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ABSTRACT 

 Protonated complexes are produced via arc discharge in a molecular beam apparatus and 

probed using infrared photodissociation spectroscopy.  The effects of protonation on the relative 

energies of the cis and trans configurations of protonated glyoxal are investigated with 

theoretical calculations.  Upon protonation, the cis configuration is lower in energy than the trans 

configuration.  Protonated hydrogen clusters are studied, and the spectra are assigned with the 

help of anharmonic theory.  The structure of H5
+
 is a shared proton between two hydrogen 

molecules, while larger hydrogen clusters have a H3
+
 center solvated by neutral hydrogen.  The 

effects of solvation, such as charge delocalization and polarization, in mixed protonated benzene-

water clusters are also investigated. 

 

INDEX WORDS:  Infrared Spectroscopy, Protonation, Proton Transfer, Solvation, Physical 

Chemistry, Laser Spectroscopy  



 

 

INFRARED PHOTODISSOCIATION SPECTROSCOPY 

OF PROTONATED COMPLEXES 

 

By 

 

TIMOTHY CALEB CHENG 

B.A., Ouachita Baptist University 

 

 

A Dissertation Submitted to the Graduate Faculty of the University of Georgia 

In Partial Fulfillment of the Requirements for the Degree 

 

DOCTOR OF PHILOSOPHY 

ATHENS, GEORGIA 

2012 



 

 

 

 

 

 

 

 

 

 

 

 

 

© 2012 

Timothy Caleb Cheng 

All Rights Reserved 

  



 

 

INFRARED PHOTODISSOCIATION SPECTROSCOPY 

OF PROTONATED COMPLEXES 

 

By 

 

TIMOTHY CALEB CHENG 

 

 

 

Major Professor:  Michael A. Duncan 

 

Committee:   Geoff Smith 

Henning Meyer 

 

 

 

 

Electronic Version Approved: 

Maureen Grasso 

Dean of the Graduate School 

The University of Georgia 

May 2012 



iv 
 

 

 

DEDICATION 

I dedicate this dissertation to my mother.  You will always be remembered. 

Angie Liu Cheng: November 15, 1948 – May 7, 2011 

  



v 
 

 

 

ACKNOWLEDGEMENTS 

I had the privilege to work and make memories with many people throughout my 

graduate career.  There are far too many people to thank, and I like keeping things short. 

To my family, thanks for always supporting me, helping me, and giving me advice all 

these years.  I could not have done it without your support.  Trying to teach scientific principles 

to my niece and nephews in simple ways that they can understand is both challenging and funny.   

I wouldn’t be at this stage of my life without the help of my advisor, Mike.  Even if I 

forget all principles of spectroscopy and chemistry later in life, you have taught me life lessons I 

will always remember.  I am a better person today compared to when I first got to graduate 

school because of you.  Your passion for what you love and in helping others is something I 

strive for. 

To all the Duncan graduate students, thanks for putting up with me all these years, it was 

fun.  You made working at lab enjoyable.  You guys were the reason I stayed 30 minutes longer 

than I planned every day, always talking for a while after saying “I’ll be leaving soon.”  Special 

thanks are required to all the App 2 people that I collaborated with during my time, especially 

Biswajit.  Taking the midnight shift on the App is something I never have to do again, but even 

that was interesting in its own way. 

To my other friends, thank you for keeping me sane throughout the years. 

  



vi 
 

 

 

TABLE OF CONTENTS 

 Page 

ACKNOWLEDGEMENTS………………………………………………………………………v 

CHAPTER 

I. INTRODUCTION…………………………………………………………………….1 

References…………………………………………………………………………5 

II. EXPERIMENTAL SETUP…………………………………………………………..22 

References………………………………………………………………………..31 

III. INFRARED PHOTODISSOCIATION SPECTROSCOY OF GLYOXAL  

CATION AND THEORETICAL CALCULATIONS OF PROTONATED 

GLYOXAL…………………………………………………………………………..42 

 Abstract………………………………………………...………………………...43 

 Introduction…………………………………………………...………………….44 

 Experimental Setup………………………………………………………………45 

 Results and Discussion…………………………………………………………..47 

 Conclusion………………………………………………………...……………..53 

 References………………………………………………………………………..54  

IV. INFRARED PHOTODISSOCIATON SPECTROSCOPY OF  

PROTONATED HYDROGEN CLUSTERS………………………………………..72 



vii 
 

Abstract……………………………………………………………………...…...73 

 Introduction………………………………...…………………………………….74 

 Experimental Setup………………………………………………………………77 

 Results and Discussion………………………………………..…………………78 

 Conclusion………………………………………………………...……………..88 

 References………………………………………………………………………..90 

V. INFRARED PHOTODISSOCIATION SPECTROSCOPY OF 

PROTONATED BENZENE-WATER CLUSTERS…………………………….....109 

Abstract…………………………………...…………………………………….110 

 Introduction……………………………………...……………………………...111 

 Experimental Setup……………………………………………………………..113 

 Results and Discussion……………………………………………..…………..115 

 Conclusion……………………………………………………………….……..127 

 References………………………………………………………………………128 

VI. CONCLUSIONS…………………………………………………………………...159 

APPENDIX…………………………………………………………………..…………………161 

 



1 
 

 

 

CHAPTER I 

INTRODUCTION 

 

 The addition of a proton to a molecule, known as protonation, is integral to many aspects 

of Chemistry and Biology.  Protonation is involved in acid-base reactions, atmospheric reactions, 

biological reactions, electrochemistry, and a plethora of other areas.
1-4

  Structural changes upon 

protonation lead to changes in reactivity, solubility, etc.
5-10

  The focus of this dissertation lies in 

understanding the structural changes that occur upon protonation, especially in proton-shared 

complexes and the effects of solvation on these systems.   

 There have been many studies focusing on the infrared spectroscopy of gas phase 

protonated molecules.
11-39

  Gas-phase studies are performed to understand the fundamental 

nature of a protonated complex without the influence of the environment.  Infrared spectroscopy 

examines the vibrational modes of these complexes, and is used to identify the structure of these 

complexes. The effects of protonation include structural changes to favor one configuration 

over another.   

Neutral glyoxal has two stable isomers that have been observed in nature corresponding 

to a cis-trans isomerization.
40-41

  The trans-glyoxal structure is the primary structure observed in 

nature, and is 3.2 kcal/mol lower in energy than cis-glyoxal.
42-43

  Theory predicts that the 

protonated cis structure is lower in energy than the trans structure.
44

  This is because an 

intramolecular shared proton, where the proton is shared between the two oxygen atoms, is 
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possible in the cis configuration.  These shared proton complexes are key structures for studying 

the dynamics of proton transfer reactions.
45-47

   

One of the most famous shared proton molecules is the Zundel ion, whose structure has 

an equally shared proton between two water molecules.
48-49

  Protonated water clusters have been 

studied extensively because of their various isomeric structures and importance in numerous 

chemical and biological processes.
50-56

  Work by Saykally and coworkers included the first high 

resolution infrared spectrum of hydronium, and larger protonated water clusters have been 

studied extensively.
57-59

  Asmis and coworkers studied the low frequency modes of the 

protonated water dimer using a free-electron laser, and assigned the spectrum obtained to be the 

Zundel ion.
60

  The O-H bond positions of various protonated water cluster sizes have been 

investigated by Lee and coworkers.
61-62

  Our research group in collaboration with Johnson and 

coworkers has studied protonated water complexes up to 22 water molecules.
63-67

  Isotopic 

effects on hydronium and protonated water were studied by Johnson and coworkers, and our 

group has continued that work with larger protonated water clusters up to n=5.   

 The smallest shared proton complex is H5
+
, which has been the focus of many theoretical 

investigations.
68-94

  Shared proton complexes are hard to model accurately using harmonic 

calculations because of anharmonicity coming from the high amplitude motion of the proton in a 

shallow well.  H5
+
 is a model system because of its small size, so high level anharmonic 

calculations are possible.  The interaction of H3
+
 and neutral hydrogen is believed to form H5

+
.
72

  

Oka and coworkers measured the infrared spectrum of H3
+
, which has now been identified in the 

interstellar medium.  H3
+
 plays a key role in many interstellar reactions.

95-98
  Due to the 

abundance of both H3
+
 and H2 in space, there is interest in the infrared spectrum of H5

+
, since it 

may also be present in space.  The infrared spectrum of H5
+ 

 was obtained by Lee and coworkers 
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in the mid infrared region, and was assigned to the shared proton dimer structure of H5
+
.
99-100

  

Larger hydrogen clusters, such as H7
+
 and H9

+
, have also been studied.  The structures of larger 

protonated hydrogen clusters are predicted to contain H3
+
 solvated by neutral hydrogen 

molecules. 

 The shared proton stretch has been measured for protonated symmetric and asymmetric 

dimers.  A comparison between the difference in proton affinity (ΔPA) and the location of the 

shared proton stretch was studied by Johnson and coworkers.
101

  By looking at seventeen 

different proton-shared dimers, a trend was found where the higher the difference in proton 

affinity, the higher the frequency of the shared proton stretch. Some protonated dimers with high 

dipole moments are predicted not to follow this trend.   One such example is protonated water-

acetonitrile, measured by Johnson and coworkers, where the proton favors water even though it 

has the lower proton affinity.
102

   

There are previous investigations on the spectroscopy of protonated mixed benzene-water 

clusters.
103-105

  Neutral benzene-water clusters have been studied by Zwier and coworkers while 

benzene-water cation clusters has been studied by Mikami and coworkers.
106-113

  The interest in 

the structure of protonated benzene-water clusters is applicable especially in biology, where 

charge is predicted to be located near liquid-gas interfaces.  Infrared spectroscopy of protonated 

biological complexes includes work by Williams, Rizzo, and McMahon.
114-125

   

 In this present work, the infrared spectrum of glyoxal cation is observed using infrared 

photodissociation spectroscopy.  This technique has already been used to study many protonated 

complexes in our research group.
126-139

  The effects of protonation on glyoxal is investigated 

using a variety of theoretical methods.  Glyoxal is an ideal system to study the effects of 
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protonation on energetics because two different stable isomers are known to exist: cis-glyoxal 

and trans-glyoxal.  The spectra of small protonated hydrogen clusters and their deuterated 

isotopologues are also measured using the same technique.  A full infrared spectrum is obtained 

above the dissociation limit, while infrared multiphoton dissociation spectroscopy was 

performed using a FEL for H5
+
.  The bands are assigned with new anharmonic calculations.  

Larger protonated hydrogen clusters are also studied.  Solvation effects are investigated in 

protonated mixed clusters of benzene and water.  These clusters involve a shared proton stretch 

vibration between two different molecules.  Trends in charge delocalization, polarization and the 

shared proton stretch frequency are investigated by comparing the infrared spectra of subsequent 

benzene addition on protonated water and on protonated water dimer. 
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CHAPTER II 

EXPERIMENTAL SETUP 

 

Protonated hydrocarbons of interest are produced in a home-made molecular beam 

apparatus with a pulsed arc discharge source configuration coupled with a time of flight mass 

spectrometer.  The experimental setup used to produce these clusters has been described in detail 

previously.
1-5

  While other configurations have been used to study a variety of 

differentmolecules, there are no differences that occur besides what is in the source chamber. 

Figure 1 shows a schematic of the apparatus with the arc discharge source used to study 

many other protonated systems such as carbonyl clusters, water clusters, and other protonated 

hydrocarbons.
6-18

  The apparatus consists of two differentially pumped chambers, with the front 

chamber known as the “source” chamber, while the second chamber is known as the “mass spec” 

chamber.  These two chambers are connected with a gate valve in between so that they can be 

isolated when needed.  Typically, the mass spec chamber is kept under vacuum while the source 

chamber is pumped down to vacuum in the morning and brought back to atmospheric pressure at 

night.  The first chamber is known as the source chamber because the ions are produced in this 

chamber, either via laser vaporization or electrical arc discharge.  The first chamber is pumped 

down by a Varian VHS-10 diffusion pump (6,600 liters per second of helium pumping speed).  

The high pumping speed is needed in order to remove the large amounts of buffer gas that is 

pulsed in the system which is used to collisionally cool the molecular beam.  The “mass spec” 
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chamber is pumped by a Varian VHS-6 diffusion pump (3,000 liters per second of helium 

pumping speed).  This is under constant vacuum to keep the system as clean as possible along 

with keeping as low a pressure as possible, which is important to keep impurities out of the mass 

spectrum and so that the ions produced do not interact with other molecules during the flight 

distance of the mass spectrometer.   

Protonated hydrocarbon ions of interest are produced in the first chamber via an arc 

discharge source.  This configuration is typically used when the precursor for the ions of intent 

has high enough vapor pressure to be seeded into the buffer gas, which is typically a mix of 

around 30% hydrogen and 70% argon.  The high percentage of hydrogen is in the buffer gas is to 

maximize the production of protonated ions.  With the large amounts of hydrogen, most positive 

ions in the molecular beam are protonated, and so it minimizes the corresponding unprotonated 

cations, which are just one a.m.u. away in the mass spectrum.
19-24

 

In our experiment, the desired mixture of gas is stored in a mixing tank which flows into 

a stainless steel reservoir and entrains some precursor vapor with it into a pulsed gas driver 

(General Valve Series 9 pulse driver).  If the vapor pressure of the precursor is too high or too 

low, the reservoir can be cooled in an ice bath or heated with heating tape.  A number of 

different precursors that have been studied in this apparatus and their corresponding vapor 

pressures can be seen in Table 1.  In most situations, a few drops of water are added into the gas 

line, which act as an electron scavenger.  To maximize the formation of cations in the molecular 

beam, excess electrons are removed to minimize the ion-electron recombination process and 

subsequent neutralization of the cations with electrons. 
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Protonation of these complexes mostly occurs via a proton “hop” migration of H3
+
.  H3

+
 

is formed by a two stage process that has been studied extensively.
25

  First, ionization of neutral 

H2 through electrical discharge removes an electron from the precursor as shown in the following 

equation 

H2 + HVDC  H2
+
 + e

-
    (Eq. 1) 

H2
+
 then interacts with neutral hydrogen in a secondary ion reaction to form H3

+
 

H2
+
 + H2  H3

+
 + H     (Eq. 2) 

Because of the low proton affinity of H3
+
 (P.A.= , the transfer of the proton occurs readily to 

other molecules to form neutral H2.  In most instances, all the H3
+
 that is formed reacts and little 

or no H3
+
 is seen in the mass spectrum. 

After the gas with the desired precursor is formed, it is pulsed into the source side 

vacuum chamber.  Typical running conditions for hydrocarbons vary greatly depending on the 

system being studied, anywhere from 50 to 300 psi backing pressure with the nozzle being open 

for times between 180 to 320 us.  In all of the protonated complexes that have been studied, a 

free expansion into the source is used.  The use of a growth channel and other modifications to 

change the expansion dynamics were tested, however these modifications did not positively 

change the production of the desired ions.   

In the arc discharge source configuration, two needles are mounted between Teflon 

pieces to a modified face plate.  A schematic of this configuration is shown in Figure 2.  The 

needle points are positioned at the throat of the gas expansion and are separated from one 

another, by about 0.5 mm.  Practically, the needles are separated with the use of a razor blade, 
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which is placed in the middle of the discharge source and the needles are placed in position with 

the tips of the needles touching the razor blade.  This process keeps the needles closely separated 

without touching.  One of the needles is connected to the output of a DEI PVX 4140 Pulse 

generator connected to a Bertan Model 205A-03R power supply.  Discharge conditions also vary 

depending on type of buffer gas, the backing pressure, and on the precursor.  These conditions 

typically vary anywhere between 800 V to 2300 V with discharge timing from 5-100 μs.   In this 

configuration, the source produces a variety of cations, neutrals, and anions.  Once the ions are 

produced, they are entrained in a molecular beam, which is then skimmed (Beam Dynamics 

model 40.5 with a 3 mm nozzle) into the second chamber, where the Wiley and McLaren type 

mass spectrometer is used.
26

   

In these experiments, a home-built Wiley and McLaren reflectron time-of-flight mass 

spectrometer is operated in the “ions out of the jet” configuration to study positive ions that are 

formed by arc discharge.  The protonated complexes are pulse extracted into the time of flight 

tube with three plates known as the repeller, the draw-out grid (DOG), and a ground plate.  The 

two-field acceleration of the ions helps resolve energy differences in the ions.  The repeller and 

DOG are pulsed at 1000 and 900 volts respectively (Behlke HTS-50 with a 50 ns rise time pulse 

powered by a Stanford Research Systems DG 535).  The deflection plates, usually around +40-

50 volts, help neutralize the perpendicular momentum of the ions to the flight tube that comes 

from the initial formation of the molecular beam.  An Einzel lens is used to help focus the ions 

towards the detector, and is usually a constant voltage of around +400 V.  Once the ions enter the 

first flight tube, they enter a field-free region where they are separated according to mass.   
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 The separation of the ions in relation to their mass is based on the difference in flight 

time down the field-free region of the mass spectrometer.  Based on how much kinetic energy 

they have, the velocity of the ions can be described by the following equation: 

   K.E. = ½mv
2
     (Eq. 3) 

Where K.E.is the kinetic energy, m is the mass, and v is the velocity.  The kinetic energy given 

to all ions is the same because they are in the acceleration field of the mass spectrometer.  Thus, 

heavier mass ions have a lower velocity than lighter mass ions, leading to a difference in time for 

the ions to travel a set distance.  A known ion whose reference time and corresponding mass has 

been previously measured is used to calibrate the mass spectrum.  This is usually done with 

protonated water, with a mass of 19 a.m.u., and a known flight time of around 33 us.  For an 

unknown peak in the mass spectrum, the relationship between the two can be described as  

 

   muvu
2
 = mrvr

2
     (Eq. 4)  

and
 

   mu = mr(tu/tr)
2
     (Eq. 5)  

 

where mu is the unknown mass, mr is the reference mass, and tu and tr are the times for two 

different ions to hit the detector, respectively.  With this information, the mass spectrum can be 

calibrated to match peaks with their corresponding assignments. 

Near to the end of the first flight tube, the ions encounter a mass gate, which can be used 

to select ions of only a certain mass.  The mass gate consists of a pulsed deflection plate 

connected to a +400 V pulse generator (Avtech AVR-G2-C-UGA) with variable time widths, 

which can be used to deflect ions out of the trajectory to hit the detector.  When the mass gate is 
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off, no voltage is applied, and all ions pass through, obtaining a full mass spectrum.  To select an 

ion of interest, the mass gate is turned on so that the plates have the positive voltage and pulsed 

to ground when the ion of interest enters the mass gate.  In this way, all other ions besides the 

mass selected one would not be detected since they would be deflected using the pulsed 

deflection plates.   

After the ions travel down the first leg of the flight tube, they enter a reflectron.  

Reflectrons have been known to help increase the resolution of a time of flight mass spectrum by 

minimizing differences in the kinetic energy of similar ions.  This is done by changing the travel 

path, depending on the internal energy of the ions.  If two ions of the same mass but with 

different energies enter the reflectron, the one with more energy travels further into the reflectron 

and back out, giving the ion a further path to travel.  This helps compensate for some of the time 

variation when the ions hit the detector.  In our experiment, we also use the reflectron for a 

second purpose.  At the turning region of the reflectron, the ion velocity is slowed down before 

being reaccelerated out of the reflectron.  The ions are in the turning region of the reflection for 

about 1 us, and this extended period of time aids in the timing of the laser to intersect with the 

ion.  Also, mass separation of the parent and fragment can be seen during the reacceleration of 

the ions out of the reflectron.  During the reacceleration out of the reflectron and into the second 

field-free flight tube, separation of the fragment and parent occur similar to the first leg of the 

time of flight, with the lighter fragment having a higher velocity than the parent.  If 

fragmentation occurs within the reflectron, the separate mass peaks are observed for the fragment 

compared to the parent. 

After the ions exit the reflectron, they enter the second flight tube.  This flight tube also 

houses the post-accelerator, which consists of a long inner tube which can be pulsed with a 
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positive voltage on when the ions of interest are inside the tube.  Upon exiting the tube, the 

desired ions are accelerated with higher velocities into the detector, increasing the signal of the 

fragment.  The ions are detected using a electron multiplier tube (EMT) (Hamamatsu Model 

R595).  This signal is amplified (Stanford Research Systems SR445A), and connected to an 

oscilloscope (LeCroy Waverunner LT352), which is connected to a PC with an IEEE-488 digital 

card.  A typical mass spectrum can be seen on Figure 3.  In a typical mass spectrum, 

fragmentation and clustering of the precursor can be seen. 

Because of the low density of ions in the molecular beam, absorption spectroscopy is not 

feasible.  According to Beer’s law, absorption is related to the sample density, along with the 

path length and absorption coefficient.  Instead of absorption spectroscopy, action spectroscopy 

in the form of infrared photodissociation (IRPD) is done instead, because of the increased 

sensitivity.  For IRPD to occur, a tunable infrared laser is needed along with dissociation of the 

ion being studied.  This only happens when the dissociation energy of the ion is lower than the 

energy of the incident photon.  Since most complexes have bonds much stronger than the energy 

of an IR photon, a technique called “rare-gas tagging” is employed.
28-42

  For the protonated 

hydrocarbon complexes, the rare gas used is typically Ar, but other noble gases such as He, Ne, 

and Kr along with other inert gases like N2 have been used before.  In all cases of tagging, the 

tagged molecule binds weakly to the complexes, and then its bond energy is low enough that a 

single infrared photon can dissociate the complex.  The effect of the Ar on the structure of the 

complex can be studied using theoretical computations to compare the structure with and without 

the Ar.  In most cases for protonated hydrocarbons, rare-gas tagging does not significantly 

influence either the structure or spectrum of the complex. 
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Tunable infrared light is produced from a LaserVision Infrared Optical Parametric 

Oscillator/Amplifier (OPO/OPA) system pump by a Spectra Physics PRO 230 Nd:YAG laser.
27

  

The schematic of the OPO/OPA system is shown in Figure 4.  Approximately 480 mJ/pulse of 

the fundamental of the Nd:YAG (1064 nm) is used to pump the OPO/OPA system.  After 

entering the system, the light is split into two beams via a 30/70 beamsplitter.  The lower power 

beam is frequency doubled in a beta-barium borate (BBO) crystal to produce 532 nm.  The 532 

nm is subsequently split into two photons in the main OPO oscillator, which uses a potassium 

titanyl phosphate (KTP) crystal.  This leads to two photons, one with the higher energy having 

more than half of the energy and one with lower energy with less than half the energy, which are 

known as the signal and idler respectively.   The two beams can be described by the following 

equations: 

ωs > ωi      (Eq. 6)  

   ωs ≠ ωi      (Eq. 7) 

   ωp = ωs + ωi     (Eq. 8) 

where ωi, ωi, and ωi is the frequency of the pump beam, signal beam, and idler beam respectively. 

When the input photon is split in the KTP crystal, the ratio of the energies of the two output 

photons depends on the phase-matching angle of the incident light with respect to the crystal 

face.  This angle can be changed by rotating the crystal.  The tuning range for the light emitted is 

from 710 to 880 nm for the signal beam.  The signal beam is filtered out using a silicon 

polarization filter, and the corresponding idler beam is sent to the OPA part of the system.  The 

70 percent of the 1064 nm beam from the initial pump laser is sent into four angle tuned 

potassium titanyl arsenate (KTA) crystals, where it mixes with the idler from the OPO for a 
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second stage of frequency splitting.  One of the resulting photons is equal to the idler beam from 

the OPO while the corresponding photon is the tunable mid-IR light that we use, which ranges 

between 2000 to 4500 cm
-1

.  For far-IR light, the signal and idler from the OPO are sent into a 

Silver Gallium Selenide (AgGaSe2) crystal, where difference frequency generation of the near-IR 

and mid-IR photons produces photons of energies equal to the difference between the signal and 

idler frequency.  This process results in IR light ranging from 600-2100 cm
-1

.  The OPA power is 

dependent on the wavelength, and ranges from less than 100 μJ/pulse to 2 mJ/pulse in the far 

infrared.  The relation between wavelength and output power can be seen in Figure 5.  In general, 

as the laser wavelength moves towards higher energy, the output power of the OPO/OPA 

increases.  At certain wavelengths, the laser light is absorbed by gas molecules in the air, such as 

water.  To minimize the loss of power, we purge the laser pathlength is preformed with nitrogen. 

An example of the IRPD process can be seen in Figure 6.  The top trace shows the full 

mass spectrum when using ethanol vapor as the precursor.  Numerous peaks can be seen in the 

mass spectrum, corresponding to a number of different hydrocarbons that are the result of 

fragmentation and clustering.  In the middle trace, the ion of interest can be mass selected 

(protonated formaldehyde cation-Ar complex at 71 a.m.u.) with the pulsed mass gate, seen as the 

single peak at 71 a.m.u.  On the bottom trace, the tunable output from the OPO/OPA system 

interacts with the mass selected ion on a resonance and fragmentation can be seen.  By scanning 

the laser wavelength and recording the fragment ion intensity, the IR spectrum of the complex 

can be measured. 
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Figure 1:  Schematic of the two-chamber molecular beam apparatus with a reflectron 

time-of-flight mass spectrometer 
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 Figure 2:  Blow up schematic of the arc discharge source.  Two needles, one connected 

to a high voltage source and one grounded, are slightly separated from each other at the 

throat of the gas discharge. 
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Compound  Vapor Pressure  

              at 293 K (mmHg) 

Water    17.2 

Benzene   74.6 

Naphthalene   1 

Diethyl Ether   400 

Glyoxal   17.5 

Methanol   128 

Ethanol   59.3  

 

Table 1: Comparison of the vapor pressure of various precursors at 20° C.   Naphthalene 

had to be heated using heating tape around a reservoir while benzene, methanol, and 

dimethyl ether were placed in either an ice or ice/methanol bath. 
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Figure 3: The mass spectrum produced from an arc discharge of water and benzene in a 

30% hydrogen, 70% argon molecular beam.  The mass spectrum includes many peaks 

corresponding to clustering of water and benzene with each other.  Some argon-tagged 

peaks can be seen such as  137 amu (H
+
bz(H2O)-Ar). 
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Figure 4:  Schematic diagram of a LaserVision Infrared Optical Parametric 

Oscillator/Optical Parametric Amplifier 
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Figure 5: Output power of a Laservision OPO/OPA infrared laser system dependence on 

the wavelength.  The power is of the combined signal and idler output. 
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Figure 6:  A full mass spectrum made with an ethanol precursor in the lines can be seen 

on the top trace.  Upon mass selection, only one ion is detected, in this case CH3O-Ar
+
, as 

seen in the middle trace in the figure.  Fragmentation of the ion is seen on the bottom 

trace, with the appearance of CH3O
+
, which appears at 31 amu. 
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CHAPTER III 

INFRARED PHOTODISSOCIATION SPECTROSCOPY 

OF GLYOXAL CATION AND THEORETICAL 

CALCULATIONS OF PROTONATED GLYOXAL
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Abstract 

 Glyoxal cations are produced via arc discharge in a molecular beam apparatus and probed 

using infrared laser photodissociation spectroscopy.  The spectrum suggests that the structure of 

glyoxal cation favors the trans-configuration over the cis configuration, similar to neutral 

glyoxal.  The infrared spectrum of protonated glyoxal is not obtained because of a mass 

coincidence along with similarity in the predicted infrared bands to those of protonated water.  

Theory calculates that the shared proton between two oxygen atoms lowers the energy compared 

to the trans configuration.  Calculations on the barrier of the cis-trans isomerization along with 

the barrier of the double well potential of the shared proton between the two oxygen atoms are 

performed, and the energetics differ greatly depending on the level of theory. 
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Introduction 

Protonation of molecules is of immense chemical interest because of its occurance in a 

variety of fields, including biology, atmospheric reactions, interstellar chemistry, etc.
1-4

  The 

study of protonated carbonyls is useful in understanding many of the reactions fundamental to 

biology and chemistry.
5-11

  The effects of the structural changes induced by protonation are 

manifested by distinct changes in the chemical properties, such as reactivity and solvation, of the 

molecule. 

 Glyoxal (C2O2H2) is a di-carbonyl that has many applications both in synthetic organic 

chemistry and atmospheric reactions.
12-23

  It is used as a building block to produce many cyclic 

compounds, such as imidazoles and other hetrocyclic molecules.  Glyoxal is a key component in 

cloud formation and atmospheric reactions.
23-24

  Glyoxal is also used as an indicator when 

studying atmospheric reactions because it is one of the by-products of certain combustion 

reactions.
17-22

  Glyoxal decomposes in a unimolecular reaction to form three different molecules: 

HCOHCO  H2 + CO + CO.
22

  Glyoxal is able to rotate around the C-C bond, which is leads to 

cis-trans isomerization.  The trans isomer has been experimentally measured to be lower in 

energy by 3.2 kcal/mol in neutral glyoxal at room temperature compared to the cis isomer.
15

  

 There have been many spectroscopic investigations using a variety techniques on the 

structure of both cis and trans glyoxal.
24-33

  Both structures are stable isomers and have been 

detected in nature.  The potential energy surface of glyoxal has been studied by theory, with 

particular interest focused on the barrier of the cis-trans isomerization.
34-49

  This has been an area 

of interest because the small size of the molecule makes it possible to perform high level 

quantum calculations on the structure.  The barrier for the cis-trans isomerization is difficult to 
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model accurately, and is calculated by harmonic methods to be larger than the known value.  

Numerous theoretical studies have investigated the nature of the ν7
 
C-C torsional motion, for 

which the fundamental has been measured at 127 cm
-1

.
44

  The first five overtones of this 

torsional motion have also been measured.  It is difficult to describe these levels with harmonic 

models because of anharmonicity.  Multimode Reaction-path Hamiltonian calculations done by 

Carter and coworkers have calculated the overtones of this torsion rotation while taking 

anharmonicity into account.
49

   

 Protonation of glyoxal is expected to change the energy difference between the cis and 

trans structures.  Protonation of glyoxal has been studied previously using theory, and the global 

minimum structure predicted favors the cis configuration using MP2/6-31G level of theory.
50

  

Protonated glyoxal is predicted to have a shared proton between the two oxygen atoms if the cis 

structure is produced.  This would shift the O-H stretch to much lower frequencies than 

comparable O-H stretches without any shared proton characteristics. 

In this report, the infrared photodissociation (IRPD) spectroscopy of argon tagged 

glyoxal cation is obtained for the first time.  An investigation comparing different computational 

techniques on the structure of protonated glyoxal is performed to compare differences in 

calculations.   

 

Experimental Setup 

Protonated and unprotonated glyoxal cations are produced via arc discharge in a pulsed 

molecular beam apparatus that has been described previously.
51-65

  Briefly, a few drops of 

glyoxal (Sigma Aldrich 30% glyoxal in water) at room temperature are added into the gas inlet 



46 
 

connected to a 30% hydrogen, 70% argon mixed buffer gas.  Small amounts of water are usually 

added in the gas inlet to act as an electron scavenger during plasma formation.  In this case, no 

additional water is added because the glyoxal is solvated in water.  The gas is pulsed into a 

molecular beam apparatus through a pulsed valve with a backing pressure of around 200 psi for 

200 µs.  At the throat of the expansion, an electrical discharge of around 2000 V for 20 µs 

between two needles forms a plasma.  Through collisional and evaporative cooling, a number of 

different positive, negative, and neutral clusters are produced.  The ions are skimmed into the 

second chamber, and are pulse extracted into a reflectron time-of-flight mass spectrometer.  The 

ions of interest are mass selected in the first leg of the time-of-flight, and then are intersected 

with the tunable output of an infrared OPO/OPA laser system at the turning region of the 

reflectron.  Upon resonance absorption, photodissociation occurs if the binding energy of the ion 

is less than the energy of the infrared photon.  By measuring the fragment intensity vs. 

wavelength, an infrared spectrum can be measured on a zero background.  Rare gas tagging with 

argon is employed because the binding energy of glyoxal is too high for single photon 

dissociation.   

Theoretical calculations for all the different isomers are done using the Gaussian 03W 

suite of programs.
S1

  Density functional theory (DFT) and second order Moller-Plesset 

perturbation theory (MP2) are used to investigate the structure, energetics, and predicted infrared 

spectra of glyoxal cation and protonated glyoxal.   The recommended values for the scaling 

factors by Radom and coworkers was used.
66
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Results and Discussion 

 The full mass spectrum of the ions produced using the glyoxal solution is shown in 

Figure 1.  There are many peaks corresponding to fragmentation and clustering of both water and 

glyoxal.  The peaks corresponding to glyoxal cation and protonated glyoxal can be seen at 58 

and 59 amu respectively, and the argon tagged molecules occur at 98 and 99 amu.  A mass 

coincidence occurs between argon tagged protonated glyoxal and doubly argon tagged 

protonated water (H3O
+
-Ar2) at 99 amu.  Fragmentation of both ions leads to loss of argon.  The 

infrared spectrum of argon tagged water complexes have been studied previously.  Any new 

bands observed are assigned to the glyoxal cation and protonated glyoxal depending on the mass 

selected ion. 

 The top trace of Figure 2 shows the infrared photodissociation spectrum of argon tagged 

glyoxal cation, C2O2H2
+
-Ar, measured in the mass channel corresponding to the loss of argon.  

The predicted spectra of two different configurations of glyoxal cation using the MP2\6311+G 

(p,d) level of theory are shown in the bottom two traces.  The middle trace corresponds with the 

calculated spectrum of the trans-glyoxal cation configuration while the bottom trace is that of the 

cis ion.  The energy difference between the two different configurations is only 0.3 kcal/mol in 

favor of the cis configuration.  Four bands are observed in the mid infrared region centered at 

2822, 2876, 3076, and 3320 cm
-1

.  The infrared spectrum of doubly argon tagged water cation 

does not have bands within this region.  Therefore, the bands observed are attributed to be those 

of the argon tagged glyoxal cation. 

Theory predicts two bands in this region corresponding to the C-H stretches for both the 

cis and trans configuration of glyoxal cation.  The separation of the two bands is associated with 
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the perturbation caused by the argon atom.  Definitive assignment of the glyoxal cation to the cis 

or the trans configurations is not possible because of the similarity between the two structures.  

The experimentally measured bands matches better with the trans-configuration of the glyoxal 

cation, predicted at 2811 and 2879 cm
-1

.  This is not a definitive assignment of the structure of 

the ion because the cis glyoxal has bands predicted at 2792 and 2899 cm
-1

.  There are no bands 

predicted in the region for the two other experimentally observed bands at 3076 and 3320 cm
-1

.  

Previous experimental results on argon tagged species have observed progressions off strong 

bands that are spaced approximately 250 cm
-1

 off the main band.  The bands at 3076 and 3320 

cm
-1

 are separated from the large band at 2822 cm
-1

 by 254 and 498 cm
-1

.  These bands are 

therefore assigned as a progression off the 2822 cm
-1

 feature associated with combination bands 

of the argon-perturbed C-H stretch with a low energy argon vibration. 

In the far infrared region, only one band is observed at 1791 cm
-1

.  This band is assigned 

to the C-O stretch of the trans configuration predicted at 1877 cm
-1

.  In the cis configuration, this 

band is shifted much lower in frequency to 1589 cm
-1

.  Other lower energy vibrational bands are 

predicted for both configurations, but are not observed in the infrared spectrum.  The argon 

binding energy to glyoxal cation is calculated to be around 1.3 kcal/mol, so this should not be an 

issue leading to missing bands.  One possible explanation for the absence of these bands in the 

experimental spectrum is that the laser power in the lower region of spectrum drops significantly.  

The spectrum matches better with the trans cation structure even though the cis structure is 

predicted to be lower in energy.   

The mass spectrum of the glyoxal solution contains a band at 99 amu, corresponding to 

the expected mass of the protonated argon tagged glyoxal cation.  The spectrum obtained for this 

selected mass by measuring the mass channel corresponding to the loss of argon contains strong 
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bands that are assigned to those of doubly argon tagged protonated water.  The C-H vibrational 

bands of protonated glyoxal are calculated to be in the same region as the O-H stretches of 

protonated water.  Therefore, the spectrum of protonated glyoxal is not obtained.  A new 

technique to produce protonated glyoxal without any water present is required.  Changing the 

precursor to glyoxal trimer dehydrate, a solid power, is currently one option being explored to 

remove the mass coincidence issue with argon tagged protonated glyoxal. 

Theory predicts four stable energy configurations for argon tagged protonated glyoxal 

complex within 7 kcal/mol of the global minimum.  These four isomers correspond with the cis 

and trans conformation of glyoxal with two different argon binding locations on each as shown 

in Figure 4 and 5.  The argon is positioned either interacting with the protonated hydrogen or the 

hydrogen furthest away from the O-H bond.  Protonated glyoxal without an argon adduct favors 

the cis configuration by 3.0 kcal/mol.  The difference in energy between the cis and trans 

structure decreases with the addition of argon atom.  When the argon is placed on the O-H bond, 

the protonated cis-glyoxal structure range from 0.93 to 3.51 kcal/mol lower in energy compared 

to the protonated trans structure.   

The difference in energy between the four different structures depends on the level of 

theory performed.  As shown in Table 1, with higher level basis sets, a trend of increasing energy 

difference between the cis and trans configuration of protonated glyoxal is found.  The 

differences in energy are within 3 kcal/mol of the four structures with the B3LYP/631-G level of 

theory.  The differences between the same four isomers are within 7 kcal/mol when using 

MP2/cc-pvtz level of theory.  MP2 predicts larger differences in energy between isomers 

compared to DFT calculations using the same basis set.  The relative energy of these structures is 

constant in relation to one another, with the protonated cis with the argon adduct close to the O-
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H as the lowest energy configuration while the trans configuration with the argon attached with 

the C-H is the highest energy structure.  Similar structures are calculated for the four different 

stable isomers using all five levels of theory. 

There are many structural differences between the protonated cis and trans glyoxal 

isomers.  The angle of the O-H is drastically different between the two isomers.  In the trans 

configuration, the proton is bent away from the center of the molecule because of the repulsion 

from the other hydrogen atom.  In the cis configuration, the O-H hydrogen is instead bent 

towards the center of the molecule, closer to the oxygen, forming a C-O-H
+
….O-C hydrogen 

bond.  The distance between the hydrogen and the lone pair oxygen is 2.14 Å.  This is longer 

than a typical hydrogen bond (1.97 Å for water), and indicates that it is a weak bond.  The proton 

is attracted to the lone pair electrons, causing a lengthening of the O-H bond.  The O-H bond is 

longer than in the trans configuration (1.01 vs. 0.99 Å).  This difference in the two structures 

accounts for a 0.9 kcal/mol difference in energy.  In a system without hydrogen bonding, the O-

H stretch is seen to be higher in frequency.  This has been observed in the protonated acetone 

system where the O-H vibration is observed at 3378 cm
-1

.  In the protonated cis structure, the 

shared O-H stretch is predicted to be lower in frequency because of this lengthening of the O-H 

bond. 

A comparison of all four predicted infrared spectra for the four different isomers using 

the B3LYP/6311+G (p,d) level of theory is shown in Figure 3.  In the mid infrared region, all 

four have a band corresponding to the O-H stretch.  This band varies around 200 cm
-1

 depending 

on the structure of the isomer.  Cis-isomer A, which corresponds to the protonated cis 

configuration with the argon adduct interacting closest with the protonated hydrogen, has its O-H 

vibrational mode predicted at 3214 cm
-1

.  This is in good agreement with predictions that the O-
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H bond would be red shifted compared to the O-H vibration of protonated acetone because of the 

shared proton nature of protonated glyoxal.  The argon is attached to the C-H hydrogen in the 

cis-isomer B structure.  Therefore, the O-H stretch predicted at 3271 cm
-1

 is less red-shifted 

compared to the cis-isomer A.  The O-H stretch for trans isomer A, where the argon adduct is 

associated closely with the O-H hydrogen, is predicted at 3336 cm
-1

.  For trans isomer B, this O-

H vibration is predicted to be at 3599 cm
-1

.   

All four isomers of argon tagged protonated glyoxal have two C-O stretch in the far 

infrared region around 1650 and 1800 cm
-1

.  Determining which structure is present in from 

looking at this C-O band would be difficult.  There is a strong band predicted around 1200 cm
-1

 

for the two cis structures.  This band corresponds to an O-H bending mode in the plane of the 

molecule, and is present in both the cis and trans configuration.  The cis configuration has a 

much larger predicted infrared intensity for this bending mode compared to the trans 

configuration, and should be a key spectral signature to help identify whether the cis or trans 

configuration is present. 

 The lowest energy structure of protonated glyoxal is the cis structure because of the 

internal shared proton between the two oxygen atoms.  This shared proton has a double well 

potential for the proton motion in the coordinate between the two oxygen atoms.  Figure 5 shows 

a diagram of the conformational energy of protonated cis for the proton motion between the two 

oxygen atoms using the MP2/cc-pVTZ level of theory.  This calculation is done with a variety of 

different levels of theory and basis sets to examine the effects of different levels of theory in 

modeling this double well potential.  The shared proton was first locked in position equally in 

between the two oxygen atoms, and the angle of the shared proton is scanned to find the 

minimum energy structure and position in the equally shared proton configuration.  An energy 
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scan of the proton moving from the lowest energy structure to the transition state and then 

towards the other oxygen atom is shown.  The barrier height of this double well potential 

depends on the level of theory as shown in Table 2.  These values varied from 14.5 kcal/mol to 

16.39 kcal/mol.  A trend of increasing barrier height with increasing basis sets is observed. 

Rotation of the C-C axis determines the cis-trans configuration of protonated glyoxal.  

Figure 6 shows a diagram of the conformational energy of protonated glyoxal as the torsional 

angle changes from protonated cis to trans using the MP2/cc-pVTZ level of theory.  The 

difference in energy between the cis and trans structures is 5.6 kcal/mol using this level of 

theory, with a 4.5 kcal/mol barrier for the cis-trans isomerization.  This value also increases with 

larger basis sets, ranging from 4.1 kcal/mol to 4.5 kcal/mol going from trans to cis, and 8.8 

kcal/mol to 10.2 kcal/mol from cis to trans.  This calculation is not entirely accurate because the 

O-H bond in protonated glyoxal is predicted to move away from the oxygen atom in the trans 

configuration.  The cis configuration is the lowest energy isomer while the trans configuration is 

not the lowest energy isomer because the proton is known to rotate around facing away from the 

new hydrogen.  A three dimensional potential energy surface is required to accurately model this 

C-C rotation along with the angle of the O-H bond.  This was performed by Tomasi and 

coworkers using MP2/6-31G level of theory.  Similar results compared to what was previously 

observed following a single reaction pathway are obtained where the O-H bond is fixed.  The 

barrier for this rotation compared to the previous work shows an increase in the barrier height 

compared to the 6-31G level of theory.  This continues the trend observed of increasing energy 

differences when using larger basis sets for theoretical calculations.  

Future work in this project is focused on obtaining the infrared spectrum of protonated 

glyoxal.  Producing protonated glyoxal without any water is important because of mass 
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coincidences along with similar predicted band positions with protonated water.  Rare gas 

tagging with something other than neon or argon, such as nitrogen, would remove any mass 

coincidences with water.  A calculation on the potential energy surface of protonated glyoxal in 

relation to the C-C bond rotation and the O-H bond angle is needed to accurately model the 

pathway of the cis-trans isomerization. 

 

Conclusion 

 The infrared photodissociation spectrum of argon tagged glyoxal cation is measured for 

the first time, and is assigned to the trans-glyoxal cation configuration.  Theory predicts the cis- 

configuration to be more stable by 0.3 kcal/mol over the trans configuration, compared to 3.2 

kcal/mol difference in neutral glyoxal in favor of the trans structure.  A progression of bands 

around 250 cm
-1

 above the main C-H vibrational stretch is observed off the main C-H stretch.   

 The infrared spectrum of protonated glyoxal cation is not obtained because of mass 

coincidences in the mass spectrum.  Theory predicts that the protonated glyoxal complex favors 

the cis configuration.  The cis configuration is lower in energy because of the interaction of the 

proton with the other oxygen atom, forming a weak intermolecular shared proton.  The 

difference in energy between the cis and trans configuration decreases with the addition of an 

argon atom.  Four different isomers for argon tagged protonated glyoxal are found within 7 

kcal/mol of the global minimum.  While the C-O bands are predicted to be in the same region for 

all four isomers, the O-H bond is predicted vary in the mid infrared region, depending on the 

structural configuration.  A strong infrared band which is predicted for the cis configuration and 

not for the trans configuration is the O-H bending mode around 1200 cm
-1

.   
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Figure 1:  A full mass spectrum of 30% glyoxal in water precursor.  The large 

progression of peaks separated by 18 amu corresponds to water clustering.  Peaks 

assigned to mass 58 and 59 along with mass 98 and 99 amu are observed.  These peaks 

correspond in part by glyoxal cation and protonated glyoxal along with their respective 

argon adducts.   
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Figure 2: IRPD spectrum of Glyoxal Cation, Argon tagged, shown in black, compared to 

the predicted infrared spectrum using B3LYP/6311
+
G (p,d) level of theory 
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Figure 3: The structure of the two cis-glyoxal isomers.  The top structure is labeled as cis-

isomer A, and its predicted infrared spectrum is seen in the Figure 5 as the orange trace.  

The bottom structure, cis-isomer B, is 0.9 kcal/mol higher in energy, and its predicted 

spectrum is the red trace in Figure 5. 

cis-glyoxal Isomer A 

cis-glyoxal Isomer B 
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Figure 4:  The structure of two trans-glyoxal isomers.  The top structure is labeled trans-

isomer A, and its predicted spectrum is shown as the green trace in Figure 5.  The bottom 

structure, trans-isomer B, is 4.4 kcal/mol higher in energy, and its spectrum is shown in 

blue. 

trans-glyoxal Isomer A 

trans-glyoxal Isomer B 
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Figure 5:  Predicted infrared spectrum of argon tagged protonated glyoxal of the four 

different isomers calculated by theory using B3LYP/6311+G (p,d).  The four different 

isomers are labeled in Figure 4 and 5. 
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B3LYP B3LYP B3LYP MP2  MP2 

/6-31G        /6-311+G(p,d) /cc-pVTZ    /6311+G(p,d)    /cc-pVTZ 

 

cis-isomer A  0.0  0.0  0.0  0.0  0.0 

cis-isomer B  +1.49  +0.98  +1.26  +0.68  +0.73 

trans-isomer A  +0.93  +1.66  +1.72  +3.21  +3.51 

trans-isomer B  +2.93  +4.4  +5.17  +6.45  +7.01 

 

Table 1: Calculated relative energies in kcal/mol of protonated cis-glyoxal argon tagged 

vs protonated trans-glyoxal argon tagged.  
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Figure 6:  Diagram of the double well conformational energy of the shared proton motion 

between the two oxygen atoms.  
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B3LYP/6-311+G(p,d)  MP2/6311+G(p,d)  MP2/cc-pVTZ 

cis   0.0   0.0    0.0 

trans   +15.0   +14.5    +16.39 

Table 2: Calculated relative energies in kcal/mol of the barrier of the shared proton 

stretch between the two oxygen atoms in protonated cis-glyoxal  
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Figure 7:  Diagram of the cis-trans isomerization conformational energy of protonated 

glyoxal.  Similar profiles are obtained for the different levels of theory, with different 

barrier heights and relative energies of the two structures.  
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B3LYP/6-311+G(p,d)  MP2/6311+G(p,d)  MP2/cc-pVTZ 

cis   0.0   0.0    0.0 

trans   +4.61   +5.41    +5.67 

barrier   +8.80   +9.53    +10.17 

 

Table 3: Calculated relative energies in kcal/mol of the relative energy of protonated cis 

glyoxal and protonated trans-glyoxal, and the barrier for the cis-trans isomerization.  This 

is with the fixed O-H position of the protonated cis-glyoxal structure. 
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CHAPTER IV: 

INFRARED PHOTODISSOCIATOIN SPECTROSCOPY  

OF PROTONATED HYDROGEN CLUSTERS
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T. C. Cheng, B. Bandyopadhyay, and M. A. Duncan,  To be submitted to J. Phys. Chem. Lett.
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Abstract 

 Protonated hydrogen clusters Hn
+
, where n=5,7 and 9, are produced via arc discharge in a 

molecular beam apparatus and probed using infrared laser photodissociation spectroscopy.  For 

H5
+
, we were able to reproduce the previous data by Lee and coworkers with better resolution 

and to measure bands not seen before.  Assignments of the observed bands correspond well with 

new anharmonic calculations corresponding to the shared proton structure.  Because of the large 

oscillator strength of the shared proton stretch, combination bands involving this mode have 

appreciable oscillator strengths.  The spectrum of the analogous deuterium clusters was also 

measured.  For clusters larger than n=7, the infrared spectrum suggests a H3
+
 core solvated by 

neutral hydrogen molecules, unlike the shared proton structure for H5
+
. 
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Introduction 

Small protonated hydrogen complexes are believed to be important ingredients in 

interstellar chemistry.  They also are ideal systems for modeling the effects of protonation 

because of their small size, which helps with high levels of quantum calculations.  H3
+
 was first 

observed in the laboratory setting over a hundred years ago by J. J. Thomson while looking at a 

hydrogen discharge and studying its byproducts.
1
  He observed that H3

+
, not H

+
, was the major 

cation produced.  This is because of the structural stability of H3
+
, which consists of the positive 

charge shared equally by the three hydrogen atoms in a equilateral triangle configuration, first 

proposed by Coulson in 1935.
2
  This H3

+
 structural configuration is the basis for the structure of 

many larger protonated hydrogen complexes, with neutral hydrogen molecules solvating the H3
+
 

charge center.
3
  Multiple studies have shown H3

+
 to have an integral role in many interstellar 

reactions.
4-8

  In 1980, Oka and coworkers measured the infrared spectrum of H3
+
, which was 

subsequently discovered in the interstellar medium in 1996.
9-12

  This was done by measuring the 

ν2 stretch in H3
+
, which is the symmetric ring mode at 2521.564 cm

-1
, and comparing these bands 

to absorption lines in space.  Since then, H3
+
 has been discovered in a variety of different 

interstellar environments.
13-18

 

Even though H3
+
 is the main positively charged ion in hydrogen plasmas, larger 

protonated hydrogen clusters, such as H5
+
, have also been detected in hydrogen discharges.  

Dawson and Tickner first observed H5
+
 in a laboratory setting while studying a hydrogen glow 

discharge in 1962.
19

  Even larger hydrogen clusters were subsequently seen using a variety of 

different techniques.
20-24

  Using drift tube experiments, the gas-phase reaction rate coefficients of 

protonated hydrogen clusters have been measured.  Dynamics studies have looked at the rate of 

reaction for many of the pure hydrogen clusters.
25-36

  The interaction of H3
+
 with neutral 
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hydrogen is believed to form H5
+
.
25

  Due to the abundance of both H3
+
 and H2 in space, there is 

interest in the infrared spectrum of H5
+
 since it may also be present in space.

37-39,46
   

In 1988, Okumura and coworkers measured the infrared spectrum of H5
+
 in the mid-IR 

region, reporting three broad bands at 3532, 3910, and 4230 cm
-1

.
40-41

  The spectrum was 

assigned to the shared proton dimer structure of H5
+
, and the bands were assigned as the second 

overtone of the fundamental shared proton stretch at 3532 cm
-1

, the H-H stretch at 3904 cm
-1

, 

and a combination band at 4230 cm
-1

.  These previous assignments were done with the help of 

harmonic calculations, which were shown to be unreliable in predicting the infrared spectrum of 

shared proton complexes.   

H5
+
 is also a model system to study the nature of the shared proton.  Numerous 

theoretical works have predicted the shared proton structure for H5
+
, where the addition of H2 to 

H3
+
 forms a D2d structure with the proton equally shared in the center.

43-56
  Shared protons are of 

particular interest because of the interest in the mechanism of protonation and proton transfer, 

which may include a shared proton complex in the reaction process.  Many different reactions 

involve protonation and proton transfer, including acid-base reactions, migration of protons in 

biological systems, and atmospheric chemistry. 

Many different theoretical studies have focused on the structure of H5
+
.  The structure 

and energetics of H5
+
 vary greatly depending on the level of theory because of the difficulty in 

accurately modeling the anharmonic nature of the shared proton.  While most levels of theory 

agree that H5
+
 is a shared proton dimer, the predicted infrared spectra has varied greatly.

51-56
  It 

has been calculated that the potential energy surface for H5
+
 is extremely flat, and highly 

anharmonic around the global minimum with several low-lying saddle points nearby.  Because of 
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this flat energy surface, the H5
+
 is delocalized in nature, which is problematic to accurately 

describe using computational methods.   

Debate over the structure of even larger hydrogen clusters, such as H7
+
 and H9

+
 has been 

over two main configurations, one containing the H3
+
 motif, with a core H3

+
 ion solvated by 

multiple H2, and the other the shared proton structure of H5
+
 solvated by a H2 molecules.

43-51
  

Theory predicts the H7
+
 structure containing the core H3

+
 to be lower in energy, and the infrared 

spectrum to consist of three main bands in the mid infrared region, containing an asymmetric H3
+
 

ring mode similar to the ν2 band observed by Oka and coworkers
9
, and a stretch corresponding to 

the H-H stretch of the H2 molecule.  The third vibrational band predicted is the symmetric stretch 

of the H3
+
 motif in H7

+
.  Unlike H3

+
, the symmetric stretch of H7

+
 is predicted to be infrared 

active because the mode has a change in dipole from the break in symmetry coming from the 

addition of the two hydrogen molecules.  The infrared spectrum of H7
+
 was first observed by 

Okumura and coworkers
40-41

, measuring only one band in the region from 3400 to 4100 cm
-1

.  

This band was assigned as the H-H stretch.  The ring modes are predicted to be much lower in 

frequency, and the laser used at the time did not have coverage in the predicted region for the 

ring mode vibrations.  For H9
+
, most levels of theory agree on the H3

+
 motif with a neutral H2 on 

each of the hydrogen’s in the charge center.  With this highly symmetric molecule, the 

symmetric stretch of the H3
+
 ring does not have a change in dipole.  Therefore, this band is not 

predicted to have strong oscillator strength, and only two bands are predicted in the mid infrared 

region of the spectrum, the asymmetric ring mode of H3
+
 and the H-H stretch. 

In this work, the single-photon infrared photodissociation spectrum for H5
+
 is measured 

in the mid-infrared region.  Infrared multiphoton dissociation is used to measure the spectrum 

below 2100 cm
-1

.  The per-deuterated isotopologues are also studied to provide a deeper 
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understanding of the nature of the shared proton structure and to confirm their structure.  In 

collaboration with Bowman and coworkers at Emory University, quantum Diffusion Monte 

Carlo (DMC) calculations, which account for the anharmonic characteristics of H5
+
, are used to 

help assign the bands observed.  Work on larger protonated hydrogen clusters is also presented 

and compared to previous results along with current theoretical models. 

 

Experimental 

Small hydrogen clusters are produced in a pure hydrogen expansion with an arc discharge 

ion source described previously.
57-70

  To form hydrogen clusters, a +2000 V discharge of 5-10 μs 

is used within a 300 μs gas pulse of pure hydrogen (Airgas UHP grade Hydrogen).  For studying 

deuterium clusters, similar conditions were used except 99.9% pure deuterium (Cambridge 

Isotopes 99.9% pure deuterium) is used for the gas expansion.  Small amounts of water are added 

to the gas line to act as an electron scavenger.  Upon infrared absorption from a tunable infrared 

OPO/OPA laser, photodissociation of neutral H2 occurs.  By measuring the intensity of the 

smaller fragment ions in relation to the laser wavelength, the infrared spectrum of the protonated 

hydrogen cluster can be measured. 

To get tunable infrared laser light with enough laser power for infrared multiphoton 

dissociation (IRMPD) below the dissociation limit, a free electron laser (FEL) is required.  

Similar experiments was performed by Dr. Ricks in collaboration with Dr. Asmis of FHI-Berlin 

at the Free Electron Laser for Infrared eXperiments (FELIX) facility at the FOM Institute for 

Plasma Physics “Rijnhuizen” at Neiuwegein in the Netherlands.  Using the FEL, multiphoton 

fragmentation of H5
+
 and D5

+
 is measured from 300 to 2100 cm

-1
.   
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To produce tunable infrared light with a FEL, electrons are accelerated using a linear 

accelerator to speeds near the speed of light.  The electrons then enter a region, known as the 

undulator or wiggler, with alternating magnetic fields, causing the electrons to follow a 

sinusoidal path.  The acceleration of the electrons in this alternating electric field results in 

synchrotron radiation.  The wavelength of this radiation is related to the field strength of the 

magnetic field.  By physically moving the magnets to change the spacing between magnets, the 

wavelength of synchrotron radiation can be tuned. 

DMC calculations were performed by Bowman and coworkers at Emory University to 

provide high level anharmonic calculations on the structure and predicted spectroscopy of H5
+
 

and D5
+
.  A detailed explanation of the theoretical method has been described previously.

39
  

Briefly, a 5,000-point potential energy surface (PES) was first formed with the B3LYP/aug-

ccpvtz level of theory/basis set using MOLPRO.  Using this constructed PES, DMC calculations 

to understand the energetic was done with the use of “walkers” which probed the surface at 

random points and directions.  With 20,000 random walkers, the minimum structure is 

computed, and reaction path MULTIMODE calculations were performed to calculate predicted 

frequencies and intensity of the fundamental mode of the vibrations along with overtones and 

combination bands.   

 

Results and Discussion 

 The mass spectrum of the ions produced in this experiment contains primarily protonated 

hydrogen clusters, H(2n+1)
+
 where (n≥1), as shown in Figure 1.  The progression of these H(2n+1)

+
 

peaks drop drastically after H9
+
.  This suggests a change in binding of hydrogen molecules after 
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H9
+
.  This is not surprising since this is in good agreement with numerous theoretical models 

where the first solvation shell has three hydrogen molecules directly interacting to H3
+
, one on 

each corner.  Even numbered mass peaks are also present in the mass spectrum, corresponding to 

even-numbered hydrogen clusters.  These clusters are much smaller in intensity than the odd-

numbered hydrogen clusters.   

 Figure 2 shows the infrared photodissociation spectrum of H5
+
, measured in respect of the 

mass channel corresponding to the loss of H2.  There are broad bands centered at 2603, 3520, 

3904 and 4234 cm
-1

 in the mid-infrared region.  The three higher energy bands observed 

correspond well with the previously measured spectrum by Okumura and coworkers.
40-41

  There 

is a slight red-shift in the band positions when compared to previous results (3520 vs 3532, 3904 

vs 3910 and 4232 vs 4230 cm
-1

).  The difference in band positions are attributed in part by the 

difference in H5
+
 formation (corona discharge vs electrical discharge), inaccuracy in picking the 

center of a broad band, and differences in the linewidth of the laser (5-10 cm
-1

 compared to our 

1-2 cm
-1

).  The lowest frequency band observed in the mid infrared, centered at 2603 cm
-1

, was 

not observed previously because of limitations in wavelength coverage in the mid-infrared 

region.  These four bands have broad linewidths of around 50 cm
-1

.  This width is attributed 

mainly to predissociation.  The bands are also not symmetric, with red-shading on the contours 

of the peaks.  This suggests that there is a possibility of rotational countour that is not resolved in 

our spectrum. 

 The infrared photodissociation spectrum of D5
+
 is shown in Figure 3, measuring the 

appearance of D3
+
.  Three bands are present at 2546, 2815, and 3044 cm

-1
.  The deuterated 

isotopologue of H5
+
 is predicted to have the same vibrational modes as H5

+
 shifted lower in 
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frequency because of differences in molecular weight.  A vibrational can be modeled by the 

following equation 

 Ν = ½ π(k/µ)
½
   

 Where ν is the frequency, k is the bond strength, and µ is the reduced mass.  The 

deuterated complex is expected to have the same vibrational modes shifted down in frequency by 

the square root of 2, since the bond strength is kept constant while the reduced mass is doubled.  

The three peaks in the D5
+
 spectrum correspond to the three higher-energy vibrational modes 

seen in H5
+
.  The band at 2603 cm

-1
 for H5

+
 is predicted to be around 1840 cm

-1
 for D5

+
, but is 

not seen. 

 Complex computational studies are required to investigate this systems because of the 

highly anharmonic nature of H5
+
.  Collaboration with Bowman and coworkers utilizing Diffusion 

Monte Carlo (DMC) calculations provided predicted theoretical models with anharmonicity 

taken into account.  The lowest energy conformation for H5
+
 has a structure of a charged H3

+
 

with a neutral hydrogen molecule on one of the hydrogens in a C2v configuration.  The potential 

of the shared proton motion between the two hydrogens is in the form of a double well potential.  

The barrier between the double well has been calculated to be only 52 cm
-1

.  The zero point 

energy level for this molecule is already above the barrier of this double well potential.   This 

saddle point, which has a D2d configuration, is therefore very important because the ground state 

density is maximized in this configuration.    

 The dissociation limit for H5
+
 is predicted to be 6.37 kcal/mol (2227 cm

-1
).  This is higher 

than the harmonic estimates for the dissociation limit, which is predicted to be around 5.57 

kcal/mol, and is in good agreement with previous experimental measurements.  No 
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fragmentation is seen below 2300 cm
-1

 even though bands are predicted in this region because 

single photon fragmentation occurs only above the dissociation energy.  Upon deuteration, the 

dissociation limit is predicted to shift higher in energy, to 6.87 kcal/mol (2400 cm
-1

).  This is 

because the zero-point energy is lowered upon deuteration, and so more energy is required to 

break a bond.  Because of the dissociation limit of D5
+
, the analogous band in H5

+
 at 2603 cm

-1
 is 

not seen.   

 In addition to calculating the dissociation limit for H5
+
 and D5

+
, accurate predictions of 

the vibrational band positions along with its combination bands and overtones is needed to assign 

the bands observed. Eight fundamental vibrational modes are predicted for the shared proton 

structure of H5
+
, shown in Figure 4.  Assignment of the measured infrared spectrum of H5

+
 by 

Okumura coworkers was done with the use of harmonic calculations. The spectrum was assigned 

to the shared proton structure of H5
+
, with the 3532 cm

-1
 bands identified as the second overtone 

of the symmetric stretch of the H3
+
, the 3910 cm

-1
 band as the fundamental H-H stretch, and the 

4230 cm
-1

 band as a combination band, possibly of the H-H stretch and the fundamental shared 

proton stretch. 

Anharmonic factors are taken into account using DMC calculations.  The fundamental 

shared proton stretch, ν1, is predicted to be around 334 cm
-1

.  This shared proton stretch has a 

strong oscillator strength, about eighty times stronger than the second strongest mode.  This is 

because of the nature of the shared proton stretch, which undergoes high amplitude motion 

within a shallow well.  This leads to a large change in dipole, which correlates to the oscillator 

strength of a vibration.  There is only one fundamental vibrational mode in the mid-infrared 

region at 3560 cm
-1

, which corresponds to ν8.  This ν8 vibration is analogous to the free hydrogen 

stretch, which has been measured at 4161 cm
-1

, shifted down because of interactions with the 
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shared proton.  The peak observed at 3520 cm
-1

 is assigned to this ν8 stretch.  With no other 

fundamental vibrational modes in this region, combination bands and overtones are required to 

assign the three other observed peaks. 

 The anharmonic nature of H5
+
 has resulted in difficulty in accurately predicting the 

position and oscillator strength of the combination bands and overtones of H5
+
.  In molecules that 

can be modeled accurately with harmonic calculations, overtones and combination bands are 

predicted to be close to additive in nature.  For example, water has two stretches in the mid 

infrared region, ν1 and ν3, at 3657 and 3756 cm
-1

 respectively.  The combination band of 2ν1 + ν3 

has been experimentally observed at 10613 cm
-1

, slightly less than the sum of the fundamental 

modes.  For H5
+
, because of the anharmonic nature of the shared proton stretch, the third 

overtone of the fundamental ν1 stretch is predicted to be at 2749 cm
-1

, over seven times the 

fundamental mode at 334 cm
-1

.  With the use of DMC calculations, the overtones and 

combination band positions along with oscillator strengths were predicted with anharmonic 

considerations taken into account. Because of the strong oscillator strength of the shared proton 

stretch, overtones and combination bands that incorporate this mode are predicted to have 

oscillator strengths comparable to some fundamental modes.  The third overtone of the ν1 mode 

is predicted to have stronger oscillator strength than that of the fundamental ν8 mode.   

 Figure 5 shows the infrared photodissociation spectra of H5
+
 and D5

+
 clusters compared 

with the theoretical predicted spectra.  Good agreement for all bands observed in H5
+
 and D5

+
 are 

observed.  The H-H stretch is the only fundamental band in the mid infrared region of the 

spectrum, and this corresponds with the 3520 cm
-1

 band in H5
+
 and 2546 cm

-1
 in D5

+
.  The band 

at 3904 cm
-1

 is assigned to a mixed contribution from two different vibrational modes.  

Assignment of the highest energy band observed is not shown because of contributions from 
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many different combination bands present.  In H5
+
, a fourth band is observed at 2603 cm

-1
.  This 

is assigned to the third overtone of the ν1 stretch, which is the shared proton stretch.  The same 

band is predicted to be at 1829 cm
-1

 in D5
+
, but is not observed.  This is because the dissociation 

limit is around 2400 cm
-1

, so single photon absorption does not lead to dissociation.   

 To measure the infrared spectrum of H5
+
 and D5

+
 below the dissociation limit, single 

photon infrared photodissociation is not possible.  Instead, infrared multiphoton 

photodissociation(IRMPD) is required to fragment these complexes.  A larger flux of light is 

needed for IRMPD, which our infrared OPO/OPA system is unable to achieve.  Experiments 

with a similar setup was performed at the Free Electron Laser for Infrared eXeriments(FELIX) 

facility at the FOM institute for Plasma Physics “Rijnhuizen” at Neiuwegein in the Netherlands. 

 Figure 6 shows the experimental spectrum of H5
+
 from 300 to 2100 cm

-1
 measured in the 

mass channel corresponding to loss of H2 in the top trace, with the predicted theoretical spectrum 

below.  The experimental spectrum has several bands with two intense ones at 940 and 1399 cm
-

1
.  There are also several weaker bands that are observed.  Correlation between experimentally 

measured peak intensity with the predicted oscillator strength is not accurate because of 

differences in the required absorbed photons to overcome the dissociation energy of H5
+
.  As the 

wavelength of the photon decreases, more photons must be simultaneously absorbed to 

dissociation the molecule.  For example, only two photons are required to fragment H5
+
 at 1399 

cm
-1

 while three photons are needed at 940 cm
-1

.  As with the mid infrared spectrum of H5
+
, to 

accurately assign the observed spectrum, combination bands and overtones need to be taken into 

consideration.  
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 All of the observed bands for H5
+
 appear to be slightly lower in frequency than the 

predicted bands from theory.  The ν1 vibration, which is the shared proton stretch, is predicted to 

be at 334 cm
-1

.  Three bands are seen in this region in the experimental spectrum.  However, the 

bands at 320 and 470 cm
-1

 are known artifacts from the experimental setup which comes from 

certain wavelength harmonics leaking through from higher frequencies.  Therefore, we assign the 

379 cm
-1

 band to the shared proton stretch.  This fundamental shared proton stretch is by far the 

strongest predicted vibrational mode in the infrared spectrum, but is seen to be quite weak in the 

experimental spectrum.  This is in part because of the large number of photons that are required 

for fragmentation and because of a decrease in laser power near the edge of the tunable region of 

FELIX. 

The other bands observed correlate well with predicted theoretical spectrum of H5
+
.  

These bands observed are assigned to combination bands that all involve the ν1 vibrational mode.  

This is again because of the extremely large oscillator strength of the shared proton stretch.  

There is red-shading present on all the bands, possibly assigned to unresolved rotational 

structure.  This matches well with the previously seen red shading in the mid-infrared region of 

the spectrum.  This is most prominent with the progression of bands 22 cm
-1

 to the red from the 

band at 1399 cm
-1

. The strongest observed band is seen at 940 cm
-1

.  This corresponds with a 

strong predicted combination band.  This wavelength of light in this region from FELIX is close 

to the maximum power through the spectrum, which contributes to strong fragmentation at this 

wavelength.  In the predicted spectra of H5
+
, there are many different molecular states 

contributing to the assignment of the combination band.  Two broad features are observed 

centered at 1723 and 195 cm
-1

.  Even though only two photons are needed to overcome the 
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dissociation limit in this region, the laser power drops dramatically below 20 mJ per pulse and 

the linewidth of the laser broaden in this region of the spectrum. 

 The IRMPD spectrum of D5
+
 is shown in the top trace of Figure 6, measuring the 

intensity of D3
+
 as a function of wavelength.  The theoretical spectrum provided by Bowman is 

shown in the bottom trace.  The shared proton stretch for D5
+
 is predicted to be around 235 cm

-1
.  

This wavelength is at the lower wavelength rage of FELIX, and no fragmentation is observed.  

Upon deuteration, there is a shift of approximately the square root of 2 from the fundamental 

bands of D5
+
 compared to H5

+
 for the same reason as shown in the mid infrared region of D5

+
 vs 

H5
+
.  The predicted band positions are higher in energy than what is experimentally observed, 

opposite of what is observed for H5
+
 when compared to theory.  The difference in the band 

positions of the experimental results compared with theoretical predictions increases as the 

wavelength decreases.  Red-shading is not as pronounced for the bands of D5
+
.  This is not 

surprising because of the increase in molecular weight, which would result in more mass off-

axis, decreasing the rotational constants.  The predicted oscillator strengths of many of these 

combination bands differs from that of H5
+
 because of changes in the vibrational modes shift 

where combination bands coincide with one another. 

 Three small broad bands are observed in the lower wavenumber region of the D5
+
 

spectrum.  The band seen at 679 cm
-1

 corresponds with the predicted band around 791 cm
-1

, 

while the two other bands centered at 886 and 1059 cm
-1

 are assigned to bands predicted around 

975 and 1195 cm
-1

.  Sharp bands are present in the higher wavelength region of the far infrared 

for D5
+
.  Three sharp bands located at 1299, 1357, and 1417 cm

-1
 correlate to the predicted bands 

at 1473, 1533, and 1553 cm
-1

.  The band at 1636 cm-1 is assigned to the combination band 

predicted at 1735 cm
-1

.  The third overtone of the shared proton stretch for D5
+
 is seen at 1767 
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cm
-1

.  This corresponds to the predicted infrared peak at 1823 cm
-1

.  In H5
+
, this band is seen in 

the mid infrared region, above the dissociation limit, and is seen previously at 2605 cm
-1

. 

  Larger hydrogen clusters such as H7
+
 and H9

+
 have also been studied using the molecular 

beam apparatus at the University of Georgia.  In these larger cluster sizes, multiple fragmentation 

channels are observed, corresponding to a series of peaks with the loss of two a.m.u. down to 3 

a.m.u.  This mass loss is from fragmentation of hydrogen molecules down to H3
+
.  For H7

+
, only 

one band is observed at 3982 cm
-1

, shown in Figure 8 with the predicted infrared spectrum 

below.  This corresponds well with the bands seen previously at 3980 cm
-1

 by Lee and 

coworkers.  Monitoring both loss channels resulted in the same infrared spectrum.  The absence 

of any other peak in this whole infrared region suggests that the structure of H7
+
 greatly differs 

from that of H5
+
.  Harmonic theoretical calculations on the structure of H7

+
 have shown the 

lowest energy isomer to have a H3
+
 center with two neutral H2 molecules on each corner in a C2v 

configuration instead of a shared proton complex.
31

  The predicted infrared spectrum for this 

isomer has only one peak in this higher energy region at 3995 cm
-1

, which matches well with the 

observed peak.  Two other bands are predicted in the infrared region, corresponding to the 

asymmetric stretch of the H3
+
 center at 2303 cm

-1
 and a weaker symmetric stretch of the H3

+
 

ring, at 3059 cm
-1

.  Neither of these two bands is observed in the spectrum.  This may be because 

the peak is actually shifted below 2000 cm
-1

, into the far-IR region.  Also, binding energy 

considerations for these complexes may cause fragmentation not to occur.   

The infrared spectrum of H9
+
 measuring the loss of neutral H2 is shown in the top trace of 

Figure 9 along with the predicted infrared spectrum in the bottom trace.  Multiple fragmentation 

channels are present corresponding to fragmentation loss of 1, 2, or 3 H2 molecules.  All three 

fragmentation channels result in a similar infrared spectrum.  This highly symmetric molecule 
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has only one predicted fundamental band, corresponding to the H-H stretch of the neutral H2 

molecule, in the infrared region at 4020 cm
-1

, which corresponds well with the band observed.  

Like H7
+
, the infrared spectrum suggests that H9

+
 has the H3

+
 motif with neutral H2 around it.  

The asymmetric ring mode of the core H3
+
 is predicted to shift even lower in frequency than that 

of H7
+
, at 2167 cm

-1
.  This asymmetric ring mode was not observed experimentally.  Unlike H7

+
, 

no symmetric stretch of the H3
+
 center is predicted.  Because of symmetry of H9

+
, the symmetric 

stretch of H3
+
 center does not have a change in dipole, which H7

+
 has.

 

A comparison of the infrared spectra of H5
+
, H7

+
, and H9

+
 in the mid infrared region by 

measuring the fragmentation channels corresponding to the loss of neutral H2 is shown in Figure 

10.  In all three cluster sizes the H-H stretch is observed, and the shift in the position of this band 

show the large difference in the structure of the H5
+
 ion compared to the other protonated 

hydrogen clusters.  Compared to the free H2 stretch at 4161 cm
-1

, the H-H stretch of H5
+ 

 is 

shifted down to 3520 cm
-1

.  This shared proton structure strongly perturbs the stretches 

associated with the free H-H.  In H7
+
, the H2 stretch is much closer to the free H-H stretch, at 

3982 cm
-1

, and even closer for H9
+
 at 4025 cm

-1
.  This is in good agreement with theory, which 

predicts that larger hydrogen clusters than H5
+
, instead of having a shared proton structure of 

H5
+
, the structure corresponds with a H3

+
 motif with neutral hydrogen attachment.  The H3

+
 with 

neutral hydrogen molecules attached to the corners would therefore have free H-H stretches 

much more similar to that of neutral H-H.  Okumura and coworkers have measured the H-H 

stretch for even larger hydrogen complexes, up to H15
+
 and observed the trend of higher H-H 

stretch vibrations upon subsequent hydrogen addition continuing.
40

  With the previous 

assignment of the H-H stretch as the band at 3910 cm
-1

, the band position is only a couple 

hundred wavenumbers from the free H-H stretch, similar to that of H7
+
 and H9

+
 even though H5

+
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was calculated not to have a free hydrogen molecule.  The new assignments of bands is in good 

agreement with the shared proton structure of H5
+
, with the H-H stretch being red-shifted around 

six hundred wavenumbers. 

The infrared spectrum of D7
+
 measuring the loss of neutral D2 is shown in Figure 11 

along the comparison to H7
+
 below.  Only one peak is observed, similar to the infrared spectrum 

of H5
+
, at 2869 cm

-1
.  As with H5

+
, the bands are shifted by approximately the square root of 2, 

from 3982 to 2869 cm
-1

.  This shift is due to the change in mass from hydrogen to deuterium into 

account.  The ring mode of this complex is predicted to shift down to around 1700 cm
-1

.   

 Future work includes measuring the low frequency of these complexes to measure the 

symmetric and asymmetric vibrations of the H3
+
 ring modes for the larger hydrogen clusters.  If 

no fragmentation is seen, IRMPD may be needed if single-photon fragmentation is not possible 

because of binding energy considerations.  Even larger hydrogen clusters, past the first solvation 

shell of H3
+
, can be studied to see if the shared proton motif appears again, especially for H13

+
, 

which corresponds with a hydrogen molecule on each of the four corners of H5
+
.  Mixed 

protonated clusters of H/D is also of interest to be studied.  However, because of the small 

difference in mass along with mass coincidences, this future project would be very challenging 

to execute.   

 

Conclusion 

 The infrared spectrum of protonated hydrogen clusters was measured using infrared 

photodissociation.  For H5
+
, single-photon IRPD, fragmentation above the dissociation limit 

showed the loss of neutral H2.  With the increased wavelength coverage achievable with the 
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Laservision OPO/OPA system, the full infrared spectrum above the dissociation limit was 

measured, and a previously unseen peak was observed.  Below the dissociation limit, IRMPD 

was measured using FELIX.  IRPD of the deuterated clusters for all these protonated hydrogen 

clusters was also measured, with the bands shifted down by the square root of two, as predicted 

from difference in reduced mass upon deuteration.  Previous assignment of the infrared spectrum 

corresponded to the shared proton structure.  With the help of anharmonic calculations from 

Bowman and coworkers, the bands observed in the infrared spectrum were assigned to 

correspond with combination bands.  Because of the large predicted oscillator strength of the 

fundamental shared proton stretch, combination bands involving this mode have large oscillator 

strengths, as seen by the predicted theoretical spectrum. 

 The infrared spectrum of larger protonated hydrogen clusters H7
+
 and H9

+
 and their 

deuterated isotopologue complex was also measured.  These larger clusters showed only a single 

peak close to the free H2 stretching region.  This peak shifts closer to the free H2 with the 

addition of each H2.  This suggests that for H7
+
 and larger protonated hydrogen clusters, the 

structure of these clusters corresponds not to a shared proton structure like that of H5
+
, but to one 

with a H3
+
 motif surrounded by neutral H2.  
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Figure 1:  Mass spectrum of a pure hydrogen discharge.  
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Figure 2:  The infrared spectrum of H5
+
, measuring the appearance of H3

+
, the byproduct 

of photodissociation with an infrared laser.  The calculated dissociation limit of 2227 cm
-

1
 is labeled as D0 
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Figure 3:  Infrared spectrum of D5
+
, measuring the appearance of D3

+
, the fragment of 

photodissociation of D5
+
.  The dissociation limit, D0, is calculated to be at 2400 cm

-1
. 
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Figure 4:  Important fundamental modes of the shared proton, H5
+
.  The fundamental ν1 

mode is predicted to be around 370 cm
-1

 with very strong oscillator strength. 
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Figure 5:  Comparison of the theoretical calculated spectrum, in blue, with the measured 

experimental spectrum, in red of H5
+
 and D5

+
.  This theory comes from the work of Dr. 

Bowman and coworkers at Emory University.  The predicted dissociation limit for H5
+
 

and D5
+
 are labeled with the arrow.  Assignments of the experimentally observed bands 

are in good agreement with the predicted theoretical spectrum. 
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Figure 6:  Infrared spectrum of H5
+
, measured at FELIX, measured in the mass channel 

corresponding the loss of neutral H2.  The top trace is the experimental results while the 

bottom trace is the predicted theoretical spectrum with peak assignments.   Multi-photon 

dissociation is needed to be able to overcome the dissociation limit of these complexes.     
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Figure 7:  Infrared spectrum of D5
+
, measured at FELIX, corresponding to the loss of 

neutral D2.  The top trace is the experimental results while the bottom trace is the 

theoretical spectrum with peak assignments provided by Bowman and coworkers. 
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Figure 8:  Infrared spectrum of H7
+
, measured in the mass channel corresponding to the 

loss of neutral H2, shown in the top trace compared with theory shown in red on the 

bottom trace. 
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Figure 9:  The infrared spectrum of H9
+
 measured in the mass channel corresponding to 

the appearance of H7
+
, shown in the top trace, compared with theory below it. 
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Figure 10:  Infrared spectrum of H5
+
,H7

+
, and H9

+
 in the mid-infrared region collected by 

measuring the appearance of the ion corresponding to the loss of H2.  
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Figure 11:  Comparison of the infrared  spectrum of H7
+
 and D7

+
, both collected by 

monitoring the mass channel corresponding to the fragmentation loss of neutral hydrogen 

molecule. 
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Abstract 

 Protonated mixed clusters of benzene and water, H
+
(bz)m(H2O)n, where m=1-4 and n=1-

2, are produced via arc discharge in a molecular beam apparatus and probed using infrared 

photodissociation spectroscopy.  These clusters involve a shared proton stretch vibration, whose 

frequency is sensitive to small structural variations.  For H
+
bz(H2O)-Ar, the infrared spectrum 

suggests that the proton is unequally shared between the water and benzene, favoring the water 

more than benzene.  Solvation of the hydronium ion by multiple benzene molecules causes 

charge delocalization, which results in weaker blue-shifts of the benzene-bound O-H stretch with 

each additional benzene molecule.  The solvation of the Zundel ion by benzene molecules 

polarizes the Zundel ion, causing unequal sharing of the proton between the two water 

molecules.  This causes a blue-shift in the shared proton stretch in the infrared spectrum. 
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Introduction 

 Protonation and proton transfer are key aspects in many areas of chemistry, including 

many reactions in biology, acid-base reactions, interstellar chemistry, and atmospheric 

chemistry.
 1-6

  In many compounds, the position of the proton has not been measured, and the 

effects of protonation are hard to calculate because of the many intermolecular forces that are 

involved.  Because of the importance of protonation and proton transfer, there have been many 

studies on the mechanism of these reactions.
7-10

  Many situations of proton transfer involve 

intermediate complexes where the proton is shared between two different molecules.  Protonated 

benzene-water complexes are a good model system to gain a fundamental understanding of how 

the intermolecular interactions affect the preferred protonation site among mixed clusters. 

There have been numerous studies looking into the structure of pure protonated water 

clusters, both with experimental and computational methods.
11-65

  Structural studies of the 

solvated proton in water have focused on two main isomers.  The first, H9O4
+
, commonly known 

as the “Eigen” ion, was proposed in 1958, and consists of the hydronium solvated by three 

neutral water molecules.
11-14

  The second, which consists of a proton shared between two water 

molecules, H2O-H
+
-H2O, was proposed in 1978, and is commonly known as the “Zundel” ion.

15-

16
  These two structures are important in the proton transport mechanism in water, which was 

first proposed by Grotthuss in 1806.
17

  Depending on the number of water molecules solvating 

the proton, theory predicts either the Eigen or the Zundel ion motif for proton solvation.
31

   

Spectroscopy of pure protonated water clusters and pure protonated benzene clusters has 

been studied experimentally previously.
18-28

  Protonated water, H3O
+
, was first detected by high-

resolution infrared spectroscopy by Saykally and coworkers in 1983, and was the focus of 
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numerous other theoretical and experimental studies.
18

  Using high resolution spectroscopy, the 

symmetric and asymmetric stretches of hydronium were measured at 3530.165 and 3513.840 cm
-

1
 respectively.  Larger protonated water clusters H

+
(H2O)n, have also been studied extensively.

20-

28
  Protonated benzene and its clusters have also been an area of previous computation and 

experimental studies.
67-102

 

In a mixed cluster species, the protonation site is hard to predict.  A logical guess is that a 

proton would be located closer to the molecule with the higher proton affinity.  Because the 

proton affinity of benzene (750.4 kJ/mol) is higher than that of water (691.0 kJ/mol), the proton 

would then be expected to bind to benzene.  Johnson and coworkers have compared the location 

of the shared proton stretch vibration versus the difference in proton affinity between the two 

different molecules.
103

  Recent work by Fridgen and coworkers have shown situations where the 

trend of the shared proton stretch position in relation to the ΔPA is not followed, specifically 

when the shared proton is between molecules with a high dipole moment.
104

  This was shown by 

Johnson and coworkers for the shared proton between water and acetonitrile.
105

   

Previous work studying the structure of different benzene-water clusters both 

experimentally and with computational methods has provided a good understanding of neutral 

and cation mixed benzene water clusters.
106-125

  Mikami and coworkers have studied benzene-

water cation clusters and saw structural changes upon photoionization for these complexes.
108-111

.  

Zweir and coworkers have studied the mixed benzene-water neutral clusters, and the structure of 

these complexes.
117-120

    Chang and coworkers have studied protonated benzene with two waters 

in the high-frequency modes around the O-H stretch.
121

  Computational studies with different 

levels of theory have tackled the protonated 1:1 benzene water complex and have predicted 
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several low energy isomers.  Nyugen and coworkers studied the protonated benzene water cluster 

computationally, predicting the proton to be associated stronger with water than benzene.
125

   

 The solvation of protonated species is also an important chemical process.  Previous work 

on the solvation of charged species has shown charge delocalization with the addition of 

subsequent molecules.
126

  When water is solvated with n=1,2,3 nitrogen molecules, charge 

delocalization causes the strength of each subsequent interaction with nitrogen to decrease.  This 

causes a smaller red-shift of the band corresponding to the nitrogen-interacting O-H stretch.  In 

the solvation of water with benzene, charge delocalization effects are also expected to play a key 

role in the structures. 

 In this work, infrared photodissociation spectroscopy is employed on protonated mixed 

benzene-water clusters, H
+
(bz)m(H2O)n where m=1-4 and n=1-2.  By comparing the experimental 

results with computed structures, the protonation site of these complexes along with the effects 

of benzene solvation were examined.  Solvation effects from the addition of subsequent benzene 

molecules were studied on the hydronium ion along with the Zundel ion. 

 

Experimental 

Mixed clusters of protonated water and benzene are formed using an arc discharge source 

in a home-built molecular beam apparatus.  The experimental details have been described 

previously.
126-140

  Briefly, protonated benzene-water clusters are produced by adding both water 

and benzene in a chilled reservoir at the gas inlet.  The gas is pulsed into a molecular beam 

apparatus through a pulsed valve with a backing pressure of around 150 psi for 280 μs.  At the 

throat of the expansion, an electrical discharge of around 1600 V for 20 μs between two needles 
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forms a plasma.  Within this plasma, a variety of complexes are formed including positive, 

negative and neutral clusters.  Through collisional and evaporative cooling, protonated mixed 

benzene-water complexes are produced.  The ions are skimmed into the second chamber, which 

contains the reflectron time-of-flight mass spectrometer.  They are then pulse extracted into the 

first flight tube, where the ions are mass selected using a pulsed mass gate.  After the mass gate, 

the ions enter the reflectron region of the time-of-flight.  At the turning region of the reflectron, 

the ions are intersected with the tunable output of an infrared OPO/OPA system.  Upon 

resonance absorption, photodissociation occurs if the binding energy of the ion is less than the 

energy of the infrared photon.  The parent and fragment ions are reaccelerated out of the 

reflectron into a second flight tube, where separation of masses occurs.  By measuring the 

fragment intensity vs. wavelength an infrared spectrum can be measured on a zero background. 

To measure the smaller benzene-water clusters, argon tagging is required since the 

binding energy of these complexes is higher than the energy of the infrared photon.  For the 

larger complexes, elimination of neutral benzene is measured.  The effects of rare gas tagging 

can be simulated via computations using Gaussian 03W, and in most situations, tagging is found 

to yield a small perturbation on the structure and frequency of the infrared stretches.   

Computations investigating the structure, energetics and predicted infrared spectra are 

done with the Gaussian 03W suite of programs.
S1

  Density functional theory (DFT) and Moller-

Plesset perturbation theory (MP2) calculations are used to explore the effects of different levels 

of theory for the lowest isomer of all these molecules.  For a scaling factor, the recommended 

values of 0.9575 and 0.9352 for B3LYP and MP2 calculations are used respectively.  Calculated 

isomer energies, structures, and predicted infrared spectra are shown in the Appendix. 
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Results and Discussion 

Figure 1 shows a full mass spectrum of protonated mixed clusters of benzene and water.  

In this spectrum, clustering of water and benzene can be seen with minimal amounts of 

fragmentation of either precursors.  The main progression of peaks separated by 78 a.m.u 

corresponds to clustering of benzene molecules on a protonated benzene.  In addition to the pure 

protonated benzene clusters, water clustering on the benzene clusters is present, seen by the 

peaks separated by 18 a.m.u.  The mass spectrum can be changed to favor different ratios 

between benzene and water by adjusting the discharge conditions along with the ratio of benzene 

and water.  In this particular spectrum, conditions were modified to have large amounts of water 

clustering with benzene, which was achieved by cooling only the benzene while keeping the 

water vapor pressure at room temperature.  Argon tagging is required to measure 

photodissociation of the smaller benzene-water complexes and argon-adduct ions correspond to 

some of the small peaks observed in the mass spectrum.  One particular problem when working 

with mixed benzene-water clusters is mass coincidences.  This is the case for the near mass 

coincidence between two waters with an argon atom (76 a.m.u.) and a single benzene 

molecule(78 a.m.u.). 

A brief background on the structure and spectral signatures of protonated water and 

protonated benzene is needed to understand the structure of mixed protonated benzene-water 

clusters.  Figure 2 shows the IRPD spectrum of previously measured argon tagged hydronium 

ion (H3O
+
-Ar2), which is shown on the top trace, and protonated benzene argon-tagged, (H

+
bz-

Ar), shown on the bottom trace, both monitoring the mass channel corresponding to the loss of 

Ar.  Both of these clusters have been studied before and have been described in detail.
22-27, 102

  

The measurement of the infrared spectrum of H3O
+
 requires taggin with two argon atoms 
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because the binding energy of a single argon is too strong to measure the full infrared spectrum.  

The infrared spectrum consists of three distinct bands in the mid-IR region, at 3187, 3266, and 

3540 cm
-1

.  With two argon atoms, there is one free O-H stretch in H3O
+
-Ar2, assigned to the 

band at 3540 cm
-1

, which corresponds well with the known hydronium symmetric and 

asymmetric stretch at 3514
 
and 3530 cm

-1
 respectively.  The two other bands, at 3187 and 3266 

cm
-1

, correspond to the O-H stretches that are interacting with Ar.  In the far-IR region, two low 

frequency bands are seen at 1613
 
and 1876 cm

-1
.  These two bands are assigned to the bending 

mode of hydronium and a combination band on top of the bending mode respectively.  

The bottom trace of Figure 2 is the infrared spectrum of H
+
bz-Ar measuring the fragment 

corresponding to the loss of Ar.  One of the main spectral signatures of protonated benzene is the 

large band at 2820 cm
-1

.  This band is assigned to overlapping symmetric and asymmetric stretch 

of the sp
3
 hybridized C-H2 stretch of protonated benzene.  The π electrons within the ring are 

redistributed, leaving a partial positive charge on the opposite side of the sp
3
 hybridized CH2.  

This delocalization of charge causes the ring modes of benzene, which are usually relatively 

weak in neutral benzene, to have increased oscillator strength because of the increase in the 

change in dipole upon the ring mode vibrations.  This increase in oscillator strength corresponds 

to the ring modes observed in the infrared spectrum at 1456 and 1607 cm
-1

, assigned to the 

asymmetric stretches of the C-C-C framework of protonated benzene.     

An investigation into the structure of mixed benzene-water clusters is performed, using 

these key spectral signatures to help understand the structure of these complexes.  The me 

spectrum for the protonated 1:1 benzene-water complex argon tagged (H
+
bz(H2O)-Ar) can be 

seen in the top trace of Figure 3, obtained by measuring the mass channel corresponding to the 

loss of Ar.  The bottom two traces correspond with the predicted spectra of two different 
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configurations of the shared proton isomer computed using B3LYP/6311
+ 

G (d,p) level of theory.  

These two calculated spectra correspond to two different structures of this complex, with the 

proton either associated closer with water or with benzene.  Without argon tagging, no 

fragmentation is seen at any wavelength.  This can be explained because of the binding energy 

for these complexes, which is calculated to be too high for fragmentation with a single photon in 

the infrared (see Appendix).  Therefore, argon tagging is used to measure the infrared spectrum 

of this complex, with the binding energy of the argon being estimated to be around 300-400 cm
-1

.  

This is weak enough for single photon dissociation throughout the wavelength covered by OPO.   

In the infrared spectrum of the H
+
bz(H2O)-Ar, no bands are present in the area 

corresponding to the protonated benzene’s sp
3
 hybridized CH2 stretch, which is predicted by 

DFT calculations to be shifted down to around 2433 cm
-1

.  The ring modes of the protonated 

benzene-water complex are predicted at 1224, 1417, and 1572 cm
-1

, and they are not observed in 

the experimental spectrum.  This suggests that the structure of this protonated complex is not one 

that includes the protonated benzene configuration.  The other isomer, with the hydronium motif, 

matches better with the infrared spectrum measured.  Two bands in the O-H stretching region 

can be seen at 3395 cm
-1

 and 3555 cm
-1

, corresponding with the Ar-perturbed O-H stretch and 

the free O-H stretch predicted at 3382 cm
-1 

and 3553 cm
-1 

respectively.  The band at 3090 cm
-1

 is 

assigned to the aromatic C-H stretch of the benzene ring, which are in the same wavelength 

region as the ring modes of benzene seen in water benzene cation clusters observed by Mikami 

and coworkers.
69-71

  The last band that is easily assigned is the one at 1639 cm
-1

, similar to the 

band at 1613 cm
-1 

seen in the H3O
+
-Ar complex, which is the bending mode of H3O

+
. 

Theory predicts a strong band at 2247 cm
-1

, shown in the middle trace of Figure 3, but 

there are no bands observed in this region experimentally.  This predicted band corresponds with 
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the O-H stretch interacting with the benzene, which accounts for the large red shift in frequency 

compared to a neutral O-H stretch.  How far this O-H bond is red shifted is related to the strength 

of the bond, which suggests that this bond is much weaker than a normal O-H stretch, and is in 

the region of the bond strength of a hydrogen bond.  Therefore, this O-H stretch can be thought 

of as a shared proton stretch between the water and benzene instead of an O-H stretch of 

hydronium interacting with neutral benzene.  Shared proton stretch frequencies are known to be 

hard to model accurately using harmonic calculations.  This is because the shared proton can 

undergo high amplitude motion within a shallow well, which results in the highly anharmonic 

nature of vibration.  This difficulty in accurately describing the shared proton stretch is shown in 

Figure 4, where the differences between levels of theory (B3LYP vs MP2) drastically differ on 

the band position of this shared proton stretch, with B3LYP predicting the band at 2247 cm
-1

 

while MP2 predicts the band at 2635 cm
-1

 using the same basis set. 

Previous experimental measurements of the shared proton stretch have shown a large 

range in band positions depending on the difference in the proton affinity (∆PA) between two 

different constituents in the shared proton complex.  A systematic study of where this shared 

proton stretch is experimentally observed vs. the ∆PA was performed by Johnson and 

coworkers.
103

 The shared proton stretch was found to be observed from as low as about 750 cm
-1

 

for protonated nitrogen dimer to as high as ~3300 cm
-1

 for hydronium argon (∆PA=320 kJ/mol).  

A correlation between the frequency of the shared proton stretch and ∆PA was observed, which 

is that when the difference in proton affinity increases, the frequency of the shared proton stretch 

shifts higher in energy.  With the ∆PA between benzene and water being 60 kJ/mol, the shared 

proton stretch is predicted to be located between 1900 cm
-1 

and 2000 cm
-1

.  Therefore, because 

we know theory is unable to predict the band position of the shared proton stretch well with 
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harmonic calculations and because the difference in proton affinity fits well with the curve by 

Johnson and coworkers, the 1949 cm
-1

 band is assigned to the shared proton stretch between 

water and benzene. 

Two stable isomers of H
+
bz(H2O)-Ar are used to compare the differences in theory, one 

where proton interacts closer to water and one with the proton interacting closer to benzene.  The 

results of this are shown in detail in Appendix A.  Depending on the level of theory, the global 

minimum structure of this complex differed between a protonated water and protonated benzene 

structure.  When using DFT calculations, the protonated benzene configuration of this complex 

is lower in energy by 1.9 kcal/mol.  With MP2 calculations, the proton interacting with water is 

lower in energy compared to the protonated benzene structure by 7.8 kcal/mol.  By comparing 

the experimental results with the predicted frequencies from theory, DFT calculations are able to 

describe the infrared spectrum better while MP2 calculations is able to describe the lowest 

energy configuration better. 

 For a systematic study of the effects of solvation of protonated water with multiple 

benzene molecules, the protonated two-benzene, 1-water complex, H
+
(bz)2(H2O)-Ar, is 

measured.  The infrared spectrum of this complex is shown in the top trace of Figure 5, 

measuring the mass channel corresponding to fragmentation of argon, with two different 

predicted spectra corresponding with two stable conformations predicted by theory.  The 

difference in energy between the two stable configurations is 6.6 kcal/mol in favor of the 

protonated water configuration.  The bottom trace corresponds to the predicted spectrum which 

has the proton associated with benzene with a neutral water molecule.  One large, sharp band is 

seen at 3457 cm
-1

 while another broad band is seen centered around 2740 cm
-1

, with what seems 

to be a broad tailing off in intensity to higher frequency.  When comparing the experimental 
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results with the predicted spectra of these two isomers, the measured spectrum matches better 

with the structure of protonated water because of the appearance of only one band in the free O-

H region along with the better correlation with the frequency predicted for the O-H stretch 

interacting with the benzene.  Two separate bands are predicted in the cis- configurations for the 

O-H stretch interacting with the π cloud of benzene.  Two bands are likely present in the 

experimental spectrum, with the second band as the shoulder to the blue of the band at 2740 cm
-

1
.  Two small bands in the experimental spectrum around 3000 to 3100 cm

-1
 are assigned as 

either the C-H ring modes of benzene or a combination band of around 250 cm
-1

 from the band at 

2740 cm
-1

.  Unlike bz(H3O
+
)-Ar, theory is able to predict the location of the O-H stretch 

interacting with the benzene extremely well.  This is because the structure is not a shared proton 

structure but a proton interacting strongly with water, which harmonic calculations can accurate 

describe.  The effect of argon tagging on the spectrum can be seen in the Appendix. 

 The spectrum of H
+
(bz)2(H2O)-Ar contains both sharp bands and broad features.  The 

reason for the broad bands, assigned to vibrations involving hydrogen bonding, is not well 

understood.  This width is observed in many different hydrogen bonding systems, and a variety 

of different explanations have been offered, such as slight isomeric variations to the structure, a 

temperature effect on hydrogen bonding, predissociation lifetimes, and lifetime effects for 

intramolecular vibrational relaxation (IVR).  Slight variations in the structure along with 

temperature effects can be ruled out because the spectrum contains both sharp and broad bands.   

For the IRPD spectrum of protonated 3-benzene water complex, H
+
(bz)3(H2O), 

elimination of a neutral benzene fragment with a single infrared photon is possible, so argon 

tagging is not employed for this complex.  While argon tagging is not required to fragment in the 

mid-IR region, no fragmentation is seen in the far-IR region.  This is due to the dissociation limit 
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of this complex, which is calculated to be approximately 4.7 kcal/mol (1700 cm
-1

).   The argon 

tagged complex could not be measured because of the lack of signal for the parent complex, 

H
+
bz3(H2O)-Ar.  The infrared spectrum of H

+
bz3(H2O) measured in the mass channel 

corresponding to loss of neutral benzene is shown in the top trace of Figure 6 along with the 

predicted spectra of two different stable isomers.  The middle trace corresponds with the global 

minimum structure which is a hydronium fully solvated by three benzene molecules, one on each 

O-H bonds.  The bottom trace corresponds to the predicted spectrum of a local minimum 

structure which has a protonated benzene molecule solvated by neutral water and two other 

benzene molecules.  This structure is 12.6 kcal/mol higher in energy than the global minimum.  

With three benzene molecules interacting with hydronium, there is no free O-H stretch since 

each O-H of hydronium is associated with a separate neutral benzene molecule.  For the 

protonated benzene complex, free O-H stretches are predicted at 3643 and 3735 cm
-1

.  The lack 

of a strong band in the free O-H region of the experimental spectrum obtained along with the 

position of the broad band around 2900 cm
-1

 corresponding to the O-H stretches predicted by 

theory for the fully solvated hydronium complex suggests that mainly the protonated hydronium 

complex is produced.  The O-H stretch interacting with the π cloud of benzene molecule is 

extremely broad, similar to that seen previously for O-H stretches interacting with benzene 

molecules.  In this complex, since argon tagging is not employed for fragmentation, the width of 

these measured spectra may be caused in part by hotter cations compared to the argon tagged 

species. 

Figure 7 shows a compilation of infrared spectra of hydronium solvated by 0-4 benzene 

molecules.  An obvious change upon solvation is the appearance the large, broad band centered 

around 2740 cm
-1

 for bz2(H3O)-Ar, which corresponds to the O-H stretch red shifted when 
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interacting with a neutral benzene molecule.  With each additional benzene molecule, the 

frequency of this band is less red-shifted compared to a free O-H stretch.  This is because with 

each additional benzene molecule, the charge is more delocalized, resulting in weaker interaction 

with benzene.  The effect of the reduced red shift with subsequent addition of each solvent was 

observed before.
126

  The absence of a band corresponding to the free O-H stretch with the 

addition of three benzene molecules suggests that hydronium is fully solvated, with a benzene 

molecule on each O-H bond.  With each additional benzene molecules, the difference in energy 

between the protonated water isomer and the protonated benzene isomer increases.  Using 

B3LYP/6311+G(p,d) level of theory, the difference in energy between the 1:1 benzene water 

complex differs only by 1.9 kcal/mol.  With 2 and 3 benzene molecules, the difference increases 

to 6.6 and 12.6 kcal/mol respectively. 

The solvation trends of the Zundel ion (H5O2
+
) with multiple benzene molecules are 

studied using the same technique.  The infrared spectrum of bz(H5O2
+
)-Ar, obtained by 

measuring the mass channel corresponding to the loss of Ar is shown in the middle trace in 

Figure 8.  The top trace is the infrared spectrum of (H5O2
+
-Ar), obtained by measuring the mass 

channel corresponding to the loss of Ar, which was studied previously, while the bottom trace is 

the theoretical spectrum of the lowest energy isomer calculated using the B3LYP/6311+G (p,d) 

level of theory.  This computed structure has both the argon atom and neutral benzene molecule 

interacting with the same side of the Zundel ion.  There are four bands in the O-H region of the 

infrared spectrum in the tagged Zundel ion, caused by splitting of the symmetric and asymmetric 

stretch of water by argon.  The bands at 3523 and 3658 cm
-1

 correspond to the symmetric and 

asymmetric stretches of water coupled with the argon atom, while the 3616 and 3696 cm
-1

 bands 

are assigned to the symmetric and asymmetric stretches of the free O-H.  In the far infrared 
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region of the spectrum, two bands are seen at 1073 and 1764 cm
-1

.  These bands have been 

assigned previously as the shared proton stretch and a bending mode of the Zundel complex.
26

 

In the middle trace of Figure 8, which is the spectrum of H
+
(bz)(H2O)2-Ar, three sharp 

bands along with one relatively broad peak are present in the mid infrared region of the 

spectrum.  These three bands match up with the theoretical structure shown in the third trace and 

with three bands that were observed for the argon tagged Zundel ion.  The 3634 and 3718 cm
-1 

bands correspond to the symmetric and asymmetric stretches of a free O-H.  The free O-H 

stretches are shifted approximately 20 cm
-1

 to the blue compared to the argon tagged Zundel ion.  

This suggests that the benzene molecule has an effect even on the water molecule that is not in 

direct contact with it.  This effect is seen in the computed structure with a decrease in the O-H 

bond length compared to the Zundel ion.  A band at 3523 cm
-1

 is present in both the spectra of 

H
+
(bz)(H2O)2-Ar and H

+
(H2O)2-Ar.  This band is assigned to the O-H stretch interacting with Ar.  

The broad band at 2970 cm
-1

 is assigned to the O-H stretch interacting with benzene. 

In the far infrared region of the spectrum, two bands are present at 1488 and 1820 cm
-1

.  

The spectra of H
+
(bz)(H2O)2-Ar and H5O2

+
-Ar are similar because both have two bands in this 

region corresponding with the shared proton stretch and bend of the Zundel ion.  A blue-shift of 

these bands is logical because of the polarizing effect the addition of benzene has on the Zundel 

ion.  This would cause the shared proton to be unequally shared between the two oxygen atoms 

of water.  Therefore, the shared proton stretch vibration will shift higher in frequency along with 

the bending mode, from 1073 cm
-1

 to 1488 cm
-1

 and 1764 cm
-1

 to 1820 cm
-1

 respectively.  This is 

seen in the predicted structure of this complex, with a decrease in the distance between the 

shared proton and the water molecule from 1.04 A from 1.15 A of the Zundel ion argon tagged. 
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The IRPD spectrum of bz2(H5O2
+
)-Ar measuring the mass channel corresponding to the 

loss of argon is shown on the top trace of Figure 9 compared with the predicted spectra of two 

different stable isomers below.  The structural difference between these two different isomers 

lies in the position of the benzene ring, located either in the cis or trans configuration in relation 

to one another.  The difference in energy between these two isomers is predicted to be 0.9 

kcal/mol in favor of the cis configuration.  Two sharp bands are present at 3636 and 3717 cm
-1 

along with a broad one centered at 3110 cm
-1

.   The two sharp bands are assigned to the free O-H 

stretches of water while the broad band is assigned to the O-H stretch interacting with the 

benzene molecule.  In the mid infrared region, both the cis and trans configuration have similar 

predicted spectra.  In the far infrared region, two bands are seen, which correspond with the 

shared proton stretch at 1462 cm
-1

 and the bend at 1788 cm
-1

.  The vibrational frequency of the 

shared proton stretch is shifted drastically towards the red compared to that of the Zundel ion.  

This suggests that the structure of this complex is primarily the cis configuration, since the trans- 

configuration would have equal polarization on both sides of the Zundel ion.  In the trans 

configuration for this complex, the two benzene molecules would have similar polarization 

effects on both sides of the Zundel ion, which would result in the shared proton stretch being 

located closer to that of the argon tagged Zundel ion. 

When three benzene molecule solvate the Zundel ion (bz3(H5O2
+
), elimination of neutral 

benzene is used to measure the mid infrared region, as shown in the top trace of Figure 10.  The 

predicted spectrum of the lowest energy isomer is shown in the bottom trace.  No fragmentation 

is seen in the far infrared region of the spectrum.  The dissociation energy for this complex is 

calculated to be 7.7 kcal/mol (2695 cm
-1

).  Therefore, fragmentation in the mid infrared region is 

possible while no fragmentation is observed below the dissociation limit.  Argon tagging of this 
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and larger complexes is difficult because parent signal is too small and unstable.  Three sharp 

bands can be seen, at 3129 , 3621 , and 3706 cm
-1

 along with a broad band centered around 3250 

cm
-1

.  The bands observed at 3621 and 3706 cm
-1

 are assigned to the free O-H stretches of water.  

The bands at 3129 and 3250 cm
-1 

correspond with the O-H stretch interacting with the pi cloud of 

the benzene molecule.  This assignment of bands matches well with the predicted theoretical 

spectrum in the O-H region.  The large band predicted by theory around 2050 cm
-1

 corresponds 

to the shared proton stretch, which is not seen experimentally.  As with the other shared proton 

stretches, harmonic calculations of this vibrational band are inaccurate, and bands should be red-

shifted from their predicted position, probably to around 1400-1500 cm
-1

. 

The IRPD spectrum of bz4(H5O2
+
) obtained by measuring the mass channel 

corresponding to elimination of neutral benzene, is shown in the top trace of Figure 11, along 

with the predicted theoretical spectrum of the lowest energy conformation.  There are no bands 

in the free O-H region of the spectrum.  With four benzene molecules, theory predicts that there 

is one on each of the O-H bonds of the Zundel ion.  With the Zundel ion fully solvated by 

benzene, all O-H stretches are now shifted to around 3379 cm
-1

, where a large broad band is 

observed.   Three sharp bands at 3049, 3075, and 3100 cm
-1

 correspond to the Fermi triad of the 

C-H stretch in benzene.  While these bands may have been present on the benzene-solvated 

Zundel ion, the intensity of the hydrogen stretch band interacting with the benzene is large and 

broad enough to hide this signal.  Theory predicts two separate bands at 3330 and 3455 cm
-1

 

while only one large band is seen.  However, it is possible two separate bands are within the 

broad band, seen by the slight band at 3300 cm
-1

. 

The infrared spectra of the Zundel ion solvated by 0-4 benzene molecules are shown in 

Figure 12.  The absence of the free O-H stretch with four benzene molecules supports a structure 
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of a fully solvated Zundel ion.  With the addition of each additional benzene molecule, there is a 

blue-shift in the location of the band corresponding to the O-H stretch interacting with the π 

cloud of benzene, similar to what is seen in the solvation of hydronium.  With each additional 

benzene molecule, the interaction decreases, causing a smaller red-shift in the O-H stretch. 

The location of the shared proton stretch in the low frequency is measured in the bottom 

three traces, which correspond to having 0-2 benzene molecules solvating the Zundel ion.  This 

stretch shifts to higher energy with the addition of one benzene, and back down a little bit when 

the second benzene is added.  While the first shift is significant, the second shift back is pretty 

small, and it is hard to accurately say within the linewidth of the band it shifted.  The reason for 

this shift is the polarization of the water by benzene.  With the addition of the benzene molecule, 

the shared proton between the two water molecules becomes polarized, interacting more with the 

water than the benzene.  Because of this, the proton is unequally shared, being closer to one 

water molecule than the other.  This causes the shared proton stretch vibration to shift to the 

blue, towards the O-H stretch vibration of hydronium.  This could be seen in the theory, shown 

in the Appendix, in the predicted position of the shared proton, which has the proton unequally 

shared upon the addition of the benzene molecule. 

There are numerous projects suitable for future work continuing in this area of research.  

One obvious project would be to see if the shift is reduced for the shared proton stretch in the far 

infrared region of the Zundel ion with the addition of three and four benzene molecules.  Theory 

predicts that with the addition of the third and fourth benzene molecule, the shared proton stretch  

moves back towards where the Zundel ion shared proton stretch is seen.  The polarizing effect of 

benzene is now symmetric on both sides of the shared proton, helping cancel the effect.  The 

solvation of the Eigen ion, (H9O4
+
) is another area of interest because of the importance of this 
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ion as an intermediate in proton transfer reactions in water.  Polarizing and charge dispersion 

effects are also predicted to be present in these complexes. 

 

Conclusion 

 Protonated mixed benzene-water complexes are studied using infrared photodissociation 

with a tunable infrared OPO/OPA laser.  The effects of subsequent solvation by benzene of small 

protonated water complexes are studied.  While benzene has a higher proton affinity than water, 

none of the clusters observed at had the proton interacting strongly with the benzene molecule.  

Hydronium, H3O
+
, is fully solvated by three benzene molecules, and no bands associated with 

free O-H stretch observed in the infrared spectrum with this complex.  The Zundel ion, H5O2
+
, is 

fully solvated by four benzene molecules.  The effect of the benzene on the Zundel ion includes a 

blue shift in the shared proton stretch between the two water molecules, seen in the far infrared 

region.  This is because of the polarizing effect on the water molecule, causing the proton to be 

unequally shared.  Charge delocalization can be seen in the change in the shift of the O-H stretch 

interacting with benzene.   
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 Figure 1:  Full mass spectrum of clusters of protonated benzene and water. 
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Figure 2:  Infrared spectrum of H3O
+
-Ar2 and H

+
bz-Ar measuring the mass channel 

corresponding to the loss of Ar.  Key spectral signatures of the proton interacting with 

water and benzene is used to help understand the spectrum of protonated mixed benzene-

water clusters. 
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Figure 3:  Comparison of the IRPD of bz(H3O
+
)-Ar, shown in the top trace, with two 

stable isomers calculated using B3LYP/6311+G (p,d) level of theory.   
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Figure 4:  Comparison of the IRPD of bz (H3O
+
)-Ar, shown in the top trace, with the 

predicted spectra of two isomers calculated with MP2/6311
+
G (d,p) level of theory along 

with the lowest isomer from DFT. 
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Figure 5:  Comparison of the infrared Spectra of bz2(H3O
+
)-Ar, obtained by measuring 

the mass channel corresponding to the loss of argon, with the predicted spectra of two 

different configurations calculated using the B3LYP/6311+G (p,d) below. 
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Figure 6:  The infrared spectrum of bz3(H3O
+
), obtained by measuring the mass channel 

corresponding to the loss of a neutral benzene molecule, compared to two different 

isomers calculated by B3LYP/6311+G (d,p) level of theory. 
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Figure 7:  Comparison of IRPD spectra showing the effect of solvation of 0-4 benzene on 

hydronium.  Each spectrum was obtained by measuring the mass channel corresponding 

to the loss of Ar. 
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Figure 8:  The IRPD spectrua of (H5O2
+
)Ar, shown in the top trace, bz(H5O2

+
)Ar, shown 

in the middle trace, and the predicted spectrum using B3LYP/6311+G (p,d) level of 

theory of the lowest energy isomer.  
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Figure 9:  IRPD spectrum of bz2(H5O2
+
)2-Ar, obtained by measuring the mass channel 

corresponding to the loss of Ar, compared to the predicted spectrum of two different 

stable isomers calculated using B3LYP/6311+G (p,d) 
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Figure 10:  IRPD spectrum of Bz3(H5O2
+
) obtained by measuring the mass channel 

corresponding to the loss of benzene.  The predicted structure and corresponding spectra 

is below in red, calculated using B3LYP/6311+G (p,d) 
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Figure 11:  Infrared spectrum of bz4(H5O2
+
) measured from the mass channel 

corresponding to the loss of neutral benzene.  The predicted theoretical spectrum using 

B3LYP/6311+G (d, p) can be seen on the bottom trace 

  



158 
 

 

Figure 12:  Comparison IRPD spectra of the Zundel ion with sequential addition of 0-4 

benzene molecules. 
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CHAPTER VI 

CONCLUSION 

 

 Protonation is a key process in different areas of research.  Using infrared laser 

photodissociation spectroscopy on mass-selected ions, the spectra of a variety of different 

protonated complexes are investigated and compared with theoretical models.  By choosing three 

model systems, the effects of protonation, the shared proton structure, and solvation effects are 

studied.   

 In Chapter III, the infrared spectrum of glyoxal cation is obtained for the first time.  The 

spectrum matches well with the infrared spectrum of the trans configuration, similar to the most 

abundant conformation found naturally in the atmosphere, even though the cis structure is 

calculated to be lower in energy by 0.3 kcal/mol.  Theory predicts the global minimum structure 

of protonated glyoxal to be the protonated cis configuration with an intermolecular shared proton 

between two oxygen atoms.  The energy difference between the cis and trans configuration for 

protonated glyoxal increases as larger basis sets are used, ranging from 3 to 7 kcal/mol 

depending on the level of theory.   

 Chapter IV discussed the structure of protonated hydrogen clusters Hn
+
, where n=5,7,9.  

The spectra for all three cluster sizes along with their fully deuterated isotopologues are 

measured.  Below the dissociation limit, IRMPD spectra were obtained for both H5
+
 and D5

+
 

using the free electron laser at FELIX.  The infrared spectrum for H5
+
 matches well with the 
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predicted infrared spectrum by Bowman and coworkers using DMC calculations, which take into 

account the anharmonic nature of H5
+
.  The structure of H5

+
 is assigned to the D2d structure 

where the proton is shared equally in the structure.  Many of the combination bands that include 

the shared proton stretch are observed because of its strong oscillator strength.  Bands 

corresponding to the same modes in H5
+
 are red-shifted down because of the change in mass in 

D5
+
.  The infrared spectrum of larger hydrogen clusters agree well with structures of H3

+
 solvated 

by neutral hydrogen molecules. 

 In Chapter V, the solvation of protonated water and protonated water dimer clusters with 

benzene molecules is studied.  The infrared spectrum suggests a shared proton structure, with the 

proton interacting closer to the water than the benzene, for protonated 1:1 benzene water.  The 

structure corresponds with the hydronium motif solvated by neutral benzene molecules when 

additional benzene molecules are added to protonated water.  Charge delocalization reduces the 

red-shift of the O-H stretch interacting benzene with each additional benzene molecule.  For the 

Zundel ion, H5O2
+
, the solvation of benzene polarizes the Zundel ion, causing unequal sharing of 

the proton.  This is seen by a blue-shift in the shared proton stretch.  The Zundel ion is fully 

solvated by benzene with four benzene molecules.  The protonation of benzene is not observed 

for any of the mixed complexes studied. 
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Full citation of Gaussian03 

 

Frisch, M. J.; Trucks, G. W.; . Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A. Jr.; Vreven, T.; 

Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; 

Petersson, G. A.; Nakatsuji, H.’ Hada, M.; Ehara, M.; Toyata, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; 

Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, 

R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; 

Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; 

Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; 

Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; 

Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen. W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03 (Revision B.02); 

Gaussian, Inc.: Pittsburgh, PA, 2003. 

 

 
All calculations are done with either DFT-B3LYP or MP2 level of theory with 6-311+G (d, p) basis set. 

a. Total binding energy in the complex relative to separated molecules as specified (in kcal/mol). The energies are not ZPVE and 

BSSE corrected. 

 

b. Dissociation energy in kcal/mol for the elimination of benzene, water or argon as specified.  

 

c. Intensities are in Km/mol.  Frequencies are scaled by a factor of 0.9575 for DFT and 0.9523 for MP2. 

 

Total energies are in atomic units. 
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cis-glyoxal cation-Ar  DFT 

State: 
1
A(Cs)  Total Energy = - 754.985026   ∆E = 0.0  

 

           D.E
b
 (Ar) = 1.4 

 

 

 

 
 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

36 (11.6) 34/a, 57 (26.4)55/a, 65 (12.5)63/a, 235 (5.2)227/a, 381 (0.1)368/a, 636 (30.0)614/a, 732 (37.9)707/a, 807(1.1)779/a,  

1036 (1.6) 1000/a, 1140 (97.9)1100/a, 1191 (12.0)1149/a, 1402 (73.6)1353/a, 1608 (16.2)1551/a, 2888 521.7)2787/a,  

2998 (148.9)2894/a 
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trans-glyoxal-Ar  DFT 

State: 
1
A(Cs)  Total Energy = - 754.983928   ∆E = +0.7  

 

           D.E
b
 (Ar) = 1.4 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

33 (1.9) 32/a, 69 (13.9) 67/a, 103 (0.4) 100/a, 273 (18.6) 264/a, 303 (32.1) 293/a, 503 (0.2) 485/a, 775 (22.9) 748/a, 814 (28.7) 785/a, 

1121 (1.9) 1082/a, 1139 (36.4) 1099/a, 1203 (0.0) 1161/a, 1362 (160.3) 1314/a, 1613 (8.1) 1557/a, 2867 (551.4) 2767/a, 

 2973 (107.6) 2869/a. 



165 

 

cis-H
+
glyoxal-Ar isomer-a  DFT 

State: 
1
A(Cs)  Total Energy = - 755.7267498   ∆E = +0.0  

 

            D.E
b
 (Ar) = 1.5 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

53 (2.0) 51/a, 54 (13.2) 53/a, 88 (22.0) 85/a, 243 (6.5) 234/a, 280 (43.3) 271/a, 730 (11.9) 705/a, 744 (48.9) 718/a, 817 (23.6) 788/a, 

1030 (48.7) 994/a, 1138 (63.8) 1098/a, 1202 (290.6) 1160/a, 1345 (13.5) 1298/a, 1419 (23.6) 1369/a, 1656 (88.2) 1599/a,  

1794 (27.2) 1731/a, 3078 (0.1) 2971/a, 3147 (3.2) 3037/a, 3214 (553.4) 3102/a. 
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cis-H
+
glyoxal-Ar isomer-b  DFT 

State: 
1
A(Cs)  Total Energy = - 755.7251893  ∆E = +0.9  

 

           D.E
b
 (Ar) = 0.5 

 
Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

30 (9.1) 29/a, 44 (10.6) 42/a, 57 (6.2) 55/a, 262 (10.1) 253/a, 292 (49.1) 282/a, 741 (26.0) 716/a, 743 (19.3) 717/a, 821 (28.0) 792/a, 

1036 (53.6) 1000/a, 1136 (81.6) 1096/a, 1215 (214.2) 1173/a, 1347 (17.0) 1300/a, 1437 (36.1) 1387/a, 1651 (84.0) 1593/a,  

1789 (32.5) 1726/a, 3093 (9.0) 2985/a, 3154 (9.4) 3044/a, 3270 (187.6) 3156/a 



167 

 

trans-H
+
glyoxal-Ar isomer-a  DFT 

State: 
1
A(Cs)  Total Energy = - 755.724097   ∆E = +1.7  

 

           D.E
b
 (Ar) = 3.1 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

45 (9.5) 43/a, 55 (35.9) 53/a, 90 (3.4) 87/a, 109 (26.2) 105/a, 329 (27.7) 318/a, 530 (11.1) 512/a, 722 (98.9) 697/a, 986 (29.8) 951/a, 

999 (12.3) 965/a, 1110 (13.3) 1071/a, 1229 (33.7) 1186/a, 1355 (6.9) 1307/a, 1405 (97.7) 1355/a, 1643 (131.8) 1586/a, 1785 (44.9) 

1723/a, 3035 (1.7) 2930/a, 3107 (5.7) 2999/a, 3337 (1424.3) 3220/a. 
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trans-H
+
glyoxal-Ar isomer-b  DFT 

State: 
1
A(Cs)  Total Energy = - 754.983928   ∆E = +4.4  

 

           D.E
b
 (Ar) = 1.4 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

-39 (4.0) -38/a, 15 (7.7) 14/a, 24 (8.4) 23/a, 63 (23.0) 61/a, 317 (42.6) 306/a, 525 (4.2) 507/a, 668 (145.1) 645/a, 968 (52.5) 934/a,  

979 (15.2) 945/a, 1101 (11.7) 1063/a, 1211 (45.6) 1169/a, 1357 (8.5) 1310/a, 1397 (99.6) 1348/a, 1629 (116.8) 1572/a,  

1780 (47.4) 1718/a, 3037 (1.8) 2931/a, 3110 (8.5) 3002/a, 3587 (365.6) 3462/a. 
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BW-1, 1 isomer-a (bz-H3O)
+
 DFT 

 

State: 
1
A(C1)   Total Energy = -309.082267  ∆E = +3.5 

 

B.E.
a
 = E (complex)-E (H3O

+
+bz) = 25.0    D.E

b
 (H3O

+
, bz) = 25.0  

 

 
 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

45 (8.8) 43/a, 62 (5.8) 60/a, 101(52.6) 97/a, 267 (89.8) 255/a, 289 (1.8) 277/a, 407 (0.1) 389/a, 408(10.7) 391/a, 487 (246.6) 467/a, 

616(0.1) 589/a, 617 (1.6) 590/a, 683 (21.3) 654/a, 733 (87.6) 702/a, 882 (14.2) 845/a, 891 (0.1) 853/a, 970 (7.3) 928/a, 

1000(4.8)957/a, 1015 (0.1) 972/a, 1022 (0.4)  979/a, 1033 (0.3) 989/a, 1049 (0.6) 1004/a, 1056 (3.0) 1011/a, 1066 (144.7) 1021/a, 

1182 (0.8) 1132/a, 1201 (3.7) 1150/a, 1202 (0.4) 1151/a, 1331 (8.0) 1275/a, 1383 (0.0) 1324/a, 1499 (22.9) 1435/a, 

1500 (32.6) 1437/a, 1535(2.9)1469/a, 1602 (110.1)1534/a, 1614(0.4) 1546/a, 1635 (14.9) 1565/a, 2137 (3139) 2046/a,  

3165 (0.2) 3030/a, 3180 (0.0) 3045/a, 3181(0.1) 3046/a, 3189 (0.2) 3054/a, 3196 (0.1) 3060/a, 3203 (0.1) 3067/a, 3677 (133.3) 3521/a,  

3762 (258.9) 3602/a. 
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BW-1, 1 isomer-b (bzH-H2O)
+
 DFT 

State: 
1
A(C1)   Total Energy = -309.0878769     ∆E = +0.0   

 

B.E.
a
 = E (complex)-E (H2O+bzH

+
) = 11.4     D.E

b
 (H2O) = 11.4  

 

 
 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

41 (3.5) 40/a, 46 (1.4) 44/a, 83(0.1)79/a, 166(35.5)159/a, 235 (271.4) 225/a, 281 (29.0) 269/a, 342 (0.6) 328/a, 366(37.0) 351/a, 

490 (16.3) 469/a, 595 (4.0) 570/a, 600 (2.7) 574/a, 665 (62.9) 637/a, 820 (0.3) 785/a, 839 (21.2) 804/a, 922(13.0)883/a, 1001 (18.4) 

958/a, 1006 (0.3) 964/a, 1012 (1.9) 969/a, 1020 (0.3) 976/a, 1040 (0.8) 996/a, 1061 (2.5) 1016/a, 1135 (5.1) 1087/a, 1166 (0.8) 1116/a, 

1205(13.2) 1154/a, 1209 (31.3) 1158/a, 1277 (172.2)1223/a, 1369 (12.8)1311/a, 1425 (11.5)1364/a, 1479 (150.9) 1416/a, 

1482 (24.5)1419/a, 1575(0.0)1508/a, 1632 (30.6) 1563/a, 1639(86.6) 1569/a, 2565 (1146.7) 2456/a, 3018(22.6) 2889/a, 3181 (0.0) 

3046/a, 3191 (1.0) 3055/a, 3192 (2.8) 3057/a, 3208 (2.7) 3072/a, 3211 (0.6) 3074/a, 3800 (55.8) 3639/a, 3895 (119.6) 3730/a. 
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BW-1, 1 isomer-a (bz-H3O)
+
  MP2 

State: 
1
A(C1)   Total MP2 Energy = -308.1764399   ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+bz) = 28.7      D.E

b
 (H3O

+
, bz) = 28.7 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

45(8.8)  43/a, 82 (20.8) 78/a, 96 (57.0) 92/a, 191 (0.1)182/a, 259 (68.5) 246/a, 375 (0.8) 358/a, 388(0.1) 369/a, 437(29.1) 416/a,  

463 (167.5) 440/a, 604(0.3)575/a, 605(0.0)576/a, 722 (84.7) 688/a, 876(0.4) 834/a,886(1.3) 844/a,942(0.4)897/a, 948(0.1) 903/a, 

966(1.9) 920/a, 998(1.1) 951/a, 1006 (0.1) 958/a, 1052 (2.6) 1002/a, 1056 (2.9)1006/a, 1099 (190.7) 1047/a, 1183 (0.2) 1126/a, 1203 

(0.3) 1146/a, 1204 (0.6) 1147/a, 1371(0.0)1306/a, 1440 (1.1) 1371/a, 1497(22.6) 1426/a, 1498 (16.0)1427/a, 1571(7.6)1496/a, 

1618(3.8)1541/a, 1627(1.8)1549/a, 1649 (53.8) 1571/a, 2660 (2143.1) 2533/a,3208 (0.0)3055/a, 3217(0.1)3064/a, 3218(0.2)3065/a,3 

2280.8) 3074/a, 3231(0.3) 3077/a, 3238 (0.3) 3083/a, 3711(149.5)3534/a, 3798 (259.5) 3617/a. 
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BW-1, 1 (bz-H3O)
+
 transition state MP2 

State: 
1
A(C1)  Total MP2  Energy = -308.1764186  ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+bz) = 28.7    D.E

b
 (H3O

+
, bz) = 28.7 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

-47 (3.0) -45/a, 82 (76.4) 78/a, 88 (9.5) 84/a, 186 (0.7) 177/a, 258 (65.7) 246/a, 378 (0.0) 360/a, 389 (1.1) 370/a, 445 (102.9) 424/a, 

472 (100.8) 450/a, 604(0.0) 575/a, 605 (0.2) 576/a, 723 (84.7) 688/a, 877 (0.2) 835/a, 886 (1.3) 843/a, 947 (0.6) 901/a, 950(0.0)905/a, 

963 (2.6) 918/a, 998 (1.2) 951/a, 1007 (0.2) 959/a, 1052(1.4)1002/a, 1056(2.7)1006/a, 1105(186.4)1052/a, 1183(0.1)1126/a,1204(1.1) 

1146/a,1204 (0.0) 114/a, 1371(0.0) 1306/a,1439(2.0)1370/a, 1497(24.1)1426/a,1498 (15.3)1427/a, 1567(5.1)1492/a, 1622(1.2)1544/a, 

1623 (5.9) 1545/a, 1651 (52.3) 1572/a, 2665 (2145.8) 2537/a, 3208 (0.1) 3055/a, 3217 (0.1) 3064/a, 3218(0.2) 3065/a, 3228 (0.9) 

3074/a, 3231 (0.3) 3077/a, 3238 (0.3) 3083/a, 3711 (150.3) 3534/a, 3798 (257.6) 3617/a. 
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BW-1, 1 isomer-b (bzH-H2O)
+
  MP2 

State: 
1
A(C1)   Total MP 2 Energy = -308.1666288  ∆E = +6.2   

 

B.E.
a
 = E (complex)-E (H2O+bzH

+
) =13.6     D.E

b
 (H2O)  = 13.6 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

30 (8.1) 28/a, 61 (7.4) 58/a, 89 (4.2) 85/a, 131 (105.7) 125/a, 299 (229.9) 284/a, 345 (23.9) 328/a, 357 (10.4) 340/a, 378 (25.9) 360/a, 

573 (33.8) 546/a, 591 (3.7) 563/a, 597 (1.2) 569/a, 656 (33.8) 624/a, 800 (44.0) 762/a, 821 (24.4) 782/a, 931 (47.8) 886/a,  

964 (18.9) 918/a, 1009 (0.6) 961/a, 1016 (6.4) 967/a, 1020 (2.8) 972/a, 1040 (1.8) 991/a, 1050 (0.4) 999/a, 1062 (0.0) 1011/a, 

1185 (0.1) 1128/a, 1209 (8.3) 1151/a, 1212 (2.1) 1154/a, 1273 (60.7) 1212/a, 1379 (2.2) 1313/a, 1463 (0.2) 1393/a, 

1489 (15.0) 1418/a, 1524 (91.2) 1452/a, 1616 (12.0) 1539/a, 1625 (72.7) 1547/a, 1651 (40.5) 1573/a, 2078 (2056.8) 1979/a, 

3181 (8.9) 3029/a, 3219 (0.0) 3065/a, 3226 (1.8) 3073/a, 3228 (3.9) 3074/a, 3247 (4.0) 3093/a, 3250 (1.4) 3095/a, 

3833 (73.2) 3650/a, 3943 (134.2) 3755/a. 
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BW-1, 1-Ar isomer-a (bz-H3O-Ar)
+
 DFT 

State: 
1
A(C1)  Total Energy = -836.639238   ∆E = +1.9  

 

B.E.
a
 = E (complex)-E (H3O

+
+bz+Ar) = 27.0     D.E

b
 (Ar) = 1.9 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

14 (4.0) 13/a, 26 (3.2) 25/a, 55 (0.8) 53/a, 62 (6.3) 60/a, 110 (21.5) 105/a, 240 (63.1) 230/a, 252 (86.4) 241/a, 319 (4.8) 306/a, 

407 (0.1) 390/a, 409 (7.7) 391/a, 517 (194.3) 495/a, 617 (0.1) 591/a, 618 (0.8) 591/a, 686 (12.4) 656/a, 733 (90.3) 702/a, 

888 (10.3) 850/a, 891 (1.3) 853/a, 971 (19.4) 930/a, 1000 (5.0) 958/a, 1013 (0.8) 970/a, 1022 (2.5) 979/a, 1032 (3.3) 988/a, 

1041 (69.2) 997/a, 1054 (36.2) 1009/a, 1057 (17.8) 1012/a, 1182 (0.5) 1132/a, 1201 (1.2) 1150/a, 1202 (0.9) 1151/a, 

1332 (4.5) 1276/a, 1383 (0.0) 1324/a, 1502 (17.5) 1438/a, 1503 (23.5) 1439/a, 1555 (8.9) 1489/a, 1614 (32.5) 1546/a, 

1616 (2.1) 1548/a, 1644 (23.2) 1574/a, 2346 (3015.8) 2247/a, 3166 (0.1) 3032/a, 3180 (0.1) 3045/a, 3181 (0.0) 3046/a, 

3189 (0.4) 3054/a, 3196 (0.2) 3060/a, 3202 (0.1) 3066/a, 3550 (635.8) 3399/a, 3733 (250.3) 3575/a. 
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BW-1,1-Ar isomer-b (bzH-H2O-Ar)
+
 DFT 

State: 
1
A(C1)   Total Energy = -836.6422875   ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H2O+bzH

+
+Ar) =11.8   D.E

b
 (Ar) = 0.3 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

10 (1.3) 10/a, 17 (0.2) 16/a, 44 (6.7) 42/a, 48 (3.3) 46/a, 52 (0.9) 50/a, 131 (6.2) 125/a, 173 (38.2) 165/a, 251 (246.9) 240/a, 

293 (27.8) 280/a, 342 (0.9) 328/a, 374 (37.2) 358/a, 498 (18.3) 477/a, 596 (3.9) 570/a, 600 (2.6) 575/a, 666 (64.6) 637/a, 

820 (0.4) 785/a, 839 (21.1) 804/a, 924 (12.7) 885/a, 1001 (18.0) 958/a, 1007 (0.3) 964/a, 1012 (2.5) 969/a, 1020 (0.3) 976/a, 

1040 (0.9) 996/a, 1062 (2.5) 1017/a, 1133 (5.4)1085/a, 1167 (0.9) 1117/a, 1206 (12.8) 1155/a, 1209 (29.0) 1158/a, 

1280 (164.2) 1226/a, 1369 (12.1) 1311/a, 1424 (12.0) 1364/a, 1479 (147.5) 1416/a, 1482 (24.3) 1419/a, 1575 (0.0) 1508/a, 

1632 (33.0) 1562/a, 1639 (78.0) 1570/a, 2541 (1227.1) 2433/a, 3022 (21.7) 2894/a, 3181 (0.0) 3046/a, 3191 (1.0) 3055/a, 

3192 (2.7) 3056/a, 3208 (2.6) 3072/a, 3210 (0.6) 3074/a, 3798 (82.2) 3636/a, 3892 (161.0) 3727/a. 
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BW-1, 1-Ar isomer-a (bz-H3O-Ar)
+
 MP2 

State: 
1
A(C1)   Total MP2 Energy = -835.1367415  ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+bz+Ar) = 32.3   D.E

b
 (Ar) = 3.5 

 

 
Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

11 (3.9) 10/a, 38 (3.0) 36/a, 75 (5.3) 71/a, 92 (6.7) 87/a, 117 (23.5) 111/a, 236 (62.9) 225/a, 251 (56.9) 239/a, 255 (26.4) 243/a, 

375 (1.6) 357/a, 388 (0.1) 370/a, 450 (0.4) 429/a, 484 (146.4) 461/a, 605 (0.1) 576/a, 606 (0.0) 577/a, 721 (86.4) 687/a, 

875 (0.3) 833/a, 885 (0.8) 843/a, 947 (0.1) 902/a, 949 (0.0) 904/a, 968 (0.6) 922/a, 999 (1.3) 951/a, 1008 (0.0) 960/a, 

1053 (1.8) 1003/a, 1056 (3.0) 1006/a, 1109 (200.5)1056/a, 1183 (0.2) 1126/a, 1203 (0.0) 1146/a, 1204 (0.7) 1147/a, 

1371 (0.0) 1305/a, 1441 (0.8) 1373/a, 1498 (19.7) 1427/a, 1499 (16.3) 1427/a, 1582 (2.4) 1507/a, 1618 (1.5) 1541/a, 

1629 (1.1) 1551/a, 1671 (43.0) 1591/a, 2767 (1978.3) 2635/a, 3208 (0.0) 3055/a, 3217 (0.1) 3064/a, 3218 (0.1) 3064/a, 

3228 (0.7) 3074/a, 3230 (0.2) 3076/a, 3237 (0.5) 3083/a, 3622 (488.9) 3449/a, 3773 (286.1) 3593/a. 
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BW-1, 1-Ar isomer-b (bzH-H2O-Ar)
+
  MP2 

State: 
1
A(C1)   Total MP2 Energy =-835.124332  ∆E = +7.8   

 

B.E
a
 = E (complex)-E (H2O+bzH

+
+Ar) = 15.5   D.E

b
 (Ar) = 1.9 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

14 (0.7) 13/a, 29 (2.9) 27/a, 47 (3.1) 45/a, 58 (9.9) 55/a, 68 (4.5) 65/a, 108 (27.7) 103/a, 147 (70.1) 140/a, 226 (222.3) 215/a, 

323 (41.2) 308/a, 350 (0.9) 333/a, 378 (28.0) 360/a, 583 (15.8) 555/a, 590 (3.3) 562/a, 605 (8.9) 576/a, 657 (55.1) 625/a, 

762 (27.3) 726/a, 820 (30.0) 781/a, 912 (29.0) 869/a, 961 (17.3) 916/a, 1010 (0.6) 961/a, 1012 (4.6) 963/a, 1020 (2.5) 971/a, 

1036 (2.0) 987/a, 1044 (0.1) 994/a, 1062 (0.0) 1012/a, 1182 (0.2) 1125/a, 1209 (10.0) 1152/a, 1213 (2.7) 1155/a, 

1287 (94.5) 1225/a, 1377 (2.7) 1311/a, 1462 (0.0) 1393/a, 1490 (11.8) 1418/a, 1526 (103.7) 1453/a, 1615 (13.9) 1538/a, 

1627 (43.5) 1549/a, 1650 (52.3) 1571/a, 2204 (1825.2) 2099/a, 3166 (10.4) 3015/a, 3216 (0.0) 3063/a, 3228 (2.1) 3074/a, 

3229 (4.2) 3075/a, 3248 (4.8) 3093/a, 3250 (0.9) 3095/a, 3840 (58.5) 3657/a, 3952 (146.2) 3764/a. 
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BW-1, 2 isomer-a (bz-H5O2)
+
  DFT 

State: 
1
A(C1)   Total Energy = -385.5831972 ∆E = 0.0  

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+bz) = 51.7  D.E

b
 (H2O, bz) = (26.7, 15.0) 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

10 (2.0) 9/a, 35 (4.7) 34/a, 47 (11.7) 45/a, 56 (4.9) 54/a, 92 (94.7) 88/a, 165 (139.8) 158/a, 189 (82.5) 181/a, 324 (132.6) 310/a, 

390 (137.8) 373/a, 408 (0.5) 391/a, 412 (1.2) 395/a, 430 (26.4) 412/a, 489 (8.8) 469/a, 619 (0.3) 592/a, 619 (0.1) 593/a, 

695 (24.9) 665/a, 710 (82.5) 680/a, 740 (65.0) 709/a, 889 (0.5) 852/a, 900 (4.2) 862/a, 1002 (4.5) 959/a, 1003 (0.8) 960/a, 

1009 (0.1) 967/a, 1019 (0.1) 976/a, 1031 (0.1) 987/a, 1054 (5.0) 1009/a, 1056 (4.6) 1011/a, 1180 (0.1) 1130/a, 1200 (0.2) 1149/a, 

1201 (0.1) 1150/a, 1242 (249.6) 1189/a, 1331 (0.8) 1275/a, 1383 (0.0) 1324/a, 1505 (13.0) 1441/a, 1506 (13.1) 1442/a, 

1594 (5.4) 1526/a, 1619 (0.3) 1550/a, 1623 (3.8) 1554/a, 1649(36.3)1579/a, 1660(47.1)1590/a, 2294 (3235.4) 2197/a, 

3106 (1391.1) 2974/a, 3169 (0.2) 3034/a, 3178 (0.0) 3043/a, 3179 (0.2) 3044/a, 3190 (4.9) 3054/a, 3193 (2.7) 3057/a, 

3200 (2.1) 3064/a, 3774 (156.5) 3614/a, 3794 (80.4) 3633/a, 3887 (205.4) 3722/a. 
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BW-1, 2 isomer-b (bzH-H2O4)
+
  DFT 

State: 
1
A(C1)    Total Energy = -385.5612877   ∆E = +13.7   

 

B.E.
a
 = E (complex)-E (bzH

+
+2*H2O) = 20.8    D.E

b
 (H2O) = 9.4 

 

 
 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

33 (0.2) 32/a, 36 (2.1) 35/a, 37 (0.5) 35/a, 42 (2.9) 40/a, 71 (0.2) 68/a, 78 (0.3) 75/a, 141 (14.7) 135/a, 161 (5.1) 154/a,  

228 (28.7) 218/a, 242 (389.4) 232/a, 255 (141.0) 244/a, 313 (68.5) 300/a, 343 (0.9) 328/a, 372 (43.1) 357/a, 506 (32.4) 485/a, 

598 (3.8) 573/a, 602 (7.8) 576/a, 675 (76.8) 646/a, 827 (0.0) 792/a, 844 (12.4) 808/a, 926 (13.4) 887/a, 1004 (0.6) 962/a, 

1011 (0.0) 968/a, 1013 (18.8) 970/a, 1022 (0.5) 978/a, 1038 (0.3) 994/a, 1060 (2.3) 1015/a, 1154 (1.8) 1105/a, 

1172 (0.8) 1122/a, 1204 (13.8) 1153/a, 1207 (49.7) 1155/a, 1267 (221.4) 1213/a, 1371 (17.5) 1312/a, 1431 (21.6) 1370/a, 

1474 (132.0) 1412/a, 1484 (27.8) 1421/a, 1578 (0.2) 1511/a, 1635 (65.6) 1566/a, 1636 (8.8) 1567/a, 1640 (97.8) 1570/a, 

2720 (555.8) 2605/a, 2768 (899.4) 2650/a, 3180 (0.1) 3045/a, 3189 (0.4) 3054/a, 3191 (1.5) 3055/a, 3207 (0.8) 3070/a, 

3209 (0.1) 3073/a, 3805 (45.0) 3643/a, 3805 (40.0) 3643/a, 3900 (104.5) 3734/a, 3900 (108.1) 3734/a. 
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BW-1, 2 isomer-a (bz-H5O2)
+
  MP2 

State: 
1
A(C1)  Total MP2 Energy = -384.4948164  ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+bz) = 56.5   D.E

b
 (bz) = 18.7 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

8 (1.9) 7/a, 37 (4.0) 35/a, 78 (13.9) 74/a, 89 (1.0) 85/a, 130 (24.0) 123/a, 194 (32.8) 185/a, 253 (204.7) 241/a, 299 (145.3) 285/a, 

380 (0.6) 362/a, 390 (0.5) 372/a, 393 (115.7) 374/a, 439 (40.1) 418/a, 483 (3.3) 460/a, 505 (3.7) 480/a, 606 (0.0) 577/a,  

607 (0.1) 578/a, 708 (120.4) 674/a, 773 (43.3) 736/a, 873 (0.7) 831/a, 883 (2.4) 841/a, 947 (0.0) 901/a, 958 (0.1) 912/a, 

965 (0.4) 919/a, 1000 (2.2) 952/a, 1008 (0.0) 960/a, 1055 (3.4) 1005/a, 1057 (3.8) 1006/a, 1181 (0.0) 1124/a, 1202 (0.1) 1145/a, 

1203 (0.0) 1145/a, 1333 (276.4) 1270/a, 1370 (0.0) 1305/a, 1441 (0.8) 1372/a, 1500 (13.4) 1428/a, 1501 (12.8) 1429/a, 

1613 (27.5) 1536/a, 1622 (2.0) 1544/a, 1624 (1.3) 1547/a, 1657 (26.2) 1578/a, 1724 (40.1) 1641/a, 2408 (2803.9) 2293/a, 

3207 (0.0) 3054/a, 3215 (0.1)3062/a, 3216 (0.3) 3062/a, 3228 (1.4) 3074/a, 3229 (0.7) 3075/a, 3235 (7.0) 3081/a, 3269 (1069.2) 

3113/a, 3816 (146.6) 3634/a, 3837 (88.2) 3654/a, 3944 (196.7) 3756/a. 
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BW-1, 2 isomer-b (bzH-H2O4)
+
  MP2 

State: 
1
A(C1)    Total MP2 Energy = -384.4560766  ∆E = +24.3   

 

B.E.
a
 = E (complex)-E (bzH

+
+2*H2O) = 23.2    D.E

b
 (Ar) = 9.6 

 

 
 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

-32 (3.4) -30/a, 25 (4.2) 24/a, 27 (0.0) 26/a, 36 (0.9) 34/a, 61 (0.8) 58/a, 82 (0.0) 78/a, 138 (16.7) 131/a, 159 (2.6) 151/a,  

210 (40.2) 200/a, 215 (466.4) 205/a, 238 (46.5) 226/a, 307 (57.9) 292/a, 323 (4.9) 308/a, 344 (14.1) 328/a, 418 (66.4) 398/a, 

589 (4.5) 561/a, 594 (5.6) 66/a, 647 (70.3) 616/a, 804 (21.8) 766/a, 817 (0.0) 778/a, 936 (43.3) 892/a, 977 (2.0) 930/a, 

978 (0.0) 931/a, 985 (1.1) 938/a, 1018 (23.2) 969/a, 1023 (1.7) 974/a, 1033 (2.6) 983/a, 1134 (1.5) 1080/a, 

1148 (6.7) 1094/a, 1193 (222.8) 1136/a, 1212 (5.4) 1154/a, 1221 (89.1) 1163/a, 1363 (11.6) 1298/a, 1463 (11.3) 1393/a, 

1490 (19.7) 1419/a, 1530 (140.8) 1457/a, 1610 (17.6) 1533/a, 1648 (13.6) 1570/a, 1651 (65.2) 1572/a, 1654 (74.0) 1575/a, 

2772 (530.1) 2640/a, 2803 (977.0) 2670/a, 3213 (0.0) 3060/a, 3225 (0.8) 3071/a, 3225 (3.1) 3072/a, 3250 (2.4) 3095/a, 

3251 (0.6) 3096/a, 3855 (42.9) 3671/a, 3855 (39.8) 3671/a, 3966 (116.7) 3777/a, 3966 (103.2) 3777/a. 
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BW-1, 2-Ar isomer-a (bz-H5O2-Ar)
+
  DFT (Argon is “cis” to benzene) 

State: 
1
A(C1)  Total Energy = -913.1387812   ∆E = 0.0  

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+bz+Ar) = 52.8   D.E

b
 (Ar) = 1.1 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

20 (2.2) 19/a, 24 (1.3) 23/a, 32 (1.7) 30/a, 36 (5.1) 34/a, 57 (1.9) 55/a, 63 (5.5) 60/a, 86 (3.4) 82/a, 118 (80.4) 113/a, 166 (149.3) 159/a, 

189 (107.9) 181/a, 375 (138.6) 359/a, 388 (110.9) 371/a, 411 (3.0) 393/a, 412 (0.1) 395/a, 429 (24.6) 411/a, 515 (7.2) 493/a, 

619 (0.2) 593/a, 620 (0.1) 593/a, 698 (17.2) 668/a, 710 (110.3) 680/a, 747 (46.1) 715/a, 888 (0.4) 850/a, 900 (4.3) 862/a, 

1000 (1.8) 958/a, 1003 (3.1) 960/a, 1009(0.2) 967/a, 1019 (0.1) 976/a, 1031 (0.0) 987/a, 1055 (4.9) 1010/a, 1057 (4.6) 1012/a, 

1180 (0.1) 1130/a, 1200 (2.6) 1149/a, 1201 (0.1) 1150/a, 1219 (211.6) 1168/a, 1333 (0.5) 1276/a, 1384 (0.0) 1325/a,  

1506 (12.8) 1442/a, 1507 (11.9) 1443/a, 1588 (9.0) 1521/a, 1621 (0.6) 1552/a, 1624 (3.1) 1555/a, 1650 (28.9) 1580/a, 

1659 (54.8) 1589/a, 2361 (3011.7) 2261/a, 3112 (1523.4) 2979/a, 3168 (0.4) 3033/a, 3178 (0.2) 3043/a, 3179 (0.1) 3044/a, 

3190 (7.2) 3054/a, 3193 (3.5) 3057/a, 3201 (2.7) 3065/a, 3695 (439.9) 3538/a, 3796 (85.1) 3635/a, 3889 (198.5) 3724/a. 
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BW-1, 2-Ar isomer-b (bz-H5O2-Ar)
+
  DFT (Argon is “trans” to benzene) 

State: 
1
A(C1)  Total Energy = -913.1383365  ∆E = +0.3   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+bz+Ar) = 52.5  D.E

b
 (Ar) = 0.8 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

11 (3.0) 11/a, 14 (3.2) 14/a, 25 (1.8) 24/a, 29 (2.9) 28/a, 53 (1.4) 51/a, 58 (4.4) 55/a, 79 (15.2) 75/a, 124 (136.3) 118/a,  

184 (53.1) 176/a, 261 (76.6) 250/a, 333 (165.3) 319/a, 403 (147.0) 386/a, 408 (0.2) 391/a, 412 (6.9) 395/a, 

457 (27.7) 437/a, 495 (9.9) 474/a, 619 (0.2) 592/a, 619 (0.0) 593/a, 697 (15.6) 667/a, 710 (100.9) 680/a, 747 (60.3) 715/a, 

888 (0.4) 850/a, 900 (5.7) 862/a, 1000 (2.6) 958/a, 1002 (2.9) 960/a, 1008 (0.3) 966/a, 1019 (0.1) 976/a, 

1030 (0.1) 986/a, 1054 (5.3) 1009/a, 1056 (4.6) 1012/a, 1180 (0.1) 1130/a, 1200 (0.1) 1149/a, 1201 (0.1) 1150/a, 

1265 (233.6) 1211/a, 1332 (0.5) 1275/a, 1383 (0.0) 1324/a, 1505 (13.4) 1441/a, 1507 (11.3) 1442/a, 1574 (54.8) 1507/a, 

1619 (0.8) 1551/a, 1623 (3.0) 1554/a, 1650 (44.5) 1579/a, 1655 (33.0) 1585/a, 2194 (3332.0) 2101/a, 3121 (1451.4) 2988/a, 

3168 (0.3) 3033/a, 3178 (0.1) 3043/a, 3179 (0.1) 3044/a, 3190 (7.7) 3054/a, 3192 (3.2) 3057/a, 3200 (2.8) 3064/a, 

3764 (266.2) 3604/a, 3781 (132.2) 3620/a, 3871 (262.7) 3706/a. 
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BW-1, 2-Ar isomer-a (bz-H5O2-Ar)
+
  MP2 (Argon is “cis” to benzene) 

State: 
1
A(C1)  Total MP2 Energy =  -911.45386   ∆E = 0.0  

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+bz+Ar) = 59.2    D.E

b
 (Ar) = 2.7 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

10(0.9) 10/a, 22(5.1) 21/a, 30(4.2)28/a, 35(4.9)33/a, 70 (5.6) 66/a, 87 (4.7) 83/a, 98 (14.5) 93/a, 111 (12.9) 106/a, 186 (27.2) 177/a, 

217 (205.2) 207/a, 342 (108.9) 326/a, 380 (1.7) 362/a, 389 (8.8) 371/a, 396 (122.6) 377/a, 427 (30.5) 407/a, 502 (2.7) 478/a, 

535 (31.9) 509/a, 606 (0.0) 577/a, 607 (0.1) 578/a, 706 (116.4) 673/a, 790 (51.4) 752/a, 872 (0.6) 831/a, 883 (4.1) 841/a,  

948 (0.1) 902/a, 959 (0.1) 913/a, 964 (0.3) 918/a, 1000 (2.1) 953/a, 1009 (0.0) 961/a, 1056 (3.8) 1006/a, 1057 (3.2) 1006/a, 

1181 (0.1) 1124/a, 1202 (0.1) 1144/a, 1203 (0.0) 1146/a, 1302 (243.2) 1240/a, 1371 (0.0) 1305/a, 1442 (0.3) 1373/a,  

1500 (13.8) 1429/a, 1501 (12.0) 1429/a, 1612 (8.3) 1535/a, 1622 (0.3) 1545/a, 1626 (2.9) 1549/a, 1667 (51.0) 1587/a, 

1734 (38.8) 1651/a, 2426 (2544.5) 2310/a, 3205 (0.1) 3052/a, 3214 (0.1) 3060/a, 3215 (0.3) 3062/a, 3226 (1.2) 3072/a, 

3228 (0.7) 3074/a, 3235 (1.5) 3080/a, 3302 (1069.7) 3145/a, 3767 (383.3) 3587/a, 3844 (79.5) 3661/a, 3952 (194.8) 3763/a. 

  



185 

 

BW-1, 2-Ar isomer-b (bz-H5O2-Ar)
+
  MP2 (Argon is “trans” to benzene) 

State: 
1
A(C1)  Total Energy = - -911.4514554  ∆E = +1.5   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+bz+Ar) = 57.7   D.E

b
 (Ar) = 1.2 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

12 (4.1) 11/a, 17 (4.7) 16/a, 21 (1.5) 20/a, 31 (6.6) 30/a, 56 (115.1) 53/a, 69 (15.7) 66/a, 89 (46.0) 84/a, 92 (28.8) 87/a,  

197 (43.4) 188/a, 262 (21.8) 249/a, 331 (154.3) 315/a, 383 (0.4) 364/a, 390 (3.5) 372/a, 401 (128.9) 382/a, 456 (36.3) 434/a, 

482 (0.5) 459/a, 496 (9.4) 472/a, 606 (0.0) 577/a, 607 (0.2) 578/a, 710 (118.7) 676/a, 754 (50.7) 718/a, 873 (0.6) 832/a, 

887 (1.9) 845/a, 949 (0.1) 904/a, 958 (0.1) 913/a, 966 (0.2) 920/a, 997 (2.4) 949/a, 1007 (0.0) 959/a, 1053 (3.7) 1003/a, 

1056 (3.5) 1006/a, 1181 (0.0) 1125/a, 1201 (0.1) 1143/a, 1204 (0.0) 1146/a, 1326 (264.5) 1263/a, 1371 (0.0) 1306/a, 

1435 (0.3) 1367/a, 1499 (12.5) 1428/a, 1500 (13.1) 1428/a, 1605 (10.2) 1528/a, 1619 (0.5) 1542/a, 1621 (0.2) 1544/a, 

1671 (45.9) 1592/a, 1698 (41.5) 1617/a, 2369 (3085.0) 2256/a, 3195 (0.1) 3043/a, 3200 (0.1) 3048/a, 3211 (0.2) 3058/a, 

3216 (0.4) 3063/a, 3225 (1.2) 3071/a, 3229 (1.7) 3075/a, 3290 (1124.8) 3133/a, 3802 (166.9) 3621/a, 3821 (157.3) 3639/a, 

3934 (261.5) 3746/a. 

  



186 

 

BW-1, 3 isomer-a (bz-H7O3)
+
  DFT  

State: 
1
A(C1)  Total Energy = -462.0750758   ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+2*H2O+bz) = 72.7   D.E

b
(H2O,bz) = (21,11.4)     

 

 
Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

19 (0.2) 18/a, 21 (0.1) 21/a, 37 (5.0) 35/a, 54 (2.2) 51/a, 64 (0.4) 62/a, 83 (5.8) 80/a, 88 (14.0) 84/a, 131 (19.0) 126/a, 158 (11.6) 151/a, 

161 (79.5) 154/a, 207 (464.1) 198/a, 317 (91.1) 304/a, 337 (96.9) 323/a, 368 (2.6) 352/a, 400 (60.5) 383/a, 411 (0.3) 393/a, 

413 (0.1) 396/a, 596 (2.6) 571/a, 620 (0.1) 594/a, 621 (0.0) 595/a, 659 (89.5) 631/a, 704 (0.1) 674/a, 724 (81.5) 693/a, 

884 (0.1) 847/a, 893 (1.5) 855/a, 987 (41.8) 945/a, 1004 (2.8) 962/a, 1005 (8.5) 962/a, 1007 (6.7) 964/a, 1017 (0.0) 974/a, 

1030 (0.2) 986/a, 1056 (4.2) 1011/a, 1057 (5.5) 1012/a, 1167 (265.6) 1117/a, 1179 (0.2) 1129/a, 1200 (0.5) 1149/a, 

1200 (0.3) 1149/a, 1333 (0.3) 1276/a, 1383 (0.0) 1324/a, 1507 (11.4) 1443/a, 1508 (11.2) 1444/a, 1611 (8.5) 1542/a, 

1623 (1.0) 1554/a, 1627 (9.4) 1558/a, 1639 (24.6) 1569/a, 1661 (71.5) 1590/a, 1685 (37.6) 1613/a, 2768 (2718.1) 2650/a, 

2864 (1441.5) 2743/a, 3167 (0.0) 3032/a, 3176 (0.0) 3041/a, 3176 (0.1) 3041/a, 3188 (4.8) 3052/a, 3190 (7.7) 3055/a, 

3198 (1.6) 3062/a, 3365 (1168.3) 3222/a, 3805 (98.8) 3643/a, 3806 (33.2) 3645/a, 3899 (57.2) 3733/a, 3900 (277.1) 3734/a. 

  



187 

 

BW-1, 3 isomer-b (bzH-H6O3)
+
  DFT  

State: 
1
A(C1)  Total Energy = -462.0417494   ∆E = +21.0   

 

B.E.
a
 = E (complex)-E (bzH

+
+3*H2O) = 34.6   D.E

b
 = - 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

28 (0.4) 26/a, 30 (2.1) 28/a, 31 (3.7) 30/a, 44 (17.3) 42/a, 75 (1.3) 72/a, 142 (48.0) 136/a, 146 (0.3) 140/a, 155 (43.7) 148/a, 

161 (135.0) 154/a, 180 (11.8) 172/a, 203 (1.0) 194/a, 227 (95.5) 218/a, 261 (0.3) 250/a, 340 (1.5) 326/a, 348 (0.0) 333/a, 

401 (0.1) 384/a, 476 (13.0) 456/a, 480 (311.1) 459/a, 580 (53.8) 555/a, 601 (4.2) 575/a, 605 (26.1) 579/a, 608 (0.2) 582/a, 

672 (241.3) 643/a, 680 (89.2) 651/a, 834 (0.1) 798/a, 843 (13.8) 807/a, 938 (17.3) 898/a, 1005 (3.3) 962/a, 1011 (0.8) 968/a, 

1017 (18.0) 974/a, 1024 (1.7) 981/a, 1035 (0.1) 991/a, 1059 (2.1) 1014/a, 1152 (2.5) 1103/a, 1165 (0.7) 1115/a, 

1187 (484.0) 1137/a, 1203 (11.9) 1152/a, 1219 (137.7) 1167/a, 1370 (17.7) 1311/a, 1431 (37.4) 1370/a, 1476 (99.1) 1413/a, 

1487 (34.2) 1424/a, 1581 (0.5) 1513/a, 1621 (19.3) 1552/a, 1627 (124.0) 1558/a, 1638 (51.3) 1568/a, 1659 (0.0) 1589/a, 

2613 (531.3) 2502/a, 2728 (1345.0) 2612/a, 3180 (0.2) 3045/a, 3190 (0.2) 3054/a, 3191 (1.0) 3056/a, 3206 (0.2) 3070/a, 

3209 (0.0) 3073/a, 3670 (188.6) 3514/a, 3694 (618.7) 3537/a, 3788 (18.3) 3627/a, 3877 (126.1) 3712/a, 3880 (237.1) 3715/a, 

3883 (27.2) 3718/a. 

  



188 

 

BW-1, 4 isomer-a (bz-H9O4)
+
  DFT  

State: 
1
A(C1)  Total Energy = -538.5595123  ∆E = 0.0  

 

B.E.
a
 = E (complex)-E (H3O

+
+3*H2O+bz) = 89.0        D.E

b
(H2O, bz) = (16.3, 7.0) 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

8 (0.1) 7/a, 11 (0.2) 11/a, 24 (0.8) 23/a, 33 (0.2) 32/a, 41 (5.0) 40/a, 64 (0.9) 61/a, 69 (2.4) 66/a, 84 (4.0) 80/a, 102 (8.9) 98/a, 

110 (17.7) 105/a, 122 (5.5) 116/a, 158 (5.6)151/a, 197 (152.1) 189/a, 232 (354.1) 223/a, 268 (63.1) 256/a, 319 (76.4) 305/a, 

351 (52.4) 337/a, 359 (74.4) 343/a, 377 (68.4) 361/a, 390 (192.8) 373/a, 411 (0.7) 394/a, 412 (1.2) 395/a, 457 (60.9) 438/a, 

621 (0.0) 594/a, 621 (0.0) 595/a, 706 (37.2) 676/a, 710 (86.0) 680/a, 720 (0.8) 689/a, 879 (0.3) 842/a, 882 (0.6) 845/a, 

953 (60.0) 912/a, 998 (0.2) 956/a, 1001 (0.1) 958/a, 1006 (4.0) 963/a, 1014 (130.1) 970/a, 1016 (0.2) 973/a, 1027 (0.0) 984/a, 

1056 (5.5) 1011/a, 1058 (5.5) 1013/a, 1177 (1.6) 1127/a, 1179 (261.3) 1129/a, 1199 (0.0) 1148/a, 1200 (0.3) 1149/a, 

1332 (0.2) 1275/a, 1382 (0.0) 1324/a, 1507 (10.0) 1443/a, 1508 (11.0) 1444/a, 1625 (0.2) 1556/a, 1627 (1.4) 1558/a, 

1633 (81.0) 1564/a, 1634 (63.8) 1565/a, 1645 (10.1) 1575/a, 1687 (13.6) 1616/a, 1701 (15.9) 1629/a, 2600 (3708.7) 2490/a, 

3029 (2555.3) 2900/a, 3090 (703.5) 2958/a, 3164 (0.5) 3030/a, 3173 (0.3) 3038/a, 3176 (0.3) 3041/a, 3187 (11.6) 3051/a, 

3190 (12.0) 3055/a, 3198 (0.3) 3062/a, 3669 (412.3) 3513/a, 3808 (77.4) 3646/a, 3809 (28.2) 3647/a, 3856 (79.2) 3692/a, 

3902 (61.1) 3736/a, 3902 (257.9) 3736/a. 

  



189 

 

BW-1, 4 isomer-b (bzH-H8O4)
+
  DFT  

State: 
1
A(C1)  Total Energy = -538.5197066  ∆E = +25.0   

 

B.E.
a
 = E (complex)-E (bzH

+
+4*H2O) =46.9   D.E

b
 (H2O) = 12.2 

 

 
 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

17 (0.8) 16/a, 20 (5.7) 19/a, 29 (1.1) 28/a, 42 (2.8) 40/a, 44 (0.1) 43/a, 52 (11.1) 50/a, 79 (3.4) 76/a, 91 (0.4) 87/a, 156 (83.2) 149/a, 

159 (17.1) 152/a, 160 (45.7) 153/a, 174 (17.5) 166/a, 194 (72.8) 186/a, 200 (102.4) 192/a, 204 (304.5) 196/a, 280 (12.5) 268/a, 

296 (45.9) 284/a, 351 (0.0) 336/a, 356 (2.9) 341/a, 384 (17.0) 367/a, 400 (7.6) 383/a, 459 (93.2) 439/a, 513 (11.6) 491/a, 

602 (3.6) 577/a, 604 (20.5) 578/a, 607 (34.7) 582/a, 662 (64.5) 634/a, 689 (107.7) 660/a, 757 (204.7) 725/a, 836 (0.1) 801/a, 

844 (13.2) 808/a, 882 (127.2) 845/a, 943 (18.0) 903/a, 1005 (4.8) 963/a, 1010 (0.3) 967/a, 1020 (19.9) 976/a, 1025 (2.3) 982/a, 

1033 (0.3) 989/a, 1056 (2.0) 1011/a, 1152 (4.0) 1103/a, 1163 (44.1) 1113/a, 1179 (587.1) 1129/a, 1203 (11.0) 1152/a, 

1215 (84.8) 1163/a, 1370 (18.6) 1311/a, 1429 (42.1) 1368/a, 1477 (85.4) 1414/a, 1488 (35.9) 1425/a, 1582 (0.7) 1515/a, 

1622 (14.8) 1553/a, 1637 (77.7) 1567/a, 1638 (75.4) 1568/a, 1642 (53.2) 1572/a, 1675 (14.5) 1604/a, 2543 (582.5) 2435/a, 

2676 (1705.4) 2562/a, 3179 (0.2) 3044/a, 3190 (0.1) 3054/a, 3191 (0.6) 3056/a, 3206 (0.0) 3070/a, 3209 (0.0) 3072/a, 

3491 (1277.0) 3342/a, 3573 (318.9) 3421/a, 3622 (546.5) 3468/a, 3816 (34.4) 3653/a, 3853 (93.0) 3689/a, 3881 (180.8) 3716/a, 

3884 (37.6) 3719/a, 3912 (124.5) 3746/a. 

 

  



190 

 

BW-2, 1 isomer-a (bz2-H3O)
+
  DFT  

 
State: 

1
A(C1) Total Energy = -541.4190482  ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+2*bz) = 41.1  D.E

b
 (bz) = 16.0 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

13 (1.7) 12/a, 16 (1.0) 15/a, 30 (2.6) 29/a, 39 (2.4) 38/a, 49 (1.0) 47/a, 51 (0.5) 49/a, 64 (1.1) 61/a, 178 (4.9) 170/a, 233 (126.0) 223/a, 

265 (36.4) 254/a, 356 (24.4) 340/a, 408 (0.8) 391/a, 410 (0.1) 393/a, 412 (4.5) 394/a, 413 (2.0) 395/a, 571 (43.9) 547/a,  

618 (0.3) 592/a, 619 (0.3) 593/a, 619 (0.3) 593/a, 620 (0.3) 593/a, 696 (10.2) 666/a, 700 (20.0) 671/a, 723 (213.8) 693/a,  

730 (44.8) 699/a, 884 (3.5) 847/a, 889 (2.5) 851/a, 892 (13.2) 854/a, 902 (1.4) 864/a, 977 (45.6) 936/a, 1000 (4.1) 957/a, 

1001 (14.2) 959/a, 1003 (0.9) 960/a, 1006 (13.1) 963/a, 1011 (0.2) 968/a, 1018 (39.0) 974/a, 1020 (0.2) 977/a, 1024 (2.3) 980/a, 

1031 (1.4) 987/a, 1033 (2.0) 989/a, 1053 (5.6) 1009/a, 1054 (9.1) 1009/a, 1057 (3.7) 1012/a, 1058 (14.7) 1013/a, 1180 (0.0) 1130/a, 

1181 (0.1) 1131/a, 1200 (0.1) 1149/a, 1201 (0.2) 1150/a, 1201 (0.2) 1150/a, 1201 (0.9) 1150/a, 1332 (0.9) 1275/a, 1336 (1.5) 1279/a, 

1383 (0.0) 1324/a, 1383 (0.0) 1324/a, 1504 (6.8) 1440/a, 1505(10.1) 1441/a, 1506 (18.4) 1442/a, 1507 (20.8) 1443/a,  

1595 (8.4) 1527/a, 1616 (2.5) 1547/a, 1621 (1.0) 1552/a, 1621 (2.0) 1552/a, 1626 (5.2) 1557/a, 1640 (45.1) 1570/a,  

2819 (4224.4) 2700/a, 2977 (725.9) 2851/a, 3164 (0.6) 3029/a, 3169 (0.1) 3034/a, 3178 (0.9) 3043/a, 3179 (0.0) 3044/a, 

3181 (0.2) 3046/a, 3181 (0.1) 3046/a, 3189 (3.1) 3053/a, 3190 (2.0) 3055/a, 3194 (1.6) 3058/a, 3195 (1.8) 3059/a, 

3201 (0.7) 3065/a, 3203 (0.3) 3067/a, 3744 (114.8) 3585/a. 



191 

 

BW-2, 1 isomer-b (bz2H-H2O)
+
  DFT  

State: 
1
A(C1) Total Energy = -541.4084667   ∆E = +6.6   

 

B.E.
a
 = E (complex)-E (bzH

+
+H2O+bz) = 17.3  D.E

b
 (bz) = 5.8 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

10 (0.0) 9/a, 23 (0.5) 22/a, 34 (4.0) 33/a, 37 (1.5) 36/a, 43 (3.5) 41/a, 58 (0.3) 56/a, 65(0.6) 62/a, 82 (0.4) 79/a, 90 (5.8) 86/a, 

157 (19.5) 150/a, 234 (245.6) 224/a, 261 (24.6) 250/a, 344 (1.3) 329/a, 351 (47.5) 336/a, 409 (0.6) 392/a, 411 (0.0) 393/a, 

476 (24.1) 456/a, 597 (4.0) 571/a, 599 (5.7) 574/a, 619 (0.0) 593/a, 620 (0.8) 593/a, 669 (60.6) 641/a, 707 (53.9) 677/a, 

709 (83.6) 679/a, 818 (1.8) 783/a, 842 (10.6) 806/a, 878 (0.2) 840/a, 882 (0.6) 845/a, 920 (9.3) 881/a, 1000 (1.0) 958/a, 

1002 (1.6) 960/a, 1004 (7.4) 962/a, 1005 (1.6) 962/a, 1006 (5.1) 963/a, 1008 (4.4) 966/a, 1016 (0.0) 972/a, 1021 (0.1) 977/a, 

1029 (0.0) 986/a, 1035 (1.8) 991/a, 1055 (3.1) 1010/a, 1058 (1.7) 1013/a, 1059 (4.7) 1014/a, 1150 (1.5) 1101/a, 

1163 (4.5) 1113/a, 1178 (0.0) 1128/a, 1198 (0.7) 1147/a, 1199 (4.2) 1148/a, 1203 (14.0) 1152/a, 1207 (30.6) 1156/a, 

1270 (122.7) 1216/a, 1337 (0.3) 1280/a, 1369 (13.0) 1310/a, 1383 (0.0) 1324/a, 1425 (22.2) 1365/a, 1471 (130.7) 1409/a, 

1482 (28.8) 1419/a, 1507 (11.6) 1443/a, 1510 (9.7) 1446/a, 1575 (0.5) 1508/a, 1622 (0.3) 1553/a, 1626 (11.3) 1557/a, 

1634 (24.8) 1565/a, 1638 (101.1) 1568/a, 2712 (761.9) 2597/a, 2862 (471.0) 2741/a, 3164 (0.0) 3029/a, 3172 (0.1) 3037/a, 

3173 (0.0) 3038/a, 3180 (0.2) 3045/a, 3186 (10.2) 3050/a, 3187 (10.7) 3052/a, 3190 (0.7) 3055/a, 3195 (0.8) 3059/a, 

3200 (0.6) 3064/a, 3208 (0.8) 3072/a, 3212 (0.4) 3076/a, 3805 (44.3) 3643/a, 3900 (101.4) 3734/a. 



192 

 

BW-2, 1-Ar isomer-a (bz2-H3O-Ar)
+
  DFT  

 
State: 

1
A(C1) Total Energy = -1068.9744595  ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+2*bz+Ar) = 42.0  D.E

b
 (Ar) = 1.0 

 
Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

12 (0.0) 12/a, 16 (0.1) 15/a, 19 (0.5) 19/a, 22 (0.3) 21/a, 29 (1.9) 28/a, 40 (0.2) 38/a, 43 (1.0) 41/a, 49 (0.5) 47/a, 63 (6.0) 60/a, 

93 (5.0) 89/a, 179 (13.7) 171/a, 224 (110.9) 215/a, 332 (15.5) 318/a, 380 (46.5) 364/a, 409 (2.4) 392/a, 410 (2.3) 393/a, 

411 (0.1) 394/a, 412 (2.5) 395/a, 603 (43.2) 577/a, 618 (0.2) 592/a, 619 (0.1) 593/a, 620 (0.3) 593/a, 620 (3.8) 594/a, 

697 (14.7) 667/a, 701 (15.7) 671/a, 721 (211.4) 690/a, 729 (48.4) 698/a, 883 (8.3) 845/a, 886 (2.9) 848/a, 888 (4.9) 850/a, 

902 (2.7) 864/a, 966 (42.0) 925/a, 1000 (0.7) 957/a, 1002 (13.2) 959/a, 1003 (0.3) 961/a, 1008 (7.2) 965/a, 1010 (0.4) 967/a, 

1017 (41.8) 974/a, 1021 (1.0) 977/a, 1023 (4.0) 980/a, 1031 (0.9) 987/a, 1033 (3.2) 989/a, 1054 (5.1) 1009/a, 1054 (12.8) 1010/a, 

1057 (5.1) 1012/a, 1058 (7.9) 1013/a, 1180 (0.1) 1129/a, 1180 (0.2) 1130/a, 1200 (0.2) 1149/a, 1200 (0.4) 1149/a, 1201 (0.5) 1150/a, 

1201 (0.3) 1150/a, 1332 (1.4) 1276/a, 1335 (1.3) 1279/a, 1383 (0.0) 1324/a, 1383 (0.0) 1324/a, 1504 (11.1) 1441/a, 1505 (3.3) 1441/a, 

1506 (24.1) 1442/a, 1507 (14.7) 1443/a, 1583 (4.7) 1515/a, 1615 (1.7) 1546/a, 1621 (2.0) 1552/a, 1622 (2.1) 1553/a, 1624 (3.4) 

1555/a, 1634 (13.4) 1565/a, 2862 (4105.0) 2740/a, 2994 (731.7) 2867/a, 3164 (0.4) 3030/a, 3167 (0.1) 3033/a, 3178 (0.6) 3043/a, 

3179 (0.1) 3044/a, 3180 (0.6) 3045/a, 3180 (0.2) 3045/a, 3188 (4.4) 3053/a, 3190 (2.5) 3054/a, 3194 (2.4) 3058/a, 3195 (2.6) 3059/a, 

3201 (0.8) 3065/a, 3202 (0.4) 3066/a, 3654 (409.4) 3499/a. 
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BW-3, 1 isomer-a (bz3-H3O)
+
  DFT  

State: 
1
A(C1)  Total Energy =-773.7472826  ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+3*bz)= 51.7  D.E

b
 (bz) = 10.6 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

8 (0.1) 7/a, 11 (0.0) 11/a, 15 (0.1) 14/a, 22 (0.2) 21/a, 27 (0.1) 26/a, 31 (0.3) 30/a, 33 (0.7) 31/a, 41 (0.5) 39/a, 43 (0.3) 41/a,  

46 (0.4) 44/a, 54 (0.6) 52/a, 64 (1.2) 62/a, 136 (1.1) 130/a, 198 (53.1) 189/a, 202 (60.8) 193/a, 400 (20.2) 383/a, 408 (0.5) 391/a, 

410 (0.2) 392/a, 411 (1.0) 393/a, 412 (3.8) 394/a, 414 (2.4) 397/a, 425 (19.2) 407/a, 481(38.9) 460/a, 548 (15.4) 525/a, 

619 (0.3) 593/a, 619 (0.0) 593/a, 620 (0.2) 593/a, 620 (0.1) 593/a, 620 (0.2) 594/a, 621 (0.1) 594/a, 701 (39.1) 671/a, 

702 (29.9) 672/a, 703 (9.9) 673/a, 716 (187.8) 686/a, 718 (180.7) 687/a, 722 (19.5) 692/a, 865 (24.0) 828/a, 880 (1.0) 843/a, 

881 (0.2) 844/a, 888 (7.5) 850/a, 893 (11.1) 855/a, 896 (0.9) 858/a, 917 (30.3) 878/a, 996 (9.4) 954/a, 997 (6.9) 955/a,  

1003 (7.4) 961/a, 1004 (3.3) 961/a, 1004 (3.4) 961/a, 1005 (0.7) 963/a, 1007 (0.7) 964/a, 1007 (1.0) 965/a, 1009 (2.6) 966/a, 

1020 (0.0) 976/a, 1021 (0.1) 978/a, 1022 (0.1) 978/a, 1030 (0.3) 986/a, 1031 (0.1) 987/a, 1032 (0.3) 988/a, 1054 (6.0) 1009/a, 
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1054 (7.1) 1010/a, 1055 (6.1) 1011/a, 1057 (3.6) 1012/a, 1058 (0.7) 1013/a, 1059 (10.1) 1014/a, 1178 (0.4) 1128/a, 1179 (0.1) 1129/a, 

1180 (0.1) 1129/a, 1199 (0.4) 1148/a, 1200 (0.4) 1149/a, 1200 (0.4) 1149/a, 1201 (0.6) 1150/a, 1201 (0.1) 1150/a, 1201 (0.3) 1150/a, 

1334 (1.6) 1277/a, 1335 (0.3) 1278/a, 1336 (1.1) 1279/a, 1382 (0.0) 1323/a, 1383 (0.0) 1324/a, 1383 (0.0) 1325/a, 1506 (10.7) 1442/a, 

1506 (10.9) 1442/a, 1507 (3.8) 1443/a, 1508 (7.7) 1444/a, 1509 (2.7) 1445/a, 1509 (27.2) 1445/a, 1615 (6.7) 1547/a, 1622 (0.2) 

1553/a, 1622 (0.8) 1553/a, 1624 (3.1) 1555/a, 1626 (4.3) 1557/a, 1627 (1.3) 1557/a, 1632 (4.1) 1562/a, 1659 (9.2) 1588/a, 

3075 (2728.9) 2944/a, 3101 (2626.6) 2969/a, 3163 (5.5) 3029/a, 3164 (4.2) 3030/a, 3165 (2.9) 3031/a, 3172 (154.1) 3037/a, 3176 (0.3) 

3041/a, 3176 (4.9) 3041/a, 3177 (1.3) 3042/a, 3179 (7.8) 3044/a, 3179 (1.1) 3044/a, 3180 (0.4) 3044/a, 3188 (12.8) 3053/a,  

3188 (16.8) 3053/a, 3189 (10.6) 3054/a, 3193 (4.1) 3057/a, 3193 (6.1) 3057/a, 3193 (7.1) 3058/a, 3200 (8.3) 3064/a, 3200 (3.1) 

3064/a, 3201 (1.6) 3065/a.  
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BW-3, 1 isomer-b (bz3H-H2O)
+
  DFT  

State: 
1
A(C1) Total Energy = -773.7272378   ∆E = +12.6   

 

B.E.
a
 = E (complex)-E (bzH

+
+H2O+2*bz) = 22.0  D.E

b
 (bz) = 4.7 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

9 (0.6) 9/a, 12 (0.5) 12/a, 14 (0.8) 14/a, 20 (0.3) 19/a, 22 (0.2) 21/a, 34 (3.9) 32/a, 38 (0.9) 36/a, 43 (0.4) 41/a, 52 (5.0) 49/a, 

58 (0.2) 56/a, 60 (1.2) 58/a, 64 (0.2) 61/a, 65 (2.5) 62/a, 81 (0.2) 78/a, 90 (9.6) 86/a, 153 (19.8) 147/a, 231 (243.3) 221/a, 

256 (23.2) 246/a, 342 (44.7) 328/a, 344 (0.6) 330/a, 409 (0.2) 392/a, 411 (0.0) 393/a, 412 (0.1) 394/a, 413 (0.0) 395/a, 

468 (21.1) 448/a, 597 (3.1) 571/a, 598 (0.9) 573/a, 620 (0.7) 594/a, 620 (0.0) 594/a, 620 (0.1) 594/a, 621 (0.3) 595/a, 665 (45.9) 637/a, 

704 (198.5) 674/a, 706 (92.1) 676/a, 709 (3.1) 679/a, 712 (0.0) 682/a, 815 (1.3) 780/a, 846 (7.2) 810/a, 877 (0.2) 840/a,  

877 (0.1) 840/a, 878 (0.1) 840/a, 880 (0.5) 843/a, 917 (17.1) 878/a, 999 (0.1) 957/a, 1000 (1.2) 957/a, 1001 (0.0) 958/a,  

1001 (1.1) 958/a, 1004 (4.2) 961/a, 1005 (7.8) 962/a, 1007 (3.6) 964/a, 1007 (2.3) 964/a, 1010 (2.3) 967/a, 1016 (0.0) 973/a,  

1017 (0.0) 974/a, 1019 (1.6) 976/a, 1028 (0.0) 984/a, 1029 (0.0) 985/a, 1035 (0.4) 991/a, 1055 (7.5) 1010/a, 1056 (3.6) 1011/a, 

1057 (4.1) 1012/a, 1058 (0.9) 1013/a, 1059 (4.1) 1014/a, 1151 (1.5) 1102/a, 1167 (3.7) 1117/a, 1177 (0.0) 1127/a, 1178 (0.1) 1128/a, 

1198 (1.3) 1147/a, 1198 (3.3) 1147/a, 1198 (1.2) 1147/a, 1198 (2.5) 1147/a, 1199 (0.2) 1148/a, 1205 (30.7) 1154/a,  

1280 (160.1) 1225/a, 1334 (0.0) 1278/a, 1336 (0.2) 1279/a, 1368 (10.9) 1310/a, 1382 (0.0) 1323/a, 1383 (0.0) 1324/a, 



196 

 

1427 (8.6) 1366/a, 1477 (136.2) 1414/a, 1479 (42.9) 1416/a, 1508 (10.5) 1444/a, 1508 (10.0) 1444/a, 1509 (9.2) 1445/a, 

1510 (9.2) 1446/a, 1572 (0.6) 1505/a, 1624 (6.3) 1555/a, 1626 (8.7) 1557/a, 1627 (1.4) 1558/a, 1627 (0.8) 1558/a, 1635 (43.8) 1565/a, 

1638 (157.9) 1568/a, 2749 (692.2) 2632/a, 2887 (434.6) 2765/a, 3163 (0.1) 3028/a, 3163 (0.0) 3029/a, 3171 (0.0) 3036/a, 

3171 (0.1) 3037/a, 3173 (0.0) 3038/a, 3173 (0.0) 3038/a, 3185 (12.0) 3050/a, 3185 (13.3) 3050/a, 3187 (13.5) 3051/a,  

3187 (6.7) 3051/a, 3187 (8.4) 3052/a, 3192 (21.7) 3057/a, 3195 (0.5) 3059/a, 3195 (0.7) 3060/a, 3200 (9.6) 3064/a, 

3208 (2.3) 3072/a, 3212 (3.2) 3076/a, 3806 (41.8) 3644/a, 3902 (97.1) 3736/a. 
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BW-2, 2 isomer-a (bz2-H5O2)
+
  (benzenes are in “cis” position) DFT  

State: 
1
A(C1)  Total Energy = -617.9115719   ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+2*bz) = 62.4   D.E

b
 (bz) = 10.7 

 

 
Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

8 (0.8) 7/a, 21 (3.1) 20/a, 26 (5.6) 25/a, 27 (0.9) 26/a, 35 (1.8) 33/a, 45 (0.0) 43/a, 49 (0.7) 47/a, 58 (1.4) 56/a, 65 (0.0) 63/a, 

141 (5.2) 135/a, 142 (29.2) 136/a, 184 (41.5) 176/a, 322 (145.1) 309/a, 380 (172.9) 364/a, 410 (0.4) 393/a, 411 (0.5) 393/a, 

412 (0.5) 395/a, 415 (3.1) 397/a, 421 (16.5) 403/a, 477 (75.5) 456/a, 607 (55.4) 581/a, 619 (0.1) 593/a, 620 (0.3) 594/a, 

620 (0.1) 594/a, 621 (8.3) 595/a, 700 (16.9) 670/a, 702 (11.3) 672/a, 715 (66.7) 684/a, 718 (183.2) 688/a, 748 (20.3) 716/a, 

883 (0.4) 846/a, 884 (0.6) 847/a, 892 (6.2) 854/a, 895 (0.7) 857/a, 997 (3.4) 955/a, 999 (3.7) 957/a, 1004 (2.1) 961/a, 

1004 (2.2) 962/a, 1007 (0.2) 964/a, 1007 (0.1) 965/a, 1017 (0.0) 974/a, 1019 (0.0) 976/a, 1030 (0.1) 986/a, 1031 (0.3) 987/a, 

1054 (5.7) 1009/a, 1055 (4.3) 1010/a, 1057 (2.8) 1012/a, 1058 (3.8) 1013/a, 1154 (125.5) 1105/a, 1178 (0.6) 1128/a, 

1179 (0.1) 1129/a, 1198 (0.0) 1147/a, 1200 (0.1) 1149/a, 1201 (0.9) 1150/a, 1201 (0.4) 1150/a, 1332 (0.6) 1276/a, 1334 (0.6) 1277/a, 

1383 (0.0) 1324/a, 1383 (0.0) 1324/a, 1506 (7.1) 1442/a, 1507 (11.2) 1442/a, 1507 (8.9) 1443/a, 1508 (18.3) 1444/a,  

1607 (10.0) 1539/a, 1620 (13.5) 1551/a, 1622 (14.0) 1553/a, 1624 (22.4) 1555/a, 1626 (0.6) 1557/a, 1630 (7.9) 1560/a,  

1749 (69.7) 1675/a, 2432 (2004.3) 2329/a, 3164 (0.4) 3030/a, 3164 (0.5) 3030/a, 3170 (0.2) 3035/a, 3175 (0.1) 3040/a,  

3178 (0.1) 3043/a, 3179 (0.6) 3044/a, 3186 (4.2) 3050/a, 3187 (9.7) 3052/a, 3192 (4.8) 3056/a, 3193 (2.4) 3057/a, 3199 (16.3) 3063/a, 

3199 (1.1) 3063/a, 3245 (1893.2) 3107/a, 3326 (921.1) 3185/a, 3781 (47.8) 3620/a, 3873 (211.8) 3709/a. 
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BW-2, 2 isomer-b (bz2-H5O2)
+
  (benzenes are in “trans” position) DFT  

State: 
1
A(C1)  Total Energy = -617.9092657   ∆E = +1.4   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+2*bz) = 61.0   D.E

b
 (bz) = 9.3 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

1 (2.8) 1/a, 9 (3.7) 9/a, 19 (0.8) 18/a, 22 (2.0) 21/a, 27 (0.6) 26/a, 40 (5.9) 38/a, 46 (4.3) 44/a, 57 (4.7) 55/a, 61 (12.8) 59/a,  

121 (275.4) 116/a, 149 (2.3) 142/a, 197 (73.6) 188/a, 294 (42.7) 281/a, 401 (135.6) 384/a, 410 (0.6) 393/a, 411 (3.0) 394/a,  

413 (0.4) 396/a, 420 (54.5) 402/a, 524 (87.8) 502/a, 565 (169.3) 541/a, 611 (52.7) 585/a, 619 (0.3) 593/a, 620 (0.1) 593/a,  

620 (0.5) 593/a, 621 (0.0) 594/a, 657 (51.7) 629/a, 703 (4.4) 673/a, 705 (0.3) 675/a, 720 (368.3) 689/a, 721 (34.3) 690/a,  

882 (400.8) 844/a, 885 (24.1) 847/a, 889 (142.9) 851/a, 892 (0.7) 854/a, 941 (2701.2) 901/a, 1000 (1.8) 958/a, 1003 (0.3) 960/a, 

1003 (1.8) 961/a, 1005 (39.7) 962/a, 1006 (0.4) 964/a, 1008 (125.2) 965/a, 1017 (2.1) 974/a, 1020 (1.4) 976/a, 1029 (0.4) 986/a, 

1030 (0.4) 986/a, 1054 (3.5) 1009/a, 1055 (12.7) 1010/a, 1056 (10.4) 1011/a, 1057 (4.3) 1012/a, 1179 (0.3) 1129/a, 1179 (0.2) 1129/a, 

1199 (0.1) 1148/a, 1200 (0.2) 1149/a, 1200 (0.5) 1149/a, 1201 (0.2) 1150/a, 1329 (0.7) 1273/a, 1330 (2.6) 1273/a, 1383 (0.0) 1324/a, 

1383 (0.0) 1324/a, 1429 (97.4) 1368/a, 1505 (12.9) 1441/a, 1506 (10.8) 1442/a, 1507 (16.5) 1443/a, 1507 (16.7) 1443/a,  

1575 (570.2) 508/a, 1619 (0.2) 1551/a, 1620 (0.4) 1552/a, 1624 (3.7) 1555/a, 1624 (1.4) 1555/a, 1671 (17.9) 1600/a,  

1729 (931.5) 1655/a, 3161 (0.0)3026/a, 3165 (0.0) 3031/a, 3170 (0.6) 3035/a, 3174 (0.9) 3039/a, 3174 (0.1) 3040/a, 3175 (0.2) 3040/a, 

3184 (4.7) 3049/a, 3185 (6.0) 3050/a, 3186 (4.8) 3051/a, 3189 (4.9) 3053/a, 3196 (1.9) 3061/a, 3196 (0.8) 3061/a,  

3371 (1490.8) 3228/a, 3421 (757.8) 3276/a, 3804 (118.6) 3642/a, 3834 (122.7) 3671/a. 
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BW-2, 2-Ar isomer-a (bz2-H5O2Ar)
+
   (benzenes are in “cis” position, Argon on the other OH) DFT  

State: 
1
A(C1)  Total Energy = -1145.466415    ∆E = +0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+2*bz+Ar) = 63.0   D.E

b
 (Ar) = 0.6 

 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

-12 (0.1) -12/a, 13 (0.3) 12/a, 19 (0.3) 18/a, 24 (2.5) 23/a, 27 (0.4) 25/a, 29 (0.5) 28/a, 34 (0.8) 32/a, 48 (0.5) 46/a, 50 (0.4) 48/a, 

58 (2.1) 56/a, 72 (0.6) 69/a, 84 (13.0) 80/a, 132 (8.8) 126/a, 175 (41.5) 167/a, 240 (32.7) 230/a, 366 (90.3) 351/a, 410 (3.7) 392/a, 

410 (2.6) 393/a, 412 (0.2) 395/a, 415 (1.2) 398/a, 426 (205.9) 408/a, 439 (15.5) 420/a, 478 (78.3) 457/a, 616 (15.5) 590/a, 

619 (0.1) 593/a, 620 (0.0) 593/a, 620 (0.0) 594/a, 628 (47.4) 602/a, 700 (11.4) 670/a, 702 (6.7) 672/a, 717 (70.3) 686/a, 

718 (192.3) 687/a, 748 (25.2) 716/a, 884 (0.2) 846/a, 885 (0.4) 847/a, 892 (4.5) 855/a, 894 (1.3) 856/a, 999 (3.9) 956/a, 
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1000 (4.3) 958/a, 1004 (0.9) 961/a, 1005 (2.3) 962/a, 1007 (0.1) 964/a, 1008 (0.1) 965/a, 1015 (0.1) 972/a, 1018 (0.0) 975/a, 1030 

(0.1) 986/a, 1031 (0.1) 987/a, 1054 (4.9) 1009/a, 1055 (4.9) 1010/a, 1057 (3.3) 1012/a, 1057 (3.8) 1012/a, 1178 (7.3) 1128/a, 

1179 (2.8) 1129/a, 1184 (109.6) 1133/a, 1197 (0.6) 1146/a, 1200 (0.4) 1149/a, 1201 (3.0) 1150/a, 1201 (1.7) 1150/a,  

1332 (0.7) 1275/a, 1333 (0.4) 1277/a, 1382 (0.0) 1324/a, 1383 (0.0) 1324/a, 1506 (8.1) 1442/a, 1506 (9.3) 1442/a, 

1507 (9.4) 1443/a, 1508 (20.0) 1444/a, 1588 (39.1) 1521/a, 1619 (13.2) 1550/a, 1622 (4.1) 1553/a, 1623 (9.3) 1554/a, 

1626 (1.0) 1557/a, 1628 (6.5) 1559/a, 1765 (108.6) 1690/a, 2220 (2194.0) 2125/a, 3162 (1.1) 3028/a, 3164 (0.3) 3030/a, 

3166 (0.4) 3032/a, 3175 (0.0) 3040/a, 3179 (0.1) 3044/a, 3180 (0.1) 3045/a, 3185 (3.8) 3050/a, 3187 (6.1) 3052/a, 

3192 (4.7) 3056/a, 3194 (3.0) 3058/a, 3198 (0.5) 3062/a, 3199 (5.1) 3063/a, 3271 (1597.1) 3132/a, 3412 (918.0) 3267/a, 

3741 (72.6) 3582/a, 3829 (461.6) 3666/a. 
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BW-2, 2-Ar (bz2-H5O2Ar)
+
   (benzenes are in “trans” position, Argon on the other OH) DFT  

State: 
1
A(C1)  Total Energy = -1145.4649879   ∆E = +0.9   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+2*bz+Ar) = 62.1   D.E

b
 (Ar) = 1.2 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

10 (0.3) 10/a, 11 (0.5) 10/a, 14 (1.4) 14/a, 19 (1.5) 18/a, 20 (0.4) 19/a, 26 (0.2) 25/a, 28 (3.4) 26/a, 46 (0.4) 44/a, 48 (4.0) 46/a, 

62 (2.4) 59/a, 64 (7.4) 61/a, 78 (6.3) 74/a, 136 (109.9) 130/a, 153 (27.6) 146/a, 260 (71.5) 249/a, 340 (75.8) 326/a, 

410 (2.3) 393/a, 411 (1.0) 393/a, 413 (1.0) 395/a, 413 (0.2) 395/a, 491 (124.3) 470/a, 521 (63.4) 499/a, 562 (149.4) 538/a, 

611 (91.5) 585/a, 620 (0.1) 593/a, 620 (0.1) 594/a, 620 (0.2) 594/a, 622 (9.8) 595/a, 672 (41.0) 644/a, 703 (0.1) 673/a, 

703 (4.9) 673/a, 717 (244.9) 687/a, 723 (107.5) 692/a, 884 (25.3) 846/a, 885 (1.3) 847/a, 888 (87.0) 850/a, 892 (3.2) 854/a, 

995 (450.9) 953/a, 1001 (59.8) 959/a, 1003 (3.6) 960/a, 1004 (1.5) 962/a, 1005 (6.8) 962/a, 1006 (0.9) 963/a, 1017 (2.2) 974/a, 

1018 (2.0) 975/a, 1029 (0.3) 985/a, 1030 (24.3) 986/a, 1040 (1775.9) 995/a, 1056 (6.0) 1011/a, 1057 (1.0) 1012/a, 

1057 (5.8) 1012/a, 1061 (584.6) 1015/a, 1179 (0.2) 1129/a, 1179 (0.1) 1129/a, 1199 (0.6) 1148/a, 1200 (1.3) 1149/a, 

1200 (0.1) 1149/a, 1201 (0.5) 1150/a, 1332 (1.4) 1275/a, 1332 (0.3) 1276/a, 1383 (0.0) 1324/a, 1383 (0.0) 1324/a, 

1423 (334.5) 1362/a, 1507 (13.1) 1443/a, 1507 (10.0) 1443/a, 1507 (15.9) 1443/a, 1508 (14.1) 1444/a, 1571 (97.6) 1504/a, 
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1623 (0.4) 1554/a, 1623 (0.5) 1554/a, 1625 (1.8)1556/a, 1626 (0.8) 1557/a, 1684 (10.2) 1613/a, 1731 (879.3) 1658/a, 

3166 (0.0) 3032/a, 3167 (0.0) 3033/a, 3176 (0.3) 3041/a, 3176 (0.1) 3041/a, 3177 (0.2) 3042/a, 3177 (0.1) 3042/a, 

3188 (3.9) 3053/a, 3189 (5.3) 3053/a, 3190 (6.4) 3054/a, 3191 (6.8) 3055/a, 3198 (0.8) 3062/a, 3199 (1.1) 3063/a, 

3379 (1204.6) 3235/a, 3447 (861.4) 3300/a, 3756 (363.1) 3596/a, 3830 (104.7) 3667/a. 
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BW-3, 2 (bz3-H5O2)
+
  DFT  

State: 
1
A(C1)  Total Energy = -850.2350923   ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+3*bz) = 70.1   D.E

b
 (bz) = 7.7 

 

 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

10 (0.2) 10/a, 13 (0.3) 12/a, 14 (0.2) 14/a, 17 (0.1) 17/a, 18 (0.1) 18/a, 24 (1.0) 23/a, 29 (0.6) 27/a, 31 (0.2) 30/a, 37 (0.8) 36/a, 

42 (0.3) 40/a, 44 (1.0) 42/a, 52 (2.5) 50/a, 61 (0.5) 58/a, 90 (4.1) 86/a, 105 (10.3) 100/a, 135 (18.9) 129/a, 178 (37.3) 170/a, 

202 (34.2) 194/a, 366 (90.8) 350/a, 409 (0.9) 392/a, 410 (0.2) 393/a, 412 (11.1) 394/a, 412 (1.7) 394/a, 412 (0.7) 395/a, 

412 (0.6) 395/a, 422 (114.0) 404/a, 461 (62.0) 441/a, 505 (20.9) 483/a, 593 (34.5) 568/a, 620 (0.1) 594/a, 620 (0.2) 594/a, 

620 (0.0) 594/a, 621 (0.1) 594/a, 621 (0.2) 594/a, 621 (0.1) 595/a, 694 (106.8) 665/a, 704 (4.2) 674/a, 705 (6.9) 675/a, 

707 (25.8) 677/a, 711 (137.5) 681/a, 718 (52.5) 688/a, 729 (135.6) 698/a, 879 (0.2) 842/a, 881 (0.6) 844/a, 882 (0.1) 844/a, 
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884 (1.2) 847/a, 890 (8.2) 852/a, 892 (5.0) 854/a, 996 (1.7) 954/a, 1000 (0.5) 958/a, 1000 (1.6) 958/a, 1003 (0.1) 960/a,  

1004 (0.1) 961/a, 1005 (4.5) 962/a, 1005 (0.3) 962/a, 1005 (4.8) 962/a, 1006 (0.1) 963/a, 1016 (0.0) 973/a, 1018 (0.0) 975/a, 

1020 (0.0) 976/a, 1028 (0.0) 985/a, 1029 (0.1) 985/a, 1029 (0.0) 986/a, 1056 (5.5) 1011/a, 1056 (1.2) 1011/a, 1056 (8.7) 1011/a, 

1057 (2.7) 1013/a, 1058 (3.8) 1013/a, 1058 (8.1) 1013/a, 1178 (0.1) 1127/a, 1178 (0.1) 1128/a, 1179 (0.2) 1129/a, 1198 (0.4) 1148/a, 

1199 (0.1) 1148/a, 1200 (0.0) 1149/a, 1200 (0.1) 1149/a, 1200 (0.1) 1149/a, 1201 (0.0) 1150/a, 1268 (103.3) 1214/a, 1332 (0.1) 275/a, 

1333 (0.9) 1277/a, 1334 (0.5) 1278/a, 1382 (0.0) 1324/a, 1383 (0.0) 1324/a, 1383 (0.0) 1324/a, 1506 (8.1) 1442/a, 1507 (4.1) 1443/a, 

1507 (9.9) 1443/a, 1508 (13.9) 1444/a, 1508 (1.6) 1444/a, 1509 (15.1) 1445/a, 1561 (146.0) 1495/a, 1620 (51.9) 1551/a, 

1624 (1.2) 1555/a, 1624 (0.3) 1555/a, 1625 (0.3) 1556/a, 1626 (1.8) 1557/a, 1628 (0.6) 1558/a, 1634 (58.8) 1564/a,  

1679 (27.1) 1608/a, 2140 (3384.2) 2049/a, 3164 (0.2) 3030/a, 3165 (0.2) 3031/a, 3166 (0.0) 3032/a, 3174 (0.1) 3039/a, 

3176 (0.6) 3041/a, 3176 (0.4) 3041/a, 3176 (0.1) 3041/a, 3177 (0.1) 3042/a, 3178 (0.8) 3043/a, 3187 (7.9) 3052/a, 3188 (7.5) 3052/a, 

3188 (3.6) 3052/a, 3190 (8.3) 3055/a, 3191 (7.0) 3055/a, 3192 (10.3) 3056/a, 3198 (0.1) 3062/a, 3199 (2.3) 3063/a, 3200 (2.0) 3064/a, 

3356 (1432.4) 3214/a, 3367 (1168.7) 3224/a, 3645 (471.2) 3490/a, 3845 (74.6)3 682/a. 
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BW-4, 2 isomer-a (bz4-H5O2)
+
  DFT  

 
State: 

1
A(C1)  Total Energy = -1082.5554622  ∆E = 0.0   

 

B.E.
a
 = E (complex)-E (H3O

+
+H2O+4*bz) = 75.8   D.E

b
 (bz) = 5.7 

 

 
 

Unscaled Frequency  (Intensity) Scaled Frequency /Symmetry of vibration 

 

-8 (0.5) -7/a, -3 (0.0) -3/a, 11 (0.2) 11/a, 18 (0.2) 17/a, 19 (0.0) 18/a, 20 (0.2) 19/a, 22 (0.3) 21/a, 25 (0.9) 24/a, 28 (1.2) 27/a,  

31 (0.5) 30/a, 32 (0.1) 30/a, 32 (0.4) 31/a, 34 (0.1) 32/a, 36 (0.1) 35/a, 39 (0.1) 37/a, 43 (3.3) 41/a, 47 (0.2) 45/a, 53 (5.8) 51/a, 

59 (0.4) 57/a, 98 (25.0) 94/a, 114 (45.1) 109/a, 149 (13.5) 143/a, 164 (26.5) 157/a, 385 (24.9) 369/a, 409 (3.4) 392/a, 410 (1.6) 392/a, 

410 (0.2) 393/a, 411 (6.3) 394/a, 412 (9.6) 395/a, 412 (1.4) 395/a, 414 (10.1) 396/a, 414 (1.3) 397/a, 425 (100.8) 407/a,  

446 (110.6) 427/a, 516 (250.6) 495/a, 583 (79.6) 558/a, 607 (7.7) 581/a, 620 (0.3) 594/a, 621 (0.0) 594/a, 621 (0.2) 595/a,  
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621 (0.1) 595/a, 622 (0.2) 595/a, 622 (0.2) 595/a, 622 (0.4) 595/a, 622 (0.1) 596/a, 647 (24.7) 620/a, 704 (112.1) 674/a, 

704 (107.9) 674/a, 705 (122.3) 675/a, 707 (18.8) 677/a, 710 (96.0) 680/a, 711 (83.7) 680/a, 711 (74.8) 681/a, 715 (14.0) 685/a, 

875 (0.4) 838/a, 875 (0.7) 838/a, 877 (3.1) 840/a, 879 (0.1) 842/a, 882 (11.7) 845/a, 882 (6.0) 845/a, 885 (5.1) 848/a, 886 (6.9) 848/a, 

995 (6.3) 952/a, 996 (13.9) 954/a, 996 (3.7) 954/a, 998 (5.3) 955/a, 1001 (1.4) 958/a, 1001 (0.1) 959/a, 1002 (0.7) 959/a, 

1003 (0.3) 960/a, 1005 (37.6) 962/a, 1006 (2.4) 963/a, 1006 (2.6) 963/a, 1007 (0.1) 964/a, 1017 (0.2) 974/a, 1018 (0.0) 974/a, 

1018 (0.0) 975/a, 1019 (0.1) 975/a, 1027 (0.2) 984/a, 1028 (0.2) 984/a, 1028 (0.1) 984/a, 1029 (0.1) 985/a, 1056 (36.4) 1011/a, 

1056 (5.2) 1012/a, 1057 (2.4) 1012/a, 1057 (4.3) 1012/a, 1058 (4.6) 1013/a, 1058 (2.0) 1013/a, 1058 (5.2) 1013/a, 1059 (6.4) 1014/a, 

1168 (2836.6) 1118/a, 1177 (8.7) 1127/a, 1177 (0.5) 1127/a, 1177 (0.2) 1127/a, 1178 (25.9) 1128/a, 1198 (4.8) 1147/a, 

1198 (8.9) 1147/a, 1199 (0.5) 1148/a, 1199 (2.6) 1148/a, 1199 (3.5) 1148/a, 1199 (6.7) 1149/a, 1200 (2.1) 1149/a, 1200 (14.0) 1149/a, 

1334 (1.6) 1277/a, 1334 (0.9) 1278/a, 1335 (1.8) 1278/a, 1335 (2.4) 1278/a, 1382 (0.0) 1323/a, 1382 (0.0) 1323/a, 1382 (0.0) 1323/a, 

1382 (0.0) 1324/a, 1415 (157.7) 1355/a, 1508 (8.2) 1444/a, 1508 (5.5) 1444/a, 1508 (14.6) 1444/a, 1508 (6.1) 1444/a, 

1509 (13.8) 1445/a, 1509 (13.9) 1445/a, 1509 (10.7) 1445/a, 1510 (10.6) 1446/a, 1587 (158.1) 1519/a, 1625 (0.2) 1556/a, 

1626 (0.3) 1556/a, 1626 (0.1) 1557/a, 1627 (0.1) 1558/a, 1627 (1.6) 1558/a, 1628 (0.4) 1559/a, 1629 (1.6) 1560/a, 

1629 (0.6) 1560/a, 1675 (6.9) 1604/a, 1761 (910.6) 1686/a, 3161 (0.5) 3027/a, 3161 (0.5) 3027/a, 3162 (0.1) 3028/a, 

3164 (0.2) 3030/a, 3171 (0.2) 3037/a, 3172 (0.4) 3037/a, 3173 (0.3) 3038/a, 3175 (0.4) 3040/a, 3175 (0.5) 3040/a, 

3175 (0.5) 3040/a, 3176 (0.4) 3041/a, 3177 (0.8) 3042/a, 3185 (13.3) 3050/a, 3185 (7.1) 3050/a, 3186 (7.2) 3050/a, 

3188 (7.8) 3052/a, 3188 (10.1) 3053/a, 3189 (11.3) 3054/a, 3190 (8.3) 3055/a, 3191 (12.2) 3055/a, 3197 (1.3) 3061/a, 

3197 (0.5) 3061/a, 3198 (1.0) 3062/a, 3199 (1.1) 3063/a, 3457 (550.0) 3310/a, 3483 (1525.9) 3335/a, 3565 (330.0) 3414/a, 

3610 (1169.8) 3457/a. 
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Table S1: Computed binding energies and relative energies (with respect to the most stable isomer) of (benzene)mH
+
(H2O)nArx 

complexes in kcal/mol.  Calculations are done with MP2 and/or B3LYP levels of theory with 6-311+G (d, p) basis set.  Energies are 

not ZPVE or BSSE corrected. 

 DFT    MP2 

 

Complex                                                             B.E.  ∆E  B.E.   ∆E 

 

BW-1, 1 isomer-a (bz-H3O)
+
        25.0  +3.5  28.7  0.0 

BW-1, 1 isomer-b (bzH-H2O)
+
             11.4  0.0  13.6  +6.2  

BW-1, 1-Ar isomer-a (bz-H3O-Ar)
+
      27.0  +1.9  32.3  0.0 

BW-1, 1-Ar isomer-b (bzH-H2O-Ar)
+
    11.8  0.0  15.5  +7.8 

BW-1, 2 isomer-a (bz-H5O2) 
+
    51.7  0.0  56.5  0.0 

BW-1, 2 isomer-b (bzH-H2O4)
+
      20.8  +13.7  23.2  +24.3 

BW-1, 2-Ar isomer-a (bz-H5O2-Ar)
+
     52.8  0.0  59.2  0.0 

(Argon is “cis” to benzene) 

BW-1, 2-Ar isomer-b (bz-H5O2-Ar)
+
     52.5  +0.3  57.7  +1.5 

(Argon is “trans” to benzene) 

BW-1, 3 isomer-a (bz-H7O3)
+     

72.7  0.0    --     -- 

BW-1, 3 isomer-b (bzH-H6O3)
+
      34.6  +21.0    --     -- 

BW-1, 4 isomer-a (bz-H9O4)
+     

89.0  0.0    --     -- 

BW-1, 4 isomer-b (bzH-H8O4)
+    

46.9  +25.0    --     -- 

BW-2, 1 isomer-a (bz2-H3O)
+
       41.1  0.0    --     -- 

BW-2, 1 isomer-b (bz2H-H2O)
+
      17.3  +6.6    --     -- 

BW-2, 2 isomer-a (bz2-H5O2)
+
 bz-cis    62.4  0.0    --     -- 

BW-2, 2 isomer-a (bz2-H5O2)
+
 bz-trans   61.0  +1.4    --     -- 

BW-3, 1 isomer-a (bz3-H3O)
+
     51.7  0.0    --     -- 

BW-3, 1 isomer-b (bz3H-H2O)
+
      22.0  +12.6    --     --  
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