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ABSTRACT 

 A new time-of-flight mass spectrometer for velocity map imaging studies of the 

photodissociation of mass-selected ions has been constructed.  The data provide new insights 

into the binding energies and photodissociation dynamics of these systems that are not accessible 

by other experimental techniques.  While velocity map imaging is a well-established technique 

for studying the photodissociation of neutral molecules, it has only been applied to the 

photochemistry of ionic systems that can be produced by photoionization.  However, the velocity 

map imaging experiment is ideally suited for our pulsed laser vaporization and electrical 

discharge ion sources, and therefore the incorporation of this technique into our time-of-flight 

mass spectrometer opens up new opportunities for studying the photodissociation dynamics of a 

variety of ionic systems easily produced in our lab. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

The photodissociation dynamics of gas-phase ions requires a complete knowledge of the 

internal energy, velocity, and angular distributions of all products.
1-5

  To this end, a variety of 

techniques have been developed to collect this information.
6-7

  Early examples include product 

time-of-flight measurements and translational energy spectroscopies.  Both of these are mass 

spectrometry-based techniques that allow the measurement of the velocities of products and 

therefore their kinetic energies.  However, time-of-flight methods must be constructed with the 

capability for angle-resolved detection in order to recover the angular distribution of products.
8-17

  

Translational energy spectroscopic techniques typically employ an electrostatic analyzer which 

must be scanned over a range of kinetic energies to collect the full distribution.
18-26

  It is also 

possible to take advantage of the Doppler effect to obtain velocity and angular distributions.
27-29

  

Using laser induced fluorescence detection, the Doppler shifted frequency profiles of 

translationally excited fragments can be measured.  However, this technique, like time-of-flight, 

requires measurements at multiple detection angles to build up the full velocity distribution.  

These shortcomings were addressed with the introduction of ion imaging techniques, the main 

advantage of which is the ability to measure product velocity and angular distributions 

simultaneously.  In this work, we describe a new velocity map imaging spectrometer for 

photodissociation experiments on mass-selected ion-molecule complexes, including Ar2
+
, 

Ag(C6H6), and H3O
+
Ar. 
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Photofragment imaging techniques are now standard methods for studying the 

photodissociation of molecules in the gas phase.
30-34

  The angular and velocity distributions of 

the fragments are used to determine the nature of the electronic transition leading to 

photodissociation and the kinetic energy released in the decomposition of the parent molecule.  

Kinetic energy measurements provide insight into the partitioning of excess energy among the 

various degrees of freedom of the fragments and may also be used to determine dissociation 

energies.  Thus photofragment imaging is a powerful technique for studying photodissociation 

dynamics, and great effort has been dedicated to its continued development.   

Chandler and Houston used a simple two-electrode set up for the first ion imaging 

experiments, which focused on the photodissociation of CH3I.
35

  Jet-cooled CH3I was dissociated 

with 266 nm from a Nd:YAG laser in front of the repeller electrode.  A second tunable laser was 

used to ionize the CH3 fragments via a 2+1 resonance-enhanced multiphoton ionization (REMPI) 

process, which were then accelerated toward position-sensitive reticon array detector.  Eppink 

and Parker later improved upon this design with the introduction of velocity map imaging 

(VMI).
36

  In this variation, grid electrodes were replaced with open electrostatic lenses and an 

extraction electrode was included to make a three-electrode assembly resembling a Wiley-

McLaren configuration.  Thus ion transmission is increased, grid aberrations are eliminated, and 

focusing is improved with the tunable voltage of the extraction electrode.  The authors 

demonstrated the power of this new method with the photodissociation of O2, imaging both 

oxygen atoms and their corresponding photoelectrons.  The resolution of VMI was further 

improved using centroiding methods, which employ a computer program to reduce the spot size 

of an ion event at the detector to one pixel in the recorded image.   
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Both the VMI methods of Eppink and Parker and the ion imaging methods of Chandler 

and Houston record the two dimensional projection of a three-dimensional distribution of 

photofragments.  To recover the three-dimensional distribution, it must be mathematically 

reconstructed from the two-dimensional image.
32,37-38

  There are essentially two general 

approaches to image reconstruction: inversion methods and forward convolution methods.  

Inversion methods, such as the inverse Abel transform, are used for three-dimensional velocity 

distribution cylindrically symmetric about an axis parallel to the face of the detector.  The two-

dimensional projection contains all information necessary for the reconstruction of the three-

dimensional distribution.  This includes most photodissociation and bimolecular scattering 

experiments.  Forward convolution methods are used for experiments that do not have an axis of 

cylindrical symmetry in the lab frame.  These include angular momentum polarization studies in 

which the photolysis and photoionization lasers have perpendicular linear polarizations.  In this 

case the two-dimensional image is simulated and compared with the experimental image.  The 

parameters of the simulation are iteratively optimized for the most accurate reproduction of the 

experimental data.   

Sliced imaging techniques were introduced as an alternative to mathematical 

reconstruction.  These techniques were designed with the goal of imaging only the central "slice" 

of an expanding photofragment ion cloud, which contains all angular and kinetic energy 

information.  Thus the need for mathematical reconstruction of the fragment ion velocity 

distribution from its two-dimensional projection and the resulting artificial noise are eliminated.  

Strategies for sliced imaging fall into two categories: laser-based slicing techniques and time 

slicing techniques.  For laser slicing techniques, the ionizing laser beam is manipulated in some 

way to ionize and detect slices of the photofragment distribution.  Time slicing techniques 
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essentially rely on pulsed detection of photofragments with broad arrival time distributions.  

Kinugawa and Arikawa demonstrating laser slicing by combining Doppler spectroscopy with ion 

imaging.
39

  By tuning the ionizing laser to the center of the Doppler profile of a photofragment 

and aligning the laser parallel to the time-of-flight of an imaging spectrometer, photofragments 

with zero velocity component parallel to the beam were selectively ionized.  Thus only 

fragments with velocities perpendicular to the laser beam, which correspond to the central slice 

of the distribution, were detected.  In another example, Tonokura and Suzuki used a laser pulse 

with a sheet-like profile to ionize a thin slice of the spherical photofragment distribution so that 

only this portion was detected.
40

  The main disadvantage of these methods is that the spatial 

photon density of the laser beam is not uniform, so fragments in different regions of the image 

will not be detected with uniform efficiency.
34

  Generally, this leads to more efficient detection 

of slow ions.  Kitsopoulos and coworkers used an alternative approach that was somewhat 

analogous to the pulse delay extraction technique of Wiley and McLaren.
41-42

  By introducing a 

delay between the photolysis/ionization laser pulses and a pulsed extraction field, the temporal 

spread of ions arriving at the detector can be tuned.  Following photodissociation, fragments are 

allowed to expand in a field-free region in front of the repeller electrode, which is grounded.  

The repeller is then switched to high voltage.  This technique was initially employed to optimize 

spatial resolution in time-of-flight mass spectrometers.  However, it can also be used to spoil 

resolution at the detector, resulting in a broad arrival time distribution on the order of 100s of 

nanoseconds.  Using a narrow gate (less than 90 ns), an MCP detector can be pulsed on to image 

only the central slice of the expanding photofragment cloud.  A disadvantage of this method is 

that fine mesh grids are required to create the field-free region, which reduce resolution and ion 

transmission.  The DC-slice imaging variant of Suits avoids the need for grids and pulsed fields.  
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Instead, an assembly of electrostatic lenses with static voltages is used to extract ions with no 

temporal delay.
43

  By introducing extra lenses in addition to the three-electrode configuration 

typical of VMI experiments, the field between adjacent electrodes can be reduced.  This leads to 

ion cloud stretching along the time-of-flight axis similar to the pulse delay extraction technique, 

and permits detection with a narrow gate pulse without sacrificing resolution. 

These techniques have been employed to study a variety of other dynamic processes in 

addition to simple photodissociation.
31-32

  For example, velocity map imaging has been used for 

vector correlation studies on fragments of photodissociation events.  These experiments typically 

employ two counter propagating lasers.  One laser is used to dissociate the molecule of interest 

and the second ionizes a photofragment.  The fragments are then accelerated toward an imaging 

detector under VMI conditions.  Because the detection efficiency of the photofragments depends 

on the alignment of angular momentum vector with the electric field vector of the ionizing laser, 

the correlation between the velocity vector and the angular momentum vector of the fragments 

can be observed by rotating the polarization of the ionizing laser relative to the polarization of 

the dissociating beam.  Suits and coworkers applied this idea to the photodissociation of O3 at 

248 nm.
44

  The authors concluded that excitation leads to the 
1
B2←

1
A1 transition followed by 

prompt dissociation along the O‒O2 bond axis, producing O2(a
1
Δg).  This is consistent with an 

impulsive model in which rapid dissociation results in a large degree of rotational excitation in 

the O2 fragment with the total angular momentum vector, J, perpendicular to the velocity vector, 

v.  Indeed one might expect this for all bent molecules in which fast dissociation along one 

coordinate produces a torque between fragments.  The conception of DC-slice imaging is 

partially due to interest in vector correlation studies.
43

  By using lasers with perpendicular 

polarizations, the cylindrical symmetry condition necessary for Abel inversion is violated.  



6 

 

However, the DC-slice technique skirts the issue by avoiding the need for image reconstruction 

(vide supra).    

Velocity map imaging has also been used to improve the throughput and sensitivity of 

photoelectron spectroscopy, leading to the development of slow electron velocity map imaging 

(SEVI).
45-47

  SEVI experiments use velocity map imaging detection to collect photoelectron 

spectra of mass-selected anions at varying detachment energies.  Photoelectrons are extracted at 

low voltage resulting in high resolution spectra that reflect the electronic and vibrational energy 

levels of the neutral system.  Anions are produced by electron attachment in electron impact or 

laser vaporization sources.  As an example, Neumark and coworkers have recently applied this 

technique to the tert-butyl peroxide radical.
48

  They recorded vibrationally resolved spectra of the 

X
2
A"←X1A' and A

2
A'←X

1
A' electronic bands of the neutral radical, reporting vibrational 

frequencies previously unobserved in IR experiments and improved sensitivity compared to 

other anion photoelectron spectroscopy studies.  This experiment demonstrates the power and 

utility of velocity map imaging as a spectroscopic technique in addition to its many applications 

in chemical dynamics.  The groups of Johnson, Wang, and Gerald, to name a few, have all 

developed instruments with versatile ion sources and mass selection capabilities for anion 

photoelectron imaging, demonstrating the high level of interest in these methods.
49-51

 

Photoelectron imaging techniques have also been developed for photoelectron-photoion 

coincidence imaging (PEPICO) experiments.
52

  These experiments typically employ a VUV 

source to ionize a neutral molecule.  The photoelectron is extracted and imaged and its arrival 

time marks the start of the flight time of the photoion.  This is somewhat unusual for a 

photoionization mass spectrometry experiment in which typically an ionizing laser pulse signals 

the start of the flight time.  However, this particular aspect of PEPICO permits the use of 
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continuous light sources.  A recent example of this was reported by Baer and coworkers, in 

which a synchrotron source was used for dissociative ionization of CH3I.
53

  The authors derived 

values for the heat of formation of CH3I as well as the C‒I bond energy, which clarified the 

results of a previous PEPICO experiment employing pulsed field ionization that was complicated 

by the presence of (CH3I)n species and clusters with buffer gas molecules.   

Imaging has also been used to study scattering in crossed beam experiments.  Houston 

and coworkers studied inelastic scattering in crossed beams of Ar and NO, and they derived 

state-resolved product differential cross-sections and measured product scattering angles.
54-55

  An 

immediate advantage of this technique is that it does not require a rotatable mass spectrometer, 

and all scattering angles can be detected simultaneously.  Chandler and coworkers employed 

crossed beam imaging to study reactive scattering in the prototypical reaction H + D2.
56

  The 

groups of Wester and Farrar have developed crossed beam imaging experiments for reactions of 

mass-selected ions with neutral molecules, thus demonstrating the application of velocity map 

imaging techniques to the study of proton exchange, charge transfer, and nucleophilic 

substitution reactions.
57-59

  

With the exception of these crossed beam studies of ion-molecule reactions, most 

photofragment imaging experiments have focused on neutral systems.  Although anion 

photoelectron spectroscopy involves measurements on anionic systems, their purpose is the 

elucidation of the electronic structure of the neutral species.  Studies of ions are far less common 

and essentially limited to systems for which photoionization methods are efficient.
60-65

  This is 

surprising, considering the variety of imaging experiments that have been developed.  A more 

general approach to photodissocation dynamics in ionic systems would be a photofragment 

imaging experiment incorporating an efficient ion source, and this goal has been pursued by just 
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a few labs to date.  Lepère and coworkers designed an imaging apparatus with an electron impact 

source for photodissociation of mass-selected ions and simultaneous imaging of neutral and ionic 

fragments.
66

  This instrument employs rudimentary ion imaging techniques with no optics for 

focusing ions.  Instead the beam of ionic fragments is bent away from the time-of-flight axis with 

an electrostatic analyzer towards one detector while the neutral fragment beam is transmitted 

along the time-of-axis to another detector.  Because the ionic fragments are not accelerated, the 

images are directly comparable.  This is therefore a low resolution instrument by design.  

Misaizu's group has designed two higher resolution apparatuses for photodissociation mass-

selected ions, both incorporating laser vaporization sources for generating metal-containing ions.  

The first design is based on a reflectron time-of-flight mass spectrometer where the reflectron 

grids are replaced with open ring electrodes.
67-69

  Ions are dissociated before entering the 

reflectron. Fragments are focused as they exit, because the field is not confined in the reflectron 

by a grid.  The second design incorporates another reflectron to improve mass resolution.
70

  The 

lab of Stuart Mackenzie has also constructed an imaging spectrometer worth mentioning here.  

This instrument uses VMI techniques for the study of small neutral metal-containing systems.  

Although REMPI detection is still required, this instrument effectively demonstrates the coupling 

of a VMI spectrometer to a laser vaporization source, and in some cases they are able to infer 

properties of ionic systems from the data.
71-74

  Mass-selection is achieved by pulsing the imaging 

detector to overlap with the arrival time of the desired ion.  Our lab has designed and constructed 

a new time-of-flight mass spectrometer for photodissociation and velocity map imaging studies 

on mass-selected ions.  This instrument incorporates laser vaporization and pulsed electrical 

discharge sources for the production of a broad range of ions and ion-molecule complexes, and 

thus we can expand the field of photofragment imaging to ionic systems that cannot be generated 
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with photoionization methods.  The following chapters describe our new apparatus for selected-

ion velocity map imaging and its application to the photodissociation of Ar2
+
, and the ion-

molecule complexes Ag
+
(C6H6) and H3O

+
Ar. 
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CHAPTER 2 

EXPERIMENTAL APPARATUS AND IMAGE ANALYSIS 

Selected-Ion Velocity Map Imaging Spectrometer 

 A schematic of the selected-ion velocity map imaging apparatus is shown in Figure 1.  

This instrument was designed as a modification to a pre-existing reflectron time-of-flight mass 

spectrometer, the details of which have been described previously.
1
  Ions produced by either 

laser vaporization or pulsed electrical discharge in a supersonic expansion are skimmed into a 

differentially pump chamber, where they are pulse extracted into a Wiley-McLaren time-of-flight 

mass spectrometer.  The ions travel through a field-free region before entering a reflectron where 

they are reflected back towards an electron multiplier detector.  Ions are selected using a mass 

gate consisting of two parallel plates.  High voltage is applied to one plate while the other is held 

at ground, which results in deflection of all ions.  The high voltage is switched to ground with a 

complement pulse generator (DEI PVM-4210) for 1-3 μs to transmit the desired ion un-

deflected.  Mass-selected ions are dissociated in the turning region of the reflectron, and mass 

analysis of parent and fragment ions occurs as they are reaccelerated toward the electron 

multiplier.  Stanford DG535 and BNC 8010 pulse generators are used for synchronization of all 

pulsed components and the experiment runs at a repetition rate of 10 Hz, set by the typical 

repetition rate of a Nd:YAG laser.  This is the standard mode of operation for simple 

photodissociation experiments and optimization of ion source conditions. 

 For imaging experiments, the reflectron is grounded and ions are transmitted into the 

VMI system in line with the first tube of the time-of-flight mass spectrometer.  Here, ions are  
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Figure 1.  Apparatus for selected-ion velocity map imaging experiments. 
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decelerated with a field created by a series of electrostatic lenses and a voltage divider.  

Decelerated ions are then dissociated with the second or third harmonic of a Nd:YAG laser 

(Continuum SureLite SL-10) or an infrared optical parametric oscillator/optical parametric 

amplifier system (LaserVision OPO/OPA pumped by Continuum Precision 8010).  Fragment and 

parent ions are reaccelerated into a second field-free region with an assembly of lenses 

configured for velocity map imaging.  This second field-free region was made 1 meter long to 

increase flight times and energy resolution.   

 Ions are focused onto a dual MCP/phosphor screen detector (Beam Imaging Solutions 

BOS-75) at the end of the second flight tube.  The detector consists of two chevron microchannel 

plates and a P47 phosphor screen.  The back MCP is gold coated to improve electrical 

conduction for pulsed operation.  The detector may be operated in DC mode, but must be pulsed 

for DC-slice imaging.  The front of the detector is grounded to maintain the field-free conditions 

of the flight tube.  In DC mode, the middle and back electrodes are biased to 1000 V and 2000 V 

respectively.  For sliced imaging experiments, the middle is biased to 1000 V and the back is 

floated at 1000V.  To detect ions, the back plate is pulsed from 1000V to 2000V using a 

commercial high voltage pulse generator (DEI PVX-4140) and a gate of 140-200 ns.
2
  As a result 

of the characteristic finite rise and fall times of the MCP detector, a gate of 140 ns leads to an 

effective on time for the detector of 60 ns.  The fluorescence of the phosphor is monitored with a 

photomultiplier tube and a digital oscilloscope (Lecroy LT342), and mass spectra are acquired 

using the RedScan software.  The P20 phosphor was chosen, because it has a very short 

fluorescence liftetime of 50 ns.  This is similar to the width of an ion arrival time distribution, 

and so it is possible to record mass spectra with resolution of 1-2 m/z.  Images are collected with 

a CCD camera (Edmund Optics) and the NuAcq acquisition software provided by the Suits 
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group.
3
  NuAcq includes a centroiding feature and no additional program is necessary for this 

process.  Images are collected over several hundred thousand laser shots with a repetition rate of 

10 Hz. 

Ion Optics 

 A schematic of the VMI electrodes is shown in Figure 2.  This design was adapted from 

Suits' electrode configuration for DC-slice imaging to incorporate a decelerating field prior to the 

accelerating field created by the VMI lenses.
2
  For ions accelerated to 2500 V in the time-of-

flight mass spectrometer, the last decelerating electrode is set to 900 V.  A potential gradient is 

created by dividing this voltage over seven lenses.  The first lens, L1, is set to 805 V, L2 is 750 

V, L3 700 V, and L4 is grounded.  The last three lenses provide a ground shield against any stray 

voltages in this region of the experiment.  A SIMION simulation of the photodissociation of Ar2
+
 

at 355 nm shown in Figure 3.
4-5

  Parent ions with 80 m/z and 2500 V are decelerated as they 

enter the first stack of lenses.  They are then reaccelerated by the field created by the next stack 

of lenses.  A cylindrical distribution of fragment ions with the 40 m/z and the same velocity as 

the parent ions is created at the center of the dissociation region between the last decelerating 

lens and L1.  A cylindrical distribution was chosen for two reasons.  First, the unfocused 

dissociating laser will irradiate a cylindrical volume of the ion packet.  Second, ions leaving the 

source chamber pass through a 3 mm skimmer.  The aperture of the extraction and ground 

electrodes of the time-of-flight mass spectrometer is 1 in
2
.  The extracted ion packet therefore 

has a cylindrical shape, although it may be distorted by space-charge effects.  These ions are also 

given a kinetic energy of 1 eV in the y direction perpendicular to the flight path, consistent with 

dissociation at 355 nm.
5
  The simulation shows that a cylindrical distribution of fragment ions 10 

mm long focused to a 5 mm spot at the end of the flight tube. 



22 

 

 

 

Figure 2.  Ion optics assembly. 
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Figure 3.  SIMION simulation of Ar2

+
 photodissociation (Red: parent ion beam; Blue: fragment 

ion beam).   
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Image Analysis 

 Image processing including false color, contrast, scaling, addition and subtraction is 

done with ImageJ(NIH).
6
  Images may be "re-symmetrized" by summing over the horizontal and 

vertical reflections of the original image.
7
  For analysis of sliced images we use the Finite Slice 

Analysis program provided by Suits.
8
  Unsliced images are reconstructed with the BASEX 

program developed by the Reisler group and analyzed in either BASEX or BasisFit, a MatLab 

based code developed by the Suits group.
9-11

  These programs provide integrated angular 

distributions.  They also generate the velocity and kinetic energy distributions, but a velocity 

calibration factor must be provided.  Alternatively, ion velocities can be determined by 

measuring the radius of the image and the flight time of the ion.   

 The velocity is related to the kinetic energy by Equation 1, where m and v are the mass 

and velocity of the ionic fragment. 

       𝐾𝐸 =
1

2
𝑚𝑣2     (1) 

The following reaction describes the photodissociation of the ion AB
+
. 

      AB
+
 + hν → A

+
 + B + TKE 

Here, AB
+ 

dissociates into A
+
 and B with an excess energy of TKE, the total kinetic energy.  

Assuming that A
+
 and B are monoatomic fragments having no electronic excited states with 

energies less than TKE, this excess energy must go into translation of A
+
 and B.  The velocity 

and kinetic energy of A
+
 can be measured directly from the image of A

+
 using the apparatus 

described above.  Conservation of energy and momentum requires that TKE is the sum of the 

kinetic energy of A
+
, KE(A

+
), and the kinetic energy of B, KE(B) (Equation 2). 

      𝑇𝐾𝐸 = 𝐾𝐸(𝐴+) + 𝐾𝐸(𝐵)    (2) 
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KE(A
+
) and KE(B) are related by the following two expressions derived from substitution of 

Equation 1 into Equation 2: 

      𝐾𝐸(𝐴+) = (
𝑚𝐴

𝑚𝐴𝐵
) 𝑇𝐾𝐸    (3) 

      𝐾𝐸(𝐵) = (
𝑚𝐵

𝑚𝐴𝐵
) 𝑇𝐾𝐸     (4) 

Here mA, mB, and mAB are the masses of A
+
, B, and AB

+
 respectively.  From Equations 3 and 4, it 

is clear that TKE could be determined by measuring KE(A
+
) or KE(B), but only KE(A

+
), the 

kinetic energy of the charged particle, is typically measured.   

 Images also provide angular distributions of photofragments in addition to velocity and 

kinetic energy distributions.  The theory of angular distributions of photofragments has been 

studied extensively, both from classical and quantum mechanical perspectives.
12-17

  For a one-

color photodissociation experiment involving one electronic excited state, the photofragment 

distribution is given by Equation 5. 

      𝐼 =
1

4𝜋
[1 + 𝛽𝑃2(cos 𝜃)]    (5) 

I is the ion intensity, P2(cos θ) is the second order Legendre polynomial, and θ is the angle 

between the electric field vector of the linearly polarized laser and the velocity vector of the ionic 

fragment.  𝛽, the anisotropy parameter, falls between -1 and 2, which corresponds to 

perpendicular and parallel transitions respectively.  Under typical experiment conditions, the 

electric field vector of the photolysis laser is vertically aligned in the lab frame, parallel to the 

face of the detector.  An ion dissociating via a parallel transition will lead to an image that is 

peaked at top and bottom, or 0° and 180°, and have 𝛽 ≈ 2.  For perpendicular transitions leading 

to dissociation, the image will be peaked to the left and right, or 90° and 270°, and have 𝛽 ≈ -1.  

 Two more parameters must be introduced to fit the integrated angular distributions 

provided by the programs mentioned above.   
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     𝐼 =
𝐴

4𝜋
{1 +

𝛽

2
[3 𝑐𝑜𝑠2(𝜃 − 𝐶)]}    (5) 

The A parameter allows the amplitude of the equation to change.  C takes into account the 

rotation of an image in the plane of the detector, and therefore corrects, to some extent, for the 

misalignment of the laser.  P2(cos θ) has also been substituted into Equation 5 to provide the 

exact expression used for fitting the angular distribution data.  All data fitting is performed in 

Origin 8.6.
18

 

Ion Sources 

Laser Vaporization Source 

 The laser vaporization cluster source has been thoroughly reviewed.
19

  This source 

generates atomic clusters and ion-molecule complexes in the gas phase, particularly systems that 

contain metal atoms.  A schematic of a laser vaporization source is shown in Figure 4.  This is 

the "offset" configuration of the source, which is designed to promote the formation of ion-

molecule complexes.  For other source configurations, the interested reader should consult 

reference 19.  A Nd:YAG laser (Spectra Physics INDI) is used to generate 532 nm or 355 nm 

light.  The beam is aligned to strike a rotating and translating metal rod in front of a pulsed 

nozzle (Parker General Valve Series 9, Parker Iota One Pulse Driver) and focused to a 1 mm spot 

with a CaF2 lens.  Laser power is attenuated using beam splitters and an adjustable aperture.  

Ions are entrained in a supersonic expansion and cooled by collisions with the buffer gas.  The 

cooling provided by the expansion can promote condensation reactions between metal atoms and 

ions and clustering of metal ions with buffer gas atoms.  Volatile molecules can be entrained in 

the buffer gas expansion to generate ion-molecule complexes as well.  In some cases, these 

molecules are ionized in the plasma generated by the laser spark at the surface of the rod.
5,20
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 Laser power is the most important variable for optimizing the laser vaporization source, 

although no experimental parameter can be neglected.  For metal clusters typical pulse energies 

are 5-20 mJ/pulse, and vary significantly for different metals.  This has been attributed to the 

variation in absorbance and reflectivity of the metal and the plasma dynamics characteristic of 

the metal-buffer gas system.  For metal ion-molecule complexes and nonmetal systems, the beam 

is attenuated to 1-5 mJ/pulse.  Generally, the laser power must be optimized for every system, 

while also iteratively optimizing buffer gas pressure, composition, and pulse duration. 
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Figure 4.  Schematic of the laser vaporization source.  



29 

 

Pulsed Electrical Discharge Source 

A pulsed electrical discharge source is used to generate nonmetal ions in the gas phase.  

This source is ideal for ions that can be produced from volatile precursors.
21

  A schematic of the 

pulsed electrical discharge source is shown in Figure 5.  Two sewing needles are mounted 1 mm 

apart in front of a supersonic expansion provided by a pulsed nozzle (Parker General Valve 

Series 9, Parker Iota One Pulse Driver).  One needle is connected to the output of a high voltage 

pulser (DEI PVX-4140), and the other is grounded.  A high voltage negative pulse, typically 

500-1500 V and 5-25 μs wide, is applied to the needle timed in the center of the gas pulse, 

resulting in electrical discharge through the expanding gas.  Typical gas pulse widths are 200-

350 μs in duration and backing pressures may be 80-200 psi.  To generate protonated species, 

gas mixtures containing a few percent H2 are used.  Discharges in H2 create H3
+
, which is a 

highly reactive protonating agent.
22-23
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Figure 5.  Schematic of the pulsed electrical discharge source.  
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CHAPTER 3 

PHOTODISSOCIATION OF THE ARGON DIMER CATION 

Introduction 

Kinetic energy release in the unimolecular decomposition of ion-molecule complexes has 

been studied extensively using a variety of mass spectrometry-based techniques, including time-

of-flight measurements, peak shape analysis, and translational energy spectroscopy.
1-5

  The argon 

dimer cation is a prototypical system for these types of experiments.  Its simple electronic 

structure and large absorption cross sections in the UV-visible region make Ar2
+
 tractable by 

both theory and experiment.
1,6-22

  The binding energy of Ar2
+
 has been the subject of numerous 

studies
1,10,15-21

 which have been summarized by Weitzel and Mӓhnert.
21

  Moseley and coworkers 

studied the photodissociation of Ar2
+
 by measuring translational energy spectra of Ar

+
 in a 

double focusing reverse geometry instrument, and reported a binding energy of 1.33 ± 0.02 eV.
1
  

Stace and coworkers employed a similar experiment using ultraviolet excitation, like that 

employed here.
15

  Signorell and Merkt determined a binding energy of 1.3147 ± 0.0008 eV by 

PFI-ZEKE spectroscopy on Ar2 and a potential fit of the many cation vibrational levels 

detected.
19

  More recently, Weitzel and Mӓhnert studied the dissociative ionization of Ar3 in a 

TPEPICO experiment and generated a binding energy for Ar2
+
 of 1.29 ± 0.05 eV.

21
  Lepѐre and 

coworkers studied Ar2
+
 in an instrument developed for low-resolution photofragment imaging.

22
  

They reported an angular distribution corresponding to β ≈ 1, indicating a parallel transition, and 

argued that their results were consistent with a theoretical binding energy of 1.38 eV.  In this 

chapter, we investigate the kinetic energy release and photofragment angular distribution for the 
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photodissociation of Ar2
+
 at 355 nm using the new SIVMI spectrometer.  We derive an 

independent value for the dissociation energy of this ion, which is consistent with previous 

results. 

Experimental 

The SIVMI instrument was described in Chapter 2.  Argon clusters are produced in a 

plasma generated by a pulsed Nd:YAG laser (355 nm, Spectra Physics INDI) focused onto the 

surface of a tantalum rod in a supersonic expansion of argon (100 psi backing pressure).  Ions are 

photodissociated with the third harmonic of a Nd:YAG laser (355 nm; vertical polarization; 

Continuum SureLite SL-10).  For ion detection, we employ the DC-slice technique.
23

  A dual 

MCP/P-47 phosphor detector (Beam Imaging Solutions BOS-75) is pulsed with a 140-ns gate 

(DEI PVX-4140), resulting in the detection of only the central ~90 ns of the Ar
+
 arrival time 

distribution.  Images are collected over 200,000 laser shots using a CCD camera (Edmund 

Optics) and processed using the NuACQ and BasisFit programs of Suits.
24-25

  Images are also 

reconstructed using the BASEX algorithm of Reisler.
26

 

Results and Discussion 

A laser-generated plasma at the surface of a tantalum rod in an argon expansion produces 

a mass spectrum containing both Arn
+
 and Ta(Arn)

+
 cluster ions (See Appendix A, Figure 1).  

Arn
+
 clusters have been produced with similar laser spark generation using many different metal 

rods in our lab, but tantalum was chosen to reduce mass spectral congestion in the range of the 

arrival time of Ar2
+
 and the Ar

+
 fragment.  Arn

+
 cluster ions have also been produced in our lab 

using pulsed electrical discharges with needle or ring electrodes, but this leads to congestion in 

the lower mass range due to the presence of trace water and hydrocarbon masses.  We have noted 

previously that ions produced by electrical discharges are somewhat warmer than those produced 
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by the laser spark.
27

  For example, in previous studies of protonated water clusters, mass spectra 

generated using the discharge were often skewed toward smaller cluster sizes compared to those 

produced by the laser spark under similar expansion conditions.
28

  Ions generated with the spark 

tend to be cooler, giving sharper linewidths in measured infrared or UV-visible spectra, 

presumably because the focused output of the laser defines a relatively small ionization volume 

resulting in minimal heating of the expansion gas.  The discharge source has a larger excitation 

volume, resulting in more extensive ionization and gas heating. 

A schematic of the ground and excited state potentials for Ar2
+
 is shown in Figure 1.  The  

excited states of the Ar2
+
 cation have been investigated extensively in previous work.

7-10
  

Excitation at 355 nm is expected to cause the 
2
Σg

+
 ← 

2
Σu

+ 
transition, with dissociation in the 

excited state producing Ar
+
 (

2
P1/2) and Ar (

1
S0).  The ground state binding energy can therefore 

be related to the kinetic energy release in the excited state via the following energetic cycle: 

𝐷0" =  ℎ𝜈 −  𝐾𝐸 – 𝑆𝑂     (1) 

where KE is the total energy in excess of the dissociation threshold and SO is the spin orbit 

splitting of Ar
+
 (1431.58 cm

-1 
or 0.177 eV).

29
  Because we employ a supersonic expansion and 

the vibrational frequency of Ar2
+
 is small (315 cm

-1
)
18

, it is likely that our Ar2
+
 distribution has 

cooled efficiently to v" = 0.  Rotational cooling is usually more efficient than vibrational 

coooling, and therefore we also expect no contribution to our experiment from warm rotations.  

Additionally, since Ar and Ar
+
 do not have low-lying electronic excited states, all of the excess 

energy must be associated with translation of the neutral and ionic Ar fragments in their ground 

states. 

The photofragment image of Ar
+
 obtained is shown in Figure 2, and the corresponding 

angular, velocity, and kinetic energy distributions are shown in Figure 3.  In a typical VMI  
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Figure 1.  Ground and excited state potentials of Ar2
+
.    
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Figure 2.  Photofragment ion image of Ar
+
 from photodissociation of Ar2

+
 at 355 nm.  
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Figure 3.  Angular (top), velocity (middle), and kinetic energy (bottom) distributions of Ar

+
 from 

photodissociation of Ar2
+
 at 355 nm.   
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experiment studying neutral molecules, a velocity calibration is obtained using another system 

with well-known binding energy.  However, there are very few ions with well-known binding 

energies and spectroscopy accessible under our current conditions.  Therefore we use a time-of-

flight/geometric approach to determine the fragment ion velocities.  Using the radius of the Ar
+
 

image and the time of flight of the Ar
+
 ions from the excitation point to the front surface of the 

imaging detector, we calculate the velocity of the Ar
+
 fragment orthogonal to the path of the Ar2

+ 

parent ion beam.  This is then directly related to its kinetic energy by ½ mv
2
.  The diameter of 

the detector is 75 mm, which corresponds to 1690 pixels and a pixel width of 23 μm.  The flight 

time of Ar
+
 is 13.0 μs, which leads to a calibration factor of 3.41 m/s/pixel.  Using this 

calibration, we plot the intensity profile of the image as a function of velocity as shown in the 

middle panel of Figure 4.  From this velocity distribution, we determine the kinetic energy 

distribution in the lower panel of Figure 4.  Because the edge of the image is noisy, we define the 

kinetic energy as the midway point between the onset of signal (1.02 eV) and its peak value 

(0.97 eV).  The average of these two energies is 1.00 eV, corresponding to a velocity of 2196 

m/s.  Using equation 1, we calculate a binding energy of 1.32 +0.03/‒0.02 eV.  Within this 

uncertainty, our value for the dissociation energy agrees with other experimental values in the 

literature (see Table 1).  Because of the supersonic expansion used in our source, it is likely that 

our Ar2
+
 ions are colder than those studied in some other experiments, which employed electron 

beam excitation on neutral argon clusters.  Such excitation can produce some internally warm 

Ar2
+
 ions from the fragmentation of larger clusters.  If other experiments had vibrationally or 

rotationally excited ions, photodissociation would produce a greater excess energy in the 

fragments, corresponding to lower derived binding energies than our value.  The experiment of 

Signorell and Merkt was quantum-state resolved, and not sensitive to this issue.
19
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Table 1.  Binding energies for Ar2
+
 from different experiments. 

 

D0" (eV)     Method    Reference 

 

1.33 ± 0.02     MIKES    1 

1.27 ± 0.02     PI     10 

1.24      TPEPICO    14 

1.361      PI     16 

1.32 ± 0.005     PI     17 

1.3147 ± 0.0008    PFI-ZEKE    19 

1.3130 ± 0.0007    PFI-ZEKE    20 

1.29 ± 0.05     TPEPICO    21 

1.32 +0.03/‒0.02    SIVMI     This work 
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However, the error in our measurement can also arise from the difficulty in defining the edge of 

the ion image.  It is also possible that the gate on the detector is too wide, and that we have not 

effectively sliced the Ar
+
 temporal distribution.  The image was generated from the central 90 ns 

portion of the total 500 ns distribution, which corresponds to about 20%.  This would not change 

the diameter of the image, but would lead to a widening of the Ar
+
 ring, effectively skewing our 

results toward higher binding energies.  More details about the image processing are provided in 

Appendix A.  

Interestingly, the simple geometric method used here for kinetic energy determination 

usually cannot be used in VMI studies of neutral photodissociation.
30

  Under conditions typically 

employed there, the VMI fields (13 kV) are much greater than the initial kinetic energies of the 

neutral photofragments (typically about 1 eV or less), producing an amplification in the observed 

image radius.  Calibration is then required to determine this amplification factor.  In the present 

work, the initial ion kinetic energy along the ion flight direction is set by deceleration to a value  

of about 1600 eV, whereas the VMI grids accelerate by an additional 800 eV.  Because these two 

energies are more similar, the image amplification factor should be much smaller.  Because we 

obtained a binding energy in almost perfect agreement with other more accurate experiments, the 

amplification factor in this ion beam configuration must be very close to 1.  This conclusion is 

consistent with the results of various Simion ion trajectory simulations on our system.  

Figures 3 and 4 show the angular distribution of the photofragment signal, which has not 

been reported previously for this system except at very low resolution.
22

  The intensity is clearly 

peaked at 0º and 180º.  We fit this distribution to the following equation: 

𝐼 =
1

4𝜋
[1 + 𝛽𝑃2(cos 𝜃)]    (2) 
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where P2(cos θ) is the second order Legendre polynomial and θ is the angle between the electric 

field vector of the linearly polarized laser and the velocity vector of the ionic fragment.
31

  The β 

parameter falls between ‒1 and 2, where ‒1 indicates a pure perpendicular transition and 2 

indicates a pure parallel transition.  For Ar2
+
, we determined β values of 1.711.95, depending on 

how the image is processed (see details about the distribution fitting in the Supporting 

Information).  These values are consistent with the excitation of the 
2
Σg

+
 ← 

2
Σu

+ 
transition, as 

expected. 

 The data presented here show how the imaging of ion photodissociation can be used to 

derive dissociation energies and to reveal the polarization of the electronic transitions involved 

for the prototypical argon dimer cation.  In the case of the dissociation energy, our imaging result 

cannot compete with the accuracy obtained with high resolution laser PFI-ZEKE experiments.
19-

20
  However, its uncertainty is perhaps comparable to values obtained by other measurements of 

kinetic energy release.  As noted in other work, measurements of kinetic energy release can also 

avoid the threshold effects found in collision-induced dissociation measurements.
4-5

  Because the 

ions in our experiment are produced in a cold supersonic expansion, uncertainties in their 

internal energy content are also significantly reduced.  It is encouraging that our imaging results, 

even with their uncertainties, are consistent with the best data obtained for the dissociation 

energy by these other experiments.  Because of this, similar imaging experiments may be useful 

in future studies to derive energetics for ions or ion-molecule complexes that cannot be studied 

by other methods. 

Conclusion 

The photodissociation of the argon dimer cation at 355 nm has been investigated with 

velocity map imaging.  This provides a new and independent probe of the photodissociation 
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dynamics in this system.  The kinetic energy release following dissociation in the excited state is 

used in an energetic cycle to derive the ground state dissociation energy.  Although the imaging 

method provides lower resolution than spectroscopic methods, the bond energy derived is 

consistent with previous high resolution results.  Additionally, the angular distribution of the Ar
+
 

fragment indicates that excitation takes place via a parallel transition, consistent with the 
2
Σg

+
 ← 

2
Σu

+ 
transition expected at this energy.  Imaging the products of selected-ion photodissociation 

provides another method in the toolbox of mass spectrometry applicable to a variety of ions and 

ion-molecule complexes. 
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CHAPTER 4 

PHOTODISSOCIATION OF THE SILVER‒BENZENE CATION 

Introduction 

Light-driven charge transfer reactions are essential for the separation of charge and 

transfer of energy in a variety of photochemical processes.
1-3

  Inorganic charge transfer 

complexes have been thoroughly studied, including in some of the early work by Mulliken.
4
  

Photoinduced charge transfer reactions have also been studied in the gas phase.  The Bowers 

group employed mass-analyzed ion kinetic energy spectroscopy to study dissociative charge 

transfer process in ion-molecule complexes of small atmospheric molecules.
5-6

  The Duncan 

group observed dissociative charge transfer in several transition metal‒benzene complexes.
7-10

  It 

was shown that for transition metals with low-lying excited states, photodissociation led to either 

elimination of neutral benzene or charge transfer producing the benzene cation.  For copper and 

silver complexes, the benzene cation was the exclusive product.
7-9

   

 Metal ion‒benzene complexes are an important class of organometallic compounds, and 

they provide simple models for cation‒π interactions in advanced materials such as graphene and 

fullerenes.
11-12

  Ag
+
‒π interactions play an important role in new organometallic materials, and 

compounds of this type have been thoroughly studied both theoretically and experimentally.
13-21

  

The ionization potential of benzene (9.24 eV) is higher than the ionization potentials of most 

metals.  Therefore the charge in a typical metal ion‒benzene complex is localized on the metal 

atom in the ground state.  This is consistent with the results of photodissociation experiments and 

collision-induced dissociation experiments.  The photodissociation experiments of the Duncan 
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group showed that the excited complexes dissociate by charge transfer and ligand elimination, 

strongly suggesting charge transfer must occur on excited state potential energy surface.
7-9

  In the 

collision-induced dissociation (CID) experiments of Armentrout, complexes dissociate on the 

ground state surface and only ligand elimination is observed.
15-16

  Threshold CID studies can also 

be used to generate binding energies for metal ion‒benzene complexes.  These typically fall in 

the range of 40-60 kcal/mol.  Armentrout and coworkers determined a binding energy of 37.4 

kcal/mol for Ag
+
(C6H6) using threshold CID.

15
  The Duncan group estimated an upper limit on 

the binding energy of Ag
+
(C6H6) of 30 kcal/mol based on the observed threshold for 

photodissociation at 418 nm.
8
 

 Schematic potentials for the ground and excited states of Ag
+
(C6H6) are shown in Figure 

1.  These potentials correlate asymptotically with the atomic states of Ag
+
 and the molecular 

states of benzene.  The charge transfer state correlates to neutral Ag atom and C6H6
+
.  This state 

lies higher than the ground state asymptote by the difference in ionization potential between 

silver and benzene (Ag: 7.572; C6H6: 9.24 eV; ΔIP: 1.668 eV).
22-23

  The first excited state of Ag
+
 

lies at 4.86 eV, and the charge transfer state is the only low-lying state for Ag
+
(C6H6).

7-9
   

 Ag
+
(C6H6) binding in the ground state is dominated by electrostatic interactions, in which 

the Ag atom resembles a point charge interacting with the polarizable π-cloud of benzene.
8,19-20

  

However, the Ag‒C6H6
+
 interaction is less favorable, because the charge is delocalized in the 

aromatic ring of the benzene molecule and the Ag atom is not effectively polarized.  Thus UV 

excitation of Ag
+
(C6H6) results in population of the repulsive charge transfer state and 

subsequent dissociation to Ag and C6H6
+
.   

Because UV excitation accesses a repulsive region of the charge transfer surface, 

photodissociation should result in significant release of kinetic energy (KER).  Kinetic energy  
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Figure 1.  Schematic ground and excited state potential energy surfaces of Ag
+
(C6H6).  
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release measurements using some translational energy spectroscopy technique would therefore 

provide a new probe for the energetics and dynamics of the dissociative charge transfer process.  

While there are many approaches to translational energy spectroscopy (see Chapter 1), 

photofragment imaging techniques represent the state of the art for measuring ion kinetic 

energies.
24-28

  In this study, we present the application of our new SIVMI instrument to the 

photodissociation of Ag
+
(C6H6).  There are very few examples of imaging experiments on ionic 

systems and perhaps even fewer on metal-containing systems (See Chapter 1).
28-36

  This work 

provides a unique example of an imaging experiment incorporating a laser vaporization source 

for studying the photodissociation dynamics of ion‒molecule complexes.
37

 

Experimental 

 The SIVMI instrument was described in Chapter 2.  Ag-benzene complexes were 

generated by laser vaporization (Nd:YAG laser; 355 nm; Spectra-Physics INDI) of a silver rod in 

an argon expansion (80 psi) seeded with benzene.
37

  The mass-selected complexes were 

dissociated with the unfocused third (355 nm) or fourth (266 nm) harmonics (< 2 mJ) of an 

Nd:YAG laser (Continuum Surelite SL-10, vertical polarization).  The detector was triggered 

with a 140 ns gate, resulting in the detection of the central 90 ns slice of the 500 ns temporal 

distributions.
38

  Images were collected using a CCD camera (Edmund Optics) and the NuAcq 

acquisition software.
39

  A photomultiplier tube was used to record time-of-flight data and 

monitor ion intensity at the detector.  The instrument was optimized and calibrated based on the 

Ar2
+
 system, which has a favorable cross-section at 355 nm and a well-known binding energy 

(see Appendix B, Figure 1−3).
40

  Computational studies were performed at the DFT/M06-

L/Def2-QZVP(Ag)/6-311++g(2d,2p)(C,H) level
41

 using the Gaussian09 program package.
42
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Results and Discussion 

 Photodissociation of Ag
+
(C6H6) producing C6H6

+ 
is efficient at 355 nm, and we have 

estimated a cross section of 10
-16

 cm
2
.
7-9

  The corresponding photofragment image and total 

kinetic energy distribution are shown in Figure 2.  Ion intensities are clearly peaked at the top 

and bottom of the image. Thus it is apparent upon inspection that the charge transfer process is 

related to a parallel transition.  We have determined a β value of 0.40, which is qualitatively 

consistent with this observation (See Appendix B, Figure 7).  Because product ions are not state-

selected as in experiments on neutral systems, the image represents a distribution of all possible 

product ion states.  However, it is clear that the benzene cation is produced with significant 

translational energy.  Still, there is some intensity at the center of the image, indicating that some 

fraction of C6H6
+ 

is produced with near-zero translational energy.  Therefore, a portion of the 

kinetic energy released upon dissociation must be converted to internal energy of C6H6
+
.  If the 

vertical transition to the charge transfer state leads to direct vibrational excitation, the C6H6
+ 

product may also be vibrationally excited.
5-6

  Vibrationally excited C6H6
+  

could also be produced 

if dissociative charge transfer is a predissociation process with a lifetime long enough to allow 

vibrational relaxation.
 5-6

  Rotational excitation of the C6H6
+ 

is another possibility.  The computed 

structure for Ag
+
(C6H6) is asymmetric, and the metal atom is located at the edge of the ring with 

no preference for η
1
 or η

2
 binding (See Appendix B, Figure 9-10).

20
  Dissociation along one 

coordinate of an asymmetric or bent structure may lead to rotational excitation of the products.  

This would result in a velocity-rotation correlation in which fast ions are not highly rotationally 

excited and vice versa.
43

 

 The outer edge of the image in Figure 3 corresponds to benzene ions with a velocity of 

1316 ± 100 m/s relative to the Ag atom.  Accounting for the velocity and kinetic of energy of the  
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Figure 2.  Photofragment image of C6H6
+ 

from photodissociation of Ag
+
(C6H6) at 355 nm and the 

total kinetic energy distribution.  
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Ag cofragment leads to a total KER of 0.404 eV.  This value corresponds to a lower limit on the 

exothermicity of the dissociative charge transfer process.  The kinetic energy distribution is 

given in the right frame of Figure 2.  Clearly benzene
 
cations are produced with a wide range of 

kinetic energies, and a portion of the total KER must be partitioned among the internal degrees 

of freedom of C6H6
+
.  It is even possible that all benzene cations are internally excited to some 

extent.  Looking at Figure 1 and the total KER, we can use the following energetic cycle to 

estimate an upper limit for the binding energy of Ag
+
(C6H6). 

𝐷0" ≤ ℎ𝜈 − ∆𝐼𝑃 − 𝐾𝐸𝑅     (1) 

For dissociation at 355 nm (3.493 eV) and a total KER of 0.404 eV, we obtain D0" ≤ 3.493 ‒ 

1.668 ‒ 0.404 = 1.421 eV (32.8 + 1.4/ ‒1.5 kcal/mol).  This result is higher than our previous 

estimate of 30.0 kcal/mol.
8
  However, our photodissociation threshold measurements described 

previously were carried out using a helium expansion.  For this study, we have repeated our 

measurements in several expansion gases and determined that argon expansions result in the 

coldest ions and smallest image diameter (See Appendix B, Figure 4-6).  Our current value is 

still lower than that of Armentrout (37.4 kcal/mol) determined using threshold CID.
15

  We have 

discussed this issue with Armentrout and he has provided us with a revised value of 35.4 ± 2.3 

kcal/mol.
45

  This number corresponds to ions at 0 K.  We estimate the temperature of our ions to 

be 50-100 K based on the spectra of other ions generated with similar source conditions, 

resulting in average internal energies of 0.23-0.60 kcal/mol.
44

  Because we employ a supersonic 

expansion in our ion source, it is unlikely that all vibrational modes are in equilibrium at any 

temperature.  It is not clear how the internal energy of an ion could be converted to translation 

energy of the fragments.  However, our imaging results in helium and CO2 expansions suggest 

that internal excitation can lead to higher translational excitation (See Appendix B, Figure 4-6).  
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Taking all of this into consideration, we can shift our value upward by the estimated internal 

energy at 50-100 K, and we are essentially in agreement with the CID results.  We can also 

compare our value with theoretical binding energies (Table 1).  Theoretical values range from 

34-44 kcal/mol for η
1
 or η

2 
structures.

19-20
  We have studied this system at the M06-L/Def2-

QZVP(Ag)/6-311++g(2d,2p)(C,H) level and calculated a binding energy of 37.3 kcal/mol for the 

η
2 

structure.
41-42

 

 We have also studied the photodissociation Ag
+
(C6H6) at 266 nm and the relative cross 

section for production of C6H6
+ 

is nearly twice that at 355 nm.  C6H6
+ 

is the only fragment 

detected.  This confirms that dissociation takes place on the same Ag(
2
S) + C6H6

+
 excited state 

surface, which is the only state expected in this energy region.  The image and kinetic energy 

distribution are shown in Figure 3.  This image is nearly isotropic (β = 0.05) and has significantly 

more intensity in the middle compared to the image for 355 nm (See Appendix B, Figure 8).  The 

maximum relative velocity is 1684 ± 100 m/s, corresponding to a kinetic energy of 0.663 eV.  

Using equation 1, we obtain D0" ≤ 53.8 kcal/mol.  This is not surprising since the image for 266 

nm is only slightly larger than that for 355 nm.  Apparently, photodissociation at higher energy 

leads mostly to the production of slow, internally excited fragments.   

 As was the case with results at 355 nm, the image corresponding to dissociation at 266 

nm can be understood in terms of the structure of Ag
+
(C6H6).  Because the Ag

+ 
is located on the 

edge of the ring and not centered over the π system, dissociation along the Ag‒C6H6 coordinate 

results in a torque and rotational excitation of C6H6
+
.  This rotational excitation could lead to a 

more isotropic ion distribution.  The β value for 355 nm (0.40) is greater than the value for 266 

nm (0.05), but neither are close to 2, the value expected for a purely parallel transition.  There are 

no other electronic states that can be reached with 355 nm or 266 nm excitation, and so these  
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Table 1.  The dissociation energies (kcal/mol) of Ag
+
(benzene) complexes from experiments and 

theory. 

 

Experiments 

CID   37.4 ± 1.7
a
 (35.4 ± 2.3)  

TP   30.0
b 

VMI   32.8 +1.4/-1.5
c 

 

Theory     C6v  Cs(η
1
)  Cs(η

2
) 

MCPF/ANO
d
    34.6 

MCPF/DZP
d
    36.5 

MP2/Stuttgart
e
    43.6  43.7  44.2 

CCSD(T)/Stuttgart
e
   39.2  39.7  40.0 

M06-L/Def2-QZVP
c
   -  36.8  37.3  

 
a
Armentrout and coworkers; collision-induced dissociation.

15
 Number in parenthesis indicates 

new fit of old data.
44 

b
Duncan and coworkers; threshold photodissociation.

8 

c
present work. 

d
Bauschlicher and coworkers.

19 

e
Koch and coworkers.

20
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Figure 3.  Photofragment image of C6H6
+ 

from photodissociation of Ag
+
(C6H6) at 266 nm and the 

total kinetic energy distribution. 
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results could be attributed to recoil dynamics.  In this case, excitation at higher energy results in 

greater torque and a more isotropic image. 

We must also consider vibrational excitation of C6H6
+
.  The Franck‒Condon overlap 

between ground and excited states will be different for 355 nm and 266 nm excitation, and 

higher vibrational excitation is expected for higher energies.  Ag
+
 binding causes elongation of 

the C‒C bonds, and bonds near the metal atom are longer than those on the opposite side of the 

ring (See Appendix B, Figure 9-11).  In addition, the C‒H bonds are bent out of the plane of the 

benzene ring.  The benzene cation is planar with all C‒C bonds contracted relative to the 

Ag
+
(C6H6) structure.  These geometric differences could conceivably lead to vibrational 

excitation in the excited charge transfer state followed by dissociation to produce vibrationally 

hot C6H6
+
.  If the lifetime of the excited state is longer than a rotational period, any anisotropy 

would be lost. 

Conclusion 

 The photodissociation of Ag
+
(C6H6) has been investigated using our new apparatus for 

selected-ion velocity map imaging.  We have generated anisotropy parameters for 

photodissociation at both 355 nm and 266 nm.  Based on the corresponding angular distributions 

we have concluded that while dissociation at both photon energies proceeds by Ag
+
‒C6H6 charge 

transfer producing C6H6
+
,  dissociation at 266 nm leads to significantly greater internal excitation 

of the benzene cation.  We have also estimated an upper limit on the dissociation energy of 

Ag
+
(C6H6) of 32.8 + 1.4/ ‒1.5 kcal/mol, which is in agreement with previous experiments. 
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CHAPTER 5 

PHOTODISSOCIATION OF THE HYDRONIUM‒ARGON CATION 

Introduction 

 The solvated proton and proton transfer reactions have been implicated in countless 

processes in Chemistry and Biology.
1-13

  Proton transfer is described by the Grotthus mechanism 

in which protons are thought to be transferred by alternation between Eigen and Zundel states of 

protonated water in bulk solution.
10-13

  For this reason, the structure and binding energies of 

protonated water clusters and their noble gas adducts have been thoroughly investigated.
14-24

  

The infrared spectra of H3O
+
Ar and other small clusters are of particular interest as it is possible 

that a complete understanding of their vibrational couplings may lead to a better understanding 

of the broad bands observed for aqueous solutions.
23

 

Structural studies of gas-phase protonated water clusters typically employed vibrational 

predissociation spectroscopy and messenger atom tagging techniques.
14-15,16-21,23

  H
+
(H2O)nA (A 

= He, Ar, H2) clusters were vibrationally excited, leading to elimination of the messenger atom 

A, and the mass spectral signal corresponding to loss of A was monitored as a function of the 

photon energy.  This data provides relative cross sections for the elimination A, which are 

analogous to the infrared spectra of the bare H
+
(H2O)n clusters. 

Experimental binding energies for protonated water clusters are also important.
25-31

  Early 

experiments relied on equilibrium measurements in high pressure mass spectrometers.
25-27

  More 

modern approaches include monitoring metastable decay by mass-analyzed ion kinetic energy 

spectroscopy or collision-induced dissociation.
28-32

  In either case, H
+
(H2O)n clusters must 
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fragment as a result of vibrational excitation.  Bond breaking and energy transfer in vibrationally 

excited molecules is governed in part by intramolecular vibrational relaxation, a process by 

which vibrational energy is redistributed among the vibrational modes of a molecule through 

their anharmonic couplings.
33

  RRKM and phase space theories, as well as other theories of 

unimolecular reaction rates, usually assume that this redistribution of energy be statistical.  

Energy is randomized over all degrees of freedom and each mode is sampled ergodically, 

eventually leading to cleavage of the weakest bond.
34-36

  Indeed, this a fundamental principle of 

the messenger atom tagging technique discussed previously. 

However, there are notable examples in which the assumption of ergodicity does not 

hold.  Crim and coworkers studied the overtone excitation of HOOH or HOOD, which led to 

cleavage of the O‒O bond.
37-38

  Laser induced fluorescence detection revealed that the 

distribution of excess kinetic energy in the rotations of the OH and OD fragments was non-

statistical, suggesting that vibrational energy is not completely randomized in the parent 

molecule before dissociation.  Reisler and coworkers have used vibrational predissociation 

spectroscopy and velocity map imaging techniques to study weakly bound dimers of small 

molecules.
39-47

  In the case of the neutral water dimer, they observed a non-statistical distribution 

of rotational energy in the monomer fragments following excitation of the intermolecular O‒H 

stretch and dissociation.
44

  In addition, they reported that one of the monomers is preferentially 

produced with one quantum in the bending mode and extensive rotational excitation.  This is 

consistent with the momentum gap law in which fragments are generated in final states with 

minimal translational excitation.
39,44,48

 

Here we report similar observations for the infrared dissociation of H3O
+
Ar using 

selected-ion velocity map imaging.  H3O
+
Ar is dissociated by excitation of either the O‒H 
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stretch corresponding to motion of the shared proton (3134 cm
-1

) or the remote O‒H stretch 

localized on the H3O
+
 moiety (3498 cm

-1
).

49
  Although the remote O‒H stretch is 364 cm

-1
 

higher in energy, the diameter of the image of H3O
+ 

following excitation to this mode is smaller 

than that for excitation at lower energy.  The possible explanations for this behavior are 

discussed.   

Experimental 

 The experimental apparatus is described in Chapter 2.  H
+
(H2O)n and H

+
(H2O)nAr 

clusters are produced by pulsed electrical discharge in a supersonic expansion (110 psi, 10% H2 

in Ar).  The O‒H stretch of mass-selected H3O
+
Ar ions is excited with the tunable output of a 

KTP/KTA OPO/OPA system (LaserVision, 1-10 mJ/pulse, vertical polarization) pumped by an 

Nd:YAG laser (Continuum Precision 8010).  Vibrationally excited H3O
+
Ar dissociates by loss of 

Ar and the H3O
+
 ion is detected.  The arrival time distribution of H3O

+
 (200 ns) is not sufficiently 

broad for sliced imaging so the entire distribution is collected.  The detector is operated with a 

250 ns gate to eliminate background ion signals, and images are built up over 100,000 laser shots 

at each wavelength.  The NuAcq software was used for data acquisition and images are 

processed using BasisFit and ImageJ.  Photodissociation of Ar2
+
 at 355 nm is used for calibration 

of the detector area.
50

  

Results and Discussion 

 The image corresponding to photodissociation of H3O
+
Ar at 3134 cm

-1
 is shown in 

Figure 1.  It is clear upon visual inspection that the angular distribution of H3O
+
 is isotropic (β ≈ 

0).  This is not surprising considering that the lifetime of the excited vibrational state is likely 

longer than the rotational period of the parent ion.  The total kinetic energy distribution for 

dissociation at 3134 cm
-1

 is shown in Figure 2.   
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Figure 1.  Photofragment image of H3O
+
 corresponding to photodissociation of H3O

+
Ar at 3134 

cm
-1

. 
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Figure 2.  Total kinetic energy distribution for photodissociation of H3O

+
Ar at 3134 cm

-1
.  
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The apparent maximum kinetic energy is 600 cm
-1

.  The theoretical binding energy of H3O
+
Ar is 

1900 cm
-1

.
24

  Assuming this value is accurate, there should be 3134 ‒ 1900 = 1234 cm
-1

 available 

for internal excitation of the H3O
+
 fragment.  This is not enough to excite the symmetric (3440 

cm
-1

) or asymmetric (3527 cm
-1

) O‒H stretches of H3O
+
.
23

  Likewise, there is insufficient energy 

available for excitation of the bending mode (1632 cm
-1

).  However, there is enough energy left 

to excite the umbrella vibration of H3O
+
, analogous to that of NH3, which has levels at 526 and 

954 cm
-1

 due to a large tunneling splitting.
51

  Therefore it is possible that H3O
+
 is produced with 

one or two quanta in this vibrational mode and the remaining energy is converted into rotational 

energy.  Of course it is also possible that H3O
+
 is not produced in an excited vibrational state and 

all available energy is converted to rotational excitation.
 
 This would be consistent with an 

impulsive interaction in which the excited H3O
+
Ar accesses a repulsive region of the potential 

energy surface and all vibrational energy is converted into rotational and translational energy.
43-

44
  In this case, rotational excitation would likely be favored.  The structure of H3O

+
Ar is bent, 

and dissociation would produce torque with an angular momentum vector perpendicular to the 

H2OH
+
‒Ar coordinate.  Excluding vibrational excitation, this would result in a velocity-rotation 

correlation.
52

  Therefore, dissociation of H3O
+
Ar at higher energy should simply lead to a higher 

degree of rotational excitation in H3O
+
.   

 The photofragment image and total kinetic energy distribution corresponding to 

photodissociation of H3O
+
Ar at 3498 cm

-1
 are shown in Figure 3 and Figure 4.  Again, it is clear 

upon visual inspection that the angular distribution of H3O
+
 is isotropic (β ≈ 0) as expected.  The 

total kinetic energy distribution for dissociation at 3498 cm
-1

 is shown in Figure 3.  The apparent 

maximum kinetic energy is 500 cm
-1

, 100 cm
-1

 less than that for dissociation at 3134 cm
-1

.   
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Figure 3.  Photofragment image of H3O
+
 corresponding to photodissociation of H3O

+
Ar at 3498 

cm
-1

. 
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Figure 4.  Total kinetic energy distribution for photodissociation of H3O

+
Ar at 3498 cm

-1
.  
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Assuming a binding energy of 1900 cm
-1

, there should be 3498 ‒ 1900 = 1598 cm
-1

 available for 

internal excitation of the H3O
+
 fragment.  This is still only enough energy to excite the umbrella 

vibration of H3O
+
 at 526 and 954 cm

-1
 with the remaining energy going into rotational excitation.  

The difference between photodissociation energies is only 364 cm
-1

, far smaller than the energies 

of the H3O
+ 

vibrations.  Therefore, the additional excess energy resulting from dissociation at 

3498 cm
-1

 can only go into translation or rotation of H3O
+
.  Since the radius of the image for 

dissociation at 3498 cm
-1

 is smaller than that for 3134 cm
-1

, this additional energy must be 

converted into rotational energy.  It is still possible that nearly all excess kinetic energy is 

converted into rotational energy, and we are simply observing higher degrees of rotational 

excitation for higher vibrational excitation energies.  An additional possibility is that dissociation 

via excitation of the shared proton mode proceeds at a faster rate, and the rate of dissociation via 

the remote O‒H stretch is limited by intramolecular vibrational relaxation.  Although our 

experimental resolution prevents us from distinguishing between these mechanisms, detailed 

modeling of this system could aid our understanding of these complex dynamics. 

Conclusion 

 The infrared photodissociation of H3O
+
Ar has been investigated at 3134 and 3498 cm

-1
.  

The angular distribution of H3O
+ 

is isotropic for both wavelengths, consistent with indirect 

dissociation of H3O
+
Ar.  Although, vibrational and rotational excitation of the H3O

+ 
fragment 

cannot be distinguished at the available resolution, dissociation at higher energy appears to lead 

to higher degrees of rotational excitation.  
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APPENDIX A 

CHAPTER 3 SUPPORTING INFORMATION 

 

Figure 1.  Mass spectrum of Arn
+
 and Ta

+
(Ar)n produced by laser spark at the surface of Ta rod 

with the spectrometer focused to low m/z. 
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Figure 2.  Raw image of Ar
+
 from the photodissociation of Ar2

+
 at 355 nm. 
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Figure 3.  Image of Ar
+
 from the photodissociation of Ar2

+
 at 355 nm reconstructed using 

BASEX. 
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Figure 4. Angular distribution determined from the raw Ar
+
 image in Figure 2.  The asymmetry 

arises because the raw image is more intense on the bottom hemisphere than it is on the top. 
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Figure 5.  Angular distribution determined from the Ar
+
 image reconstructed using BASEX. 
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The following equation is used for fitting angular distributions: 

 

𝐼 =
𝐴

4𝜋
{1 +

𝐵

2
[3 𝑐𝑜𝑠2 (

𝜃𝜋

180
− 𝐶)]}  

 

I is the signal intensity.  The A parameter allows for variation of the amplitude, B is the β 

parameter, and C is a phase shift parameter correcting for rotation of the image. 

 

 

Fitting the raw image results in significant asymmetry in the angular distribution, as shown in 

Figure 4.  This arises becasue the image is brighter on its lower hemisphere than it is on its upper 

hemisphere.  As shown in Table 1, this results in a β value of 0.56. 

 

 

Table 1.  Parameters for fitting the angular distribution of the raw Ar
+
 image. 

  

A  A(error) B  B(error) C  C(error) R
2
  

 

1.1763  0.013857 0.55724 0.023648 0.15798 0.018028 0.811 

 

If the image is reconstructed with the BASEX program, cylindrical symmetry is imposed and 

this balances the intensities in the two hemispheres of the image, as shown in Figure 5.  Fitting 

this image gives a β value of 1.71, as shown in Table 2. 

 

Table 2.  Parameters for fitting the angular distribution of the Ar
+
 image reconstructed using 

BASEX. 

  

A  A(error) B  B(error) C  C(error) R
2
  

 

639.33  12.554  1.7131  0.056695 0.010628 0.0097752 0.978 

 

 

Another approach to balance the intensities of the two hemispheres of the image without 

changing the angular dependence is to reflect the image, using the reflection of one hemisphere 

to replace the other.  This was done to produce the image in Figure 2 of Chapter 3.  If this is 

done, fitting produces a β value of 1.95, as shown in Table 3. 

  

Table 3.  Parameters for fitting the angular distribution of the Ar
+
 image generated by reflection 

of the upper portion of the raw Ar
+
 image. 

  

A  A(error) B  B(error) C  C(error) R
2
  

 

119.09523 2.12321 1.95178 0.05512 0.01873 0.00779 0.958 
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APPENDIX B 

CHAPTER 4 SUPPORTING INFORMATION 

 

Figure 1.  The image of Ar
+
 from photodissociation of Ar2

+
 at 355 nm is shown on the left.  The 

total kinetic energy distribution is shown on the right.  The velocity and kinetic energy of Ar
+
 

based on D0"(Ar2
+
) = 1.33 eV (Chapter 4, Reference 41) is used to determine a velocity 

calibration factor for measuring the velocity of benzene
+
. 
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 Figure 2.  Velocity calibration for benzene
+
 versus Ar

+ 
at 355 nm.  The red curve represents the 

entire velocity distribution integrated to the edge of the detector.  The blue curve is the same 

velocity distribution excluding background signal.  The green curve is the velocity distribution of 

Ar
+
 from photodissociation of Ar2

+
 at 355 nm.  The width of the Ar

+
 peak provides an upper 

limit on the velocity resolution of the instrument, and the half width can be used to determine the 

maximum velocity of benzene
+
.  The estimated uncertainty in velocity is 100 m/s based on the 

width of the Ar
+
 velocity distribution.  The benzene

+
 velocity is 1315 ± 100 m/s, and is indicated 

by the dashed line. 
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Figure 3.  Velocity calibration for benzene

+
 versus Ar

+ 
at 266 nm.  The red curve represents the 

entire velocity distribution integrated to the edge of the detector.  The blue curve is the same 

velocity distribution excluding background signal.  The green curve is the velocity distribution of 

Ar
+
 from photodissociation of Ar2

+
 at 355 nm.  The width of the Ar

+
 peak provides an upper 

limit on the velocity resolution of the instrument, and the half width can be used to determine the 

maximum velocity of benzene
+
.  The estimated uncertainty in velocity is 100 m/s based on the 

width of the Ar
+
 velocity distribution.  The benzene

+
 velocity is 1684 ± 100 m/s, and is indicated 

by the dashed line. 

  



89 

 

 
Figure 4.  The image of benzene

+
 from photodissociation of Ag

+
(benzene)

 
at 355 nm, generated 

in a helium expansion, is shown on the left.  The total kinetic energy distribution is shown on the 

right.  The image and energy distribution obtained under these conditions is much broader than 

the data obtained using an argon expansion, indicating that colder parent ions are generated using 

argon as a buffer gas. 
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Figure 5.  The image of benzene

+
 from photodissociation of Ag

+
(benzene) at 355 nm, generated 

in a carbon dioxide expansion, is shown on the left.  The total kinetic energy distribution is 

shown on the right.  The image and energy distribution obtained under these conditions is much 

broader than the data obtained using an argon expansion, indicating that colder parent ions are 

generated using argon as a buffer gas. 
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Figure 6.  Velocity distributions of benzene

+
 from Ag

+
(benzene) generated in a helium expansion 

(red), a carbon dioxide expansion (green), and an argon expansion (blue).  The velocity 

distribution obtained using the argon expansion is relatively narrow and shifted to lower velocity 

compared to the distribution obtained using a helium expansion, indicating that colder parent 

ions are generated using argon as a buffer gas. 
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Figure 7.  Angular distribution of benzene

+
 from photodissociation of Ag

+
(benzene) at 355 nm. 

The data was fit with the function below with amplitude A and phase shift C.  β is the anisotropy 

parameter. 

 

𝐼(𝜃) =
𝐴

4𝜋
[1 +  𝛽𝑃2(cos(𝜃 − 𝐶))] 

𝑃2(cos(𝜃 − 𝐶)) =  
1

2
[3𝑐𝑜𝑠2(𝜃 −  𝐶) − 1] 

A = 1.8346 

β = 0.39596 

C =  0.14983 
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Figure 8.  Angular distribution of bz

+
 from photodissociation of Ag(bz)

+
 266 nm.  The data was 

fit with the function below with amplitude A and phase shift C.  β is the anisotropy parameter. 

 

𝐼(𝜃) =
𝐴

4𝜋
[1 +  𝛽𝑃2(cos(𝜃 − 𝐶))] 

𝑃2(cos(𝜃 − 𝐶)) =  
1

2
[3𝑐𝑜𝑠2(𝜃 −  𝐶) − 1] 

A = 1.0429 

β = 0.051716 

C =  0.21235 
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Figure 9.  The optimized geometry of Ag

+
(benzene) calculated using M06-L/Def2-QZVP(Ag)/6-

311++G(2d,2p)(C,H) with Gaussian 09.  Bond lengths are in Angstroms and bond angles are in 

degrees. 
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Figure 10.  Side view of the optimized geometry of Ag

+
(benzene) calculated using M06-L/Def2-

QZVP(Ag)/6-311++G(2d,2p)(C,H) with Gaussian 09.  Bond lengths are in Angstroms and bond 

angles are in degrees. 
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The structure in Cartestion coordinates of Ag
+
(benzene) calculated using M06-L/Def2-

QZVP(Ag)/6-311++G(2d,2p)(C,H) with Gaussian 09. Units are in Angstroms. 

 

1        1.182074000     -2.912403000      1.234566000 

1        1.182074000     -2.912403000     -1.234566000 

1        1.191476000     -0.780472000     -2.483205000 

1        1.339891000      1.369910000     -1.248752000 

1        1.339891000      1.369910000      1.248752000 

1        1.191476000     -0.780472000      2.483205000 

6        1.199221000      0.440209000      0.709891000 

6        1.199221000      0.440209000     -0.709891000 

6        1.170968000     -0.779177000      1.401921000 

6        1.170968000     -0.779177000     -1.401921000 

6        1.170968000     -1.973988000      0.697252000 

6        1.170968000     -1.973988000     -0.697252000 

47      -1.062144000      0.689391000      0.000000000 

 

The harmonic vibrational frequencies (unscaled, cm
-1

) and intensities (km/mol) of Ag
+
(benzene) 

calculated using M06-L/Def2-QZVP(Ag)/6-311++G(2d,2p)(C,H) with Gaussian 09.  

 

46.3 (0.1), 65.8 (0.0), 218.4 (2.9), 411.4 (0.2), 415.1 (0.3), 611.8 (0.4), 612.8 (0.1), 706.3 (0.8), 

728.2 (92.7), 880.6 (1.1), 901.8 (6.5), 979.8 (3.2), 988.6 (12.0), 1003.4 (0.6), 1026.6 (0.3), 

1035.5 (0.3), 1046.5 (3.4), 1055.9 (1.8), 1173.3 (0.4), 1198.6 (0.2), 1199.7 (0.0), 1363.9 (3.5), 

1375.8 (0.1), 1497.8 (11.9), 1499.5 (13.1), 1603.9 (9.6), 1615.5 (4.0), 3160.5 (0.4), 3172.1 (0.8), 

3180.2 (0.1), 3187.0 (0.2), 3193.4 (0.0), 3200.5 (0.0) 
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Figure 11. The optimized geometry of neutral benzene calculated using M06-L/6-

311++G(2d,2p) with Gaussian 09.  Bond lengths are in Angstroms and bond angles are in 

degrees. 
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The structure in Cartestion coordinates of neutral benzene calculated using M06-L/6-

311++G(2d,2p) with Gaussian 09. Units are in Angstroms. 

 

6        1.374210000      0.203661000     -0.000019000 

6        0.510756000      1.291815000     -0.000016000 

6        0.863387000     -1.088279000     -0.000005000 

6       -0.863388000      1.088278000     -0.000001000 

6       -0.510756000     -1.291815000      0.000007000 

6       -1.374210000     -0.203661000      0.000008000 

1       -0.908650000     -2.298626000      0.000049000 

1       -2.445099000     -0.362258000      0.000052000 

1       -1.536427000      1.936198000      0.000031000 

1        0.908651000      2.298626000      0.000005000 

1        2.445099000      0.362259000      0.000001000 

1        1.536431000     -1.936195000      0.000023000 

 

The harmonic vibrational frequencies (unscaled, cm
-1

) and intensities (km/mol) of neutral 

benzene calculated using M06-L/6-311++G(2d,2p) with Gaussian 09.  

 

409.0 (0.0), 411.9 (0.0), 619.6 (0.0), 622.3 (0.0), 685.0 (101.5), 723.2 (0.0), 859.3 (0.0), 869.7 

(0.0), 985.6 (0.1), 991.2 (0.0), 1011.7 (0.0), 1013.9 (0.0), 1032.8 (0.0), 1057.3 (5.3), 1059.5 

(5.0), 1169.6 (0.0), 1194.3 (0.0), 1196.8 (0.0), 1355.0 (0.0), 1377.0 (0.0), 1510.6 (4.3), 1511.9 

(4.4), 1630.8 (0.0), 1635.5 (0.0), 3159.5 (0.2), 3168.5 (0.0), 3170.6 (0.0), 3184.5 (36.4), 3185.6 

(35.3), 3195.1 (0.0) 

 

 

 


