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Infrared Spectrosdopy of Weakly

Bound Molecular Ions

by

Lisa I-Ching Yeh
Abstract

The infrared épectra of a series of hydrated hydrof
nium CIuster_ ions’ and of protonated’ ethanev ion are
présénted. A tandem Aass spectrometér is ideally suited
_to_bbtaining the spectra of such weakly bound‘moleéular
ions. Traditiohal absorption spectroscqpy is not feasible
in these situations, so the techniques described in this
thesis make use of some consequence of photon absorption
with higher sensitivity thah siﬁply attenuation of laser
power. That consequence is dissociation. By first mass
selecting the éarent ion under study and then mass
selecting the fragment ion formed from dissociation, the
near unitvdetection efficienéy of ion counting methods has
been used to full advantégé.

A brief introduction.to the field of ion spectroscopy
is the subject of Chapter I.. Chapters II and III present

spectra of the series of hydrated hydronium cluster ions,

H3O+-(H20)n (n =1, 2, 3). In Chapter II, the spectra of
H_0', H.0, and Hgoz are compared to the spectra taken

5727 773"
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using a "messenger" weakly bound to the water cluster ion
under investigation. These "messenger" species are bound
loosely enough that only a single infrared photon is
needed to induce dissociation. The hydrated hydronium
ions, on the other hand, have a binding energy exceeding
the energy of an infrared photon and require a multiphoton
absorption process to indﬁce dissociation. .Both one-color
and two-color laser schemes were used, as described in
Chapter II. Chapter III discusses the Doppler 1limited
spectra obtained of HSO; and Hgoz and gives the reader an
introduction to permutation-inversion group theory, which
is used to treéf the large aﬁplitude motions permissible
in these'floppf cluster ions. o

The infrared speétrum of CZH; is the subject ofv
Chapter IV. The controversy over whether various car-
bonium ions exist in the classical or the nonclassical
bridging structure is briefly reviewed. Evidence is
presented that the spectra of both the classical and the
bridging geometries of CZH; have been obtained and

preliminary assignments are given for all observed

features.



iiji

ACKNOWLEDGEMENTS

Being c Qraduate student in Berkeley has sometimes
been enjoyable, sometimes depressing, but never boring.
Many people have contributed positively to my gréduate
experience and I would like to thank them here.

First, I need to thank Yuan Lee for giving me the
. opportunity to do good science and providing me with
~constant challenges. It has been a privilege to work for
such a great scientist and have the benefit of his ideés.
Yﬁan's hcnds off management style sometimes 1led to
problens, . bctv overall was beneficial. He gave the
‘students in his group a great deal of responsibility and
freedom in the laboratory. This allowed us the chance to
- try out our own ideas and learn from our successes and
failures. |

Of the many people I have worked with, my collabora-
tion with Mitchio Okumura was the most extensive and I am
deeply indebted to him. I want to thank him for teaching
me about ion spectroscopy and for his patience with me
through the -years. = The data oﬁ the hydrated hydronium
ionic clﬁsters using a hydrogen messenger was takeﬁ by
him. |

I only overiapped briefly with Sandy Bustamente, but
his encouragement and kindness will long be appreciated.
Sandy also ‘was the predecessor mosﬁ responsible for

building the spectrometer and ﬁriting the data acquisition



iv

program. Didier Normand lent his laser expertise to our

early experiments on CH., and CH 1lifetimes and came in at

2
6 AM to relieve me from all night data scans.

I also want to thank Jim Myers, who worked with me on
the 2-color IRMPD studies of the water cluster ions. . John

7O;-Ne spectrum and had the insight
to go back and take the HQOZ spectrum using a one-color

MPD approach after we accidentally discovered it would

Price helped with the H

work. He also kept the laser system going in the C2H;
studies. Mark Crofton joined the ion spectroscopy effort
after I was off the machine, so I missed the opportunity
of working with him. Even so, we have had many inter-
esting spectroscopy discussions and I waht to thank him
for that. 1It's sometimes difficult being a spectroscopist
in a non-spectroscopy group.

I have also had the benefit of working with many
theoreticians outside of the group. Richard Remington and

Fritz Schaefer did the calculations on the structures,

energies, and frequencies of the hydrated hydronium ions.

+
2H7
and his results are gquoted extensively in the 1last

Michel Dupuis calculated vibrational frequencies for C

chapter. Jon Hougen helped immensely in my understanding
of permutation-inversion group theory and was amazingly

patient and fun to work with. Tim Lee calculated vibra-

tional lifetimes for CHZ' Martin Gruebelé, while not a



v
theorist, is appreciated fof 7a11_ the cdnversations‘ on
HSO; ang spectroscopy in general. | ‘ _
Many other people in the Lee group have also helped
me out. I want t6 thank Eric Hintsa for his willingﬁess
to talk to me about science, China, politicaiiy correct
causes, and for being,'my friend. . I've also enjoyed
talking wifh Pam Chu who kept our group computer system
going.- Gil Nathanson was always willing to answer my
» questions'and I wish him the best of luck at Wisconsin.
Present office-mates Zhaé Xinsheng, Mike Covinsky, and
Arthur Suits‘have all contributed to enriching my graduate
experienceﬂ _Thaﬁks for the Chinese lessons, Xinsheng. My
_first office-mates Tom Turner and Peter Felder helped me
assjmilate ‘into the Lee group. Thanks for all the car
work lessons, Tom. ofher people in the group I want to
thank include Anne-Marie Schmoltner, Alec Wodtke, Rick
Brudzynski, Laurie Butler, Jeremy Frey, and Gary Robinson.

| I want to thank Tony Moscarelli for all the late
night machining assistance he cheerfully gave me. George
Weber built the corona discharge source that all of the
data in this thesis was taken with._ Fred Wolff and Andy
Anderson also gave valuable assistance on shop projects.
I especiallvaantvto thank Charalambos “Harry" Chiladakis
for his assiétance when we moved down to campus.
These acknowledgements would not be complete withoﬁt

thanking E. Ann Weightman for keeping the group running



vi
when Yuan was out of town. She also did many things
outside of her job description for me and for that I am
grateful.

Going back to Illinois, I would like to thank Larry
Faulkner, Steve Zumdahl, and Gilbert Haight for the
opportunities they gave me, the encouragement I received,
and the complete confidence they had in me. pavid
Chandler taught an excellent PChem course and sparked my
interest. I am grateful to my high school chemistry and
physics teachers, Clyde Smith and Al Smith, for introduc-
ing me to how interesting and fun science can be.

Finally, I thank my family for their continuing
support and encouragement over the years. I thank Doug
Krajnovich for loving me with all of his stubbornness.

This work was supported by the Director, Office of
Energy Research, Office of Basic Energy Sciences, Chemical
Sciences Division of the U. S. Department of Energy under

Contract No. DE-AC-0376SF00098.



vii

Table of Contents

Chapter I. Introduction . . . . . . . ....

Chapter 1II.

Hydronium Cluster Ions, H30+--(H20)n (h ;‘i, 2,
I. Introduction . . . . . . . . . . .
II. Experimental Details . . . . . . .°

ITI. Results . . . . +« « « .+ . .'. o e

A. HOL v v i e e e

B Hi0F v v e v v e ea e e .

Co HgOp v v e v o v v e e .
Iv. Discussion . . . . . . . . . . . .
V. Future Work . . . . . c e e e e
VI. |

Conclusion . . . . . . . . . . . .

REFERENCES . . . ¢ ¢ o & o o o o o o o @

TABLES  « + o o v v o e e e e e e

FIGURE CAPTIONS . . . ¢ « « o o o o o &

FIGURES .+ &« + o v o o o o o o o o o o &

Chapter III.  High Resolution Spectroscopy of
Hydrated Hydronium Ions Hso; and Hgoz

I. Introduction . . . . . . e e e e e

II.  Experimental Details . . . . . . .

Vibrational Spectroscopy of the

the

49

. 1
Hydrated
[ ] L ] - 7
. . 14
. . 22
.. 22
- - ) 28
. . 33
. . 37
. . 41
* L] 43
. . 45
. . 50
. . 53
[ ] L] 66
. . 69



III. Results . .
+

A. H502 [ ] [ ]
+

B. H904 o« .

IV. Permutation-Inversion Group Theory

V. Future Work
VI. Conclusiqns
REfERENCES.._. o e
TABLES e o & o o o
FIGURE CAPTIONS .

FIGURES . . . . .

Chapter IV. Infrared Spectroscopy of

Pentacoordinated Carbonium Ion CZH;

I. Introduction

A. History .

II. Experimental

III. Results . .
IV, Discussion .
A. 2400-3400

B. 3400-4200

V. Conclusion .

REFERENCES . . . .

TABLES . . .« .« « .

FIGURE CAPTIONS .

FIGURES . . . . .

Details
em 1.
em Y .

the

72
72
73
74
92
94

95

98

103

108

122

123

134

138

141

142

148

153

154

158

164

167



Chapter I

Introduction

Research in the field of ion 'spectroscopy has made

1-4  tnitial spectra

_remarkable progress in recent years.
were constrained to the visible wavelength range and are

described in the review by Herzberg;s' An early'exceptiOn :

was the work by Dehmelt and Jefferts on H; which used an
'rf-dptical double'resohance technique to obtain a rela-
6-8

tively high reSolutibn rf spectrum.

Spectroscopy of ions in the microwave range was
'developed in the earlyi 1970's. The first rotational
épectra was obtained by radio astronomers of HCO+ and N2H+

- 9-11

through emission. This was soon followed by labora-

tory absorption spectra of HCO+, N2H+, and CO+ from Wood's
group.12,-14
Infrared spectroscopy of molecular ions was pioneered

15 He used a fast ion beam to

by Wing in his study of Hp".
take advantage of kinématic compression followed by charge
éxchange as the method of detection. This technique has
the advénfage of high detection sensitivity since it uses
idh_detection, but has the disadvantage of relying on a

small change in the charge exchange cross section upon

vibrational excitation. Carrington et al. also used the



2
fast ion beam coupled with charge exchange in their study
of cot.1® 1Indirect detection schemes such as the above,
that rely on ion counting, have often been advant‘agéous
over direct'; detection approaches, that rely on photon
absorption or emission.

Another indirect detection scheme makes use of a

change in the ion-molecule reaction cross section upon

~ excitation. = Carrington et al. used this technique in
their study of H20+.17_ In order to increase the dif-
ference in reaction rate between ground state H20+ and

electronicaily'excited H O+, they found it necessary to

2
retard the fast ion beam after interacting with the laser

but before colliding with the H, target gas. A loss of

2
beam intensity was caused by the deceleration process.
The ideal application of this approach is to a system
where the ground state reaction is endothefmic and the
excited state reaction is exothermic.

Electronic predissociation is another indirect
detection scheme, and was used by Carringtonls'and Cosby19
to study the b42;_<— a"'llu transition in 0;. Predissocia-
tive 1lifetimes are often long enough that narrow spectfal
features can be seen. This method also utilizes the
sensitivity of ion detection. A difficulty with this
technique is that some prior knowledge of the electronic

states or vibrational states is necessary in order to

design the experiment.
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Photodissociation and photodetachment processes have

also been used to study ion spectroscopy. Lineberger used

a two-photon process to study the negative ion Cz’ one of
the few negative ions with a bound electronic stat»:e.20
Carrington used a one-photon dissociation process to study

- highly vibrationally excited up' .21

The first infrared direct absorption spectrum of a
+ 22
3f

combined a 1liquid nitrogen cooled multiple-reflection

molecular ion was taken by Oka in 1980 of H He

discharge cell with a difference frequency laser system.

+ 10
3

ions/cm3. The infrared spectrum of D; was also reported

The estimated density of H, in the discharge was 3 x 10

in 1980, and was obtained using a fast ion beam with
indirectvdgtection by charge-exchange.23

Direct absorption spectroscopy of molecular ions in
thé infrared region became more widely applicable with the

24,25 One of

advent of the velocity modulation technique.
the gvérriding difficulties when studying ions is that
they are greatly outnumbered by the neutrals also present.
The velocity modulation approach makes use of the fact
that the velocity of ions can be readily controlled by an
applied electric field. As in the fast ion beam work
where the ions .are Doppler shifted into resonance, the
velocity modulation method makes use of the Doppler effect

to shift an ion into resonance. However, the applied

field is modulated so that the ions are alternately
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accelerated in opposing directions in the discharge cell
whereas the neutrals remain comparatively ‘unperturbed.
This means that the neutral signals can be fairly effec-
tively discriminated against wusing ac detection tech-
niques.

Inffared spectroscopy of negative ions has also been
making advances. Using vibrational autodetachment, the
vibrational spectrum of NH was obtained by Neumark et

al.26

Velocity modulation was used to obtain the direct
absorption spectrum of GH- by Owrutsky et al.27 Also from
Saykally's group, the first infrared direct absorption
spectrum in an ion beam was obtained by Coe et al. of
N2H+;28

The indirect technique of vibrational predissociation
has been used to study the hydrogen cluster ions and other
weakly bound ions as described in the next chapter and in
Refs. 29-32. The indirect technique of photodissociation
has also shown new promise.33 As described in subsequent
chapters, it has been developed into a two-color approach.
Although. direct absorption techniques have improved
drastically in the last decade, a fundamental limitation
is the need for ion currents in the microamps range. By
using more sensitive ion detection techniques we are able
to study exotic molecular ions that ére forméd with only

picoamps of ion current and that may be partitioned over a

large number of initial states.
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Chapter II

Vibrational Spectroscopy of the
‘nydrated Hydronium Cluster Ions,

- + .
- H,0 - (H,0) (n =1, 2, 3)

I. Introduction

Propgrties of the hydréted hydrénium ions are of "
broad interest in chemistry.1 The hydronium ion and its
hydrated 4anaiogues’ are " present throughout our natural
environment. Narcisi:and Bailey identified H30+ and HSOZ
in the D region of the ionosphere in their pioneering
rocket-borne mass-spectrometer flights.2 Since then, it
has been shown that H3O+9(H20)n ions are the dominant ions
'in'”the D region.3 Not only are wateri cluster ions
impbrtant in atmospheric studies, they are also important
components of  aqueous solutions and govern the proton
transfer process. |

Much of the early work attempted to determine the

structure of these ions in crystals by using x-ray4_6 or

6-8

neutron diffraction data. Soon after Nakahara, Saito,

+ in
2

crystals of organic acids,9 a central question became

and Kuroya first suggested the existence of H 0

“whether this ion existed as the asymmetric H O+-H20

3

structure or the symmetric H20-H+-OH2'structure. Evidence
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to support both conclusions was found among the many

crystal environments studied.?’8

Spectroscopic work was also initially constrained to
liquid or crystalline phases. Infrared absorption was

used to confirm the presence of dioxonium. ion (HSO;) in

10

several different salts. One of the earliest IR spectra

11

of H d+ was taken in én HBr_crystalline hydrate; 'Many

974
other spectroscopic studies soon followed.lz"17

All of
these studies share the problems' of low resolution and
ambigﬁity in asSigniﬁé absorption features.v .
Gas phase 'studies were carriéd out on hydrated
protons by Searcy and Fenn, who used a quadrupole mass
spectrometer _td detéct H+(H20)n (n=1-28) formed in a

18

corona discharge source. Lancaster et al. detected

large:water clusters of n = 1 to 180 from the secbndary

19

ion mass spectrum of ice. Beuhler and Friedman used

mass spectrometric detection to study formation of water

20 Important thermodynamic

cluster ions of m/e < 59000.
wofk was done by Kebarle's group in studying the
temperature - dependence bf the equilibrium'constants for
reactions involving the successive addition of a water
molecule to determine heats of reaction. They obtained
binding energies of H30+-(H2O)nvto be 31.6, 19.5, and 17.9
kcal/mole (11050, 6820, and 6260 cm 1) for n'= 1, 2, and

21-23

3, respectively. An independent investigation by
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‘Méot-Ner and,Field‘found binding énefgies of 33.0, 21.0,
‘and 16.0 kcal/mole for n =1, 2, and 3, respectively.24
Gés phase spectroscopic work on the ‘hydrated

25 He used a

hfdroﬁium ions was .carried out by Schwarz.
: 2.1 Mév electron beam pulse produced by a Van de Graaff
vaccelerator to ionize argon. The argon then transferred
the iohizatioﬁ to a small amount of water vapor, which was
“also prgsent in the reaétion cell. Absorption spectra

1

from 2000-4000 cm © of the ions H O+-(H20)n (n = 3, 4, 5)

3

were 'obtained at 40 cm ! resolution by monitoring the
: éttenuatipn of light, produced by a globar operated at
| 1450°C,v as a function of frequency. By varying the
ﬁpartialkpressure of water vapor, the relative abundances
of different size clusters could be changed. Equilibrium

constants from Kebarle et al.21

were used to estimate
thesevabundances and decompose the data into individual
‘spectra for each cluster ion. Spectral features assigned
to HQOZ'OCCurred at 3710 and 3620 cm—l, corresponding to
the antisymmetric and symmetric.modes of the three outer
water molecules, andvatv3000 and 2660 cm_l, corresponding
to the symmetric and antisymmetrié modes‘of the central
H,0". |

High resolution infrared absorption spectra have
receﬁtly been taken on the predécessor of these ions,

+ 26-31

H30 . This work found the inversion splitting of the
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ground state to be 55.3 cm-1.29,-31' These experimental

searches were complemented by theoretical efforts.32_35
Theoretical efforts have also attempted to determine
the "structure and vibrational spectra of the larger

36-38

hydrated hydronium ions. SCF~LCGO calculations by

Potier,l Leclercq, and Allavena found Hsoz to have C2
symmetry.39  They systematically varied the /HOH of the
two end waters, thé'angle betweén the.O-Ohdirection and
the bisecting line of thé.LHOH'angle, and the relative
orientation of the two water groups to find the lowest
enérgy structure. They calculated a barrier height of

“1.1 kcal/mole for rotation of the'end waters, and "1.2

" kcal/mole to bend the plane of the end water groups. The

binding energy of Hso; relative to the sum of the energies
for separated Hzo and H30+ was calculated to be 32.06

kcal/mole." Potier et al. also addressed the ease with
which the_Hsog structure adjusts to its environment. They
report that the range of experimental structures found in
crystals are practically all ‘within kT of the lowest
" energy structure. Unpublished resﬁlts by Remington and
Schaefer predict structures and vibrational frequencies

40

~and intensities for H 0+-(H20)n (n =1, 2, 3) Their

3
calculations were done at the SCF level using a DZP basis
set for all three ions. In addition, HSOZ was treated at
the Configuration Interaction level including single and

double excitations (CISD) with a DZP basis set. Calcu-



+

. lated structcres\at the'highest_lével of theory used for
ﬁhese three water cluster ions are shown in Fig. 1. These
'cluster ions can be ?iewéd as an H30+ core which has been

solvated by H,O groups.  This . interpretation of the

2
structures becomes_‘more ‘accurgte as the fclus;er size
increases.  Their results will be presented in detail
below. | |
Studying the vibraticnal spectroscopy of‘ cluster
ions, such.as the hydfated hydronium ions, H3°+°(H2°)n’ is
anninherently difficult problem. .Althouch one may study
these speciés.in the liquid phase or in a gas cell where
their densities. are relatively high, these methods have
the disadvaptage of ambiguity in assigning absorption
"featufes to a_given species (see, for example, Ref. 25).
The velocity ﬁoculation technique41 in gaseous discharge
plasmas has provided important information on high resolu-
tion infrared absorption spectra of molecular ions, but
weakly bound ionic clusters are practically impossible to
study in high_temperature plasmas, even if they can be
formed with high densities, due to the partition function.
Using an ion beam has the advantage of mass selection
capability, but at the expense of orders of magnitude in
ion density. In most cases, this makes traditional

42 Thus, one has to

absorption spectroscopy impossible.
depend on the observation of the consequence of photon

absorption, rather than the attenuation of photon inten-
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sity due to absorption, when studying cluster ion

spectroscopy.

For very weakly bound ionic clusters such as H;, H;,
H;, etc. excitation of vibratiohal degrees of freedom
induces dissociation and one can use the vibrational

predissociation process to obtain vibrational speCtra43’44

as has been done in the investigation of neutral molecular
clusters.%%/4®  But there are'mény‘clustef ions,_suéh as
the hydrated hydronium ions, whose binding energy far
exceeds éhe energj of vibrational quanta; and the vibra-
tional predissociation process will not occur after
excitation of the fundamental molecular.vibration. In our
recent ion beam study of the hydrated hydronium ions, we
have overcome this obstacle By utilizing two complementary
techniques. Both methods take advantage of the inherently
high sensitivity of ion detection. |

| The first approach, which "has been reported

47-49 is to attach a weakly bound "messenger"

'previouély,
" to the hydrated hydronium ions. Because thé'goal is to
study the hydrated hydronium ibﬁs,‘the attached meséénger
is hoped to have only a small effect on the spectrum. The
scheme is as follows. A tunable infrared laser is used to
excite the O-H stretch of the cluster ion. That vibra-
tional energy gets transferred to theAweakeét cqordihate

which is the bond to the messenger. This causes the

cluster ion to undergo vibrational predissociation, losing
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the messenger. The role of the messenger is to indicate
when an absorption has taken place. ' By mgnitoring the
dissociation product as a function of laser frequency, the
absorption specfra of these H30+-(H20)n-messenger (n =1,
2, 3) ions have been found. Initiaily, hydrogen molecule

~was used as the messenger.‘”-49 More recently, spectra

50
773

The second approach is to detect the vibrationally

‘ + .
have been taken for H_ O, using neon as a messenger.

excited H3O+o(H20)n (n =1, 2, 3) ions using an infrared
multiphoton dissociation process. The procedure is to
first excite from v.= 0 to v =1 in the O-H stretch using
~a tunable IR laser. We then make use of the fact that the
density of states near v = 0 and v = 1 are very different,
and the vibrationally excited ‘ionic clusters, which
vcontain many low frequency vibrations, are likely t6 be in
a region with a high enough density of states for the
sequential excitation by a fixed frequency laser. This
‘means that one can distinguish between ground state and
.vibrationally excited H30+-(H20)n by using a multiphoton
dissociation (MPD) process to selectively dissociate the
latter using a CO2 laser. Once again, we monitor the
dissociation product ion vsignai as a function of the
excitation frequency of the first 1laser to get the
absorption spectra of the H3O+-(H20)_n ions.

2 H03, and

H9°Z from 3550 to 3800 cm ' and compares them to the

This chapter presents the spectra of HSO
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+, 47-49 50

+ + + o
spectra of HSOZ-HZ, H703-H2, H904 Hz’ and H7O3-Ne.

A comparison with vibrational frequencies calculated
using ab_initio methods by Remington and Schaefer®? is
also made and implicafions regarding the structures and

the messenger binding sites are discussed.

II. Experimental Details

An unusual feature of this experiment arises from the
ubiquitous nature of water. The proton affinity of Hzo is
167 kcal/mole, which is 66 kcal/mole higher than the

carrier gas H Thousands of collisions occur at 100 torr

5
before the supersonic expansion, allowing the predominant
ion to be determined.by energetics rather than kinetics or
neutral abundance. Therefore, protonated water ions will
be the dominant ion species even with very little neutral
water present. Because only trace amounts of water are
necessary for this experiment, we found the residual water
on the walls of the 1/4 in. copper tubing was sufficient
as the source of water. - Ih_fact, even this was too much
even though the inlet 1line was routinely pumped and

Matheson ultra-high purity H (99.999%) was generally

2
used. Therefore, a molecular sieve trap filled with Linde

572

13X 1/8 in. pellets was used in the inlet line. For H o!
the sieve trap was cooled using liquid nitrogen. H70;

production was optimized with the sieve trap cooled in an

ice bath. The larger H OZ cluster was produced in large

9
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quantities by bypassing the sieve trap and running the gas
directly into the sburce.

| The , source used to create these ions 1is a high

18,51,52 ;5 shown in Fig.

pressure corona discharge source
2. For these'experiments,_the body of the source itself
was not cooled and was probably only slightly above room
temperature due to heat from the discharge. Typical
discharge conditions behind the nozzle are 1.2 kV from
cathode to anode, 20-40 pA discharge current, and 200 torr

_of H, gas containing trace amounts of H,0. The cathode,

2 2

~which is floated at 350 V, is the copper wall of the
source which is located 0.150 %t 0.003 in. away from the
nickel plated iron needle which serves as the anode. The
‘nozzle, which is silver soldered into the source body is
therefore also floated at 350 V. The beam containing
various ionic clusters is formed by expanding the plasma
'through a 75 pm nozzle. 6.4 mm downstream from the nozzle
is a 1.5 mm diameter skimmer which is floated such that
the difference in potential between the nozzle and skimmer
is 1 V or less. This is to prevent collisional heating of
the nascent cluster ions. A grid which is also floated at -
350 V surrounds the nozzle/skimmer area to keep this area
relatively field free. In the chamber before the skimmer

4 torr is achieved using

an operating pressure of 1-2 x 10
~a liquid nitrogen trapped 10 in. diffusion pump backed by

a Roots pump.
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After the skimmer, the ions pass into a second
differential region, with pressures normally at least an
order of magnitude lower than in the first region. Here,
they are focused and deflected in one of two possible
directions. One direction is toward a dquadrupole mass
filter with electron multiplier system which is used for
source characterization and optimization. The  other
.direction is to a third differential region (at 2 x"J.O-8
tofr) where mass selection is achieved using a 60° sector
magnet as shown schematically in Fig. 3. The process of
mass selection allows us to eliminate the background ions
completely as well as to unambiguously ascertain the
identity of'the ion being studied. Because the magnet
acts as a momentum selector, only ions of a particular
mass, which is determined by the strength of the magnetic
field, follow the arc of 20 cm radius for a given source
energy. The mass resolution of the sector magnet is about
M/AM = 150. To aid in achieving high transmission, a set
of quadrupole lens pairs is placed before the magnet which
changes a rectangular ion beam to one which is parallel in

53-56 This

one plane and convergent in the other plane.
focusses the ions to a line perpendicular to the magnetic
field lines, compensating for the sector magnet which has
'no focussing in the z direction. Another set of eight

short rods is placed after the magnet in order to defocus

the ions and collimate them into a 3.2 mm inner diameter
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tube. This tube, which is 36 mm long, leads to the ultra-
high vaéuum section of the machine, which has a pressure
generally about 1 x 10-9 torr.

Upon entering the UHV region, the ion of interest is
bent 90° by an electrostatic field. The primary motiva-
tion for bending the ion path is to have the capability of
monitoring the laser power after it has passed through the
machine. This field is generated by an electrostatic
- quadrupole field deflector as described by Zeman.>’ There
are two major advantages to this selection. '~ First, by
choosing an electrostatic deflector all masses will be
transmitted equally sinéé, in our source-, it is a good
approkimation to assume all masses have the same energy.
Second, the quadrupole field deflector geometry has its
rods spaéed such that the.laéer beam can exit the machine
without hitting the electrodes. This obviates the need to
cut holes in the electrodes which would perturb the
electric field.

The ions are then decelerated from 350 V. to about 5 V
and focused into a 50 cm long radio-frequency octopole ion
trap. The ion trap consists of eight molybdenum rods of
0.32 cm diameter evenly spaced _oh a 1.25 cm diameter.
circle. An rf of 7.4 MHz and 200-300 V peak-to-peak is
applied with adjacent rods having opposite phases. While‘

the ions are trapped, they interact with a tunable infra-
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red laser. Additional experimental details can be found
in Ref. 58.
Two different laser schemes were needed depending on
the approach taken. When studying H30+5(H20)n-messénger,

47-50 The

a single tunable infrared laser was needed.
system used was a Quanta-Ray infrared wavelength extender
(IR-WEX), which is a difference frequency laser. The IR-
WEX generates infrared at the difference between 'the
fundamental of a YAG laser and the outpdt from a pulsed
dye laser. The laser path between the output 'of the
tunable infrared laser and the entrance of the machine was
enclosed and continually flushed with dry nitrogen to
reduce atmospheric water absorptions. The laser path was
flushed in both laser schemes.

The second laser schemé consists of two lasers and is
used to investigate the more strongly bound H3O+-(H20)n.
The first laser is a Burleigh cw F-center laser which is

1

scanned from 3550 to 3800 cm ~ with a linewidth of 0.5

cm™l. This is the O-H stretching region. The second

laser, used to dissociate (through a multiphoton process)

the vibrationally excited HSO;’ H70;, or H9°Z ions, is an
MPB Technologies Inc. cw CO2 laser. The frequency and

intensity of the CO., laser are determined by trying to

2
reach the ideal situation where none of the ground state
H30+-(H20)n ions absorb enough photons to dissociate, but

those in v = 1 do dissociate into H30+-(H20)n_1 and H,O.
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This ideal situation is different for the three cluster

ions studied and is.described_below.‘ In HSOZ, as opposed

to H70; and Hgdz,-the ground state ions do not readily

absorb enough photons to dissociate. 1In order to estimate

the density of vibrational states, the direct count method

59  Around 3750 em™ L,
HSOZ is estimated to have 38 states/cm I, H70; has 65,000
1 + 8

states/cm , andvﬂgo4 has- 2 x 10 'states/cm_l. Thus, the

density of states for Hso; is rather sparse, and it is not

with 7-9 frequency groups was used.

in the quasicontinuum region, making the multiphoton
dissociation process 1less facile. Therefore, the CO,
1aser\is run full power (8 W 6ut of the laser)von R(24) of
the 00°1-02°6 transition. Since a cw_co2 laser is used,

‘the length of time the H OZ ions reside in the octopole

5
ion trap is a third variable which is optimized to achieve

o* background from those H ions that do not

+
3 502
.absorb an IR photon from the F-center laser and a high

a-1¢w H

H3O+ signal from those HSOE that do. 1In this case, 100

msec was found to be optimal. The residence time of the
ions and the laser intensity together determine the energy
fluence of the laser irradiation of the ions in the trap.

Both the F-center laser and the CO, laser were run cw into

2

the ion trap of the machine. Typical H_.O, ion count rates

+
572
with a 100 msec trap time were 2000 - 2500 cps. RRKM

lifetimes of Hso; excited 0.1 kcal/mole above the dis-

sociation limit are estimated to be <1 psec.
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When studying H70;, the CO, laser was set on R(20) of

2
the 00°1 - 10° band. The laser power output was just
over 6 W, and the power after the beam exited the machine
through the electrostatic bending field electrodes was
generally 2.2 W. The trapping time chosen was 57.5 msec.
This gave 6000-9000 c¢ps of mass-selected H70;' at the
detector. A chopper was used to separate in time the FCL
.and CO2 beams. The timing sequence was as follows. The
lens at the entrance of the octopole trap was gated low
70; ions into the trap. The
chopper then allowed the FCL into the trap for 25 msec.

for 1.0 msec to allow_the H

The CO laser, starting 2.0 msec¢ after the FCL was

2
blocked, interacted with the ions for 30.5 msec. The lens

at the exit of the octopole was then pulsed low for 5.0
msec to allow all of the ions ocut of the trap. 4

The 002 laser was run on the same line (R(20) of 00°1

o +
10°0) for H904.

the beam through a gas cell containing ethylene. The gas

The intensity was attenuated by passing

cell was made out of brass with NaCl windows on either
side placed at Brewster's angle in a non-parallel geometry
to minimize both reflection losses and beam walk. The co,
intensity after passing through the gas cell was 2.0 W.
Power measured at the opposite end of the machine was 0.6
W. Again, a trapping time of 57.5 msec was selected.
»HQOZ was the easiest ion to make;vand we obtained 30,000-
40,000 cps at the detector after'trapping. The timing
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sequence used for. H9021 was the same.as that used for
H70;. The primary reason the chopper was not used in the

HSO; experiment was the lower signal levels obtained when

chopping. This is likely due to radiative relaxation of

the initially excited O-H stretch before the co,, laser was

unblocked.  Theorists have calculated vibrational radia-

tive lifetimes of OH, OH , and oH' to be 82.0, 7.3, and

0]

3.8 msec, respectively.6 _Theb lifetime of the O-H

stretches excited in HSO; should be between 82 and 3.8

msec. In the scheme using the chopper, the FCL is

unblocked for 25 msec, and . the CO, laser is‘unblocked 2

2

msec afterwards. This means that any H T excited in the

5902

first msec, for example, waits 26 msec before the CO2

' laser can pump it up to the dissociation limit. It seems
reasonable to conclude that the lower signal implies that
50; ions have relaxed
laser was unblocked.

many of the vibrationally excited H

back to ground state before the CO2

The very low H O; ion counts obtained necessitated maxi-

5
mizing the signal. We could not afford any reductions to

this already very low signal. Of course, the minimal
abscrption‘ of co, photons. by HS°; in the ground state
allows us to use this scheme. Otherwise, the spectra

could be. substantially contaminated by those H 0! which

572

are first excited by a, CO, photon.

2
v After the F-center and CO2 laser irradiation, all of

the ions are ejected from the rf ion trap. It is  the
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creation of fragment ions, not the decrease of parent

ions, that is monitored by an Extranuclear quadrupolé mass

61

filter equipped with a Daly-type ion detector. Specifi-

cally, when studying HSO;' Y, the quadrupole mass filter
selects HSO; fragment ions; when studying HSOS, the H30+

ions are detected. By monitoring the fragment ion signal
as a function of the tunable IR laser frequency, the .

vibrational spectrum is obtained.

III. Results

The previously presented hydrated hydronium spectra

obtained by using a hydrogen molecule as a messengeir'”"49

are shown in Fig. 4. Each spectrum will be compared in

turn with the appropriate two color IRMPD spectrum.

+
A. HSOZ

The smallest ion studied using the two color scheme

was HSO;' The infrared spectrum obtained from 3550 to

3770 cm~ ! is presented in Fig. 5. Two features are seen.

At lower frequency is a broad, featureless band centered

at 3608.8 cm ! with a width of -15 cm Y. The higher

- frequency band, centered at 3684.4 cm—l, is compbsed of

many peaks, separated by ~11.6 cem™l.  contrast this

spectrum with the HSOS'HZ spectrum shown in Fig. 4.

Rather than two features, four are now evident with two of

these bands being centered within 8 cm-1 of the two bands
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seenvby the IRMPb.ﬁethod."The very dissimilar spectra
calléliﬁto question'the.validity of using Hé as a més-
senger to obtain the spectrum of‘Hsog.

To understand the origin of the disparate_spectra,'.

one needs to consider the possible structures oflﬂsoz.
Remington and Schaefer calculated structures, energies,

+

and frequencies, for H50~ at both the SCF and CISD levels.

2.
TwWo structures; which are very close in energy at both

levels, are the C_ and C, structures. Qhe of the primary

differenceslbetween them is that thevc2 structure has a H

in the center, making it resemble two H,O units equally

2
sharing a proton, whereas .the CS structure has the central

H off to one side, making the H30+6H O picture more

2
appropriate. The other major difference is that, in_ the
Cg st;ucture, the H3Of is»pyramidal whereas, in the C
structure, the H20-HT is .almost’ pianar.l -Thé initial
calculation, done at the SCF level, withva DZP basis set/
found the Cs geometry to be lowe; in energy by 0.27
kcal/mole. = The higher 1level CISD, also with a DZP basis
set, found the C, structure lower in energy by 0.19.
kcal/mole. fhe geometries also changed} ~.the H 0-'H»+ \

2

portion in the C, structure is more pyramidal at the CISD

2
level than at the SCF level, and the central proton for
the Cs structure .is closer to the center‘gt'the CISD_levél
- than at the ,SCFF level. In addition to ~structures,

vibrational frequencies and intensities were calculated

2 -
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for both the C; and the C, geometries in the harmonic

2
approximation with a semi-empirical scaling factor.

- The fact that the C, and CS structures are separated

2
in energy by less than 0.2 kcal/mole indicates that the

potential is very flat and that there is almost no barrier
to motion of the central proton from its center position

to the side. The estimated binding energy of - the H,

‘molecule to the Hso;;'as discussed in Ref. 48, is'less

than 4 kcal/mole. This bond seems to be strong enough to

-shift the relative'energies of the C,-and Cq structures to

2
favor the asymmetric Cé structure when the hydrogen

molecule is attached.
This hypothesis is substantiated by comparing the

spectra of HSO; and H5°;°H2 with the scaled frequencies

‘calculated for the C, and Cg geometries. The two highest

2

frequencies for the"c2 geometry, which correspond to

antisymmetric O-H stretches of the two H_.O groups either

2
in-phase ‘or out-of-phase, are predicted to have the same

frequency. The next two highest frequencies for the C2

geometry correspond to the symmetric O-H stretch in- and

‘out-of-phase. While they are predicted to be separated by

12 cm—l, the intensity for the out-of-phase ‘mode " is

predicted to be >30 times larger than the in-phase mode.
Thus, theory .predicts only three strong -bands in this

frequency'regioﬁ, two of which are accidentally degener-

+

ate. This is in agreement with the experimental-vﬂso2
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spectrum. The symmetric O-H stretch, calculated to occur

1 1

at 3624 cm -, is seen at 3609 cm ~. The antisymmetric O-H

stretch, which is calculated at 3710 cm Y, is found at

3684 cm-l, ~ These values are listed in Table I. The red

shift from the symmetric and antisymmetric O-H stretches
as seen in free water compared to the experimentally
observed peaks is 43 and 72 cm—l, respectively.

The spectrum of HSOZJHZ cannot be fully assigned by

comparing to either the HSOZ spectrum’ or the calculated

frequéncies for the C geometry. Rather, the frequencies

2
' calculated'using a Cs geometry fit the messenger spectrum

better. The frequencies at 3617 and 3696 cm-'1 have been

assigned to the symmetric and antisymmetric O-H stretch.

1

The band at 3660 cm ~, which is, similar to the symmet:ic

and antisymmetric O-H stretch, 720 cm”t higher than

theoretically predicted, is assigned primarily to a free

O-H stretch of the H ot and is an asymmetric stretch. The

1

3
fourth band at 3528 cm

20 cm-l. This band has also been assigned to a free 0O-H

, however, is lower than theory by

of the H O+, but is a symmetric stretch. Although there

3
is probably a substantialimixing of these normal modes,
the discrepancy is explained by postulating that the H,
messenger is located at this site. |

In order to understand the origin of the sharp peaks
seen in the 3684 cm-} feature, it is helpful to realize

that HSO; is a near symmetric top.. The rotational
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constants from the ab_initio C, structure are A = 6.120, B

2
= 0.2936, and C = 0.2923 cm !. The progression seen is
characteristic of a perpendicular band progression where
the transition moment lies perpendicular to the symmetric
top axis. For Hso;, the top axis lies along the 0-H-O

bond (not to be confused with the C, rotation axis. which

2
lies perpendicular to the O-H-O bond). Theory predicts
two trahsitions at the same frequency of spécies A and
species B, which would both give perpéndicularﬁbands{ with
an 8.6 to 6.5 intensity ratio. A perpendicular band would
be dominated by a prominent series of Q braﬁches'from the

62

different sub-bands, especially when A >> B, as in this

case. The separation of the Q branches should be 2(A'-B')

which is 11.65 em™l. This is in good agreement with the

experimentally observed spacing of 7“11.6 cm-l. Thus, we
have assigned the spectrum shown in Fig. 5 to a progres-
sion of Q branches using the notation as described by

2 (The superscript P or R indicates AK, the

Herzberg.6
large Q gives AJ, and the subscript is the K value for the
lower state.) The possibility exists that the assignments
should be shifted one position, i.e. the peak currently
assigned to the RQ0 sub-band may actually be the PQl sub-
band. A rotational temperature in the K quantum number of
“40 K is found.

An estimate of the legitimacy of using the symmetric

top approximation can be made by using the b asymmetry
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parameter. From Allen and Cross,63

where b is expanded in a power series to give the energy
correction terms. Using rotational constants calculated

40 ye obtain b = 1.1 x 1074,

by Remington and Schaefer,
This will give, except for very high J states, correction
terms well below the resolution we are capable of obtain-
ing due‘to fhe Doppler width of the ions moving back and

forth ih'the ioh trap. The Doppler width can be obtained

from the formula,64

Suy =2 J1In2 w. vp / c
by estimating the most probable velocity in the trap. If
an ion energy in the trap of 0.5 eV is used, which is
actually an upper bound, a Doppler width of 0.028 cm—; is
obtained. .

Data were also obtained at much higher resolution for
the K'=l <-- K"=0 and K'=2 <-- K"=1 sub-bands. The

spectrum, which was Doppler limited, is discussed in the

next chapter.



28

+
B. H703

The infrared spectrum obtained when H30+ is solvated

by two water groups is shown in Fig. 6. The three bands

are located at 3637.4, 3667.0, and 3721.6 cm '. The bands

at 3637.4 and 3721.6 cm ! are assigned to the symmetric

'and antisymmetric O-H stretch of the outer water gfdups.

1

The feature at 3667.0 cm = is due to the O-H stretch of

the H3O+ core at the unoccupied site. " The dashed lines in

the figure correspond to the vibrational frequencies and
intensities of the lowest energy Cq structure ‘as calcu-
lated in Ref. 40. The solid 1lines correspond to the
frequencies and intenéities for the Cov structure which is
predicted to be higher in energy by 0.516 kcal/mole at the
SCF level using a DZP basis set. The fact that the scaled
frequencies from the C2v geometry match our observed bands

better implies thatAthe C structure may actually be the

2v
lowest energy geometry. Primary differences in the two
structures are that, in the CS symmetry structure, the

central H,0' is more pyramidal and the O-H-O bond is

3
'slightly bent. The Cov structure has a planar H3O+ core
and a linear O0-H-O bond.
The spectrum for H70;-H2 is shown in Fig. 4. The

three features are located at 3587, 3642, and 3726 cm_l.

The band at 3642 cm-l,‘ assigned to the symmetric O-H

stretch, is only 5 cm—1 shifted from that seen in H70;.

Similarly, the antisymmetric O-H stretch at 3726 em™ ! is
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shifted by less than 5 cm™ ' from H7O§. The third feature,
however, has been shifted from 3667.0 to 3587 cm Y, i.e.

80 cm 1. This band corresponds to the O-H stretch of the

unoccupied site of the H3o+ core. This shift leads us to

conclude that the H, messenger is 1localized at this

2
binding site.

+
3
are presented in Fig. 7. The symmetric and antisymmetric

O-H stretches are located at 3640.2 and 3722.3 cm Y. The

Spectra taken of H7O by using neon as a messenger

feature at 3640.2 cm * proves more interesting and was
scanned more carefully as shown in Fig. 8. To the blue of
the dominant feature at 3640.2 cm-l_are several shoulders. .
The first one, located at 3646.2 cm-l; arises from leakage
of HQOZ through the sector magnet. Even though the magnet
has a very high resolution, there is generally more than

two orders of magnitude more Hgoz than H70;-Ne. Neon was

chosen as a messenger because we expected neon to perturb .

the spectrum much less than H since it would be bound

2’
much more weakly. However, precisely because it is bound

so weakly, it is very difficult to make H7O§-Ne. There-

fore, even though H70;-Ne and Hgoz are separated by two

mass units, and even though the resolution of the sector
magnet was M/AM = 150, the fact that generally we had at

least two orders of magnitude more H OZ than H O+-Ne

9 773
explains why several percent of the purported H7O§-Ne beam

was actually H90+. The shoulder seen at 3646 cm_1 agrees
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within experimental uncertainty with the frequency of the

symmetric O-H stretch of Hgoz at 3645 cm-1 as presented

below.
The next shoulder, at 3657.8 cm-l, is assigned to the

O-H stretch of the H30+ with the neon localized at the

free binding site. As expected,'neon does prove to be a

much more subtle messenger“than’Hz."The shift of the 0O-H
stretch at this H30+ site has been reduced from 80 cm *
9 em” L.

to

A much smaller third shoulder is located at 3668.7

-1 1l

cm —. This is only 2 cm = away from the position of the

O-H stretch of the unoccupied'H30+ site in H70;. It. is

not possible that this feature originates from H7O§ itself

since we initially select mass 75 and we detect at mass

55. When studying H70;, we mass select 55 and detect at

~mass 37. So, even if some H70;-

dissociated to H7O§ during the flight through the machine,

we would not detect its spectroscopy as a peak since we're

monitoring the H of mass. Rather, if we had metaétables,

Ne were metastable and

773
that would show up as a dip in the spectrum at the

frequency at which H7o+ absorbs when detecting at mass 55.

3
A previous ion source that used electron impact ionization

after a supersonic expansion was much hotter  than the

corona ‘discharge source used here, and metastables were

sometimes seen when studying the weakly bound hydrogen

44

cluster ions. When metastables are present, a constant
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background of fragmentbmass can be_detépted even when the
laser is off. If the laser is on, the'fragment mass count
would decrease when the IR laser is tuned to a resonance
of the fragment ion. This translates into a dip‘inlthe
spectrum when monitoring the ion count at the fragment
mass. It'aiso is impossible that this should?r arises
from an Hgoz absorption, since Hgoz has no spectral
features at this frequency. Assuming this feature is
real, the mostllikely explanation seems to be that tﬁe
neon can bind at a second site near one of thé two outer
water moieties. If this is the case,.then the perturba-
tions on the O0-H stretch at the now unoccupied site of the
H,0' core would be extrémely small. This shoulder, at

3
3669 cm L, is located within 2 cm ' of that found in H,0

+ W+

and is tentatively assigned to the O-H stretch of the H,0

of this second H7O§-Ne structure.

Taking the above conjecture a step further, one might
expect additional features from ‘the inequivalent H20
groups. The O-H stretches for the H20 unit near which the
neon messenger is located should be red shifted from the

frequencies found for the case with no messenger. The

frequencies for the 0-H stretches for the other Hzo moiety
- should be essentially equal to that found for H70; through

the IRMPD technique. - Therefore, a feature shifted from
3640 cm 1 closer to 3637.4 cm~ !, where this mode was found

O unit, and a

7

for H O;, is expected for the unperturbed H,
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feature further to the red is expected. for the HZO near
which the neon is bound. 1In fact, our spectrum does show
a partially resolved peak at 3637.5 cm-l, which we
tentatively assign to the free water moiety in this
alternative structure for H7O§oNe.

The spectra of H70§ was taken by yet another method.
Rather than using the cw F-center laser followed by MPD

using a cw CO, laser or using a messenger, a pulsed

2
Infrared Wavelength EXtender (IR-WEX) by Quanta Ray was
used. This is the same laser as VaS'uéed in the messenger
study, but in this application, no messengers were used.
The high peak powers generated»by Ehe'pulsed IR laser made
it possible for H70; to absorb more than one photon from
this 1laser. The H_O! fragment was againvménitored‘as a

572
‘function of the frequency of the IR-WEX laser. The
- spectrum obtained of H70; is shown in Fig. 9. The three
bands are located at 3637.4, 3664.6, and 3721.6 cm_1 which
is within experimental erfor of the positions found using
the FCL and CO, laser method. The ratio of the inten-
sities of the symmetric and antisymmetric O0-H stretches is
different, however, from the two colof'scheme. This may
be due in part to the ion current, which decreased by 25%
during this scan. To some extent this may also be due to
a difficulty during analysis. The method of taking a few

hundred cm ' spectrum is to take several segments and

splice them together. The splicing is done by normalizing
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each segment with respect to the.next to obtain a smooth
curve with no abrupt changes in slope. This procedure
generates a 10% uncertainty in the relative peak heights.
Part of the difference in the intensity ratio may also be
real. Because the second photon from the IR-WEX is nearly
resonant, some frequency dependence in the signal could
originate from the second photon. This means that the
relative intensities from the two color FCL and €O, laser
spectrum is probably more reliable than that from the one-
color IR-WEX spectrum. A cautionary note is added because
- the density of vibrational states near the 3722'cm_1'band
is higher than near the 3637 cm™! band by between 2 and
25% (the range of values'is due to the lumpiness of the
vibrational distribution). Unless the transition is
saturated, this difference in state density could skew the
relative intensities in the two color spectrum. A higher

resolution scan of the peak at 3721.6 cm-1 is shown in

Fig. 10.
+
C. 3904

901 is shown in Fig. 11.
In Hgoz, the first solvation shell around the H30+ core

has been filled. This leads to a three fold symmetry so

The infrared spectrum of H

that a high level of degeneracy exists in the spectrum.

Only two fundamentals are observed. The lower frequency

1

one at 3644.9 cm — is assigned to the symmetric O-H
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stretch of the three outer H,O groups. This is actually

2
composed of a vibration of species A, and another of

species E in point group C which are predicted to be

3v’
separated by "1 cm ' with a relative intensity of 0.0 to

5.1 Dz/(Azoamu), respectively,40 " The higher frequency

mode at 3730.4 cm-1

is assigned to the antisymmetric O-H
stretch of the outer water groups and is also comprised of
an A, and E species vibration. The calculated splitting
is again essentially zero with a relative intensity of
15.2 to 0.2 Dz/(AZ-amu),»respectively.40

The spectrum of H ot.H. is shown in Fig. 4. Each of

974 72
the two features seen in Hgoz has been split into a
doublet. In each doublet, there is roughly a two to one

intensity ratio with the smaller intensity peak on the red

side. Comparison with the frequencies observed in HQOZ
shows that the higher intensity member of each pair in the

1 of the corresponding

messenger spectrum lies within 3 cm”
peak in the IRMPD spectrum. This led to the conclusion
described in Ref. 48 and 49 that the H, messenger is
localized near one of the three outer H20 groups causing
the frequencies for that water group to be red shifted
compared to the other two and have half the intensity of
the unperturbed peaks.

An expansion of the 3730.4 cm © peak shows P, Q, R

branches emerging (Fig. 12). This is characteristic of a

parallel band transition in a symmetric top. HQOZ is
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rigorously an oblate symmetric top with rotational
constants from the calculated geometry of A = B = 0.0876
and C = 0.0453 cm-l. The symmetry axis is perpendicular
to-the plane of the H30+ core. This corresponds to having
the antisymmetric stretch of thé three Hzo groups in phase

with each other for the A species transition. The

1
transition of species E, which would give rise to a
perpendicular band, is calculated to have almost no
intensity.

Also shown in Fig. 11 are the SCF calculated scaled
frequencies for‘the D3h ‘ 9047
v structure was calculated to be the

and ¢3v forms of H.O' using a DZP

basis set. The C3

lower energy geometry by 0.551 kcal/mole, and frequencies
correspoﬁding to this structure are shown by dashed lines.

The predicted transitions for the higher energy Dy

structure are denoted by solid lines. The primary

differences between the two geometries are that the Civ

geometry has a pyramidal H o' core and bent 0-H-0 bonds,

3
whereas the D3h geometry has a planar H30+ core and linear

0-H-O0 bonds. The calculated frequencies for the symmetric
and antisymmetric'O—H stretches of the H,0 moieties are
practically the same for the D3h-and C3v forms. Table I
compares the predicted frequencies for both structures
with the observed frequencies taken both with and without

a messenger.
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Two features at higher frequency were also observed.
These are likely to be due to either combination bands of
an O0-H stretch and a low frequency mode or due to overtone
bands of a high intensity mode near 2000'cm-1, such as a

40

bending mode. Calculations by Remington and ‘Schaefer =~ do

not predict a mode near 2000 cem™ Y. If this is correct,
then the two bands at 3795.6 and 3824.1 cm-'1 could be
. combinations of the O-H symmetric stretch of the 'Hzo
1

moieties at 3646 cm - with an intermolecular 0-H-O stretch

and an asymmetric wag of the HZO'S;” These modes have
prediéted intensities of 19 and 12 Dz/(Az.amu) and scaled
frequencies of 281 and 251 cm L. Although the harmonic
approach to calculating sucﬁ large, floppy molecules is
expected to have difficulty, especially with ‘these low
frequency modes, it is encouraging that the agreement
between the frequencies of the observed bands and the

calculated bands is quite good. It also may be signif-

icant that these two low frequency modes are expected to

have such large intensities. These two bands were also
observed in the H9°Z'H2 messenger spectrum.
A Doppler limited spectrum was also taken for HQOZ

1

from 3722 to 3738 cm and is presented in the next

.chapter.
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IV. Discussion
A few remarks on the results presented in the
previoué section are in order. First, note that the
frequencies of the symmetric and -antisymmetric O0-H

stretches of the outer H_,O groups increase with cluster

2
size. This trend is shown in Fig. 13. The red shift of

the frequency of the antisymmetric O©O-H stretch has

decreased from 72 cm Y in Hso; to 26 ecm ¥ in Hgoz. The
trend is also dramatic for the symmetric O-H stretch where
the red shift decreased from 43 cm 1 in HSOZ to 7 em % in

Hgoz. It would be interesting to pursue this work to the

larger cluster ions.such as H11°; where the additional
water group is added to the next solvation shell and
compare the red shifts obtaihéd then. We did the analo-
gous experiment for the hydrogen cluster ions and found

that the red shift in the H-H stretch decreased from 250

en” ! in H; to 140 cm ! in H; in which the first shell was
filled.43:44 As the cluster ion size was further

+

157 the red shift in the H-H

increased from HII through H

2

H; core in order to exhibit an allowed transition, it is

likely that the H

stretch remained within 30 cm ! of that seen for H;.
Because the H., moiety depends on a perturbation from the

5 units in the second solvation shell may
not be sufficiently perturbed to have a strong infrared
intensity. Thus, the H-H stretch we observed for these

larger hydrogen cluster ions almost certainly originated
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from the inner solvation shell. In the case of the water
cluster ions, the situation should be different. The O-H
stretches in free water are infrared allowed and thus
don't depend on the proximity of a  perturbative force to
be observed. Thus, it may be that two sets of O-H
stretches could be found. One would correspond to the
inner solvation shell and have frequencies close to that
found in HQOZ. The second would be shifted to the blue,
closer to the frequencies found for free HQO. Preliminary
‘results on the ammoniated ammonium ions, NHZ-(NH3)n (n =
1-10), show a shoulder, slightly shifted to the blue,
emerging for n > 5 in the antisymmetric N-H stretch of the

5

NH moiety.6 Work is in progress to ascertain whether

3
this shoulder originates from the outer solvation shell.
As to the validity of the messenger technique, we can
say the method shows potential to be useful in obtaining a
low resolution scan of an otherwise unobservable. ion.
However, the choice of messenger is crucial in determining
the degree of perturbation induced in the spectrum. For
floppy molecules such as cluster ions, the shallowness of
the potential makes these ions especially susceptible to
significant sfructural and spectroscopic changes. In the
case of Hso;, the hydrogen messenger stabilizes an H30+
core changing the symmetry of the " ion. This : loss of

symmetry leads to two new bands corresponding to one free

O-H bond of the H3o+ core and one O-H bond also of the
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H30+ core to which the hydrogen messenger is iloosely
attached. For H7O§, the frequency of the O-H bond which
is the site for the "‘hydrogen messenger of the H30+ core,
is shifted by 80 cm ' compared to the IRMPD spectrum.
This shift is reduced to only 9 cm-l when neon is used as
the messengér. Ih Hgoz, also, significant changes ére

seen in the spectra with and without the hydrogen mes-

senger. The presence of the H, near one of the HZO groups

2
breaks the 3-fold symmetry and leads to a splitting of
each of the bands with a 2:1 intensity ratio. The red
shift of the lower frequency peak of each doublet is smali

(only 12 and 10 cm !

for the symmetric and antisymmetric
O-H stretches, respectively). Thus, it seems that the
messenger technique would be more ideally suited to the
study of rigid molecules that have deeper wells and higher
barriers in the potential. Using a more inert messengef
such as Ne or He would also minimize the perturbations
introduced by the messenger. Since rigid molecules are
more difficult to.study using the IRMPD'technique these
two techniques are complementary. The ideal candidate for
the IRMPD method is a floppy molecule, such as a cluster
ion, with many low frequency modes so that the quasicon-
tinuum occurs at relatively low energies. A paucity of
low frequency modes might cause the beginning of tﬂe

quasicontinuum to occur too high for the IRMPD .technique

to be feasible. This is the situation where using a
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messenger may be the ideal solution to obtaining a rough
approximation to the low resolution infrared spectrum.

ab _initio theory predictions are also more reliable
for rigid molecules with deep wells and high barriers in
the potential. Cluster ions generally will be more floppy
and have léss well-defined structures. The structure
calculated to be the lowest energy geometry‘may change as
more sophisticated levels of theory are applied. This was
seen in the case of HSO; where the early SCF, DZP basis

calcUlatioﬁ found the asymmetric Cs geometry to be the

40 When the better CISD, DZP basis

lowest in energy.
results were obtained, the symmetric c, geometry had
become the 1lowest in energy by slightly less than 0.2
kcal/mole. This is prébably near the accuracy limit of
these kinds of calculations. The larger cluster ions are

not accessible at the CISD 1level. Thus, Remington and

Schaefer were limited to using SCF to calculate H o} and

773
Hgoz. They calculate the Cs geometry of H7O§ to 1lie
lowest in energy. our experimental spectrum seems to
indicate that the C structure is actually the 1lower

2v
energy form. The energy difference calculated between the

Cs and sz structures was only 0.5 kcal/mole. For HQOI'

the calculated frequencies for the C and D3h structures

3v
are nearly identical. Therefore, the observed spectrum
does not aid in determining which geometry is actually the

lower energy form. From these comparisons, it seems that
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ab _initio theory has some difficulty in predicting
relative energies for structures that are separated by
only a few tenths of a kcal/mole as found in these cluster
ions. | |

Besides the messenger technique and the two color
IRMPD approach, a third approach was also tried to obtain
the spectra. This was a one color multiphoton dissocia—i
tion technique. Because H50; is bpund most strongly, it

would require three to four infrared photons'to dissociate

whereas both H 0+ and H 0+ only need twovphotons. We were

773 974
not able to obtain the Hso; spectrum in this way, but the -
spectra of H7O§ and HQOZ were successfully obtained. HSO;

is particularly difficult both because it has the strong-
‘est binding energy and because it is the smallest cluster
ion and therefore has the fewest normal modes. Since the
completion of. this hydrated hydronium ion sﬁudy, this
technique has been successfully applied to study the

5

ammoniated ammonium ions, NHZ-(NH (n = 3—10).6 Once

3)n
again, this approach is limited to the larger size cluster
ions. For n = 1 and 2, the two color technique using a
Co, laser is necessary in order to obtain the infrared

spectra.

V. Future Work
As discussed above, one logical extension of this

work is to study the larger hydrated hydronium ions.
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Observing absorptions from both the inner and outer
soivation shells would be exciting. Another objective
would be to find the size of the second solvation shell
and see if any unexpected structural ehanges occur.
The two color IRMPD experiment was done using the
F-center laser. This laser is not capable of scanning

below about 3000 cm-l. Using the ;IR-WEX laser; the

1 to the

scanning range can be extended by almost 800 cm_
.red, as was done for the earlier messenger work. It would
be useful to do this for the hydrated hydronium ions, both
to corroborate the results obtained using the hydrogen
messenger and to impreve .the signal to noiee of the
features found. For H.0'.H |

974 2/
-1 47-49 ., agreement with the low resolution

25

a broad-band was observed at
2670 cm

spectra obtained by Schwarz, but in disagreement with

40

theoretical predictions. This mode was assigned to, the

hydrogen-bonded O-H stretch of the H3O+ core and thus was

considered to be relatively free from perturbations due to

the H, messenger which was located outside of the first

solvation shell. 1In H70;-H2, a broad low intensity band

appeared to peak at or beyond the red limit of the IR-WEX
laser. Due to the low laser power and low H7O§-H2 ion

count, the peak of the band was impossible to deter-

47-49

mine. Questions such as these could be ‘answered by

studying the spectroscopy of the hydrated hydronium ions

between 2200 and 3000 cm I.'
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A very different_type,of,experiment would be to use
the fwo color approach to determine infra;ed lifetimes.
By systematically varying the delay time between a 5 msec
F-center laser pump beam_and aICO2 probe beam, it seems
that the lifetimes can be pinned down within 5 msec for
the stronger transitions. By changing to a pulsed laser
system, the vibrational lifetimes should be amenable to a
more accurate determination, but careful attenuatioﬁ of
the pump beam would need fo be done in order to prevent

multiphoton processes from this beam.

VI. Conclusion

The study of the. infrared spectroscopy of cluster
ions is a challenge, both experimentally and theoreti-
cally. Experimentally, the difficulty is caused largely
by the very low ion densities obtained. In order to
overcome this 1limitation, we have used "“consequence"
spectroscopy where the consequence of absorbing an
infrared photon is an observable event. The consequence
whiéh was utilized in these experiments was dissociation.
The tandem mass spectrometer is an ideal instrument to
detect dissociation products. Not only is there little to
no background at the fragment ion mass, but also, every
fragment ion can be detected with nearly perfect detection
efficiency. | Three dissociation schemes have_ been

described: messenger studies using hydrogen and neon, two
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color infrared multiphoton dissociation, and one color
infrared dissociation. Results using these three tech-
niques have been compared for the hydrated hydronium ions,
H30+-(H20)n (n =1, 2, 3).

Theoretically, the difficulty is caused by the
shallowness of the potential wells and barriers found in
cluster ions. This makes the relative energies of the
different geometries highly dependent on the level of
theory. This means that clusters present a double whammy
for theorists. By definition, clusters have ﬁore elec-
trons than their respective monomers, often forcing
theorists to use smaller basis sets and less sophisticated
calculation methods. However, it is especially for many
clusters that higher levels of theory must be used in
order to have reliable results due to the sensitivity of

the results to the method employed.
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TABLE I. Experimental and theoretical frequencies for the
hydrated hydronium ions. Experimental frequencies were found
using gge IRMPD technique and the messenger technique. Units
are cm . A

Messenger Theory®
IRMPD H, Neon Lowerb Highercv Assignment
+ . +
H502 3528 3549 H,O0 sym stretch
with H, attached
3608.8 3617 3624 3594 H,0 sym stretch
3662 3633 H,0' asym stretch
3684.4 3693 3710 3678 HZO asym stretch
H 0+ 3637.4 3642 3640 3619 3617 H_,O sym stretch
773 - 2
- 3638
3667.0 3587 3658 3627 3662 H,0' O-H stretch
: 3669
3721.6 3726 3722 3702 3703 H20 asym stretch
H,O, 3636
3644.9 3648 3628 3630 H,O sym stretch,
' olit-of-phase
3723
3730.4 3733 C 3714 3715 H,O asym stretch,

ifi-phase

All of the calculations were done at the self gonsistent
field level except for the c, geometry for H O, . A DZP
basis set was used.
This column gives the scaled frequencies for the lowest
engrgy galculated structure, i.e. H502: C2, H703: Cs,

and H. O,: C_ .

This goiumn3¥ives the scaled frequencies for the
strgcture calgulated to be sgcond lowest in energy, i.e.

H 0,: C,, H,0;: C, , and HjO,: D, .
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Lowest energy structures calculated for H 0;,

H7O§, and Hgoz by Remington and Schaefer. See

text for details.
Schematic of the corona discharge ion source.
Schematic of the tandem mass spectrometer.

Infrared spectra of the messenger ions, HSOZ-HZ,

+ L +
H7o3-H2, and H904-H2. In the top panel, the

dashed lines correspond to the frequencies and
intensities calculated in Ref. 40 for the C.
geometry of HSO;’ The arrows point to the
locations of the symmetric and antisymmetric o-H
stretches in H,0. The dashed lines in the
middle and lowest panels correspond to the
frequencies for the lowest energy‘calculated
structures for ﬁ76; and Hgoz, respectively. The
dasﬁed curve in the bottom panel shows the low
resolution spectrum for Hgoz obtained by
Schwarz.

Infrared spectrum of Hsoz

color IRMPD technique. The dashed lines

obtained using the two
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correspond to the frequencies and intensities
calculated in Ref. 40 for the c, symmetry

structure.

Fig. 6 Infrared spectrum of H 0; obtained using the

7
IRMPD method.. Dashed lines correspond to the

lowest energy Cq structure and solid lines to

the sz structure.

Fig. 7 Infrared spectrum of H7O§-Ne.

Fig. 8  Detail of the 3640 cm * feature in the neon

+

messenger spectrum of H.O,.

Fig. 9 Infrared spectrum of H70; taken with the one

color IR-WEX scheme.

1

Fig. 10 Detail of the 3722 cm - feature in the IR-WEX

+
H,O0, spectrum.

Fig. 11 Infrared spectrum of H90+ obtained using the two

4
color IRMPD approach. The dashed lines cor-

respond to the lowest energy C3§ structure and

the so0lid lines to the D structure.

3h
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1

Detail of the 3730 cm -~ feature in the IRMPD

+
Hgo4 spectrum.

Position of the antiéYmmetric (top) and sym-
metric (bottom) O-H stretches as a function of
cluster size. The horizontal dashed lines are
the locations of the respective O-H stretches in

Hzo .
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Chapter III

High Resolution Spectroscopy of the

Hydrated Hydronium Ions Hso; and Hgo:

I. Introduction
The spectroscoplc study of cluster 1ons 1s a rapldly

vdeveloplng field. In just a few years, low resolutlon

infrared spectra have been obtalned of the hydrogen k

cluster ions (H+),1 2 the hydrated hydronlum ions

3,4

(H30+-(H20)n), the ammoniated = ammonium ions

(NHZ-(NH > and some mixed cluster species. Efforts to

),

_obtain rotational resolution in the smallest hydrogen

;, have been unsuccessful to date. Limited
success was obtalned in the mixed cluster H3O H2

showed partially resolved rotatlonal structure.6 7 - Our

~ cluster ion,

which

flrst true high resolution spectra were obtained on the
cldster ions H30+-(H O) (h =l1, 3). AThese spectra were
Doppler limited to a resolutlon of 0. 01 0.02 cm ;;
Recently, M. Bogey et al. reported on the hlgh
resolution millimeter and submiillmeter wave spectra of
;, ArHD;, ArH2D+; and Arb+ 8,9 They conclude that

these isotopomers are planar w1th the Ar 1lying near the

ArH

(apex of the H; (or substituted moiety). The Ar-H;

centroid distance was found to be 2.38 A with a binding

66
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energy of 6.6 kcal/mole. = Because the. Ar is held so
weakly, the internai rotation of the H;_ih,the plane is
expected to oécur; . In fact, Bogey et al. observed
tunneling splittings and used these to obtain a barrier
height-for.the internal rotation of’H; or D; ofv1"700_cm-1
using a semirigid modeltor 1000 cm-l.:\ using a flexible .
model. | |

The presence of tunneling splittings is expeqted to
be a characteristic of the high resolution spectra of
cluster ions that are weakly bound. = This potentially
leads to extremely'complicatedrspectra that ére impoésible
to éssign ~using a rigid  molecule Hamiltonian. The
traditional point gfoup apbroach also becomes too con-
strained, and an alternative theory must be'used. One
such alternative theory, called permutation inversion
group theory, utilizes molecular symmetry groups and was

10 11,12

first developed by Longuet~Higgins and Hougen.

Since then, it has been successfully applied to a number

of floppy molecules such as (H20)2'13_17 N2H4r18_21‘
C2H6,22—24 and ArH;.S’9 We will use permutation-inversion
group theory in our discussion of the Hso; high resolution
spectrum.

At this point, it  is appropriate to summarize the
results presented in the,previbusuchapter; 'Hgoz can be

viewed as an H ot core which has been solvated by three

3
water groups. The low resolution scan between 3570-3800
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¢m~! shows two fundamentals. The band at 3730.4 cm ! is

the antisymmetric stretch of an outer H,0 moiety, and the

1

band at 3644.9 cm - is the symmetric stretch of an outer

H,0 moiety. These features have been red shifted by 25.4
1

:and 6.8 cm , respeCtively}'from free H,O.-© The band at

2
"3730.4 -cm_“l shows a partially resolved P, Q, R branch
structure, implying a parallel ‘trahsition.

Hgoz can most properly be viewed as  two H,0 ‘units
‘equally sharing a proton. The low resolution ‘spectrum

“corroborates this‘ picture. - Two ° features are seen,
centered at 3684.4 and 3608.8 cm L. ' cCalculations’ by
Remington and Schaefer?® show that the symmétric Cz’point

group structure would have two dominant features in this
' "frequency range, and »thé asymmetric’ Cé point ‘group
structure, which is predicted to be <0.2 kcal/mole higher
in energy, would have four bands. In fact, the'spéctrum
of ’Hsosrﬂz consists of four peaks, strongly ‘suggesting
that the presence of the ‘weakly  bound H, - modifies the
structure of" HSOZ by stabilizing: an 'H30+' core. Those
results are presented elsewhere.‘}"s'7 The feature in the
HSOZ spectrum centered near 3684.4 cm-1 corresponds to the
“antisymmetric stretch of ‘an ’HZO uhit; and the band at
4'3608.8 cn ! is assigned to a 5ymmetriC*stretch_of an-Hzo
moiety. The low resolution scan reveals a 'progression of

Q branches in the higher frequency feature which indicates
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a perpendicular type transition. This will be discussed

more fully below.

II. Experimental Details
The experimental apparatus will only be briefly

described here.26

A schematic is shown in Fig. 1. The
cluster ions are produced 1in a corona discharge ion
source. Typical discharge conditions behind the nozzle
afe 1.2 kV from cathode. to anode, 20-40 puA discharge'
current, and 200 torr of H2 gas containing trace amounts
of H20. .- The copper wall of the source serves as the
cathode and is located 0.150 * 0.003 in. éway from the
anode, which is a nickel plated iron needle.: The beam is
- expanded supersonically through a 75 im nozzle and then
skimmed by a 1.5 mm diameter skimmer. The potential
difference between the nozzle and skimmer is kept less
than 1 V in order to maintain a weak field which allows
drifting of the ions toward the skimmer but minimized
collisional heating precesses. A grid surrounding the
nozzle/skimmer area is used to keep this region relatively
field free.

.Downstream of the skimmer, the ions are focussed and
mass selected using a 60° sector‘lmagnet. This allows
unambiguous identification of the ion being studied. nTne

interaction region is a radio-frequency octopole ion trap

under ultra-high vacuum. The ion trap consists of eight
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molybdenum rods of 0.32 cm diameter evenly spaced on a
1.25 cm diameter circle. An rf of 7.4 MHz, 200-300 V
-peakéto-peak is applied with opposite phases on adjacent
" rods. While the ions are trapped, they are probed
" spectroscopically with infrared lasers.
Two lasers were used in the pumping scheme. ~ The
"first is° a tunable IR laser used for spectroscopic
interrogation and the second is a line 'tunable co, laser
used for detecting f:he Vibpati'onally excited molecules by
the IRMPD method. The tunable IR laser is a Burleigh cw
'F-center laser ‘confaining an intracavity 'etalon which
' gives a linewidth of 3 x 10™° cm !. The FCL is frequency
scanned by simultaneously ramping the voltage applied to
the etalon and turning a grating cauéing the laser to hop
cavity modes which are spaced by 0.0095 cm~l. Because we
expected the Doppier width of the ions moving back: and
“forth in the trap to be on the order of, or sligh'tlyA
larger ‘than, the cavity mode spacing, we chose the mode-
‘hopping approach over scanning the cavity 1length. The
frequency of the FCL is scanned near the center of the
band assigned to the antisymmetric O-H stretch of the Hzo
moieties (3700 em™ ! for HSO'; and 3730 cm 1 for HéoZ).

The second laser in the pumping scheme is an MPB

Technologies Inc. cw CO2 laser. This lase_f is ‘used to

"dissociate the vibrationally excited HSO; or HQOZ ion

through a multiphoton process. ‘The frequency and inten-
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sity of the CO., laser is determined by trying to reach the

2
ideal situation where none: of the ground state H3O+-(H20)n

ions absorb enough photons to dissociate, but those in
v = 1 do dissociate into H-30+-(H20)n_1 and HZO" - This
ideal situation is different for HSOZ and HQOI as has been
extensively described in the previous chapter. Briefly,
two factors make it much more difficult for HSOZ to
undergo multiphoton dissociation from the vibrationally
. excited state. The first factor is that the energy for
dissociation in H50; is about 12 kcal/mole greater than in
HQOI.‘ This means that HSOE has to absorb roughly four

more CO, photons than does H90+ The second factor is

2 4°
that the density of states at v = 1 is about 10% times
greater for H9°Z‘27 So, not only do the Hso; vibration-

ally excited ions ~need to absofb more photons, but
absorption is also more difficult, Therefore,vthe co,,
. laser is.run with no attenuation (8 W out of the laser) on
R(24) of the 00°1-02° transition when studying HSOZ. In
addition to the coé frequency and power, the léngth of .
time the ions are trapped in the octopole trap is also
used to optimize 'the signal level. When studying HSO;f
100 msec was used. Typical ion counts were 2500 cps at é
sampling fate of.8 times per second giving about 300 ions
in the tfap at a time. Both the FCL and CO2 lasers were
run cw into the trap. In the case of H9OI’ the CO2 laser
was run on R(20) of the 00°1-10%% transition, and the
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intensity was attenuated to 1.5 W using a gas cell
containing ethylene. A trapping time of 57.5 msec was
used yielding ion count rates of 30,000-40,000 cps at a

‘'sampling rate of 14 times per second. The FCL and co,

beams were resolved temporally with a chopper to control

the sequence of photons absorbed. This was not necessary

in the case of HSO; because the ground state ions absorb‘

'COZ photons only minimally. After the interaction with

the laseérs, the cluster ions dissociate. A quadrupole
‘mass filter is used with a Daly detector to count ‘the

fragment ions produced.

III. Results

- The spectra of Hso; and 'HQOZ taken at 0.5 cm 1

resolution are reproduced in Figs. 2 and 3. Both spectra

~-show two bands assigned to the antisymmetric and symmetric

O-H stretches of an H20 moiety. - An enlargement of the

antisymmetric stretch for HQOI is shown in Fig. 4.

+
A. nsoz '

HSO; is a near symmetric top with rotational con-

stants from the ab _initio C., structure of A = 6.120; B =

2
‘ -1 25 . . <=4
0.2936, and C = 0.2923 cm . This gives 1.1 x 10 for

28  Because our Doppler width is

estimated to be 0.01-0.02 cm-l, we do not expect to

the b asymmetry parameter.

resolve K splittings except for very high J states.
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Working within the symmetric rotor.approkimation, we would
expect to see a perpendicular band, or a parallel band, or
a hybrid thereof. The progression seen is characteristic
of a perpendicular band progression, and Fig. 2 shows the
assignment of the Q branches to the different sub-bands.
The spacing between the Q branches gives 2(A'-B') = 11.6
cm-1.29 '

High resolution spectra were obtained under the RQ0
and RQ1 peaks and are shown in Figs. 5 and 6, respec-
tively. Careful examination of Fig. 6 reveals what
appears to be:the-RQ1 branch and a progression of peaks in
the RR1 branch as would be expected at the rigid rotor
.level. Closer examination reveals several peaks for every
- level predicted using the simplistic rigid rotor approx-

- imation. These cannot be explained using a rigid molecu-
+
2 _
considered to be a floppy molecule and is expected to have

lar model. This should not be surprisingusince"Hso is
low barriers to internal motions. Therefore, a thedry'

that incorporates large amplitude motions must be em-
ployed. This is the topic of the section on permutation-

inversion group theory.

+ .
B. 3904 | |
Hgoz is < rigorously an oblate symmetric top ‘with
rotational constants from the calculated geometry of A = B

= 0.0876 and C = 0.0453 cm.l..25 ‘The vibration of species
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A, consists'of three antisymmetric stretches of the Hzo
groups in phase and would give rise to a parallel band.
In the species E vibration, the three antisymmetric
stretches are not in phase and a perpendicular band would
resuit. According to the intensity predictions of

Remington and Schaefer, the intensity of the A, transition

1l
is almost two orders of magnitude larger than that of the
_E-band.

The low resolution Hgoz specfrum does, in fact, imply
a paralléi‘band transition. The high resolution spectrum
shown in Fig. 7 does not suggest such a simple picture.
Instead of a single sharp central Q-branch, four central
features are seen. To the red and blue sides are seen
what resembles a ripple of peaks separated by 0.17 cm-l.
In fact, the spacing in the P and R branches of a parallel
band should be 2B which, for Hgo:' equals 0.175 cm T.2°
Again, the surplus of peaks is probably attributable to

tunneling splittings.

IV. Permutation-Inversion Group Theory

The hydrated hydronium ion, HSOZ’ is nonrigid, and
therefore the possibility of observing tunneling split-
tings through several different barriers is high. To use
permutation-inversion group theory30 to freat this

problem, one starts by constructing the complete nuclear

permutation inversion (CNPI) group. We label the hydro-
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gens 1 through 5 and the oxygens a and b as shown below.

Permutations consist of exchange of identical nuclei.

H2 , : : H3

The notation for exchanging hydrogens' 1 and 2 is (12).
Three nuclei can also be interchanged and this isldenoted

by (123) which means the laboratory—fixed coordinates of
hydrogen 1 are replaced by the coordinates of 2, the
coordinates of 2 are replaced. by those of. 3, and the

18 A cyclic

coordinates of 3 are replaced by those of 1.
pefmutation of 4 and 5 nuclei is also included in the
nuclear'permutatiéh group and is'denoted by (1234)'énd'
(12345). The combination of a pair of nuclei exchanging
and a cyclic permutation of three nuclei is represented by
(12)(345). The 1last possibility is inversion of all
nﬁclei through the center of the molecule and this is
denoted by E*. If a permutation‘is accompanied by an
inversion, it is represented, for example, by (123)*.- The
identity is called E. To construct the complete nuclear
permutation inversion gfoup, one takes all ©possible
combinations of the abbve elements. These are indicated
in Table 1I. The.size of the CNPI group is determined
simply by taking the direct product of the cdmpléte

nuclear permutation group, which consists of 5! x 2! = 240
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elements, and the inversion group, which consisté of 2
elements. (In the CNP group, the 5 originates from having
5 hydrogen nuclei and the 2 from 2 oxygen nuclei.)
Therefore the CNPI group consists of 480 elements. The
next step is to decide which elements of the CNPI group
represent feasible motions and which correspond to
tunneling motions with barriers too high to observe
tuﬁneling through. Using the.labels in the diagram above,
(12) and also (34) correspond to internal rotation about
the c, axis of an Hzo monomer which is expected to have a
low enough barrier to be considered a feasible motion. On
the other hand, (13) is not a feasible motion. Exchange
with the central proton, (15), will be considered as an
unfeasible motion in this discussion. Its barrier is
expected to be an order of magnitude larger than the
barriers for the motions considered as feasible in this
treatment. Another feasible motion is (ab)(1324)* which
corresponds to inversion of one H,0 - H+ group and

2

(ab)(1423)* which is inversion of the opposite H,0 — vt

group. Invéréion of both Hzo - H+ groups simultaneously
is described by the element (12)(34) and is expected to
have a higher barrier than inversion of a single side.
Basically, all the motions which keep hydrogens 1 and 2 on
oxygen a, keep hydrogens 3 and 4 on oxygen b, and keep

hydrogen 5 in the center will be considered as feasible

elements and all others will be considered unfeasible.
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The feasible elements, which arev 1isted in Table II,
comprise the molecular symmetry (MS) group.

only 16 elements remain in the MS group from the
original 480 elements in the CNPI group. This gives a G6
group. Because HSOZ_has C2 symmetry, pairs of the above
elements yield identical frameworks. Therefore, there are
only eight nonsuperimposable equilibrium frameworks.
These are shown in Fig. 8 sighting down the O-H-O axis.
' Oxygen a is above the plane of the paper_and oxygen b is
below for all eight frameworks.

A complication arises in molecules that exhibit a
large torsional amplitude such as -HZCCHZ, HZNNHZ' and

H OHOH;. When both H, groups -increase their torsional

2 2
angle, 7, by ® and when the Euler angle X is incremented
by =, the spatial configuration of the atoms is un-
changed.31 Thig means the coordinate system is double-
valued since any configuration can be expressed by two
sets of coordinates: _ (p,08,X,Y) and (p,0,X+%,7+7). In
order to keep the overall wavefunction single-valued, each

element in the G molecular symmetry group corresponds to

16
two coordinate transformations. The symmetry group

becomes twice as large and is called Gig), the double

group °f.G16' |
The .character table of Gig) as given in Merer and
Watson3; is reproduced in Table III. From this we can

‘easily generate the reverse correlation table as shown in
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Table IV between Gig) and the C,

the letters a through e at the top of Table III denote the

point group. Briefly,

generating operations of Giz). The operation b corre-
sponds to the permutation inversion element (ab) (14) (23)
which is equivalent to the c, operation in the c, point

group. Because C, is the only symmetry element in thefc2

“point group, the correlation of the Gig) species with the

point group, can be immediately
(2)
16

character table. The generating operation a corresponds

A’ and B species in the"c2

deduced by looking under the column labeled b in the G

to the permutation-inversion element (ab)(1324)* ~when

18

: * . .
using Hougen's notation and (ab) (1423) when using Merer

and Watson's notation31. The generating operation c
correspdnds to the inversion element, E*. The generating>
operation d corresponds to the permutation inversion
identity, E, when (w,e,x;y)'= (9,0,X+n,Y+n). The generat-
ing operation e is the identity. '

Also included in Table IV are the nuclear spin
statistical weights. The five hydrogens give 25 = 32
nuclear spin wavefunctions. The reducible representation
obtained from these nuclear spin functions is given in
Table III in the row 1abe1ed>rns. S reduces to 12A1; ®
2B1; ® GBZ: ®© 6E'. The species of the total internal

+

g
negative parity. Therefore the product of the speciesAfor

wavefunction must be B,, for positive parity andvAla for

rotation-vibration-electronic, T , times the species for

rve
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+ -
_ 1g lu™:
gives the nuclear spin statistical weights shown in Table

I _ must equal either B, or A

ns Working this through

IV for the rotational levels with the indicated symmetry
species,
At this point, it is helpful to compare H20H+OH2 with

H2NNHé. ~Both molecules use the Gig)vdouble group and have

c, symmetry in a rigid frame. . The feasible operations
lead to the same eight nonsuperimposable equilibrium

frameworks shown in Fig.. 8 through the same tunneling
‘paths. . Theréfore, thé.quaptum mechanical treatment will
lead to the same Hamiltonian matrix andleigenvectors so
that the éigenvalues for Hsog will be expressed by the
same formulas derived for N_H The reader is referred to

274"
Ref. 18 for details on this.derivation. These results are
rederived in Ref. 20 ahd summarized in Ref. 21.

The starting point in the determination of the energy
levels will be 'the rigid rotor enefgy levels labeled by
the quantum numbers J and Ka.__Higher order effects such
as.cehtrifugal distortipn can shift these. energy levels,
but not create additional levels. Permutation-inversion
group theory tells us that since there are eight equi-
librium frameworks, each level described by the quantum
numbers J,Ka can split into at most eight energy.levels.
The size of the splitting of each of these eight 1levels

from the original energy is determined by the tunneling

barrier from framework 1 to each of the seven other
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frameworks. The procedure is first to estimate the size
iof' the tunneling barriers. By comparing with other
molecules whose tunneling propertles have been studied,

one then guesses at an appropriate tunnellng splitting.

These values are then used in the formulas below with some
phase factors aepéndent on the K value and some’ higher
order terms dependent on both J and K. For this -initial
treatment, these higher order terms will be neglected. ﬁy
comparing the calculated splitting pattefns and predicted
spectrum with the experimental spectrum, one then modifies
théﬂinitially chosen values for the tunneling splittings
to.tfy to produce a match using an iterative procedure.

We will now estimate the size of the barriers between
framework 1 and the other seven in order to obtain
apprinmations to the tunneling splittings. The motion
used to change'from‘frameﬁork 1 to framework. 5 or 6 is the

2

and Schaefer have. calculated energies for several geome-

tries of HSOZ 25 ‘heir 'Cs geometry ' approximates the

‘geometry at the top of the barrier to inversion. = One H,0
— HY unit is pyramidal, and the other is planar.  The

umbrella inversion motion of an'H.,0 — H' unit. Remington

difference between their Cé‘geqmetry snd‘the geometry at
the barrier to inversion is the degree to which the
central proton is shifted closer to the pyramidal side.
This‘is not expected to change the éenergy significantly.

The energy of their Cq ‘structure is 1less than 0.2
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2
strucfure. ‘The table below gives other known barrier

kcal/mole higher in energy than their lowest energy C

heights and inversion splittings. K In addition to the

Molecule ‘Barrier height Inversion splitting Ref

NH, 5.9 kcal/mole’ . = 0.79 cm t 32
PH,, | 17 N 5x 10°° 32
NJH, 0.54 21
NH,,CH,, 1.9 0.2 34
H,0t 2.0 55 - 33
+
HgO} 0.2 25
+
H,0, 0.6 25

‘barrier height, another factor to consider is that the
inversion motion in HSOZ is accompénied by an internal
torsion of about 20°. This would decrease the inversion
splitting from the otherwise expected quantity. An
~ inversion splitting on the order of 0.5 c:m-.1 seems
reasonéble. Ultimately, the accuracy of the value is
determined by how well the predicted and experimental
spectra match.

Tunneling between frameworksvl and 2 corresponds to
vinVersion of both ends of the molecule. This barrier is
xéxpected to be significantly highér, and calcuiations of

Remington and Schaefer show that the geometry withvboth

end moieties planar is about 0.7 kcal/mole higher in
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energy than the C, structure.2® The tunneling splitting

should then be significantly smaller than that for

inversion of a single H,O0 — u group.

2

Tunneling between frameworks 1 and 3 corresponds to
torsional rotation. There will be different barrier
" heights through the trans barrier and through the cis

barrier. The table below 1lists barrier heights and

torsional splittings for other molecules. Because the

‘Molecule Barrier height Torsional splitting Ref
HOOH trans 1.1 kcal/mole 11.4 em t 35
- cis 7.0 . - <0.002:
v HZNNH2 trans 6.0 : 0.00019 : 21
HNCNH trans 7.96 : <0.02 . 36,37
' cis 7.93 <0.02
 HyCCH, 2.9 o 0.006 24
H3CCCCH3 . <0.03 ' ] - 1-5 _38
+
H 0, trans 0.7 B | o 25

oxygens in Hso; are separated by the proton in the center,

the cis and trans barriers are expected to be closer in
energy than molecules where the torsion occurs along a

shorter axis. Birk and Winnewisser havé,reported that the

trans and cis barriers in HNCNH are quite similar.36r37

From the structures calculated by_Remihgtqn and Schaefer,

+

an estimate for the trans barrier height in HSO2 is 0.7

kcal/mole.25
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Going from framework 1 to 4 is a complex motion and
requireé simultaneous tunneling motions. In this initial
treatment, this motion was considered to have a high
enough barrier that the tunneling splitting would not be
observed.

Finally, the motion from framework 1 to 7 or 8
corresponds to a rotation of one HZO'group around the'c2
axis of that moiety. An example of this is in water dimer
which has been studied rathervextensively. The tunneling

1

splitting in .(H20)2 is about 6 cm - with a calculated

15

barrier of 0.4 kcal/mole. Water dimer is bound much

'less strongly than H so one needs to exercise caution

+
592 |
in extrapolating the value from water dimer. 1In. addition,
there is some uncertainty whether the tunneling path
consists primarily of the C, motion or an inversion

2
. . . . 15,39
combined with 1internal rotation.

Both motions
produce the same final framework in water dimer.
Once the initial guesses to the tunneling splittings

have been made, the next step is to try them out in the

energy formulas below.ls’21
+ _ '
W(Alg) = (a1 + az) + (a3 + a4) + 205 + 2a7
W(Alu) = (a1 + az) - (a3 + 04)'+ 2a5 - 2a7
+ » :
W(Blg) = (a1 + az) + (a3 + a4) - 2&5 - 2a7_
W(Blu) = (a1 + az) - (a, + «a - 20 + 20«

3 a) 5 7
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w(a

2g) = (B, + B,) + (By + B,) + 285 + 2B,
W(A,o) = (B, + B,) - (By + B,) + 265 - 28,
W(B g) = (B, + B,) + (B, + B,) - 285 - 28,
W(B,5) = (B, + B,) - (By + B,) - 285 + 2B,
W(EY) = [(a, - @) = (@5 = @,) + (By = By) + (By = B,)1/2
+ {0’25[§“1.T-“2? - (eg - “4) - (ﬂi".ﬂz)v ;
- By - B+ (215 + 21, )20+ o
W(ED) = [(@) - @) + (a5 = a,) + (By .32) - (B3 - By/2
+(0.25[(; - @,) + (ay = ¢,) = (B = B))
By - B+ (21 + 217)2}° + |
WED) = [(ag - ay) = (@ = @) + (By = By) + (B, = B)1/2

- (0.25[(ay - “zf,f (ay = ay) = (B = B))

| - By - B+ 21+ 2D
W(ET) = [(a; - a,) + (a; - a,) + (B, - B,) - (By - B,)1/2
- (0.25[ (e, - @,) + (a; - a4) - (ﬁl - ﬂz)

+ By - B+ (- 215 + 21, 1202

Netice that there are 12 compo‘nentsr for each o)riginal
rotational 1level with a glven J, K quantum number, but
there are only eight framewerks. ThlS means that some of
the compenente will Dbe deé_enerate._. The a's, B's, and T's
represent tunneling matrix elements between _framevlr_erk 1
and the framework 1nd1cated by the 1ndex ~That is,: a, =
<1A|H|nA>, B = <1B|H|nB>, and 7 - <1A|H|nB> where n = 1,
2, 3, 5, and 7. The symbols A and B indicate the symmetry

species of the wavefunction in the C, point group. The
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values of @, and ﬂl are the ordinary single framework near
symmetric rotor energies of the A and B rotationalvlevels.
The other quantities depend on the J and K gquantum numbefs

as given below.

R
f

(-l)K[hzv + thKZJ + 81'K(-;)Jf2J(J + 1)

2
B, = (-1)%(h, + h, k%] - 81'K(f1)Jf2J(J + 1)
@y = By = hgv + (-1)Kh§v + hngZ
a, = (-1)%n, + n, K] + 61,K(—1)Jf4J(J + 1)
B, = (-1)¥[h,+ b, K] - Sl’K(-l)Jf4J(J +1)
ap = B = (1) X(hg, + hg T (I + 1) + hSsz] for K = even
@y =+ 1 (-1)79,3(@ + 1) + () gy + g5y T @ + 1)
+ qg KAIK for K = odd
Bs = =8x 1(-1)7g 3 + 1) + () gy + aqgyT(@ + 1)

+ a K2 K for K = odd

= (3K 2 =
75 =. (1) [q5 + quJ(J + 1) + qSkK 1K for K = even

. K-1 2 o
T5 = (1) [h5v + hst(J + 1) + hskK ] for K = odd
_ _ ,:1K 2 _

a, = ﬁ7 = (1) [h7v + h7jJ(J + 1) + h7kK ] for K = even
a, = +8K,1( 1) g7J(J + 1) + (1) (a, + q7jJ(J + 1)

+ q7kK2]K for K = odd

J . K+1

B, = -8K,1(-1) g,3(J + 1) + (i) (qa; + 9;59(F + 1)

+ q7kK2]K for K = odd

77 =0 for K = even

= - -1\J = ~
T, = 81,K( 1) f7J(J + 1) for K = odd
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In this preliminary treatment, only the first order terms
will be kept. Higher order tefms will be set to zero. A
more sophisticated analysis is in progress;'

Using the above equations, energy léﬁéls can be
predicted assuming‘various tunneling splitt&ngs.' As an
illustration, we will consider three sources of tunneling
’ spifﬁtiﬂ&é separately, and théh4cén§idef a situéti6ﬁ with

’éﬁféé'splfttings combined. The largest splitting in H_O)

5v
‘order terms, we obtain @

572
is expected to be due to tunneliﬁg thréugh'the inversion
barrier. ' Suppose 2h_.._ = 0.55 cm . Ignoring the higher

, = B, = (—;)K(O;SS).’VPutting

thése vélues into the: éﬁérgy 'formdiés, we obtain the
splitting patterns shswn'in Fig. 9. Notice that the E
‘levels are in the middle fof even Kiand on the Outsidé'of
the fork for odd K. Also, the states on the tbp'ﬁﬁ the
‘fork with K = 0 are on the bottom for K = z'énd;vice—
"v'er;sa.;f For K 2 1, each J,K level c':or"xsists"‘ of an un-
resolved doublef of Cz'syﬁmetry ébécies’A"énd‘E, so all

ﬁ'Gig)"spécies are allowed for each level. On the other
hand;“fdf K = Oleven‘J iévels belong‘to'speCiés A and odd
J levels have species B in thé c, point group; Thérefofe,'
the reverse correlation table (Table IVv) must be used to
determine the allowed symmetry species for each J level in
Gig). Determining which E'étaﬁés'COrrelafé to:évéh and
odd J'levels‘isvmore subtle. From Ref. 18, Téble.VI and

VIII, the following formulas are obtained for K = 0:
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A: WEY = (¢, - a

L =@y - (e = ay).
B: W(EY) = (B, - B,) + (B, - B,)
A: W(E ) = (¢, - a,) + (a; = a,)
B: W(ED) = (B, - B,) - (By - B,)-

A second source of tunneling splitting is that due to

torsion by rotation through the trans and cis barriers.

If the trans splitting is h35'= 0.05 and h3$ = 0.03, we

- notice that each level splits into two separated by the

t

sum or difference of h,

and h3$ depending on whether K is
even or odd,”respectively. This is shown in Fig. 10. A
third sourcequ tunneling splitting is due»fo tunneling
from ffamework 1 to frémework'7. This can be achieved by .

either rotation of an H,0 moiety about its C, axis or by

2
inversion followed by torsion. <1If the path resembles the
‘latter, then the tunneling splitting parameter 2h7v should
. be smaller. than either 2h5v“(corresponding to in;ersioh)
_or h3€ (corresponding to torsion). If the former path is
chosen, the value of 2h7v cohld bevlarger. As an example,
a value of 2h, = 0.02 cn ! is chosen. The splittiﬁg
patterns are shown in Fig. 11. The levels with even K are
split into forks, but the 1level with K = 1 shows no
splitting. Combining.all three of these tunneling paths :_

in one diagram and assuming that 2h5v = 0.55, h35 = 0.05,

h3$ = 0.03, and thv = 0.02 cm Y, Fig. 12 is obtained.
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Note that the effect of h7v is only to shift the levels;
no additional splitting is obtained.
To calculate transition frequencies and thus obtain
- spectral patterns, a few more points need to be addressed.

-~ The ' first is the selection rule for ‘dipole allowed

- transitions. ‘The space fixed dipolé moment ' operator

< belongs to the symmetry species Bla. - Therefore  the

~product ‘of ‘the species®of the lower and upper state must

PP . . - " ' o Vs + . I
give B, (from the fact that <ere|”lwrve> must be totally

'symmetric). The symmetry selection rules are B:Y <> a

1g 1;'
“BZ;'<=>’A2:, Ai; <=> Bla; AZ; <=> BZ:,~and EY <> E.
Since there are twb‘E+"s£ates and two E_ sﬁates, there,ig
" some ' ambiguity to which E state a given E' state can
undergo a transition. It is expected that one transition
will dominaté over the other. Both transitions will be
included in thel'spectral patterns .as dotted lines when
there is some ambiguity as to vwhiqh ‘are the allowed
transitions. Another question“to bé answered is what is
the effect of vibrational excitation. If we define rom 3S
the distance between H and Om,vthe,two vibrations which

have the possibility of being excited can belcalleddqs_and

dq- They are defined as follows:

g = (g5 = Tpa) = (Typ = Tyy)

Ag = (F1a 7 Tpa) F (Typ = Tyy)



'Using Table II from Ref. 18, it ié'seen that qs.is of
symmetry species A in the C, poi'nt‘. group and g a is of
species B. - Remington and Schaefer have calculated the
relative intensities of the transitions of A and B

25 Using Eq. 7 from Ref. 21 one

symmetry to be 8.6 to 6.5.
~can calculate the overlap integral between framework 1 and
framework' n in both the ground and yibrationally excited
state. 1In this situation where the primary interest is in
‘determining how the sign of hnv changes with vibrational
excitafion, the integration is greatly simplified. As an
example, suppose the excitation is from v = 0 to v = 1 in
dq and one is interested in determining how the sign of
2v

h is affected by this vibrational excitation. We then

have:

hév_=_fWisWidWileIWésW5dWéx>;

" " n" " " " " ’

hi,  <H gt i vIv ety
where Wi;vis the wavefunction in the dg coordinate in the
upper state in framework 1, @id is the wavefunction for d4
in framework 1, and Wix is the wavefunction  in the
remainder of the coordinates in framework 1 in the upper

state. ¥ Wéd, and Wéx are the corresponding wavefunc-

]

2s’ ‘
tions in framework 2 and' the double primed functions
correspond to the lower state. In this example, only Wis

) ' [ [
2 W;s and WZS # Wgs. The other 51ng;e primes can be
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replaced by double primes. A ground state wavefunction is
positive evefywhere; the vibrationally excited wavefﬁnc-
tion has tﬁe form qsoexp(—qz). Using the above statements
and recalling that the interest is in determining the
sign, the problem can be simplified to determining the
sign. of <¥is|ﬁés> in a ‘'first order approximation.
Tunneling from framework 1 to 2 corresponds to the Merer

and Watson (MW) generating operation a2, 31 Therefore,

R

2
? ? [ ] [ ]
<wls|¢25> <wls|a ¥ >

2012 . 2
= <q-exp(-q3)|a“q - exp(-q2)>

R

<qgeexp(-a2) |a®[(r;, - 1,,) - (3 - Ty)]

2 2
-a“exp(-q7)>

]

<qg-exp(-q2)|al(ryy - r,) - (ry, - )]

2 2
-a’exp(-q2)>

n

2
<qs-exp(-qs)l[(r2a T Tia) T (T T Tyl
2 2
ca“exp(-q;)>
2
=~ <q-exp(-q2) | -a - exp(-q2)

~ - ] '
<‘I’lslll’ls>

This indicates that the sign of h2v changes upon vibra-
tional excitation. Table V summarizes the sign changes in
this simple approximation for vibrational excitation.
Unfortunately, this approach is not able to give us the

effect of tunneling to frameworks 5-8 because the overlap
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integral is zero. A more sophisticated treatment awaits-
further theoretical devélopments. |

We are finally ready to calculate transition frequen-
cies and spectral patterns. Two examples will be worked
out. The first is 2h, = 0.55 cm™ . This is shown in
Fig. 13. . Because we do not know how the sign of hg
changes with vibrational excitation, we have assumed it
does not change. Notice that the predicted intensities

0
. the pattern repeats every 0.5 cm_1 (assuming'_ZB = 0.5

differ,for the RR and_RR1 branches. In the RR1 branch,
‘em™ 1) whereas in the RRO branch even J values have higher
intensity than odd J values. The Q branch in this
simplified treatment would consist of a doublet split by
1.10 cm-l.

In the second example, the assumption is that 2h5v =
0.60, h35 = 0.04, h3$ = 0.03, and 2h7v = 0.01 cm”!. The
- allowed transitions and spectral patterns are shown in
Fig. 14. The basic patterns obtained with 2hg, = 0.55
cm ! are retained with some additional splitting from
_torsional tunnelihg. The predicted patterns can be
compared with the experimental spectrum shown in Figs. 5
and 6. ‘Although additional analysis and fits are in
progress, at this early stage it is encouraging to note
the similarity between the predicted and experimental
spectra. In Fig. 6 the broad peak centered at 3702.4 cm_1

is tentatively assigned to the higher frequency component
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of the RQ1 branch. The progression toward higher fre-
quency contains both components of the-RR1 branch and is
dominated by pairs of lines separated by 2B. The com-
plexity of Fig. 5 is explained by postulating that the
spectrum is dominated by a quartet of lines separated by
2B with aiternating quartets having slightly greater
intensity.

One obvious question is why the pair of Q-branches,
predicted by the description above, was not observed
experimentally. In both the K= 0 -> 1 and K = 1 -> 2
sub-bands, a gap in the F-center laser coverage at high
resolution happens to coincide with the most probable
locations ofithe second Q-branches. However, in the low
resolution spectrum there is a suggestion of a doubling of
the Q-branches. This is seen most clearly in the RQ1
branch where a splitting of 0.95 cem™ ! was consistently
seen. Initially this was interpreted as likely dué to a
power dip. Later analysis seems to indicate this dpubling

of the RQ1 branch is real.

V. Future Work

The existing data are in the process of analysis.
Although the ngise level is fairly high and the frequency
range is 1limited, there seems to be the potential to
obtain a relatively solid first guess for some rotational

constants and tunneling splittings. Further theoretical
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work also needs to be done as pointed out in the text to
determine, for example, the effect of vibrational excita-
tion on the parametér h5v. | _

Obviously,. additional experimental data would be
useful. 1In the infrared region, it would be worthwhile to
pursue the effort to locate thelmiséing,Q-branches. Two
_ approaches suggest ‘themselves. One is énother' attempt
with the F-center laser being careful to rid the system of
as much water as possible. Another possibility to try if
the first is unsuccessful is using the IR-Wavelength
Extender (IR-WEX) pumped by a Nd:YAG containing an
intracavity etaloh. This would give less complete
resolution of the structure, but should have no difficulty
in separating out two Q-branches if they are split by
nearly 1 cm . This is similar to the resolution needed
to resolve individual J transitions in CZH;. In CZH;, 2B
= 1.10 cm—1 and the IR-WEX was able to resolve partially
the different rotational levels in the R branch. This is
presented in the next chapter. Additionally, any exper-
imental spectra, be it in the microwave, far infrared, or’
infrared would be useful.: As in (Hzo)z' .where many
laboratories contributed to the current pool of knowledge?

an understanding of H o; will need contributions from. many

5
sources, both experimental and theoretical.
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VI. Conclusions
The high resolution spectra of H50; and H9°Z have
been presented. Although the analysis is contihuing, the

theory being used to interpret the H 0; spectrum has been

5
explained. Permutation-inversion group theory is neces-
sary to account for the tunneling splittings observed.
The treatment here is only the first step in understanding
the high resolution spectrum of Hso;. Much additional
work is necessary in order to gain a deeper understanding
of the tunneling paths in both the ground state and

vibrationally excited states.
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TABLE I. Elements q; the permutation group of the 5
hydrogen nuclgi in H_.O,. The complete nuclear permutation
group of H 0 is four imes larger and can be obtained by
taking the*dfrect product of the elements given below with

E, (ab), E , and (ab) .

Type E = 1 element
Type (jk) = 10 elements
(12) (13) (14) (15)
(23) (24) (45) -
' (34) (35)
(45)
Type (jkl) = 20 elements
(123) (124) (125). (134) (135) (145)
(132) (142) (152) . (143) (153) (154)
(234) (235) (245) (345) _
(243) (253) (254) (354)
Type (jklm) = 30 elements :
(1234) (1235) (1245) (1345) (2345)
(1243) (1253) (1254) (1354) (2354)
(1324) (1325) (1425) (1435) (2435)
(1342) (1352) (1452) (1453) (2453)
(1423) (1523) (1524) (1534) (2534)
(1432) (1532) (1542) (1543) (2543)
Type (jklmn) = 24 elements
(12345) (13245) (14235) (15234)
(12354) (13254) (14253) (15243)
(12435) (13425) (14325) (15324)
(12453) (13452) (14352) (15342)
(12534) (13524)  (14523) (15423)
(12543) (13542) (14532) (15432)
Type (jk) (1m) = 15 elements
(12) (34) (13)(24) (14)(23) (15)(23) (23) (45)
(12) (35) (13)(25) (14)(25) (15)(24) (24)(35)
(12) (45) (13)(45) (14)(35) (15)(34) (25)(34)
Type (jk) (lmn) = 20 elements
(12) (345) (13)(245) (14)(235) (15) (234)
(12) (354) (13)(254) (14) (253) (15) (243)
(23) (145) (24) (135) (25) (134)
(23) (154) (24) (153) (25) (143)
(34) (125) (35) (124)
(34) (152) (35) (142)
(45) (123)

(45) (132)
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TABLE II. Feasible elements og_ the complete nuclear
permutation inversion group of Hg0, .

*

E E

(12) - an’

(34) (34)"

(12) (34) (12) (34) "
(ab) (1423) (ab) (1423) "
(ab) (1324) (ab) (1324) "
(ab) (14) (23)  (ab) (14) (23)~

(ab) (13) (24) (ab) (13) (24) "




TABLE I1I. Character table for the double group ¢{?) trom Merer and Watson
(Ref. 31). The letters at the top are the qonoratlﬁq operations and are
described in the text.

The last row corresponds to the reducible representa-
tion of the nuclear spin functions.

ac ab abc
c azc b bd bec azbc a3 a3c a3b a3bc
e d 32 azd cd azcd azb azbd azbcd bcd ad acd abd abcd
a’d  a’cd a’bd a’bed

A]; 1 1 1 1 1 1 1 1 1 1 1 1 1
A, 1 1 1 1 1 1 -1 -1 -1 -1 1 -1 -1
Al‘: 1 1 1 1 -1 -1 1 1 -1 -1 1 -1 1 -1
Az' 1 1 1 1 -1 -1 -1 =1 1 1 1 -1 -1 1

g

+ .
Bl9 1 1 1 1 1 1 1 1 1 -1 -1 -1 -1
By, 1 1 1 1 1 -1 -1 -1 -1 -1 -1 1
B, 1 1 1 1 -1 -1 1 1 -1 -1 -1 -1
Byg 1 1 1 1 -1 -1 -1 -1 1 1 -1 1 1 -

+

E 2 2 -2 =2 2 -2 ) 0 0
E- 2 -2 =2 -2 2 0 o} )
E -2 -2 0 0 2 =2 0
E -2 -2 0 -2 2 0
Eg 2 =2 =2 ) 0 0 2 =2
E, -2 =2 2 0 =2 2
o 32 32 8 8 32 8 8 8 8 8 4 4 16 16

001



."group‘and the G
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- TABLE IV. Revegse correlation table befween the C, point
. double group for Hso . The numbers-in
parentheses areléhe nuclear spin,statisf&cal‘weights,

Cz.point group -~ - Gié) doublé group
A(52) . oa *(2) o a,7(12) ® B, (12) @ B (2
| 1g ¢ 1u 1g(12) © Byy(2)

@ E'(6) ® ET(6)

B(36) - "B, (0) @.Az;(s) @fBZ;(s{'@ ?ész)'

®© E'(6) ® E"(6)
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TABLE V.  Summary of sign changes in the h constants
expected in the case of vibrational excit&¥ion. For
framework 1 of Fig. 8, the C., point group operation is
equivalent to the (ab)(14)(23? molecular symmetry group
operation. Therefore, gq_ as defined below is of symmetry
species A in the C, point group, and g, is of species B.
The zeros in the table below indicate that the sign change
cannot be predicted for that framework using the simple
treatment taken here.

- +r

9s = T1a ™ T2a 3b 4b

93 = T1a ~ T2a * T3p T Tgp
Framework . 2 3 4 5. 6 7 8
' | L2 2 T3 | 3
MW operation a - bec a“bc -a a abc a“bc
Q©x . 9 "9 9 | 94 -fqd ~dgq 93
B 99 39 9 CA - 9

Sign change for:
v(g,) = 1 -1 -1 1 0 o o0 0

v(gy) =1 -1 1 -1 o 0 0 0
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3.

Fig. 4

.of an'H

Schematic of the tandem mass spectrometer with -

rf ion trap.

Low resolution (Av = 0.5 cm-l) infrared spectrum

of H_O. taken using the F-center laser and CO

- U572 2-
laser.  The higher frequency band, centered at
3684.4 cm-l, is a perpendicular band progression

and is assigned to the antisymmetric O-H stretch

0 moiety. The lower band, at 3608.8

2
cm~ !, is the symmetric O-H stretch of an H,0

~unit. .The dashed lines co:respond'to the

frequencies and intensities calculated in Ref.

25 for the C2 stmetry structure.

Low resolution infrared spectrum of HQOZ taken

with the F-center laser and Co2 laser. The

antisymmetric O-H stretch of an outer H,0 unit
is located at 3730.4 cm ® and the symmetric

stretch at 3644.9 cm I.

Expansion of the antisymmetric O-HIStretch of an

Hzo-moiety in Hgoz revealing a P, Q, R branch

structure. The spectrum was taken at 0.5 cm !



Fig. 5

Fig. 7

Doppler limited, is estimated to be 0.01 cm .
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resolution with the F-center laser and Co2

laser.

High resolution scan of HSOZ in the region under

the RQ0 sub-band. The resolution, which is
1

The spectrum was obtained by mode hopping the

F-center laser. The modes are separated by

0.010 cm L.

50; in the region under
1

the RQ1 sub-band. The feature at 3702.4 cm_

High resolution scan of H

is probably the upper component of the Q branch
which has been split by tunneling. The lower
component, which was seen in the low resolution
scans around 3701.4 dm-l, lies in a region of
low F-center laser power at high resolution.

High resolution scan of H90+ exciting the

4
antisymmetric stretch of an outer H,0 moiety.
The ripples on either side of the central
features are separated by 2B.. The central
features are'likely Q-branches which have been

split by tunneling motions such as the umbrella

inversion mode of the H30+ core.
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- Fig. 9
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HSOZ has'eight nonsuperimposable equilibrium.
frameworks. The perspective is an end onvview,-
sighting down the 0-H-O axis.f Oxygeh a, which
is aﬁtached to hydrogens 1 and 2;'isilocated
above the plane of the‘parer.v Under the
framework humber; the Merer end Watson
geperating_operations are indicated (see Ref.
31). The permutation-inyersion operations thch‘
will generate each of.the frameworks from |

framework 1 is also indicated.

-Splitting patternS'obtained for K = 0,'1, and 2

assuming 2h,, = 0.55 em™l. The numbers in

parenthesis are the nuclear spih~statistica1

weights..  Inversion of an'H,

likely tqflead,to the largestvtﬁnneling

0 — H' unit is
splifting.

Splitting patterns obtained for K-='0, 1, and.2

t 1

assuming h
g 3v

= 0.05 and h,o = 0.03 cm . This
corresponds to torsion along the 0-H-0 axis.
Note that for even K the splitting goes as the
t c . ' 29 v e
sum‘of‘h3v apd_th, whereas for_odd K‘the

splitting goes as the difference.



'Fig. 11

Fig. 12

Fig. 13

Fig. 14

-2h = 0.60, h3v = 0.04, h
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Splitting patterns obtained for K = 0, 1, and 2
assuming 2h, . = 0.02 cm~ 1. At the level of
approximation used in this treatment, the K =1

state shows no splitting.

Splitting patterns obtained combining the

“previous three figures. The constants used were

C . t _ e c _ _
1

0.02 cm . :

Allowed transitions and spectrum obtained using

2h._ = 0.55 cm ' and 2B = 0.5 cm . The lower

5v
three forks correspond to v = 0 and the upper

three forks correspond to v(qs) = 1. The levels
and the separation of the forks afe not drawn to

scale. - The separation of the tick marks on the

frequency scale is 0.2 cm L.

Allowed transitions and spectrum obtained using

t . C
v

. The lower three forks correspond to .

5v = 0.03, and 2h7v =

0.01 cm T

""-v = 0 and the ﬁpper three forks to v(qs) = 1.

Due to the uncertéinty'bver'which transitions

involving the E symmetry species levels will

" dominate the spectrum, the transitions have been

drawn in using a dashed line. The levels and
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the separation of the splitting patterns are not.
drawn to scale. The separation of the tick

marks on the frequency scale is 0;2'cm—1.“
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2hg,, = 066 cm”

K=2
2 BygT12) + By 6) + By, 7(2) + By, (0
/ 0.56 cm'1 ”
ET6) + E°6) + ETB) + ET(6)
\\\\ 20 +' - - '+
A1g (2) + Azg (0) + A1u (12) + A2U (6)
K=1 2
- eT6) + E76) |
0565 + - - +
/ . 0 Arg @+ Ay T(0) + Ay T12) + Agytl6)
\ + Byg (12) + By 6 + By, (2) + By T (0)
. ete) +E76)
K=0

14 -
Agg (0 + Ag, T 6)

/7r—-— Arg T2 + Ay (2 /7\-———3-
0.55 0.55
A B .
— £6)+ E0) - ETe +ET6)
- 6 -
= g T2 + By 2 N By, + 8,7 0)

XBL 8811-3%.2

Figure 9
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Figure 10
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K=2 -
/ A2+ A, T8 + By (12) + By T(6)
0.02
2 ] )
ET(6) + E76) + EFi6) + ET(6)
4 - -
— Atg 2+ Agy (0 + By, (2) + By, (o)

K =1

64 no splitting
k=0 4 0

—— A2+ 8, @ ——— Ay (0) + B, (0)
A AJ/nooz ' B J/-’o.oz‘12

Agy (6] + Byy (6)

12 ] ]
etie) + £7(6) EY(e) + E7(6).
\ 24 - \ ©
Ay, 012) + 815 T (12)

XBL 8811-3%514

Figure 11
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Chapter IV

Infrared Spectroscopy of the

Pentacoordinated Carbonium Ion czn;

I. Introduction
Gas-phase ion spectroscopy, though still a relatively
young fiéld, can now be used to probe molecular ions of
increasing complexity by making.ﬁse-of improved technology
and novel approaches. One of these new methods, recently
developed in our laboratbry,1 uses a two color laéer
scheme. The first laser is a tunable ipfrared laser that ..
is used to probe the vibrations of the molecular ioh of
interest. The second laser is a CO

2
dissociate the vibrationally excited parent ion. We

;aser that is used to

utilize the very high detection sensitivity of ions by
monitoring formation of fragment ions as a functipn of the
fréquency of the tunable laser in order to .obtain the
infrared spectrum. This technique has allowed us to study
the pentacoordinated carbonium ion CZH;. A great'deal of
effort has been expended to study electron deficient
carbonium ions. The early work focused on elucidaﬁing the
structﬁre of these reactive carbonium ions. Other work

concentrated on their kinetics, energepics, and thermo-

chemistry. More recently, much has been learned about the

122
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spectroscopy of the simpler of these carponium ions.

Following is a brief history of this work.

A. History

In the early work, a need arose to explain reafrange—
ment of carbonium ions, such as norbornyl cation in
solution. Hydrogen migration to form a o-bonded inter-
mediate was proposed. Thié intermediate, which contains a
2-electron 3-center bond, was given the name "nonclas-
sical" ‘ion. A pioheer is these‘studies was S. Winstein.
In 1952, he reported a solvolysis study of endo- and exo-

2,3 Acetolysis yields the exo-

norbornyl arylsulfonates.
norbornyl acetate, independent of whether the starting
diastereomer was of the endo? or exo- configuration as
shown in Fig. 1la. In a complementary experiment, sol-
volysis of optically active exo-norbornyl p-bromobenzene-
sulfonate gave a racémic product mixture whiéh was shown
- by the 1loss of optical activity (Fig. lb).3 A third
observation was. the enhanced rate of reaction of the exo-
isomer over the endo—isomer.3 _ Ali of these anomalies
could be explainéd by a bridged structure for the nor-.
-bornyl cation containing a pentavalent carbon. Bridged
structures such as this, that have delocalized bonding
0—-electrons, are now known as nonclassical(ion‘s‘.4

This concept of nonclassical ions was  generally

accepted when applied to the norbornyl and many other
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systems until 1962, when H. C. Brown strongly objected.4'5
He claimed that scientific scrutiny had been bypassed in
the general labeling of many ions as nonclassical. Other
theories could also explain the anomalous behavior, so the
nonclassical interpretation did not need to hold for every
case. Strong supporting evidence should be found for each
system before a nonclassical carboniunm ion structure could
be definitiVelf concluded. |

Brown proposed alternative explanations for the
controversial experimental observations.5 One possibility
was that two interchanging asymmetric classical structures
go through a nonclassical structure momentarily. This
indeed seemed to be possible for a number of systems where
an asymmetfic product is obtained from an isotopicélly
tagged reactant with negligible scrambling of the tag.6
This test is only suggestive, not conclusive, and will
only be informative when the equilibration of the two
distinctly tagged structures is not more rapid. than the
identification process chosen. Another possibility was
that the bridged form was a transition state with a very
low barrier allowing facile rearrangement.5 Brown also
believed a <clarification needed to be made between
0-bridging and hyperconjugation. G. Olah has also empha-
sized this point.7 In both o0-bridging andvhyperconju-
gation a o0-bond orbital and p orbital overlap to aliow

electron delocalization involving that o bond. When there
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is 1little or no rearrangement of the nuclei, this is
cailed hYperconjugation. When there is extensive.nuclear
réorganization,_this is called bridging. |
In 1975, G. Olah7xproc1aimgd that he had proven the
existence of the nonclassical norbornyl cation using NMR
techniqueé and settled. the question once and for all.

"Study of the long-lived norbornyl cation has resulted
in indisputable proof for the o-bridged, nonclassical

- structure... Nonclassical carbonium ions containing
two-electron, three-center bonded carbocation centers
. are now flrmly proven to exist...The 'classical-
nonclassical ion controversy' is brought to conclusion
not only by overwhelming_chemlcal and structural _
evidence, but also by consideration of our present day
understandlng of chemical bonding and charge delocali-
zation. Simply, there is no such thing as a completely
'classical! type of carbocation. Charge is always
delocalized to a significant degree whenever an
electron-deficient center is formed in a molecule.
Whether this happens through #-, n-, or o-electron-.
pair interactions and to what a degree is dependent of
the specific system, but not of principle. The

.. norbornyl cation is only one of the many carbocations
’showing C-C o-bond delocalization, and will be remem-
bered in years to come as an interesting but by no
means unlqug member of a substantial class of
compounds." .

Thus it has been shown that nonclassical structures
do exist. The question then becomes which carbonium ions
~have this nonclassical structure? Candidates include the
pentacoordinated carbonium ion protonated ethane, and non-
~saturated alkanes such as protonated acetyleﬁe. and
protonated ethylene. IThe. rest of ,tnis history will
concentrate on these three systems. Classical and bridged
structures for these three carbonium ions are shown

~schematically in Fig. .2.
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c.H' was seen in the 1960's with a discharge of

277
methane and/or ethane in mass spectrometric studies.® 11

It appears that in methane, Czn; was formed through a

second order process and needed to undergo collisional

stabilization to survive. It was clear that Czn; easily

dissociated to give CZH; + H, products. Olah et a1.12

observed pentacoordinated carbon cations in acid solution

using NMR. This pointed out the importance of carbonium

3 +
observed C2H7

in an ion trap using a continuous electron beam to trap

ions in solution chemistry. Blair et a1.1

the ions through negative space charge. The quantity of

CZH; increased with trapping time.

In the early 1970's, Lathan, Hehre, and Pople14
calculated the relative energies of bridged and classical

forms of CZH;, CZH;, and C2H+. In his earliest paper,

Pople wused Molecular Orbital-Self Consistent Field
(MO-SCF) theory with small (STO-3G, 4-31G) basis sets and

calculated that the classical structure of C2H; was more

stable by far compared to the bridged conformer. The

classical form of C2H; was also more stable than the

bridged form (by 7 kcal/mole). However, calculations‘on
CZH; showed the bridged structure to be more stable by
almost 10 kcal/mole. In a second paper, Hariharan,
Lathan, and Pople15 found a preferential stabilizing

effect of polarization functions on the bridged form over

the classical. For C H+

SHay the classical structure was
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~still found to be more stable, but by on1§ 5.7 kcél/mole.
In the case of 02H+,[however, the bridged structure became
the more stable conformer by "1 kéal/mole when d-functions
were included on C and p-functions on H.

Meanwhile, Chong and Eranklin16 caused a stir when
- they claimed that»CZH; was less stable than CZH; + Hz.and

invoked an activation barrier to explain observation of

+
c2H7 .

ment contending that C

. This led to a paper by Bohme et'al;l7vin disagree-

+ + :
,H, was more stable than CHg + H,.

They used CO and C2H4 to bracket  the protbn affinity of

ethane between 136 and 159 kcal/mole.

By this time, the controversy over whether C H+

2737
.CZH;, and CZH; have classical or nonclassiqql forms had
‘generated a - large amount of theoretical interest.

‘Zurawski, Alrichs, and Kutzelnigg18 produced a landmark
‘paper when the .effects of electron correlation Qere
'sﬁudied using the independent-electron-pair appréximation
~ based on the direct calculations of pair-natural orbitals
-(IEPA PNO). Polarization functions were again found to be
very important to stabilize the bridged structure, and
electron correlation further preferentially stébilized the
‘nonclassical form by an equally substantial amount. They
found the bridged structure to be more stable than the
classical for both 02H; and C,
respéctively). The IEPA method was also used to calculate

H; (by 7 and 9 kcal/mole,

- the relative energies of the Cg and C geometries in CH;

2v
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3 Whereas at the SCF level

by Dyczmons and Kutzelnigg.1
the cs structure was more stable, including electron
correlation energy led to equal stabilities of the two.
Semi-empirical methods were used in 1975 by Bischof and
Dewar?® to calculate the relative stabilities of CZH;.
They found the classical form more stable bylls kcal/mole.
This is clearly at odds with ab _initio calculations.
Nevertheless, Bischof and Dewar came out in strong defense
of the MINDO/3 method. This led to work by Kohler and

21 comparing SCF, Coupled Electron Pair

Lischka
Approximation (CEPA) PNO, and MINDO/3 calculations on the
CZH; ion. At the SCF ana CEPA PNO levels, the bridged
structures were more stable by 8.5 and 6.3 kcal/mole,
respectively. However, at the MINDO/3 level, the classi-
cal CZH; structure was more stable than the bridged form
by 11 kcal/mole. This shows the inadequacy of the MINDO/3
method in calculating relative energies for protonated
ethane. The fact that their calculations at the SCF and
CEPA levels with their larger basis set found the MINDO/3
classical geometry with a CHH three-center bond to be
lower in energy than the ab initio STO0-3G structure with a
loose intermolecular complex between H2 and CZH; casts
doubt on their results. The fact thét their SCF calcula-
tions led to a larger relative stability of the bridged

structure than at the CEPA PNO level also is surprising in

light of previous trends. These results illustrate the
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extreme sensitivity of the calculations to the geometries
usedf |
Very influential experiments from Kebarle's lab came

22-25 2

French and Kebarle2

out in 1975-1976. studied the

pyrolysis of Céﬁ; and found an activation energy of 10.5
kcal/mole for dissociation into-CZH; + H,. They concluded
that PA(CZHG) was dgreater than PA(CH4) by more thaﬁllo
kcal/mole. Assuming the activation energy for the
: reaction equals the enthalpy change, they found AHf(CZH;)
= 208.5 t 2 kcal/mole and PA(CZHG) = 137.4 i~2‘kca1/mole.
This was confirmed byvrexperiments done by Hiraoka and
‘Kebarle?® in which they claimed to observe both the
'eiassical and nonclassicai forms as a function of tempera-
~ ture. At the 1lowest temperature range they_foundAthe

25 2 277
relationship implying it was exothermic. At higher

reaction of C H. + H, » c_H! had an inverse temperature

‘temperatures, the temperature dependence became positive
suggesting an endothermic relationship. Analyzing these.
temperature dependences led to the conclusions shpwn ih
Fig. 3. The bridged structure is more stable than the

classical by 7.8 kcal/mole. This leads to AHf(bridged

czn;) = 207.2 kcal/mole, AH (classical CZH;) = 215.0
kcal/mole, and PA(C2H6 -> bridged Czﬁ;).= 139.6 kcal/mole,
PA(CZHG -> classical 7C2H;) = 131.8 kcal/mole. These

values are summarized in Table I. .
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An experimental study by Houle and Beauchamp26 of the
difference between the adiabatic and vertical ionization
potentials of ethyl radical 1led to an estimated 3
kcal/mole difference between the bridged and classical
structures of CZH; with the bridged being lower. Their
assumption was that a vertical ionization of ethyl radical
would lead to the classical structure of ethyl cation
whereas the adiabatic ionization would end with the lower
energy bridged structure which necessitates a 1large
geometry change. Houle and Beauchamp obtained a heat of

,

formation for C.HI of 219.2 % 1.1 kcal/mole. This is in

25
some disagreement with the value of 215.3 t 1.0 kcal/mole
27

found by Baer, who did a photoionization and photoion-

photoelectron coincidence (PIPECO) study of CZH; fqrma-
tion. It 1is conceivable that the very large geometry
change between the ethyl radical .and the bridged ethyl
cation. makes it impossible to obtain a true adiabatic
ionization potential experimentally. Gellene, Kleinrock,

28 took the reverse approach in that they

and Porter
started with the ethyl cation and neutralized it using
various metals. They claimed that 87-90% of their CZH;
beam was the bridged structure. From this they put a
lower bound on the difference in energy between the
bridged and classical structures as 0.8 kcal/mole.

29

Mackay, Schiff, and Bohme studied the energetics and

kinetics of the protonation of ethane. They obtained
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= 204.8 t 1.3 kcal/mole and PA(C,H_ ) = 142.1 ¢t

7) 2 6)
1.2 kcal/mole, which presumably corresponds to the bridged

AH £(C,

fornm.
More recent theoretical calculations have generally
concluded that. the bridged structure is more stable than

the classical for all three of the carbonium ions: C H

2737
_C2H5, and C2H7 The energles for the two structures are
closest for CZH3. Weber and McLean,30 31 using configura-

~tion .interaction (SDCI) and a double zeta plus polariza-

tion (DZ+P) basis set, found bridged and classical C H

2
structures to have energies within 1-2 kcal/mole, with the
bridged form probably lower. = Kohler . and Lischka3?

. included electron correlation using CEPA and found the

bridged structure cf protonated acetylene 1owsr'by 3.5-4.0
kcal/mole. Raghavachari, Whiteside, Pople, and Schleyer33
found the bridged forh lower by "3.0 kcal/mole, and more
‘recent calculations by Hirao and Yamabe34 found the

bridged structure of C,H, to be lower by 1.30 kcal/mole

2
using the symmetry-adapted—cluster method with zero point
energy correction (SAC + ZPE). These values are in close

agreement with the most recent calculations by Lee and

Schaefer35 who found an energy  difference of 0.97
kcal/mole using CISDT (DZ + P). Calculations on CZHS
found 1larger energy differences.  Lischka and.‘Kohler36

found the bridged structure lower by 7.3 kcal/mole using

thc ab initio CEPA method and_8.6‘kcal/mole using semi-
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33

empirical MINDO/3. Raghavachari et al. found the

classical structure was not a minimum on the potential
surface at the best level of theory considered (MP4(SDQ)
with a reoptimization of the geometries at the MP2 level).
Using the geometries optimized at the HF level and

MP4 (SDQ), the bridged structure was 1lower than the

4

classical by 5.2 kcal/mole. Hirao and Yamabe3 found an

energy difference of 4.11 kcal/mole. Following this '

trend, the bridged structure of CZH; was also found to be

significantly more stable than the classical structure.

3 found an energy difference of 6.8

4

Raghavachari et al.3
kcal/mole, while Hirao and Yamabe3 found the bridged form
lower by 4.0 kcal/mole; These results are also summarized
in Table I.

In the last few years, calculations of vibrational
fréquencies have been done. Raine and Schaefer37 calcu-
lated vibrational frequencies, intensities, and geometries
using SCF with a DZ + P basis set of both the classical
and nonclassical forms of CzH;' This was followed by a
calculation by Ieé and Schaefer>> at a higher level of
theory that gave similar frequency results. The motiva-
tion for repeating this calculatioh was to aid in the
assignment of the spectrum experimentally observed by

Crofton and Oka.38

This infrared spectrum is now assigned
as essentially that of the bridged structure, possibly

with some complications associated with tunneling between



133

the nonclassical and classical forms. DeFrees and
McLean39 also completed vibrational frequency calculations
of protonated acetylene. 1In addition,.they calculated
frequeﬁcies for nonclassical CZH; and CH;. ‘In 1987,
Komornicki and Dixon?? calculated frequencies, inten-
sities, and structures for CH;. M. Dupuis41 has probably
dbne the highest level calculation on CH; to date. At our
request,' Dupuis has also calculated frequencies and
intensities for classical and bridged protonated ethane.
The frequencies, intensities, and assignments will be
discussed later.

Finally, this brief history would not be compléte
without mentioning the astounding work of Kanter, Vager,

42

Both, and Zajfman. They succeeded in experimentally

determining the structure of CZH; through a Coulomb

explosion of the C2H+ ion caused by the sudden loss of

3
several electrons. The arrival times of the three protons
and two carbon ions are detected both with X-Y spatial
resolution and temporal resolution and analyzed to give

average geometries. They find the nonclassical structure

dominates their sample of C2H§.

Thus, it seems certain that the lower energy struc-
ture after protonating acetylene, ethylene, and ethane is
the nonclassical bridged form. Our work concentrated on

the spectroscopy of protonated ethane. After a descrip-



134
tion of the experimental setup and spectra obtained,
arguments will be presented to convince the reader that
spectra have been obtained for both the bridged and
‘classical structures. Table II lists bond lengths and
angles for both forms of C H+ as calculated by Hirao and

277
Yamabe and by Dupuis.

II. Experimental Details
The apparatus used is basically the same as described

43 A schematic of the machine is

in previous chapters.
given in Fig. 4. Briefly, the ions are formed in a corona
discharge and then mass’-selected in a sector magnet. The
ion under study is trapped in an octopole radio-frequency
ion trap for 1 msec during which time they are inter-
rogated by a tunable IR laser. The laser scheme is such
that the parent ion will dissociate into fragments ‘when
tuned to a resonant transition. One of those fragment -
.ions is selected by a quadrupole mass filter and is

44 Detaiis’ of the

counted by a Daly detection systen.
source conditions and laser system now follow.

This experiment isb unusual in that the ratio of
HZ:CZH6 was systematically varied. Early on,' it -was seen
that the spectrum was strongly dependent  on the mixing
ratio and backing pressure. The four cylinder conditions

used were:
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1. 55,000:1 H,:CH

27276
2. 8,700:1 H2:C2H6
3. 42,500:1 H2:C2H6
4. 49,000:1 H2:C2H6

These will hereafter be referred to as cylinder 1-4. 1In
addition, the pressure behind the nozzle was set at one of
three values: 66 torr, 90 torr, and 150 torr. The gases
used were Matheson ultra-high purity hydrogen (99.999%)
and pure ethane from Spectra Gases (99.99%). In spite of
this high purity, we found it helpful to remove residual
water by flowing the gas through a molecular sieve trap
(Linde 13X molecular sieve, 10 A pore diameter) cooled in
a dry ice/acetone bath before éllowing the gas to enter
the source.

A schematic of the corona discharge ion source is
éhown‘in Fig. 5. The discharge is struck between the
" nickel-plated iron ‘neédle and the copper Valls of the
source. The distance between the needle and the séurce
body was 0.069 + .003 in. The source body was composed
primarily of copper for more efficient cooling from a
refrigerant which was introduced from outside the machine
and used to cool a copper block that was clamped around
the base of the source. For this experiment, Freon-22 was
used to cool the source to -28°C. This was necessary to
freeze out impurity water contained in the gas inlet line.

At the highest preésure, contamination was more of a
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problem and the source had to be warmed up after running
for only a few hours to allow the condensed vater to be
pumped off from the surfaces.

After the discharge is a small high pressure drift
region which allows the ions to cool vibrationally through
multiple collisions. A supersonic expansion through a
754m nozzle cools the rotational temperature to <40K.
About 7.5 mm downstream from the nozzle is a skimmer which
separates the first and second regions of differential
pumping. Typical pressures before and after the skimmer

4 6 torr when run with a

are 1.1 x 10 ° torr and 8.4 x 10
backing pressure of 90 torr. The voltage bias of the
nozzle and skimmer were kept within 1.0 V of each other to
minimize collisional heating by accelerating ions.

In the lower pressure region after the skimmer, the
ions are gradually accelerated to a kinetic energy of 350
eV which they maintain (through the sector magnet) until
directly before the ion trap. In order to keep the
machine at ground potential, the ion source and associated
optics and the ion trap are floated at +350 V. A stack of
12 plates evenly spaced decelerate the ions before

5 In the trap, their Kkinetic

entering the octopole trap.4
energy is less than 0.5 eV. The octopole trap consists of
eight molybdenum rods 50 cm long, 0.32 cm diameter, evenly
spaced on a 1.25 cm diameter circle. Alternate rods have,

at any moment, opposite phases of rf applied with typi-
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cally 300 V peak-to-peak and a frequency of 7.4 gMHz.
During the 1 msec in which the ions are trapped, they are
probed using infrared lasers.

Generally; two lasers are used. The first is a
tunable Quanta-Ray Infrared Wavelength EXtender system
(IR-WEX) which is scanned from 2490-4150 cm '.  The
infrared wavelength is generated in a 1lithium niobate
crysfal which takes the difference of a Quanta-Ray pulsed
dye laser (PDL) output and Nd:YAG fundamental. Scanning
is achieved by a computer controlled motor system which

steps the drive for the dye laser grating. 1In the high

resolution scans, an etalon was placed in the NA4A:YAG

cavity which reduced the IR linewidth from 1.2 cm ' to 0.3
cm-l. Pulse duration was 10 nsec with typically
1 -1

0.5 mJ/pulse at 2800 cm - and 1 mJ/pulse at 3940 cm .

The WEX output was combined with a cw MPB CO2 laser

using a custom designed beam combiner on a ZnSe substrate

(CVI Laser Corporation). The 002 laser was run on the

© R(10) line of the 00°1-10°0 band with 6-8 W at the output

of the laser and with 3-4 W passing completely through the
machine. This was used to selectively dissociate those
ions vibrationally excited by  the WEX. The method is
based on the difference in the density of states near v =
0 and v = 1 which éauses enhanced multiphoton dissociation
(MPD) of v = 1 as compared to v = 0. Because spectroscopy

is done in this apparatus through detection of fragment
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ions, it is important to have a strong correlation between
vibrational excitation of parent ions and formation of
fragment ions. This has been achieved in this experiment

" by monitoring the fragment ion CZH;.

III. Results
.Initial results were obtained using cylinder 1 with a
backing pressure of 90 torr. The results obtained are

shown in Fig. 6. All of the C H+ spectroscopy was done by

27
monitoring formation of CZH; as a function of the WEX
frequency. The dominant features are located at 2825,
2945, 3082, and 3128 cm-l. The spectrum was taken from

2775 - 3300 cm L.

In hopes of obtaining higher ion counts, the second
cylinder had a six times larger ethane to hydrogen ratio
than cylinder 1. ‘Unexpected results were obtained. With
90 torr backing pressure, not only did the CzH; ion count
not increase, but also several spectral features had
disappeared. In a scan from 2470 to 3260 cm-l, only three
large features were seen. Their frequencies are 2945,

3082, and 3128 cm-l. The large peak seen using cylinder 1

at 2825 cm

has almost completely disappeared, as shown
in Fig. 7.

At this point, it was clear that something unusual
was occurring. In order to reproduce the results taken

with cylinder 1, a third cylinder was mixed with a HZ:CZH6
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ratio similar to cylinder 1 (cylinder 1- 55,000:1,
cylinder 3- 42,500:1). The peak at 2825 cm-l reappeared
although it was smaller thanvwith cylinder 1 as might be
expected from the slightly different mixing ratio. It was
5 laser blocked and only

the WEX being passed through the machine, the only feature

1 was this peak at 2825 cm I.

also discovered that with the CO

seen from 2775 to 3265 cm
When the pressure in the source was increased from 90 torr
to 150 torr, the peak at 2825 cm-1 was the only one to
disappear. Thus, there were three observations_thét led
us to view the 2825 cm 1 peak . as arising .from a very
~different parent ion from the features at 2945, 3082, and
3128 cm L.

| In order to investigate this more thoroughly, the
scanning range was extended both to higher and 1lower
frequencies and the spectra were taken at three different
backing pressures. The pressures chosen were 60, 90, and
150 torr, and are shown in Figs. 8 and 9. At 60 torr, the
2825 cm_1 feature was larger than the three peaks at 2945,
3082, and 3128 cm !, whereas by 150 torr, the 2825 cm t
band had disappeared. Note that the ratio of the other
three features is independent of backing pressure. Five
more features were found that disappeared with increasing
backing pressure. Four were to the red of the previous
scanning range and were located at 2521, 2601, 2683, and

2762 cm '. The fifth peak was well to the blue of these
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at 3964 ém-l. In order to test whether these peaks showed

the same lack of sensitivity to whether the co,, laser was

1

on or off, the spectrum from 2490 to 2800 cm - was taken

with the CO, laser off. Like the 2825 cn~ ! feature, the
signal levels of these peaks were apparently unaffected by
the absence of the CO2 laser, implying that some of the
parent ions are able to predissociate after the absorption
of a single tunable IR photon.

- While scanning to the blue of the original scanninq
range, - several more features were seen that were inde-
pendent of backing pressure. A Dbroad intense band

1 gominates this region. Two

1

centered around 3845 cm
sharp features at 3667 and 3917 cm are also dquite
prominent. The features at 3726 and 3762 cm-1 are much
less intense. All five of these features appear pressure
independent as seen in fig.'9. In contrast to éariier
results, however, these features are independent of
whether the CO2 laser is on or off. Frequencies of ali of
the experimentally observed peaks are given in Table III.
Attempts at higher resolution spectra were made by
inserting the etalon in the YAG yielding approximately a
factor of four reduction in linewidth. The bands centered
at 2945.4 and 2762.2 cn™! showed no resolvable structure

within the signal-to-noise 1level, although their Dband

envelopes are distinctly different (Figs. 10 and 11).
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1

However, thé band at 3964.0 cm ~ is clearly separated into

a P, Q, R sub-band structure as shown in Fig. 12.
IV. Discussion
As mentioned in the introduction, Hiraocka and

Kebarle25 studied the thermochenmistry of pentacoordinated

carbonium ions. They claimed to observe both the bridged

and classical forms of C2H;. Their potential energy

diagram is reconstructed in Fig. 3. Their conclusion is
that the bridged structure is 8 kcal/mole more stable than
the classical form with a 5.2 kcal/mole barrier inbetween

them. Thus, in order for the classical CZH; to dissociate

1

into C_H' + H, it takes 4 kcal/mole (1400 cm

25 2
the bridged structure requires 13 kcal/mole (4500 cm

dissociate into CzH;

M. Dupuis has calculated vibrational frequehcies for

both the bridged and classical forms of Czﬁ;,41 Although

the classical form frequencies were difficult to calculate

), wWhereas
1) to

+ H2.

due to the extended C-H bonds connecting the Hz_uhit to
the CZH; moiety, the separation between the calculated
frequencies should yield information even if their
absolute values are inaccurate. Frequencies for both
structures are shown in Tables IV and V. Refer to Table
II for bond lengths and angles.

The experimental vibrational frequencies are listed

in Table III. Both the backing pressure dependence and
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002 laser dependence are also included. The obvious
question is why there seems to be two sets of peaks based
on pressure dependence. Several possibilities must be
considered: impurities, combination bands, hot bands, and -
the presence of two structures. The features below 3400

en~! will be considered separately‘from those above.

A. 2400-3400 cm !

First, let's consider impurities. Because tﬁe ions
are mass-selected before doing the spectroscopy, any
impurity peak must be from an ionic species of mass 31.
Possibilities would include NZH; and H3C0+. However, the
impurity must not only be of mass 31, it must also have
strong absorptions between 2500-2900 cm 1, and must
dissociate to mass 29. The fact that we pumped out the
mixing cylinder extensively each time before adding pure
H, and CéH6 further diminishes the possibility that the
five features betweeh  2500 and 2900 cm ' are due to
impurities. |

The second possibility ‘to consider is combination

bands. This can be ruled out using energy considerations.

The features below 2900 cm"1 are still present when the

CO, laser is blocked. This evidence supports the theory
that these features arise from a highly excited CZH; that

has a smaller dissociation energy than the features be-
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tween 2900 and 3300'cm-% which require the CO, laser to be
on and are thought to be from ground State,CZH+.

This leads to the possibility of hot bands. From
energetic considerations, hbﬁ bands would be expected to
need less energy to dissociate'in‘agreement'with the above
described observations for these features bélow 2900‘cmf1.
Two different types of hot bands are v = 1+2 of a C-H
stretch where all other vibrations are in the ground sféte
(v' = 0), and v = 0+1 of a C-H stretch where a different
mode is excited (v' ¢ 0). Note that three of the bands

1 are more intense fhan‘the strongest C-H

below 2900 cm
stretch. This makes the hot band hypothesis seem unlike-
iy. In'ordef to have a hot band intensity be stronger
than the fundamental, the excitation of the "hot" bend or
stretch would have to increase the transitiqn_mqment of
the C-H stretching vibration, since a population inversion
is probably impossible.

~ The last cohsiderafion is the presence of both the
bridged and classical strucﬁures, The classical strucfuré
is _ higher in energy than_ the bridged by 4;8

25,33,34

kcal/mole. This lends credence to the idea that

the bridged structure will not dissociate after being

excited by the WEX unless the CO, laser is on, whereas the 

2
classical structure can dissociate. = Thus, <the five

:féatures below 2900 cm-; seem to arise from the‘classical

structure, and the features between 2900 and 3300 cm~t
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~from the bridged structure. More evidence to support this
assignment follows.

The five features at 2521, 2601, 2683, 2762, and 2825
cm_1 can be made to disappear both by raising the backing
pressure and.by increasing the relative amount of C,H to

H At the higher pressures, more collisions will occur

5
behind the nozzle which logically leads to more-efficiept
internal cooling of the nascent ions. This 1leads to
strongly enhanced formation of the lower energy bridged
structure over the classical form. An ahalogous argument
can be made for the.éase with a higher C2H6:H2 ratio, but
the same  backing préssure.' Even though the number of
cdilisibné_.will be approximately the same, internally
excited CZH; 'is much more efficiently cooled through
collisioné with an ethane molecule than with a hydrogen
molecule. Several mechanisms can contribute to this

46,47

increased efficiency. Due to the closer vibrational

frequency match between C2H6 and CZH; than between H2 and

CZH;, V = V transfer from the hot CZH; will- occur much
more readily to ethane. Another factor is that etpahe has
a larger polarizability than hydrogen. This leads to an
increased collision cross section through long-range ion-
induced dipole forces. Also increasing the cross section
is that ethane is physically larger than hydrogen. All of

these factors will contribute to more efficient cooling by

ethane than by hydrogen.
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Comparison of theoretically calculated vibrational
frequencies by Dupuis with 'the' éxperimental-“spectrum
further suppbrts the bridged/classical theory. Referring

to Table IV one sees that the SCF. calculation for the

bridged structure predicts six features above 2500 cmfl

with frequencies 3271, 3274, 3420, 3422, 3466, and 3466

cm~l. These frequencies are expected to be 10% too high.

Scaling them down yields the frequencies 2944, 2947, 3078,
3080, 3119, and 3119 qm‘l.- Comparison with the experimen-

tal frequencies and intensities leads to the assignment of

the 2945,dm-; 1 to v

6’ 3

47 to v, and Ve The  agreement

between the theoretical and experimental frequencieé is

feature as mostly ¥ the 3082 cm_

and v 1

and the 3128 cm’
excellent. .

‘A comparison with  the . ﬁheoretical vibrational
frequencies for the classical structure is also encourag-
ing.  The 'calculated . frequencies and intensities are
listed in Table V. The C-H bonds were treated at the SCF
level, but theCHlH2 group was treated at the correlated
level. Because of the difficulty of this calculation
caused by the weakly bound H2 gréup, absolute values for
the frequencies may not be reliable.  However, the
sepafation between the asymmetric_CHé and CH, peaks and
the symmetric CHa and CHb,peaks may prove more informaf
'tive, This appears to be the case. The five experimental

frequencies 2521, 2601, 2683, 2762, and 2825 cm © can be
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tentatively assigned to the five scaled frequencies 2935,

2995, .3027, 3041, and 3091 e The experimental
separation between the asymmetric CH, and CHp is 63 cm™t
as compared to a theoretical value of 50 cm-l. The

separation between the symmetric CHa and CHb peaks is 80

cm™ 1 for the experimental data and 60 em 1

for theory:
Also note the similarity in the experimental band shapes
between ﬁhe asymmetrichHb and symmetric CHy bands. Both
have clearly resolved shoulders shifted to the red side by

1 with “1/3 the intensity of the main very sharp

25-30 cm
peak. Comparing the band shapes of the asymmetric CHa and
symmmetrié CHa also shows similar envelopes. They also
have shoulders but the red shift is only '? cm-1 and thus
not well separated, and their intensities compared to the
main peak are larger. The primary peaks are broader than
the ones for CHb.

Thus, it seems that based on a comparison of calcu-
lated peak separations and éxberimental separations and on
band éontours,_the aésiénment of the experimental features

1 to the dlassical structure is

between 2500 and 2900 cm_
reasonable. The most troubling aspect of this assignment
is the magnitude of the experimentally observéé redshift
of the C-H stretches which is not predicted by'theory.
The C-H stretches in ethane lié between 2895 ‘and 2985

-1 1

cm ~. A redshift of close to 400 cm — is, at first,iquite

disconcerting. Looking at the situation more carefully,
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the classical structure of CZH; can be approximated. as a

CZH; loosely attaching a Hz' The C-H stretches observed

correspond to vibrations in the CZH; moiety. Much work
has been done on the correlation between C-H stretch
frequencies, bond lengths, and bond dissociation ener-

gies.48

Caution must be employed when using bond energies
to predict vibrational frequencies.due to the possibility
of a significant stabilization energy from the radical
formed. This leads to a smaller disscciation enérgy than
the frequency alone would seem tc indicate. In this
particular case, the stabilization energy does not seem to

interfere. Instead, the primary complication comes from.
the interaction of the C-H bonds to give antisymmetric and
symmetric stretching modes. The work quantitating a
linear relationship between C-H frequencies and dissocia- °
tion energies uses "isolated" frequencies which are found
by deuterating all hydrogens except the one under study.
Nonetheless, it is still expected that an estimate for the
dissociation energy will serve as a guide for a reasonable
first approximation to the stretch frequency. Usiné
values from Table I for the 'cifference between the
classical and bridged C2H; forms, a C-H bond energy in the

classical structure of CZH; is calculated to be 82-86

kcal/_mole.49

This is significantly weaker than that in
ethane (97.4 kcal/mole) or methane (103.4 kcal/mole).

Therefore, a significant redshift in the C-H stretch
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frequencies in the classical CZH; structure from those in

ethane and methane is expected. From an equation given in

Ref. 48, a C-H bond energy of 84 kcal/mole is predicted to

correspond to a stretch frequency of 2770 cm-l. This is

between the two observed absorptions that have been

assigned to antisymmetric CHa and CHy, modes.

' B. 3400-4200 cm !

1

The six features above 3400 cm - will now be dis-

cussed. The peaks at 3667, 3726, 3762, 3845, and 3917
cm-1 show no backing préssure dependence whereas the one
at 3964 cm-1 disappeared at higher pressures. The CO2
laser was not necessary for any of these features. Again,
impurities, combination bands, hot bands, and the presence
of two structures will be discussed.

Based on similar arguments to those givgn above,
impurities are ruled out as the mechanism to explain the
contrasting pressure behavior.

Combination bands are a real possibility to explain
the five features that show no pressure dependence. Based
on the reasoning above, these bands should arise from the

+

bridged structure of C2H7, which has no predicted funda-

mentals above 3400 cm°1. Therefore the observed peaks

must come from combination bands or overtones. The lack
of co, laser dependence can be explained by realizing that
the absorption frequencies (3667 to 3917 cm—l)'correspond
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to energies (10.5-11.2 kcal/mole). very close to the
expected dissociation energy (13 kcal/mole). If the ions
initially contain 2-2.5 kcal/mole internal energy or if
the measured dissociation energy is too high, then the co,,
laser photons would not be necessary. Based on .the
vibrational frequencies calculated by Dupuis, an internal
energy of 2-2.5 kcal/mole oﬁly requires .an average
vibrational temperature of 400-450 K. Even though the
source is cooled with chloro-difluoromethane (Freon-22), a
- vibrational temperature after the discharge slightly above
room temperature is possible. |

1 o hot

Assigning the features between 3400-4200 cm_
bands is not logical because hot bands are redshifted from
fundamentals. |

Finally, the implication of two structures will be
discussed. As argued in the preceeding  section,_ the
pressure dependence of some features implies a kind of
collisional stabiliiation of an internally excited type of
c.H' ion. The fact that the feature at 3964 cm © disap-

277
pears simultaneously with the five features below 2900

cm 1 strongly suggests that they originate from the same

form of CZH;. Therefore, the peak at 3964 cm ' is
assigned to a classical C H! structure. The five features

277
between 3600 and 3950 cm-1 show no pressure dependence,

and thus all originate from the more stable bridged CZH;

structure. The fact that these features do not require
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the co, laser to be present is not an issue here as it was

at the lower frequencies as has been discussed above.

Theory does not predict any fundamentals for either

the classical or bridged structure above 3600 cm-l.41 The

highest frequency in the classical structure should

correspond to the H,-H, stretch vibration of the H, moiety

which is loosely bound to the C unit. The unscaled

+
2fls
frequency for this motion is 3516 cn ! as compared to 3171

cm-1 for CH; at a comparable level ‘of theory.41

higher levels of theory this mode is predicted to lie at

2797 and 2813 cm T for CH;.)“"40

tries of the classical Czﬂ; and CH; are consistent with

the frequency shift. The C-H1 and C-H2 bond distances are
longer in C,H) (1.295 and 1.315 A4l than in cHj
(1.261 A)41, and the Hl-Hz'bond distance is shorter»in
c.HY (0.824 A,%Y 0.833 A3%) than in CH;

A4o). Thus, it's clear that the H-H stretching

(At

The calculated geome-

(0.853 A%l 0.882
,3% 0.869

vibration in Czﬂ; will be significantly to the blue of

that in CH;. Our results indicate that rather than being
.shifted by ohly a few hundred wavenumbers,' the H-H

stretching vibration has actually been shifted close to a

thousand wavenumbers to 3964 cm-l. In our previous work

on the hydrogen cluster ions H; (n =5, 7, 9, 11, 13,

50,51 anda on the hydrated hydronium cluster ions

2)m,52 we were able to detect the H-H
1

stretching vibration in the region from 3900-4120 cm .

15),

. .
H,0 « (H,0) - (H



151

The redshift of the H-H stretching vibration from free H2

(4161 cm-1) waé a gauge -of the binding energy of the H,

moiety to the rest of the ion. - The most strongly bound

cluster ion was H; which requires 76 kcal/mole53 to

dissociate into H; +‘H2._ The redshift of the H2 stretch

was also greatest at 251 cmf; placing the H2 stretch at
3910 cm-l. The‘H; ion was bound by roughly 3 kcal/mo_le53
and showed a redshift of only 181 cn~! putting it at 3980

»cm-l., Since the classical CZH; is estimated to have a
25

binding energy of "4 kcal/mole,” this places it between

.H; and H;. | A first apprdximatioh to the H,
frequency, then,_is between 3910 and 3980 cmf¥. Our peak

1

. moiety
~observed at 3964 cm - fits nicely iﬁtd this range.

This feature was also scanned at higher resolution as
shown in Fig. 12. A P, Q, R bandshape emerges. CZH; is a
near symmetric top with the c-C bénd as top axis. For
such a .molecule,' a transition with a changing dipole
moment parallel to the C-C axis would show a P, Q, R

bandshape, The rotational constant, B, is calculated from

the classical czn; Qeometry to be 0.55Acm_1. In'fact, the
ripples on top of the P and R branches are spaced by 1.1

cm-l, in excellent agreement with the expected 2B separa-

tion. Using assignments based on these facts, a rota-
tional_temperatufe of 20K ié'obtained. _
The five features between 3600 and 3950 cm 1 are

believed to originate from the bridged structure. The six



152
highest" calculated frequencies41 corréspond to C-H
stretches and can be grouped into three quasi-degenerate
pairs. The next highest frequency, Voo corresponds to a

side-to-side motion of the bridging proton with a scaled

frequency of 2074 cm ' and huge intensity of 20

D2/(A2-amu). The first overtone of this should have an

observable intensity and lie close to 4000 cm 1. We

tentatively assign the feature at 3917 cm-1

1

to this first

overtone. The peak observed at 3667 cm ©- has a similar

band contour to the feature at 3917 cm-l. The frequency

corresponding to the motion of the bridging proton away

from the C-C bond is calculated to lie at 1786 cm-l. This

1

leads to preliminary assignment of the 3667 cm ~ band as

the combination band of the motion of the proton side-to-

side and away from the C-C bond (v, + V The two

7 8)'
smaller features at 3726 and 3762 cm-1 are separated by 36

cm-l, close to the separation of the fundamental C-H

stretches observed at 3082 and 3128 em L. The band

contours and relative heights at the three pressures of
these two pairs also matches well. . This leads to an
initial assignment to the -combination band of these c-H

stretches and Vi which 1is calculated to have a very

strong intensity of 10 D2/ (Az-amu). Even a tentative
assignment of the broad feature at 3845 em ! is difficult.

The best guess at this point is a combination band of v, +

y 4 Y The reason for the unusual broadness is

14 17°
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unknown. These preliminary assignments are 1listed in
Table VI. Encouraging is the fact'that the difference
between the experimental frequencies and the theoretical

frequencies with no anharmonic correction is between 193~

257 cm ! for binary combinations and 321 cm ! for the
ternary combination. - Because the bridged structure
calculated for CZH; has C2 symmetry, no combination bands

or overtones can be ruled out ‘on the basis of symmetry.

V.. Conclusion

277
spectrum shows a strong dependence on both the ratio of

The spectfum of C.H' has been presented. The

ethane to hydrogen and on the backing pressure used.
Evidence has been presented in support of our belief that
the different behavior can be attributed to the changing
ratio of classicalv to bridged protonated ethane being
probed spectroscopically. The observed infrared frequen-
cies are compared with predicted frequencies for the

classical and bridged structures.
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TABLE I.
of CyHY, C,HE, and CyHY.
Units are kcal/mole.

Relative energies of the classical (cl) and bridged (br) structures
Heats of formation for C,HY and proton affinities for CyHg.

CoHY CoHE CoHY He PA
Reference cl-br cl-br cl-br - CoHY CoHg
Lathan et al.2 -7 9.8 140.1
Hariharan et al.P -5.7 1l
Chong and Franklin® 218.8+1 127.0+1
Bohme et al.9 136<PA<159
Zurawski et al.®© 7 9
Bischof and Dewarf 15 cl 199.8
br 215
Kohler and Lischka9 MINDO -11
SCF 8.5 cl 138.3
CEPA 6.3 br 143.4
French and Kebarlel br 208.5+2 br 137.4+2
Hiraoka and Kebarle'l 7.8 cl 215 ¢l 131.8
br 207.2 br 139.6
Houle and Beauchampj °3

86T



Mackay et al.k

204.8+1 142.1+1
Weber and McLeanl 1-2
Lischka and KohlerM MINDO 5.3 8.0
CEPA 4.0 7.3

Kohler and Lischkall 3.5-4.0

Raghavachari et al.© 3.0 6.5 6.8

Hirao and YamabeP . 1.30 4.11 4.03 cl 135.6

< br 139.7

Lee and Schaeferd 0.97
o
o
o8]

a. Reference 14.

b. Reference 15.

c. Reference 16.

d. Reference 17.

e. Reference 18.

f. Reference 20.

g. Reference 21.

h. Reference 22.

i. Reference 25.

j. Reference 26.

k. Reference 29.

1. Reference 30 and 31.

m. Reference 36.

n. Reference 32.

o. Reference 33.

p- Reference 34.

qg. Reference 35.
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"TABLE II. Bond lengths and bond angles of the bridged and
. classical forms of protonated ethane as given by Hirao and .
Yamabe (Ref. 34), and Dupuis (Ref. 41). Bond lengths are
given in A, and bond angles are in degrees. H_ and H,_ are
on opposite carbons and H_ is the bridging pfbton iR»the
nonclassical structure. Pn the classical structure, the
two hydrogens in the H, moiety are labeled 1 and 2. The
- other two hydrogens off the same carbon are labeled H, .
Two of the hydrogens on the opposite carbon aire labeled H :
and the third is labeled H,,. ‘

Bridged _ ~ Hirao and Yamébe Dupuis
c-c . - | . 2.209 © 2.099
C-H, \ " 1.239 1.234
c-H_, C-H 1.073-1.079 ©1.073-1.080
Hp to center of C-C 0.561 . 0.649
c—Hpéc | - 126.2° 116.5°
Classical | ” Hirao and Yamabe Dupuié
c-c : 1.525 1.544
C-H_ | ' 1.081 1.080
Cc-H_, 1.082  1.082
Cc-H, | ‘ , 1.086 1.078
C-H,, C-H, | 1.267 1.295, 1.315
H,-H, 0.833 | © 0.824
H,-C-H 38.4° 36.8°

1 2
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TABLE III. §xperimentally observed vibrational fre-

quencies of C,H,. Frequency units are cm ~.

Shows pressure Remains when

Frequency dependence CO2 is blocked

3964.0 Yes Yes

3917 | No Yes

3845 No | Yes

3762  No Yes i

3726 No Yes

3667 v No . Yes

3128 No No

3082 ' No No

2945.4 "~ No No

2825 Yes Yes

2762.2 Yes Yes

2683 Yes Yes

2601 Yes Yes

2521 Yes Yes
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TAB¥E IV.  'Vibrational frequencies and 1nten51t1gs of tge
bridged structure Frequencies are in cm -,
1%tgn51t1es are in D°/(A“.amu). Theoretical frequencies
are from M. Dupuis, ref. 41. Scaled frequencies are in
parentheses. Predicted symmetry is C, . .

Spe- Calc. Observed :
v cies freq Int. freq. ~ Assignment
1 B 3466 0.32 CH_, CH, asym stretch,
(3119) , ouB-of-Bhase
2 A 3466 0.57 3128 a’ CH asym stretch
© (3119) : 1n-phas
3 A 3422 0.35 CH_, asym stretch,
- (3080) - n-phasg
4 B 3420  0.65 3082 CH_, CH asym stretch,
(3078) ou%-of—_hase
5 A 3275  0.08 CH_, sym stretch
(2947) _ 1n-phasg
6 B 3272 0.37 2945.4 CH_, CH, sym stretch,
(2944) : ‘ ouB-of-Bhase
7 B 2305 20.12 Bridging proton side-
: (2074) _ to-side
8 A .1984 0.29 Bridging proton - away
Co (1786) ‘ from C-C bond
14 B 1345  2.13 CHa’ CHb deformation
(1210)
17 B 1003 10.23 CHa, CHb rock

(900)




TAB&E V.
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Vibrational frequencies and intensities of the

C.H classical
iﬁthsities are in D

are from M. Dupuis,

struS

ref.

g- Frequencies are in cm -,

«amu) .

Theoretical frequencies

41. Scaled frequencies are in
parentheses. Predicted symmetry is Cg-

Spe- Calc. Observed

v cies freq Int. freq. Assignment

l Al 3516 0.94 3964.0 Hl-H2 stretch
(3164) '

2 A" 3434 0.31 2825 CHb-CHb asym stretch
(3091)

3 A" 3379 0.04 2762.2 CHa-CHa asym stretch
(3041) ' »

4 A' 3363 0.06 2683 CH_, stretch
(3027)

5 Al 3328 0.14 2601 CHb--CHb sym stretch
(2995) .

6 Al 3261 0.04 2521

(2935)

CHa-—CHa sym §tretch
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TABLE VI. Preliminary assignments of the combination
bands_for the bridged structure of C Ho. Frequencies are
in cm ~. Scaled frequencies from ref> 41 are used with no
anharmonic corrections. Predicted symmetry is C,-

Experimental Preliminary Theoretical :
frequency assignment frequency Species Difference

3917 | 2v, 4148 A 231
3845 . v vy, + V. 4166 B 321
3762 v, + V., - 4019 B 257
3726 Vet Vo 3978 A 252
3667 Vo + V. 3860 B 193
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

" Fig.

Fig.

Fig.

Fig.

la

1b

Acetolysis of both endo- and exo-norbornyl
p-bromobenzenesulfonate yields the exo-norbornyl
acetate. A "nonclassical" ion was proposed as

the intermediate.

Solvolysis of optically active exo-norbornyl
p-bromobenzenesulfonate leads to loss of optical

activity indicating a racemic product.

Schematic of bridged and classical structures

for protonated acetylene, ethylene, and ethane.

Energy diagram based on the thermochemical

studies of Ref. 25 for the bridged and classical
+

forms of C2H7.

Schematic of the experimental apparatus.

The ions are created in a corona discharge ion
source. Typical conditions are described in the

text.

Infrared spectrum of CZH; taken using cylinder
1. The resolution of the IR-WEX is about 1.2
-1 '

cn .



Fig. 7

Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12
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Spectrum of C H; taken using cylinder 2.

2
Spectrum of Czﬁ; from 2500-3300 cm™ 1 taken using
cylinders 3 and 4 at the backing pressures
indicated. The features which disappear with
increasing pressure are due to the classical
structure of Czﬂ;. The bands which are inde-
pendent of pressure are from.the more stable
bridging structure of C H!

: 7°

Spectrum of C H from 3400-4100 cm-1 taken using

277
cylinders 3 and 4 at the backing pressures
indicated. The feature at 3964.0 cm L dis-

appears with increasing pressure and is assigned
to the H-H stretch of the classical_structufé of

+
CZH7.

Higher resolution scan of the band at 2945.4

em™ Y (Av = 0.3 en”Y).

Higher resolution scan of the band at 2762.2

-1
cm .

Higher resolution scan of the band centered at

3964.0 cm Y. P, Q, R branches are emerging with

some partial rotational resolution. The
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vibration excited is the H-H stretch in the

classical structure of CZH;.
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BFC6H4SOZO

exo-norbornyl p-bromobenzenesulfonate

- BFC6H4SOBH
— ~
- - + -~ S~
L. e
AcOH
and
OAc AcO
H H

exo-norbornyl  acetate

Figure 1b XBL 887-2494
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: bridged classical
A |
H-Cei=C |, H—C—C—H
. H |
H |
H< A '/H H\I_+/H
-y TRy
| -H
H, H.H '+ H
—C-*t=C—H H—C—C&H
H H H H

XBL 888-2881

Figure 2



170

1.2

s | )
C2H5- + H2 4 \L
/N

V|

CoHy
classical

Cohty T
bridged

Figure 3 .

30

XBL 887-2558



SOURCE

DECELERATION
FIELD

.

Ll

3

U/

MASS'

FILTER

hy - i

; S —
DETECTOR

TRAP

- Figure 4

L 1]

D A

BENDING
FIELD

XBL 857-3143

TLT



172

GRID

76 u NOZZLE
ELECTRODE SUPPORT

-

— \\ NN NNNN
(/L)

— <= GAS
/, NONCN N NN

SKIMMER

CORONA DISCHARGE TIP

f

GRID

XBL 8711-4636 A

Figure s



173

6252-£88 149X

!

00cE

9 @aInbrg

_wo/Aousnbaly

|

009¢

©INU. : N_.._
l : 000SGS

l 1

000¢€ 008¢
- - T I Y

Ly




174

82G¢-£88 18X

00¢t ‘

L @anbtg

000¢€

_wd/Adusnbayy

008¢

009¢

z |

r~
L

N
o

000l




175

1000 ! { 1 k) L] 1 1 —
t 60 torr -
500 | -
_ ()t 1 —
T ! i
| 8) - 90 torr -
a T o
+ B -
O 500 i ]
I I -
- N
Q - ]
0]
= ) ..+
- 150 torr -
500 |- =
0 T A&J 1 ol
2400 2900 | 3400
frequency/cm |

. XBL 887-2496
Figure 8



176

1000

60 torr

500

| ¥ ) ] ' L] T L] ] I'
1 L L l J

—

0]
© R -
5, - 90 torr .
)
+ B _
O 500 _ ]
I i i
N
& : :
0 t
500 |-
0 I |
3400 3800 4200

frequency/cm’

Figure 9

XBL 887-2495



177

1eG¢-£88 14X

0L6Z

0T @anbtyg

TEO\\G:@:U@U_
0962 0G67  OV6T 0S6Z 0267
_ T _ r T T T O
i {
i T
- -~ 00§
| @INU : NI |
| 000EY ey

] | 1

- 0001




178

9262-/88 19X

08L¢C

IT @anbtyg

_wd/Adusnbaly
0LLT F 09/2 0SLZ oV
T [ T I | T I T 0
- - 008
| @INU : NT_ ]
10006V ey 1
- . + H™O 000l




179

ezt wusmﬂm
F wo/Aousnbaly
066¢ 086¢€ 0L6E 096¢ 0G6¢&

0€49Z-£88 14X

Ov6E

! | ! I ! I ' |

9Cy: Ty
| 1 00061

O




LAWRENCE BERKELEY LABORATORY
TECHNICAL INFORMATION DEPARTMENT
1 CYCLOTRON ROAD
BERKELEY, CALIFORNIA 94720





