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Abstract:
The full analytical potential of particle induced desorption mass spectrometry, fast atom bombardment
mass spectroscopy (FABMS) and the secondary ion mass spectroscopy (SIMS), has not been achieved.

The reason for this is that the relationship between the emitted secondary ions and the chemistry
occurring in solution and the chemistry and structure of the surface complexes is not fully understood.
The purpose of the present investigation is to study the relationship between emitted secondary ions
and well defined surface structures and well defined solution equilibria.

Interactions of acetic acid (CH3COOH) and acetate (CH3COO) with a well defined Ag(110) single
crystal surface have been studied using electron energy loss spectroscopy (EELS), ultra-violet
photoelectron spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS). The secondary ions
detected in SIMS of CH3COOH/Ag(110) and CH3COO/Ag(110) are then related to the observed
interactions determined using EELS, UPS and XPS. It is shown that the (CE3COOH+Ag)"+ secondary
ion is formed by a recombination mechanism and hydrogen bonding is responsible for formation of the
(CH3COOH+H)"+ secondary ion. It is further postulated that the ((CH3COQO)2Ag)"- secondary ion
emitted from CH3COO/Ag(110) is formed by a combination of intact emission of CH3COOAg
followed by recombination with CH3COO"- to produce ((CH3COO)2Ag)"-.

The solution equilibria for the reaction between glycine (NH2CH2COOH) and copper(Il) ions in
glycerol is shown to be essentially analogous to the equilibria established in water. FABMS of glycerol
solutions of NH2CH2COOH/Cu(Il) show that the FAB process induces chemical reactions that include
reduction, dehydration and protonation. It is further shown that FABMS does not quantitatively reflect
the ionic solution equilibria established in NH2CH2COOH/Cu(II) glycerol solutions.



anl.l,

| —

MATRIX AND SUBSTRATE INTERACTIONS AND THEIR

INFLUENCE ON.SECONDARY ION EMISSION

by

Michael J. Connolly

- A thesis submitted in partial fulfillment
of the requirements for the degree

- of
Doctor of Philosophy
in

Chemistry

MONTANA STATE UNIVERSITY
Bozeman, Montana.

May 1985




APPROVAL

of a thesis submitted by

Michael J. Connolly

This thesis has been read by each member of the thesis committee
and has been found to be satisfactory regarding content, English
usage, Tormat, citations, bibliographic style, and consistency, and
is ready for submission to the College of Graduate Studies.

fu. ~ t 11AS"

Date J Chairperson, Graduate Committee

Approved for the Major Department

Date Head, Major Department

Approved for the College of Graduate Studies

Date Graduate Dean



iii

STATEMENT OF PERMISSION TO USE

In presenting this thesis in. partial fulfillment of the
requirements for a doctoral degree at Montana State ﬁniversity, T
agree that the Library shall make it available to borrowers under
rules of the Library. I further agree that copying of this thesis is
allowable only for scholarly purposes, consistent with "fair use" as
prescribed in the U.S. Copyright Law. Requests for extensive copying
or reproduction of this thesis,shoﬁld be referred to University
Microfilms International, 300 North Zeeb Road, Ann Arbor, Michigan
48106, to whom I have granted "the exclusive right to reproduce and
distribute copies of the disse?tation in and from microfilm and the

right to reproduce and distribute by abstract in any format."

Y/ Vrnld,

Pate /9 1785~




iv

I would like to dedicate this to my wife Joan, whose support
of me never faltered and to my mother who will be proud of my
accomplishments.




daleadl,

ACKNOWLEDGEMENT

I would like to thank Dr. Robert Orth for sparking my interest

in this area and Dr. Eric Grimsrud for convincing me to come to

M.S5.U.

I am deeply indebted to the CRISS facility staff for all qf
their helpful suggestions and generéus support of my research. My
special thanks to Tom Jungst for his help and ideas.

'Finally, I would_like to express my grétitude to all those

people with -whom I have shared many memorable experiences as'a

student at M.S.U.




vi

TABLE OF CONTENTS
Page
LIST OF TABLES tevetsecoeovssosossnscoccocnssssoscesssasssssscsscssses VIii
LIST OF FIGURES...................;............................. viii
ABSTRACT........f.............................................f. xii
1. INTRODUCTION............;...................................
Background Material..eeeeeossecesscesascsecossssscansoansans

Purpose of Present Investigation.eeceeesecscsccocsccoanens 11

2. ADSORBATE - SUBSTRATE INTERACTIONS AND THEIR INFLUENCE ON
THE FORMATION OF SECONDARY TONSee¢eccssoccscssssssasescascsaans 13

INEXOQUCLION et eseacoceosssssseossscsasssassassscscccccsssasss 13
Experimental.cieecceesesesccascnceccsocstossssssnsssacses 24
Instrumentationeceessassscecsacesoccacossosconccsnascssone 24
Sample PreparatiON.cccececsesosssssossasccoersosssscacecoans 29

Results and DiscuSSion.eecseessscssscssccesacccsnssososss 34
Calibration of Adsorbate ThicCKneSS.cececcetseccossssesaces 34
Determination of the Interaction Between Acetic Acid
and AG(T110) seesesecsssossosssosescassossssnsossssnsssnss 39
SIMS of CH,COOH/Ag(110) at 90 Keveeeosoosooessoacncnns 50
Formation and Characterization of Acetate on Ag(110).. 56
SIMS of CH3COO/Ag(11O) At 290 Kiveooeossoosnanoocoacsanas 69

3. RELATIONSHIP BETWEEN SOLUTION EQUILIBRIA AND SECONDARY ION
INTENSITIES IN FAST ATOM BOMBARDMENT MASS SPECTROMETRY...... 73

INtYrOAUCEION. s aessecusscssssosesonctssssescscsscossasanssans 73
Experimental..eeceeeescrsessasossossrssnsasrsacssosssssscnancas 77
Fast Atom Bombardment Mass SpectrometrVeceeccecsccesecss 77
X-Ray Photoelectron SpectroSCOpPY.csecsesctscssccccccascs 81
Sample PreparatioNesecesecesceesersecscsscrsccosscscsncnns 82
Ancillary EQUipment..cecccessccscsassssscossossscsasssnse 83
Results and DiSCUSSiONesesssccsssssessssssssnsossssssnsas 83
Determination of Glycerol Solution Chemistry.eceseeeees 83

_ FABMS of NHZCHZCOOH/Cu(II) SOlULiONS:icecsoscesesseseses 90

L. SUMMARY « v v v v vvvnnnnnsnneeseseesssanasssasssessssssssassanesns 103
REFERENCES CITED « « e o o e e seeeosesesssascssosasessssssssaanssanees 106

APPENDIX - DESIGN AND CONSTRUCTION OF A UHV SIM-SPECTROMETER.... 113




Table

Table
Table

Table
Table
Table

Table

Table

Table

Table

Table

10.

11.

- NH

Jol L),

vii

LIST OF TABLES

Page

Frequencies and assignments for multilayer
CH4COOH/AG(110) a8t 90 Keveerveoonvnoonncassonosanaons 43

UPS assignments for CH3COOH/Ag(11O) at 90 Keeevewoono 49
Relative mass peak intensities for CH3COOH/Ag(11O)... 54

Vibrational frequencies for acetate species on
Ag(110) at 210 K and the acetate ion (87).scececaccss 63

Composition of glycerol/water samples after FAB
EXPOSUYC e s easevcsseoscscosossssssssssssssssssossssssncs 85

Pertinent equilibria for NH2CH2COOH and Cu(II) in

HZO.................................................. 86

Calculated equilibrium concentrations (moles/liter) .
of selected species for NH2CH2COOH:Cu(II) ratio of

NH2CH2

Measured pH values and visible absorption data for

2CH2COOH/Cu(II).................................... 89

Comparison of Xmax and € for 8:1 (NHZCH2COOH:Cu(IIH
solutions and pure cis-bis (glycino) Cu(II)
MONONYAT AT C e e cesosoonsesnossssssessasanasssascsnsaseas 90

Comparison of calculated equilibrium concentration
ratios with FABMS ion intensity ratios. Ratio of
NH,CH,COOH:Cu(II) is 4:leciuiuuecnnccneccncasccseesnes 100

H +A FABMS ion intensity as a function of the free
{HA] with and without CU(II)eececoccescacossescaseacs 102

COOH/CU(IT) eceeeaosnsscccsccsccasosssssossssscas 87




FPigure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

10.

viii

LIST OF FIGURES

Page
Regimes of sputtering by elastic collisions. (a)
Direct-~knock-on, (b) linear cascade, (c) spike
(from ref. 1) eeeeeeeoeocossosseonsocecsnscsancsscsosnes 3
Energy transfer to surface species during
sputtering (from ref. 15)cececencsrcencsorecsonsone 5
Schematic diagram of the SIMS experiment........... 7
Schematic diagram of the FABMS experiment....c..... 8
Schematic diagram of the UHV work chamber.. (a)
EELS analysis chamber, (b) LEED analysis chamber,
(c) XPs, UPS, SIMS analysis chamber, (d) XPS, UPS
hemispherical analyzer, (e) SIMS detector, (f)
sample preparation chamber, (g) direct insertion
interlock, (h) hot/cold sample rod, (i) X,Y,Z,0
hot/cold sample manipulator, (3) main chamber pump
SEALION ettt toerssacnsesssosssestosccnvosososscsssssscscs 25

Ag(110) single crystal sample holder....eeececeasecs 30

Attenuation of Ag3d3/p, 5/2 XPS intensity during
deposition of CH3COOH at 90Kiseeecevesoesosnscesones 35

Attenuation of Ag3ds/p XPS intensity during CH3COOH
deposition at 90 K. Exposure expressed in

Langmuirs (107® torx/s). Ag3dg/p intensity

expressed as percentage of Ag3dsg/p intensity for a
clean Ag(110).

SUTTACE e s v eereosonenronssassssssssosssssssassssssse 36

Calculated CH3COOH coverage (monolayers) at 90 K
as a function of exposure (LangmuirsS).sseesessssass 38

Electron energy loss spectra of CH3COOH (5
monolayers) on Ag(110) at 90 K. Beam enexrgy 2.8
eV. Resolution 100 cm™t..ieeeeerncnroresoensnnaanns 40




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

13.

14.

15.

16.

17.

18.

"19.

20.

ix

LIST OF FIGURES--Continued

Electron energy loss spectra of CH3COOH (5
monolayer) on Ag(110) at 90 K. Beam energy 2.8 eV.
Resolution 70 cm™l..ieueeiueiiiniiirninnneanessnons

Ag(110) helium(II) UP-spectra. Curve (a) CH3COOH
(1 monolayer) on Ag(110) at 90 X. Curve (b) clean
Ag(110) single crystal at 90 K. Binding energy
relative to the Fermi level......cociecinrcnnccansn

UP-spectra. Outer curve He(Il) spectra of CH3COOH
on Ag(110) at 90 K. Inner curve He(I) spectra of

gas phase CH3COOH (from ref. 67). Binding energy;
inner scale relative to the vacuum level, outer

.scale relative to the Fermi level.ccceececccnccacnss

Positive ion SIM-spectra of CH3COOH (5 monolayers)
on Ag(110) at 90 K. Ion intensities relative to

Negative ion SIM-spectra of CH3COOH (5 monolayers)

on Ag(110) at 90 K. Ion intensities relative to

(MmH)  esecescssoccssocvoasssossasesossssssesascessnnscons

Intensity of the Op vibration at 650 cm~! as a
function of Oj; exposure (Langmuirs) on Ag(110) at

90 K.

Intensity values relative to Op vibrational

intensity at 3,000 L eXPOSUX€eccecsssscscscacscococsns

Electron energy loss spectra of Ag(110) after
exposure to 3000 L of Oy at 90 K and subsequent
warming to 240 K. Spectra reveals the conversion

of molecular oxygen at 90 X to atomic oxygen at 210

Keeeosesooeoooooisssssensosssssssseessssossncsssnscccscsne

Electron energy loss spectra of CH3COOH (5
monolayers) exposed to atomic oxygen on Ag(110) at

90 K.

Spectra recorded at 90 Keseevoeooroeonaanene

Electron energy loss spectra of CH3COOH (5
monolayers) exposed to atomic -oxygen on Ag(110) at

90 K.

Spectra recorded at 210 Kevesoseoonososeacces

Electron energy loss spectra of CH3COOH (5
monolayers) exposed to atomic oxygen on Ag(110) at

90 K.

Spectra recorded at 290 Kissseeveooooncnenns

Page

41

44

45

51

52

58

59

60

61

64




Li .t

Fiqure 21,

Figure 22.
Figure 23.
Figure 24.

Figure 25.

Figure 26.
Figure 27.

Figure 28.

Figure 29.

X

LIST OF FIGURES--Continued

Bonding configurations of CH4COO on Ag (110). (a)
Top view of Ag(110) single crystal, (b) side view
of Ag(110) single- crystal, (c) CH3COO0/Ag(110)
bridging structure at 290 K, (d) CH3CO0/Ag(110)

'symmetrical bidentate structure at 290 X, (e)

CH3CO0/Ag(110) bridging structure at 210 K....ovnnn

Negative ion SIM-spectra CH3COO/Ag(110) at 290 K.
Ion intensities are relative to (M=H) eeceeeececsss

Mixed glycerol/water solvent composition working

CUL Vs «voevovoonsoosncscsscsosasessssnscnsasascosansa |

Positive ion FABM-spectra of 4:1 molar ratio of
NH7CHpCOOH:Cu(II) in pure glycerol at pH 2.6.......

Collision-induced dissociation B/E scan of m/z 168.
Daughter ions at m/z 93 and 76 show m/z 168
corresponds to (HyA(C3HgO3))Teerereeiornunenennnnnn

Positive ion FABM~spectra of 4:1 molar ratio of
NH5CHpCOOH:Cu(II) in pure glycerol at pH 9.5.......

XP~spectra of the black precipitate formed during
FAB of NH,CH,COOH/Cu(II) glycerol solutions........

Schematic diagram of -the homebuilt SIMS. work
chamber. (a) Rapid insertion, LN, cooled,
electrically isolated sample rod with guide, (b)
differentially pumped o-ring stack, (¢) 6-way cross
prepchamber, (d) teflon lined rod guide with o-
ring, (e) 6-way cross vacuum manifold, (£) 150 1/s
turbomolecular pump, (g) gate valve, (h) SIMS
analysis chamber, (i) differentially pumped ion .
gun, (j) quadrupole mass analyzer with secondary
ion optics, (k) 150 1/s turbomolecular pump, (1)
450 offset adapter flange...eeecsssesscssessssansas

Sample rod differentially pumped o-ring inlet
system. (a) Teflon rod guide, (b) viton o-rings,
(c) securing screw, (d) first stage of differential
pumping, (e) second stage of differential pumping,
(£) UHV FlAGNgEe.ieceeesecscasssssssssenscsssaaconss

Page

66
68
84

91

92
.94

98

114

116




e,

Figure 30.

Figure 31.

Figure 32.

xi

LIST OF FIGURES--Continued

Sample rod. (a) LN inlet, (b) ground and polished
stainless steel tube, (C) LN, reservoir, (d)
ceramic insulator, (e) sample stage, (£f) ceramic
insulator, (g) securing screw, (h) polished OFHC,

(1) ceramic InsulatOre.cceecessscesncocesossasonsens

. Positive ion SIM—spectraxof a phosphor screen.

3KeV Brt ion, T00NA/CHZeeeeeneeseeecanenanananennes

Negative ion SIM-spectra of glycine on Ag. 3Kev
art ion,-6OnA/cm2...............f..................

Page

120

121




Ll i

xii
ABSTRACT

The full analytical potential of particle induced desorption .
mass spectrometry, fast atom bombardment mass spectroscopy (FABMS) and
the secondary ion mass spectroscopy (SIMS), has not been achieved.

The reason for this is that the relationship between the emitted
_secondary ions and the chemistry occurring in solution and the
chemistry and structure of the surface complexes is not fully
understood. The purpose of the present investigation is to study the
relationship between emitted secondary ions and well defined surface
structures and well defined solution equilibria. '

Interactions of acetic acid (CH3COOH) and acetate (CH3CO0) with
a well defined Ag(110) single crystal surface have been studied using
electron energy loss spectroscopy (EELS), ultra-violet photoelectron
spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS). The
secondary ions detected in SIMS of CH3COOH/Ag(110) and CH3COO0/Ag(110)
are then related to the observed interactions determined using EELS, .
UPS and XPS. It is shown that the (CH3COOH+Ag)+ secondary ion is
formed by a recombination mechanism and hydrogen bonding is
responsible for formation of the (CH3COOH+H)* secondary ion. It is
further postulated that the ((CH3CO00)5Ag)~ secondary ion emitted from
CH3COO/Ag(110) is formed by a combination of intact emission of
CH3CO0OAg followed by recombination with CH3CO0™ to produce
( (CH3C00)2Ag) ™.

The solution equilibria for the reaction between glycine
(NH,CHCOOH) and copper(II) ions in glycerol is shown to be
essentially analogous to-the equilibria established in water. FABMS
of glycerol solutions of NHpCHpCOOH/Cu(II) show that the FAB process
induces chemical reactions that include reduction, dehydration and
protonation. It is further shown that FABMS does not quantitatively
reflect the ionic solution equilibria established in
- NH,CH,COOH/Cu(II) glycerol solutions.




CHAPTER 1

INTRODUCTION

Background Material

If a solid or nonvolatile organic liquid is bombarded by ions or
neutral atoms in the kiloelectron-volt (KeV) range, complex procesges
of energy transfer and electronic.interaction occur ;n thé surface
zoné, the top 80-100 R. As a fesult of thése interactions, afomic
and molecular particleé are emitted. This phenomena is called
sputtering (1). Sputtering of positively and negatively charged
atoms and molecules with subsequent analysis of their mass-to-charge
(ﬁ/z) ratio forms the basis of two powerful techniques called
secondary ion mass-spectrometry (SIMS) and fast atom bombardment mass
spectrometry (FABMS). In SIMS the sample is bombarded with a KgV ion
beam and in fABMS the samplé is bombarded with a KeV neutral atom
beam. Applications of these techniques are extremely broad, ranging
from the sequencing of polypeptides to the determination of reaction
intermediates in heterogeneous catalysis (2-92). Extension of these
techniques to more complex problems will becoﬁe possible as the
instrumentation becomes more sophisticated and the relationship
between the emitted ions and the éhemiétry occurring in solution or
between the adsorbate and substrate become better defined (5,8,20).

The.mechaﬁism of parﬁicle emission from a samplg ;urface'under

KeV particle bombardment involves momentum transfer from the primary
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bombarding particle to sample atoms. To date, the best model for
describing this momentum transfer process has been developed by
Sigmund (1). |

Upon impaqt with the sample surface, £he primary particle
transfers its momentum to the sample atoms through screened coulombic
interactions between the respective nuclei. In Sigmund's model these
are strictly binary elasﬁic-coilisions. Because 1t is this sequence
of binary elastic collisions that is responsible for the ejecﬁion of
material-from the surface, it is not important to distinguish the
bombarding particles as being either primary atoms or primary ions
(21, 22). Tﬂis process will produce a “collisién cascade" within the
sample, displacing or recoiling many sample atoms along the
penetration track of the primary particle. The large ﬁumber of
atomie displacements induced by the primary-éarticle are apparent at
the surface within a radius of 20 & at the point of impact. -This
atomic displacement.with resulting bond breaking extends to a depth
roughly equivalent to the range of the primary particle in the
sample, 80-100 R (1,13). The resulting damage is réferred to as
radiation damage. Sputtering occurs.only when the collision cascade
extends to the sample surface.. |

Ejection of material from the surface will then occur by two
principal meéhanisms (1); "direct-knock-on" and "linear cascade"
sputtering. Both of'these regimes are depicted in Figure 1. 1In the
direct-knock-on regime, the bombarding particle transfers energy to
. target atoms which, after undergoing a small number of further

" collisions, are.ejected from the surface. This will occur only if
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Regimes of sputtering by elastic collisions. @ Direct-

Figure 1
knock-on, (b) linear cascade, (c) spike (from ref. I).
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these displaced atoms are energetic enough to overcome surface
binding forces. Iﬁ the other two cases, recoil atoms are energetic
enough to generate secondary and_higher generation recoils, some of
which intersect the surface Qith enoﬁgh kinetic energy to overcome
‘the surface binding forces. The spike regime is a speciai case of
linear cascade sputtering differing in that the spatial density of
moving atoms in the active volume is.greater. Fo? org%nic molecules,
these ejection mechanisms will produce secondary particles which vary
cdnsiderably in kinetic energy, angle of emission and number of
constituent atdﬁs.(12h

When a linear cascade extendg to a distance of 40 g from the
track of the primary particle, the energy of the recoiled atoms is
small.anﬂ sputtered particles are emitted with low kinetic energy
(< 2 ev)., A large organic molecule absorbed on thé surface might be
éjected, intact, by a concerted push from these low energy recoils
(14). At this point, in a linear cascade, the motion:-of the recoil
atoms is random and p;fticles are emitted with a cosine distribution
(1), Direct-knock-on spu£tering produces emitted particles with .
high kinetic energies, 5—106 eV (1), and also induces a lot of
fragmentation of surface species.

The relationship between intact emission, fragmenﬁation and the
energy transfer to a surface molecule is shown scﬂematicaily in
Figure 2. This aiagram describes the average of a large number of
primary impacts. Surface specieg ére ejected.byAthe.fast transfef of
relatively sméll amounts of kinetic energy £o the surfacef Surface

species are ejected intact if the average energy transferred to the




Fragmentation
(MiHx

AAVANNNNNNNNL
solid surface

Figure 2 gppergy transfer to surface species during sputtering (from
ref. 15).
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surface lies between R < r < R. Herer represents the distance from
the surface species ejected to the point of impact of the primary
particle., This diagram is also supported by Monte Carlo calculations
of trajectories of recoiled atoms (12). The extremely short time
period, < 10712 s (1), in which the energy tranéfer occurs seems to be
responsible fér the fact that. there is very'little vibrational
excitation of the emitted molecules. The final charge state of the
emitted species may be neutral, positive or negative. This depends
strongly on its bonding state at the éurface (15,20) and on
electronic interactions with the surface as the species is ejected
(16). |

Experimentally; the generation and detection of ﬁhe emitted
jonic species in a barticle induced desorption ionization (PI)
experiment is split into two related techniques. Tﬁe first uses a
charged primary ion beam, typically an inert gas, and a sample that
is in the form of a solid. The subseqﬁént mass analysis is performed
using a quadrupole mass analyzer with an energy filter (17).. This
technique is shown schematically in Figure 3, and is called secondary
ion mass spectrometry or SIMS. The name is derived from the |
experiﬁental procedure of using é‘primary'ion beam to generate the
sputteréd secondéry ionsg. The second technique uses a neutral -
pfimafy atom beam with a nonvolatile liquid sample with subsequent
mass analysis perférmed with a double focuésing mass.spectrometer.
This techniéqe has been given the name fast atom -bombardment mass
spectrometry or FABMS, derived from using an atom beam as the primary

particle. This technique is shown schematically in Figure 4. It is
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Figure 3. Schematic diagram of the SIMS experiment.
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also possible to use a charged primarf‘ion beam (SIMS), with a liguid
sample and perform the subsequent mass analysis with either a
quadrupole orlmagnetic mass spectrometer. However, with a.magnetic
sector instrument the sample needs té float at the operating
potential of the spectrometer, typically 3-8 KeV. This limits the
choice of ion gun sources, most ion guns are limited to 5 KeV, and
presents the problem of primary ion beam transfer into the source
which islat higﬁ potential.

Bennighoven (15) has found that the transforﬁation
probabilities, i.e. the probability that a surfaée molecule
disappearing from a surface during particle bombardment will result
in the emiésion of a secondary ion, are of the same order of
magnitude, for sputtering the same molecule, for both a glycerol
matrix and a metal surface. It has also been demonstrated that the
same results are obtained when a glycerol matrix is bombarded with
either a.charged or neutral.primary beam (21,23,24). Cook (25) has
doneva comparison stﬁdy of SIMS and FABMS and in it concluded that
SIM spectra will display more fragmentation than £he FABM-spectra,
obviating that there is more eﬁergy deposition in the SIMS
experiment. |

Since Barber (18) introduced thé concept of using a nonvolatile
ligquid samplé matrix in FABMS experiments, the anaiytical
applications of the two matrix techniques have become divided. The
conéept of dissolving or suspending the sample in a liquid matrix
prdlohgs the generation of sputtered ions from a few seconds duration

with no liguid matrix to longer than thirty minutes with liquid
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matrix (18). The liquid matrix technique is capable of producing a
more intense molecular secondary ion beam than the corresponding
solid sample and thereby expands the application §f the technique to
include high reéolution, high mass and tandem sector mass
spectrometers. These advantages coupled with the fact that fast aﬁom
beam sources are inexpensive and easily retrofit onto existing
spectrometers of this type have increased‘the éopularity and hence
analytical application of FABMS.

Analytical applications of FABMS fange from the analysis of
complex mixtures by tandem mass spectrometry techniques to the
determination of ﬁigh molecular weight biomolecules (19).
Applications of SIMS involve studies aimed at understanding the
fundamentals_of ion deso;ption, analysis of submonolayer quantities
of molecular species on solid surfaces and depth profile analysis 6f
layered devices used in the semiconductor industry (6).

The high sensitivity of these techniques allows routine
inﬁestigation of analytes in a liguid matrix or adsorbed on a solid
substrate. The detected ions contain g'wealth of information
concerning the chemistry occurring in solutibﬁ (19) and the structure
and composition of the surface of a solid sample (5). Because ion
formation mechanisms can be influenced by a large number of‘faétors,
often in a complicated way, interpretation of the FABMS or SIMS
spectrum is often difficult (26): "B bettér.understanding of the
relationship of the emitted secondary ions to the chemistry occurring

in solution and to the chemistry and structure of the solid surface
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is needed before the full potential of these technigues can be

realized (11,15).

Purpose of Present Investigation

The purpose of the present investigation is two-fold. The first
is to examine the relationship between the secondary ions observed in
SIMS and the chemistry and structure of adsorbed organic species on a
well defined Ag(110) single crystal surface. The second is to
examine the relationship between the desorbed ions in FABMS and the
chemistry occurring between metal ions and organic ligands in a
glycerol matrix. This thesis is organized into four chaptérs, each
of which is self-contained with its own introduction.

Chapter 2 examines the ejection mechanisms of molecular
adsorbates using CH5COOH and CH3CO0 on Ag(110) as a model systeﬁ.

The interactions of these épecies with Ag(110) aré probed usiné high
resolution electron energy loss spectroscopy (HREELS), x-ray
photoelectron spectroscopy (XPS) and ultra-violet photoelectron
spectroscopy (UPS).' These interactions are then used to relate the
observed secondary ions in SIMS to current existing ion ejection
mechanisms. It is shown that the CH3COOH/Ag(110) in£eraction at 90 K
is very minimal and both the intact emission and recombination models.
of secondary ion emission can be invoked to explain the observed
secondary ions. It is also éhowﬁ thét CH3éOO/Ag(11O) undergoes a
coordination change from 210 K to 290 K. The observed secondary ions
in SIMS cannot definitively distiﬂguish.betgeen these modes of

¢coordination.
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Chapter 3 examines Fﬁe desorbed ions in FABMS to determine if

these ions quantitatively reflect the cheﬁistry occurring in .
solution. The system chosen to investigate this relationship is the
reaction between NH,CH,COOH anq cu®t. First, the solution chemistry
in glycerol is verified to be qualitatively eguivalent to that
occurring in the aqueous system. It is then shown that the observed
ions in FABMS do not reflect all the chemistry occurring in solution
and these results are analyzed in relation to existing ideas on
particle induced desorption of ions from liquid.saméles. jhe results

of this study are summarized in Chapter 4.
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CHAPTER 2

ADSORBATE - SUBSTRATE INTERACTIONS AND THEIR INFLUENCE
ON THE FORMATION OF SECONDARY IONS

Introduction

Secondary ion emission of molecular ions has been well known
since the early investigations of Honig (27), Benninghdven (28) and
‘McHugh (29). For example, secondary ions of the general composition
CMHN+’ were observed in many spectra. These ions disappeared,
however, after removal of several monolayers during the sputtering
process and were generally attributed to contaminants on the surface.
Benninghoven (28) was the first investigator to actually study
molecular ion emission. These early investigations dealt with
melecular ion emission of ions from acetate salts on a copper
substrate.

The original SIMS experiments employed ion beams with ion

6

current densities in the range of 10 amPS/cmz. This corresponds to

a particle flux of 6.2 x 1012 ions em™? sec™t. If Qe assume a
sputtering yield of unity then several monolayers could be removed in
five minutes. This assumes a monolayer has 5 x 1014 molecules/cmz,
which is a reasonable value for small organic adsorbates (30). The
mean escape depth of sputtering partic;es has been analytically

determined by Sigmund (31) and is given by the expression nax = 4.7 x

1015-cm-2, where Ax is the mean escaﬁe depth and n is the number
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density of the target material. Ax for metal targets lies between 5
and 10 B. More rgcently (32) Monte Carlo calculations have shown the
escape depths to be on the order of 10-15 &, Escape depths of this
magnitude give SIMS the potential of being an extremely surface
sensitive technique. However, the investigation of monolayer and
sub~monolayer coverages by SIMS ﬁéé inhibited by the amount of
radiation damage caused during ion'impact. if we assume that each
individual ion impact damageslsurface zone molecules over an afea of
100 32 (1,8,12), then in less than 30 seconds of ion bombardment at
‘10—6 amps/cmz,'1 cm2 of surface zone will be damaged due to ion
impact. The resulting'qhanges in tﬂe surfaée zone due to the energy
transfer process éan be grouped into four categories:

1) Loss of surface atoms out of the emission zone as a
consequence of the emission -of atomic and molecular
species.

2) Implantation of primary'ions and recoil surface atoms.

3) Changes in the lattice structure, both super lattice and
main lattice.

4) Chemical effects such a; bond breaking.
In order to use SIMS as an analytical tool to investigate the
structure and composition of surfaces or to investiéate molecular ion
" emission, the surface zone damage needs to be reduced.

Thislwas rgcognized by Bénninéhoven (33) and in 1970 he
developed the technigue of "static SIMS." The requirement to be
satisfied in.a static SIMS experiment is the lifetime of a monolayer

‘must be Tong in compgrison to the time of ion bombardment.during the

investigation. This can be accomplished by lowering the primary ion
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current density into the 1072 amps/cm2 range. Assuming égain that a

2 and molecular

molecular monolayer contains 5 x 1014 molecules/cm
secondary ions can only be sputtered intact from a previously
unbombarded area on the sample surface (34). For molecular

adsorbates this will be the case until ~ 10% of the surface has
sﬁffered damage (12). Surface damage of 10% for a molecular monolayer

corresponds to damaging 5 x 1 molecules/cmz. At an ion current

density of 10"9 amp/cm2 one could sputter for ~ 2 hours, giving a
particle flux of 5 x 1013 ions/cm2 which corresponds to 10% surface
damage if each impaét fragments only one molecular surface species.
However, if we assume each bombarding particle destroys 100 R2(12L
then each impacting ion would damage 5 molecules. At a primary ion
current density of 10"9 amps/cmz, ~ 50% of a mclecular monolayer
would be destroyed in ~ 2 hours.

Experimentally, the use of low particle flux presents several
problems. At such low primary ion currént densities the number of
secondary ions detected becémes extremely small. This can be offset
by rastering the primary ion beam so that a larger sample area is
bombarded. Low particle flux experiments require more time for data
collection, typical collection times are in the vacinity of 1 hour.
If one is interested in investigating surface reactions of monolayer

to sub monolayer coverages, then vacuum requirements become very

stringent. Assuming a sticking coefficient of unity, a monolayer

6 2 torr.

will form in one second at 107° torr and 1000 seconds at 10

Therefore, in order to perform a static SIMS experiment on monolayer

coverages without interference from residual gases in the vacuum
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éhamber, the pressure must be in the low 10~10 torr range.or lower.
To summarize, a static SIMS experiment is condﬁcted at low ion
current densities to minimize surface damage and ultra high vacuum to
prevent residual gas contamination. Because of the low surface
damage and low detection limits of a given component in a monolayer,
typically between 10 and 0.01 ppm (8), static SIMS is being applied
to a broad range of problems (6).- Of particular importance ié the
static SIMS analysis of ofganic.molecules.

Presently, there is a great deal gf work which has examined the
SI emission of many groups of compounds under man? different
conditions. All of thisvgivés some qualitativé direction when a
compound needs to be analyzed. However, there is no clear evidence
as to the specific nature of the process of fo;ming the secondary
ions, nor is there a clear set of rules to guide.one when a compound
is to be analézed. There are several models (35) which do fit the
obse;vations but none has sufficient experimental evidence to be
accepted over the others. In fact, there is no reason why all the
methods of forming secondary ions or clusters could not be operating
simultaneously. Therefore, there is a definite need to examine the
process of SI emission under carefully controlled conditions and by
different surface techniques. |

Particle induced formation of secondary ions from solids is‘
characterized by thg formation of seéondary ions composed of -
molecular ions, ions attributable to reactions and cluster ions. The
static SIMS spectra‘of frozen benzene (36) displays ions attributable

to molecular ions, fragment ions, clusters and ions-due to reactions.
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Another class of secondary ions are cationized or anionized secondary
jons. Cationized secondary ions are formed by simply placing the
molecule of inﬁerest on a metal.substrate or mixing it'with an alkali
salt (37,38) and then bombarding it with high energy particles. The
cationized secondary ion is simply a secondary ién composed of the
molecular species and a metal ion. Cationized secondary ions hgve
been used effectively to extend the capabilities of secondary ion
emission by enhancing the ability to identify.molecdles. At this
time, there is very little known about the matrix effect, nor is‘
there a systematic way to choose the correct metal to yieid the
desired secondary iomn.

The study of the mechanism for formétion of secondary ions has
generally revolved around-two theofetical pictures, the direct
emission ﬁodel (39-42) and the recombination mod;l (36,43,44). . Both
models require a binary collision cascade in order to ejéct a
secoﬁdary particle. The Aifference in the methods ariseé in how a
clﬁster ion or cationized ion is formed during the_emission process.
Neithér model addresses how an ion is formed. It is worth notiné ’
that iﬁ the studies of the secondary ion emission of metal oxides
that both mechanisms could be observed depending on the properties of
’the sample.

If MX is the ejected cationized pair where M is thé cation and X
is the adsorbed molecule, then in the dire&t emission model co-
emission of strong-bonded nearest ﬁeighbors occurs when enough
momentum is imparted £0-M or X such that:

P(MX): < B, (MX)
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where P(MX) is the momentﬁm-of'MX and B, (MX) is the bond energy of
the MX bond. 1In order to observe the cationized pair, the kinetic
energy must be greater than the surface bonding enerqgy 6f the pair.

In £he recombination model two or more ejected particles
recombine in the selvedge reéion to form the observed cluster
species. The ejected particles need not be nearest neighbors in
order to recombine. If the ejected particles have the appropriate

correlation in time and space they will form a bonding pair if:
2” (Eij + Vij) <0
13

is the relative kinetic energy of the pair and V;. is the

where Ei' 5

3
potential energy between the pair.

The parameters that generally characterize these models are the
angular distribution, energy disfribution and the sputtering yields
of the secondary ions. The angular distribution is very important
and can be used to find thg orientation of adsorbed species on the
surface (45). The energy distributién does not necessarily
differentiate between the models. Both predicf narrow distributions
and lower average energies for ejected clusters vs. ejected atoms or
molecular species. The spﬁttering yvields, however, can be used to
differentiate between the ﬁodels, as illustrated for the case of
metal oxides (43).

It is apparent that if the cationized secondary ions are fofmed
by recombination, the interaction between the metal substrate and the

molecule on the surface should not have a great influence on whether

or not the cationized pair is observed. What does matter is the
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potential energy interaction betwgen the ejected particles. Iﬁ the
case of the direct emission model, the surface interaction is
important and, in fact; could state that this interaction on the
surface can be described as a precursor interaction (15). If the
recombination model is a proper description of the formation of the
cationized secondary ion, then all that is reduired is to choose the
metal substrate that will yield an ejected metal ion that will.
interact strongly with an ejected organié molecule. It is
interesting to note that the nature of the metal substrate, i.e.
pure, oxidiéed or alloyed, influences the degree of orggnic
fragmentation (46). Also, the charge state of’the emitted organic
secondarf ions is dependent on the metal and the adsorbate coverage
(47). .

One of the requirements for understanding the formation
mechanism for cationized secondary ions and clusters is the need for
-a combination of surface methods utilized in situ. This permifs
characterization of the surface before bombarding with primary ions
and allows the identification of interactions between surfaces and
adsorbed species. With this inﬁormétion it will then be possiﬁle to
correlate the importance of the interaction with the observed
emission of secondary ions. Many combinations of surface methods
reqﬁire a transfer of the sample‘betweén UHV systems. This is not
the case fér the experiments to be carried out in this étudy. For
examplg, it.is possible to use the combined methods of photoelectron
spectroscopy, electron energy loss spectroscopy, low énergy electron

diffraction spectroscopy and SIMS when studying a sample.
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Presently, most organic'samp;es to be analyzed by SIMS are
prepared by depositing the organic molecule of "interest on the
surface of a metél substrate or solution. This of course does not
,.lend itself to easily controlled surface conditions. Consequently,
it is neceséary to deposit the samples under UHV conditions onto well
characterized metal substrates. Studies have been carried out in
which UHV deposited amino acids were examined (47). The surface,
however, was characterized only by correlating surface coverage with
the observed yield in the secondary ion emission spectra. The
surface:coverage was determined in'a separate chamber with a static
Auger spectrometer.

The major objective of the present study is to investigate the
interactions of'an organic adsorbate on a single crystal metal
substrate and to determine whéther or not a correlation exists
between the observed secondary ions and the surface interactions.
Specifically, the interest lies in whether the substrate-adsorbate
interaction prior to particle bombardment is significant or the
bombardment itself causes the observed secondary ions.

The chemical system chosen to investigate the question of
whether or not.substtate—adsorbate.interactions are important in the
formation of secondary ions ié the interaction of acetic acid
(CH3COOH) with a clean and oxygen dosed Ag(110) single crystal
surface. This system was investigated by Madix (48) because it is
thought that acetate species parﬁicipate‘in the oxidation of ethylene
to CO, and H,0 which compete with the partial oxidation of ethylene

to ethylene oxide on silver catalysts. Madix found that CH3COOH has

LlL
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very little intergction with thé Ag(110) surface, determined by
thermal desorption, but that acetate has a much greater interaction
with this same surface <48). For the preseﬁt investigation, these
species present adsorbate-substrate interactions that:vary from very
weak to extremely strong and should provide a good test for the
importance of substrate-adsorbate interactions on the formation of
secondary ions during ion boﬁbaramént. .

The objective is to identify surface structure using combined
surface analysis methods and determ;ne if a‘correlation exists
between the SIMS results and the‘observed surface species. This '

- objective has been achieved for secondary jion emission from small
molecules on Ru (49) and for ethylene on Pt (50) where the comparison
was made with previous surface studies. The adsorbate interaction.
with the substrate will be examined bf electron spectroscopic
techniques to determine if the adsorbate—substratelbonding is stron§
or weak and to determine the orientation of the adsorbate, which
should also help in determining which adsorbate orbitals are
partiéipating in bonding to the substrate;

The two electron spectroscopies that will be employed are
photoelectron spectroscoby and low energy electron energy loss
spectroscopy. In the photgelectron experiment, photons incident on
the surfaée excite electrons within the adsorbate and the subgtrate.
The result of this excitation is the ejection of an electron from’thé

substrate or adsorbate. The kinetic energy, Ek’ of the photoemitted




22

electron is measured and subsequently related to its binding enexgy
by:

Ek=h -Eb—gzﬁ
wherg h 1is the incident photon energy, Ey is the electron binding
energy and g the work function of the spectrometer. Photoelectron
experiments will be conducted using two different photon sources.
The first methdd will employ x—fays and is called x-ray photoelectron
‘spectroscopy (XPS). The inéident energy'of‘these photons is 1250 eV
and the-photoemitted electrons come from core atomic levels. The
second method will employ ultra-violet photons from a helium
discharge lamp and is called ultra—violet photoelectrén spectroscopy
(UPS). The incident energy of these photons is less than 50 eV and
hence the photoemitted electrons come from high lying valence states
or high lying molecular orbitals. UPS yields information regarding
the extent of bonding between the adsérbate and substrate whilé XPS
gives information on bonding within the adsofbate.

In low energy electron energy loss (EELS), the surface is
irradia;ed with a highly monochromatic beam of low energy (< 5 eV)
electrons. These low enérgy.electrons interact with the.oscillating
dipoles of-adso?bed species and inelastically scatter off the
surface. The kinetic energy of the inelastically scattered electrons
is measured and related to the excited vibrational mode of the
adsorbate or substfate by:. |

Ese ; E, - hw

where Ese is the kinetic energy of the scattered electron, Ee is the

kinetic energy of the incident electron and hw is the energy of the
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excited vibrational mode. The natufe of the ihteraction between the
incident electron anq the surface vibration is complex:(51,52) and
will not be covered here. However, it will suffice to mention that
theory distinguishes between three limiting cases: dipole scattering,
negative-ion resonance and impact scattering. The analysis of
surface vibrations comes under dipole scattering and experimentally
the ginetic energy-of the scattered electron beam is meagured in the
specular direction. This technique yields information regarding the
orientation on the surface of the adsorbed species.

The érientation of adsorbed species is determined by comparison
with gas phase vibraﬁional spectra and the application éf group
theory (51). However, in conjunction with thisf it must be |

remembered that:

1) When a molecule adsorbs on a surface, the symmetry of the
) molecule is lowered, relative to the gas phase molecule.

2) There generally are detectable shifts in the frequencies
of certain vibrational modes with the adsorption of the

molecules.
Because the inelastic scattering is caused by electron-dipole
interaction, the selection rule ‘that applies is tﬂat only vibrations
with a perpendicular component to the surface contribute to the
observed séectrum (51,52). On the other'handh due to the lower
symmétry at the surface, aﬂy_vibration that is_not_required‘by
symmetry to_be exactly parallel to tﬁe surface is dipoie active.
Therefore, modes that are Raman active only in free molecules may

become dipole active when adsorbed on the surface. Specific
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consideration of the question of activity has to be given to each

surface species and each orientation with respect to the surface.

Experimental

Instrumentation

The spectroﬁetérs (EEﬁS, LEED, UPS, XPS, SIMS) used in these
studieé are all housed in one custom work chamber; This instrument
is located in the CRISS (Centexr for Research In Sufface Science)
laboraﬁory which is located in the Physics Department at Montana
Staté University. . Figure 5 shows an overall schematie of the
instrument.

The work chamber is an ultra-high vacuum (< 1072 torr) chamber.
It is pumped by two 360 1/s turbomolecular pumps, an ion pump and a
cooled titanium sublimation pump. Typical base pressure

liquid N,

for this instrument, after a 24 hour bake~out at 150°C, is 1 x 10-10

torr or less.

As shown in Figqure 5 there are two sample introduction systems.
There is a rapid insertion hot/cold rod, h in Figure 5. Experiments
that involved using XPS, UPS and SIMS can be performed using this
sample introduction system. However, ifupressures < 10—9 torr are
needed, then this rod cannot be used. The X, Y, Z, © hot/cold sample
manipﬁlator, i in Figure 5, is capable of' traversing the.whole work'.
chamber and thus allows all spectroscopies to’be performed on the
same gample. This is an all metal introduction systel ané is capable

of maintaining pressures of < 10”2 torr during samplé alignment. The




Figure 5.

ror! 7/

Schematic diagram of the UIIV work chamber. (@ EELS
analysis chamber, () LEED analysis chamber, (c) XPS, UPS,
SIMS analysis chamber, (d) XPS, UPS hemispherical
analyzer, (e) SIMS detector, () sample preparation
chamber, (g) direct insertion interlock, () hot/cold
sample rod, () X,Y,Z,e hot/cold sample manipulator, ()
main chamber pump station.
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Ag(110) crystal used in the following experiments was’mounted on this
manipulator so that éil spectroscopies could be performed on the same
sample., This manipulator also allows the desired temperature range
of 90 K to 900 K, along with electrical isolation, to be attained.

The HREEL spectrometer, Leybold-Heraeus model 22, consist; of a
low energy electron gun and double pass.127° capacitor monochromator
and analyzer, coupled fo a pulse counting detection system. A
maximum in the’reflectivity, for a highly gpecular Ag(110) sample,
was found at a primary electron energy of 2.85 eV. All electron
enerqgy loss experiments:ﬁere run at 2.85 eV primary energy and 4 nA
primary electron current. All spectra‘were recorded in the‘specular
direction, dipole scattering regime. Experiments that inyolved
-collecting data at 90‘K were time consuming because before data could
be collected, the whole sampie manipulator had to reach thermal
equilibrium. If thermal equilibrium was not achieved then the sample
would continuously move and hence the sca£tering angie was
continuously éhanging. Therefore, to achieve high resolution, < 80
cm—1, the sample had to thermally gquilibrate for at least 5 hours
before data collection could begin.

Resolution in experiments that involved éollecting data as the
sample warmed up from 90 K was limited by thermal motion of the
- sample and the rate of warming. Spectra obtained as a function of
temperature were collected as fast as possible, usually.in less than
15 minutes.. Sometimes the sample would move far enough that the

analyzer would not detect any scattered electrons. If this happened
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the sample manipulator generally had‘to be moved sevéral millimeters
in the up (X) direction.

The SIMS spectrometer, a modified Leybold-Heraeus SS B/10,
consists of the secondary ion optics lens stack and a quadrupoie mass
filter with a mass range of 2-500 AMU. Energy prefiltering of the
secondary ions is achieved with the éecondary‘ion optics. This type
of prefiltering system does not allow you to‘generate_ion inténsity
vs. ion energy curves, for a given m/z value, which are necessary if
one is interested in the dynamics of secondary ion emiss;on. This
type of energy filtering also makes it difficult to analyze for
negative ion clusters because their energy distribution curves are
extremely narrow and peag at very low energies (26).

Two approaches were used to detect negative ion cluste;s with
this spectrometer. The firét involved relaxing the resolution so
that more ions could traverse the guadrupole field and reach the
aetector. The second method involved floating the sample to -15
volts so as to give the secondary ions more energy. The best results
were obtained by relaxing the resolution.

Measurement of the primary ion current density was possible
because the sample was electrically isolated. Theée measurements
were necessary to insure that the experiments were carried out undér
static SIMS conditions, primary ion current‘<y50 nA/cm2 (8). The
ion gqun wés operated at 4 KeV to assure the sputtering yield was at a
méximum,(53,54L Argon was used as the sputﬁer gas in all
experiments. In attempts to increase the clus£er ion yield, xénon

was used for éome experiments, but at 90 K the‘Xe,gas began to
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condense on the Ag(110) sample. The 4 KeV ion beam was incident on
the sample surface at a 50° polar angle with respect to the surface
normal. The collection angle for the emitted secondary ions was 60°
with respect to the surface normal. The primary ion current density
was 3 x 1072 amps/cm2 with the ion beam rastered over an area of 8 x
8 mm on the sample sufface.

The XPS gpectrometgr, Leybold-Heraeus EA11, has a spherical
capiciéor,type energy dispersive analyzér with’an input lens column
for variable refardation. All data,wéé collected in the constant E
mode. This mode of scanning is achieved by applying 5 fixed voltage
onto the éphericél analyzer and Varying the retardation voltage. All
data was collected usiné‘Mg‘Kczx—rays (1253.6 eV) and plotted with an
X~-Y recorder.

The UPS spectrometer uses the-Leybold—Heraeus EA11 analyzer.
fhe photon source is a home built (55) differentially pumped helium
discharge lamp. This lamp is capable of emitting bdth the He(I) and
He(II) lines at 21.22 and 40.8 eV respectively. Enhancement of the
He(II) line is accomplished by adjusting the He flow into the
discharge tube. To allow difference spectra to be calculated, all
ﬁPS data was collected using a Tektronix 4052. Typical operating
parameters for data collection were 0.5 second dwell time %ith an
energy inperval of 0.05_eV and a totél eneréy scan from 0-~50 eV.

‘The LEED spectrometer is_a display type system. Thé primary

electron energy was usually in the rangé of 10-130 eV.
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Sample Preparation

The Ag(110) sample-was purchased from Monocrystals Company,
Cleveland, Ohio. The disc, 1/2 OD and 1.8 mm thick as received, was
oriented to within‘-_!-_‘lO of the (11b) plane as determined by back-
reflection Laue photographs and a Greninger net (56).

Temperature requirements of the experiments dictated that the
sample needed to be made thinner. This was accomplished by mounting
fhe crystal in the goniometer such thaf the (110) plane could be flat
ground without é severe loss of orientation. The Ag(110) disc was
coarse ground down to a thigkness‘of 1.2 mﬁ using 800 and 600 grit
paﬁer. The disc was then polished using 400, 200 and 100.grit

.abrasives and Texmet polishing cloths purchased from Buehler, Lake
Bluff, Illinois. At this point back-reflected Laue photographs‘wete
taken and the surface oriehtation wés still withini_1o of the (110)
plane. Examination of the surface under a microscope revealed a very
coarse surface finish. Final polishing stéps were dane using Rayvel
polishing cloths, a synthetic silk material, and polishing
suspensions available from Buehler. Alpha alumina suspensions
starting with 5 mic¢ron then 1 and finally 0.3 micron particle size
were used to remove surfabe roughness. The final polish was done
with 1 micron Cerium Oxide suspension. Cerium Oxide was used last
because it is iess abrasive then fhe alumina particles and hence gave
T a mo;é specular finish. Back-reflected Laue photographs taken after
the fina}_polish~showed the sample to be ériented to well within i_1°

.of the (110) plane.




Figure 6 Ag(110) single crystal sample holder.
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The surface strain introduced by mechanical'polishiﬂg needed to
be removed before the top atomié layers could be ordered. This was
accomplished by chemically etching the Ag(110) disc in a solution of
3% HZOZ:HNO3. The sample néeded to be immersed in this solution for
only a few seconds. Prolonged exposure to tﬁis chemical etch
resulted in a pitted sample.

The sample was now ready to be mounted on the manipulator and
put into the work chamber. A schematic of the saﬁple'holder is-shown
in Figure 6. The sample is mounted, by means of spot welded tabs,

‘ onto a 0.020" thick téntalum'foil which has a 7/16" hole punch in it.
The sample waé mounted direétli over this ?/16" hole. The tantalum
foil was then screwed onto the oxygen free high conductivity (OFHCj
support which is, in turn, secured to the manipulator via an
electrically isolating OFHC copper block. WNext, a 0.007" tungsten
wire was secured, via two tantalum to platinum leads, about 4 mm
below the sample. The tantalum leads were connected to the
manipulator via the'electrically isolating OFHC: copper block. This
type of sample mounting procedure allows the sample to be heated by
electron bombardment from the backside; Heating to 850 K was
achieved by‘floating the tungsten filament to 500 volts and using an
emissién current of 45 mA with the sample‘at ground potential.
Cooling was-achieved by pumping liquid N, into'the reseryoir to which
the OFHC copper connecting block was attached. ‘The lowest
temperature achieved with this method was 90 K measured with a
platinum-platinum 10% rhodium thermocouple attached to the side of

the Ag(110) disc. The Pt/Pt - 10% Rh thermocouple was -calibrated
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against a chromel-alumel thermocouple. The Ag(110) disc was sputter
ion cleaned and annealed using a.different‘work chamber from that
described previously.

The work chamber used for this cleaning and ordering procedure
had'LEED and Auger spectrometers and a sputter ion gun. By using
this work chamber it was possible to determine which chemical etch
formulation worked bést. Using 3%‘H202:HNO3 for a few seconds
followed by many cycles of Ar ion sputter cleaning and annealing at
850 K, both at 6 x 10—9 torr, produced a clean and surface ordered
sample. Sputter ion cleaning was done at a primarj ion current

2 with the. beam rastered over 1 cm2. The

density of 1 x 10_6A/cm
sample was considered clean when the Auger spectrum showed impurity
peaks were less than 0.5%. When the LEED pattern displayed non-
diffuse spots and had good contragt, the Ag(110) surface was
considered to be atomically ordered. Once the sample was ordered it
was left in this work chamber, at 1 x 1072 torr, until the Leybold-
Heraeus instrument was available.

The sample was traﬂsferred to the Leybold-ngaeus instrumen£ by
simply unscrewing the tantélum foil from the copper support and
reattaching it to the copper support on the Leybold~Heraeus
manipulator. It was only necessary to go through a few sputter ion
cleaning and annealing to 850 K cycles to attain a clean and ordered

surface. Surface cleanliness was determined using XPS and was

considered clean when impurity peaks were less than 0.2% of the

Ag3d5/2 Signal .




33

Glacial CH,COOH was purchased from J.T. Baker, Phillipéburg, NJ,

3
as “Baker Instra~Analyzed." Approximately 2 ﬁls of CH,COOH was put
into a glass tube and mounted onto a UHV leak valve. The CH,COCH was
then put through several freeze-pump-thaw cycles to degas it.
Deposition of the CH,COOH onto‘the'Ag(110) disc, at 90 X, ‘was
initially aone using a gaé ddser.. The doser nossle was ldcated‘
approximately 3/é" away from the workiﬁgAsurface of the Ag(110) disc.
However, the Cﬁ3COOH would .condense on the.leak valve seat and'woulé
continue to deposit onto the crystal face after closing the valve.
This madg it very diféicult to‘make controlled de;positiéns of the
acid and was-abéndoned.afte¥‘several attempts. The method finally
used for depositing CH3COOH involved leaking in the acid, Qia the
same leak valve, to a pressure two orders of magnitude above-basé
pressure, aﬁproximately 10”8 torr. This was done while monitoring
the XPS signal due to Ag3d5/2. Deposition‘of 0, was done in a
similar manner except the growth of the adsorbed layer was monitored
using EELS and observing the O2 vibra?ional iﬁtensity a# 650 cm_1.
In addition, an ul;ra—high vacuum (~1 x 10_? torr) custom work
chamber was designed and constructed. This chamber was constructed
to allow us to perform SIMS expefiments in our own laboratory. The

chamber was designed to accept different types of mass analyzers.

The details of this apparatus are given in the Appendix.
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Results and Discussion

Calibration of Adsorbate Thickness

Before attempting té characterize the structure of the adlayer,
the Ag(110) surface needed to be clean and ordered. XPS showed the
Ag(1ﬁ0) surf%ce to be contaminated with é, O, S and Cl. The S and Cl
were easily removed during the first Ar® ion spﬁtter cleaning cyéle.
The carbon and oxygen were more difficult Fo remove, taking several
cycles of sputter ion cleaning followed by annealing at 850 K. XPS
showed the Ag(1105 surface to be clean afte% a few cycles. SIMS,
however, showed the surface was still contaminated with O, Na,.cl, K
and small chain h;drocarbons. The Ag(110) was then subjected to more
cycles of ar’ ion sputter cleaning followed by anﬁeali?g to 850 K.
These extra cycles of‘cleéning showed no great effect on the SIMS

spectra. At this point, it was decided to obtain EEL-spectra of the

'Ag(110) surface. EELS showed a very small peak corresponding to CH,

intensity < 0.05% of the elastic peak. The LEED pattern displayed
good contrast and the spots were relatively non-diffuse. It was
decided at‘this point to proceed with the experiment despite the fact
that SIMS still sho&ed Cc, O, Né, K and Cl were still present. This-

decision was based on the fact that SIMS is a more sensitive

technique than XPS (57) with detection sensitivities approaching 10~7

of a monolayer or 1 ppb atomic (58).
Because the following eéxperiments required controlled deposition
of known amounts, in monolayers, of CH3COOH at 90 K, it was necessary

to devise a method to monitor the thickness of the adsorbed CH3COOH
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Attenuation of Ag3d2/2,5/2 XPS intensity during
deposition of CH3COOH at 90K.
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Figure 8 . Attenuation of AgSd™"”~ XPS intensity during CH3COOH
deposition at 90 K. Exposure expressed in Langmuirs (0

torr/s). Ag3d5/ 2 intensity expressed as percentage of
Ag3ds/2 intensity for a clean Ag(110) surface.



37

layer. It has been shown (59) that the attenuation of the intensity
of photoemitted electrons can be related to the thickness of the
adsorbed layer by using:

| I= Io.exp(—d/l_cos 8) (1)
wﬁere I is the observed photoelectron intensity with adsorbate, I is
the observed‘photoelectrﬁn intensity for '‘a clean substrate, d is the
average adsorbate layer thickness, A is the inelastic electron mean
free path and © is the collection angle of the spectrometer analyzer.
Using XPS one can measure both I and I, for Ag3d5/2 electron for

CH.,COOH on Rg(110).

3
Figure 7 shows that attenuation of the photoemitted Ag3d5/2 and

Ag3d3/2 electrons with increasing covérage bf‘CH3COOH at 90 K. By
using the attenuation of the Ag3d5/2 signal in conjunction with-
Equation 1, we can determiné the adsorbate layer thickness. Figure

8 shows the intensity, relative to a clean Ag(110) surface, of the
Ag3d5/2 signal as a function of exposure, expressed in Langmuirs (L).
One Langmuir is 107° torr-second and is a useful quantity for
expressing exposure because it allows us to deposit CH3COOﬁ
reproducibly gy going to the same number of Langmuirs to achieve a
given coverage. However, before we can use Equation 1 to calculate
the adlayer thickness we need a value foi‘k. ﬁecent meésurements of
for oréan%cs witﬁ_densities which are similar to CH3COOH vary by a
féctor of 2'or more (60, 61) and for 1 KeV electron the vélues are in
the range ~ 20-40 B. Using a vaiue of 30 R for X and with G;O, i.e.
collection anéle normal to the sample surfacé, we can calcuiate'the

adlayer thickness using Equation 1 and the data in Figure 8.
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Figure 9. Calculated CH3COOH coverage (monolayers) at 90 K
as a function of exposure (Langmuirs).
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The results of these calculations are shown in Figure 9. Here
the adlayer thickness is expressed in monolayers. The conversion
from adlayer thickness expressed in Angstroms to an equivalent
coverage expressed in monolayers was achieved using the density of
acetic acid. The density of acetic acid i; 1.4092 g/cm3 and the
molecular weight is 60.05 g/mole (62). Using these two quantitiés we
get 1.4 x 1022 moiecules/cm3 which is equivalent to 4.1 x'10'"8
cm/molecule. This gives the thickness of one monolayer to be 4.1 8
and the number of molecules in a monolayer as 5.8 Q 1014
molecules/cm2 which is in good agreement with that reported for
formic acid (30). One Langmuir -exposure is equivalent to‘the
formation of a monolayer if you assume a sticking coefficient of
unity for the adsorbate of interest. This gives another method of
determining the thiékness of a monolayer of acetic acid. If it is
assumed that acetic acid has a sticking coefficient of unity at 90 K
for the first monolayer, then by récording the attenuation of the
Ag3d5/2 signal for a one Langmuir exposﬁre and it should be possible
to determine the adsorbate thickness corresponding to one monolayer.
This experiment gave a value of 4.8 8 for the thickness of one

monolayer, one Langmuir exposure, and is in good agreement with our

previous determination of 4.1 8.

Determination of the Interaction Between Acetic Acid and Ag(110)

Figure 10 shows the EEL-spectrum obtained for 5 monolayers of

CH.,COOH on Ag(110) at 90 K. This spectrum was run at a resolution of

3
~ 100 cm-1, resolution in EELS being defined as the full width half
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Figure 10. Electron energy loss spectra of CH3COOH (G monolayers)
on Ag(llI0) at 90 K. Beam energy 2.8 eV. Resolution 100
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maximum (FWHM) of the elastic peak. The count rate for the elastic
peak was 1 x 105 Hz at a primary electron energy of 2.8 eV.
Considerable intensity was observed in the inelastic scattering and
magnificationé of X30 were sufficient to amplify the inelastic peaks.

To determine if the bands centered at 605 and 1350 cm_1 were

doublets, the instrument was tuned to give a resolution of ~ 70 cm_1.
" Figure 11 shows the EEL-spectra of 5 monolayers of CH3COOH condensed

1

on Ag(110) at 90 K and run at ~ 70 cm ' resolution. The spectra

shows that the band centered at 605 cm_1 has split into a doublet

1 and 605 cm™ 1. Also, the band centered at 1350

centered at 484 cm”
cm"'1 ip Figufe 10 has been.resolved_into a doublet centered at 1290
cm™? and 1410 en™'. The frequencies and assignments are displayed in
Table 1{. The high frequency vibrations include a broad band with
maxima at 2716 cm™' (¥(OH)) and 2950 cm™ | (¥(CH)). The (CH).
stretching frequency agrees very well with that reported for gas
phase acetic‘acid (63), but the (OH) stretching frequency is
considerably lower than in gas phase acetic acid. However, the
lowering of the OH stretching frequency is consistent with weakening
of the OH bond and the lowering of the observed frequency reported
for the infrared study of solid formic acid (64, 65). The band at
1708 em~ ! is assigned to the (C=0) stretching moae of molecular

1 value reported for

CH5COOH but is somewhat lower than the 1799 cm”
gas phase acetic acid détermined usiﬁg IR'spectroscopy (63). The

band at 1410_cm"'1 is assigned to the (CH3) asymmefrical bend and the
band at 1290 cm'"1 assignéd to the (C-0) symmetrical stretch, bo£h of

which are in excellent agreement with gas phase frequencies (63).
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The band at 920 cm™' has been assigned to the (COH) bending mode.. The
gas phase (COH) bending mode was reported at 1192 cm™? (63) but

Mikawa (64) assigned the (COH) bending mode at 950 cm™1 gue to

1

hydrogen bonding._The bands. at 605.cm” ' and 484 cm"1 have been

assigned to the (CO0) bending mode and (CO2) rocking mode,

1

respectively, both of which are somewhat lower, ~ 50 cm~ ', than the

gas phase values (63).

Table 1. Frequencies and assignments for multilayer CH3COOH/Ag(110)

at 90 K.
Vibrational Mode : Description EELS Frequency (cmﬁ1)
v(CH3) CH, asymmetrical s£retch 2950
v {(OH) O-H stretch - ’ 2716
u(c=0) . | C=0 stretch ’ 1708 -
8 (cHj) ' CH, symmetrical bend © 1410
v(C-0) C-0 -stretch ' ) 1290
S (0H) ' COH bend ', 920
3 (0-c=0) | 0CO bend 605
r (0-C=0) CO2 rock 484

The preceding analfsis has shown that for multilayer coverages
gcétic acid is randomly oriented on the Ag(110) surface at 90 K.
EEL-spectra recorded at a- coverage of 3 monolayers aisplayed the same
bands but they were broéde¥ and less intense. This would be expectea
to be the case if the-first monolayer were oriented with the C2 axis

parallel to the Ag(110) surface. This may be the reason for-  Sexton
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Figure 12. Ag(110) helium(ll) UP-spectra. Curve (@ CH3COOH
monolayer) on Ag(110) at 90 K. Curve (@ clean Ag(l110)
single crystal at 90 K. Binding energy relative to the
Fermi level.
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UP-spectra. Outer curve He(ll) spectra of CH3COOH on
Ag(110) at 90 K. Inner curve He(l) spectra of gas phase
CH3COOH (from ref. 67). Binding energy? inner scale
relative to the vacuum level, outer scale relative to the
Fermi level.
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(66) not being able to obtain an EEL-spectra 6f formic acid on
Ag(110) at one monolayer coverage.
Eigure 12a and b show the He(II) UP-spectra for one monolayer'at

CH.,COOH on Ag(110) at 90 K and clean Ag(110) at 90 K. The binding

3
energy4is with_respect to the Fermi level. Attempts were made to
obtain He(I) UP-spectra but no peaks were observed using the He(I)
1ine. ‘Figure 13 shows the He(II) UP-spectra of one ménolayer of

CH,COOH on Ag(110) at 90 K with the gas phase He(I1) UP-spectra (67).

3

.Observed molecular orbital shifts, for adsorbates, can be
divicded into two types: initial state shifts and final state holé—
relaxation shifts (68~72). Initial state sﬂifts are due to orbital
interaction between the adsorbate and substrate, i.e. bond formation,
and the changed chemical environment of the adsorbed species (71).
Final state relaxation shifts ére Aue to elebtroné‘readjusting to the
positive hole potential remaining after photoemission and thus
lowering their energy. Relaxation energies are always positive
(70,71) and the net effect is to reducé the binding energy of the
observed photoelectron. It has‘been experimentally determined that
this change in binding energy, due to relaxation, is coﬁstant for all
ofbifals for a given adéorbate—substrate system (68,73). 'The
comparison of gas phase and condensed phaée binding energies is
cémplicated further by the choice of a reference level fqr the
condensed phase spectra (72). |

The coﬁdensed phase He(II) UP-spectra, Figure 13; has been‘

overlaid with thé gas phase He(I) UP-spectra by aligning the band at

11.3 eV, with respect to the Fermi level (11.3 eV/EF), in the
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condensed phase spectra, with the band at 16.4 eV, with respect to -
the vacuum level (16.4 eV/EV), in the gas phase_UP—spectra.' This
technique has been used for formic acid on copper (74) and other
physisorbed systems (68). Calculations predict that hydrogen bonding
_perturbs only thé no_and T, orbitals, the two highest filled orbitals
in carboxylic acids (67,75); Comparison of the two spectra show that
the n; and 7, orbitals have coalesced into one band at 6.6 eV/EF‘when
céndensed onto Ag(110) at 90 K. This is in gxcellent agreement with
the He(I) UP—spéctra reported for formic acid on copper at 80 K (74).
It has been determined By Sweigart (67) that the no orbital is the
highest occupied orbital and is associated with the carbonyl oxygen
lone pair (p orbital) and the Ty orbital is the next highest occupied
orbital. The Wé orbital is nonbonding and is assoc;atea with p
orbitals on the C, O and OH group. These associations were madelfor
~gas phase UP-spectra by observing vibrational fine structure
associated with each band as substituents attached to carbonyl carbon
were varied (67). It should be noted that if conjugation were not
pfesent, then the T, orbital would correspond to the lone pair p
orbital on the hydroxyi-oxygen (67).
Comparison of the relative eneréy differences between bands, see

Tabie 2, shows that the bands at 9.3 eV/EF and 11.3 eV/EF do not

interact with the Ag(110) surface. To distinguish relaxation shifts

from bonding shifts, the work function can be added onto the binding

energies for the condensed phase UP-spectra and compare the resulting

binding energies (EF + @) to the binding energies (EV) obtained from

the gas phase UP-spectra. This method has been used by Eastman (73)
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to separate relaxation shifts from bonding shifts for hydrocarbons on
nickel. Using a value of 4.7 eV (76) for the work function of
Ag(110), the binding energy values (EF + @) for the second and third
bands in the condensed phase UP-spectra are ~0.3 eV lower than the
corresponding gas phase bands. This positive 0.3 eV difference in
binaing energies is attributed to relaxation and is in accord with
relaxation shifts reported for phys;sorbed organics (68,73).
Comparison of ng and 7, band in the condensed phase UP-spectra with

2

and T, bands in the gas phase UP-spectra shows that the

the n0 5

coalesced (no, ﬂé) band has shifted 0.65 volts to higher binding
energies. This binding energy shift is arrived at.by adding the
relaxation energy (ER) onto the binding energy (EF + @) for the first
band in the condensed phase UP-spectra. This binding energy value is
then compared with the aveéage binding energy'for the ny and 7, bands
in the gas phase UP-spectra, see Table 2. Barteau (48) has
determined the activation energy for thermal desorption of acetic
acid on an Ag(110) surface to be 11 kcal/mole or 0.47 eV/molecule.
Our experimentally determined interaction energy value of ~0.65 eV is
in qualitative agreement with Barteau's (48) thermal desorption data.
Bnalysis of the condensed pha;e UP—spedtra has shown that there
is < 1.0 eV of bonding energy betweén acetic acid molecules and the
Ag(110) surface at 90 K. This is in good agreement with thermal
desorption data (48) on this system. The acetic acid orbitals
pafticipating in bonaing with the Ag(110) surface are those
associated with the njy and 7. molecﬁlax orbitals. This is in-

2

qualitative agfeement with the lack of being able to generate an
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EEL-spectra of a monolayer of formic acid in Ag(110) (66). This
suggests that, for monolayer éoverages, sﬁall carboxylic acids are
physisorbed on Ag(110) with theif'cz axis pafallel to the Ag(110)

surface at 20 K.

Table 2. UPS assignments for CH,COOH/Ag(110) a£ 90 K -

3
He(II)- - .~ He(I) (ref. 12)
Ep(eV) - (EE + @) (eV) - Ey (eV)
6.6 1.3 4 10.8 .
-— R ' 11.1
9.3 14.0 _ 14.3
1.3 16.0 o 16.3

5.0 19.7 ———

XPS shows that the oxyggn (1s) binding enerqgy is 533.6 e& with a
FWHM of 2.9 eV. This is in excellent'agreemgpt with Siegbahn's (77)
. values. A fWHM of 2.9 eV indicates the occurrence of hydrogeﬂ bonding
in the condensed phase. The oxygeﬁ (15{ FWHM of 2.9 eV also
.indicates that there is a charge diffe;ence between the two oxygen
atoms, i.e. the acid is not dissociated and hencg the oxygén atoﬁs
are in chemically different environmen;s. |

In summary, we havé aetermined th;t tﬂere is very little,
interaction énergy; < 1;0.eV, between‘CH3COOH and Ag(110) at 90 K. We
have also determined. that for more than 2 monolayers, CH3COOH is
randomly ofiented_on the surface bﬁt‘at oﬁe monolayer coverage,

CH;COOH molecules may be oriented with their Cy axis parallel'to the

surface.
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SIMS of CH3c00H/A'g(110) at 90 K

1

Pogitive and negative ion static SIMS spectra were obtained for
CH3COOH on clean Ag(110) at 20 K as a function of coverage. Figure
14 shows the positive ion static SIMS spectrum for 4.5 monoléyer
coverage of CH3COOH on Ag(110) at 90 K. Figure 15 shows the static
negative ion SIMS spectra of the same sample. The protonated and
deprotonated cluster ions( (Mn + H)+ and (Mn - H)” where M = CH;COOH,
are indicative of frozen solids.that gontain molecules which exhibit
strong hydrogen bonding (11,78). Hydrogen bonding has been shown in
this study to be very prominent, as demonstrated by its effect on the
UP-spectra and EEL-spectra. ﬁowever, in a previous study of frozen

H,0 (78), it was shown that for clusters of the type Hn(H20)+ with

2

n > 2 formation is via the recombination model. _Unfortunafely( it is
not possible to generate intensity vs. kinetic energy distribution
curves with the SIMS instrument used in these studies. Therefore, it
is not possible'to ascertain what the energy of the iargér clusters
is, however, one would speculate that they are formed via
recombination. It has been shown (78) that the average kinetic
energy of large Hn(H20)+ clusters is afound 2.2 eV. The average
energy of a fypical hydrogen bond is only ~ 0.25 eV (79). Usinél
these values it can be seen that hydrogen bonding would not be strong
enough to hold the cluster fogether dﬁring the spuftering process
(43). |

The most striking feature of the positive ion static SIMS

spectra is the observation of the Ag cationized CH3COOH molecule.
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Figure 14. Positive ion SIM-spectra of CH3COOH (b monolayers) on
Ag(l110) at 90 K. lIon intensities relative to (M+H)+.
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the 109Ag isotope peak

This adduct ion appears at m/z éf 167 and has
at m/z 169. This ion was totally unexpected based on the fact that
there is wvery little interaction between CH3COOH and the Ag(110)
surface. Also, in previous SIMS studies of amino acids (10,47) orA
molecules possessing both amine and carboxylic groups (46), it was
found that decarboxylation is the major fragméntation pathway for Ag
cationized molecular ions. This indicates that the Ag+ ion is |
associated with the amine group and not the carboxylic group.

Table 3 shows the results of positive and negative ion static
SIMS experiments on CH3COOH/Ag(11O)Vas a function of,CH3COOH
coverage. Here, the coverage is expressed in monolayers as
determined by the previously déscribed XPS technique. Observing the
intensity of the AgM+ ion, the Ag cationized molecular ion, it can be
seen that its intensity continues to increase as the CH3COOH coverage
increases. If this ion were directly emitted from the surface as an
intact species, then its intensity should have leveled off between 1
and 2 monolayers (80). However, as can be seen, this is not the
case, indicating that this ion is not ejected intact but rather-forﬁs
via recombination between ejected Ag+ ions aﬁd neutral CH5COOH
‘molecules; Moiecular dynamics calculations (44) have shown that it
is possible to form cationized species via recombination of coejected
atomic and molecular species. BAlso, UPS data from this study ana

thermal desorption data (48) have shown that the interaction energy

between CH3COOH molecules and the Ag(110) surface is less than 1.0
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eV/molecule. Therefore, it is not possible to eject a (Ag +
CH3COOH)+ species, which probably has a kinetic energy of ~ é‘eV
(78). |

Table 3. Relative mass peak intensities(®) for CHBCOOH/Ag(110) at
90 K as a function of CH,COOH coverage.

3
Ion ) m/z Coverage (monolayersf

1 3 4.5
ugt (P) 61 - 1.0 1.0 1.0
M,H" 121 " 0.08 0.12 0.60
MyH" 181  ° 0.002 0.077 0.31
AgM™ 167 . 0.10 0.23 0.83
(M-H)~ 59 1.0 1.0 1.0
(My-H) ™ 119 ' 0.06 . 0.10 0.22
(My-H) ™~ 179 ‘ 0.003 0.015 0.045
(My-2H + Ag)™ 225 0.002 0.004 '. 0.007

aPositive.ions relative to MH+, negative ions relative to (M-H)*.
M = CH,COOH '
Table 3 also shows that the protonated cluster ions increase in °

intensity as the coverage increases from ~ 1 to ~ 5 monolayers of
CH4COOH. ‘These ioﬁs were previouély shown to have been formed via
recombination based on energy arguments. ' Intensity as a function éf
éoverage also poin£s to'the conclusion that these ions are formed via
recombination.

Negativé jon SIMS data, shown in Table 3, shows that the

formation of deprotonated cluster ions is via recombination of
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ejected acetate ions and acetic acid molecules. The ion observed at
m/z 225, which corresponds to a combination of two acetate ions and
one silver ion, is definitely formed via recombination of coejected
species. It should also be noted that theé intensity (counts/sec of
the deprotonated cluster ions was low; hence their relative intensity
appears low relative té the protonated clu;tei ions. The low céunt
rate for deprotonated cluster ions is attributed to energy
discrimination caused by the secondary ion extraction optics of the
secondary ion mass spectrometer. This is the case because it has
been shown that negative ion clusters have extremely narfow and low
energy distribution curvés (26).

The type of clustering reactions reéponsible for the formation
of either protonated or deprotonaﬁed clusters are three body
reactions. Based on the scheme proposed for protonated Hzo clusters
(78), the following is proposed for protopated CH,COOH clusters:

CH,COOH + H(CH,COOH) " + § = H(CHCOOH) .4 + S
where S is the third body; The third body can bé the surface itself,
and is required for the deactivation of the ini£ial;y excited
association products. A single primary ion collision is sufficient
to generate a collection of these particles moving through the
surface zone (selvedge) (44). These particles can be found together,
in the activated region, if they are synchronized in space and time
and they satisfy the relationship:
(EX + V): <0
. wﬂere EX is the ?elative kinetic energy of the particles and V is the

potential_enérgy between each pair of particles (81).
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The ratio.of absolute intensities of the protonated to
déprotonated acetic acid molecules as a function of coverage did not
vary conside;ably going from single monolayer coverage to multilayer
coverages. This can be explained by assuming proton exchange is
" taking place betwéen physisorbed acetic acid molecules during the
sputtering process. Apparently, the Ag(1f0) su¥face has no influence
on the formation of pro£onated and deprotonated acétic acid ions.
Benninghoven (47,82) has observed the s&me relationship for
multilayers_of amino acids where the layers afe physisorbed to one

another.

Formation and Characterization of Acetate on Ag(110)

The reaction between ca;boxylic acids and atomic oxygen adsorbed
on Ag(110) have been studied by Barteaﬁ and co-workers (48,83,84).
They have found that atomic oxygen chemisorbed on the Ag(110) gurface
exhibits the properties of a strong base. The reaction observed
between carboxylic acids and adsorbéd oxygen is a simple acid-base
reaction, with adsorbed oxygen acting as the surface base. For
surface reactions involving deprotonation, the role of adsorbed
oxygen is analégous to that of OH™ for similar reactions in aqueous
solution. The reaction scheme_broposed for the deprotonation of
formic acid (83) by adsorbed atomic oxygeniwas:

2HCOCH + O(a) -> 2HCOOi(a) + Hy0(g)

It is assumed acetic aéidhwould follow a similar mechanism.

It appears that the crucial step in this sequence is converting

molecular oxygen to atomic oxygen. Engelhardt (85) has studied the
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férmation of atomic okygen on Ag(110) and has found that for a 5500
Langmuir 02 exposure at room temperature, a 3 x 1 superstructure of
atomic oxygen is formed. A sticking coefficient of 3 x 10_4 for
molecular oxygen was determined. Sexton (86) has done a vibrational
study éf ;he conversion‘of m;lecularroxygen to atomic oxygen and
found that this conversion occurs around 200 K.

For this present investigation EELS has been used to monitor the
amount of molecular.oxygen'adsorbed on Ag(110) at 99 K. The
subsequent'cqnver;ion to atomic oxygen was also monitored‘qsing EELS.
Figure 16 shows a plot éf the intensity of the O2 vibration at 650
cm—1, defermined by EELS, vs. exposure, in Langmuirs, of O, at 90 K,
It can be seen that the intensity has leveled off at ~ 3000
Langmuirs. The conversion to atomic oxygen is‘shown in Figure 17.
The EEL—spéct;a of molecular oxygen (3000 iangmuirs) at 85 K is shown
along with the corresponding EEL-spectra after warming to 240 K. The
EEL-spectra at 240 K shows a new vibration appearing at 260 cm—1,
which has been assigned to.a (Ag-0) stretching vib?ation (86).
According to Engelhardt (85) a 3 x 1 superst;ucture of atomic éxygen
should have formed, based on‘the 0, exposure. However, no ordered
LEED pattern was observed after conversion to atomic oxygen. This
deposition monitoring scheme was used in éonjunctionlwith the scheme
previously'described for theAmonitdring:of CHjcooﬂ, in'oraer to
produce the desired coverages of surface reactant gpecies negded to
form the acetate.

The EEL-spectra of (CH3COOH + 0)/Ag(110) at 90 K is shown in

Figure 18. The sample was made by exposing the Ag(110) crystal at 90
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Intensity of the 02 vibration at 650 cm"l as a function

of 02 exposure (Langmuirs) on Ag(lI0) at 90 K. Intensity
values relative to 02 vibrational intensity at 3,000 L

exposure.
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Figure 17. Electron energy loss spectra of Ag(110) after exposure to
3000 L of 02 at 90 K and subsequent warming to 240 K.
Spectra reveals the conversion of molecular oxygen at 90 K
to atomic oxygen at 210 K.
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Figure 18. Electron energy loss spectra of CH3COOH (5 monolayers)
exposed to atomic oxygen on Ag(ll0) at 90 K. Spectra
recorded at 90 K.
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recorded at 210 K.
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X to 3006 Langmﬁirs'of 0, followed by warming to 260 K. The sample
was then cooled tc 90 K and ~ 5 monolayers of CH,COOH was @eposited.
The EEL-spectra was then recorded. Examination of this spectra shows
that the acetic acid has not deprotonated and in fact the spectra is
nearly identical to that obtained for‘CH3COOH on a clean Ag(110)
surface (Figure 10).

Figure 19 shows the EEL-spectra for the (CH,COOH + O)/Ag(110)
system at 210 K. This spectra does not resemble the séectra ébtained
at 90 K (Eigure 10), and hence some reaction must have taken place.
The most obvious feature of the spectra at 210 K (Eigure 19) is the
abéence of any gydroxyl group vibrational frequencies. This
indicates that a deprotonation reaction has occu;red.

Comparison of the EEL—-spectra obtainea at 210 K with the IR
spe&tré reported for solid CH5COONa (87) shows that at 210 X we have
formed the acetate species. The frequency assignments are given in
Table 4. The band at 2940 e~ is due to (C-H) stretching vibration.
The bands at 1612 cm™! and 1380 cm™' are attributed to (C00)-
;symmetric and symmetric stretches réspectiveiy. The. band at 987
em™1 is assigned to the (C-C) stretch and the band at 654 e~ to thé
(co0) deformation. The frequencies observed in this study for
acetate on Ag(110) are vefy similar to those reported for acetate on
Qu(100) (895.

XPS results show that the FWHM O(1s) photoelectron peak was 1.6
eV and the binding energy was 531.1 eV. Compéring Fhese values to
those previously measured for acgtic acid on Ag(110)-at 90 K shows

that the binding.energy is lower, by 2.5 eV, and the FWHM has been
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reduced by 1.4 e€V. The narrow O(1s) FWHM is indicative that the two
oxygen atoms are now in chemically equivalent environments and both
are involved in bonding to tﬁe Ag(110) surface. The shift to lower
binding energies is .also consistent with the formation of an acetate

species (74).

Table 4. Vibrational frequencies for acetate SPecies on Ag(110) at
210 K and acetate ion (87).

Vibrational Description EELS Frequency IR Frequency

Mode , (em™ 1) _ (cm™ 1) (87)

vy (CH3) CH, gsymmetric stretch 2940 2936

%:(COO) - (CO00) asymmetric stretch 5612 1578

y; (CO0) (CO0) symmetric stretch 1380 - 1414
v(c-C) (C-C) stretch ' 987 924
$(0co)  (Co0) deformation 654 646 .

Figure 20 shows the EEﬁ—spectra obtained when the samp;e has
been'warmed to room temperature.(290 K). Comparing the EEL-spectra
obtained at 290 K with that obtained at 210‘K shows that the
asymmetric' v (CO0) strgtch is not observed at 290 K. This is
consistent with the observed EEL-spectra of formic acid on Ag(110) at
room temperature (88). Sexton (88) interpreted not observing the
asymmetric ¥ (CO0) stretch as indicating a change in orientation of
the formate species at 290 K. The reasoning behind this
intérpretation dea}slwith the ofientation of the surface dipole. If
the surface dipole is oriented-parallel to the surface éheq it

induces an image dipole of opposite polarity within the substrate.
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exposed to atomic oxygen on Ag(l110) at 90 K. Spectra
recorded at 290 K.



65
This iﬁage dipgle thgn screens the surface dipole so that it does not
interact with the oscillating fiela of:the probing electrén beam.
The net effect is that there is no inelastic scattering of the
probing beam due to this adsorbate vibration.

»Figure 21 a and b ;how top and side views of a Ag(11p) crystal
along with the possible orientations of acetate moleculeg at 290 K
‘21c,d) and at 210 K (21e). At 210'K tﬂe asymmeﬁric~ v(COé)
.vibration is observed in the EEL-spectra andﬂhence'the c, axis,
'assuming C2V symmetry, must be at some angieito the-surface normal,
A possible bonding orientation af 210 K would ke if one écetate
oxygen atom were in the two-fold hollow and thelother were on the
"hill." This situation is dipicted in Figure 21e. This type of
orientation would tilt the acetate molecule towards the surface and
would make the ¥ (COO) vibratién EELS active, assuming dipole
scattering. At 290 K the v (CO0) vibration is not observed in the
EEL-spectra and hence thg Cz‘axis, assuming C2v symmetry; nust bé
parallel to the surface normal. Having:the C2 axis parallel to the
surface normal makes the dipole associated with the ¥ (COO) vibration
parallel té the surface and hence EEL inactive, assuminé dipole
scattering. Figures 21c and 214 show two possible bonding
configurations for adsorbed acetate molecules on Ag(110) which would
put the C, axis parallel to the su?face'normal.l Figure 21c¢ is the -
bridging structure gnd 21d is the Qymmetrical bidentate structure.
Because of the limited resolution, EELS is not able to differentiate

between these two structures.
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Bonding configurations of CH3COO on Ag (110). @
Top view of Ag(110) single crystal, () side view of
Ag(110) single crystal, (©) CHgCOOZAg(110) bridging
structure at 290 K, (d) CHgCOOZAg(110) symmetrical
bidentate structure at 290 K, (e) CHgCOOzAg(110)
bridging structure at 210 K.
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XPS results show that the’ O(1s) FWHM is still 1.6 eV and the
binding energy is 531.1 eV. These are‘the same values obtained for
this system at 210 K. Therefore, the acetate molecule is oriented
such that the two oxygen atoms ére in chemicélly equivalent
environments, i.e. both are involved with bonding to the Ag(110)
surface. This is in agreement with the two postulated orientations
for the acetate molecules.

A He(I) UP-spectra for adsorbed formate on copper has been
reported {74). Previous EELS results -of formic acid on Ag(110) (88)
are analogous to those obtained in this study and the EEL-spectra
reportéd for acetate on Cu(100) (89) is also analégous to that
obtained in this study. Also, the gas phase UP-spectra of acetic
acid and formic acid are véry similar through the four highest energy
molecular orbitals‘(67). Based on these'similarities'it is highly
probable that the UP-spectra of acetate on Ag(110) should be
" analogous to the UP-spectra obtained for formate on cépper.

Comparing thé UpP-spectra of formate on copper with calcuiated.
binding energies (74), Joyner found thét chemisorption had stabilized
the formate ion. After correcting for the referenée levels, Joyner
(74) found that most of the formate orbital energies shifted by about
4 eV to higher binding energies. This shift by 4 eV to higher
binding energies is considerably higher than thg 32.8 kcal/mole or
1.4 ev/molecule activation energy reported for the thermal desorption
of férmate from-the Ag(110) surface (83). = The ?efe?ence level
correctioﬁ method used by Joyner (74) is questionable and méy

actually be responsible for such large binding energy shifts.
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Figure 22. Negative ion SIM-spectra CHgCOO/AgC110) at 290 K. 1lon
intensities are relative to (M-H)-.



69
Regardless, it can be seen that the acetate molecule is chemisorbed

to the Ag{(110) surface with a binding energy in the range of ~2 eV.

SIMS of CH3COO/Ag(110) at 290 K

Figure 22 shows thg negative ion static SIM—spectfa of acetate
on Ag(110) at 290 XK. It has been determined, using XPS, that there
is ~ 0.5 of a monolayer of acetate adsorbed on the Ag(110) surface at
290 K. Intensity values are relative to the CH3COO_ jon intensity.
It can be seen that the major ion in the SIM—spectfa is CH3COO— and
is essentiaily the only ion observed with good intensity. The lack
of any deprotonated cluster ions is evidence that acetic acid has
deprotonated totally to the acetate ion via acid-base xeactioﬁ with
adsorbed atomic oxygen. Positive ion static SIMS showéd no ions
attributable to acetic acid or acetate.

Static SIMS analysis of submonolayer coverages of amino acids on
reactive metal surfaces displays only the deprotonated m?lecular ion
and no protonated molecular ions £82). These authors havg inferred
from these results that amino acids have depronated on the metal
surface and that is why.they do not observe any protonated molecular
ions. These samé authors (82) have made multilayer amino acid
samples on reactive metal subsfrateé, where the amino acid layers are
physisorbed to one anothér.' They found that with heatihq; the
protonated molecular ion disappears before the deprotonated molecular
ion. Based on this data they concluded.that amino acids deprotonate
to form stable deproﬁonated amino acid—métal_complexes which desorb

at higher temperatures than the physisorbed amino acid molecules.

Loledl,
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Results of this present study prove that deprotonated species emit
only deprotonated molecular ions. Also, we have shown that
physisorbed multilayers, hydrogen bonded layers, emit protonated and
deprotonated molecular ions with equal intensity. Lange (82) also
found that multilayer amino acid samples emit protonated and
deprotonated molecular ions with equal intensity. If the surface
acetate is’formed and then the sample is cooled to 90 ﬁ and about 5
monolayers of acetic acid is deposited on top, the same SIMS results,
as a function of temperature, that Laﬁge (82) obtain with mpltilayer
amino acids would be obtained. Therefore, this present study has
proved that you can draw conclusions regarding surface species
produced via acid-base reactions based on static SIMS resglts.

Positive ion SIMS of multilayer phenylalanine on Ag as a
function of témperature showed that Ag containing adduct ions
disappeared at the same temperature as the protonated molecular ion
(47). The results from our present study and the phenylalanine
results (47) indicate that this is due to the parent species
deprotonating on the metal surface. However, these results do not
help in differentiating between the direct emission model and the
recombination model fof the formation of cationized adduct ions. The
cationized species may still be present but are not detected because
their overali.charge is neutral. However, by comparing the'intensity
of the ((CH3COO)2 + Ag)” ion observed for CH3COOH/Ag(11O) vs.
CH3COO/Ag(110) it might be possible to differentiate between direct

emission and recombination.
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Coméaring the relative inteﬁsitiés of'the ((CH3COO)2 + Ag)”, at
m/z 225, in Figure 22 with those listed in Table 3 shows that for
equivalent coverage the CH3COO/Ag(110) system digplaYS greater
intensity. At one monolayer coverage of CH4COOH the relative
intensity of ((CH3COO)2 + Ag)” ion is 0.002. However, for ~ 0.5
monolayer'coverage‘of acetate the ‘relative intensity of ((CH3COO)2 +
Ag)” ion is 0.008. For CH,COOH/Ag(110) at 90 K thié ion is formed
via recombination of coejected CH3COO_ and Ag+.ions. If the
((CH3C06)2 + Ag)~ ion were also formed via recombination oﬁl? for the
CH3COO/Ag(11O) sfstem, tﬁen the relative ion intensity should be
smaller than the CH3COOH/Ag(110) system because the coverage is less.
However) if it is assumed that some acetate-silver complexes are
ejected intaét and these recombine with coejected acetate ions, in
the selvedge, then this would give a larger intgnsity for the
CH3CO00/Ag(110) system. If the binding energy of acétate on Ag(110)
is as high as 4 eV, then it might be possible to impart enough energy
to the Ag atom to eject this compléx intact. If this.sequence of
events occurs then this study has shown that for chemisorbed acetate
on Ag(110) the direct emission of secoﬁdary ions does occur. Also,
if direct emission is occurring then this indicates that the
symmetrical bidentate structure would be the correct.binding
configuration for the acetate-silver complex formed on the Ag(110).
surface at 290 K. An obviouslexperiment to test the above hypotheses
cdncerning direct emission and bondiné configuration would be to
obtain'pbsitive and negative ion static SIMS data on CH3COO/Ag(110)

at 210 K. EELS data shows that the acetate species is in the
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bridging configuration at this temperature. Therefore; comparison of
the relative intensity of ((CH3COO), * Ag)” at 210 K and 290 K should
indicate whether direct emission is occurring and if we can use -
static SIMS datc;_t to deterﬁine the bondihg configuration of acetate on
Ag(110) as has been done for CO on Ru(001), Ni(111) and Pd(111)

(90,91).
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CHAPTER 3

RELATIONSHIP BETWEEN SOLUTION EQUILIBRIA AND SECONDARY ION
INTENSITIES IN FAST ATOM BOMBARDMENT MASS SPECTROMETRY

Introduction

In thé last four years FABMS has become a very successful
technique. It has been used to obtain the molecular weight of'and
st;uctural information on many non-volatile and high molecular weight
materials (2,3,18,92). However, little emphasis has been placed on
the evalugtion of this technique as a tool for studying' the bulk
composition of liquids (93). The relationship between the observed
ions in the FABM-spectra and the near bﬁlk and surface layer
composition is dependent upon how ions ére desorbed from the liquid
surface (96).

On the time scale of a collision cascade ( 10—125), particle
bombardment of a liquid is identical to that of a solid (12). During
this period, the molecules of a typical liquid (with a diffusion
coefficient of 10"'5 qﬁzs_1) are essentially stationary and thermal
vibrations may be ignored (12). One intéresting model proposed to
accoun; for ionization and desorption from liquids requires the

formation of ions in solution followed by desolvation and ion

ejectibn (92). The energy‘for ejection is the vibrational energy

.transferred through the medium due to the collision cascade. Once
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the ions'are formed at the surface, only desolvation remains to be
accomplished. This desolvation process has been described by Vestal
(94) as the evaporation of preformed ions from splash droplets.
Macfarlane (20) describes desorption of ions in a FAB experiment by
invoking the concept of molecular aggregates. Here the aggregate is
the involatile analyte solvated by molecules of the liquid polar
matrix (glycerol). The desorption of the involatile molecule is
describéd as a multiphonon excitation of the bonds holding the
analyte ion to the aggregate (20). The phonons having been generated
during the primary. energy desposition event.

ﬁigher secondary ion yields using liquid matrices have béen
attributed to the lower surface binding energies of liquids (12,92).
In Macfarlane's model (20), higher secondary ion yields are
rétionalized in a similar fashion. Macfarlanelproposes that the
solvated molecular aggregate modifies the strong interactions of
other analyte molecules thereby reducing the analyte to aggregate
binding energy (20). Therefore, the analyte molecuie is more easily
dissociated from the aggregate upoﬁ excitation.

The concept that molecules had to be surface active in order to
be observed in FABMS was first proposed by Barber and co-workers
(18). These authors claimedAthat‘for maximum'sensitivity,'sample
molecules should form a perfect surface monolayer. ’Hdwever, this
does not imply that oﬁly molecules in the top surface layer are
desorbed during FAB. Standing and co-workers (95) have shown that
ions are ejected from as deep as 803 using‘liéuid matrices. In a

study designed to separate effects attributable to sbuttering .
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efficiency from those attributable to real changeé in surface
composition, Ligon and Dorn (96) obtained results similar to Standing
(95). Ligon (96) found that FABM-spectra of surfactants'represented
both the composition of the surface monolayer and the bulk. This
implied that the FABMS technique was sampling more than just the
surface monolayer. From this work Ligon and Dorn concluded that the
observed secondary ion intensity ratio of £wo analyte molécules would
depend on their bulk concentration and their relative surface
activity (96).

Johnstone and co-workers (97) studying the mechanisms of energy
transfer during FAB arrived at a very interesting conclusion
regarding the relationship between solution concentration and mass
spectral peak heidghts. These authors found that regardless of the
energy transfer mechanism, equilibrium or non-eéuilibrium in'nafure,
the observed FABM—spectfal peak heights for desorbea crown
ether/cation complexes were proportional to the concentrations of
these species in solution. However, in this study the crown
ether/cation solutions were deposited onto a glycerol substrate.
These authors did not observe any ions attributable to glycerol.
Therefore, it appears they had a multilayer film of the crown
ether/cation solution on the‘glycerol surface., From this work,
Johnstone and co-workers (97) were able to calculate crown
ether/cation stability constants.

Caprioli (93) has shown that by using FABMS it is possible to
determine the pKa's of weak acids. This author has shown that FAB is

sensitive to subtle ionic changes in the liquid sample and that the
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secondary ions emitted accurately reflect the ionic distributions in
the liquid sample. However, Caprioli's samples were maae in mixed
glycerol/water'solvénts and his data needed to be corrected for the
effect of change in the dielectric constant. This correction was
achieved by plotting the calcula£ed pKa (calculated using the
ﬁenderson—Hasselbach equatién) versus the percent glyéerol in the
mixed glycerol/water solvent systeﬁ. Caprioli then extrapolated from
50% to 0% glycerol and used this extrapolated pKa value as that
obtained from his FABMS data. In addition té the dielectric constant
cﬁrrection, the data was also corrected for ionic strength;
Caprioli's data for glyéylglycine shows that the measured pKa would
vary from ~ 3.0 to ~ 4.2 as the ionic strength changed from 0.4 to
0.2. The pKa value at zero‘ionic strength was then obtained by
extrapolation of this data ﬁo zero ionic strength. However, this
linear éxtrapolation was performed on a curve thé£ was nonlinear in
shape. The combination of these two pKa correction factors together
with obﬁaining FABMS data from samples.with 50% water make the
results almost impossible to believe. However, the final pKa values
determined by this method were within 5% of published pKa- values
(93). |

Johnstone and co-workers (97) have shown that it is possible to
calculate stability constants based on FABMS data. HowéVer, their
data is for crown ether/cation solutiops with glycerol acting as a
solid support material -rather than the actual solvent. Caprioli (90)
has shown that it.is possible to calculate pKa's for weak acids using

mixed glycerol/water solvents. However, there has been no study.




L,

77
reported aimed at determining the bulk glycerol solution chemistry

via FABMS. In the following study we propose to perform such a

" study.

This investigation centers arbund the relationship between
secondary ion intensities observed in FABMS and glycerol ionic
solution chemistry. The system chosen for this stud? is the reaction
" between glycine (NH,CH,COOH) and copper(II) ions. This system is
suitable to study because it has many different ionic species
exiéting in solution. The first step in this study was to
determine if the glycerol solution chemistry was analogous to the
aqueoﬁs solution chemistfy. Since the aqueous chemistry and the
glycerol chemistry were essentially analogous, aqueous equilibrium
constants were used to calculate equilibrium concentrations for
species existiﬁg in glycerol solutions. PFinally, FABMé data was
obtained on these glycerol NH2CH2COOH/Cu(II) solutions and the
secondary ion intensities observed were.compared with the calculated

equilibrium concentrations.

Experimental

Fast Atom Bombardment Mass Spectromeﬁry

FAB mass spectra were obtained with a VG507OEHF mass
spectrometer.' This is a double focussing mass spectrometer of normal
geometry, i.e. electrostatic sector precedes the magnetic sector. A
gas collision cell is located in the first field free region, between
‘the source exit slit and the entrance slit on the elec£rostatic

sector. Thié.configuration allows the electrostatic sector voltage
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to be uncoupled from the accelerating voltage and enables the
electrostatic sector to be scanned simultaneously with the magnetic
sector. This type of energy and momentum scanning has been called
linked scans and allows one to obser?e metasﬁable decompositions and,
when used with the collision cell, to obtgin collisibn—induced
dissociation mass spectra (98-100). The source housing is also
fitted wifh an Ion Tech BFN11 modified saddlefield ion gun.

The primary fast neutral argon beam is generated by résonance
charge exchange between neutral'argon atoms and 8 KV argon ions
formed in the discharge regioné of the Ion Tech saddlefield gun. The
ion gun was operated at a discharge current of 1.2 mA and 8 KeV |
acceleration voltage. The primary atom flux at the sample target is
not known for this instrument but has beén estimated to be between
1012 particles cm_zs:'1 and 1014 particles em™25”1 (96) for the same
gun on a different mass spectrometer. These operating parameters
correspond to a source housing pressure of 2.5 x 1076 mbar, ion gauge
reading not corrected for Ar. Sputtered ions were accelerated to 6
KeV and subsequently analyzed for thei? mass~to~charge ratio.

Data collection and subsequent mass analysis were éerformed
using‘a.VG 2000 data system. This is é Digital fDP/Ba based system
and is equipped with a digital scanner. The digital scanner contains
16 bit A/D and D/A converters along with real -time clocks, a
microprocessor witﬁ PROM's and is used té control the mass
spectrometer and digitization of analogue signal. The data system
was mass-to-charge calibrated using a (1:1:1) molar.mixture of Nai,

" RbI ana CsI. A saturated solution of these halide salts was heated
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énd applied to the FAB probe tip for subsequent FABMS anélfsis. All
data was collected usiné an exponential down scan relation at 25
sec/dec from m/z 700 AMU to 200 AMU under current control. It has
been this investigator's experience that current control yields more
reproducible negative ion mass assignments than does field control.
A possible explanation for this increased precision is that
under field control the Hall probe output ié adjusted, by means of
diode function generators, to give a linear relationship with m‘]/2 in
positive ion mode. The data system .is mass calibrated in the
positive ion mode and then the polarity is switched and negative ions
are detected and subsequently mass anaiyzed using the pésitive ion
mass calibration file. The characteristics of the magnet change when
the polarity is switched and the Hall probe output is no ionger
linear with m1/2. As a consequence of this nonlinearity, the
centroid times of the masses shift and heﬁce the mass assignments are
incorrectt' This problem can.be remedied if the instrument is run
under current control or if field control is desired oné shouid have
" two diode function generator boards to linearize the Hall probe
output for both polarities.

Standérd VG FAB probe tips were used in all experiments. These
tips are fabricated from non-magnetic stainless steel and are
approximately 1x4 mm in size. The amounf of saméle applied to the

'probe tip was not quantitatively controlled, but amounts‘sufficient
to apply a thin'layér on the probe tip were uséd.in all>ex§erimen£s.

Experiments that involved using mixed glycerol water as the solvent
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required special treatment. In these cases care was takeg so that
droplet formation on the bottom of theiprobe tip was minimized.

A recent article by Field (101) has demonstrated that chemical
changes occur in neat.glyceroi after prolonged exposure to 5 KeV
argonAatoms. To minimize these“fast atom induced chemical changes,
all data collection was limited to six minutes or less per sample.
Ekgeptions to this time requirement were allowed when co}lecting
linked scan data or accurate mass data. Because each sample was
introduced via a direct insertion probe inlet system, a method was
devised to allow for more ;eproducible results between samples. Thié
method involved adjusting the intensity of m/z 93, the (M+H)+ ion
. from glycerol, to 5 volts at a detector sensitivity of 107> amps.
The (M+H)+ ioq of glycerol was.chosen because it gave the most
intense signal in the mass raﬁge studied in these experiments. Also,
adjusting the (M+H)T ion of glycerol to 5 volts allowed less intgnse
signals to be récorded at higher detectof sensitivities and
subsequently normalized to_signgls recofded at lower detector
sensitivi£ies. The same procedure was used forinegative ions except
‘m/z 91, (M-H)~ ion from glycerol was adjusted to give 1 volt at a
detector sensitivity of 1075 amps. All norﬁalized mass intensity
values represent the average of three scans per sample.

Accurate mass—to-charge values were determined by peak matching
-at a resolution (M/aAM) of.5000, 10%'valley definition. Glycerol
background peaks were used as referenée masses for accurate mass

determinations. ‘Elemental compositions were calculated using the VG

2000 data system elemental composition program and the accurate




81

mass—to-charge values obtained from peak matching. All B/E linked
scan data was obtained in the analogue mode for both metastable
decompositions and collision-induced dissociations. Helium was used
as the collision gas for collision-induced dissociations. The
pressure of helium used was sufficien£ to reduce_the intensity of the
parent ion intensity by 50%. .

In order to obtain the x-ray photoelectron (XPS) spectra of the
black residue left on the FAB probe tip, the sample had to be made
vacuum compatible with the XPS spectrometer. The reason for this is

4 torr at 20° (102) and

that glycerol has a vapor pressure of 2 x 107
the photoelectron spectrometer is housed in an ultra-high vacuum
chamber (< 10_9 torr). Also, the amount of residue obtained was
small and, coupled with the small size of the FAB probe tip, dictated
that several applications of sample.had to be applied to the probe
tip, without cleaning between applications. Repeated application of
sample resulted in coating most of the probe tip with the black
residue. Vacuum compatibility was achieved by allowing the probe,
with sample residue, té remain in the mass spectrometer for 48 hours.
The base pressure in the source housihg after 48 hours was 5 x 1078

torr. The sample was then considered vacuum compatible with the XPS

spectrometer.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectra were obtained on a Leybold-Heraeus
EA-11 photoelectron spectrometer. This spectrometer has a spherical

capacitor-type energy dispersive analyzer with an input lens column




82‘
for variable retardation. Mg Ky radiation was used to generate the
photoemitted electrons. The FAB probe tip with black residue was
dissected and mounted on the rapid insertion probe and placed into
thé analyzer chamber. The standard CuO was ‘deposited on Mo Foil and
inserted into the.analyzer chambef using the same dirgct insertion

sample system. Spectra were recorded on an X-Y recorder.

Sample Preparation

The CuC12-2H 0, glycine and glycerol were purchased from Baker

2
and were reagent grade. BAll chemicals were used as reéeived,with no
. further processing.

To insure that all samples had the same concentration of
glycine, a stock solution containing 10 mg/ml (0.133 M) glycine in
pure élycerol was prepared. Stock solutions of 10 mg/ml glycine in
varying volume % glycerol:water were also prepared.

Because the viscosity of glycerol is high, 1490 cp at 20°c
(103), samples made in pure glycerol were heated to 75°C, using a
water bath, to facilitate dissolving the added analytes. To ensure
that all samples containing Varying‘mole.ratios of NH2CH2COOH:Cu(II)
contained the same concentration of glycine, the mole ratios were
varied by adjusting the concentration of CuClé-ZHzo to givetthe
desired mole ratios. .All samples were initiallf prepared in 10 ml
volumetric flasks but were transferred té small amber bottles after
cooling to room temperature. Samples were kept a maxiwum of two

weeks after which time new samples were prepared. The hydrogen ion

activity was varied by adding, with a micropipette, either HNO, or
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- NaOH while determining the pH with a glass electrode and pH meter.

For mixed solvent systems, the pH was determined for samples
containing up to 50% glycerol. Cis-bis(glycino)Cu(IIl)-monohydrate

was prepared according to Condrate (104).

Ancillary Equipment

Visible ;bsorption spectra were obtained‘using a Cary Model 14
dual beam spectrophotometer. Spectra were recorded from 450 nm to
850 nm using 10 mm and 2 mm path length Eells. Samples that were
highly adsorbing were diluted with the réspecfive solvent if 10 mm
cells were used. Reference cell solvent always had the sample
composition as the sample solvent.

Hydrogen ion activities were measured using a Sargent-Welch
Model RB pH meter at 25°C. Index of refraction values were
deterﬁined‘using a Bausqh & Lomb Model 33-45-58 refractometer.
Equilibrium concentrations for NHZCHZCOOH/Cu(II) system were .
calculated using the COMiCS (105) program which was run on the

University's Honeywell CP6 computer.

Results and Discussion

Determination of Glycerol Solution Chemistry

In a previous study (93) apparent pKa's of weak acids, in

glycerol/water mixtures, were determined by FABMS. However, because

mixed glycerol/water solutions were employed in this study (93), the

measured pKa's had to be corrected for theAchange in dielectric

constant., Also, with mixed glycerol/water solutions the water
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component is preferentially pumped away because of its higher wvapor
‘pressure.

To investigate the change in composition of mixed glycerol/water
solutions the following experiment was performed. Glycerol/water
solutions with compositions ranging from pure glycerol to 40%
glycerol/60% water were prepared. The index of refraction was
determined for each composition and a working curve of index of
refraction versus composition was generated. This ié shown in Figure
23. Next, each glycerol/water sample was applied to the FAB probe
tip and inserted into the mass spectrométer. Each sample was exposed
to the fast aﬁom beam for 3 minutes and then promptlyAremoved from
the spectrometer.' After removing the sample from the mass
spectrometer, the index 6f refraction was measured.. The composition
of each sample, after FAB, was determined using Figure 23 and the

results are shown in Table 5.

Table 5. Composition of glycerol/water samples after FAB exposure.

Composition Before Exposure Composition After Exposure
(% glycerol) (% Glycerol)
100 100
80 - 91
60 : 92
50 . - 92

40 92

The results of this experiment show that water is preferentially
pumped away on a time scale that is fast comparéd with FABMS data
collection time. Because water is pumped away so fast we cannot

apply Caprioli's (93) correction method for the change in dielectric
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constant for FABMS data collected using the VG 7070 mass
spectrometer. Therefore,'ail of our solutions will be made in pure
glycerol.

| However, it is desired to compare the ratio of the intensities
of ions generated in‘the FAB experiment to the ratio of the |

" concentration of species existiné in the glycerol solutién. The’
_ concentrations of species existing in agqueous solution, for the
NHZCH2COOH/Cu(II) system, can easily be calculated using‘the COMICS

program (105) and the equilibria listed in Tab;e 6.

COOH and Cu(II) in H

Table 6. Pertinent equilibria for NHQCH2 50
.+ - - . _
HN3CH2COO + H20 {==> NH2CH2COO pKa = 9.60 (107)
+ - - - = .9 107
NH;CH,COO + H,0 <=-=> NH,,CH,CO00 pKa 11.95 ( )
Hyo + cu?®  <-->  cu(om’t + ®" pK = -8.00 (106)
Hy0 + cu?? <==>  Ccu(OH), + 2H" pK ='=17.30- (106) "
2+ - + _
HZO + Cu m=> Cu(OH)3 + 3H . pK = -27.80 (106)
H,0 + cu?® <==> cu(oH) 427 + an* pK = -39.60  (106)
24 + _
H,0 + Cu <-=> Cu,(OH), + 2H pK = =10.36 (106)
NH,CH,C00™ + cu?®  «<--> . (cu(wH,cH,coo))t By = 8.23 (107)
2NH,CH,C00™ + cu?" <—-> Cu (HN,CH,CO0) B, = 15.19 " (107)
2CHy 2CHy 2 2 .

The equilibrium constants listed in Table 6 are for species in a
?00% HZO medium. Stability constants for mixed methanol/water and
dioxane/water solvent systems are ~ 0.5 pK units larger than those
listed in Table 6 (107). However, the equilibrium conétants for the

ligand—proton.complexes differ by < 0.2 pK units going from pure
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water to mixed watei/organic systems (107). From this it appears
that the solution chemistry occurring in glycerol may not be
significantly different from that of mixed glycerol/water systems.’

Equilibrium concentrations of the species listed in Table 6 were
calculated as a function of the molar ratio of NH,CH,COOH to Cu(IIl)
and pH using the COMICS program (105). Equilibrium concentrations
for selected spgcies at a NHZCHZCOOH:CU(II) ratio of 4:1 are shown 'in
Table 7.

Table 7. Calculated equilibrium concentrations (moles/liter) of
' selected species for NHZCH2COOH:Cu(II) ratio of 4:1.

pH H,'A HA(102) A~ (105)" cuat(10%) CuA2(103) free
HA(10)
2.6 0.0407 7.23 7.23. 1.77 1.17  1.13
3.2 0.0120 8.47. 3.37 2.25 6.91 0.967
4.3 8.20 x 1074 7.34°  36.80 0.76 25.60 6.742
9.5 2.60 x 1072 3.70 2.94 x 10° 1.2 x 107> 33.30  0.642

- -
A = NH2CH2COO

*free HA = [H,"2] + [HA] + [A]

To determine if the solution chemistry occurring in pure
glycerol paralleled that occurring in pure aqueous solutions, samgles
containing different mole ratios of HNZCHZCOOH:Cu(II) in éure and
mixed glycerol/water.solvents at various hydrogen ion concent¥qtions
were.pfepared; Mﬁle ratios of 8!% 6:1, 4:1, 2:1, and 1:1 of
NH2CH2CQOH:Cu(II):in 100, 50, 25‘énd 0% (V:V) glycerol solventn
mixtures were prepared. Hydrogen ion activities were selected based
on the equilibrium concentrations of species desired for the FABMS

experiments to follow. Equilibrium concentrations were obtained from -
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the COMICS proéram output. Hydrogen ion activities were adjusted by
adding the required amount of HNO5 or NaOH to achieve the desired pH
for a given NH,CH,COOH:Cu(II) ratio.

Initially, the pH was measured on b% glycerol samples while
adding HNO; or NaCH until the'desired pH was attained. Then, the
amount of HNO5 or NaOH added to the 0% g;ycerol samples was added to
the samples made in' varying percenF glycerol samples. pH was
ﬁeasured on samples containing up to 50% glycerol and there were no
sicnificant differences in pH as a function of % glycerol for a given
ﬁH2CHZCOOH:Cu(II) ratio. The pH readings obtained on mixed
glycerol/water solvent samples do not necessarily reflect the frue
hydrogen ion activities in these samples. However, the term "pH"
will be used throughout this chapter as a means of comparing samples
that have the eame amount of acid or base added. In addition,..
visible absorption spectra were obtained for all samples prepared.
There were no significant differences in ebsorption curves thained
going from 0-100% glycerel for the same NHZCHZCOOH:Cu(II) eatio.
This data is shown in Table 8. Also, the visible absorption curves
for mixed glycerol/water samples at a NHZCHZCOOH:Cu(II) ratio of 2:1
as a function of pH were very similar £o those reported for the
aqueous 2:1. NH,CH,COOH:Cu(II) system (108).

The data in Table 8 shows that there has been no appreciable
'shift in equilibrium‘concentrations of the major species preeent for
the NH CHZCOOH/Cu(II) system going from pure water to .pure glycerol.
To further verlfy this flndlng the COMICS program output was |

examined. It was found that at a pH of 10 and a NH2CH2COOH :Cu(II)
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COOH)2 concentration was 0.0167 M, which

was equal to the initial concentration of Cu(II) added. Therefore,

it should be possible to calculate the molar absorption coefficient

(e) for Cu.(NH2CH2COOH)2 for varying % glycerol samples and compare

these to that obtained for pure cis—bis(glyciné)Cu(II) monohydrate.

The results of this experiment are shown in Table 9.

Table 8. Measured pH values and visible absorption data for

NH2CH2COOH/Cu(II)L

NHZCHZCOOH:Cu(II) -pH % Glycerol

Amax (nm)

Intensity at Amax

(OD units)
1:1 4.5 . 0 740 0.69
1:1 4.4 50 740 0.69
1:1 _— 100 740 0.67
2:1 2.6 0 740 0.32
2:1 2.5 50, 740 0.35
2:1 _— - 100 740 0.35
4:1 4.3 0 645 0.26
4:1 4.3 50 640 0.23
4:1 _— 100 645 0.22
8:1 10.0 0 630 0.17
8:1 10.0 . 50 635 0.16
8:1 — 100 630 0.15

The data in Table 9 shows that the complexation reaction between

NHZCH2

COOH and Cu(II) has gone to completion in all solvent mixtures.

Also, the experimentally measured molar extinction coefficients are

in excellent agreement with the values given in the literature for

the cis-bis(glycino)Cu(II) complex (108,109); The data shown in

Table 9 together with the data shown in Table 8 indicate that the

solution chemistry occurring in pure glycerol is not éignificantly

different from that occurring in pure water for the NHZCHchOH/Cu(II)
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chemical system. Therefére, this allows equilibrium concentrations
in glycerol to be calculated using agqueous equilibrium con;tants in
conjunction with the COMICS program. These calculated equilibrium
. concentrations can then be compared with the respective ion
intensities obtained from FABMS data.

Table 9. Comparison of Amax and € for 8:1 (NH,CH,COOH:Cu(II))
solutions and pure cis-bis(glycino)Cu(II) monohydrate.

% glycerol

cis-bis(glycino)Cu(II) -

0 50 100
Amax (nm) 630 630 635 630
Intensity at A max 0.15 . 0.17 0.16 0.15
€ 45 51 48 48

FABMS of NHZCHZCOOH/CU(II) Solutions

Figure 24 shows the positive ion FABM-spectra of a 4:1 mixture

of NH CHZCOOH:Cu(II) at pH 2.6. The glycerocl solvent background

2

peaks have been'subtracted out and the ion intensities are relative
to the ((C3H803)2+H)+ ion at m/z 185. The ((C3H803)2+H)+ ion is the
protonated glycerol dimer which was not completely'removed dqring‘the
spectrum enhancement procedure. The major ions observed in this
spectra are NH,CH,COOH, protonated glycine at m/z 76, the
((HZA.)(C3H803))+ cluster ion at m/z 168 and the ((HZAJ(C3H803)2)+ ion
at m/z 260. The protonated glyciﬁe—glycerol cluster ion at m/z 168
was identified by peak matching. Peak matching gave a mass of ~
168.0854 AMU for the (HZA(C3H803)2)+ ion which is 0.0018 AMU higher

than the exact mass of H2A(C3H803)2. The composition and structure
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Positive ion FABM-spectra of 4:1 nolar ratio of
NH2CH2COOH:Cu(ll1) in pure glycerol at pH 2.6.
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Figure 25.

Collision-induced dissociation B/E scan of m/z 168.

Daughter ions at m/z 93 and 76 show m/z 168 corresponds
to (H2A(C3Hs03))+.
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-of the ion at m/z 168 wa; further verified by B/E coliisién-induced
dissociation mass spectra which is shown in Figure 25.

The B/E linked scan shows daughter ions corresponding to
protonated glycerol at m/z 93 and protoﬁated glycine at m/z 76. This
spectra proves that the étructure of the ion at m/z is
(HA(C4HGO,)+H). The intensity of the daughter.ions_indicates-that
the gas prhase bdscisity of glycerol is not that much different from
that of glycine. Therefore, it is difficult to associate the proton
exclusively with either glycine or glycerol.

The mos; striking feature of the FABM-spectra shown in Figurg 24
is the lack of any ions containing copper. The data shoﬁn in Table 7
indicates that the (CuNH2CH2COO)+ species is present in solution at
50% of the molar concentration of H2+A. Previous studies‘(93,97)
have indicated £hat ions in soiution are quantitatively sampled by
the FAB process. If the FAB process does sample solution ions
quantitatively, then the intensity of the (CuNHZCH2COO)+‘ion should
be approximately one-half the intensity of H2+A5.

Figure 26 shows the positive ion FABM-spectra of & 4:1 mixture
of NHZCHZCOOH:Cu(II) at pH 2.6._ The glycerol solvent background ions
have been subtracted out and the ion intensities are relative to the
(Na(C3H803))+ ion at m/z.115. The two Na—glycerql clusters ions at
‘m/z 115 and m/z 207 are the result of using NaOH to adjust the
hydrogen ion activities; This spectra also shows a cémplete lack of
ions conﬁaining coppér. Table 7 indicates that the equilibrium
concentration of Cu.(NHZCH2COO)2 species is ~. 30% of the H2+A species.

The lack.of observing either (CuNH,CH,CO0)" or Cu(HN,CH,C00),
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Positive ion FABM-spectra of 4:1 molar ratio of
NH2CH2COOH :Cu( 11) in pure glycerol at pll 9.5.
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indicates'that the FAB process is not gquantitatively ox qualitatively
sampling the solution chemistry for the NH2CH2COOH/Cu(II) system.
The only copper species observed in any FABM-spectra were the
)+

(CuC3H803 and (Cu(C3H803)2)+ ions. The (CuC3H803)+ ion was

65Cu isotope peak and by peak matching, which gave

identified by the
a mass of 154.930 AMU. The (Cu(C3H803)2+ ion was identified by the
65Cu isotope peak and by B/E linked scan data. The Cu(II) ion has

been reduced éo Cu(I) in both of these cluster ions. Also,.these

ioné were only observed when theretwas an excess of Cu(II) ions in
solution and the intepsity'of the (Cu(C3H803)2)+ was always greater
)* | |

than.(CuC3H803

" Recently, it has been shown that species in solution need to be
surface active in order to be obserQed in FABMS‘(96,110,111) using a
glycerol matrix. Ligon (96) has shown that species are sampled from
both the surface layer and the near surface bulk layers. However,
the secondary ion yields of subsurface species are'considerably lowexr
than surface species. The éomplete absence of any copper-glycinate
species in the FABM-spectra shows that surface activity is not solely
responsible. Surface activity does not explain the comple£e absence
of these species'in the FABM-spectra. If the FAB process is sampling
poth bulk and surface species as proposea by Ligon (96) then we
should have observed these copper-glycinate ions. AlSo, this does
not account for the fact that free Cu(II) ions have been reduced to
Ccu(I) i;ns‘and are observed in FABM¥§pectra as Cu(I)-élycerol ions.

Cern? and co-workers (112) have shown that FAB of Cu(II)

chelates, in glycerol, produce no Cu(II) chelate ions in the
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FABM~spectra. Their results show that Cu(II) chelates produce +1
cations by formal reduction of CU(II) to Cu(I). These authors have
also shown that for chelates with two Cu(II) ions, both are reduced
to CU(I). Pelzer and co-workers (113)'have shown that oxidation-
reduction processes do occur in glycerol solutions as a result of-the
FAB process. These authors speculate that the reduction proéess
occurs in the ligquid phase énd conqlude that the degree of reduction
depends upon the value of the redox pptential. However, these
authors did not propose a mechanism -to accounf for this reduction
process. It has been shown by Field (101) that radiation damage .
causea by fast atoms produces aldehydes andé ketones in neat glycerol.
Field proposed that hydrogen atoms and free radicals are produced via
a hot atom chemistry and these species were precursors to the
aldehydes and ketoﬁes. It is well known that hydrogen afoms can
reduce Cu(IIi to Cu(l) ions and the rate constants are typicaily near
diffusion rate limited values (114). If hydrogen a;om |
reduction is occurfing in glycerql solutions then this would explain
why the Cu(NHZCHZCOO)n species are not observed.

If (Cu(II) NH2CH2COO)+ is the predominate species, then hydrogen
atom reduction would 'yield a neutral species and woula not be
observed in the FABM-spectra.  Hydrogen atom reduction of the
(Cu(IIHNH2CH2COO)2)-speciés would dissociate the complex into the
neutx.'al (Cu(‘I)NHZCHéCOO) species and NﬁZCHzcoo’. Therefore, no
Cu(Il) species would 5e observed in the FABM—spectra‘if‘ ‘
(Cu(IIHNH2CH2COO)2) were the pfedominant épecies.in solution. If

'hydrogen atom reduction is occurring in solution then it doeés not
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matter if these (Cu(II)NH2CH2COO) spécies are surface acfive, because
they would be reduced to neutral species during the FAB process.

It has been observed that some glycerol solutions developed a
black precipitate during exposure to the fast atom beam; Samples
that turned black had an excess of Cu(II) ions in solution at hicdher
pH values. XPS was used to identify the chemical cbmposition éf the
black precipitate. PFigure 27 shows the XP-spectra of the black
_prgcipitate and the XP-spectra of CuO. 'ihe XP-spectra of.the‘black
‘precipitaté shows that the Cu(II) band is a doublet. The observed
peaks ﬁave been assigned to Cu0 and CuClz. CuCl2 was the original
.source of Cu(II).ions in solution. Therefore, this XP-spectra shows
that the black precipitate formed during FAB of NH2CH2000H/CU(II)
solutions is CuO. How CuO is formed is not known but we can
postulate the following scheme.

It has been estimated that the instantaneous temperature in the
collision céscaée‘region during FAB can be as high as 104 x (115).
Also, the black precipitate forms only with samples that have
an excess of Cu(II) ions at high pH's. Under these solut?on

conditions we probably have Cu(OH)nn—2

species in solution: Also,
it is known that Cu(OI.-I)nn'2 species cén be converted to CuO ﬁy
heating (116). Therefore, it may be possible to form Cu0O from
\Cu('OH)nn.-'2 species during the. FAB process.

>At this point, this study has shqwn thét NHZCHZCOOH/Cu(;I)
glycerol solutions are not quantitatively sampled in FABMS. .This

study and others (101,112) have shown that there is‘'a tremendous

amount of solution chemistry induced by the FAB process. However,
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XP-spectra of the black precipitate formed during FAB of

NH2CH2COOH/Cu(l'1) glycerol solutions.
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the only concern thus far was thelanalysis of Cu(II) species, without
much attention given to the NH2CH2COOH—proton species.

Before analyzing the NH,CH,COOH-proton data, a method is needed
to normalize ion peak intensities.of the H2+A species. A
‘normalization procedure is necessary to remove variations in ion
intensities caused by changes in the total ion current and sample
probe placement and to allow’ peak intensities from éifferent samples
to be compared. Equation 2 shows the method used to eliminate |

variations in peak intensities caused by variations in total ion

current (TIC).

(TIC 10 mg/ml NH CH COCH) (area H2+A peak)

2
(TIC sample) (8,"A 10 mg/ml NH,CH,COOH)

z = X (2)

These normalized values were made relative to the sample that gave

the highest normalized value according to Equation 3.

X
= — (3)

max

Xrelative

All the following H2+A ion intensity data was normalized using

Equations 2 and 3.

If H2+A ion intensities are proportional to [H2+A] in solution,
then it is necessary to compare ratios of jion intensities fo ratios
of eéu;librium'céncentrations.. To aetermine if H2+A ions in solution
are sampled quantitatively, the comparison betwéen intensities and-

equilibrium concentrations needs to be made as a function of the

hydrogen ion activity. Table 10 shows the FABMS data for HzfA ions
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for a 4:1 ratio of NH2CH2COOH:Cg(II) along with the calculated
equilibrium [H2+A]. The data is presented as ratios of ion
intensities and ratios of equilibrium concentrations for fhe
indicated species at different pH values. The -data for free [HA] and
[H2+A] concentrations was taken from Table 7.
Table 10. Comparison of calculated equilibrium concentration ratios

with FABMS ion intensity ratios. Ratio of
NH,CH,COOH:Cu(II) is 4:1

. Ratios
pH(1)/pH(2) .
(H2+A) ion intensity [H2+A] free [HA]

2.6/3.6 1.28 3.4 1.17
2.6/4.4 1.77 ' 49.0 1.53
2.6/9.5 3.83 1.5 x 10’ 1.70
3.6/4.4 1.38 . 14.6 , 1.30
3.6/9.5 3.00 3.6 x 10° ' 1.45
4.4/9.5 2.7 © 3.2 x 10° 1.12

Comparing the H2+A ion intensity ratios with the'[H2+A] ratios,
it is obvious that the FAB process is not sampling the glycerol
solution quantitatively for this species. However, comparing the

H

Z*A ion intensity ratios with the free [HA] ratios shows that the

values are in good agreement for ratios obtained on samples where the
pH values-are close. This indicates #hat the FAB process'is inducing
a tremendous amount of proton transfer to HNZCH2COOH speqiés in
solution. Ligon (117) has feceﬁtly proposed that proténation of
species in glycerolnsolutions results from proton transfer from
‘(C3H803H)+ to the analyte spééies. However, for higher hydrogen
activity samples the predominant NHZCH2COOH species in solution is

the NHZCHZCOO— anion. This species needs to pick up two protons to
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be observed as H2+A in the FABM-spectra. Apparently, there is nqt
enough FAB induced protonation occurfing té fuily protonate all the
NH,CH,COO™ anions to'H2+A at the higher pH's. This would explain why
the H2+A ion'intensity-ratios for pH(1)/pH(2) ratios of 2.6/9.5,
3.6/9.5 and.4.4/9.5 are higher than the corresponding free [HA]
ratios. The data presented in Table 10 has shown that, for the
NHZCHZCOOH/Cu(II) chemical syétem, FABM~spectra repreéents proton
solution chemistry that has been induced by the FAB process; The
FABMS déta in Table 10 is representative of samples that contain
Cu(II) ions._ This study has sﬁown that therg is a tremendous amount
of Cu(II) FAB induced éhemistry'occurring in the glycerol samples.
Therefore, it is desirable to éompare the.NHZCHZCOOH—proton chemistry
in glycerol with and without Cu(II) to determiné'iﬁ cu(II) is
COOH FAB induced proton chemistry.

affecting the NH,CH

2772

The data in Table 11 represents the H2+A FABMS ion intensity
obtained as a‘funcﬁion of . hydrogen ion activity for NHZCHZCOOH
samples. with and without Cu(II) présent. The [NHZCH2COOH] in samples_
without Cu(II) corresponds to the free [HA] for samples with both

NH2CH2COOH and Cu(II) present at some given hydrogen ion activity.

The pH of the NH,CH,COOH samples was adjusted, using the same

2772

procedure developed earlier, to be the same as samples containing

cu(II).
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Table 11. H2+A FABMS ion intensity as a function of the free [HA]
with and without Cu(II).

H,"A FABMS ion intensity

pH
with Cu(II) (NHZCHZCOOH:Cu(II)) without Cu(II)
3.0 0.67 (1:1) 0.62
3.6 0.72 (4:1) 0.67
4.4 0.52 (4:1) 0.49
9.0 - 0.59 (8:1) 0.65

The data presented in Table 11 shows that the Cu(II) ion -is not

disturbing the FAB induced protonatioh of NHZCHZCOOH species present -

in solution. This presents more evidence that the FAB process is

inducing a tremendous amount of solution chemistry. The FAB process

is inducing protonation, reduction and dehydration reactions in

glycerol solutions containing NH2CH2COOH and Cu(II) ions. It seems

amazing that the reduction process occurs simultaneously with

protonation and neither appear to have an effect on the other.
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CHAPTER 4
SUMMARY

This study has shown that CH5COOH is weakly bound to the Ag(110)
single crystal surface. Results of EELS and UPS have shown that the

first monolayer of CH,COOH is physisorbed with its C, axis parallel

3
to Ag(110) single crystal surface. EELS has shown that fox

multilayer CH_COOH, the molecules are randomly oriented with strong

3
hydrogen bonding existing between CH3COOH molecules.

SIMS of CH3COOH/Ag(11O), for one monolayer of CH3COOH,'has shown
that the Ag(110) single crystal surface has minimal influence on the
formation of protonated and @eprotonated CH3COOH ions. For
multilayer CH,COOH coverages the formation éf protonated and
deprotonate§ monomers, dimers and trimers of CH,COOH were formed with
.equal probability. These results indicate that for physisorbed-
hydrogen bonded multilayers; proton e#change between adjacent:
molecules is an important ionization mechanism. SIMS, in combination
with EELS and UPS, has shown that the Ag-cationized CH3COOH adduct
.ion was definitely formed via a recombination mechanism.

SIMS, in conjunctioﬁ with EELS and XPS, has shown that for 
CH3COO/Ag(11O) only negative ions attributable to CH,COOH are emitted
from the surface.. This indicates that any.organic acid that forms a

'polarized bond, chemisorbed with a metal surface, should only emit

parent negative secondary ions. This implies that SIMS can be used
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to determine the structure of organic-metal complexes existing on
surfaces. These results also show that Benninghoven's interpretation
of amino acid SIMS results is correct (15,82}. EELS has shown that

chemisorbed CH,COO undergoes a change in orientation on the Ag(110)

3

single crystal surface.. Using this EELS data in combination with
SIMS data, this study has shown that ihtact emission of CH5COORg from
CH3COO/Ag(11O) is possible.

. This study has also shown that desorption of ions from mixed
water/glycerol samples should not be used for quantitative purpéées
because of the preferential loss of water. A normalization procedure
was developed to allow quantitative comparison of FABM—speétral data
from different samples. However, this study showed that FAB of.
glycerol solutions containing mgtal ions and organic ligands induces
protonation, reduction and dehydration reactions. Because of these
reactions it was not possible to extract any.quantitatiye solution
chemistry data by FABMS on these samples. These results are in sharp
contrast to Caprioli's FABMS'results (§3). In light of Pelzer and
co-workers (113) results on FAB induced oxidation/reduction
processes in glycerol solutions, future studies of the type initiated
in this study using different metal ions and ligands shoqld te
pursued.

In addition, a novel rapid insertion probe inlet system for SIMS
was desigﬁed and built. This type of ;ystem is relatively
' inexpensive and easily fabricated. The sample rod designed to be
used in conjunction with this inlet system incotporéted many features

including LN, cooling, rapid sample mounting and electrical

2
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isolation. The materials needed to fabricate this sample rod are
readily available and very inexpensive. The equipment needed to
machine these components is readily available and the procedures used

were not very complex, the only exceptions being the the fabrication

of ceramic and OFHC components.
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APPENDIX
DESIGN AND CONSTRUCTION OF A UHV SIM—-SPECTROMETER

The homebuilt ultra-high vacuum (UHV) SIMS work chamber is shown
in Figure 28. This work chamber was designed and constructed using
existiﬁg facilities on campus and commercially available components.
All design ideas and machining were conceived and perforﬁed by this
author.

The work chamber was désigned to meet the féllowing
requirements:

1. UHV SIMS analysis chamber, Figure 23h.
2. Differentially pumped ion gun, Figure 28i.

3. High vacuum preparation chamber with capabilities to
prepare samples in situ, Figure 28c.

4, High vacuum manifold, using 150 1/s turbomolecular pump,
to be used for system venting, ion gun differential
pumping and preparation chamber pumping, Figure 28e and £,

5. Rapid sample insertion inlet system.

The vacuum system designed for this chamber consists of two 150 1/s
turbomolecular pumps with associated forepumps and isolation valves,
lFigure 28f and k. After baking at 150°C for 15 hours the preparation

chamber pressure was 9'x 10"'9 torr and Fhe SIMS analysis chamber
pressure was 8 X 10~10 torr. These pressurésnwere recorded with the
isolation gate valve, Figure 28g, closed. With the isolation gate
valve open and the sample rod inserted into the SIMS chamber, the
9

- pressure in the SIMS analysis chamber would increase to 1 x 107

torr. The specially designed rod guide, Figure 28d, was designed to




Figure 28.

Schematic diagram of the homebuilt SIMS work chamber.

(@ Rapid insertion, LN2 cooled, electrically isolated
sample rod with guide, (b) differentially pumped o-ring
stack, (©) 6-way cross prepchamber, (d) teflon lined rod
guide with o-ring, () 6-way cross vacuum manifold, (F)
150 1/s turbomolecular pump, (g) gate valve, Gh) SIMS
analysis chamber, (i) differentially pumped ion gun, ()
quadrupole mass analyzer with secondary ion optics,

150 1/s turbomolecular pump, (@) 45° offset adapter
flange.
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guide the sample rod énd reduce the leak rate between the SIMS
analysis chambef and preparation.chamber.

This was accomplished by ﬁachining a solid 2.0 inch 0.D. rod of
stainless steel to accept a machined teflon guide that was 1.25" x
1.50"0.D.x‘L256"I.D. An o-ring groove was machined into the
teflon guide and the.whole assembly, teflon and o-ring, was secured
inside the stainless steel using a threadéd fefaining ringi The o-
ring is ma@e of viton and is the proper size for-a 1.248"‘OJL rod.
‘This design works very well and a pressure differential-of 1006:1 can
.be maintained between the preparation and analysis chambers.

The differentially pumped inlet o-ring stack, Figure 28b, is
-shown drawn to scale in Figure 29. This assembly was designed to
meet several requirements. The first of these was rapid_sample
insertion ;apabilities and the second was the ability to mount
samples while maintaininé vacuum in the preparation chamber. The
first requirement dictates several stages of differential pumping
with each stage separated by o-rings. figure 29d shows the first
stage which is pumped by a small rotafy v#ne pump and Figuré 29é
shows the second stage which is pumpéd by a small diffusion pump.
The o-rings shdwn in Figure 29b provide both rod seal- and face seal.
The o-ring groove dimensions were calculated to allow -one o-ring to
perférm both functions. To allow rapid insertion the conductance of
the Qolume‘between o-rings has to be the same or greater than that of
the differential pumping foreline. The conduétance of this‘volume
~was determined by assuming a rectangular duct shape. The dimensions

of this rectangular duct were determined By conductance and physical




Figure 29.

H  H

Sample rod differentially pumped o-ring inlet system.
@ Teflon rod guide, () viton o-rings, (¢) securing
screw, (d) first stage of differential pumping, (€

second stage of differential pumping, (f) UHV flange.

9TT
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spaée requirements. This design allowed rapid sample insertion, < 2
minutes, of the sample rod without degrading the preparation chaﬁber
vacuum. This whole o-ring assembly is modular and is secured onto a
flange by usiﬁg four securing screws, Figure 29c. The ability to
mount ;amples without loss:of vacuum was achieved-by designing the
sample rod to be long enough to remain in contact with the three o-
rings while mounting a sample.

The samplé rod is shéwn in Figure 30. This rod was desighed for
electrical isoclation, rapid insertion and cooling. The overall
length of the sample rod is 46 inches, 29.5 inches are‘néedgd té
tréverse the work chamber. The rod is éomposed of 40.5 inches of
ground éndlpolished stainless steel tube with 1.248" 0.D., Figure
30b, and 5.5 inches of oxygen free high conductivity copper (OFHCL
. Figure 30h. ILiquid nitrogen (LNZ) cooling is accomplishea by pumping
LN, through 1/4 inch stainless steel tube, Figure 36a, into the LN,
reservoir, Figure 30c. Electrical isolation is achieyed by using
ceramic insulators, Figure 30d, £ and i. The OFHC rod.section is
isolated from the stainless steel section using a.1/8 inch thick
ceramic disc, Figure 30d;' The securing screws used to attach the
OFHC section are electrically isolated usipg ceramiC‘spacers,'Figure
30f, and ceramic sleeves, Figure 30i. The sampie is mounted on the
milled flat using two 2-56 screws, Figure 30e. To maintain vacuum
during sample mounting, the length of OFHC after the sample flat is
long enough to remain in contact with all three‘é—rings, Figure 29b.

The SIMS analyzer chamber was designed to perform UHV |

experiments, allow electrical measurements to be made on the sample

Ll




Figure 30.

Sample rod. (@ LN2 inlet, () ground and polished
stainless steel tube, () LN2 reservoir,
insulator, (e) sample stage, (f) ceramic

securing screw,

() ceranmic
insulator, ()

() polished OFHC, (@) ceramic insulator.

8TT
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gnd to have several direct line of sight ports incident on thé
sample, Figure.291. Fabrication of this chamber wés made simpler by
offsetting the sample rod. The sample rod was offset by machining a
4 1/2 inch flange 1/2 inch off on a 45° angle, with resp;a;:t to center
§xis of the chamber, on the face of an 8 inch flange.' This is shown
in Figure 291.: A flat was milled on the-sampie rod to give an
effective réd 0.D. of j.Od inch. This éffectively gives an angle of
incidence, for the ion gun, of 45° and aAsecondary jon collection
angle of 459; both with respect to the éurface‘normal.' Offsgtting.
Athe-sample rod allowed the ‘ion gun to be mountéd perpendicular to the
mass analyzer. The mass analyzer used for SIMS experiments conducted
with this chamber was a Leybold-Heraeus SS B/10'system; which was -
described in Chapter 2. The ion gun used for these experiments was a
Va;uum Generators AG61 differentially pumpéd jon gun. Différential‘
pumping was achieved using a port on the 6-way cross vacuum
manifold, Figﬁre 28e, with bellows tubing. A small, 2 3/4 inch,
butterfly valve was used to isolate the AG61 ion gun from the 6-way
cross vacuum manifold. The BG61 ion gun was purchased without the
assopiated power supply. The ion source on the AG61 ion gun was
operatea using the ioﬁ source controls 6n a Variaﬂ MAT CH5 mass
spectrometer. Ién-beam focus and deflection voltages weretsupplied
by Ortec high'voltage power supplies. Using_these_supplies,.primary

2

ion current densities ranging from 15rnA/cm2 to 600 nA/cm® were

achieved.




Figure 31.

Positive

m/z

ion SIM-spectra of a phosphor screen.

ion, 100nA/cm2.

3KeV Ar+

0cT
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Figure 32. Negative ion SIM-spectra of glycine on Ag. 3Kev Ar+ ion,
60nA/cm2.
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Figure 31 shows the positive ion SIM-spectra of a phosphor
screen (Kimball Physics, Wilton, NH) obtained with this instrument.
The spectra.was obtained using a 3 KeV Ax+ ion beam with a‘primary
ion current density of 700 na/cm?,  The pho;phor screen was used for
ion beam alignment and focussingh'This sbectra displays good
resolution and the count rate for the Na™ peak was ~ 9.8 x 104 Hz.
This spectra indicates the phosphqr material is probably composed of
inorganic salts. Figure 32 shows Fhe negative ion SIM-spectra of
glycine oﬁ Ag. The spectfa was obtained using a 3 KeV Art ion beam
at a primary ion density of 60 nA/cmz. The sample waé prepared by
depositing 50 1 of a 5 mg/ml aqueous glyciné solution onto a HNOj
etched Ag foil. The glycinate anion, (M-1)", at mn/z 74 gave a count
rate of 8 KHz. Figurés 31 and 32 demonstrate this homebuilt SIM-
spectrometer ig capable of detecting molecular and atomic secondary

A

ions of both polarities with good sensitivity and resolution.




[V

3 1762 10010738 O

D378
Cc761
cop,2



