The significance of gas-phase fluorescence is discussed later. Figure reproduced from the PhD thesis of EKA with permission.
substituent effects) and environmental factors (e.g. gas phase or solution). A broad sum​mary of relevant timescales is given in Figure 10, with the most important gas phase processes being autodetachment, internal conversion, and photoisomerisation. These three processes all occur more rapidly than collisions in the ion mobility (PISA spectroscopy) experiment. In solution, vibrational quenching and solvent relaxation processes are com​petitive with motion on PESs leading to internal conversion or photoisomerisation, mean​ing that the solvent is intimately linked to the reaction coordinate. Gas-phase experiments provide the optimum environment to quantify this effect.
Since most of the excited-state processes in Figure 10 occur within one nanosecond (and many within one picosecond), direct (real time) observations necessitate the use of femtosecond pulse duration lasers in a pump-probe configuration.
4. Support from computational chemistry
The rapid growth in computing power and electronic structure methods, which is occur​ring at a more rapid rate than experimental developments, has meant that experimental studies are almost always supplemented with computational data. One of the principal advantages of computational methods, particularly those with dynamical capabilities, is insight into the detailed intermediate steps of a mechanism, which are often not probed directly in experiments. The simplest way to augment experimental studies is through static calculations of molecular geometries, energies, detachment properties, vibronic spectra, and PES critical points. Ab initio molecular dynamics stimulations, which provide detailed, molecular level simulation of the excited-state dynamics, are much more demanding com​putationally and are restricted to specialised research groups. As an example, Martinez and co-workers have recently used such methods to describe and contrast the gas-phase versus solution excited-state dynamics of the green fluorescent protein chromophore [132, 133].
The usual approach for ground state geometry optimisations is using density func​tional theory (DFT) methods, including (CAM-)B3LYP [134-136] and wB97X-D [137], in conjunction with either People [138-140] or Dunning [141] basis sets. In the case of anions, augmentation of the basis set with polarisation and diffuse functions is necessary to account for the negative charge. Examples of DFT optimisations for hydroxycinnamate anions are extensive in the literature [58, 81, 91, 142-145]. Alternative wavefunction meth​ods, including (RI-)MP2 [146, 147] and CASSCF (complete active space self-consistent field) [148] or CASPT2 (complete active space perturbation theory) [149, 150], are used less commonly for geometry optimisations [60, 95, 151-153], due to greater computational expense.
The calculation of PESs, and the optimisation of critical points along a PES (e.g. conical intersections), requires more rigorous, higher-level computational methods to reproduce the surface accurately, compared with equilibrium geometry optimisations. Generally, CASSCF-based methods are employed [11, 60, 154-157], although PES optimisations have been performed with other multiconfigurational [60, 158-160] or multireference methods [161, 162], or using quantum mechanical/molecular mechanical (QM/MM) approaches [158, 163]. In contrast to many DFT approaches or other single-reference wavefunction methods, CASSCF methods are not black-box and require careful selection of a balanced active space (which electrons and orbitals to include in the correlation space) as well as expert analysis of the wavefunction outputs. In a step to understand the computational cost of CASSCF calculations for hydroxycinnamates, Boggio-Pasqua and Groenhof [156] demonstrated the effective use of a smaller active space to optimise a model PYP chro​mophore and its torsional pathways (single- and double-bond torsion). By considering only the orbitals relevant to torsional motion (thus, reducing the active space from the ‘full’ (12,11) configuration to a smaller (10,9) configuration), the torsional pathways and the overall PES were still described correctly, while computing time was reduced significantly.
Calculation of excitation and detachment energies are simpler to perform and are needed to help guide and interpret action spectra. A wide variety of computational meth​ods have been used to this aim, as seen in Table 1 for pCA and pCEs_. From Table 1, it can be seen that DFT methods largely fail to reproduce experimentally-obtained ver​tical detachment energies (VDEs) or vertical excitation energies (VEEs) - although they are adequate for obtaining ground-state geometries. Equation-of-motion (ΕΟΜ) methods [164, 165] and the similarity transformed (ST)EOM derivatives [166] perform consistently well in the reproduction of experimental VDEs, while multireference methods provide best agreement with experimental VEEs. It should be noted that small differences in energies computed at the same/similar levels of theory likely arise due to a difference in the preced​ing optimisation procedure, or different convergence parameters in the energy calculation. The large number of quantum chemical calculations compared with the more limited num​ber of experimental data sets reflects the challenges in developing the custom-built action spectroscopy instruments.
The extension of quantum chemical calculations to molecules in solution has considered PESs of microhydrated hydroxycinnamates [167], excited-state decay pathways [168], and
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	Level of theory
	pCA
	pCEs
	Ref.

	
	VDE/eV
	VEE/eV
	VDE/eV
	VEE/eV
	

	
	calc.
expt.
	calc.
	expt.
	calc.
expt.
	calc.
	expt.
	

	B3LYP/6-31++G(d,p)
	3.11
	
	
	
	
	
	[152]

	B3LYP/6-311++G(3df,3dp)
	3.10
	
	
	3.01
	
	
	[58]

	B3LYP/6-311++G(3df,3dp)
	
	3.36
	
	
	
	
	[152]

	B3LYP/cc-pVDZ
	
	
	
	
	3.48
	
	[153]

	B3LYP/aug-cc-pVDZ
	3.09
	3.33
	
	
	
	
	[152]

	CAM-B3LYP/6-31++G(d,p)
	3.25
	
	
	
	
	
	[152]

	CAM-B3LYP/6-311++G(3df,3dp)
	
	3.47
	
	
	
	
	[152]

	CAM-B3LYP/6-311++G(3df,3dp)
	
	3.45
	
	
	3.43
	
	[143]

	CAM-B3LYP/6-311++G(3df,3dp)
	
	3.45
	
	
	3.43
	
	[58]

	CAM-B3LYP/cc-pVDZ
	
	
	
	
	3.62
	
	[153]

	CAM-B3LYP/aug-cc-pVDZ
	3.22
	3.40
	
	
	
	
	[152]

	CAM-B3LYP/aug-cc-pVTZ
	
	3.40
	2.88 ± 0.04
	
	
	
	[91]

	CAM-B3LYP/aug-cc-pVTZ
	
	
	
	
	3.4
	2.87
	[142]

	CIS/6-31++G(d,p)
	3.93
	4.15
	
	
	
	
	[152]

	CIS/aug-cc-pVDZ
	3.89
	4.12
	
	
	
	
	[152]

	CIS(D)/6-311++G(3df,3dp)
	
	3.06
	
	
	
	
	[152]

	CIS(D)/aug-cc-pVDZ
	
	3.02
	
	
	
	
	[152]

	CC2/aug-cc-pVDZ
	2.79
	3.03
	
	
	
	
	[152]

	RI-CC2/aug-cc-pVTZ
	
	3.1
	
	
	
	
	[91]

	RI-CC2/aug-cc-pVTZ
	
	
	
	
	3.10
	
	[142]

	CC3/6-31+G(d,p)
	
	2.98
	
	
	
	
	[151]

	CASSCF(12,11)/6-31++G(d,p)
	3.27
	
	
	
	
	
	[152]

	CASSCF(12,11)/6-311++G(3df,3dp)
	
	3.57
	
	
	
	
	[152]

	CASSCF(12,11)/cc-pVDZ
	
	
	
	
	3.65
	
	[153]

	CASSCF(12,1l)/aug-cc-pVDZ
	3.29
	3.60
	
	
	
	
	[152]

	CASSCF(12,11)/aug-cc-pVDZ
	
	
	
	
	3.50
	
	[153]


Table 1. Summary of calculated (calc.) and experimental (expt.) vertical detachment energies (VDE) and vertical excitation energies (VEE) for pCA and pCEs (see structures in Figure 1), which are the two most studied gas-phase hydroxycinnamate anions.
E. Κ. ASHWORTH AND J. N. BULL
	pCA- VDE
	pCA- VEE
	pCEs- VDE
	pCEs VEE

	
	calc.
	expt.
	calc.
	expt.
	calc.
	expt.
	calc.
	expt.

	SA-CASSCF(14,12)-PT2/cc-pVDZ
	
	
	2.96
	
	
	
	
	
	[172]

	SA2-CASSCF(12,1l)-PT2/cc-pVDZ
	
	
	2.71
	
	
	
	2.69
	
	[171]

	EOM-CCSD/6-31+G(d,p)
	
	
	3.19
	
	
	
	
	
	[81]

	EOM-CCSD/6-311+G(df,pd)
	2.92
	
	
	
	
	
	
	
	[81]

	EOM-CCSD/aug-cc-pVDZ
	2.90
	
	
	
	2.82
	
	3.35
	2.9 ± 0.1
	[81]

	EOM-IP-CCSD/6-311+G(df,pd)
	2.92
	
	
	
	
	
	
	
	[152]

	EOM-IP-CCSD/aug-cc-pVDZ
	2.97
	2.92 ± 0.05
	
	
	
	
	
	
	[151]

	EOM-IP-CCSD/aug-cc-pVDZ
	
	
	
	
	2.78
	2.85 ± 0.05
	
	
	[58]

	EOM-EE-CCSD/6-31G(d,p)
	
	
	3.19
	
	
	
	
	
	[151]

	EOM-EE-CCSD/6-31+G(d,p)
	
	
	3.35
	
	
	
	
	
	[151]

	EOM-CC3/aug-cc-pVDZ
	
	
	
	
	
	
	2.88
	
	[81]

	STEOM-DLPNO-CCSD/aug-cc-pVDZ
	
	
	
	
	
	
	2.80
	2.88 ± 0.02
	[144]

	EPT/6-311++G(3df,3dp)
	2.99
	
	
	
	2.91
	
	
	
	[58]

	EPT/6-311++G(3df,3dp)
	3.00
	2.91 ± 0.05
	
	
	2.91
	2.83 ± 0.05
	
	
	[143]

	MRMP2/(p-type)d-aug-cc-pVDZ
	
	
	2.79
	
	
	
	
	
	[91]

	MCQDPT2/(p-type)d-aug-cc-pVDZ
	
	
	2.81
	
	
	
	
	
	[91]

	aug-MCQDPT2/(p-type)d-aug-cc-pVDZ
	
	
	2.82
	
	
	
	
	
	[91]

	XMCQDPT2(10,9)/aug-cc-pVDZ
	
	
	
	
	
	
	2.96
	
	[11]

	MS-CASPT2/6-31G(d,p)
	
	
	3.17
	
	
	
	
	
	[151]

	-
	
	
	
	2.9
	
	
	
	
	[54]

	-
	
	
	
	
	
	
	
	2.92 ± 0.04
	[91]

	—
	
	
	
	2.88 ± 0.07
	
	
	
	
	[173]

	-
	
	2.9
	
	
	
	
	
	
	[174]

	—
	
	
	
	
	
	2.85 ± 0.05
	
	
	[175]

	-
	
	
	
	
	
	2.87 ± 0.02
	
	
	[176]

	-
	
	
	
	2.92
	
	
	
	2.92
	[61]


Note: pCA may have phenoxide and carboxylate deprotomers, with the former being lower in energy.
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the effect of microhydration on excitation/detachment energies [169]. Additionally, there are examples of more exhaustive molecular dynamics simulations, including using multiple spawning methods [158, 163] and/or QM/MM approaches [153, 154, 170, 171], to explore excited-state dynamics and PESs of the chromophore in protein and in aqueous solution.
5. Action spectroscopy on hydroxycinnamate anions
5.1. First experimental and theoretical developments
Prior to the early 2000s, experiments on hydroxycinnamates considered condensed-phase dynamics [17, 177-181]. The first gas-phase study was by Levy and co-workers [182] in 2002, in which fluorescence from neutral pCA was measured with the aim of understand​ing the initial exited state character and whether the excited state exhibits a potential energy barrier along the E —> Z isomerisation coordinate. The study proposed an excited-state isomerisation barrier (3 0.15 eV) in neutral pCA, some two years before the seminal com​putational work by Groenhof et al. [154] (described next). While the origin of this barrier was not assigned conclusively by Levy and co-workers, it was suggested that it may either be associated with coupling of the E- and Z-pCA S1 states, or with a S0/S1 conical intersec​tion, in a similar vein to excited-state barriers in stilbene photoisomerisation [183, 184]. We return to discussing fluorescence (or lack thereof) from gas-phase anions later.
The next significant step in exploring hydroxycinnamate anion dynamics, albeit com​putational not experimental, was the 2004 work on molecular dynamics simulations by Groenhof et al. [154], which demonstrated the presence of a (environment-dependent) barrier on the S1 state of a hydroxycinnamate, studied in the context of how the chro​mophore in PYP photoisomerises and drives the PYP photocycle. This was the first extensive computational study highlighting the importance of both the excited-state bar​rier and electrostatic interactions to the propensity for E —> Z isomerisation, setting the stage for all subsequent computational investigations. The key conclusions are highlighted in the PES shown in Figure 11, where: (i) the height of the barrier between the planar Franck-Condon (FC) region and the twisted minimum is lower in the protein than in vacuo, and (ii) the position of the S1/S0 conical intersection seam is similarly lower in the protein than in vacuo. Together, these features dictate the propensity and efficiency of E —> Z isomerisation. In the gas phase (Figure 11(a)), the excited chromophore becomes trapped in the FC region due to the large excited-state barrier. Even if there is sufficient internal energy to overcome the barrier, the chromophore has a low photoisomerisation quantum yield because the S1 state twisted minimum is located far from the isomerising conical intersection. Therefore, E —> Z isomerisation has a long excited-state lifetime in the gas phase while, in the protein, the chromophore undergoes photoisomerisation readily. The origin for the lowering of the excited-state barrier in the protein was attributed to sta​bilising chromophore-protein interactions (Figure 11(b)) involving a cationic guanidium group of arginine-52 (Arg52), which is positioned in such a way as to stabilise the nega​tive charge on the excited chromophore. The negative charge of the excited-state twisted minimum is localised on the phenol ring, while the negative charge of ground-state twisted structure (i.e. the transition state between E and Z) is localised near the thioester group, and is thus not affected by the chromophore-Arg52 interactions. The overall stabilisation of the S1 state twisted minimum results in: (i) a reduction in the S1 — S0 energy gap (a decrease

protein
Figure 11. Schematic potential energy surfaces of the deprotonated PYP chromophore (a) in vacuo and (b) in protein, with a path (yellow line) representing a typical molecular dynamics trajectory. The propen​sity for Ε —> Z isomerisation is dictated by the barrier to the conical intersection on the S1 electronic excited state. The electrostatic interactions introduced on inclusion of the arginine-52 (Arg52) residue stabilises the conical intersection. Reprinted with permission from Ref. [154]. Copyright 2019 American Chemical Society.
of & 80 kJ mol-1) [154], (ii) a reduction in the excited-state barrier height, and (iii) a dis​placement of the conical intersection seam closer to the S1 twisted minimum. Additionally, the Arg52 has been shown to be important in directing chromophore double-bond rotation [170, 185], further facilitating fast (sub-picosecond) photoisomerisation in the protein. As discussed in the following sections, action spectroscopy experiments are consistent with the intrinsic chromophore dynamics in this model.
The first photodissociation action spectra, as a proxy for the electronic absorption spec​trum, for anionic hydroxycinnamates pCA and pCT were reported in 2005 by Andersen and co-workers [54] (Figure 12), recorded using the ELISA experiment mentioned in Section 3.1. For pCT-, the authors characterised a clear red-shift in the gas phase absorp​tion maximum (Amax = 460 nm) compared with the protein (Amax = 446 nm) and the chromophore in aqueous solution (2max = 395 nm). Also of note is that an even smaller blueshift was observed in mutant PYP with a partially-disrupted hydrogen-bonding net​work. These action spectra provided the first experimental insight into the effects of the PYP environment (hydrogen-bonding in particular) on the chromophore. Moreover, they provided the first data for the benchmarking of computational studies [186, 187]. In a follow-up study, Andersen and co-workers recorded photodissociation action spectra for a range of hydroxycinnamates, including the methyl ester (pCEs-) and methyl ether deriva​tives of pCAT [91], the ortho- and meta- derivatives of pCEs" [142], and hydrated pCA~ [173]. Trends in the spectral maxima were largely reproduced by supporting electronic structure calculations. Significantly, these authors identified that pCA could be generated as two deprotomers, with supporting calculations revealing distinct action spectra for each deprotomer. Comparison between experiment and theory demonstrated that their pho​todissociation spectra were dominated by a single deprotomer. In another development in 2010, the Andersen group recorded photodissociation spectra for pCA- coordinated with two water molecules, showing a clear blue shift due to stabilisation of the localised charge on the electronic ground state [173].
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Figure 12. Photodissociation action spectroscopy of pCA- and pCT-: (a) action spectrum for pCA-, (b) aqueous absorption spectra for pCAT (dashed line is for a neutral solution, and the solid line is for a solution with NaOH added, pH < 11), (c) pCT-, and (d) aqueous absorption spectra for pCT-. Reprinted from Ref. [54] Copyright 2005 with permission from Elsevier.
5.2. Emergence of time-resolved spectroscopy
Within the first decade of the 2000s, biochromophore ions generated through ESI were starting to be studied in the time domain using femtosecond lasers. One of the first applica​tions by Zewail and co-workers [55] considered pCK using a 400 nm (3.10 eV) + 800 nm (1.55 eV) pump-probe scheme (Figure 13), coupled with a magnetic bottle spectrometer detector.[188] An advantage ofpCK- is that it is formed as a single deprotomer. The pump​probe photoelectron spectra showed a rapid change away from the FC geometry (~1 ps lifetime) to generate an intermediate state (centred at eKE & 0.7 eV, see Figure 13) that decayed yielding ground state recovery with a lifetime of & 52 ps. While the study demon​strated ground state recovery, the authors could only assume that some fraction of the recovery resulted in the Z photoisomer. The lifetimes were interpreted in an excited state barrier model, where the % 52 ps lifetime was thought to be limited by the rate of traversal over the excited-state barrier.
In 2008, the Andersen group made a further development involving merged- and crossed-beam laser-anion configurations in ELISA to probe the photodissociation dynam​ics of hydroxycinnamate anions over the nanosecond timescale [189]. These experiments identified differing dissociation dynamics between pCA- and pCT-, where pCA~ dis​played at least two channels contributing to dissociation (fast electron emission and sta​tistical fragmentation), while pCT~ was dominated by a single fast neutralisation channel. This was the first step in revealing functional-group dependent photochemical dynamics
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Figure 13. Time-resolved photoelectron data of pCK~ recorded with a 400 nm (3.1 eV) pump and 800 nm (1.55 eV) probe showing the pump-only spectrum and the pump-probe spectrum at At = 200 fs. Inset gives the 0-1.5 eV region with the energy windows for three time-dependent transients shown. The energy windows cover regimes in which Ρ*, Ρ*, and PJ were probed (assigned as the Ε iso​mer, initial Z isomer, and twisted state, respectively). Figure has been reproduced from Ref. [55] with permission. Copyright 2006 National Academy of Sciences.
pathways in anionic hydroxycinnamates, prompting the use of other action spectroscopy techniques to explore structure-function relationships.
5.3. The importance of deprotomers
The next important development came in 2012. Until this point, no effort had been made to rigorously confirm the identity of deprotomers formed during ESI of hydroxycinna​mates. Measurements of infrared spectra of pCA_ at the FELIX facility in Nijmegen confirmed the presence of several deprotomers following ESI [190]. Significantly, ESI from methanol yielded predominately the carboxylate deprotomer, while ESI from dry acetoni​trile formed predominately the phenoxide deprotomer. Similar conclusions were reached in more recent photodissociation experiments utilising ion trap mass spectrometry, show​ing distinct action spectra with ESI solvent, consistent with the presence of two or more isomeric species [95]. While such studies are useful for demonstrating the complexities of gas-phase ion ensembles generated through ESI, the abundance of deprotomers (or more generally isomers) in a given action spectroscopy experiment depends on a large number of instrumental factors and is not transferable from one experiment to another [191, 192]. It is consequently desirable to have action spectroscopy experiments with isomer selectivity - this becomes increasingly important with greater biomolecule complexity and more possi​ble deprotonation sites (or isomers in general). Furthermore, while photodissociation and time-resolved photoelectron spectroscopy experiments provided insightful spectroscopic and dynamic information on hydroxycinnamate anions, they were unable to provide clear evidence for photoisomerisation - a key challenge for gas-phase experiments.
5.4. Photoisomerisation and isomer selectivity
A decisive step in characterising photoisomerisation dynamics and isomer- or deprotomer​specific spectroscopy of hydroxycinnamate anions came through the application of PISA
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Figure 14. Ion mobility spectrometry arrival time distributions in pure Ν2 buffer gas for selected hydrox​ycinnamate anions: (a) pCEs-, (b) pCEt-, and (c) pCA_. O- and COO- indicate the phenoxide and carboxylate deprotomers, respectively. IF1 (ion funnel 1) was at high voltage or off, depending on whether the ions were focussed using an RF field after ESI - see Figure 9(a). Use of an RF field on an ion funnel, which is standard in commercial mass spectrometers and in many custom-built action spectroscopy experiments, causes increased ion throughput but also collisionally activates the ions and induces thermal isomerisation towards the most thermodynamically stable isomer [129]. Reprinted with permission from Ref. [81]. Copyright 2019 American Chemical Society.
spectroscopy in 2017 (published in 2019) to pCA-,pCEs- and its thioether derivative, and pCEt (deprotonated on the carboxylic acid group) [81]. For pCEs- and pCEt, ESI from basic methanol solution (Figure 14(a,b)) showed either a single E isomer or both an E and a Z isomer. For pCEt, by increasing the RF voltage on the ion funnel immediately after ESI, the higher energy Z isomer could be collisionally converted to the more stable E isomer. In all cases, the peaks in the arrival time distributions could be assigned to the respective iso​mers or deprotomers through comparison of measured collision cross-sections with those from trajectory simulations [193]. For pCAT (Figure 14(c)), the arrival time distribution showed three peaks assigned to the two deprotomers (two major peaks) and a trace amount of the Z isomer for the phenoxide deprotomer, consistent with with the earlier gas-phase IR spectroscopy measurements [190]. Furthermore, the assignments were also consistent with thermodynamic stabilities (usually computed with DLPNO-CCSD(T)/aug-cc-pVDZ
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Figure 15. Ion mobility spectrometry arrival time distributions for Ε isomers of: (a) pCEs~ and (b) pCEt_. For (a), because the photoresponse was in the visible, electron photodetachment could be monitored through formation of SF2 For (b), electron detachment was inferred through photodepletion spec​troscopy (no fragment masses detected). Action spectra are shown in: (c) pCEs- and (d) pCEt-. Vertical sticks shown in (c) and (d) show calculated VEE and VDE values. Reprinted with permission from Ref. [81]. Copyright 2019 American Chemical Society.
methodology) and interconversions induced by a varying RF field on the ion funnel, and also photoresponses compared with excited state calculations.
PISA spectroscopy experiments were performed on all observed isomers from ESI of pCAT, pCEs and pCEt-. In all cases, there was no evidence for E—> Z photoisomerisation, rather only electron detachment was detected (Figure 15). The photodetachment action spectra, shown in Figure 15(c), closely matched an earlier photodissociation spectrum. At this point we need to note that the S1 electronic state in the phenoxide deprotomers is entirely situated in the detachment continuum (i.e. above the D0 electronic energy), and is classified as a shape resonance [8, 144, 176]. In such situations, the excited state anion is susceptible to spontaneous autodetachment, typically occurring with a lifetime of tens of femtoseconds to picoseconds. On the other hand, for E-pCEt-, the photodepletion or elec​tron detachment action spectrum is expected to deviate from the underlying absorption profile because a substantial portion of the the lowest energy ππ* transition (S1 — S0) is situated below the electron detachment threshold.
The PISA spectroscopy measurement on the phenoxide deprotomer of E-pCAT (Figure 15) appear identical to the ester (an expected result), again with no evidence for E>Z photoisomerisation. On the other hand, the carboxylate deprotomers revealed contrasting dynamics (Figure 16). The photoaction arrival time distributions for the car​boxylate deprotomer (which was calculated to lie 41 kJ mol-1 higher in energy than the phenoxide deprotomer) showed formation of two photoisomers, assigned as the keto tau​tomer and the phenoxide deprotomer. As we will go on to see, similar tautomerisation processes are not possible for the methyl ester derivative E-pCEt- due to steric effects aris​ing from the extra methyl groups. A two-laser experiment was designed to photogenerate, isolate, and probe the photogenerated keto tautomer of E-pCA~, and demonstrate that it undergoes a one-way conversion to the phenoxide deprotomer. Furthermore, the PISA spectrum arising from this keto tautomer was in good agreement with high-level EOM- CC3 calculations. With these experimental observations, the reaction mechanism was rationalised through PES calculations and coupled master equation modelling (Figure 17). Photogeneration of the keto tautomer was assigned as an excited-state process based on calculations suggesting an isomerising conical intersection seam, and master equation modelling indicating that the ground state thermal barrier would not allow for secondary isomerisation. The implementation of a two-laser strategy in ion mobility to photogen​erate, separate, and probe intermediate isomers presented a significant step forwards in isomer-selective spectroscopy. This two- (or multi-) laser strategy in PISA spectroscopy has been applied to study azobenzene-based photoswitches and other conjugated alkene systems,[119, 129, 194] and has enormous scope for probing photocycles and other tran​sient intermediates that cannot be isolated in solution. The primary requirement is that the intermediate species must survive for at least tens to hundreds of milliseconds in the gas phase - this is the typical duration of an ion mobility separation and mass spectrometry quantification (see Figure 14 for typical arrival times).
For the carboxylate deprotomer, ESI generated a small amount ofZ-pCA-, allowing the Z isomer to be isolated and studied. Significantly, it showed a small extent of Z —> E iso​merisation (Figure 16), although it was unclear if this photoisomerisation occurred on the excited state or was secondary isomerisation on the ground state after internal conversion [129]. Whatever the case, the formation of the E photoisomer implied that some fraction of the ground electronic state was recovered.
These PISA spectroscopy measurements highlight an important and often ubiquitous process in gas-phase action spectroscopy: because ground state isomerisation barriers are almost always lower than dissociation barriers, isomerisation often precedes dissociation. However, gaining clear fingerprints for such processes in action spectroscopy experiments can be challenging, especially when there are several competing multi-step isomerisation pathways [87]. From our experience in applying PISA spectroscopy to a wide range of photoisomerisable anions and cations possessing several potential deprotonation or pro​tonation sites, if multiple low-energy (defined as within 10 kJ mol-1 of the lowest energy form) deprotomers can form, they usually will. Moreover, for photoisomerisable ions, if the initial sample is isomerically pure, one needs to be careful to shield the ESI solution from light sources (e.g. room lights), which can generate photoisomers in solution that will be electrosprayed and observed in ion mobility [124, 195, 196]. It is clear that the future of gas-phase action spectroscopy measurements of molecules with many potential isomers, such as biomolecules, need to consider isomer-selective techniques.
Following the PISA study on pCA-, pCEs~, and pCEt-, a follow-up study was per​formed on deprotonated caffeic, ferulic, and sinapinic acids (see Figure 1) and their
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Figure 16. Action spectroscopy arrival time distributions for: (a) carboxylate deprotomer of E-pCA, and (b) carboxylate deprotomer of Z-pCA-. The structure of the keto isomer is shown in Figure 17. Action spectra for: (c) carboxylate deprotomer of E-pCAT and (d) carboxylate deprotomer of Z-pCAT. Vertical sticks shown in (c) and (d) show calculated VEE and VDE values, which help to support assignments. The isomer assignments are consistent with calculated collision cross-sections in N2 buffer gas. Reprinted with permission from Ref. [81]. Copyright 2019 American Chemical Society.
respective methyl esters [61]. As expected, phenoxide and carboxylate deprotomers were generated for each, and there was a one-way statistical (i.e. thermal) interconversion between the carboxylate to phenoxide deprotomers following the absorption of light. The exception was sinapinic acid, where the interconversion does not occur because the addi​tional methyl ester groups block any low energy pathways for migration of the proton from one deprotonation site to the other. In no instance was a Z photoisomer formed. Ultimately, these additional molecules confirmed the conclusions in the earlier PISA spec​troscopy study on pCA~, pCEs-, and pCEt-, regarding deprotomer-specific dynamics and the phototautomerisation mechanism for interconversion between deprotomers, and highlighted that electron detachment spectroscopies need to be applied to further under​stand the details of the electron detachment processes and to probe further why E —> Z photoisomerisation was inhibited.
It is worth noting that ortho- and meta- functional group isomers of deprotonated coumaric acids and methyl esters of each were considered [61]. While the ortho- func​tional group isomer showed very similar spectroscopy and dynamics to the para- anion, deprotonated meta-coumaric acid exhibited spontaneous interconversion between the
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Figure 17. Carboxylate to phenoxide deprotomer interconversion dynamics for pCA_. The first step involves photoisomerisation to the keto tautomer, which cannot occur for E-pCEt- because of the block​ing methyl group. Subsequently, there is a one-way cascade of secondary (thermal) isomerisations to give the most thermodynamically-stable phenoxide deprotomer. Because the photodepletion signal for the parent isomer is balanced by formation of the two photoisomers (see Figure 16(a)), photodetach​ment is negligible. Reprinted in part with permission from Ref. [81]. Copyright 2019 American Chemical Society.
phenoxide and carboxylate deprotomers (and possible intermediate isomers) in the ion mobility spectrometer drift region at room temperature and, thus, could not be iso​lated. The inability to isolate the meta-coumaric acid deprotomers cleanly means that any reports of action spectroscopy are unreliable. In contrast, the methyl ester could be isolated and exhibited a blue-shifted action spectrum without any evidence for E —> Z photoisomerisation.
5.5. Photoelectron and photodetachment spectroscopy
Further insight into the electron detachment mechanisms for E-pCEs- and E-pCEt~ came through photoelectron and photodetachment spectroscopy measurements [144]. These spectra built on several earlier photoelectron spectroscopy reports [58, 143, 174, 175] considering pCA~, methyl esters, and bridge restricted derivatives using a few selected wavelengths in the UV, resonant with the S2 state and higher lying resonances. These spec​tra largely showed autodetachment processes from the higher-lying states. In the 2020 study on E-pCEs- [144], the photodetachment spectrum agreed nicely with the PISA electron detachment spectrum (recorded by monitor SF5 formation). Analysis of the photoelectron spectra (41 wavelengths in total) for photon energies resonant with the S1 electronic state revealed a prompt autodetachment process with no evidence for recovery of the electronic ground state; thus, no stable photoisomer could form. While the study went on to consider high-lying electronic states (S2 and S3) and enhancement of photoexcitation cross-section due to Herzberg-Teller coupling, the most interesting result was the com​parison with the methyl ether derivative, E-pCEtT, which showed diametrically different dynamics to the ester. Namely, E-pCEt- exhibited efficient ground state recovery by virtue of intense thermionic emission. Therefore, the deprotonation site plays a critical role in the ground state recovery dynamics, prompting the need to study E-pCEs- with time-resolved strategies.
5.5.1. Time-resolved spectroscopy on E-pCEs~ and E-pCK~
To understand the excited state dynamics of E-pCEs- in the time domain, time-resolved photoelectron spectroscopy with a 438+800 nm (i.e. 2.83 eV+1.55 eV) pump-probe scheme and velocity-map imaging detection was performed (Figure 18) [176]. These dynamics (interpretation shown in Figure 19) show initial fast relaxation from the FC geometry towards a twisted S1 state. On the pathway to this twisted state, there is a near​degeneracy with a non-valence dipole-bound state (DBS), allowing some small fraction of population to undergo internal conversion and populate the DBS. Subsequently, the DBS state decayed with a lifetime of 72 = 2.8 ± 0.7 ps, while the remaining S1 state twisted geometry population decayed through vibrational autodetachment with lifetime 73 = 45+4ps. Significantly, and consistent with the frequency-resolved photoelectron spec​troscopy, there was no evidence for ground state recovery. These time-resolved dynamics can be compared with those recorded by Zewail and co-workers [55] for E-pCKT using a 400+800 nm scheme (Section 5.2) - namely, loss of the Franck-Condon geometry and ultimate loss of the S1 state twisted population occurred over similar timescales, with the exception that E-pCK~ showed ground state recovery while E-pCEs- did not. Clearly, the differences in excited state barriers, induced by the ketone versus ester functional group, were responsible for controlling ground state recovery. This contention was supported by PES calculations as part of the time-resolved study, although it was still unknown if photoisomerisation actually occurred for E-pCK~.
Very recently, Andersen et al. [197] have reported cryogenic action spectroscopy on pCEs- and pCK- over the threshold region, conforming and characterising the dipole​bound states.
Since there remained unanswered questions regarding E-pCKT, it was clear that this system should be reinvestigated, potentially at a different wavelength and certainly with velocity-map imaging detection. While Zewail’s experiment was pioneering, it used a magnetic bottle detector for photoelectrons, which was not capable of recording photo​electron angular distributions. Anstòter et al. [60, 145] took the step to investigate E-pCKT using the pump wavelength of 444 nm (Zewail and co-workers used 400 nm), with the key results shown in Figure 20. While they saw no evidence for ground state recovery (similar to E-pCEsT), interesting wavepacket dynamics were observed in both the elec​tron kinetic energy distributions and photoelectron angular distributions. Using Dyson orbital calculations and photodetachment cross-section calculations, compelling evidence was presented for single-bond rotation (WSB) over double-bond rotation (QDB) - a sim​ilar situation to that for E-pCEs. The interpretation strategy inplemented by Anstóter et al. [60, 145] provided the first example of using photoelectron angular distributions to consider an isomerising molecule with the aim of understanding excited-state geometry torsion coordinates. Photoelectron angular distributions are largely overlooked or loosely
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Figure 18. Time-resolved dynamics of pCEs_ following 438 nm (2.83 eV) excitation and 800 nm (1.55 eV) probe: (a) Spectra recorded over the first 3 ps (in 0.5 ps increments), with the grey shaded region indicating the evolution of the dipole-bound state, (b) Total photoelectron signal as a function of pump​probe delay (At) with the constituent lifetime fits shown. In (b), many data points in the 20-100 ps range have been omitted. Adapted from Ref. [176], licensed under CC-BY 4.0.
interpreted in a qualitative sense in most velocity-map imaging studies, particularly those focussed on dynamics. From this point of view, Anstoter’s E-pCK~ study provided the first demonstration of how time-resolved photoelectron angular distributions could be applied to untangling anion photoisomerisation dynamics. Supporting PES calculations
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Figure 19. Interpretation and assignment of the gas-phase time-resolved dynamics for pCEs . In the Franck-Condon window (near At = 0), the probe photon leads to a photoelectron spectrum with a broad eKE distribution peaking at 31.4 eV. With increasing At to 31 ps, there is an evolution of the eKE distribution to lower eKE, peaking at & 0.75 eV. Concurrently, there is development of a sharp eKE distri​bution at eKE & hvprobe (i.e. the probe photon energy), which has an anisotropic photoelectron angular distribution consistent with a dipole-bound state (DBS). The DBS decays over several picoseconds, while the remaining S1 state decays via vibrational autodetachment with a 45 ± 4 ps lifetime. There is no evi​dence for internal conversion to the ground electronics state. Reproduced from Ref. [176], licensed under CC-BY 4.0.
were again consistent with an excited-state barrier for torsion about the double bound, with the single-bond torsion acting as an autodetaching population trap. It was surmised that the difference between Zewails’s measurements (showing ground state recovery with a 400 nm pump, possibly with photoisomerisation) and Anstoter’s measurements (showing no ground state recovery with a 444 nm pump, but with single bond twisting) was that the former excited above the barrier, while the latter excited below the barrier. There was clear scope for deploying PISA spectroscopy to investigate E-pCK~.
5.6. Ε —> Z photoisomerisation and experimental evidence for barriers
As discussed in Section 5.4, PISA spectroscopy on pCA~ and a wide range of deriva​tives retaining the carboxylic acid or ester functionality found no evidence for gas-phase E —> Z photoisomerisation, although Z —> E photoisomerisation was observed for the carboxylic acid deprotomer. The conclusive final step on the question of photoisomeri​sation with E-pCK~ was answered with PISA spectroscopy (Figure 21) [11]. In Ν2 buffer gas (Figure 21a), photoexcitation over the S1 — S0 absorption band led to formation of the Z isomer. Similarly, measurements in Ν2 buffer gas seeded with a 1% SF6 and trace propan-2-ol (Figure 21(b)) allowed both PISA and electron photodetachment spectra to be recorded (Figure 21(c)). The action spectra showed a wavelength-dependent bifurcation
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Figure 20. Excited state dynamics of E-pCK~ (structure shown in a) investigated with a pump wave​length of 444 nm (2.79 eV). The eKE distributions are shown in (b) with corresponding photoelectron angular distributions quantified in terms of β2 in (c). Single photon probe conditions after making an S1 state population, show clear wavepacket modulations, exemplified in (d), (e), and (f). Supporting Dyson- orbital-based calculations of β2 data were consistent with single-bond (PSB) wavepackets. Reproduced from Ref. [60], licensed under CC-BY 4.0.
between electron autodetachment the S1 state and E —> Z photoisomerisation. Specifically, while autodetachment occurred across the entire S1 band (370-480 nm), E —> Z photoiso​merisation occurred only over a blue portion of the band (370-430 nm). The difference in band maxima between the two processes, % 0.18 eV, provided an experimental measure of the excited-state barrier. This barrier energy was in good agreement with multireference perturbation theory calculations (0.15 eV), and was substantially lower than the calculated value for E-pCEs at 0.33 eV. Simultaneous ultrafast fluorescence up conversion measure​ments of E-pCK~ dissolved in a series of polar solvents enabled a viscosity analysis, which yielded a lower excited-state barrier of % 0.07 eV in water. Hence, solvation must stabilise the excited state PES, facilitating photoisomerisation - the 2004 molecular dynamics sim​ulations by Robb and co-workers [154] largely captured these excited state dynamics, at least for the thioester.
The PISA spectroscopy study on pCK-[11] also provided an interesting advance​ment towards disentangling prompt photoisomerisation (i.e. via passage through a conical intersection seam) and secondary, ground state isomerisation through comparison of photoisomerisation responses in buffer gases with different vibrational energy quench​ing cross-sections (Ν2 vs CO2). For the pCA-, pCEs-, and pCEt studies, such processes were investigated using RRKM and Langevin energy quenching simulations in a master equation framework.[81, 129] The experimental strategy is useful as collisional energy quenching is roughly an order of magnitude more efficient in CO2 than in Ν2 buffer gas; thus, if the same spectral shape and branching between isomerisation and electron detach​ment is obtained in both buffer gases, differing extents of secondary isomerisation in the two environments is not an issue.
5.7. Gas-phase fluorescence
While gas-phase fluorescence has not been reported for any anionic hydroxycinnamates, the quantum yield would be extremely low due to competition with autodetachment. On the other hand, gas-phase laser-induced fluorescence data has been obtained for neu​tral hydroxycinnamate species due to a combination of differing excited-state potential energy surfaces and because autodetachment does not occur.[160, 162, 182, 198] While the neutrals appear to have similar isomerisation barriers to the hydroxycinnamate anions, their dynamics involve other competing dynamics (e.g. intersystem crossings). Such pro​cesses become available due to longer excited state lifetimes (e.g. nanoseconds) and the absence of autodetachment channels. Interestingly, Ryan et «Ζ.[182] determined that gas​phase pCA had an excited state barrier of ~ 0.15 eV barrier (by monitoring loss of excited state fluorescence with excitation wavelength), which is similar to that determined for gas​phase E-pCK~ although calculated barriers were larger for E-pCAT and E-pCEs. It is beyond the scope of this review to discuss the dynamics in neutral (and hydrogenated) hydroxycinnamate systems; interested readers are directed to the references given in this section.
5.8. Summary of the gas-phase dynamics in hydroxycinnamate anions
Understanding the gas-phase spectroscopy and excited-state dynamics of hydroxycinna​mate anions has spanned several decades and has served here as an illustration of the evolution of gas-phase action spectroscopy techniques. With each iteration action spectro​scopic techniques continue to advance, evolving from simpler photodissociation and pho​todetachment spectroscopies to the current state-of-the-art femtosecond time-resolved photoelectron spectroscopy coupled with velocity-map imaging, and isomer-selective
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Figure 21. Photoisomerisation action spectroscopy measurements on pCK . (a) Light-off (black) and photoaction (blue) arrival time distribution using 420 nm irradiation in pure N2 buffer gas. The photoac​tion arrival time distributions show the changes between light-on and light-off arrival time distributions, reflecting any photoinduced processes, (b) Light-off (black) and photoaction (blue, 420 nm and red, 435 nm) arrival time distribution in Ν2 buffer gas seeded with & 1% propan-2-ol and & 1% SF6. (c) Electron photodetachment (red) and E —> Z photoisomerisation (blue) action spectra. Reproduced from Ref. [11], licensed under CC-BY 4.0.
PISA spectroscopy able to monitor photoisomerisation directly. The application of these techniques has enabled a clear characterisation of the excited state dynamics, which are controlled by PES barriers (Figure 22). In short, gas-phase hydroxycinnamate anions have a potential energy barrier between the Franck-Condon geometry and E—>Z isomeris​ing conical intersection, whose height depends on functional group substitution on the
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Figure 22. Schematic illustration of potential energy surfaces for the Ε isomer of pCK“ and pCEs showing the a (single-bond) and β (double-bond) torsion coordinates. Also indicated are the S0 and S1 state minimum-energy geometries, the B-torsion coordinate transition state (S1 TS+), and the E-Z minimum-energy conical intersection (Cl).
propanoid tail. In contrast there is only a weak or negligible barrier for torsion about the single bond connecting the aromatic ring to the propanoid tail, which acts as a popula​tion trap. Because this population trap geometry is mostly situated above the detachment threshold and there is no vibrational energy quenching in the gas phase, prompt autode​tachment occurs from this state. In certain hydroxycinnamate anions, the PES barrier for torsion about the double bond is sufficiently low (e.g. & 0.18 eV) such that excitation on the blue edge of the S1 — S0 absorption band provides enough internal energy to traverse the barrier and photoisomerise. A protein environment, such as in ΡΥΡ, or even polar solvent environment (e.g. water or alcohols) is sufficient to stabilise the S1 state charge distribution, lowering the potential energy surface barrier so that photoisomerisation occurs readily.
6. Outlook
This review has summarised our current understanding of the excited-state dynamics of anionic hydroxycinnamates in the gas phase, with the dynamics for the common phe​noxide deprotonation site being dictated largely by prompt autodetachment processes due to excited state barriers between Franck-Condon geometries and conical intersection seams. The ongoing study of hydroxycinnamates has presented an illustrative example of the evolution of gas-phase action spectroscopy techniques. In particular, two families of techniques stand out. The first are time-resolved photoelectron strategies for directly measuring timescales associated with excited state dynamics using velocity-map imaging to provide photoelectron angular distributions that can inform on excited state nuclear motions. In addition, because electron detachment or the ‘probe’ step in pump-probe time- resolved photoelectron spectroscopy do not follow absorption-type selection rules (e.g. as in transient absorption), gas-phase studies are able to follow the excited state dynamics along an entire potential energy surface, observing any ‘dark’ states that may be present in conventional electronic absorption spectroscopies. The second family of experiments are isomer-selective spectroscopies, which facilitate isomer-specific photoisomerisation measurements. To date, dynamical measurements (and static action spectra) on gas-phase biochromophores have been largely performed at room or higher temperatures. Advance​ments in cryogenic ion traps and aligned action spectroscopies have provided an avenue for high spectral resolution, potentially providing vibrational mode-specific dynamics [199]. While there are token applications of mode-specific and cryogenic photochemistry in the gas phase (e.g. on the green fluorescent protein chromophore) [97, 200, 201], experiments should be extended to hydroxycinnamate anions.
The capability of ion mobility spectrometry to separate isomers is well suited to the study of gas-phase photoisomerising ions. Moreover, the most insightful information on the spectroscopy and dynamics of gas-phase anions is usually obtained when several action spectroscopy strategies are considered in concert. From this perspective, a useful development would be the incorporation of time-resolved strategies with isomer-selection techniques, which would enable the study of unstable Z-isomers, keto-enol tautomers, or other photogenerated transient intermediate species. Because the action spectra associ​ated with individual isomers of hydroxycinnamate deprotomers overlap, it is not possible to study co-existing isomers unequivocally in experiments probing excited-state dynamics (unless there is a clear red-shifted window where only one species is known to absorb). Such isomer-selective time-resolved experiments require isomer separation and ion trap​ping, followed by, for example, time-resolved photodissociation or photoelectron spectro​scopies. The present authors are currently developing the infrastructure to enable such experiments.
A longer-term goal is to perform action spectroscopy experiments, in both the fre​quency and time domains, on hydrated clusters containing a hydroxycinnamate anion. The generation of hydrated clusters usually requires ESI coupled with cryogenic ion trapping [202, 203]. Such configurations would enable a hydroxycinnamate anion to be coordinated with up to dozens of water molecules. Room temperature experiments on hydrated cluster anions are usually restricted to only a few water molecules because the internal vibrational energy exceeds the binding energy of one of the water molecules; consequently, the cluster fragments statistically. Hydrated cluster experiments can be though of as the link between experiments in the gas-phase and in solution, often allowing deviations between the two environments to be reconciled [204, 205].
The final avenue for future work is gas-phase experiments on the PYP molecule itself (~ 14 kDa). Typically, the experiments used to study biochromophores (e.g. 200-1000 Da) are not suited to investigate large protein samples (due to factors such as dynamic range and radio-frequency fields using to drive electrodynamic optics), therefore requiring modifica​tion of existing apparatus and methods. We expect such adaptation of instrumentation over the next few years. These developments should provide a substantial step towards allowing the link between gas- and condensed-phase measurements to guide the understand​ing of photoactive proteins and rational design of improved synthetic photoswitchable biomolecules.
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