

[image: image1]
Photoelectron-Photofragment Coincidence Spectroscopy With Ions Prepared in a Cryogenic Octopole Accumulation Trap: Collisional Excitation and Buffer Gas Cooling









	
	ORIGINAL RESEARCH
published: 30 April 2019
doi: 10.3389/fchem.2019.00295





[image: image2]

Photoelectron-Photofragment Coincidence Spectroscopy With Ions Prepared in a Cryogenic Octopole Accumulation Trap: Collisional Excitation and Buffer Gas Cooling

Ben B. Shen, Katharine G. Lunny, Yanice Benitez and Robert E. Continetti*


Department of Chemistry and Biochemistry, University of California, San Diego, San Diego, CA, United States

Edited by:
Antonio Aguilar, University of Barcelona, Spain

Reviewed by:
Franco Vecchiocattivi, University of Perugia, Italy
 Bruno Martinez-Haya, Universidad Pablo de Olavide, Spain

*Correspondence: Robert E. Continetti, rcontinetti@ucsd.edu

Specialty section: This article was submitted to Physical Chemistry and Chemical Physics, a section of the journal Frontiers in Chemistry

Received: 16 February 2019
 Accepted: 10 April 2019
 Published: 30 April 2019

Citation: Shen BB, Lunny KG, Benitez Y and Continetti RE (2019) Photoelectron-Photofragment Coincidence Spectroscopy With Ions Prepared in a Cryogenic Octopole Accumulation Trap: Collisional Excitation and Buffer Gas Cooling. Front. Chem. 7:295. doi: 10.3389/fchem.2019.00295



A cryogenic octopole accumulation trap (COAT) has been coupled to a photoelectron-photofragment coincidence (PPC) spectrometer allowing for improved control over anion vibrational excitation. The anions are heated and cooled via collisions with buffer gas <17 K. Shorter trapping times (500 μs) prevent thermalization and result in anions with high internal excitation while longer trapping times (80 ms) at cryogenic temperatures thermalize the ions to the temperature of the buffer gas. The capabilities of the COAT are demonstrated using PPC spectroscopy of [image: image] at 388 nm (Ehν = 3.20 eV). Cooling the precursor anions with COAT resulted in the elimination of the autodetachment of vibrationally excited [image: image] produced by the photodissociation [image: image] + hν → O + [image: image](v ≥ 4). Under heating conditions, a lower limit temperature for the anions was determined to be 1,500 K through Franck-Condon simulations of the photodetachment spectrum of [image: image], considering a significant fraction of the ions undergo photodissociation in competition with photodetachment. The ability to cool or heat ions by varying ion injection and trapping duration in COAT provides a new flexibility for studying the spectroscopy of cold ions as well as thermally activated processes.
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INTRODUCTION

Measurements of energy partitioning for neutral dissociation processes provide significant insights into the chemistry of transient species, providing benchmarks for understanding reaction dynamics (Johnson et al., 2014; Otto et al., 2014a). Experimentally, such measurements are challenging due to the complexity of potential energy surfaces and require spectroscopic probes for all resulting products of a photo-induced process. Anion photodetachment coupled with photoelectron-photofragment coincidence (PPC) spectroscopy provides a broad overview of the reaction dynamics at a fixed photon energy. The photoelectron kinetic energy (eKE) spectrum encodes the distribution of potential energies on the nascent neutral surface, and the corresponding eKE-resolved kinetic energy release (KER) spectra for the neutral products provides a measure of the subsequent dissociation mechanism. In addition, the ability to distinguish photodetachment processes that yield stable neutral products as opposed to dissociative photodetachment (DPD) provides valuable information. However, internal excitation in the precursor anions yields congested PPC spectra (Corderman and Lineberger, 1979; Hock et al., 2012; Boyarkin and Kopysov, 2014; Johnson et al., 2014) leaving ambiguity in the energy available to the neutral fragments in DPD processes. Preparation of precursor anions with known internal energies greatly enhances the ability to determine the energy partitioning for the dissociative pathways. In an effort to better control the internal excitation of precursor anions, a cryogenic octopole accumulation trap (COAT) has been coupled to an existing photoelectron-photofragment coincidence (PPC) spectrometer enabling the preparation of both hot and cold precursor anions as demonstrated through PPC spectroscopy of [image: image].

Spectroscopic studies of ions with high internal excitation yields complex and congested spectra, often obscuring features that yield information about reaction dynamics. Supersonic expansions have been broadly applied in gas-phase experiments for producing molecules with vibrational temperatures below 100 K and rotational temperatures below 20 K (Smalley et al., 1977). Unfortunately, the ionization process itself can induce significant amounts of internal energy, resulting in system-dependent cooling efficacy (Sanz et al., 2005; Johnson et al., 2014; Shen et al., 2014). Previously in PPC experiments, progress was made in the preparation of colder ions by implementing an electrostatic ion beam trap (EIBT). This decoupled the kHz PPC measurements in the EIBT from the pulsed ion source, allowing for a low-repetition rate (10 Hz) for more effective cooling in stronger supersonic expansions. This was demonstrated on small molecules such as HOCO−, giving a detailed characterization of deep tunneling involved in the dissociation of cis-HOCO to H + CO2 (Johnson et al., 2011). Unfortunately, larger ions such as tert-butoxide ((CH3)3CO−) are not efficiently cooled in a supersonic expansion. This results in observed dissociation dynamics only accessible through non-Boltzmann population of highly vibrationally excited anions (Shen et al., 2014). Results like these have motivated the search for improved methods for producing cold anions in kHz repetition-rate PPC experiments.

Various methods of preparing cold anions were considered for the PPC spectrometer including buffer-gas-cooled radiofrequency (RF) ion traps. Due to the low-duty cycle, a RF ion trap alone is not an ideal approach to performing PPC measurements. PPC measurements provide kinematically complete information on events that lead to a free electron and momentum-matched neutral products detected in coincidence, so a high duty cycle and low event rate are required to minimize contamination from false coincidences (Continetti, 1998, 2001; Stert et al., 1999). Addition of the EIBT to the PPC spectrometer decoupled the source duty cycle from the photodetachment laser interaction duty cycle through the recycling of ions within the EIBT. This allowed the source repetition rate to be reduced to 10 Hz, while maintaining the high PPC data acquisition duty cycle (1 kHz) required to carry out successful multi-particle coincidence experiments. The decoupling of the ion source and EIBT duty cycles paved the way for application of a low-repetition-rate cryogenic radiofrequency (RF) trap as a method for cooling ions prior to PPC measurements.

RF ion traps have been proven to be a robust method of storing and cooling ions via collisions with cold buffer gas and have been extensively used in cooling clusters and larger biomolecules (Gerlich, 1995; Jasik et al., 2013; Redwine et al., 2013; Boyarkin and Kopysov, 2014). The cooling ability of the RF trap is limited not only by the temperature of the ion trap, but also by ion heating induced by the RF electric field (Gerlich, 1995). Within a RF trap, ion oscillation at the frequency of the RF field causes heating through collisions with the buffer gas. The oscillation is highly dependent on the effective potential (Veff) within the trap. Quadrupole traps have a parabolic effective potential, and the large field-induced gradient is expected to lead to a propensity for significant RF heating. Increasing the order (number of electrodes) for a linear RF trap creates an effective potential with a smaller radial field gradient through the flattening of the minima. Gerlich et al. demonstrated with a 22-pole trap that this creates a steep rise in potential near the RF rods (Gerlich, 1995). This allows for a larger area in the center of the trap relatively free of RF heating within which the ions are confined. In the present application, RF ion traps provide flexibility in the preparation of ions for PPC spectroscopy by allowing for cooling as well as heating of ions. The production of cold anions allows for more clearly defined ion energetics for the subsequent study of photo-induced processes. Alternatively, the ability to collisionally heat the ions allows investigation of the effects of internal excitation on dissociation dynamics and thermally activated processes.

To demonstrate the effectiveness of COAT, PPC spectroscopy was performed on [image: image] at 388 nm (Ehν = 3.20 eV), just below the threshold for autodetachment of [image: image](v ≥ 4) products which result from the photodissociation of [image: image]. The photoelectron spectrum of [image: image] at Ehν = 3.20 eV show three concurrent photophysical processes: (1) photodetachment O3– + hν → O3 + e−; (2) photodissociation/autodetachment [image: image] + hν → [image: image](2Π) + O(3P), and (3) photodissociation [image: image] + hν → O−(2P) + O2([image: image]) followed by the photodetachment O−(2P) + hν → O(3P) by a second photon. While all three processes are influenced by the internal excitation of the precursor anion, the most striking effect is observed in process (2). It is well-known that vibrational excitation of [image: image] > 4 quanta results in autodetachment of the electron yielding O2([image: image]) (Allan et al., 1996a; Matejcik et al., 1996; Goebbert and Sanov, 2009). Jarrold et al. recently observed the autodetachment of [image: image] as a result of photofragmentation of [image: image] to [image: image] (v > 4) + O at 355 nm (Ehν = 3.49 eV) photon energy (Nestmann et al., 2005), and this process was further characterized at Ehν = 3.20 eV in an initial report from our laboratory (Shen et al., 2017). The onset for the autodetachment channel lies 3.24 eV above [image: image]([image: image]B1) as shown in Figure 1. Access to the autodetachment channel is therefore energetically accessible only when the precursor anion ([image: image]) is vibrationally excited, making this an ideal candidate for testing the capabilities of COAT. The design and application of COAT in PPC spectroscopy is discussed in detail in the following sections, using [image: image] as an example of the ability to prepare either cold or hot ions to exert control over product channel pathways.


[image: image]

FIGURE 1. The energetics of available pathways relative to ground state [image: image] following photoabsorption at Ehν = 3.20 eV (Novick et al., 1979; Arnold et al., 1994), including the Feshbach resonance identified in DEA studies (Allan et al., 1996a; Rangwala et al., 1999), O2 energetics (Ervin et al., 2003), and relevant excited states of [image: image] (Cui and Morokuma, 1998). Dashed horizontal red lines indicate internal excitation in the anion resulting in opening the otherwise energetically inaccessible autodetachment channel.



EXPERIMENTAL SETUP

The cryo-PPC spectrometer (Johnson et al., 2011) has been modified to include a new source chamber and a cryogenic octopole accumulation trap (COAT) as shown in Figure 2. The new modifications can be divided into three sections discussed in detail below: ion source, COAT trap design, and COAT operation.


[image: image]

FIGURE 2. Overview of the modified PPC spectrometer incorporating a new source and COAT. Labeled sections are as follows: (1) Source with pulsed valve/discharge assembly with Wiley-McLaren-style extraction. (2) COAT (3) Acceleration stack with potential switch. (4) Electrostatic chopper. (5) Pre-EIBT ion detector. (6) Electron Detector / EIBT. (7) Post-EIBT ion detector. (8) Neutral particle detector.



Ion Source

A new source chamber was added to the existing PPC spectrometer to house a piezoelectric pulsed valve (PPV) with coaxial discharge plates and a Wiley-McLaren style mass spectrometer. This source chamber is pumped by an Edwards NEXT240 turbomolecular pump maintaining 10−4 mbar pressure during operation. Ions are generated in a supersonic expansion from the PPV with a 1 keV electron beam counter-propagating down the expansion, oriented perpendicular to the ion beam axis of the PPC spectrometer. The ions are extracted from the expansion using three pulsed electrodes in a Wiley-McLaren configuration (Wiley and McLaren, 1955). A gear system was constructed to allow the distance between the PPV and the Wiley-McLaren plates to be adjusted, enabling extraction of different portions of the supersonic expansion. The first two plates (14 cm outside diameter with 2 cm inner diameter apertures) are spaced 6 cm apart between which the supersonic expansion propagates. The plates are pulsed with negative potentials giving ions an average of ~225 eV translational kinetic energy while the third plate is typically held at −30 V. The ions are then guided through six focusing lens elements and one set of deflectors into COAT in the next chamber.

Coat Trap Design

COAT is a linear octopole trap, as shown in Figure 3, based on a similar design used by Wester et al. (Otto et al., 2012). These devices have been known to be effective at cooling both external and internal degrees of freedom via buffer gas collisions (Gerlich, 1992; Wester, 2009; Otto et al., 2012; Redwine et al., 2013). For linear RF traps, the effective radial field is Veff(r) ∞ rn−2, where r is the radius and n is the number of poles (Gerlich, 1992, 1995). The Veff plays a critical role in determining the trapping volume, as mentioned previously. An octopole configuration provides an optimal compromise in trapping volume by confining the ions along a smaller radius from the center of the trap, while still allowing for facile extraction of the ions. This also allows for maximal laser overlap with the trapped ions for future IR excitation experiments.
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FIGURE 3. Cross sectional view of the COAT assembly. Labeled components are as follows: (1) Entrance lens. (2) Entrance endcap. (3) RF rods. (4) Exit endcap. (5) Exit lens. (6) RF rod mount. (7) Shaping electrodes. (8) Buffer gas shield. (9) Thermal radiation shield. (10) Sapphire insulation. (11) Macor spacers.



The octopole trap is composed of RF rods with a 2.5 mm diameter arranged in a cylindrical array, with an inscribed inner diameter of 7.5 mm. The assembly (Figure 3) consists of four cylindrical rods mounted to each RF mount and assembled such that adjacent rods are mounted on opposing rod mounts. The trapping of ions in the radial direction is achieved by applying opposite RF phase to each RF rod mount giving adjacent cylindrical rods an alternating RF phase, generating an octopole field with a 4 MHz, 320 volt peak-to-peak RF waveform produced by a home-built RF generator (Jones et al., 1997; Jones and Anderson, 2000). Longitudinal confinement is achieved by endcaps on both sides of COAT with a 6 mm diameter opening which can be switched, using home built high voltage MOSFET switches, for loading, trapping, and extracting ions. Three equally spaced shaping electrodes surround the RF rods and, with limited field penetration, generate a potential field ramp to bias longitudinal storage of ions toward the exit endcap of the trap. The RF mounts, as well as the shaping electrodes, are all electrically isolated from the copper base of the trap by sapphire plates, taking advantage of sapphire's high thermal conductivity at cryogenic temperatures. The RF mounts along with a buffer gas shield surrounds the rods and shaping electrodes to provide a cold closed environment for collisional cooling. A thin layer of Apiezon N is used between all areas of mechanical contact to improve thermal conductivity at cryogenic temperatures.

The entire trap is mounted on a heating block that allows for variable temperatures between ~10 and 300 K via heaters clamped around the heating block. The heating block, in turn, is mounted to the 2nd stage of a Sumitomo RDK-205D 4K Cryocooler cold head. COAT can be cooled to ~17 K as measured by a silicon diode (LakeShore DT-471-CO) though it is an upper limit as H2 freezes onto the electrodes of COAT indicating an inner surface temperature of ~10 K. The 1st stage of the cold head is mounted to a thermal radiation shield (37 K) that encloses COAT. The buffer gas is pre-cooled to ~40 K through a 3 mm diameter copper tube in thermal contact with the 1st stage of the cold head prior to injection into COAT through a hole in the base of the trap. The entire assembly is mounted on a movable flange on top of the COAT chamber allowing for the COAT to be aligned or moved out of the ion beam-line axis.

Coat Operation

COAT is generally operated in one of three modes: cooling, heating or accumulation. The ability to heat and cool ions comes from controlling the initial translational energy of the precursor ions as they enter into COAT, as well as adjusting the duration of trapping. To reduce the initial translational energy of the ions entering the trap, the entire trap assembly is floated at an appropriate DC potential, and the incoming ions are focused into the trap using an entrance lens element. To further facilitate trapping and cooling of the ions, a pulse of pre-cooled buffer gas generated with a Gerlich-type valve (Gerlich et al., 2019) is used to raise the pressure in the trap to ~10−2 mbar prior to ion injection. Upon entering, the ions collide with buffer gas, further reducing translational kinetic energy, and trapping them within COAT.

All source timing signals are controlled by a Stanford Research DG645 digital delay generator triggered by and prescaled to 1/100th of the laser repetition rate (1,037 Hz) while all COAT timings are controlled by a Quantum Composer 9,518 digital delay generator triggered off the prescaled signal. These timings control what mode COAT is run in: accumulation, cooling, or heating. In accumulation mode, the entrance endcap can be held at constant trapping voltage to facilitate accumulation of ions over multiple ion generation cycles. This can be synchronized with a faster rate of ion generation (20 Hz) and/or coupled with a longer EIBT trap time. In accumulation mode, only cold ions are available since most of the ions are trapped for a long period. In cooling and heating mode, the entrance endcap is switched from an attractive potential while loading ions to a repulsive potential to trap ions. This maximizes the quantity of ions entering the trap for a single cycle. A typical map of voltages on the essential elements is shown in Figure 4 for the cooling/heating mode.


[image: image]

FIGURE 4. A voltage map for the new source is shown indicating typical voltages ions experience (not to scale). The red lines indicate the voltages for the Wiley McLaren extraction. Within COAT, there are three distinct stages of performance: ion loading (light blue), trapping (purple), and extraction (dark blue). The green line indicates the voltage of the entrance to the acceleration stage.



Within COAT, the ions undergo collisional cooling with the buffer gas for a pre-set period of time determined by whether or not vibrationally excited ions are desired. Shorter trapping time limits the thermalization and cooling of the ions, allowing the preparation of hotter ions. Increasing the trapping time allows thermalization of the trapped ions to the temperature of COAT. Similar traps have shown thermalization of the anions under similar pressures (~10−2 mbar) within 30 ms (Hock et al., 2012). Due to coupling with our EIBT, a trapping time of 80 ms is typical for maximizing the cooling time while still maintaining a 10 Hz duty cycle. After the set trapping time, the exit endcap is switched to an attractive potential to extract the ions from within COAT, and the ions guided into the next portion of the apparatus with three focusing elements.

The ions are then directed into a differentially pumped chamber where they are accelerated to a kinetic energy of 7 keV, re-referenced to ground (Figure 2, region 3), and mass selected by time of flight (Figure 2, region 4) for trapping within a cryogenically cooled electrostatic ion beam trap (EIBT) for 100 ms (Figure 2, region 6). This aspect of the experiment has been described in detail previously (Johnson et al., 2011). Within the EIBT, the ion packet is bunched and phase-locked to a 387.8 nm (Ehν = 3.20 eV) laser pulse from a Ti:Sapphire regenerative amplifier (Clark MXR CPA-2000; 1.2 ps pulse width) at a repetition rate of 1,037 Hz using a field-programmable-gate-array-synced RF function generator (HP 3325). The oscillating ion packet interacts with the laser repeatedly over a 100 ms trapping period per experimental cycle, and the electron and neutral products are measured. The laser fluence is modulated by using a single 0.5 m focal length lens for high power density measurements vs. collimation with a 2.5:1 telescope on the 3.5 mm-diameter doubled output beam of the Ti:Sapphire laser. The power density for the collimated laser was estimated to be 2 × 109 W/cm2 with the focused laser approximately 100x greater. Detached electrons are orthogonally extracted and mapped via velocity map imaging to a time and position sensitive detector. The center-of-mass eKE is determined from the three-dimensional electron velocity vector. Optimal resolution is achieved through selection of electrons with minimal z-velocities perpendicular to the detection plane as determined by the TOF of the center-of-mass for photoelectron detection by equatorially slicing the photoelectron spectra. This effect of slicing on the intensities in the photoelectron spectra was corrected for by dividing the sliced photoelectron spectrum by the energy-dependent acceptance function of the z-velocity slice (Bowen and Continetti, 2004). Calibration of [image: image] photoelectron spectra as well as the O− 2-photon events observed in the present experiments indicate ΔeKE/eKE ~4% full-width-at-half-maximum (FWHM) at 1.74 eV for O−. After photodetachment, the resulting neutrals, no longer trapped within the EIBT, exit and impinge on a multiparticle time-and position-sensitive detector 1.3 m away from the laser interaction region (region 8), allowing determination of the product mass ratio and kinetic energy release (KER) for each event.

RESULTS

The capabilities of COAT are demonstrated here by comparing the signatures of the three concurrent photophysical channels occurring at Ehν = 3.20 eV in the photoelectron spectra of [image: image]: (1) photodetachment [image: image] + hν → O3 + e−, (2) photodissociation/autodetachment [image: image] + hν → [image: image]([image: image]) + O(3P), and (3) photodissociation [image: image] + hν → O−(2P) + O2([image: image]) followed by the photodetachment O−(2P) + hν → O(3P) by a second photon. The primary spectroscopic feature of channel (1) is a structured photoelectron spectrum in the 0.30–1.50 eV eKE range (Novick et al., 1979; Arnold et al., 1994; Garner et al., 1997; Mann et al., 2015). Channel (2) is observed in the spectra as a structured signal at low eKE (0.0–0.4 eV) originating from sequential autodetachment of [image: image](v″ > 4). In addition, at high laser fluence there is also a 2-photon [image: image](v″ < 4) signal, observed as a broad baseline extending out to near the photon energy, produced by channel (2). In the second ion photodissociation channel (3), the photodissociation of [image: image] results in stable O−, which is then photodetached at high laser fluence and results in a peak at eKE = 1.74 eV. The effective laser fluence was changed in order to distinguish one and two photon processes. The features from these three channels exhibit varying intensities with different COAT temperatures, trapping times, and buffer gas identity. These features will be compared and interpreted with a temperature estimate for the photodetachment channel using a Franck-Condon simulation. Under no buffer gas conditions, as seen in the upper panel of Figure 5 (purple trace) and the upper panel of Figure 6 (black trace) no collisional heating or cooling takes place, which will be used as a reference for the initial internal excitation of the trapped anions.


[image: image]

FIGURE 5. The total photoelectron spectrum for [image: image] with different buffer gas and laser configurations is shown. Top panel (high laser fluence): spectra collected without buffer gas (purple trace), with H2/He buffer gas (blue trace) and with neat He buffer gas (black trace). Bottom panel (low laser fluence): Both [image: image] spectra collected at 17 K with 80 ms trapping time with either neat He buffer gas (black trace) or H2/He buffer gas (blue trace).
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FIGURE 6. The total photoelectron spectrum for [image: image] with different temperatures, trap times, and laser configurations is shown. Top panel (high laser fluence): Spectra collected with short trapping times (500 μs) with higher (red trace) and lower (purple trace) entrance lens acceleration compared to no buffer gas (black trace). Bottom panel (low laser fluence): Short trapping time at cold temperatures (800 μs, 17 K, neat He buffer gas) shown in brown, longer trapping times at room temperature (30 ms, 300 K, neat He buffer gas) shown in black, long trapping times at cold temperatures (80 ms, 17 K, H2/He buffer gas) shown in blue.



Cooling

Over the course of an ion trapping cycle, ions within COAT collide with the pre-cooled buffer gas to remove both translational kinetic energy and internal energy, making the cooling performance dependent on buffer gas density and identity. The effects of varying buffer gas conditions can be seen in the total photoelectron spectra (electrons in coincidence with both dissociative products and stable O3) in Figure 5. The peaks at low eKE (0.07, 0.19, and 0.32 eV) originate from the photodissociation/autodetachment [image: image] + hν → [image: image](2Π) + O(3P) pathway (2) via photoexcitation to the 2A2 excited state as previously reported (Mann et al., 2015; Shen et al., 2017). At Ehν = 3.20 eV, access to [image: image](v″ = 4,5,6) is energetically forbidden without vibrational excitation of [image: image], as shown in the energetics diagram in Figure 1, so observation of vibrationally auto detaching [image: image] provides a sensitive test of parent anion internal energy. The peaks at eKE = 0.07 and 0.19 eV correspond to the vibrational autodetachment of O2(v′ = 0) + e− ← [image: image](v″ = 4,5) and are most prominent under no buffer gas conditions, indicating significant initial vibrational excitation in [image: image].

Trapping the ions for 80 ms in COAT at a temperature <17 K significantly reduces the autodetachment channel when neat He (black trace) buffer gas was used and the channel is effectively eliminated when a 20:80 H2/He (blue trace) buffer gas mix was used. The temperatures noted are the measured temperatures of COAT, but their relation to the ion temperature is dependent on the duration of trapping to allow for thermalization. Even with longer trapping times there may be non-Boltzmann distributions of excitation in high-frequency vibrations. The 20:80 H2/He buffer gas mix cools the precursor ions more effectively than neat He due to collisional cooling being more effective with lighter buffer gases (Moriwaki et al., 1992, 1996). The empirical efficacy of He/H2 gas mixtures for collisional cooling was first reported by Wang et al. in photoelectron spectroscopy studies (Wang and Wang, 2008), and has also been found to be effective in other systems (Kamrath et al., 2011; Hock et al., 2012), including [image: image] as shown here.

The feature at 1.74 eV eKE is a result of (3) photodissociation [image: image] + hν → O−(2P) + O2([image: image]) followed by sequential photodetachment O−(2P) + hν → O(3P) (Shen et al., 2017). As shown in the upper panel (Figure 5), using a focused laser the O− photodetachment signal is much stronger, while use of a collimated laser caused a significant decrease in this two photon signal, increasing the sensitivity to the hot bands in the stable channel. Upon cooling (Figure 5, upper panel, black line), the fraction of events resulting in channel (3) is reduced compared to the no-buffer-gas conditions (purple line) under similar laser fluence. The reduction in the signal under the H2/He condition is due to lower laser fluence rather than an effect of cooling.

The dominant channel observed in the total photoelectron spectra is the photodetachment (1) [image: image] + hν → O3 + e− yielding a structured photoelectron spectrum in the eKE range between 0.30 and 1.50 eV as shown in Figure 5. The photoelectron spectra are consistent with the electron affinity (EA) of O3 previously determined to be 2.10 eV and a Franck-Condon vibrational progression in the totally symmetric v1 and v2 modes of the O3([image: image]A1) ground state (Arnold et al., 1994). The vibrational energies for [image: image] have been previously reported (Arnold et al., 1994) and are summarized in Table 1 with the [image: image] hot band location annotated in Figure 5. Under the coldest conditions, the [image: image] hot band is within the noise of the spectra indicating little if any population in the ν1 mode of [image: image]. Franck-Condon simulations (Figure 7) for the stable (1) [image: image] + hν → O3 + e− channel have been carried out with PESCAL (Ervin et al., 1988) using single point calculations in Gaussian 03 (Frisch et al., 2004) with previously reported geometries (Arnold et al., 1994; Liang et al., 2007) and frequencies (Table 1) (Arnold et al., 1994). The Franck-Condon factors were calculated using the independent Morse oscillator approximation due to the strong effects of anharmonicity for transitions to high vibrational levels of O3. The simulated spectra were generated by convolving the stick spectra with a Gaussian convolution consistent with the 4% ΔeKE/eKE resolution. The stick spectra were calculated at 0 K in all modes for cold conditions (top panel, ν1, ν2, ν3 = 0 K) and a Boltzmann distribution for hot conditions (bottom panel, ν1 = 2,000 K ν2 = 1,500 K ν3 = 0 K). The dominant progression is the ν1 symmetric stretch populating O3 vibrational states from ν1 = 0 to ν1 = 5 with the minor progression being combination bands of ν2 = 1 with ν1 = 0 to ν1 = 5. The temperature of ν3 was found to have no significant contribution to the spectra, consistent with previous assignments (Arnold et al., 1994), and was therefore left at 0 K. The 0 K simulation provides an acceptable match to the photoelectron spectrum under optimal cold conditions.


Table 1. Vibrational energies used in Franck-Condon simulation (Arnold et al., 1994).
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FIGURE 7. Top panel: Coldest [image: image] spectrum, shown in black (80 ms Trap H2/He buffer gas) with Franck-Condon simulation (blue trace) assuming a 0 K ion temperature. Bottom panel: hottest [image: image] spectrum, shown in black (500 μs, He buffer gas, high accel) with Franck-Condon simulations assuming v1 = 2,000 K and v2 = 1,500 K. The vibrational combs indicate the dominant transitions with the dashed comb indicating hot bands. Both simulations were Gaussian convoluted to generate the simulated spectra, shown in red.



Overall COAT demonstrates the ability to thermalize the ions to a temperature cooler than through the use of supersonic expansion alone. This is consistent with similar accumulation traps that have been demonstrated to be effective at cooling and thermalizing both small (Hock et al., 2012) and large molecules (Boyarkin and Kopysov, 2014). As also found by other research groups (Wang and Wang, 2008; Hock et al., 2012), the degree of cooling is dependent on the buffer gas with the mixture of He/H2 being found to be more effective than neat He. The difference is observed as the suppression of pathway (2) and the significant reduction of pathway (3).

Heating

Upon loading into COAT, precursor anions collide with the buffer gas transforming translational kinetic energy into rovibrational heating of the ions. Total photoelectron spectra under various heating conditions are shown in Figure 6 in contrast to the cooling conditions shown in Figure 5. These spectra are scaled to the 0–0 peak in the photodetachment channel (1) to more clearly distinguish the relative differences in dissociative events. Autodetachment peaks corresponding to electrons arising from [image: image](v″ = 4, 5, and 6), with peaks located at 0.07, 0.19, and 0.32 eV respectively, are clearly resolved under all hot conditions. While v″ = 4 is observed under the conditions of no buffer gas (Figure 6), top panel, black trace), a significant enhancement in intensity of the [image: image](v″ = 5,6) is observed under all hot COAT conditions (Figure 6). The sensitivity of the autodetachment channel to [image: image] vibrational excitation infers a strong coupling of vibrational excitation within the 2A2 excited state to highly vibrationally excited products (Shen et al., 2017). The expansion of the parent anion wavefunction upon vibrational excitation of [image: image] may lead to an increase in Franck-Condon overlap with the 2A2 excited state.

The ability to influence the dissociative pathways through heating the precursor ions is further demonstrated with channel (3). The 2-photon process is enhanced upon heating at similar laser power density. Under no buffer gas conditions (Figure 6), top panel, black trace) the amplitude for the O− photodetachment is lower than under heating conditions (red and purple traces). This is consistent with increased FC overlap with the 2A2 state upon photoexcitation increasing the fraction of events from channels (2) and (3). The primary parameters affecting the heating of the ions are settings that affect the kinetic energy of the precursor anion, and trapping times. Settings such as Wiley-McLaren ion extraction voltage, the COAT float voltage, as well as the COAT entrance lens voltage can increase the temperatures of the ions by accelerating to larger translational energies just prior to initial collisions within COAT.

The hottest conditions (Figure 6), upper panel, red trace) were achieved with a combination of short trapping time (500 μs), He buffer gas, and accelerating ions with the entrance lens just before trapping. This resulted in a significantly larger contribution from the autodetachment channel (2) as well as the O− photodissociation channel (3) with the 2-photon O− signal amplitude dominating over the stable channel. Reducing the entrance lens acceleration voltage (by ~50 V) under the same source conditions (upper panel, purple line) still shows significant heating, but to a lesser degree as indicated by the amplitude of the autodetachment signal. The increased spectral congestion with the autodetachment channel is due to autodetachment to O2(v′ > 0), which has been previously reported in electron scattering experiments at high incident electron kinetic energy (Allan et al., 1996b). The dominant autodetachment channel produces O2(v′ = 0) + e− even as the precursor ions are heated to a higher degree, as evidenced by the resolved [image: image](v″ = 4,5,6) autodetachment peaks. This is in contrast to the DEA experiments carried out by Allan et al. where the distribution of autodetached electrons originate almost equally from the O2(v′ = 0) as from O2(v′ = 1) products as the impact electron kinetic energy increases. The difference may be a result of the internal energy distribution in collisionally activated precursor anions compared to the well-defined impact electron energy in the DEA experiments (Allan et al., 1996b). The increase in precursor ion temperatures does not appear to significantly increase the 2-photon signal from [image: image](v″ < 4).

Under collimated laser conditions, the shortened trapping time of 800 μs in COAT (Figure 6), lower panel, brown trace) yields a larger distribution of autodetachment electrons as well as hot bands in contrast to the cold spectra (Figure 6), lower panel, blue trace). This indicates a higher average ion temperature than the ions thermalized for 30 ms at 300 K as shown in Figure 6 (bottom panel, black trace). Upon heating, the stable channel shows a significant increase in photodetachment hot bands, particularly for the [image: image] and [image: image] transitions. The amplitude for the hot bands in the bottom panel of Figure 6 is consistent with the expected trend from the amplitude of the autodetachment channel, with the shorter 800 μs trapping time exhibiting prominent peaks for [image: image] and [image: image] hot bands. In the hottest spectrum (Figure 6), top panel, red trace) it can be seen that the [image: image] hot band is nearly half the amplitude of the 0–0 transition in that spectrum. Additionally, a significant increase in spectral congestion due to sequence bands is observed, most notably in the hottest spectrum where the [image: image] peak exhibits the largest amplitude in the stable spectra.

A Franck-Condon simulation with the temperature of the vibrational modes set to ν1 = 2,000 K, ν2 = 1,500 K is shown in Figure 7, providing an estimate for the temperature of the ions under the hottest conditions observed. These temperatures should be considered a lower limit to the ion temperature given that a significant fraction of the ions undergo photodissociation, which is not taken into consideration in the simulation. The temperature difference in vibrational modes is explained by the expected non-Boltzmann distribution of vibrational excitation due to collisional heating as well as the opening of the photodissociation/autodetachment pathway with parent ion vibrational excitation. This excitation introduces competition between the stable and dissociative channels. Additionally, it has been found that the bending mode (ν2) significantly contributes to channel (2) (Shen et al., 2017). The sequence bands shown in the Franck-Condon simulation show that significant spectral congestion is caused by transitions from excitation of the ν1 and ν2 modes with up to three quanta of excitation in the precursor anion.

The heating of ions using COAT is shown to have a dependency on the voltage settings just prior to their entry into COAT, as well as the trapping duration. Increasing the kinetic energy of the ions prior to their entry into COAT and shorter trapping times resulted in hotter ions. In the case of ozonide, pathways (2) and (3) are significantly increased along with an increase in spectral congestion for pathway (1). This demonstrates an effective way to exert control over the ion temperature to examine the effects of internal excitation on dissociation dynamics and thermally activated processes.

CONCLUSIONS

The addition of COAT to the PPC spectrometer enables the preparation of colder anions than achievable with a supersonic expansion alone, as well as the preparation of collisionally heated ions in a controlled manner. The elimination of the photodissociation/autodetachment channel (2) [image: image] + hν → [image: image]([image: image], v > 4) + O(3P) channel demonstrates the ability for COAT to internally cool precursor anions. The enhancement of both channels (2) and (3) [image: image] + hν → O−(2P) + O2([image: image]), as well as the appearance of hot bands in the photoelectron spectrum for channel (1), indicate that varying trapping conditions can also be used to produce hot precursor anions. Most importantly, COAT has demonstrated the ability to influence the dissociation dynamics of [image: image]. Cooling precursor ions to their vibrational ground states will be invaluable in future experiments, including studies of much larger systems that have not been sufficiently cooled by supersonic expansion alone, such as the tert-butoxide anion (Shen et al., 2014). Well-characterized anion temperatures will also be integral for further laser excitation experiments, where the effects of direct infrared excitation of specific modes will be examined (Otto et al., 2014a,b; Ray et al., 2017). Of particular interest is cooling HOCO anions to their vibrational ground state prior to infrared photoexcitation. This will extend the work conducted on this system by studying how product branching ratios between OH + CO and H + CO2 as well as tunneling rates for HOCO → H + CO2 are impacted by controlled anion excitation (Lu et al., 2007; Johnson et al., 2014). Additionally, the ability to heat ions through collisional excitation can provide an approach for examination of thermally activated processes, providing increased flexibility in PPC spectroscopy.
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