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High-resolution ion and electron imaging techniques have been used to explore a series of problems in

the reaction dynamics of gas phase ions. These have applications ranging from fundamental dynamical

studies to atmospheric chemistry and astrochemistry. In this minireview we illustrate these approaches

with several examples from our recent work. We examine the conformationally- and vibrationally-

mediated photodissociation dynamics of propanal and ethylene cations, and show how these can reveal

reaction dynamics across multiple electronic potential surfaces of these molecules. Recent results for

methylamine cation photodissociation provide insight into the rich chemistry of the ionosphere of

Saturn’s great moon, Titan. The combination of high-resolution ion and photoelectron imaging,

REMPI spectroscopy and state-of-the-art ab initio calculations yields a powerful multifaceted

approach to studying photoionization and photofragmentation dynamics in ions.
Introduction

Dynamical studies of gas phase molecular cations have been

widely pursued for their fundamental interest as well as their

importance in atmospheric, astrochemical and biological prob-

lems. In one aspect of these investigations, state-prepared ion

photodissociation1–5 and ion-molecule reaction dynamics

studies6–12 have been used to explore aspects of the excited state

potential energy surfaces and product branching, initial align-

ment of the molecule and its impact on photoionization, and to

study vibrational mode-dependent reactivity. These studies are

analogous to the vibrationally-mediated studies of neutrals
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pursued notably by Crim, Rosenwaks and others.13–18 Two

general strategies have been used to prepare polyatomic cations

with initial excitation in different vibrational modes or in

different conformations: resonance-enhanced multiphoton ioni-

zation (REMPI)1–4 and mass-analyzed threshold ionization

(MATI) techniques.19 In a simple REMPI scheme, the vibra-

tional state or conformer selection in the cation can be achieved

by excitation of an intermediate Rydberg state followed by

ionization by an additional photon. This REMPI ionization

process will often produce singly-charged vibrational and

conformational states quite selectively because the state of the

ion that results is largely determined by the nature of the

Rydberg state that is initially excited. This is owing to the fact

that, in general, the geometry of the Rydberg state strongly

resembles the ion – after all, a Rydberg state is a molecule well on

its way to becoming an ion. The photoionization process itself

may be the subject of interest in some cases, or these state-

prepared ions may then be used for further study of reaction or

photodissociation dynamics. The recently developed DC sliced

ion-imaging technique20 is very well suited for these studies, as
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photolysis of the cations necessarily results in the formation of

charged photo-products that may be detected directly. Photo-

electron imaging is a powerful related technique that gives

structural and dynamical information on the prepared ions, and

also aids in assigning the observed REMPI spectra.21,22

Furthermore, photoelectron imaging may readily be performed

in any ion imaging apparatus simply by reversing the polarity of

the electrodes and adjusting the potential appropriately.

REMPI, photoelectron imaging and DC sliced ion imaging

techniques in conjunction provide a powerful approach to

understand the state-selective structural and photochemical

properties of ions.23,24 This minireview presents a snapshot of our

work over several years applying imaging methods to various

processes in the reaction dynamics of ions. We have used

these techniques to investigate mode selectivity in the photodis-

sociation of the ethylene cation (C2H4
+),25,26 and conformation-

ally-selective photodissociation dynamics in propanal,27,28

isobutanal23 and butanone24 cations, to study photoionization

processes and product branching in multiphoton ionization of

CO,29 to probe alignment effects and product branching in the

acetaldehyde cation,30 and to explore photoionization dynamics

in the methylamine cation.31 This work is strongly coupled to

theory, and indeed the strong interaction with theory is one of the

hallmarks of chemical dynamics investigations. Although our

chief focus is to explore fundamental dynamical issues, there are

sometimes immediate practical implications of these studies in

diverse areas such as atmospheric chemistry and astrochemistry,

as well as in biological chemistry. In this minireview, we will

discuss the photoionization/photodissociation of propanal,

ethylene and methylamine cations to illustrate these approaches.
Experimental approach

The experiments described here were performed in a unique

reflectron imaging machine that can be used in either reflectron

multimass or conventional velocity map/DC sliced or photo-

electron imaging mode. The apparatus has been described in
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detail elsewhere,32 and only a brief description is given here. The

machine is made up of a source chamber in which a pulsed

molecular beam is generated, and the main chamber, where the

ionization and photodissociation of polyatomic cations occurs.

For conventional velocity map imaging, a 120 cm long flight tube

is connected with the main source chamber. In the multimass

imaging setup there are two additional components in the main

chamber. First, a set of deflection plates in which a transverse

voltage pulse is used to induce mass separation. Second, after the

ions are spatially dispersed by mass, they enter a single stage

reflectron consisting of a stack of 36 electrodes. In this region, the

ions turn around due to the retarding field of the reflectron and

are redirected towards the detector through another field free

region. Finally, the ions with different mass-to-charge ratios

arrive at distinct positions on the surface of the position-sensitive

detector, and recoil velocity distributions and relative branching

may be obtained for multiple masses simultaneously. For

photoelectron imaging, or slice imaging of a single product mass,

the apparatus can be operated in a linear mode. In either

configuration, images of the ion impacts on the detector are

recorded using CCD camera in-house image acquisition soft-

ware, then transformed from velocity to translational energy.33
Preparation, characterization, and selective
photodissociation of ion conformers

Molecular conformational isomerism is central to a broad range

of chemical phenomena from protein folding34,35 to the devel-

opment of molecular motors,36–38 and the role of electronic

excitation in isomerization dynamics is central to the chemistry

of vision and photosynthetic systems.39 Perhaps surprisingly,

there has only been limited direct experimental evidence of

conformationally-selective photodynamics in the literature.19,40,41

To explore these issues, we used DC sliced ion imaging and

photoelectron imaging, in conjunction with theoretical calcula-

tions from the Martinez group, to characterize the different

conformers of the propanal cation, and to reveal surprising
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conformationally-selective photodissociation dynamics in this

system.28

Propanal exists in two different conformational forms, cis and

gauche, in which the cis form has a planar CCCO backbone,

while the gauche form has an out-of-plane carbonyl group. The

neutral gauche form is 270 to 400 cm�1 higher in energy than the

cis form and the transition barrier is 800 cm�1.42 However, while

the cations are similar in structure to the neutrals, the gauche

form cation is slightly lower in energy and the transition barrier

to the cis form is 344 cm�1.27 Furthermore, the Rydberg states

also have a large difference in energy, so resonant ionization may

readily be used to produce one ion or the other, even though both

neutral conformers are initially present in the molecular beam.

These experiments were performed for both ions and electrons

in the multimass imaging apparatus operated in the linear mode.

cis or gauche propanal was selectively prepared in a beam of

neutral propanal via the 3s Rydberg state on a two-photon

resonance (�370 nm) and ionized by a third photon.43 The cation

so produced largely remains in the same conformational and

vibrational level as the initially excited Rydberg state owing to

the similarities of the Rydberg and ion geometries. This ‘‘diag-

onal’’ ionization is documented by photoelectron imaging as

shown in Fig. 1.27 The photoelectron images and the photoelec-

tron kinetic energy distribution were measured for the cis and

gauche propanal ionization via the 3s Rydberg state at two-

photon energies of 53943.9 cm�1 and 54785.3 cm�1, respectively.

The image recorded on the cis origin of the 3s Rydberg state has

two sharp rings, while for that from the gauche origin of the 3s

Rydberg state, a single intense ring is prominent. The main peak

corresponding to the cis cation has 0.0325 eV of electron kinetic
Fig. 1 Photoelectron images and photoelectron kinetic energy distributions m

gauche transition at 54785.3 cm�1.

554 | Chem. Sci., 2010, 1, 552–560
energy, and is readily assigned to formation of the vibrational

ground level of the cis form of the ion. The second, cis photo-

electron peak, of much lower intensity, is shifted by about 29.8

meV (237 cm�1), from the vibrationless ground state of the cis

propanal cation, and is assigned to one quantum in the v15
+

(CCCO deformation) mode on the basis of the theoretical

predictions of the frequencies and the modes likely to be active in

the photoionization. For the gauche photoelectron data, a single

sharp peak at 0.242 eV is seen with very weak peaks at higher

binding energy. From the theoretical calculations, the peak

position for the vibrationless ions of the gauche conformer is

expected to be about 0.245 eV, which is in nice agreement with

the peak at 0.242 eV. This peak is thus assigned as the origin for

the gauche conformer cation. From our photoelectron spectra,

the vertical ionization potentials for the cis and gauche

conformers of propanal are determined to be 9.999(3) and

9.944(3) eV, which give a significant reduction in the associated

uncertainty from the earlier determination of 9.98 eV.44 From the

photoelectron imaging results, we conclude that the conformer

ion preparation takes place with >98% purity, and the vibra-

tional level preparation with >80% purity, following the initially

excited Rydberg level.

Fig. 2 shows ion images of the C3H5O+ product from the

dissociation of the cis (Fig. 2A) and gauche (Fig. 2B) propanal

cation in the ground vibrational level, and also for one quantum

(Fig. 2C) and two quanta excitation (Fig. 2D) of the v15
+ mode for

the cis form. Fig. 2E shows the translational energy distributions

of the cis and gauche conformers in the ground vibrational state

obtained from their respective images. In all images there appear

two rings: for the cis form there is one intense central ring and
easured for propanal via (A) the cis transition at 53943.9 cm�1 and (B) the

This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 Sliced ion images of the C3H5O+ product of propanal cation

photodissociation, starting from the indicated conformer and vibrational

level (A–D). (E) Total translational energy distributions from the images

in (A) to (D) for dissociation from the cis origin (red line) and gauche

origin (black line). (F) Equilibrium structures for the indicated propanal

cation conformers.
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a weak outer ring. For the gauche form, the outer ring is much

stronger. The translational energy distributions for the two

conformers thus each have two product peaks but with different

relative intensities. The faster component accounts for �18% of

the dissociation yield in the case of the cis conformer but�48% of

the dissociation yield for the gauche form. The other striking

feature of the images is the sharp truncation of the two rings on the

low energy side. This feature is characteristic of cases in which

slower-recoiling products, which have vibrational excitation

exceeding some threshold energy, undergo secondary decompo-

sition. Based on these observations, the two peaks can be assigned

to distinct product isomers. One of these is identified as the

propanoyl cation, CH3CH2CO+ + H, which has 2.9 eV available

energy as shown in Fig. 3A.45 The onset of secondary decompo-

sition of propanoyl, leading to ethyl cation + CO, is at �2.3 eV

above the ion ground level; therefore, propanoyl cations produced

with less than �1.1 eV of translational energy will undergo

additional fragmentation and will not appear in the C3H5O+ mass

images. This fragmentation accounts for the abrupt cut off of the

fast peak at translational energies lower than�1.1 eV, and allows
This journal is ª The Royal Society of Chemistry 2010
definitive assignment of the fast peak to the CH3CH2CO+ + H

channel. The other product isomer, identified as hydroxyallyl

cation, CH2CHCHOH+, has a higher energy threshold; therefore,

we expect this product to show a lower translational energy

release.46 Furthermore, this isomer has a secondary fragmentation

pathway to HCO+ + C2H4 with a threshold energy of �3.15 eV

above the cation origin. This indicates that hydroxyallyl cations

formed with less than �0.2 eV translation energy will undergo

fragmentation and will not appear at mass 57. Precisely this

behavior is observed for the slow peak; we therefore assign the

slow peak to the hydroxyallyl isomer.

Although we are able to assign these peaks to the two different

isomers clearly on the basis of energetics, to understand the

dramatically different branching ratios exhibited by the two

conformers, ab initio multiple spawning (AIMS) dynamical

calculations were performed by Tao and Martinez. In both

cation conformers, the singly occupied molecular orbital

(SOMO) in the ground electronic state is a nonbonding (n)

orbital primarily localized on the carbonyl group. The first

excited electronic state (D1), with a p SOMO, is dark, while the

second excited state (D2), with a s SOMO, is optically bright.

The experiment thus excites both conformers to D2. However, as

shown in Fig. 3B, the AIMS calculations show that decay from

D2 to D1 is extremely fast, with more than half of the population

undergoing internal conversion to D1 within 10 fs. This rapid and

efficient quenching stems from a conical intersection that

connects D2 and D1 very close to the initially excited geometries.

The key dynamics leading to conformer-specific behavior then

takes place on the D1 surface. There, the cis conformation has

a high probability of undergoing hydrogen migration to form

CH3CHCH2O+, which converts rapidly to the D0 state through

another conical intersection. On the ground state, H migration

from the methyl group to the O atom, followed by a loss of H

from C1, leads to the hydroxyallyl cation. The gauche confor-

mation instead more often undergoes methyl migration, as the

charge in this case is localized on the methyl carbon. When this

structure converts to D0, the methyl group reverts to the original

site, yielding an energetic propanal cation in the starting geom-

etry. Fig. 3C shows the key region of the D1 potential energy

surface containing the cis and gauche Franck–Condon points

(i.e., the geometry of maximum overlap between the excited state

and the ground state of the ion), the ridge connecting them, and

the two local D1 minima. The difference in slope for each of the

two pathways in each conformer is significant, and the distinct

product branching can be directly related to the gradient of the

D1 potential energy surface at the Franck–Condon point for

these two molecules. Thus, excitation of cis and gauche

conformers leads ultimately to different intermediate structures

in the ground state, which in turn fragment through chemically

distinct pathways to give the observed experimental results.

Dramatically different product branching ultimately seen on the

ground state is controlled by subtle differences in the excited state

potential surface leading to the two conical intersections.

Vibrational mediated photodissociation of the ethylene
cation

Vibrationally-mediated photodissociation is a powerful tool to

control unimolecular reaction dynamics and probe features of
Chem. Sci., 2010, 1, 552–560 | 555
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Fig. 3 (A) Energy level diagram for key isomers and products of propanal cation dissociation relative to the cation ground state. The excitation energy

is shown as a dashed line. (B) Electronic population for cis (left) and gauche (right) conformers of the propanal cation after photoexcitation to D2 from

AIMS calculations. (C) Two-dimensional cut of the D1 potential energy surface for the propanal cation showing reaction pathways from the Franck–

Condon points (shown as a solid circle for each of the cis and gauche conformers) to the hydrogen-migration and methyl-migration minima for cis and

gauche conformers.
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the ground and excited state potential surfaces.13–15 In this

approach, an initial vibrational level is prepared by infrared

excitation, opening Franck–Condon-mediated access to different

regions of the excited state surfaces. Using REMPI, analogous

vibrational state preparation in ions is possible as we have just

shown for conformational selectivity. This has been exploited to

great effect in ion-molecule reaction studies by Anderson and co-

workers.6–12 We illustrate this approach for ion photodissocia-

tion in a multimass imaging study of the dissociation of the

ethylene cation. The thresholds for H and H2 elimination from

open shell ethylene cation (X 2B3u) are very close in energy and

exhibit different correlations to the electronic states involved in

dissociation.47–53 We studied the photodissociation of the

ethylene cation using the reflectron multimass velocity map
556 | Chem. Sci., 2010, 1, 552–560
imaging apparatus to gain insight into the multisurface dynamics

in this system.

Multimass velocity map images for the photodissociation of

state selected C2H4
+, produced via the various vibronic bands of

(p, 3s) and (p, 3p) Rydberg states through (2 + 1) REMPI54 and

its translational energy derived from the images are shown in

Fig. 4. Photoelectron imaging experiments were also used to

confirm the nature of the initial state of the prepared ions, as

described in the preceding section for the propanal cation. In all

the images, the rightmost spot is the residual parent C2H4
+ ion as

it has no recoil velocity. The next two adjacent images are C2H3
+

and C2H2
+, respectively, which originate from H loss and H2 loss

following electronic excitation from the initial vibrational state

of the C2H4
+ ion. Photofragment images for the C2H3

+ and
This journal is ª The Royal Society of Chemistry 2010
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C2H2
+ are structureless and isotropic in nature, though careful

inspection shows subtle differences in the shape of the images for

the H and H2 loss channels originating from the different initial

vibrational states of C2H4
+. For all the transitions, the measured

translational energies for both H and H2 elimination channels

are small compared to the total available energy in the system; as

in the example of the 43 level where the average translational

energies for H and H2 loss channels are 0.21 eV and 0.10 eV,

respectively, compared to available energies of 1.0 and 1.08 eV

for these reactions.

A molecular dissociation process that takes place over

a significant ‘‘reverse barrier’’ typically peaks at a translational

energy some significant fraction of the barrier height. The barrier

generally represents Pauli repulsion of the newly formed mole-

cules created in close proximity. This repulsive potential energy is

then largely converted to recoil translational energy as the

dissociation takes place. In contrast, in a barrierless process such

as is seen, for example, when a bond simply breaks to form two
Fig. 4 Left: Photofragment images from the photodissociation of C2H4
+

produced by (2 + 1) REMPI through the (A): 41 (3s), (B): 2131 (3s), (C): 00

(3py), (D): 41(3pz), and (E): 00 (3px) vibrational levels, respectively. Top

right: Schematic potential energy diagrams for C2H4
+ adapted from ref.

34. Bottom right: The total translational energy distributions for both H

and H2 elimination channels.

This journal is ª The Royal Society of Chemistry 2010
radicals, the most probable translational energy is near zero. This

is because there are many more possible states when the energy is

partitioned into rotational and vibrational excitation of the

products than when it is all partitioned into translation. One

exception to this is for H atom elimination, in which often the

translational energy distribution peaks at some small non-zero

value owing to angular momentum effects.55,56 The translational

energy distributions thus can be used to gain insight into the

reaction paths and dynamics. One of the interesting features of

the ethylene cation dissociation is that all of the translational

energy distributions obtained for the H2 elimination channel

follow the typical statistical unimolecular decay pattern, which

represents the maximum intensity close to zero kinetic energy,

whereas the peaks are slightly shifted to higher kinetic energy for

H elimination. Therefore, the appearances of the P(ET) and the

isotropic angular distribution suggest that, for the H2 channel,

dissociation ultimately takes place on the ground electronic state

following internal conversion, consistent with Lorquet and co-

workers’50 theoretical results as shown in Fig. 4. Furthermore,

based on the experimental and theoretical results, the initially

excited ~B 2Ag excited state is believed to undergo rapid internal

conversion to the vibrationally excited electronic ground state ~x
2B3u through the ~C 2B2u or the Ã 2B3g state. After internal

conversion, the likely mechanism for H2 elimination is that, on

the ground electronic state, the system follows the reaction path

connecting a bridged intermediate structure to ethylidene

(CH3CH+) by hydrogen transfer. This ultimately leads to the

C2H2
+ + H2 dissociation by 1,1 elimination. For the H loss

mechanism, after internal conversion the vibrationally excited

C2H4
+ on the ground electronic state couples to the Ã 2B3g state

via conical intersection C as one of C–H bonds is stretched.

Finally, H elimination takes place along this nonadiabatic

pathway to give rise to the ground state C2H3
+. Alternatively, the

~B 2Ag state can undergo internal conversion to the Ã 2B3g state

directly. For the H atom product, the peak is slightly shifted from

zero, but previous studies showed no evidence of an exit channel

barrier correlating with the C2H3
+ + H channel along the C–H

stretching coordinate.50 As mentioned above, this peak away

from zero energy is not unusual for H elimination in barrierless

processes.

Branching ratios between the H and H2 elimination channels

were also measured from the direct integration of the images.

Branching to the H elimination channel increases with increasing

total energy, while the H2 elimination branching is favored by

pure torsional excitation (3pz, 42) and by its combination with

a C–C stretching mode (3s, 21 43) as compared to the vibration-

less excitation via the 3py 00 and 3pz 00 levels. These results

indicate that vibrational state selection of the ground electronic

state of C2H4
+ ( ~X 2B3u) has a significant effect upon the detailed

dissociation dynamics, likely by governing access to the coupling

regions in a fashion similar to that shown above for the propanal

cation.

Photodissociation of the methylamine cation and
Titan’s atmosphere

Titan’s ionosphere is of great current interest as it plays a crucial

role in the chemical and thermal balance of Titan’s upper

atmosphere, it establishes a link between Saturn’s magnetosphere
Chem. Sci., 2010, 1, 552–560 | 557
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Fig. 5 (A) Ion images and total translational energy distribution for (a)

m/z ¼ 30 (H loss) (b) m/z ¼ 29 (H2 loss) and (c) m/z ¼ 28 (H + H2) loss

channels of CH3NH2
+ dissociation at 41690 cm�1. (B) Potential energy

profiles for the dissociation pathways of CH3NH2
+. The energy values

given in bold were calculated at the CBS-APNO level of theory while

those in italics were calculated at the B3LYP/6-311 g(d, p) level of theory.
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and the dense neutral atmosphere of Titan,57–61 and it may play

an important role in the formation of Titan’s dense aerosol haze

layers. To explore the features of the ionosphere, the Cassini

space mission currently in the Saturnian system performed the

first in situ measurements with the Ion and Neutral Mass Spec-

trometer (INMS) experiment, and found the presence of a total

of 45 different ions in Titan’s ionosphere.62,63 The most abundant

ion detected, with m/z¼ 28, was assigned as HCNH+. After these

initial missions, several experimental and theoretical studies have

been performed which demonstrate the importance of HCNH+ in

many ion-neutral reactions, including those suspected in Titan’s

ionosphere. However, its formation mechanism and the details of

its role in the ionospheric chemistry have not been clearly

revealed.64,65 In order to understand the pathways involved in the

formation of HCNH+, and to investigate features of the ionic

potential energy surfaces relevant to nitrogen chemistry in

Titan’s ionosphere, we studied photodissociation of the

CH3NH2
+ cation using DC sliced ion imaging methods,

augmented by high-level (CBS-APNO) ab initio calculations

from Zhou and Schlegel et al.31

Fig. 5 shows the DC sliced images and translational energy

release derived from these images for the photodissociation

products of CH3NH2
+ at 41690 cm�1. The images are similar for

all channels except for the H2 loss channel, in which the image

appears to have a ‘‘hole’’ inside it. The hydrogen atom loss channel

from CH3NH2
+ has two possible pathways: (1) CH2NH2

+ + H and

(2) CH3NH+ + H. The translational energy release for hydrogen

loss has a peak around 0.4 eV and extends to 1.5 eV, which is

consistent with the calculations for the CH3NH+ + H channel,

having a maximum available energy of 1.5 eV. The CH2NH2
+

product has an available energy of 5.1 eV; however, the trans-

lational energy release is found to be between 0.1 and 1.5 eV,

which likely excludes this as the observed hydrogen loss product.

Rather, the agreement between experimental and theoretical

results suggests CH3NH+ is the product detected as the hydrogen

loss channel. The other possible product, CH2NH2
+, can further

dissociate to HCNH+ by direct H2 loss. The ab initio calculations

show this pathway has a barrier of 4.03 eV, which is within the

available energy of the primary CH2NH2
+ product. This suggests

that any CH2NH2
+ formed may further dissociate to HCNH+ +

H2, while the higher energy CH3NH+ is the H loss product

detected.

Direct H2 loss from CH3NH2
+ could follow two pathways, via

CH2NH+ or CHNH2
+. However, theoretical calculations of

Zhou and Schlegel show that only CH2NH+ + H2 is energetically

possible. The H2 loss image shows a dearth of low recoil energy

products. The translational energy release shows a peak around

0.5 to 1.9 eV, and extends out to 3 eV. This hole in the H2 loss

image may either correspond to an energy barrier for H2 loss

from CH3NH2
+ or it could be the result of secondary decom-

position of the primary products, just as for the propanal cation

discussed above. The only possible channel for H2 loss from

CH3NH2
+ is via the formation of CH2NH+, with a 3.7 eV barrier

to the process. This product has a 2.8 eV available energy after

the barrier, which is consistent with the translation energy release

plot for H2 loss shown in Fig. 5. This suggests that the hole in the

H2 loss image is due to the barrier for the H2 loss from the

CH3NH2
+ to CH2NH+. The CH2NH+ product can dissociate

further to HCNH+ + H via a barrier of 1.5 eV. This energy
558 | Chem. Sci., 2010, 1, 552–560
barrier from CH2NH+ to HCNH+ is less than the available

energy of 2.8 eV, though the available energy depends upon the

partitioning of energy in the exit channel. Even if the decay does

not allow the transfer of all excess energy to CH2NH+, the 1.7 eV

available energy in CH2NH+ is enough to overcome the barrier

for formation of the HCNH+ product. Fig. 5 also shows the

translational energy for H + H2 loss, which peaks around 0.7 eV

and extends to 3.0 eV, in good agreement with the maximum

available energy for the HCNH+ + H + H2 product of 3.1 eV.

This channel is thus associated to the HCNH+ product.

The branching ratio for these photofragmentation channels is

estimated to be 4.2 : 1 : 2.5 (m/z ¼ 30 : 29 : 28) from the inte-

gration of their respective images. This shows that starting with

the open shell CH3NH2
+ ion, at this energy, subsequent
This journal is ª The Royal Society of Chemistry 2010
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formation of the closed shell ions at m/z ¼ 30 and 28 is favored,

consistent with strategies used in modeling Titan’s iono-

sphere.62,65 Studies such as these can aid in the construction of

these models of Titan’s ionosphere, particularly in the chal-

lenging effort to couple the ion chemistry to the neutral chemistry

there and in the stratosphere, and help to understand the

complex chemistry underlying haze formation as well.
Conclusion and outlook

We have shown the application of high-resolution ion and elec-

tron imaging, in particular DC slice and multimass imaging, to

address fundamental problems in chemical dynamics and also

problems related to atmospheric and astrochemistry. These

experimental results are interpreted with the aid of state-of-the-

art theoretical calculations performed by our collaborators. The

systems presented here are drawn from our recent investigations

providing insight into a range of problems: from vibrationally-

mediated photodissociation and conformationally-selective

photodissociation dynamics to the ion chemistry relevant to

Titan’s ionosphere.

Future applications of ion and electron imaging hold great

promise for further investigations of the issues raised herein. In

our studies we have not yet been successful in identifying addi-

tional examples of conformationally-selective chemistry, but we

note that very recently, the Ashfold group at Bristol has shown

remarkably conformationally-selective photodissociation of

neutral morpholine.66 There is much we can learn from these

studies about the important influence of subtle geometrical

changes in controlling chemical outcomes. The chemistry of

planetary atmospheres will certainly profit from additional

studies such as those described here for methylamine, as the

complex ion-neutral chemistry is now seen to play a central role.

Indeed, we have ongoing work on ethylamine, propyne, and

phenylacetylene cations underway in our laboratory. Finally, we

suggest that the full potential of photoelectron imaging has not at

all been tapped – it has surprisingly seen more application to

anion photodetachment than to neutrals. The use of photoelec-

tron imaging to study radicals, we believe, represents an impor-

tant scientific opportunity whose time is ripe.
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