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O ABSTRACT .

.

i . .

A commercial masslspectrometer was modified for pulsed
high pressurenchemical ionization, PHPCI, studiesuj The mass
speqtrometer was fitted With a‘hiqh pressure ijon. source, a
‘pdlsed electron‘gun; a chemical ionization direct insertion
prohe, CIDtP} and could be'operated.withbion soerce |
pressures up to 10 Torrf ,-The bulsed hiQh pressure mass
‘spectrometer, PHPMS provided t1me resolved ion analysis,
i.e. the relative concentrat1on of the ions in the HPCI
SOerce can be monitored as a funct10n of time, wh1ch allows
one to‘studylthe mechanisms tnvclved in analytical chemical
ionization. The_ldng range aim of the present'researeh‘mas~
to eaplore and_demonstrate the capabiiities of the PHPMS |

ttechnique for analytical Cl work.

S .

)
o “w

The' perform nce of the HPCI source, fitted with a "new

;e]ectron gun desiqn was tested in the pu]s1ng mode, by
studying the water{cluster1ng equiljbr1um reaction,
(Hp0)p, - 1H30" +‘Hé0i-—*(H20) H30", for n=2 to 4. The results

,obta1ned were in good agreement with those in the - Ce
l1terature Exper1ments were made to: f1nd the optimum -
operat1ng cond1t1ons for the DIP and to estwmate the analyte»i
concentrat1on 1n the ion source by ut1l1z1ng thermodynamic
and K1net1c datai HPCI mass spectra for a number of low ;’J
vglat111ty am1no ac1ds and monosacharides were obtained |
employ1ng the DIP The'berformance of the DIP for tlme

"</,\resolved stud1es was tested by study1ng the gas_phase -
| \

W s



basicity of glycine \ Thé results obta1ned were in good
‘agreement with data in the l1terature |

The thermodxnamIe_and klnet1cfparemeters associated wjth
the protonationybf‘ferrqcene in. the gas phase,‘employing
'time reselved anglysis;‘weré'investigeted The broton
aff1n1ty of ferrocene was found to be 204.9 + 2. Oxkcal
mol . Exotherm1c proton transfer to ferrocene  from r1ng
protonated bases was’ found to be slow whereas, oxygen
protonated bases had higher rate constants. The analytical
Eppiieetions‘of these3findings;arefdiseussea.‘It is argued
_that there is a relatieh between the exothermic slew |
protonatton'reactions (df cdmbounds'like ferrocehe)“and low

sens1t1v¢£zjifor the sdme compounds) in atmospher1c pressure

chem1cal 1on1zat19n APCﬂ
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CHAPTER 1

INTRODUCTION

1.1 Chemical lonization Mass Spebtrometry (CIMS).

~The chemical ionization technique was introduced with a
number of papers by Munson ahd‘Field_(i-B) beginning in°
‘t966 Since its 1n1t1al 1ntroductlon CIMS has developed
into a powerful and versat1le tool for- the mass
spectrometr1c 1dent1f1cat1on and quantitation of organic‘
.moJecules'and; consequent19} has found extensive appiication
in many branches of chemistry and biochemistry, and in the
medical and environmental fields. | '

lIn chemical jonization the me thod of‘}on production is
d1fferent from that used in electron impact jonization (EI),
field 1on12at10n/desorptlon (FI), or photonlon1zat;on (PI)
mass Spectrometry,'and the decomposxng spec1es and
consequent . Cl mass spectra are very leferent from the
spectra produced by, the other techn1ques Chem1ca1
'1on1zat1on as. the name 1mpl1es, uses ion- molecule chemistry
to 1on12e the compounds of 1nterest rather than the d1rect
: pr1mary 1on1zatlon used in EI FI, and PI mass spectrometry‘
| , The bas1c CI techn1que requ1res a large amount of- |
reagent gas and small amount of the sample to be analyzed
The pressure of reagent gas in the jon source is of the

order of 0.5 to 1 0 Torr, wh1le that of the analyte is of

s



the order 1073 tolO‘5 Torr.} Because Of‘the'veryllarge'
‘ excesslof thelteagent gas, ions fnom‘tne reagent gas are
essentialjy the only ones produoed by eleotnon tmpact |
ionization. The subSequent reactions of these ions with
analyte molecules produce the CI spectra of the analyte
samples. ‘The mos t typioal chemica]'ioniaationvreaotions are
oroton transfer; ).1; charge transfer,~1:2,‘and adddct -

formation, ﬁ.3 (9).

BHY + M= B + MH* ‘ | | It
B* + M= 8 + m - S | 1.2
B* + M= (BM)* 3 ' 1.3

The reagent jons (BH* and B' in example3‘1.1—1.3) are
the results of electron impact ionization and subsequent
ion—moleCuTe reactions of the reagent gas while M‘is the
analyte. |

The sensitivity of the cl. technlque usually is at least

as hlgh as the d1rect electron 1mpact 1on1zat10n (9 10)

. -the absence of a reagent gas The jon current produced in

.'CI, and hence, the sens1t1v1ty of the: method 1s dlrectly '
' dependent on the rate constants K for the chem1cal
‘1on1zat1on react1ons Many 1on molecu]e react1ons used as
'.chem1ca] 10n1zat10n react1ons are h1ghly eff1c1ent and have‘h
‘rate constants in the-range of 1 to 4x10 9 cm3 molec 1sec 1
‘(9) However.fTEE?¥7ETent lonlzat1on react1ons w1th small

rate constants also occur.' Such low rate constants will - m_nf“

[
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lead to lower sen51t1v1t1es for the analyte detect1on In

| particular -endotherm1c 1on1zat10n reactlons w1ll have an
actlvat1on energy at least equal to exotherm1c1ty and w1ll
be correspondingly inefficient. - . -

In CI mass spectra, in contrast‘to El, there is
‘generally considerably less fragmentation and this is
attributed to the lower,excitation imparted to the adblyte‘
,ions‘by the chemical ionization reactions e.g. reactions 1.1
fto'l 3‘ An add1t1onal factor is t%e relat1vely high reagent
‘gas pressure, whlch ass1sts-+n the thermallzat1on of the
chemical ionization reactjon products (11). The‘advantage "’
of having nearly all the ionization products‘concentrated;in
one or a few peaks can,be-very significant in‘trace
analysls. 'with electron impact, somé classes of compounds
leadhto‘a ;ery" low intensity molecular ion peak, which may
be. lost in the noise. | | ;

| The 10n1zat1on eff101ency of the analyte molecules in CI
sources 1ncreases wlth an 1ncrease i the source pressure.
This 1s because the res1dence time of the reagent and
: analyte 1ons 1n the 1on source is much longer at high
pressures.. However. extractlng the.1ons from a high -
pressure source is not a trjvial‘task. Ion extraction‘
fefflCiency usuall§ decreases,ufth increasing source',j,

:}pressure :Nevertheléss ‘when~the high'ionization efficiency‘

K of the Cl/techn1que 1s coupled w1th an eff1c1ent procedure

for 1on extract1on the detect1b1l1ty of ‘the techanue

) 1ncreases by about two orders of magn1tude over EI mass-



spectrometry ‘This detectability enhanCement is eQen “‘“jf
greater when the pressure of the ion source of the mass
spectrometer ijs ra1sed'to atmospher1c pressure (atmospheriC'
' pressure chemical ioni;atiOn,‘Aﬂgll. It is this technique"
- which enables detection of trace compounds at'bamts.per
tr1ll1on (ppt) by volume | M

‘The versatll1ty and the usefulness of the CcI technlque
is ba51cally attributed to.the large variety qureagent
gases and..COnsequently, reagent ions'that'can‘be used to
effect fonizatijon. With proper selection of neagent'gas
information aboutmthe molecular welght; structube; and
quantitation of the analyte molecu1e can‘be Obtained
Modern reviews on the CI technique and 1ts capab1l1t1es can
" be found in references (9, 12-16). |

+

1.2 Methane as a Reagent Gas in Positive CI.

The most .common reagent gas for CI studies has been
methane because it was the finst'reagent gas tried (1) and

’ because it generally g1ves 1nformat1on about molecular

‘ ‘_we1ght and molecular stru_tpre from (M+1) and fragment-

jons. ) ST | - ‘ C o
Thenpfinclbal'primary ions created by electrbn impact .
w1th methane, in the pos1t1ve ion mode lare CH4 CH3*; and.
| .CHzt. CH4- and CHg* are by far the most abundant of thege
‘ions§ They are formed w1th an approx1mate ratio of 55 45 ”

~ and constltuteﬁ%about 90% of‘the total-1onizat1oh.w
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These 1ons,‘at the relat1vity high methane

react rapidly with me thane via react1ons 1.

CHpt +1CH4‘-—-9’CH5* + CHy
CHy® '+ CHy — CoHg™ + Hy
CHot *+ CHy —4—4_02H4T + Hop

L oyt Hy + W
CoHg™ + CHy — CaHg™ + Hy

ressure- used,

to 1.8. .
1.4
1.5
| .
| 1.6
i
.7
-~ 18
A

At 1 Torr ton,source pressure tfie relative abundance of the

ma jor ions are.CHsf (48%) , Céhs+ (41%)f‘and C3H5"A (6%),

(17). There are also minor yields of CoHy*

ana C3H7*L The

e

h1ghest abundance 1ons, CHg" and'Csz*, do not .react: further

wi th methane, and represent the ma jor reagent ions jn o

methane positive CIMS. Both can act as protonating agents

' as illustrated by reactions 1.9 and 1.10.

CCHg* + M = CHy + W'
CoHg® + M= CoHy + MH*.

1.9

;;fIn add1tlon to these reactwons. C2H5 can enga1e in hydrldei

abstraction reaction —i£11 w1th su1table

RN

. adduct formation, 1.12.

CoHg* + M = CoHg + (M-H)*
(CoHg* + M &= (CoHg.m*

.analytes, pr‘

11t
.12 -



‘equat1on 1. 13, is formedh

\ o
L]

The CI techn1que be1ng based on ion- molecule 1 e

,chemyggl react1ons relies on an understand\ng of Jdon-

.-
molecule chem1stry Thus for proton transfer 1. " to occur

at an observable rate the proton aff1n1ty of\the ana]yte M,
PA(M) must be larger than that of B, i.e. PA(M) > PA(B)

so that react1on 1.1 is exotherm1c S1m1larly, the hydr1de
abstraction 111 w1ll occurn only if the hydr1de of C2H5

is higher-in PA than that of (M- H) . and very stable

‘adduct format1on 1. 12 w1ll occur 1f M 1s an unsaturated

' compound 50 that a bond as 111ustrated for ‘M= propylene in

Y

CoHs™ + CgHg <= CH3"CHy~CHp~C*H~CHy L Coas

1.3,lg§gLImportance of Thermochemical Data in Analytical CI.

o .
,L ) | o

Systematic studies on ion-molecule reactions started in

Q’the early f1ft1es by Stevenson and Schlss]er (18 19)

Tal’ rose and Lyub1mova (20) and F1e1d Frankl1n and Lampe

(21 22) S1nce then a. number of researchers have been

T 1nvo]ved 1n the area and the study of the products

d1str1but1on rates, and equ1l1br1a of gas phase 1on1c

‘»react1ons has become a maJor fﬂeld of sc1ent1f1c act1v1ty

t

w1th app]1cat1on in many d1verse f1elds The large body of

"klnet1c and thermodynamic data der1ved from the fundamental
',stud1es constxtutes the foundat1on upon wh1ch the chem1stry‘_'

of the chem1cal 1onizat1on techn1que 1s based \



The usefulness\pf an ion- molecule reaction in a chemical

: ﬂnlzatlon system depends in part, on the identity of the
re;ctlon products, and, in part, on the rate of the
reactiont. Studies of the effects of temperature and
pressure .on ion—molecule reaction rates (11) have provided
valuable 1nformat1on for analytlcal CI work For instance,

the relative yleld of fragment versus quasi- molecular ions

(MH* ) has shown strong dependence on ion source temperature

'(7) AlSO‘ the nature of the chemlcal 1on1zat10n reagent
can also be affected by the ion source temperature . For
érample, low temperature w1ll increase the rate of formation

of cluster ions (H20)nH and (NH3)nH+ in water and ammonia
CIMS, respectively. Cluster 1ons’will) in turn, be more

moderate protonftransfer reagents than the connesponding
7

monpmeric ions. . L Ny
‘ Measurements of proton transfer equ1llﬂ’€:?1n the gas

phase have y1elded an extensive compllatlon of gas ba51c1ty
and proton affinity data (23), which have found di;ect‘
applications'in analytical mass spectrometry. These data,
apart from maklng it possible to separate and identify the
intrinsic structural effects and the -solvent effects on the
~acid base propertles of the molecules are also very
. valuable, Tﬂ understandlng the mechanism of protonation of
'amolecules -in the gas phase, partwcularly in Cl where proper
uselepi1on of reagent molecules has difect 1nfluence on the

' {
‘spec1f1clty and sens1t1v1ty of the technique.

,_ €

. . T N
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1.4 Instrumental Aspects of CIMS.

”

Most of the chemical ionization studies have been
carried out in ion sources capable of dperating within the
pressure range 0.5:2,0 Torr and with the reagent gas present
in at least one-thousandfold excess. With most instrumeﬁtsd
;thepfon source is ohly slightly modffigd from the EI ..
arrangement, Thus, ionization under El and/or Cl conditions
can be obtained. However, in such sources, diffusional loss

of ions to the walls and Eemoval of ions from the source by

" necessary extraction fields, limits the ion source residence

time to no more than approximately 10 isec (9). Rééidence
time of an ion in thebion source is an important parameter
in studying thé various,jpn-mo]ecule processes that occur in
CI.

*» Much of the basic ion-molecule chemistry required for a
good understénding of the reactions occurring ip analyticél
Cl was developed with-use o% more specialized mass
spectrometric apparasusl sjhce the roﬁtine analytical CI
instrumehts are ‘not well suited for such work.

With reméval of the repeller voltage from the.iOn éource
o} the analYtibal Cl instrument, one obtains fie]d free
conditions, where the energies of the ions depénd solely on
fhe temperature of thé ion source. If the reactant ions are

not excited when théy enter into reactive collision with

neutrals, the reactions are truly thehmal. Also, by

- increasing the pr§§sure in the ioM source, the residence



time of ions is much longer because the diffusion of ions to
the wall is slowed down by an 'increased number of colligions
with neutral molecules. The réte of ion-molecule reactions
is also faster because of the inérease in concentration of
' the reacting neutfals With sufficiently high pressure and
long 1on retentlon time in the ion source, it is'pOSsiblekto
) observe ‘the thermal equ1l1br1um for certa1n ion-molecule
reactions and to determine the thermal equilibrium
constants. Determinations of‘;ate constants for ion
molecule reactions, of proton affinities, hydride
.affinities, etc. of varioﬁs c?mpounds, adduct stabilities,
etc. have been obtained mostly with four different
tecﬁniques:‘ Pulsed‘electron_high pressure mass
spectrometry, PHPMS (24), flowing afterglow, FA (25,26),
pulsed ion cyclotron resonance, ICRMS (27), and Fourier
transform ICR, FT-ICR (28). The pulsed electron high
pressure technlque was developed by Kebarle and co-workers
‘?5§~é1) Slm1lar apparatus was. 31s0 used, later, by Fleld
and co-workers (32), Meot;Ner‘(33f, and others (34).

" Nonte of the four techniques has been used for
determinations of low volatility organic compounds Yet,
basic data 1nvolv1ng such compounds are reghired not only
for analytical CI .work but also in other areas of
chemistry. Work with, low volatility compounds is difficult
'sihce heating'bf‘the apparatus.and special sﬁﬁkle
introduction ‘techniques are required in ordéer to obiain.a

sufficient pressure of the analyté\in the mass spectrometer
. ,
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ion source. In routine CI analytical work a number of
techniques (35~44) have been proposed for the introduction
of Tow volatility and thermally labile analytes. With all
techniques, nonvolatile or low volatility'samples are .
introduced into the ion source of the mass spectrometer via
a direct insertion-probe, DIP, The DIP 1s baSICally a long
rod with a small cavity atﬁjts tip, or w1th a Q1rect

exposure tip. The solid sample is placed in the cavity or

coated at the flat surface tip, and then the probe is

~inserted through a, vacuum lock into the vacuum housing of

the mass spectrometer. The DIP is pushed inuntil it
reaches'a port inté the ionization chamber. Then the sample
is heated so that vapours of the sample enter the ion
source. ' |

A DIP had not been used in PHPMS measurements and one of
thetmajor purposes of . the present research was to deve lop
such a DIP and demonstrate, if possible, its utility for
basic measurements involving nonvolatile compounds. The
spec1a1 requ1rements that must be met in the desxgn of the

DIP for the PHPMS apparatus are descr1bed in a later sect1on

(Chapter 2, section 2.5).

}

1.5 The ’Present work .-

. T e
The PHPMS prov‘ides time‘resolved ion analysis, i.e: the
relat1ve concentrat1on of the fon in the h1gh pressure ion

source can be observed as a function of time, after



ifonization haslbegn optained with a short electron pu]ée.
The ability ‘to obtain time regblved_ masé spectra is a
decisive feature of the method, since it pérmits
heésufements of ion-molecule .reaction Kinetics, -and

measurement of ion-molecule reaction equilibria. While time

- t

resolved hass analysis has proVen its abilitybto proVide
" basic data, the method might also have direct analytical cI
utility. The use ' of PHPMS as an anafytica] technique has
\nﬁt been explored and it was thought that such apparatus,
when equipped with a direct insertion probe, might also be
Osegul for the_exploration and eventual demonstration of the
capabi]itieS'df fhe PHPMS techﬁique for analytical work.
This was thé=second long.range aim of the'present research.
The material in the thesis is organized as follows. The
experimental'part (Chapter 2) deé]s,with the rebuilding‘of a
mass spectrometer té acquire bulséd electron high pressure

operation and the design construction and adaptation of a

direct. insertion probe to this instrument. This Chapteér,

.in}entionally, gives“a”aetailed account, since it
expectéd that research with the created instrumentation
wqu]d be continued by future-graduate studénts and these

will profit from‘the detafled descriptions. The performance 
. of. the equipment is described_and éssessed:iﬁ Chapter 3.
Chapter 3 also describes an énalytical‘épplication 6f the
DIP on'the.PHPMS. ?EXamined are the HPCI spectra of glycine,

leucine, and D-(+lrgaLactose{.‘AMino‘acids and sugars are




1

.

quite“involatilé and CI spectra can be obtained only with a
DIP. | |
An actual research project is outlined in Chapter 4.
'This work deals wifh the kinetics of proton transfer to
‘ferrocene and the exact proton affiﬁity of ferrocene. The
findings have bearing not only for the Ci aha]ysis‘of'
| fenroceﬁes. cobaltocenes, and nickélocenes but also to
géneral gas phése ion-molecule Kinetics and gas pha§e

basicity orders.

12



- CHAPTER 2
9
SR EXPERIMENTAL

[N

2.1 Requirements and besign of the Present Instrument

I [

a This instrument was designed with a number of
requirements in mind. One of these was a thermostat1ca]ly
(controlled chemical 1onlzat1on ion source that could operate
at high and accurately Kknown pressure The source was to.
operate with reagent gas pressures in the order of t to 15
Torr and sample pressures of the ‘order of 1073 to 1074

Torr Since the ion source was to operate at-such high{
pressures, a. thh capac1ty differential pump1ng system. had
to be‘constructed to handle the large flow rates of reagent
gas from the‘ion source_ High capacit; pumpjng was
'necessary: first, not to degrade the performanoe‘of the‘masst
analyzer and second, .to ensure that ions diffusing out of

-

the ion source will not undergo ‘further col]1s10ns wi-th
neutrats prior to mass: analys1s and detect1on The vacuum
outs1de the 1on source had to be‘at least‘10 4 torr so
‘that the mean free path otFan {on is much longer than theg
~jd1stance between the 1on source and the detector |
As a source of 1onlzation a high energy electron beam e
‘F‘was to be used energet1c enough to penetrate the gaseous
'sample in the h1gh pressure chemtcal 1on1zat1on 1on source :

IY(HPCIS),and_effect pr1mary‘iontzatlon.~'Puls1ng of ‘the |

13
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N
‘electron‘beam was also desired, to enable a study of the
react1ve changes of thenlons as a functlon of time. The
‘electron gun was to nperate in both pulsing and cont1nual'
jonization modes. F1na11y, a sol1d sample,]nlet‘system w1th
a vacuum lock directly coupled to the HPCIS was to. be |
constructed so that 1t wou ld allow direct lntroductlon of

}analytes. of Tow volat1lgty 1nto the HPCIS. The 1nlet
system;including a solid'sample Cl probe, was to be
differentiajly_pumped prior to sample introduction in order
to'meet the pressure conditions of the HPCIS.

2.2 Overall Description of the Apparatus

_ The hardware,of a,high pnessure mass spectrometer can
be.thought of as'consistjng of four major components: ‘the
electron gun’whtch generates’high energy electrons; the ion
‘'source in which ton-molecule reactions taKe place;:the mass
ana]yzer where ions .are separated according to their mass ‘to
charge ratio and the detectlon system where the lnten51tv of

each 1on beam is measured quant1tat1vely All3four L

L components are enclosed in a vacuum. chamber A biock-

'-d1agram of the components mentwoned above plus other
electron1c and sampllng parts of the pulsed h1gh pressure‘

.mass spectrometer used is shown in Figure 2.1,
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'y The Existing Instrument andAthe‘Required ﬁoditicattons‘"
A commercial ATLAS‘MATjCH4lmass spectrometer was

available as the basic ptece of instrumentation. u'The‘CHA is
a convent1onal 60°, 20 cm rad1us sector magnet1c. -
fdeflectlon mass spectrometer ~ This 1nstrument had been
.mod1f1ed from its or1g1nal electron 1mpact 1on1zat10n
arrangement by Kebarle g&t. gﬁ.(45) for‘flash‘photolys1s‘
studies . - The modification‘involved a larger main.vacuum
champer and additional hﬁgh‘capaClty pumpingfsystem to
tolerate‘the‘large flow‘rates of gases outside the lon
" source. The high capacity pumplng system‘consistedvof a
2400 L*sec i 6 inch oil vapour diffusion pump. (Nat1onal
Research Corporatlon HS6- 0162) f1tted w1th a 67inch NRC.
wa:er cooled baffle, and two 80 L*sec” L 1nch mercury
- vapour d1ffus1on ‘pumps (Speed1vac 2MBB) one to pump the
analyzer and detectlon section and the other for: add1t1onal
:”'pumplng of the ma1n vacuum chamber Kebarle etm al. (45)
estlmated-the pump1ng~speed‘of the‘above arrangement to be
500 L*sec” l.at the ion. source i : oo N o .

h This pump1ng system as descr1bed later in th1s Chapter
- (sect1on 2. 3) was found to g1ve adequate pump1ng speed to
tolerate the large flow rates of the reagent gases d1ffus1ng
out of the hlgh pressure chemlcal 1onlzatlon ion source
The two mlnor 1mprovements performed to th1s system were ‘
‘1f1rst the charge flu1d of the two mercury Speedivac pumps h

tvwere replaced by polyphenyl ether oil (Speed1vac 5) and



dsecond all three d1ffuston pumps were now roughed by a
375 L’?mm,1 mechanical. forepump (Welch Duo- Seal Pump
#1397) for better system performance This high capactty.
“rough1ng showed lmprovement in pressures, as read on the
analyzer and 1on source gauges, during normal operat1on.
rThe ma jor modifications performed on this instrument for the
‘present study were those of thepion‘source,‘electron gun,
sample introdpction,system,lmass readout system,andthe
detector. Also, electron pulsing,circutts and other
: electronic'components (apart from what was‘available from
the'matn frame of the ATLAS hAT CHh spectrometer)'were.'
provided. | |
'A schematic diagram of the mass spectrometer as it o

appeared tn its final stagetis shown tn Figure 2.2. ‘lhe_
basic components'of this instrument were designed by the
author and machtned by the Chemlstry Depar tment mach1ne sh%g
at the Un1vers1ty of Alberta A1l the 1nd1v1dual components
“of th1s apparatus are dlSCU$§Qd~ln following sections of
‘th1s Chapter |

' Brlefly. the overall funct1ons of the assemblles shown .
:1n thure 2. 2 are as follows After a\su1table gas'mtxture |

| is 1ntroduced to the ion SOUrce, [9]. via the 1nsert10n lock

o assembly, [10] 1onxzat1on is achieved, by 1rrad1at1ng the

mf&ture w1th a colltmated beam of electrons em1tted from a

' 'hot f1lament [6] Some of the result1ng 1ons dtffuse

l"-tGWard the small 1on ex1t sl1t and escape to the evacuated

‘h'reg1on.-lllg They are then accelerated by ‘an electr1c

}, S T



Figure 2,2. Cross secfionaWVView of the Mass Sbectrometer.
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fleld ‘lnduced by the lon'acceleration electrodes ll2], tof'
_the mass analyz1ng reg1on [13] and mass analyzed Thelﬂ. T
mass analyzed ion beam is then further collimated by a

second set of electrodes (14], prigr ‘to strlklngvthe
.‘detector, [15]. . The system is constanfly pumped'during

nOrmaltoperation via ports [3] and [4] and. the pressure is

" monj tored bY an, 1Onlzat1on gauge (5]. B : .

B. Pumping System. Assessment Under“HPCI Conditions
The only leaKage of gas from the HPCI source to the
main vacuum chamber 1s\through the electron entrahce and ion

exit sl1ts. These two apertures had to be very small for a

f . I3

number of reasons ' Flrst to ensure that the HPCI source
;can reta1n a pressure of several Torr wh1le the pressure ln
‘the extecnal vacuum chamber is Kept at m1n1mum Second the\\\;

pressure in the main vacuum chamber had to be ma1nta1ned at
.ot ' ‘

!

‘m1n1mum to reduce the p0551b1llty of ions, wh1ch escape from p>[

" the HPCI source, coll1d1ng w1th neutrals on the1r path to

' mass analy51s ThlPd the flow from the HPCI source to the e

main vacuum chamber was to be Kept at the molecular leve] |

«for a spec1f1c set: of sl1ts with the pump1gg speed of the j\‘<NA

"system be1ng 500 L*sec 1;‘ The 1mportance of requ1ring o |

,,molecular flow out of these or1f1ces is dlscussed 1n deta1l

'1n references (55, 68- 71) o .“,‘ S
The‘conductance F1 of an aperture unden>molecular flow\

t‘cond1t1ons is g1ven by equat1on 2 1 (see Dushman (46 p. 91))
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CFyp o= (1/4) VrA ' . o (201)
'where Vi is the average velocity of the molecules in cm*sec"1
‘and/K/;s the cross~sectional area of the aperture in cm2
The average veloc1ty of the molecule can be calculated from
equatlon 2.2, where M is the molecular we1ght of ‘the
W (BaRT/MATT) | . O (2.2)
molecule, R is the ideal gas constant in ergs K1 mole~!, and

- both leaks is 7.8 cm3sec”

T is the temperature in K. (At 450 K, the average velocity
of the CHy is 7. 7x10% cmsec™!. The two apertures on the MFN
HPCI1 source had areas of (0.012 mm x 1.5 mm) for the electronl
entrance slit and (0.015mm x 1.5mm) for the ion exit s]it.
Using equation 2.1, theﬂSOlened calculated conductansegag

1 ‘8

The experimental value of

8 c:m‘:gsec'1 was obtained by measuring the time dependence of
the pressure‘drop in a known ‘Volume reservoir when gas.was

bled'fﬁdm the reservoir to the ion source, whi]é,the system

- was pumped at its'hﬁghest capacity This indicates that the

F]*p

flow out of the ion source was essent1ally mo lecylar.

e

The requ1red pumplng speed S at the ion source and for

a source pressure of 4.0 Torr can be’ calculated bi‘use of equation

2.3. Here, F, is the total conductance of the

, i .
e a

o B PurS v | o (2.3
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leaks, P4 is the ion source pressure, P is the expected

vec
pressure in the vacuum chamber (outside the ion source),'and
S is the pumping speed outside the ion source., With
Fi = 7.8 cm3sec”! and S = SQO Lsec"1, and an ion R
source pressure of 4.0 Tdﬁb/acéérdjng to equation 2.3 a T‘
pressure of 7%x1072 TOfr will result {n the vacuum
chamber. During normal operation,uwitajdlo Tofr of CHy
passing through them7gﬁ source, the ion‘séurCe gauge locafed
close to the ion source registered about 1x10"4 Torr which
is in close agreement with the above calculated value.
Under theée condi tions a Penning gauge located at the top of
the p}fferential]y pumped analyzer‘tube registered ca 3x10"5
Torr for 4 Torr ion source pressure. Pressures between 25
and 35 mTort were indicated in the thermocoup le gauge
located on. the tube unit at the top of the rotary pump,
which was used for roughingzall three diffusion pumps of the
system. Ultimate vacuum in the appafatus,,in the absence of
_the CI gas load was typically bgtweén 6x1d'8 and 2x}0'7
Torr, after overnight pumping, depending ?n the history of

the system.

2.3 The Gas Handling System

.

Mixtures of gases and/or volatile liaufds, which were
used as CI‘reagents and/or anaTytes in the present work,
were prepared in a specially designed hand1ling system. With

this thermostatically controlled system, the partial.



pressures of the reactant molecules were measured and
controlled prior to mass anaiysis.

'The gas handling system is shown in Figure 2.3. The
construction materials were Pyrex glass and stainless steel
‘valves. Seven Granville-Phillips ultra high vacuum all-
metal valves with silver gasket. seals were mounted to the
framework of the plant. A glass manifold, two 5 L glass
oulbs, gas inlet and outlet lines, and vacuum lines were
connected to tHe valves thmough‘t4 mm o.d. Pyrex tubings.
The entire system was surmounded by a box made of 1" thick
hard asbestos material, Marinite 36A." The box was |
thermostatically controlled by %oublheateés (GE 1000 watt
"rod elements bent into suitable shapes) located at the
bottom and on the sides_ofhtpe box. The heaters were‘placed
behind a metal sheetvwhich acted as a shield to provide more
uniform‘correctivevheating and.reduce‘the possiQJlity of
thermal decomposition of the sample by direct radiation from
'tﬁe heatefs. The gas handling system was usually kept at a
temperature of about 120°C but it could be heated up to
200°C to ;msure compléte‘vaporization of nonvolatile
samples and also to bake out impurities uith overnight
pumping. | |

The gas handl1ng system could be pumped by either of two’
pump1ng systems A rough pump was used to remove large
amounts of gas and pump the system down to 20 mTorr as
measured by a P1ran1 type gauge and recorded on a Granv1lle-

Ph1l1ps, mode 1 275. analog read out controller. The 'clean™ _;
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Figure 2.3. The Gas Handling System (G.H. S |
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pump, which consisted of a liquid nitrogen cold trap coupled
to'an oil diffusion pump (Edwards # E-02) backed by a
mechanical pump, was used to remove the last traces of Qas.

Pressures as low as 8x1077 Torr were recorded on a
Veeco ionizatjcn gauge, located on top of the cold trap,
after overnight pumping. Since the "clean“ pump.did not
have to pass ‘large quantities of gas, it had very low back
streaming and thus the impuritycgevels'ip the system“could
be kept very low. This pumpipg arrengement served elso the
pumpihg requirements of the direct'insertion probe sémp1e
introduction system , see section 2.5 of this_Chapter.

The pressure inpthe system when gas mixtures were
prepared was measured by e Val{dyne veriable'reluctahce
pressure transducer directly coupled tcﬂthe manifold of the 3
gas handling system. hThis transdpcer is constructed of a
'magneticafly permeable stainless sfeel diaphragm designed
with -low volpmetrjc diaphragmxdisplacemept for good dypamic
range, high overload capacity (internal cavity walls'prCVide~
effective overload‘stops) ~and high outpUt‘signal with low
suscept1bi]1ty to electr1cal noise. A Validyne (mcﬂél
C0223) dual-channel digital transducer indicator - was used to
, operate the Va]1dyne variable reluctance transducer_ Thls
VSystem~COuld read pressures from 0. 1 to %006 Torr with an
accuracy of 0. 25% at full scale Calwbratnon of th1s system
‘was checked . per1od1cally against 10 6 Torr pressure for
the .zero sett1ng and agalnst_a mercury manometer for-

X
atmospheric pressure sett1ng

AN



~prior‘to introduction in the mass spectrometer.. The
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‘The 5 litre bUlbs were used to”prepare gas mixtures. Each

bulb has an injection port con51st1ng of two rubber septums

,.separated by a dead space. The septa were changed

frequently to prevent leakage and disintegration due to the,
eleVated_temperature: Access to the inject36n ports was
thaihed by a small‘sliding door ldcated on the front and -
one of the sides of the box. Gaseous samples were oy
introduced into the bUlb,through the gas inlet and the )
manifo]q xh}le liquid‘samples (including volatile solids
dissolved in an appropriate solvent) were introduced with‘a.
syrihge through the’injection port. These sample mixtures
were allowed to mix thoroughly and were‘stqred in the bulbs

i\

reqdirement for the large 5 L reservoirs is es%éntial so.

‘that the percentage of the sample used during a given series

»

of meashrements is small. Therefore one can assume that the
sample éonditions remaih constant during . analysis. The

partial pressure,Of the analyte in the 5L bblb. for the

‘ammount injected, was calculated by'Using the ideal gas law

equation.

Dur1ng construct1on of the gas handllng system one of

. the 5L bulbs was cal1brated by we1gh1ng the amount of water

it could hold The volumes of the other parts of the system
were est1mated by mon1tor1ng the expans1on of gas from the
callbrated 5L bulb ‘The calibrat1on of th1s dual bulb
system was requ1red SO that ‘the partlal pressures of the

gaSes in the m1xture could be accurately Known
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2.4 The Conventional HPCI Source

The design o# the HPCI source was very similar to that
used 1n other “high pressure mass spectrometers in our |
laboratory (47) with the only d1fference being that of the‘
posltion and‘des1gn of the electron gun-. = On prev1ous‘
designs, the electron gun was mountedfon a separate flange
at right angles to the flange-supporting the HPCI source.

In order to avoid extra machining (extra flanges'on‘the
vacuum chamber ) and also to test another.possible version of .
‘eleCtron gun‘design it was defided to mount the_whole
electron gun assembly directly to the side of the ion
"‘source A schemat1c representat1on of the HPCI source w1th
-the electron gun assembly attached to ;t is shbwn in

Figure 2.4. This conventlonal HPCI source arrangement was
chosen 1n1t1ally SO as to check the performance of the
electron gun and all other functions of the mass
~55pectrometer (ion focus1ng, jon separat1on,,1on detect1pn,‘
and pumplng) Ma jor mod1f1cat1ons were performed later on,
h;on this source des1gn in order to’ 1nterface to 1t a__

'spec1ally de31gned sol1d sample inlet system

* 3

A. ‘Description of the Basic Components.”

_ The' HPCI source shown in F1gure 2 4 was machIned from a
tnon magnet1c sta1nless steel tube 4 1/4 1nch long w1th an

inner.dlameter;of one-half‘1nch. One end of th1s»tubexwas ’
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machined tO‘COUple to-the'base of the extension assembly
‘mounted on‘the main flange Three holes, were bored. on theJ;‘
other end of the tube perpendlcular to the main axis. The'w
three holes which were at rlght angles to each other were
sealed by three small demountable flanges | A small “hat
»lshaped -flange carried the electron entrance sl1t [3], and

also served as a support for the electron gun assembly :

.~0ppos1te to,thlsﬂ_was mounted the flange‘carryqng the
‘electron trap, (4], and at right angles to the»trap was
'.mounted the third flange"bpportingfthe'repeller plate,

[5]. .The ions‘escaped through a slit, [6], whlch was

+ suppor ted by a cone shaped flange at the top of the ggsi//

- source. The react1on zone, [1], where chemlcal 1on1zatlon
'vtakes place is located at the top of the source and has a
o‘volume,of‘about 2 cm3. The plane 6f the electron beam was

‘about 5 mm above the ion exit slltu Both electron entrance

and 1on exit slits were constructed by weld1ng,vunder a

‘m1croscope two small p1eces_of stalnless steel razor blades

'onto the hole at the top of the respect1ve demountable 511t
Tflanges CAN flanges were' sealed ‘with gold w1re (0 015 1nch
d‘thch) gaskets Tyﬁ1cal d1mens1ons of’ the electron entrance

sl1t and ‘the 10n exit sl1t were 0. 12 mm X 1. 5 mm and 0.015 “\'t
" mm X 1 5 mm: respect1vely ;o .,' " =
h\\‘j“} The electrostat1c shleld [71 prov1ded a boundary for‘]'
he electr1c f1eld between the ion: source and the 1dn
Cof accelerat1on tower The sh1eld was a cyl1ndr1cal cage,

.,._.—~

}:ik:overed w1th a f1ne w1re mesh of h1gh flow conductance f'
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_E1ght long1tud1nal sta1nless steel rods held r1g1d by the‘
base at thﬁ“{QQ end of the source, and by a r1ng at the
‘other end supported the w1re .mesh. H1gh conductance was

necessary so that the pumping eff1c1enéy within the cage was

not: impaired. \

The HPCI source was mounted on the vacuum chamber port

flange by a cyllndrttal steel support (8], and a

cyllndr1cal bl' ht%@chlned out of mica, l9] to electr1cally,

=

‘1nsulate tﬁ%V

'sourCe from the rest of " the system The

steel support‘wasrslotted to decrease heat conduction..

,Main heating of the HPCI source was provided by'a
1 stainless steel heating mantle, [10]. The heatlng mantle
was composed of two half c1rcplar blocks with e1ght vertlcal
‘(0.25 inch wide) grooves, “in which heaters were embedded.
Thelheaters used were 0.25 inch'* 2.5 inch, 200 watt Hotwatt
‘ cartr1dge heaters mode 1 8017 The two. half”circular‘blocks‘
~ were screwed d1rectly onto the 1on source tube ' e
| : An additional set of s1x Hotwatt cartr1dge heaters‘_‘
ir(base heater) [11] together with. a heat sh1eld [12], was‘fg
1‘1nstalled around the cyl1ndr1cal stalnless steel support '

“(between the HPCI source tube’ and the ma1n flange) TheseA

i

lﬁheaters were held in place through groves bored 1nto the
flm1ca 1nsulat1on block and were used to el1m1nate the -

“‘presence of any cold spots along the gas path to the jon

‘E’source,‘1n other words. to ensure that the gas before 1t

"**5reaches the react1on zone atta1ns the temperature of the 'f‘

,' HPCI source
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'Finally, all<electrical'connections to ‘the HPCI-source,
and to the ‘electron gun assembly were made through glass to
~metal electrrcalﬁfeedthroughs wh1ch were soft- soldered on
| spec1ally des1gned adaptors welded onto the main flange
carry1ng the HPCI source. High voltage to the 1on source

was suppl1ed by a. Hewlett Packard (Harrison 65254, low‘

ripple) DC regulated power supply.

B. Temperature Control and Measurement
“ The temperature‘of the HPC4 source was controlled*by
manual setting of the heating mantle and base heater
voltages The heater voltages were suppl1ed from 1nd1v1dual
auto transformers (Var1ac) followed by Hammond 1$olat1on
transformers The use of isolation. transformers was‘
.‘necessary ‘since the heaters were to float at HPCI source
‘voltages (1 0 to 3 0 KV) Typlcally, some three amperes at )
7 flfty volts on the heat1ng mantle heaters would produce a
temperature of 500 K at the react1on zone of the HPCI
'source A constant temperature could be reached 1n about
one hour, after a change 1n the sett1ng of the Var1ac by
llew1ng the temperature to reach a steady state It had ‘

Lf?been found (48) that allow1ng the HPCI source to reach a

| 3steady state g ve a much more . constant temperature than

*'~?could be obta1ned by an automat1c temperature contro%ler

The temperature at the react1on zone of the HPCI source

'was mon1toredvbypan 1ronfconstantan (d‘type)~thermocouple. .



A small hole was dr1lleq and tapped lnto the metal tube

Y —

housing of the HPCI source ~ This hole yas at a level in,
between the electron entrahce slit and the ion ex1t slit.

In order to ensure 1nt1mate contact between—the thermocouple“
and‘the‘source houstng the followtng arrangement'was L
lselected. A hole was dr1lled through the center of a .
: screw. ‘The thermocouple-was ‘ serted: ihto the hole and
f‘silver-soldered'at<theutip of the screw\ The screw was then
screWed tightly lnto the tapped hole at the metal‘block" A»
Ihousing the source A second thermdcouple ‘constructed the
. same way as the one above was 1nsta}led at the mlddle of f
the cyl1ndr1cal sta1nless steel support~ The ﬁemperature at
thls locat1on was kept close to that of e reactlon zone.

Both thermocouples were read w1th a quport (model

. 268- dCI) twelve channel d1g1tal pyrometer h1s 1s\a J- type
dsensor pyrometer with .a resolutlon of 1.0°C~ ahd an \

accuracy of + 1, 6°C at 25°C ' Since both thermocouples were’

AR

floated at the HPCI source voltage care was taken to
electr1cally 1nsulate the pyrometer and all the thermocouple }
'con ect1ons . 'lu "__V AR - - Mx\' ‘

‘ ‘ L

c. Sample~1ntrodu¢tion.l“

' As ment1oned prev1ously gas samples were. prepared and

'hstored 1n the 5 L bulbs of the gas handl1ng system These ‘ \
fgas samples were brought to the HPCI source through Pyrex ‘”ff__rgg'i
etfglass tublng. [13] The flow of the sample from the . \h‘ ,l}?
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bulb/man1fold assembly to the HPCI source was controlled by
a Granv1lle Ph1ll1ps valve followed by a Nupro all metal
needle valve (see Flgure 2. 3) The gas from the gas
lhandl1ng system entered the HPCI source in a slow flow ;

'through a 14 mm i.d, pyrex tublng and was pumped out of the
HPCI source through the outlet” line by a mechan1cal pump
controlled by an 1ntermed1ate cap]llary (cap1llary ',_”"dlt
'pump1ng) i Th1s pump1ng was‘necessary to ensure: the presehce

@of a freSh and un1form sample in the HPCI source at all ~'d3§%H‘
o

i \‘,r

t1mes durlng an experlment and to aVo1d concentratlon.bujld

up'of the heav1er species in thehgas mixturelat the‘

" jonization zone.

The concentr1c‘%ample 1nlet/outlet tubes were mounted to |
the base of the HPCI 'source assembly through a small Kovar,
:seal which was s1lver soldered onto an adapter flange
Around the concentrlc tubes was.another glass tube wthh was
also silver- soldered to the base of the assembly through a’
stalnless steel bellow to allow flex1b1l1ty The outer

'

glass tube was’ sealed ohto the ma1n flange by a V1ton

. 'o" -r1ng It was used to hold penc1l“ heaters. [14]

d1rectly agalnst the 1nle¢/outlet lTines. F1ve 90 watt .‘ﬁg‘

lHotwatt heaters were used to ensure that no condensat1on.

-

occurred 1n the glass tub1ng and for bake out purposes ?A'

' ;th1n sheet of stalnless steel heat shleld [15] was wrappedvg-

around the heaters in order to ach1eve more un1form o

‘ ‘heat]ng, Also the glass tubes connectlng the gas handl1ng

e —

Py
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system to the hPCI source were wrapped in heating tape |,
;again for purposes of degassing and to prevent condensation,
The total pressure in the HPCl source was monitored by
va Validyne var1able reluctance transducer (pressure range -
QCOOI to 15.000 Torr) . The transducer was connected on the
'gutlet line of the HPC] source, before the Phi]tips Qalve
which was used to connect the outlet line to the exhaust
-ptmp via the caoillary tube. Operation and control of this
transducer‘was identical to the one discussed in section 2.3
of this Chapter. Systemvcalibration was necessary to obtain
"2 Kknown relationship between input pressure and output
reading Since transducer temperature had a big effect on
output read1ngs thermostatic control was necessary. It was
erated at temperatures below 80°C because at higher
temperatures ‘this prg§sure measur ing system could not be |
' zeroed, This can be considered as a dlsadvantage in a case
‘where theptemperature of condensatIon of a pa2}1cular
reacting;gas'is oreater than 80°C.
- With this sample inthoductjon system,dthe.tlow rate
. from the gas handiinqcfystem (GHS) to the ‘HPCI source hid to
be a cleafly defined function for quantitative results to-
be obtained. For this reason, the capillary pumping

conditions, the conductance of the pyrex tubes connect1ng

' the GHS to the HPCI source, and the conductance of the leaks
were chosen so as td;gnsgre v1scous flow from the high

pressure;s1de-(GHS)w the lou pressure side (HPCI source)
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when the pressure in thg flow system and the HPCI source was
between 1.5 and 10 Torr,

The advantage of having a viscous fjow is that~ihe
composition of the vapour in the ;onization chamber is the
same of that of the sample in the 5 L bulb {49, pp.125),

i.e. to avoid fractionafion'of the mjnor components.ﬁ Thi§
is a serious problem when the sample gas flow through the
ionization champeﬁ is mo{ecular, under which conditions the
different components in the gas mixture would not have the
same Qelocity. i.e. lighter gases escape faster from. the
high pressure side.which causes concentration build up of
the heavier components in the ionizatioh zone:

A confirmation of the lack of fractionation was obtained by
observing the small change (5%) in equilibrium constant
value for the aniline monomer/dimer equilibrium (Chabter 3). T
after 85% of the gas mixture had flowed out of the 5 L
stdraée bulb:

. Furthermore, another thing‘that-had'to be checked was
,tﬁe possibility of pressure gradient along the tube;,
associated with the sample introduction gas flow. The
pressure gradient between the manifold.'the'HPCI source, énd
the transducer was négligiblé because the size of the
coﬁnecting glass.tubes was large, (14 mm i.d.). The pressure
gradient{can be calculéted from the Po%seuille's law (46}
Pg. 84): )

M = (728 ((Pg12 7~ (P4)2))/ (167w 1%R=T) @
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where n, is the rate of gas flow (moles/sec) through a

tube of length 1 and radius a, R is the gas qonstant. T . is
the temperaturé, and'q js.the yiscésity of the‘éas. P2 @
and P1 are.tﬁe inlet and outlet pressures‘of the tubes tO///
- the HPCI source. To measure the flow, a bgbble flow‘meteﬁ
wésfiﬁstél1ed on the exhaust of the mechanical pump that
COntrolléa-the flé@vthrough the HPCI source. ‘When the

, pressuré of methane was ahoﬁt 4.0 Torr, the flow rate was
about‘28 cc atm min~ 1, The length of the tube'from the
manifold of the gas handling system fo the ion source was
about 1 'm, with a 'radius of 0.7 cm. The.v%scosity.of
methane is 1‘.09x1(,)‘4 poise at 20°C (50). From equatioﬁ

2.4 it may be cgléu]atéd Shatithé pressure difference

; be tween thé manifold and the HPCI source is less than 0.5%.
Therefore, the pressure Feading of the VaTidyne transducer

is an accurate representation of the pressure in the HPCI

source.

[y

2.5 The HPCl Source and the Direct Insertion Prbbe Samp le

Introduction System.. L

- . .

The sample introduction and inlet systeﬁ GHS associated
with fhefconventional HPCI source discrfbed in. section .
2.4C has been.utilizéd extensively over the‘yéars in
.Dr. Kebérie's group and has been.proven satisfactory for
'handljng gaseous and high volafility compounds. However, it

Y

! ¢
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‘has limitations in quantitative studies, where in;olattje.
thermally labile samples are involved. i
Solid compounds had to be dissolved tn appropriate

so]vents prﬁor to tneir syringe injection into the GHS,

* Depend1ng on the reactlon system studted proper selectlon
of the solvent had to be made to ensure the solvent vapor
wou]d not interfere with the reaction system studied.
Nevertheless, in sone cases interferences from the solvent
ions ere unavo%dable. | | |

Furthermore, when low voiatility analytes and especially

- compounds which are strongly adsorbed on surfaces were
injected into the storage bulbs it was found that the gas
mixture flowing through the ion source npd a changing
composition. After the flow tnrougn the iontsource was
initiated the concentration of the "sticky” compound was low

» and increasedagradually'With time. With some compounds the .
concentration reached a steady state only after‘one‘hoor or
longer. Also, once the system was exposed to such
compounds, long term pumplng was required afterwards to
ful]y'remove all rema1n1ng traces. and such traces often
interfered in the react1on systems that were stud1ed next

One of the obJectlves of the present prOJect was to
déVlse a sample introduction system that would provide a:

\s1mple and rap1d introduction of nonvolat1le low vapor

pressure compounds to the reaction zone of the ion source

The design of this direct 1nsert10n probe. 1ntroduct1on

system involved a vacuum insert1on ‘Tock assembly sim1lar to
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those available with commercial mass spectrometers, a heated
or cooled chemical ionization sample introduction probe
‘similar to the one designed by Hogg (36), a pumping system

' to accomodate the 1nsert1on Tock (see Flgure Q 3), ano '
adapter flanges to’ couple the 1nsertlon lock to the HPCI
source hous1ng Most of the system s components were
machined out of nonmagnet1c stainless steel, but.for some

| parts the use of quartz was" necessary (see section

| .5A,B,and C of this Chapter)

‘ Figure 2 5 gives a schematic representatlon of the
direct insertion probe sample introduction system - coupled to
the HPCI source and of the CI,samp]e introduction probe.
Also, a set,of‘photographs showing the major components ‘of
the‘system is given in Fioure 2.6. All the indivioual H
components of this system are discussed in parts A,B,and C

~ of this section.
_A. Description of the Basic Components.

'The vacuum insertion IOCK'assembly shown in FigUre 2 8¢
pconsisted of thevtwo independent'stages of vacuum lock, [4]
* ahd [71-«separated by a Wh1tey 0.50 inch i. d ball valve,
[6).‘an.1nterface component, [11], ‘a supportlng tower, [10]
and .a shaft support; [12]r ' h

The first stage:vaCUum"TOCK [4] together with the )

shaft support (2]. served for support and allignment of the
sample probe. ‘The pump1ngzport J,.[5].vra an isolation
, B . S , | '



Figure 2.5 Cnoss‘Section'View‘of the Direct Insertion
Probe Sample Introduqtion'System Coupled to the HPCI Source

"Housing,  and of the Chemical lonization Sample ‘lhtroduétion

Probe. f ‘ /

1. ‘bhemical 1on1zat10n probe

2. Shaft support

3. Sealing "o"-rings ‘

4. First stagéuvécuum ﬁockfcomponeﬁt t

5. Pump1ng port I Iead1ng to rough pumplng and high

cdpaci ty pump1ng . ' Co
Ball valve |
- Second stage vacuum‘ldck‘coﬁponent

Pumbing port I1 leading to high capacity pumping -

o 0O N o

"Adapter flange'

10: Vacuum insertion lock support1ng tower

«t1. 'HPCI.source/dlrect insertion probe system 1nterface.
céhponent R o R
12, HPCI édurcé'hOUSing B

13. "Rulon" probe gu1de

" 14, Gas exu;ust l1ne '

' 15.j’Electron gun assembly

16. Ion repeller and/or electron trap

.17; vElectrostat1c sh1eld
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Figure 2. 6 Photographs of the Insert1on Lock Components
- top left) HPCI Source Hous1ng and E]ectron Gun Assembly7
. (top Eignt),:and fhe Insertlon Lock, HPCI Source Hous1ng,
~ and Electron Gun’ComponentsCoupledTogetheras tneyg_ |

' Appeaned in the Final Configuration (bottom)f

1.i F1rst stage vacuum lock component'

2. Pumping port I leadlng to- rough pump1ng and h1gh
capacity pump1ng

3. Ball valye.

4. Seoond stagevacyum 1ock component wjtn.pumping

port II. | | | |

]5,{ HPCI source/direct 1nsertlon probe system 1nterface

| 'component and vacuum 1nsert1on Tock support1ng tower'

6. Thermostatted HPCI source hous1ng ‘

- 7.i;Electron Gun Assembly and electron beam she1ld1ng

(on the left)
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”valve was used to‘evacuate the f\rst stage vacuum lock area
and ‘the gas 1nlet ltnes when the sample probe was 1nserted ,
,toi1tsﬁf1rst‘stop;‘ ﬁ?‘ the’ top of the ball valve level (see
| part Dgof‘thls sectionlt Apart from rough pumplng this area'
additional “high capacity pump1ng was avallable throughnthe
GHS d1ffus1on pump via a 'second 1solat1on valve if the
Isample was to be pur1f1ed and also 1f gas 1nlet l1ne
c%eanlng was de51rable. A set of fourvv1ton "o" fr1ngs_of -
0.5 1nch i. d - separated by stainless-steél spacers, and
located at the top of the f1rst stage vacuum lock component
(31, served for, seal1ng the sample probe shaft aga1nst
atmosphere when the tlp of the sample probe was' exposed to h
vacuum. The bottom end of th1s first stage vacuum lock
component was machlned in such a way (sguare type flange
w1th a 0 495 inch i.d. hole 1n the m1ddle) as to couple
y dlrectly to the body of the ball valve and also to ensure’
‘seallng agawnst atmosphere when screwed tlghtly aga1nst the
v"ball valve. A ball seal (0. 495 1nch i. d ). along w1th a:
;‘sta1nless steel spacer was also 1nstalled to th1s end of the o

) component and served for shaft allgnment purposes

- The ball valve was a'“60" ser1es Wh1tey valve and was “h.’

tjdused as suppl1ed after belng thoroughly cleaned w1th a

‘“'Ynumber of solvents - The ball valve s teflon and v1ton i?‘t o
;‘i,seals when held t1ghtly aga1nst the flanges of the f1rst
‘=gand second vacuum lock components served as a lock for the
thlgh vacuum present at one of 1ts s1des (HPCI source S

| hfhous1ng) agannst atmosphere present ‘at the other Dur1ng B
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‘normal System pump down wi th the ball valve‘clOSed

pressures as: low as 5 x 107 8 Torr were obta1ned (measured
| «on the Jonlzat1on gauge‘located outs1de the HPCI source 3

hou51ng)

. Pump1ng port II was connected v1a an 1solat1on valve to

- the d1ffus1on pump of -the GHS, ,.and was used to evacuate the

area around the sample probe shaft between the "rulon" probe

i gu1de, [13], and the sealnng rings, [3], dur1ng normal
‘ system operat1on WIth the probe fully pushed home". When the
probe t1p was snugly mated w1th the probe gu1de back
v'fstream1ng of reagent gas ‘from the reaction zone resulted in
a pressure 1ncrease 1n th1s area.  .This pressure bu1ldup was
| =foundlto be cause of.electricalrdischarges‘when'the pressure
was ra1sed above 10~ 3 Torr (see part C of this sectlon)
H1gh capac1ty pump1ng ava1lable via port II kept th1s area
at pressures below 1072 Torr and therefore d1scharges were‘
totally suppressed 0On both s1des of th1s component were p
machlned spec1al flanges that coupled leak t1ght to the ball
) valve body at one end and to the 1nterference component at
'" the other | Agaln a ball seal (0 495 1nch~ﬂ d ) along{w1th
f‘a sta1nless steel spacer was also 1nstalled at the top end
(next to the bottom of the ball valve) of th1s component and
served for shaft al1gnment purposes " s .
The 1nterface component [11] was coupled to the HPCI

source hous1ng at the adapter flange, [9] level and |

replaces the concentr1c sample 1nlet/outlet l1nes avallable

~._w1th the conventional des1gn Th1s component conswsted of a

I e

PR
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0. 625 inch i.d. and 2'0‘inch long quartz tUbe‘coupled to two
sta1nless steel bellows (each belng 0.625 inch 1‘d and‘O 75
1nch long) ‘via Kovar seals at. each of its ends One of the
' bellows was silver soldered onto the adapter flange [9]‘ at.
| the base of the’ source hous1ng and- the second. one. was s1lver
| soldered to the flange which coupled the 1nterface component
to the second stage of the vacuum lock [7] The bellows
were used to allow flex1b1l1ty when allgn1ng the system

The purpose of us1ng thlS quartz tube was to
_ electrlcally lnsulate the hlgh voltage source housing from ,’
the direct 1nsert1on probe sample 1ntroduct10n assembly,.‘”.
'wh1ch was Kept at ground potent1al Also . the use of quartz
| rather than boros1llcate glass was requ1red because of the
poor electr1cal 1nsulat1ng propertles of the latter at
elevated temperatures | |

Around this quartz tube was connected a second tube
(1 250 1nch o. d ). wh1ch in turn was sealed onto the main
flange supportlng the 1on source v1a an o ‘-ring coupl1ng
‘ and served as a seal for the h1gh vacuum s1de aga1nst
atmosghere - - _g ”t‘ ‘:ft *:,f | |

.“( ‘fﬁ ‘ ‘ e
4 “gNThe bottom part of the 10n source hous1ng was drilled :

out to 1. 0 1nch 1 d and 3. 5 tnch deep from the top of the o

base flange 1n order to f1t 1n 1t the vrulon probe gu1de

The gu1de was" held agalnst a kn1fe edge base (at the source l'ugz”

N block) by s1x small screws to ensure no back leakage of B

L reagent gas from the h1gh pressure (react1on zone) ‘to the

S

SN :
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low pressure side (interface area) when the CI probe was

pushed fully home .

47

The probe gu1de was mach1ned in such a way as to prov1de ‘

a good ‘seal when mated w1th the probe t1p Rulon has a
relat1vely inert surface and is also a good electrlcal

insulator . Its thermal conduct1v1ty 1s hlgh enough to

allow. the probe tip. to attain the ion source temperature in o

“a short t1me when 1ndependent heatlng of the probe was not
'des1red ‘ Rulon . reta{nsxwts rlg1d shape after repeated
heating}vup‘t0'24Q°C. However, in some of the
,experiments[ lt.waS‘heated up to 300°C without cneating
anylmajor problems : ‘ 3 | |
The support tower llO] was attached to the .insertion

lock system at the top flange of the 1nterface component
level and was used to support and hold the assembly r1gldly
‘aga1nst the ma1n flange of the 1nstrument

. All the components of. the 1nsert10n vacuum lock system’
were larger than 0.50 lnch i. d 1n order to accomodate the
0 478 o. d shaft of the spec1aﬂly constructed CI probe .

F1nal|y, alagnment of all the 1nsert1on lock system

h"components was ach1eved by puttlng through 1t a 0. 478 1nch

. o. d all metal shaft and maneuver1ng 1t around unt1l a
jperfect f1t was obtained After hav1ng all Jo1nts tlghtly

*tscrewed together. the system was leak tested w1th helium
' ‘ / - i .

[

‘pr1or to 1ts use TR ;;;;\s\\i . ;."'“

~

Al



B. The Direct CI Samplevlntroduction Probe.

A cross sect1ona] view of the spec1ally constructed
chem1ca1 1on1zatlonqsamp]e 1ntroduct1on probe 1s given in
‘E1gure 2.7. The shaft of the probe was constructed in such
.a way as to fit, vacuum tight, to the prevlously described
Mvacuum 1nsert1on tock system ‘Bothﬁsample and reagent gas
were introduced into the reactidn'zone of‘the HPCI sounrce
v1a thls probe | ; |
‘ The main body of the probe (shaft) con51sted of O 478

inch o.d. non- magnet1c stawn]ess steel tube eftended to al

| 0 472 1nch o.d. quartz tube, via’ a ugyar “to qhartz graded
:sea1, wh1ch, in turn, was sealed to the 0.197 1nch o.d.

quarti inner tube at the probe tip level ! The‘reason for
__uslng a quartz tip probe:was to av01d exposure of the metal

.part of the shaft aga1nst the high voltage walls of the
'HPCI source hou51ng ) - .

The 1nner tube wh1ch was used to admit reagent gas' to.
the reactlon zone, term1nated at the top of the probe handle
wn a spec1a1ly des1gned adapter seal u51ng a rubbertd‘ |
" o‘-r1ng, and served as a qu1ck connector for coupl1ng the
‘probe to the reagent gas 1nlet l1ne com1ng from the GHS ,

"A sl1ght constrlct1on 1n the 1nner tube O 55 1nch from the
.t1p, served as a sUpport for the sample contalner wh1ch was‘
‘made from melt1ng po1nt cap1llary A small p1ece of an

‘appropr1ately shaped sta1nless steel str1p was used as

‘ ‘sample conta1ner ‘holder. Th1s prevented the sample r'\ '

t
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.///\
' caplllary from fall1ng out during probe insertion as well as
providing better thermal contact between sample holder and
probe heated area.

An adjustable locking collar on the probe shaft served
as a guide for the probe and indicated when the probe tip
had cleared the ball valve area during probe withdrawl, and
~'also when the probe was fully home during probe insertion.
During probe insertion a slight push of the probé against
the "rulon” probe goide was foung suffic}ent to ensure a
good vacuum tjght couplihg.

Thekprobe is equjpped with a heater and thermocouple
running the .length of the shaft and terminating at the probe
tip. A spirally sheped Nichrome heater heats the region
from the tip of the probe to a point just past the ‘. )
..constriction in the inner quartz tube. The heater was fixed
in the probe tip by having the Nichrome wtre tightly wrapped
ageinst the inner tube.. A ceble and plug connects the probe
heater. to a 115 v/12.5 V filament transformer, whose primary
is controlled by a Var1ac variable autotransformer Heating
of the probe tip (sample area) is achieved by manually
adjusting tneAcurrent'passing through the N1chrome heater
via different setttngs of the Variac autotransformer.

Probe tip temperature, and therefore sample tehperature,
~is monitored w1th a J-type thermocoup(e lpcated against the
heater towards the botto; of the probe shaft ' °

The CI probe was heated independently from the ion

source1 JTemperatures up to 600°C were measured at the
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probe tip area with this heater arra?gemenF at‘atmospheric
préssure. Probe temperatures, higher than those of the ion
sourée, had little effect on altering the ion source
‘temperature. Thﬁs when the probe tempefature was about
50°¢C higﬁgr than that of the fon source, the observed
increase in the ioﬁ source temperature was.onlyn1 to 560.»
Sample coo]ing is provided by bfowing co]d'nitrogen_gas
‘or air, around the inner tube at the probe tip‘level (see
Figure 2.7) via teflon tubingAfrom a‘union at the top of the
probe hahdle. The probe tip area could be cooled’down to
1100°C when the ion source was kept at 227°C. The' probe can
be heated énd copled much more rapidly than‘the ion source.
Cheﬁical ionization reagenf gas from the GHS flows
through the gas inlet line and ‘the inner tﬁbe of the probe,
around the heéféd samble capillary and enters the reaction
zone as a mixture containing a certa%ﬁ concentratiqn of
sample vapour evaporated from the capi}lary. The
, 2qncentration varies with sample volatiiity and probe tip
temperature. The gas mixture exits the.reaction zone
through the specialiy designed gas exhaust Iiné (see [14]'in
Figure 2.5). Reagent gas flow %s qontrolléaﬁg;hggé needle
valve at\the GHS, and a capillary which restricts the flow
in thé eiﬁaust liﬁe. The sourcéipressuré was fixed‘at“the
v:equired settingé by adjusting the ﬁeedle valve.
The fempepaturé of tﬁé reagent gas was controlled by
heatfng the flow tﬁbes. Heating was nof available only for

the region albng}thg inner tube of 'the CI probe.
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Alsd, since the probe tip was heated independently this

. . | B L Y
caused the sample temperature to be different than that of

the reagent gasj However, this doee not- effect the,
measurements because temperature equilfbration of gases at
pressures of a few Torr is very fast.

The concentration of sample vapour in the ion source was
cootrolled by the temperature of the probe tip. The
re]atiQe sdmple concentration was monitored‘by observing the
intensity of ions due to the sample. A steady ion intensity
. could be obtained by careful control of tﬁe reagenf gas
flow, and probe tip temperature. - x : 0

Typical sample weights osed were of the order of 5 to
10 mg. The.period‘of t{me that these quantifieé}1asted.
during system operation, vabied with sample volatility and
probe.temoerature. A systematic eyeluation of the sample-
introduction system is giveh.in Chapter 3.

A second CI sample introduotion probe was designed and
was used when ]abfle and highly volatile samples were used.
Samples of this nature were lntroduced 1nto the system by
the convent1onal procedure and this - second probe 's1mply
served as a ‘gas flow tube 11nK1ng the inlet line coming from
the GHS, with the ‘ion source. . | -

The only difference between this probe and the one
previously described, was thet its‘oUter shaft consisted of
a quartz tube (0.472 inch 6.d.;,o;nd that the inner tube was

fhermostatically_controlled along its entire length.

Heating of the innér tube was aceompliehed by having a
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‘

Nichrome r ibbon heater wrapped around it. The current go1ng.
through the heater was.controlled in'exact1y the same way as‘
for the heater of the other probe. Its temperature was Kkept
at the same level as that of the GHS and the sample inlet
line, in order to avoid sample condensation on'its’path to

the ion source.

C. 'Suppression of Electrical Discharge in the Interface,
Component Region.ﬁ o Lo
The HPCI source of the_mass_spectrometer is run at 3' KV |
during .standard operation, while the'probe vacuum lock,;the
solids probe, the GHS, the gas inlet lines, and all the‘ ‘
other components, which are phys1cally attached to the ion
source through vacuum feedthroughs. are at ground
potential. Thls was accompl1shed by hav1ng the 1nterface
component ([11] 1n Figure 2.5}, the CI. probe t1p, and all
the parts of the reagent gas carry1ng llnes made out of
~ quartz and pyrex. However, in the development stages of the
sample introduction system, under certain pressure and .
temperature conditions, high voltage break downs\were | ,;
'exper1enced due to electr1cal d1scharges across. the gas
sample 1ntroductlon system It ‘was establfshed emp1r1cally

that dlscharges took place“?rom the ion source across the

‘ N L

~gas inlet lines to the GHS when the pressure in the lines
was between 10° 3 and 1. 0 Torr. D1scharges occurred also

‘efrom the ion source: to the vacuum lock assembly due to bu1ld\\J

A ]

‘-
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up of gas in the interface volume connecting the ion source
to the vacuum lock. This" pressure bui 1d up was due to
leakage of gas across the not completely tlght rulon/probe- :
tip contact: N
Even though ‘gases are Known to be 1nsulators at very low

pressures ‘and at high pressures, in the pressure range
10"3 to 1.0 Torr they become conducting and permit

discharges l51). For most-chemlcal ionization mass
spectrometric studies, the operating gas sample-pregsUres

are in this _pressure range and.therefore precaut ions have j
galways beeh ‘taken to build gas sample 1ntroduct1on systems
that would be-free_from discharges. A number of authors

(52, Sél'have investigated the problem and dlfferent

dlscharge suppressor systems have been proposed

With our convent1onal sample . 1ntroductton system,‘

ma1nta1n1ng fhe GHS and the other gas 1nlet/outlet

components at ground potential, (i.e. free of dfscharge) is
not a- problem since all the l1nes connectlng these

components to the 1on source are’ longnand made from glass
Furthermore, the operating pressure.1s mostly above 1.0

Torr.! In addition, the needle valve at the top end of the
‘gas inlet line serves as an 1hsulator. secur1ng the GHS from
hlgh voltage because d1scharges do not occur at theA
pressures normally found on-the high pressure slde of the |
valve. Nevertheless. a ground po1nt is prov1ded next to the‘
needle ana Phlllps valve-(cap1llaryipump1ng controller) for

double‘safety purposes.



‘t It _was observed w1th the solld probe sample 1ntroduct1on
system that if the h1gh voltage was on while gas was
admi t ted to the HPCI source, d1scharges occurred at gas.
pressures in the HPCI source, ‘and consequently, in the gas
: 1nlet/outlet lines below 0.8 Torr.‘ These d1scharges could
be . avoided by SWitching On‘the high voltage only after the
gas pressure ln the source had been stabilized at the 0 8
Torr‘level or higher . Also; at the end of each exper1ment
evacuation of the source was commenced only after the hlgh
- voltage had been sw1tched of f.

The d1scharges of the vacuum lock assembly could be
prevented by having the interface area under vacuum- at all
t1mes. S1nce the rulon joint could not be made completely
- tight, the vo lume was contlnually*pumped by introducing
pump1ng port 11, see'Figure 2. 5' Th1s’l1ne had sufficient
capacity to ma1nta1n a pressure of 5 x 10° 6 Torr (as \
measured by the GHS’s ion gauge controller). with the ion :
'source betng at 10.0 Torr. Under these cond1t1ons,

~

.‘d1scharges 1n the area were totally suppressed

D. Summary of Routine Solid Sample Introductlon
o Procedures ' |

‘ The follow1ng step by step procedure had to be followed

' ,carefully..when sol1d samples were used 1n order to ensure ;;
| afety of operatlon Th1s procedure requ1re$ that a reagent'
l,f gas m1xture has already been prepared 1n the GHS the CI |

4



probe is disconnected fromdthe_system, and allihigh‘voltages

" are switched off.

1. Deposit sample into capillary, .insert capillary into
the heated well, and{place metal security strip around it.

2. Insert probe carefully 1nto the ftrst stage vacuum . lock

L component brtngtng it to the potnt where the end of the

‘probe is Just shor t of the ball valve (1nd1cated by the :
locatton‘of the probe s adJustable locking collar agatnst‘
the shaft support). Adjust sealing‘"o“-rings‘until‘a tight W
| fit againsf‘the probe shaft is obtained. Connect CI probe
dto the gas 1nlet line, v1a the quick: connector at the top of
the handle. = = | | | |
"35 Slowly open-valve 1, located gnvpumping port I and
- evacuate the inlet line and~the fﬁrst vacuum lock component
area unt1l a pressure of 20 mTorr 85 less has been | |
obta1ned If sample pur1f1cat1on is requ1red close valve 1
at thls polnt and open valve 2 (also located on the T Jotnt
at the end of pump1ng port I) Th1s exposes the area to
Vhlgh capac1ty pump1ng for ‘the des1red length of tlme |
4, Once the pressure in the top part of the 1nsertton lock
‘lv1s at - least 20 mTorr, open the ball valve and carefully |
g fdsltde the probe forward‘unt1l'the twp:js ‘met with the
rulon gu1de _ R - | | | | _ |
:5 With the probe fully home, evacuate the 1nterface »
i component area v1a pumpxng port II fully open the exhaust ';'3

}'valve and after allow1ng some t1me for pump1ng. start



"‘bleeding tn.reagent‘gas Stab1l1ze the reagent gas pressure
 at the 1.0 Torr level or h1gher us1ng the needle valve

6. After makKing sure thai the ion source pressure is above

1.0 Torr and the pressure in the 1nterface component lS

below 10‘5‘Torr, the 1on source high voltage may be

switched on. |

‘ﬁ7 Hav1ng opt1m1zed all operat1onal cond1tlons, i.e.

electron_and jion beam, reagent gas pressure .etc obtain a

mass spectrum‘tor the reaction m1xture used.“ Next, swltch

into single ion mode and observe the intensity of the ion of
. E \'- » . ’

1nterest ‘while altering the probe tip temperature Once a
‘des1rable 1on current and consequently, an ion time proflle
has been obtalned data collect1on may commence

To shut down the,system. the procedure must be followed

o

- exactly in reversed order.

2.6 The Electron Gun Assembly .
‘A. Arrangement of Electrodes’' . .
A schemat1c d1agram of. the electron gun assembly 1s o

_ shown in F1gure 2.8.  The des1gn of thts gun 1s d1fferent

‘from the one generally used 1n th1s laboratory and descrtbed |

.. by Arshad1 (54) In the present case the electron gun is:

3d1rectly attached to the ion source as 1t 1s shown 1n Flgure

tgl2 5. Thts deslgn only requ1res half the number of electrodes
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- Figure 2.8. Cross Secional vie®or the Electron Gun Assembly.
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with respect to the general des1gn and-the specific
mounting reduces allgnment problems -
| The electron gun assembly con51sted of a fllament
‘element a fylament element holder three electrodes
q(drawout acceleration; and'focus) and a spec1ally de51gned
adapter flange 'whlch supported all the electron gun
‘Lcomponents through vespel rods aga1nst the source hous1ng
The f1lament was at suff1c1ent dlstance from the 1on |
source in order to av01d 1ts exposure to hlgh pressures and
'prolong 1ts l1fet1me " For operat10n w1th pos1t1ve 1ons, the.
center of the f1lament was malntained at ground potential
‘and 2 0 ‘to ~3.0 KV relat1ve to the ion source. Electrons
emltted from the heated fllament were accelerated and -
focussed by the electrode plates, along the z axis towards
the ion source , |
A SImple potentIal d1v1der was constructed to prov1de
appropr1ate voltages to the electrodes of the electron gun.
HAll electrode voltages were adJustable v1a heJ1pots |
attached to the potent1al d1v1der The voltage for the
hpotentlal d1v1der waSlsuppIIed by a Hewlett PacKard |
“l(Ha r1son 6110A low r)pple) regu]ated h1gh voltage power _f
'supply Three control meters were 1nstalled to mon1tor

Hﬂ-total emss1on case and trap currents under cont1nuous

'electron 1rrad1at1on Typ1cat:ﬁbltage sett1n93'and control

‘“fgkmeter readings are g1ven 1n Table 2 1

The voltage to the drawout electrode was prov1ded via a

. separate voltage power supply (CALEX 30V 200 mA) 1n order“ -

A

3
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, TABLE 2 1 Typtcal 0perat1ng Voltages for the Electron Gun

Assembly
Electrode . Yoltages (Volt]
Ftlament - | | 0
| Drawout " , | f‘BO
Accelenation“ & .ff.. ‘ . 852

Focussing half plates

Yy B 1020
Yo 1118
Ion sourceg_Trap, Repeller 2900 g

o

,Typical.Control Meter Reading Under Cont inuous Electron
Irradlat1ons |

Total Emission Current?;: : ‘~800}LA

: Case‘Currentb' ) e ‘1 30;LA - )
Trap Cud'@ntc | o 0. 2 pa |

8 The- amperemeter monltorlng total em1551on is connected in
serles w1th the l1ne connect1ng the f1lament element to

ground The current measured represents the number of

‘electrons 1 v1ng the f1lament element.

b The case current amperemeter 1s connected in sertes w1th T]q
the high voltage llne lead1ng to the jon source. ‘The current
.[‘quant1t1es measured are. from electrons StrlKlng the ion sourcet
Vf:c The trap current amperemeter is. connected between the 1on

'”f‘urce and the electron trap termtnals, and measures the U;VV

» amount of current resulttng from electrons reaching the

electron trap . SN [‘rl

t e E S S Sl
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1

to avo1d loading of the ma1n high- voltage power supply when

‘the f1lament emission was set h1gh Loadlng of the electron

N

gun and thedzonésource power supply (ma1n power supply)

would severdly affect the electron and ijon focu551ng

The fllament of the electron gun was. constructed from

'thor1ated'1r1d1um because this mater1al is 'known to be

res1stant to attack by a large number of gases However

from he ferrocene study, it was found that f1laments made SR

of 7 /25 tungsten/rhen1um had longer l1fet1mes than the
former mater1al |

The effect of a hot f1lament (maximum‘emission) on’thel
1on source temperature was found to be ion source

temperature dependent Heated f1lament electron beam )

sources, wh1le at max imum em1ss1on operate at around

12000¢ (55). With a‘hot»f1lament. an ion source

"temperature‘of"SOOC was found to increase by 2 to 3°C in the

first 15 minutes of electron irradiation and then stabilize

- at’ the hlgher temperature Ion: source temperatures of

| 130°C or above were - unalterable even by prolonged

‘ ont1nuous electron 1rrad1at1ons There were’ no spec1al

‘hiprecaut1ons taken to avo1d th1s problem. s1nce the

e temperature of the don source could be’ regulated fawrly

fprec1sely.-through the. ion source heater controllers

t r

-fFocus1ng of the electron beam was peiformed w1th the system

in vacuum WhIle in cont1nuoUs 1rrad1at1on mode,_;

.

the f1lament emlss1on and the electron gun electrode

Lo
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p'oten'tials were adjusted until a maximum case, anq‘?'
subsequently, trap current was obtalned (see table 2.1},

Optimum ‘voltage settlngs for electron beam focu551ng under ‘.

. _continuous 1rrad1atlon are not necessarlly the same as

opt1mum settings for pulsed electron beam focuslng, mainly
‘because the drawout vo]tage is d1fferent for the, contlnuous

and pulsing modes.'

B. Pulsing of the Electron{Beam
. : Y

A ‘ ‘ ' AY

Puls1ng of the electron gun was accompl1shed by varylng -
the potential of the drawout electrode’“at regulated | |
1ntervals F1gure 2 1 shows a block diagram of: the i ’
1nstrument 1nclud1’hg all the, puls1ng elec%omc components

fElectrons couﬂ%cxﬂy pass into the'ion source when the
fllament was ' at a hlgher negatlve potentlal thany the drawout
- electrode In the pu131ng méde, the drawout electrode\was
‘ma1nta1ned some  30. to 60 volts negatlve to the fllament

Pulses generated by ¢he master pulse generator trigger a. .
floatlng pulse amplifler,lwhlch 1n‘turn altered the
p“T—‘tlal of the drawout plate to, some - 45 to 140 volts
p051t1ve w1th respect ‘to the f1lament for the’deslred perlod“'
.of t1me Th1s allowed electrons to pass through the drawout‘
h plg%ptlnto the focusing and accelerat1ng reglon of the |

*‘electron gun l After the preset per1od of tlme had elapsed

vthe floatlng pulse generator would return the drawout plate

to 1ts orlg1nal potentlal, negaljve w1th respect to the



“obtavged

at

filament. In this way pulses of electrons of.known time

A
duration could be delivered to the ion source. The period

r\of tqé electron beam on/off cycle (2.6 to 10.3 msec/cycle
“dependtng on the experiment) was controlled by the master
ffpulse-generator whereas the durat1on of the "on” t1me for
'the“electron‘beam l10~140"sec) was governed by @he pulse

amplifier. The pulse ampl1f1er was battery powered and

could be fldated to drawout potent1als Controls on the

height (p051h1ve polarlty pulse) and back off voltage (a

‘negat1ve voltage pulse used to repell the electron beam)

unt1l the- best 1ntens1ty\of electron beam pulses was
/
v ‘ l ‘

i - . Ky

obtained.
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~ pulse ampl1ffer allowed adjust&nt of the pulseﬁw1dth,. pulse

The triggering pulse from.the‘master pulse'genenator was

also used‘to initiate,the.sweep'of the multichannel scaler

for data collection‘ In th1s manner the t1me dependence of

.
[

1on 1ntens1t1es follow1ng the 1onlz1ng pulse coultd be

-

When the: electron gun was not pulsed the electron beam*

!

'str1king the 1on source was around 30 m\croamperes Only a
.Tsmall fractlon of the electron beam passed through the E

‘electron entrance sl1t and reached the trap in the ion

source The current measured at ‘the electron trap was

: 2 X 10 -7 Anperes From thts. 1t can be calculated that 1n

- a lO/Lsec pulse approxlmately T x 107 electrons enter the

'.vt‘
"

~ion source. y iﬂ-” X x;;VTC»_-,- ST

4

.



C. Electron Beam Deflection Due to Stray Magnetic
Flelds. |

4

During the developing stages of this instrument, it was
' &
found that weak stray magnetic fields, resulting from the

analysing magnet, significantly affected the focusing of the

1

- electron beam. By monitoring deflections in the ‘trap.

~current meter, il was observed that a pgrfectly focused

‘electron beam, with the system in vacuum was severely ’

deflected when the analySIng magnetic' field was varled
With‘the.analysing-magnetic field set at maximum, stray

fields of the order of 100 to 150 Gauss weré measured in the

area occup1ed by the electron gun in the vacuum chapber

They were found to increase in 1ntens1ty w1th 1ncrea51ng

analyzer magnetic f1eld wh1ch indicated thdt eMectron beam

-

deflectlon is magnetic field dependent Furthermore. this
1nd1cated that 1ons of d1fferent mass Would be result1ng

from d1fferent electron 1ntens1t1es such that thelr signals
- ! '

wou ld not be comparable .

e A mass depenoent change of the- 1on lntensity was.

.

observed when ions of even m1n1mal dwfference in mass were

, - selected for th1s 1nvestigat10n By refocus1ng the electrog;_
S v
o - beam at each glven mass, it was found that the ion’ 1ntens1ty

. could be 1ncreased by at least a factor of five, and the -

B gatn of 1ntensuty uppn refocus1ng depended on the mass iﬁ

L .~ e ‘7,3
. gn\d1fference between the Jons ‘under . 1nvest1gat10n Co
To ‘ em. :he space conta1n1ng the electron
} -
&h s ¢ . °. PN ‘,' AN

s - . i )
' ’

.8 . e s ; - . ‘o
. R . . . »
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beam path, i.e. electron gun area, was heavily shielded with

high magnetic moment (L) material (Netic—éonetic). The ,use

of this'shielding reduced the perturbing effect of the

magnetic field on the electron beam to a negligible level.

The shteldtng appl1ed was proven exper1mentally, suff1c1ent
to ensure complete absence of -electron beam deflect1ons even
at relatively high masses. With the shielding‘in place,

refocusing of the electron beam was proven unnecessary even

when the mass dtfference of\the_lo;s under 1nvestlgatlon was
' relat1vely high (230 amu or higher —.

»

2.7 lon Acceleration from the'Ion Source to the Mass

Analyzer.

S
> o - . N

]
Ions coming out of “the iop source’s ion exit slit were

'

accelerated and focused towards the fl1ght tube of the

magnetic analyzer ‘

“Acceleration; focUsing; and deflection'of the'ion beam
was achleved'by a ser1es of s1x electrode plates (1on\ .
acceleration tower) ‘put together in a tower type .
Aarranoementy and held by the bottom aga1nst the analyzer's
‘tube’ entrance All electrodes were electrlcally 1nsulated;
from each other A schemat1c dlagram of the 1on
‘accelerat1on tower w1th all the electrodes spec1f1ed is

shown in F1gure 2.9. 4Theacone, cone ex1t.~and.cyl1nder

65

electroaesywere"mainlylused'for ion accélerationygwhile'the |

©
-
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\
- ) a
Cone
Cone Exft—__ e
Cy)inder
Focus ﬁ.rl 5 —
Lens ————p : - I
Deflect ton — e I
)
> . s

© To 'lass‘ -Ana Iyzar;

i

“Figure 2.9. Cross Sect1onal Vlew\of Ion Accelerating,and

,Focusvng Electrodes..

-
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others (focus,‘lens; deflectton) served for x/y focusing and
deflection of the .ion beam. _ f )

\
*The‘potentlals of the ion acceleration and: focusing
electrodes were Kept negative with respect’jo the ion source S
when positive ions were investigated.y High voltage to the |
'v electrodes was prOvided‘via a potential divider connected in‘
line with the ATLAS" -high voltage power supply. Typical'
~ potentials applied to these electrodes for opt1mum operatlng
conditions are given in Table 2.2. However. prior to
v conduct1ng an-exper1ment the relatlve voltages of all six\
electrodes were chosen carefully until opt1mum senslt1v1ty"
-and’ mass resolutlon was obtajned.

The resolut1on of the 1nstrument under HPCI cond1t1ons-"

.using the 10% valley def1n1t1on was est1mated to be around

..285 at m/e 43. Coh - » - . .
,, . . i ‘ A . ‘ \ ' .
\ - 28 Mass AnalysiS and the Mass Readout System.
T , ) ) "“ . ) ~ ' ‘ . . ‘. Ct . ! ’
Y ' v : " . T r\~ )
‘ For the present tnstrument the ATLAS’s 20 cm rad1us ‘
. , . - - .
%,600 fllght tube and electromagnet were used as a ‘masst f{ .

’

.analyzer , \
iéé’ Pos1t1ve 1ons from the ion source, after belng ‘
ccelerated and coll1mated bygthe 1on accelerat1qnmtower

'_lectrodes and upon pass1ng the analyzer s entrance sl1t

"re subjected to magnettc analys1s The fllght tube and

=the magnet1c analyzer are kept at ground poke ial "
herefore, the Kinet{s energy of the ions enteri the

¥

CownEE
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TABLE 2.2 Typical Operating'Voltages for lon Accelerating¢‘
'Electrqdés. ' |

Electrodes - | ~ Voltage (Volt)

HPCI source and oy

o wd .
shielding cage R 2900

Cone 4750 .

o

Cone exit ' ..« . . .. . 1759

- Cylinder D - () 2070 ;@
Focus half p]ate; | -
Xy 1950

Xp B - iigze,;_ =
" Lens #1, _ "' A.".: 2010.2
lens #2 © oa0
- )

Defigction
P 4 .

T, R "  458
& - o , o ' 4 '
Y Magnetic analyzer , .- .

half plates

R entrance slit a0

: B x e . . ° . ¢ : vt
- & . . . v A * ot - -
] i CE. R B .,
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.“analyzer is determined by the vottage settjngfoffthe‘jon
source | The electromagnet (mass -analyzer) selects a
part1culqr €r1mary jon reagent beam from the mixture of ions :
emitted from the high pressure ion source. Selection of a
part1cular ion and deflect1on of gll*others is performed

according to equat1on 2. 5 Pgs)

mle = 4.79.x‘167§ (r282) /v ) . : ’ 2.5:5
‘ R . ‘
I this equat1on, r.is the orb1tal rad1us of . the ions’ path, A
i. e rad1us of trfknmgnetzc field, in cm..B 1s thelmagnetic
1nduction (magnet1c field flux) of the analyzer in Gauss,
- wh1ch 1s applied to- the ion in terms of force (evB) hormal
. to, the d1rect1on of its mot1on, and V 1s the acceleratlng
.voltage thd& has been app]1ed to the 1on The constan& oﬁ
{ 79 x 10‘5 has resu1ted from un1t converstons.r Equation
H2‘5 pred1cts the mass to charge rat1o for the ion that w1l]
L be transm1tted through the ana]yzer for a part1cu1ar y ‘and B |
'f.-settlng Once the 1on has: ente“%d the fl1ght tube, it.

"travels w1th a constant velocity through at towards the 1on

| detector AP ;j

As rs ev1dent from the above equat1on. the operat1ng

", mass range of the magnet1c analyzer 1s dependent on the ﬁthftd;,:u,r

ustrength of the fleld.brad1us of the f1eld and K1net1c
'»fenergy of the 1ons Ions of’ different mass to charge nat1o

.‘J;Can be selected by means of scannlng the magnet1c fteld B




*}ftf;l1near1ty. temperature compensate Hall pPObe and an

0 -

<
a

- fon acceleration voltage, V, and Keeping the rest constant .
Both scanning modes were available with the present

“instrument, however , the first one was utilized for all

‘experiments performed,. due to its easé of Operatton and

~

reproducibilty of‘resu]ts Scanning the accelerating
‘voltage 1ntroduces uncerta1nty in opt1m121ng cond1t1ons for

electron accelerat1on and ion focus1ng when HPCI source

-~

‘arrangement is ut1l1zed.‘ Scann1ng of the magnet1c field was °
obtained by varying the current through the magnet s coil,

'v1a the ATLAS' h1ghly regulated constant current supply

\

With this part1cular electromagnet, the h1ghest mas&'lon

that could be transmltted through the magnet1c field at an

[4
‘ acce]erat1ng voltage of 2 8 KV was m/e =220 Daltons

-

S1nce the ATLAS MAT GH4 was not equ1pped with -a data

system mass mark1ng fac1l1t1es or even a versat11e and

“re11able mass- readout system a system Fhat would prOV1de anv‘n"

‘effectmye and 1nexpens1ve solut1on to th1s problem was R

;,constructed A number of versat}le mass- readout systems'iu

"other than the commerc%al Ones,'for magnettc sector

e '

';m'1nstruments have been reported 1n the l1terature (57 59).

“{EbfAmong these the de51gn by Bell (58) was found most su1table .

for our app11cat1on i “

Y

:'-: A d1g1tal mass readout system. 1dentlcal to the one f

:descr1bed by Bell was constructed by the Electron1cs Shopa, :ift

“i'yat the Chemlstry Department, and was 1nterfaced to the

; 'f1nstrument | Th1s system was base on 4 commercial h\gh




-

'1ntegrated c1rcu1t (Analog Devices AD 531L monollthrc

- - . T ' o ‘ )
. . . e N ' ' " - v \ R

1

mult1pller div1der) capable of prov1d1ng the transfer
funct1on k(x2/z) where K is a variable ga1n factor =

correspondlng to the term 4. 79 X 10 5 r2 in equat1on 2. 5

" x is a voltage correspond1ng to B, and Za current

fcorreSpond1ng to ion accelerat1ng voltage. The output of

the c1rcu1t is measured by a 4 1/2 dlglt voltmeter (Analog

‘Dev1ces 2008) by adJust1ng K the readout ‘can be made to-

correspond to m/e such that d"l mV = 1 amu. Furthermore.'

the c1rcu1ts l1near output can be used to dr1ve the X axis

| of. the mass spectrum record1ng apparatus

For our system as a f1eld measur1ng dev1ce a Bell

........

" STU8-0204 transverse Hall probe was used powered by a Bell

810H fyeld mon1tor The probe’ was mounted in the pole gap |

on. the ATLAS’ magnet so that 1t was 1p good contact w1th the b' Tv’

‘fl1ght tube.‘ The accelerat1ng voltage was sampled from“a

‘res1stor cha1n at the 6V level and was fed 1nto the

~

‘1ntegrated c1rcuit along with the output from the f1eld o

_monltor A d1agram of the Hall probe mount1ng arrangement t

»and of the mass readout system setup 1s shown in F1gUre

7

‘.2 10“ There were no mod1f1cat1ons made to the '[rcu1t

,

\descr1bed by Bell 51nce 1ts performance was found very

A/_‘

{isystem was élso obta1n

jﬁoutl1ned 1h Bell s publicat;on.

lf@;assumpﬁjon has been made 1n the der1vat1on of equatvon,zsi

T

?sat1sfactory for the mass range used Cal1brat1on of the

"_y“follow1ng the procedures

It should be ment1oned' at thls po1nt that an lmportant 5{"ﬂ

LT B 2ol

. .-.<| . o~
ar o7 :
SRR B .
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‘and in the design of the mass readout system for relat1ng "
m/e‘w1th B It 1s assumed that a perfectly unlform magnet1c

fweld wlth sharp boundar1es is available, and that the mass Y
3 \ ' ot

in focus at a glven rnstant is directly related to the e
measurement of the magnetlc f1eld B at that 1hstant o
However in pract1se, this is not the case The-path of an

-~ ion-‘as it travels‘from the source to the collector‘js N
determined bynthe magnet1c f1eld at each po1nt along the .
path and if we are to predlct ‘the mass of jons reach1ng the
‘cotlector at a certain instant, we shall need a map of the
field along the ent1re path at that 1nstant 1n enough

i detail to g1ve the‘requ1red prec1s1on Thus, by\measurfng

"the magnet1c field at-a s1ngle po1nt - a number of ‘: p BTN
uncerta1nt1es 1n the relat1onsh1p between~m/e and B are |

-1ntroduced ‘ These uncerta1nt1es'ma1nly result due to

~_saturat1ng Eddy Currents and ngsterls1s wh1ch are the

?icauses for non un1form1t1es in the magnet1c f1eld '.,, ij{-‘

ffd.( W1th rapld magnet scans. the effects of the above o

. .."”%. \ ’
'{:factors on the m/e and B relat1onsh1p become qu1te severe

l

tgHowever. ln these app11cat10n, rap1d scans were not
: ;;necessary5 S\nce the saturatwon Eddy Currents and

ﬁﬁ5fh¥§ierVSis 'Ffects are qu1te reproduc1ble w1th slow magnet1cﬁfn.'w

rand'because an‘accuracy of approx1mate1y a ﬂf5ﬂﬂ“""
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| %;2;9"Ion‘Detecflon'and.Data Collection

, : i
[ -
T .
| ‘

Auyg‘ ' The 1ons 7after magnet1o mass analys1s . were furtherv

ilhg'bplllﬂv . u51ng an adJustable sl1t located al the bottomd“
"“end of .the fl1ght tube, and then detected w1th an ion oy a
| count1ng system Ion countlng was obta1ned by ut1l1zat1on“ |
of a chagheltron electron multxpl1er (CEM 4830) purchased \

fngm Gal1leo Electron 0pt1cs Corp The CEM was 1nstalled A

1n.the 1on detect1on hou51nd of the ATLAS replac1ng the .

‘ ' A-stage copper beryll1um secondary electron‘mult1pl1er
ava1lable from the or1glnal setup (45).  The potent1al

d1v1der assoc1ated w1th the exs1st1ng Cu Be mult1pl1er was

,.

mod1f1ed 1n order to meet the operatlonal requ1rements of

the channeltron

- '
K 0

The channeltron\electron mult1pl1er is super1or to the ‘

conventlonal Cu Be in a number of ways 1t has a stable

Qynode surface that can be exposed to a1r w1thout r"’,rﬁf”‘ 0

!

degradat1on,.1t has hlgher.ga1n stab1l1ty , and also has a-

m1n1mal galn dependapcy on 1on mass (60) Ih.add1t1on, "f;'”ﬁhjﬁf

,"l:‘""

‘ Y%
N other factors assoc1ated w1th the detector and ampl1f1cat1on

effjc1ency %§4Cu Be multlpllers,,such as 1on veloc1ty (49 “
Tfpaoe é14) ;and’ chemlcal comp031t1on of the 1ons (61) are not

A

3?{a problem w1th channeltrons when the pulse count1ng method

.

V~ﬁ1s employed for 1on detect1on The channeltron was so_”_ ywifﬁip

'fjfoperated that a pulse of about 106 electrons per 1nput 1on

-:f}?f(gawn) was‘del1vered to the pulse ampl1f1er W1th a new f?f";¢f\i

'fl_f¢h1s necess1tated a voltage of 1 .8 KV "ﬂyfgﬁffffﬁf&

. DA . ‘," L . ‘v -v‘ et N EE
e : e e e
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‘across the multiplier;.Which‘a’so corresponded to the _
manufacturerfs‘specifications. The outputpulses, according ‘,T
“to the.manufacturer were of extremely narrowlwidth | |
(approx1mately 3 nsec) ‘and of fa1rly un1fonm s1ze | ThlS
has been attrlbuted to Space charge saturatlpn “of - the pulse
" of electrons as it moves through the tube of the multlpl]er ;
(62) Thls is also to be contrasted wrth multkpllers of the
. convent1onal dynode structure whose output*pulses are of
! rather varlable helght The. unlfordhty in pulse heights }

allows one to set’ up a gate 1n the ampl1f1er d1scr1m1nator‘

lfﬁ'such that only SIQnal pulses are accepted wh1le the Tow

level.n01ses are reJected
The output negat1ve pulses from the mult1pl1er were"‘
ampl1f1ed further by an ampl1f1er before belng counted ,
The pulse ampl1f1er used;was the SSR Model 1?20 ampl1f1er/
dlscr1m1nator -from Princeton Research Corp It had a rise
t1me of 6 X 10 9 sec and-a m1n1mum galn of 236& ‘he‘ 'i‘g ’
| mphﬁer/d1scr1m1nator was demgned to perrmt the “ “ ‘ |
= resolut1on of electron pulses separated by as l1ttle as jlj;
10 8 sec w1th suff1c1ent sens1t1v1ty to detect 1nd1v1dual l
secondary pulses representlng lesstthan 106 electron o
‘charges-l The dxscr1m1nator sens1t1v1ty had a range of 25 mV Lﬁitld
, to 250 mV and 1t allowed the settlng of a gate level such |
that only the s1gnal pulses were transm1tted whfle the low
level n01se pulses were reJected The ampl1f1er/ dwscr1m1-;°*x

- nator cou]d be usedvfor count1ng rates UP t° 107 Pe” '—}"‘ dﬁll%

_secomd Thls résolutlon was suff1cxent for the present ‘;,th_fﬂ
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oroe L
system as the typ1ca1 s1gna1 rate. was on]y about. 104 per ' g
second The output pulses from the ampl1f1er/d1scr1m1nator

were fed 1nto the SSR Model 1127 NIM. adapter (from Pr\nceton
on .

‘qygsearch Corp ) which converted the d1scr1m1nated pulses

' ‘1nto un1form 5 volt 10 nsec pulses The un1form pulses -

AN

were counted e1ther w\th an Ortec Model 441 ratemeter and

*

,dlsplayed on a chart recorder or with. a multichanne] scaler

'(Nuclear Data 2200) . The typ1cal no1se le;el observed was
..ébOUt 10 counts per secC. Q s ".' ‘ o “ ':311
Mass spectra (1on intensity vs; 'mass to charqe ratxp) {A;‘ N
Vzwereerecorded on an XY chart recorder The output of the
ratemeter was fed lnto 1nto the Y input of the recorder
“wh1le the X ax1s was dr1ven v1a the mass readout system ‘h ’”{#

1;”' ‘The temporal fluctuat1on (t1me dependence) Of an ion’s ft

‘«”intenSIty was .observed’ and recorded w1th;the?mult1channe

sda]er in the follow1ng manner Thecstart bf'tHeVsWe
Sy Ly "'y-
fthe mu1t1channel scaTer was. synchron1zed with the er

LIS

ppu]se of the eTectron gun kF1gure‘2 f) N In a typ1Cal

”f'exper1ment the dweTT tlme per channel of’the mu]tlchannel

<~

ﬁtwas ‘set to be 10/Lsec and 256 channels were used‘ fThe»fff;"h ;
‘p‘fnumber of 1ons arr1v1ng at the detector\1n the f1rst 10/Lsec‘ ix
:'after the tr1gger1ngupu1se were stored ‘in the f1rst . e
K‘\ channe] The numhersof 1ons that arr1ved from 10 to 20/Lsec 1?

RE S e
A/were stored 1n the second qhanne! and so on for 256 watf'Lv

JrTL\QQannels In th1s wayg the change11n31pn 1ntens1ty was
| /ﬁpﬂlowed for 2 56 msed After a per1od of 3 msec the s1gnal

fhad’decayed by a factor of 103 104 and the electron gun '.tff

! ..,1 \ { ." . . v
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was pulsed again and the whole process repeated. This time
the signal was added to that already stored in the

multichannel scaler. The content vér channel was

-

accumulated for the spec1ﬁled per?od of the collect1on
time. . In most expehiments, a collect\on‘t1me of 60 seconds

per' ion was found to be sufficient to afford a statistically

1

'meaningful temporal profile of the ion intensity. The time

of observation of the ion concentrations was varied from
/

2.56 to 20.48 msec, depending on the requirements of the
C A

Pgaction system studied,

> . .
2.10 Sample lonization Under Pulsed HPCI conditions.

Gas mixtures prepared in the gas handling system were
passed in siow filow through the ion source. lonization of
the sample is accomplished by a short (approx. 10 to 60
fiééc) pulse of-2000-~3000 eV electrons which create some
107 jons and electrons in the thermostatically controlled
HPCt source. Following the short eleCt:én pulse, rapid
reactions in the major reagent gas,vmetﬁaﬁe (which was _
maintained at some 2.5 to 6.5 Torr of the total preséure in
the -reaction zone), produce CHg" and ‘CoHg". These two
ions. because of their high acidit;, proton transfer very
vrapidiy to the other major compohents in thg gas mixture
(analyte (A) aﬁd reference base (B)), which are of

considerably higher gas phése basicity. Protonation of

species A and B is accomplished by the methane reactant

—_— 8
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fons, vegy shortly after the electron pulse,.aééording to
,wreactions 2.6.and 2.7. H ‘ W
: A -
CHg* + B +== BH" + CH, 5 -
CoHg® + B == BH* + CyH, | : | S

r

Consequently, proton transfer between the prbtonayed

species and the neutrals proceeds according to ion molecule
¢

reaction 2.8.

2

BH® + A &= AH" + B \ . 2.8
The direction éf the reaction depends on the. gas ;hase
basicity of the .individual components A\and B. Also, the
rate (efficieééy) of the proton transfer reaction, 2.8,
depends on reaction temperature, exothermicity of the
reaction, .and site of protonation of the species iRvolved.
In the study of protonation of,ferrécene in the gas phase
(Chapter 4), it is i]lustfated how each of these factors may
affect the rate of the above reaction with ferrocene being
A ) |

By proper choice of the neutral reactant concentrat;ons,
reactjbn 2.8 can be controlled sucb that the ions AH' and
BH* reach ion-molecule reaction equilibrium.

Pulsing of the electron beam permits one to follow the

kinetics of the approach to equilibrium for fhe ions of

‘interest. The relative concentrations of the jons 6f
' ‘ \
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Jnteneé%xﬁiat are present in the HPCI source, right after
the etectron pulse, 1s.obta1ned by mass analyzing the ibn

beam exiting the ion source 7nd by recording the intensity

of ions of different masses as a function f unit time.

~

Multiscaler.time-resolved ion detection fives ion time

4

dependence proflles which can be used for the evaluat1on of,

thermodynamic and Klnetlc parameters of proton transfer or

-~

" other reaction systems,

\
[

N

2.11 Temporal Behavior of lons and Tre®tment of Data.

A. Temporal Behavior Of the Ions,
The temporal profile df positive ions involved in the

ion~molecule reactions, 2f9 and 2.10, are shown in\>‘?ure
=y ; ‘

2.11.
(Hp0) pH30™ + HyO = (H,0)3H30™ o 2.9
(Hp0) 3H30" + Hy0 == (Hy0)4H40" 2.10

These were obtained with a mixture of 3.10 Torr meth?ne,
12.67 mTorr water,‘and 0.005 mTorr CCly (electron.seavenger)
in the ion sdurce‘at.310 K. Small concentrafjons of CC]4'
(fractidn df a‘mTorh) Were added to all gas mixtures
studied, in order to avo1d dlsturbance of the temporal
prof]le of the ions 1nvestlgated due to ambipolar d1ffusion
(63, p. 512- 513, 64). F1gure 2.11 gives a plot of the

!

79
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logarithm of counts per channel against'the time after the
electron pulse. The relatlve intensities of the ions canﬁbgh
regarded as the‘same as their relative‘concentrations‘in the
ion source. Since the concentration of water was@constant
in the ion source, the establ1shment of equ1l1br1um 15 >
1nd|cated by-the invariance of relat1ve 1on 1nten31t1%s w1th~
time, Th1s stage is ach1eved after~some SOG}Lsec as shown
in Figure 2. 11 and fasts over the rema1n1ng time of the
observat1on The invariance of relat]ve ion 1ntens1t1es
between the two:ions shows up as two parallel l1nés and the
‘measured equilibrium ion intensity raglo can be determ1ned
by the ve¥t1cal distance between two l1dés correspond1ng to\_
ions of a speé1f1c equll\br1um reactJon,.i.e. 1ine 1 and 3

for evaluating\equilibrium constant{forireactionh2.9.' |

In.all experiments conducted. the data recorded:durlng a
the first 100 tsec after the electron pulse was not used in o
any calculatlons because the electron beam was still oqw,and\k
ions were st1ll-be1ng created. Th1s can ‘be observed in all
time dependence-lon oroflles reported throughout this |

"

thes1s

When the equ1l1br1um concentratlons of the neutrals and_'
‘the. ions are ava1lable from exper1mental measurements. then
one can evaluate the equ1l1br1um constant for a, glven o
ion-molécule reactjon system. Furthermore,’determ1nat1on of -
the equ1llbr1um“gonstant at a single temperature allows one
to evaluate the free energy change (AG°) of the particular

system by utilization of the Gibbs free energy equat1on‘

-



(AG%f-RTlnk‘ ). van't Hoff plots oflthe temperature‘
, dependence of the equiljbrium constant measured at
" different temperatures lead to the evaluation of’ the
“enthalpy change (AH®) and entropy change (ASO)‘of the
- system under investigation A detailed procedure for
evaluating equ1l1brizm constants and the thermodynamic
quantibies assoc1ated w1th then»(AGo l&HO' and AS®) i |
given in Chapter 4 (section 4.34) for the.acetophenone/
fefrocene system |

Data ts of the type given in ﬁ}gure 2. 11 have bﬁen

ed in this laboratory to measure 1oQ molecule

-~

ibrii.mgnvolv1ng a large variety of reaction types and

leading -td the ion thermochemistry for many diffdrent |

.classes of ions (47,65);

B. Normalization of the‘Dgta.

A
. R e
=

As can be seen from.Figure 2.11, the total ion intensity
varies with time. To fdtilitate data analysis, in most
cases, theJion’intensities are fnormalized“ The |

_:nOrmalization procedure involves expre551ng the 1on
intensity of a glven Fon at a given time, t, as the
‘percentage of the total 1on 1ntenswty at time t (66). - Thus,
the normalized ion inten51ties appear as if they represented
ion changes in an ion source in which the total number of '
ions remained constant. W1thout this swmplification bit is

.

.almost impossible to analyze the experimental data for'



| Ktnet1c parameters Thls assumption is not 1nVolved in tﬁé'j
b”degermlnat)on of equil1br1um constants s1nce logarithmic ion,
’prof1les are suff1c1ent.for their evaluat1on. |

Normal1zat1on of data was performed by a pdp 8/F
‘D1g1tal Equipment Corporat1on) computer.'wh1ch had been
‘appropr1ately programmed in order to provtde the
normaltzatlon Data from the mult1sca1er werl transferred
.to the computer v1a an analog to digital converter after
the end of each exper1ment Normalized t1me dependence ion
:1ntens1t1es were d1splayed on an XY chart recorder, which
~was coupled to the pdp 8/F via a DAC - A number of dtfferent
'approaches cou}d.be applted_to evaluate Kinetic parameters)
from the normaliaed data} depending on the reaction systems
studted Some of .these approaches, whlch were used in the:
protonat1on of ferrocene study are outlined in Chapter 4,

The normallzat1on procedure involves some, )
' approxtMQlions however It is assumed that all Joss
mechanlsms, other than ion- molecule reactlons ire. charge '

part1cle re omblnat1on and d1ffus1on affect all ions

equally. particle recomb1nat1on phenomena,h1n the .

t

HPCI source are a negligible loss mechan1sm and th1s has’
been shown by Payzant (67). Diffusion is not’ a negl1glblé’
process but the normalization procedure assumes that the
d1ffus1on coeff1c1ents for all ions are equal, Thws 1s
1ncorrect as d1ffus1on.coeff1c1ents are dependent on mass as -

glven below‘(63. page 435) . 'N‘;f

' . . ! A
e . /o o C
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where/; is. the reduced mass of the ion and neutral gas
Iholecgles D1ffus1on coeff101ents are. probab]y not greatly
differeﬁt for the -ions which were studied .in the present
experiments “63; page 435). | . ‘

In most Bffthevexperiments in the present study, the
‘rate of deplet1on of a part1cular ion by ion-molecule.
reactions 1s much faster than the rate of losgiby
;d1ffu51on. Thus d}foSlen, in many cases, is a minor
vcdntribﬁtton to:the‘gj] over loss‘frequehcy'wheh compared to.
_ipnrﬁolecule”?eathons. It is concluded that'the ‘ 7
ndrmalization‘prpéedure dees not introduce serious error

intohthe.experimental results.

\.‘ . ' ‘
- \



CHAPTER 3
' ASSESSMENT OF. THE INSTRUMENTS OPERATION |

)

"\

3.1 Physical.Conditions of -the HPCI Source.

Even though s1gn1f1cant modL£1catlons were appl1ed to
the c]ass1cal Kebarle HPCI source des1gn in order to.
' lnterface to- 1t the d1rect solid samp]e 1n1et system and the

electron gun, 1t was of maJor 1mportance to Keep the
geometry of the react1on zone of - the source in t1ne uith the
c]assicat desigri. Most of the paradgters assoc1abed w1th
the. geometry of 'the reactlon zone, ie. pos1tlon and
dlmens1ons of the electron entrance and ion ex1t S]ltS
dimensions and temperature contro] of the react1on zone,
operatlng‘pressure range have been individually
1nvest}gated and optimum conditions for,&hese parameters
have Peen established over the years in Dr, Kebarle s
1aboratory. These parameters haye been shown to have -
impor tant effects\on jon formation, number'of‘ion—moleCUle
coll1s1ons 1n the sourée ‘remOVal’of posittve ions via
d1ffus1on to the wall and/or v1a jon- electron recomb1nat1on
and ion sampl1ng L | . fﬁ o |

A number of systematlc studies. have been performed (55,

‘,'68ﬁF1) to show the sxgn1f1cance of thé s1ze of fhe jon exit

~slit on sampl1ng ions from a h1gh pressure source Also, a

thorough d1scuss1on on the effects of the above parameters

P
{
S
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“on, the number of the ion molecule collisions in the s0uroe}
ion removal and the effect of fon—e]ectron ambipolar®’
_ d1ffus1on on the temporal behav10r of ions, can be found in:

reference (64).

Since the geometry and the dimens1ons of the react1on

&) zone, of the present source, were not altered’ from the

clas51cal des1gn there was no need to conduct further
exper1ments for establlshlng 'new“.conditions_for the above

..
‘'ment ioned parameters

‘ o N ; | ‘ )
. 3.2 Performance of the HPCI Source with the Conventional

Samp1e Introduction Svstem Under Pu]sed Electron

Beam‘Environments

- L
N

o LA. Introduction

’.

Since the instrumentAhad been modified considerably.from

its originaT—arrangement, and equipped with a new ion
'S0urce' new electron' gun (see‘Figure 2.4), and.new gas

,_handling system, it was planned to check the. performance of
2
all these new components pr1or to performlng further

-

developmeqts, i, e‘ interfacing the HPCI source to a. d1rect .

solid sample 1ntroduct1on system (

It was of magor 1mportance to examvne the 1nstrumeht s
capab111t1es in conduct1ng time resolved HPCI studles
Therefore, the apparatus was tested by study1ng 1he “

ion molecule react1ons. lead1ng td hydrat1on of water in

. WS



,,'/ procedures ut1l1zed for t1me resolved HPCI stud1es w1th the -

/2 -
) N , /
C ‘ : E / ' ‘
the gas phase equation‘B 1. Th1s/particqlar system was

-

chosen because it has been well documented in the

7

literature, thus g1v1ng us.reliable data, for comparative N

studies. =~ " ‘ /
, / ‘ |
/ g
(Hp0)p_qH30" + Hp0 == (H0lpHz0™ . 3.1
, Y ,
| . /- o C A
Thermodynamic and}hihetic parameters associated with the

/
above react1on fod‘n =1 to 6 have been experimentally

-

measured 1n this (72/74) and other laboratories (75,76).
An exten51ve study/of the temperature dependence of the - ',

- equ1l1br1um constants Kn-1.n (n=3 to 6) for reactions 3.1,

n

has been performed by tau et al (77), who also g1ve a
summary of, and compar1son w1th all the prev1ously obta1ned

results. In Ahe present 1nvestlgatlon the hydronium- ion

/

equi]ibria/for n=2.3,4 were studied, and the resulting .

equilibrfum constants‘were compared to'those repor ted by
"/ . _ L | ‘
Lau et al. o 3 " o '
. /

// ’ ! ‘

. / R ' s
/ ‘ ‘
B. /Experimental

VA

/ .
/ , ! L ow

All the 1nstrumental components and the experlmental

< conventlonal source des1gn and the conventional sample

, 1ntroduct1on system are outl1ned 1n deta1l in Chapter 2.
 The, gas m1xtures, CHA/HQD were prepared 1n the‘3

thermostated 5 L glass bulb of the GHS by fill1ng the
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bulb with'CH4'to near atmosperjc bressure andrinjectingc
nquid'HQq with a"gr:adoat.ed syringi. Th_e‘ gas mixture was
circulated through the HPClgsource, at a Flow rate
:conslderably higher than the outf]ow through the :on spurce
exit sl1ts The concentgat1on of’ HQO in the ion source was
. chosen to be suff1c1ently high so that the approach to ‘
equ111br1um, was short (less than approxImately 0. 4 msec)
,'Th1s generally happened for P(HQO) in the 5 to 15 mTorr
range/‘>The ion source was operated at pressures between 2 0
and 475 Torr. | - |
"Temporal iom profj1es were obtained by operating the
system in'pulsed electron‘hodeéLand the variation of
intensity of tﬁe ion beams of interest‘was mOnttOred bx the
‘@oittchannel scaler. Electron beam pulses aop]ied were in
the range of IO_to,BO}tsec, depending on the equtlﬁbrjuﬂ o
studwed |
-Legae+thm1c time dependence ion profl]es were used for

evaluat1ng equ1l1br1um constants The var1at1on of 1ntens1ty '
of the maJor ions observed in a m1xture of 12. 67 mTorr H20 in
3.10 Torr CHg at an ion source»temperature of 310 Ky is ‘shown
in F1gure 2.11. This'represents a set of typical data used

to evaluate equ1l1br1um constants for cluster1ng equ1l1era
‘for ns= 3 4 in reactlon 3 1. | .
d Equ111b#1um constants for the van’ t Hoff plots were
determined dn the conventlonal way. i.e. us1ng a g1ven o
h“reaction mnxture with a fixed concentrat1on of H20 and

gradual]y changlng the react1on temperature

¢
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C. dResu]ts and Dfsoussion | - .o -

B R —

The equilibrium constant for the solvation reaotion,

3.1, can be. denoted bwaéq-(hﬂ1'n).for‘the'addition of thé -

nth solvent molecule. to the cluster. fhe‘Kéq~(n_1 n)

‘values were evaluated w1th equat1on 3.2, substituting .

1(n)/1(n ) for the observed equilibrium 1ntens1t1es for,

Keq (n-1,n) = X(n)/Xin-0)P
' : ;.

“H30+tHQOfﬁ and;ﬂ30*(H2Q)nﬁ1 respectively, and P‘is the water

pressure.

89

'An example of the equiltbriUm determtnattons is'given in

- Figure 3. 1 Shown are the exper1mentally determ1ned

equ1l1br1um constants (Keq determ1ned v1a equat1on 3 2) at
d1fferent constant temperatures for the nZ3 cluster1ng
equi1ibrium . The 1nvar1ance in equ1l1br1um constant wh1le

vary1ng the water pressure by a' factor of" approx 6, at

‘ seven different reactlon temperatures, Hs wel] 1llustAated

1}
an

in this Figure. The results of Keq(n 1, n) g1ven in oo

;FiQUre 3 1 are typ1cal a]so for all the other equ1lnbr1um

tant determ1nat1ons

(data for the other equ111br1a measured in the present worK
J are shown 1n F1gure 3. 2 B e, SO]ld 11nes. 1n the F1gure._

1nd1cate the results obta1ned by Lau’ et. al (77) wh;le the

n\

'

Van t Hoff plots of the’ data from F1gure 3.1 and s1m1lar
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Figure 3.2. van't Hoff plots for reactions

(Hp0) - H30™ + Ho0 = (HoO)H30" with n=1,2,3. Solid lines
‘i\ndicate rfesults obtained By Lau (77) while all data points

are from the present work.

g1
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experimental_p?ints obtained from the present study lie next
to the lines. -

A least squares analysis was applied to the data of the
n=3 clustering equfljbria. and the resulting plot is shown
in Figure 3.3. 'The change inAenthalpy of this reaction was
obtained by setting the slope of the line, in Fique 3.3,.
equal to -AHO/2.303R, while the change in entropy was
calculated by setting the intercept éqdal to As©/2.303R,

Equatﬁon 3.2 gave Kgq in Torr™ 1, i.e. the standard
state Qas 1 Torr. To get ASC in units based gipon one

1

atmosphere, as the standard state, Keq in Torr™ ' was

multiplied by 760 Torr,atm™'. Since AHC is taken from the
slope, the units of Keq dQ not effect its units.
From Figure 3.3, the following values were obtéined,

AHO=-18.2 + 0.4 kcal mol™ ', As®=-28.1 + 11 cal mol”! K.

These are in excellent agreement to those obtained by
Lau(77) (AHOB-17.9 kcal mol™!, ASC=-28.4 cal mol™! K1),

The experimental procedures for obtaining the above
results were straightforward and free from any apparent
complications. Since the resylts obtained, when the
instrument (containing all the previously ment ioned new
components) was tested, proved satisfactory, this allowed
us to proceed.with-furéﬁer‘modifications as originally

intended. : . , ,_
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3.3 Pperformance of the Direct Solid Sample Introduction

System Operated in Line With the HPCI Source.

A. HRCI Mass Spectra of Glycine, Leucine, and

'D-(+)~-Galactose |

r

After the direct solid sample inlet system had been
interfaced to the HPCI source (see Chapter 2), the
per formance of the system in mass analyzing low volatjlity
compounds was to be explored. Initially, it was intended to.
use the DIP only for qualitéiive investigations and then |
explore its quantitative capabilities.

. Samples of biomolecules with low vapor pressures,
specifically @-amino acids (glycine, leucine) and
monosachar ides (D-(+L:galactosel were .chosen for the present
investigation. Amino acids, in particular, as soligs have
low vapor pressures and decompose at temperatures above
3009C (78). The samples of jnterest.,without any prior
preparation were introduced directly ;hto the reaction ‘zone
of the HPCI source by utilization of the DIP.

In Figure 3.4, are shown . the HPCI mass spectra of .
plycme and leucme under pulse electron beam cond1t1ons
us1ng methane as the reagent gas. Water impurity in the
sample lead to peaks at m/e 19, 37, and 55. However; it was
found that. prolonged sample heating at an elevated probe
temperature resulted in the el1m1nat10n of these jons from

the HPCI mass spectra. The effect of the latter 1s well
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Figure 3.4. (a)

HPCI mass spectrum of glycine, (G), with
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CHy being the reagent ga§.(%nd glycipe being evaporated

from the DIP, TIS=TP=134GC..PIS=4.1 Torr,ihax; séns.'104CPs,

pulsing mode.;(b)- HPCI mass spectrum of leucine, (L), all

of the aboye experimental conditions apply but in this case

'P15§3.0.Tqrr.



i ‘
demonstrated in Figure 3.5, where the ions m/e 19 37, 55
are reduced in 1ntens1ty with increasing probe temperature
‘(lp) The spectra of both gly01ne and leucine are free of
any apparent fragmentat1on of the parent jon, and the
pseudo molecular ion is present at relat1vely h1gh )
abundances. However, a number of cluster ions, resulting
from ion molecule reactions of’tne pseudo-molecular ion °
(éH*l wlth‘neutral'moleculeﬁ G, were observed) particularly
in the glycine spectrum, Figure 3.4A. Cluster ions are not
unusual\in'HPCI mase-Spectra, especially with‘low jon. source
‘temperature and high analyte concentrations.l Cluster
formation 'is favored under high pressure environments since’
the products of exothermic ion-molecule reactions of the-
type Mn- 1H + M';==EM H* are stabilized through third body
collisions in the HPCI source (65). The effect of elevated
Tp (i.e. increase in the concentrat1on of the neutrals) on \
cluster formation for the glycine system is illustrated in
flgure 3.5. Formation of G3H -is fa:ored at h1gherl ..
‘glycine concentrations, while the GH* ion intensity is T
reduced cons1derably This is due to part1c1pat1on of
glycine in ion-molecule’ cluster1ng react1ons form1ng adduct
ions: G2H and G3H A sim1lar trend is also obs;rved w1th
-1ons 62H and G3H+ (i. e 1ncrease in G3H+ 1ntens1ty at the
‘expense'of—G2H ). '_

The HPCI mass spectrum of D-(+) galactose under pulsed

electron beam conditlons u51ng a methane/toluene(Tl m1xture

as a reagent gas is shown in Figure 3.6. . o
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The methane/ toerne mixture Was chosen %h an attempt to
ionize D- (+) galactose through proton transfer v1a a m1lder
| pathway, 1 e by ut1l121ng protonated toluene as the reagent
ion rather than CH5 and CQHS from methane S1nce the
proton affinity of toluene'(PA = 189 8 kcal mol” 1) is some
58.0 kcal mol” ! higher than that of methane (23),

‘f exothermic1ty of the proton transfer reaction to D—(+)7~r
ga]actose from protonated toluene is‘much lower .
UnfortUnately, a reduetion of the"e*othermicttytotﬁthe*

-1 was not

proton transfer reaction by 58.00 kcal mol
sufficient to suppress.fragmentat1on“ The D-(+) galactose
pseudo-molecuiar ion was still absent from the HPCI mass
bspectrum and the fragmentat1on pattern ‘was unchanged ‘An
1dent1ca] fragmentat1on pattern of th& D-(+)- galactose'
molecule was observed when neat methane or methane/acetone
l(PA(acetone) = 196 7 kcal mol” 1) mixtures were used as .
reagent gases and all other exper1mental cond1t10ns were’

Kept the same. _

" The fragmentatlon pattern of D-(+)- galactose shown 1n
‘F1gure 3.6 bears some resemblance to ‘the one repor ted by
Hogg. et. al (79), obtalned w&th methane ‘at Tow pressure CI
Iconditions Hogg reported prom1nent peaks at (MH* H20) .
‘u(MH+*2H20t and (MH 3H20) with M be1ng D- (+) galactose,
‘jand at m/e 61 73, 85 Prom1nent peaks. at ‘m/e 61 and 73 were
‘.lnot observed in the p@esent 1nvest1gat1on and th1s can be

ttr1buted to the h1gh pressure env1ronment which ass1sts ini

stab1llzat1on,of 1ons,



The fact that the fragmentat1on of the D- (+) galactose,
pseudo- molecular 1on in the methane/galacfose and in the - .
lh.methane/toluene/galactose HPCI mass spectra is 1dent1cal

1ndicates that the fragmentatlon is most probably due to
D-(+) galactose being thermally labile (pyrolyzes upon
heat1ng and only fragments are ava1lable for 1on1zatlon) and |
not due to excess energy depos1ted on/the molecule upon_‘

‘ protonat1on However in order to conf1rm this, a study of
the thermochemlcal prOpert1es of the.D (+) galactose or of a'
_ homologous series 1nclud1ng D-(+) -galactose would have been

requ]red.“ Such a study was not performed since it d1d not

fall within the framework of this research.

B. Evaluation of Analyte Cohoentration in the HPCI Source
by Utilizing Thermochemlcal Data 'pimerization of

\

Glyciﬁe

The'determination ot analyte-concentﬁatioh’in the
reaction zone of the HPCI source, for samples'that are
‘1ntroduced into the source via the DIP is_not a. simple
' matter; Such determ1nat1ons coul be obtalned with the. time
resolved technique by utilizing 1on-molecule'K1net1c data.
‘_Glyc1ne ‘was chosen for the present 1nvestlgat1on because
| Ithis system has also been stud1ed by Mautner g_ al (80) and .
}thus comparable data was ava1lable
The concent 1tion of glyCIne (1n molec cm 3) in the

'source was determined by a technlque proposed by Mautner (80)
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‘rThis technidue‘is based on the measurenent‘of‘the rate of
protonatlon of glyc1ne from chemlcal 1onizat1on reagent ion
“BH+j“ In the present 1nvest1gatlon, a methane/t01Uene gas
‘mixture was used,as the reagent gas and protonated toluene ]
(TH?) served'as the CI reagent ion. Protonated toluene is
’formed via proton transfer react1ons from methane reagent

- ions, 51nce toluene has a hagher protOn aff1n1ty In turn,

'TH+‘proton transfens to glycine (G) accord1ng to reaction

3.3. ‘ , | S "
TH + 6 —> GH* + T SRR R 5 I

A typical mass spectrum,'which has resulted from a mixture
of methane/toluene/gl?cine (evaporated from the CI_prohe) is
vgiven‘invFigure‘B 7. | - |
The rate of d1sappearance of TH and of the appearance
of GH was followed exper1mental]y by app11cat10n of the
t1me resolved techn1que The temporal profiles of the: maJor
pos1t1ve jons, resulting from the prev1ously ment1oned gas
- mixture.‘are shdw"jn Figure;3.8. Thls p1ot g1ves the
‘logarithm of the counts per-channel for each dion, . agalnst
.the tlme after the electron pulse As is ev1dent from the
‘f1gure,,10ns GH and 62H have reached equ111br1um L
some ‘0. 75 msec after_jhe electron pulse f ‘ _“ <«
Follow1ng the rate of dISappearance of TH* the o Q
~ pseudo- first ‘order rate constant l/for react1on 3’3 can be - g
, evaﬂuated. The method for. obta1n1ng pseudo first order rate

'4

B
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Flgure 3.8. Plot"of the logarithmic ion inténsities versus

N
3 10‘
LB ] 1 T
\ ,?_ : : "o
’ﬁ' 5 rhm_{\v." ‘ . .
" . - . . ' ,
. ~ . \‘.,\ ,\’% ' / N
‘ ? Af’. ‘f ‘ \‘r "ML\,\'\KJ" ‘ w~-(
¥ A SN, C T G"‘.‘
3 . / o N Lo Py
’ 107 - P\. ~" t W\i\\ ' .-Lﬂ'ﬂ"*'\ /_
. ' et L :
(% N \:\F“ + .M:d
Tl 5 ' Rt GoH AR
(O S N
' . N » '
L N - NN
2 L7 ‘"
. . .
g [ '
c 2r Cha ﬁ»q . '
8 10 - R ™ + .
- a - '-
(72] . R '
C , -~ ! ". ” .
.93 , Ve ] .
-E 1 e . - i
~ 0L . _
R s e
o LI
q
o .‘ ~
10 1 | R ;| i |
0.5 » 3.0 ‘1.5 20
SRR - Time(ms)

“‘tlme after the ionlzatwon pulse in a mlxture of methane

‘4 73 Torr
Ihe rate of disappearance of the TH

a;e;:"1 was'obtained wh1ch

glycmne- 0 195 mTorr in. thls case.

‘o

[}

AR -—’-,;"‘“l'-' :

toluene, 1.29 mTorr.,and with TIS 227°C

a value of

From'

-5710'

in turn wa= used to- calculate

103

- ——



[ ' '

i o . Lo 104
TR W ;P _ g

f@~§% . o , : . - -
w5 constants from.the data. sets, similar to the one given in

Figpre 3.8,’is outlined in detail in Chapter 4 section 4.4.1A

£y of thie thesis, for thekbenzene/ferrocene system. The

3 coqcentrdtion of the'analyte molecule, glycine (G) in the
%hj‘ . '

‘hépreseqt case, is related to vy by equation 3.4.

( .

V= Kf[G] L ' 3.4

k¢ is the second‘order forward rate constant for reaction

-+ 3.3. This K{-value for the reaction of TH+ with amino
ac%ds is not availabile, but it was assumed to be'1.§x10"9

cm3 sec”! molec. !, which corresponds to a collision
e | " ) |
rfefficiehcy of approximately 1.0. Based on the available

‘rate constant data, this,vaiue i§ almdst certainly accurate
to betterj{han + 50% (80). g

éo.‘at this point the concentration of glycine in the

.ﬂtgh.source could be obtained simply by evaluating the v ’

t

value for the proton transfer reaction i
* r

Since the temperature of the Cl probe Eould be varied

i

-~ independent ly from that of the source, the concentratlon of
G in tﬁe source was controlled by the probe temperature.
The erebe temperature was set at values which producee
cohcentrat1ons of G such that v was in the range of
5- 50x103 . Thls is the observable range for v with this
method and in turn, def1nes the measurable range of‘

concentrat1on of G. In general, the probe temperatures used

R //' J
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to produce measurable concentrations of G wefe different
from the sourceltemperatures.

wWhen tﬁe Jjon source was operated'below 100°C and the
probe temperature was kept at a temperature of 30° or
higher, for prolonged periods of time, the ion signal
1ntensity was found to decrease considerably. This Qas due
to condensation of glycine on the inner walls of the ion
source, and consequently on the slits, This caused ions to "
be trapped in the‘souhce since diffusion through thé.ion
exit slit was prevented by the sliig being blocked w%th a
film of glycine molecules,

Once the concentration bf glycine had been evaluated, by
using the time dépehdehce of ioh intensities'GHl+ and
GoH" reported in Figure 3.8, the equilibrium constant ,

Keq' for the cluster reaction 3.5 could be evaluated

+ +
GH* d§;§§V62H 4 3.5

‘s

by application of the relationship Keq=1(62a*)/116H*)[GJ.
The invariance of ane;‘for reaction 3.5 with probe
temperature (Tb) while Keeping all other experimental
conditions cbnsta%t, is shown in Fiéure*B.Q. The scattering
of the points is within experimental error.

It is impértant to mentfon at this point that an attempt
to obtain calibration curve(s) of Tp vs. glyéiﬁe concentra-
tion proved unsatisfactgby. This was attributéd to the

great number of variables invoived:
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source pressure, source temperafuré, heating and/or cooling
“rate of the probe, reagent gas temperature, surface area of

sample exposed to reagent gas, period of time thét the
‘}sample had béén exposed at a specified}Tp, and a number of

qthers. ‘However, all tﬁese factors are of no importance
during a specific r&n since the concentratiqn of the glyeine
wés obtained direci‘}-from the v vaiue, which had resulted

from the time dependence ion intensity of TH® during that

specific run, -
-

A van’ t Hoff plot corresponding to equation 3.5 was
obtained in the con;entional way and is shown in Figuré
3.10. The solid line represents Eesglts from the present
study, while the dashed line indicates results obtaffed by
Mautner et al (80). The thefmochemical quantifies AHC
and As©, obtaimed from the van’t Hoff plot of reaction

‘3.5, were in good agreement with'thosé obtained by Mautner.
In Table 3.1, ‘are listed the AH® and ASC® values of
reaction 3.5 méasured in this work and those repbrted by
Maytner. AH® and AS® from the present work were
obtained by applying a least squares analysis to the data
reportedvin-Figure 3.56. Thé_résu]ting;xglues of AHO and

AS© were within the error limits quoted by Mautner (80).
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Figure 3.10. Van't Hoff plot for the clustering equilibrium:

GH + G &= GoH™*. Dashed 1ines correspond to'mea_sur'ements by
Mautner (80); equilibrium constant obtained from the present

study.



aAll AHO and ASO values resulted from the present work were

obta1ned by apply1ng least squares analysis to the exper1me-

ntal data. bFrom the present work.

| 9Reference 80.
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Table 3.1. Thermodynamic Data® for Ion-Molecule Reactions
of Glycine and Anilihe. |
[ T
Reaction -AH® Kcal/mol \30 cal/mol K
28.8 + 0.7P 29.9 + 1.4b
GH® + G & GoH™ o | |
| 31 + 2€ 33 + 5€
0.2 + 0.8P 0.6 + 1.7b
AHY + GRGHT + A ~
0.0¢ 0.0¢ :
AH® + G=AGH* 27.7 + 0.6P 30.2 & 1.3b
AH' + A== AnH* 24.3 + 0.6P 32.5 + 1.4



© C. Experimenta1 Determination of the Proton Affinity of
% Glycine ‘in the Gas Phase _The Significance of the

\

Dual Bulb GHS in the Present Study ‘ .

\
/
i

fn Eddition tonobtaining thermodynamic data for

clustering reactione,jthe determinatjcn‘of the concentration
of\analyte‘by the preeent me thod makes it possible to stUdy,‘
quantitatively, other don-molecule‘proceéses, which'canlleadg
to ah evaluation of proton affinity vaiuesufor Iou
'volatiiityvcompounds. | :
The proton affinity of g]ycine‘has been thoroughly
| inveetigated by a number of authors (80-82) using both
buised HPtI (80)Kand pulsed ICR mass spectrcmetgx‘(81-82),
and reliable values have been established (23).

| I this work, the proton affinity of glycine was'
obtained from measurements of protoh transfer eqUilibrium
between giycine and the reference base aniline (A),

Protonated aniline proton transfers to glycine according to

reaction"3.6.

AH + G =2GH* +A | -
‘Knbwn quantities of aniline were, 1nJected 1nto the storage_
fﬁbulb of the GHS, which was aiready filled to atmospheric ‘
_pressure with methane Giy01ne ‘was evaporated from the probe

ndirectly 1nto the reaction zone of the source . A typical

~

'fHPCI mass spectrum,'resulting from a mixture of

\.



methane(aniline/glycine, is shown in_ﬁigure.3.11. Apart
from the methane'reagent ions and GH+, AH‘: AC2H5+;'G2H+.
G3H+ ions whosé‘formation'has been previously described,
the spectrum also exh1b1ts prom1nent peaks at GZH C02,

. AGH™, and A2H+. GQH C02 is Just a fragment ion of G2H
while AGH® and A2H -are products of the’ 1on-molecule

association reactions 3.7‘and‘3.8}'respectively.

M+ G == AGH" | | | 3.7
AH® & A ==2pgHt e o 3.8
During a single run, the time dependence of the 1ntens1t1es
of the ions AH', AoH®, AGH®, GH', and GoH® could be
recorded.f.Once the‘glycine,concentratwon had been
evaluated, via the method previous]y described, the
equi librium constants for react1ons 3 5 3.7 were evaluated
with the known concentrat1on of aniline in the convent1onal
way, by ut1l1z1ng u set of exper1menta1 data of the klnd
shown in Figure 3.12 and also by know1ng the concentratIOn
of an1]1ne. The particular set 1n-F1gure 3:12.was chosen to

‘ t]lustratefthat eduilibrium‘constants'for'morelthan one
vreact1on could be’ obta1ned from a s1ngle exper1ment

" The equ1l%bnlum constants for react1ons 3 6 to 3.8 were
measured at a number of temperatures, and van’ t Hoff plots o
for all three systems were obta1ned (F1gure 3. 13) :From‘.

,these plots. the enthalpy and entropy change for each |

reaction was eyaluated. The resultlng values are summar1zed o

1
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F igure 3 12 Plot of the Iogarlthmu: 1on 1ntens1t1es ver‘sus,
| t1me after the 1ontzat1on pulse in a mixture of methane

"4 73 Torr, anrline 3 24 muorr. glyc1ne. 0 195 mTorr. and
TTIS 227 °C. AGH* was collected for 60 sec, A,H* for 40 -sec,

and all others for 20 sec.
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Figure 3.13. Van't Hoff plots for the equilibrium g
reactions: ’(a)'AH* + G ===AGH*;‘(b) AH4‘+ A $==A2H*,
~.and (c) »AH"‘ + 6= GH* + A. Arrows specify the

‘ qppropriaﬁe Y 'axis‘.'
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J"1n Table 3.1.. Combining the entha]py ohange of‘the proton"'
transfer equ111br1uQ between an111ne and g]yclne (0.2 kcal
mo1* 1) with the proton affinity of an111ne (PA=209.5 kcal

mo1”1 (23)), a value of 210.1 kcal mol ! js obtained for

. the proton aff1n1ty of glyc]ne This proton‘affinity value'

is w1th1n the error limit quoted by Mautner et al 208,8”:“7

<

1. 5 Kcal mol”. (80) ‘ - - S

In order to’ obta1n relmable thermodynam1c data for»the -

reactlon systems (3.5- 3. 8) when the direct solid sam@ﬁ
lnlet system was used the fol lowing exper1mental conditlons
had to be followed dur1ng all exper1ments ,

1. Bulb 1 of the GHS was always f1l]ed w1th a methane/
toluene gas mixture, wh1le bulb 11 was always,f1lled with a
.methane/antline mixture In both buibs, the concentration of

‘“\toluene and an111ne, respectlvely, were: Known accurately

'21 At f1rst the methane/toluene gas mixture was passed
slowly through the HPCI source at known pressures , in the
2.5 to 5.0 Torr range. Wh1le in single lon mon1tor1ng

mode; the probe téhperature was adjusted until an- intense

GH* peak was observed. In turn, a set of data of the type
shown in Figure 3. 8 was recorded wh1ch al]owed the . |

_"evaluat1on of the concentrat1on of glyc1ne. [G], in the
source. L | A T

.3r Once satlsfactory data for the evaluat1on of [G] had

"been recorded the valve connectlng bulb 1 to the GHS -

¥

B manlfold was ‘shut off and the valve connect1ng bulb II to
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the manifold was opened slowly, after the manlfold had’ been '

part1ally evacuated say from 500 Torr down to 10 Torr

While Keep1ng all experlmental cond1t1ons constant ‘after a’

B short waiting perwod around 5 minutes (for gas m1xtures of

bulb II to reach the source and for PIS to stab1l12e)

set of data oF the type shown 1n F1gure 3.11 was recorded
h. ln arder to checK‘for short term fluctuat1ons of,'
glyc1ne concentratlon in: the source during step 3, step‘2
‘was repeated after each methane/an1l1ne/gly01ne run.  Also,
durlng the an1l1ne/glyc1ne runs, 1f there was some
fluctuatlgn in [G] that would cause large changes in the

.glycine monomer/d1mer equ1llbr1um which was also mon1tored

‘during ‘these experlments ~The equ1l1br1um constants for the

‘glyc1ne monomer/d1mer reactron served as a double checK for
[G] under condltlons where the d1mer was present and was
also in equ1llbr1um with the monomer,

The completed tests for the performance of the electrOn

gun, pressure éontrols, temperature controls, ‘and solid - |

Lsample inlet system descr1bed above, demonstrate the ab1l1ty

“‘of the system to prov1de thermodynamlc data, with the time

llr

resolved HPCIMS S1nce the results obta1ned were in i

‘agreement w1th determ1nat1ons in the l1terature ‘one can now -

.d“confidently ut1l1ze th1s 1nstrument for stud1es 1nvolv1ng

' low‘volatil1ty‘compounds.



CHAPTER 4
THERMODYNAMICS AND KINETICS ASSOCIATED WITH THE
PRQTONATION OF FERROCENE IN THE GAS PHASE

‘ 4, 1 1ntroduct1on

In recent years a number of exotherm1c b1mo]ecular ‘jon
moJlecule reactions. have been shown to be s]ow‘and to have a
negat1ve temperature dependence (83 84) Exampies of slow
proton transfer react1ons 1nc1ude proton transfer to large '~
delocal1zed anions (85) and sterlcally hlndered proton
transfer reactions (86). Some hydr1de transfer reactlons}:
R‘1*' + RpH==R4H + R2+, are also known to be slow (87) c
Farneth and Brauman}(85) found that- for a ]arge number of .
delocal1zed anions, protonatlon on a carbon atom was slow
whereas protonat1on Qn an oxygen atom was fast The |
negat1ve temperature dependence of these slow react1ons has
been explained by Braumanl(SS) w1th the assumptlon that a
tight transition'state is present in the reaction-
T—anrd?nate In order to more firmly establ1sh the phys1cal
explanat1on for the negat1ve temperature dependence of these
slow ion molecule reactlons,‘1t is: 1mportant to obta1n more
o k1net1c data on d1fferent k1nds of chem1ca1 systems A

-'better understand1ng of ‘these processes w1ll be of

ss1gn1f1cant 1mportance in 1mprov1ng the analytgca]

capab111t1es of CI

17
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In CI the general assumption‘is made that when proton

transfer from a reagent ion, BH', to the analyte is

‘ exothermlc it will lead to a fast process. 'Thus, the

proton aff1n1ty of the analyte and the reagentf B, are taken

///as a guide to achieve exothermic protonat1on. ~Analytes for
h

which the proton transfer, even though exothermic, is slow
will be detected with reduced sensitivity and if the rate is

exceedingly slow might not be detected at all.

It was of interést to-examine the mechanism of gas phase

proton traﬁsfer reéctions involving prganometallic compounds
1ike ferrocene, andltry to see to what extent the cate pf
pnoksnatién depends on ion source temperature, exothermicity

and Sfructure of'the'reacting species and if the mechanism

1 ‘4
<

_of protonatlon is similar to those of organic molecgl?s
Organometal'lic compounds were chosen for the’ fql}owang
reason. - Theﬁe is a wide variety of organometallic‘compounds
which are suff1c1ently thermally stable to be hgngged with
the amrect insertion probe. Thus, experiments w1th‘a series

of organometalllc compounds wou Id represeng\é test of the

"capabi1ities of the DIP Organometallic compounds are

routinely identified with electron impact’, El, mass

' spectrometry‘while the capabilities of the CI method have

been explored much Tess. g9
Foster and ‘Beauchamp (88), have'reported a value of 213
+ 4 kcal mol 1‘for‘ th proton aff1n1ty, PA, ‘bf ferrocene. |

The uncerta1nty in ‘the value was rather large since only.

118
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bracketing was used, i.e. the PA determination was based on
whether proton transfer reactions with/ﬁ"number of reference
bases was observed or not. Corderman and Beauchahp‘(89)
subsequent ly pubTished a value for the proton‘affinity of .
nickelocene, 218.9 + 1,0 Kcal mol~ 1. In contrast to -the
bracketing measurements for ferrocene, the more éccurate
proton affinity value for nickelocene was obtained by
equi libria measurements. This %ndicated that proton transfer
reactions involving ferrocene may be slowﬁ?wﬁereas the
reactions wit ickelocene are probabfy fast. However, the
authors did notYreport ény“observations on the Kinetics; The
ferrocene self-gxchange electron transfer reaction, has been
shown to be/slow (90). !
| Thére are other reasong for suspectihg thathprétonp.
transfer reactions involving ferrocene may be slow. Infrared
spectra obtained with solutions, have revealed that the
rings of protonated ferrocene become tilted and that the
iroh~r%ng bonds are weakened upon protonation (81'. lon.

- molecule reactions Fhat involve large'geometfy changes of
the reactants are often observed to be slow,(92).
Utilizing the PHPCI technidgé the present work describe§
measurements of the kinetics of gas phase proton transfer
reactibns from'vafious reagent ions BH* to ferrocene,
‘together with equilibria determinatioqs of the proton

¥

affinity and the entropy of protonation of ferrocene.

[
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4.2 Experimental

The apparatus used for the study of the protonation of
ferrocene in the gas ppase is described in detail in
”ﬁ<bhapter 2. The specially constructed DIP Cl probe for
introducing solid and low volatility samples directly into
the HPCl source was used for most of the exploratory work in -
this sfudy. However since the DIP could not be easily
calibrated to deliver accurately known anglyte
ooncenfrations,‘see Chapter‘S, the guantitative meesurements;
-which required.accurately Known ferrooehe concentrations o
were performed with a dlfferent sample 1ntroduct1on system |
(see Chapter 2, Sectlon 2. SB) Fopiunately, ferrocene has a
sufficiently high vapour pressure (93} to.be handled with
the heated gas handl1ng system! GHSx(see Chapter 2).
Ferrocene vapor was produced by\dvssolvino suifable amounts
of SO]ld ferrocene in toluene/or benzene, and 1n3ect1ng with
: graduated syrindeL/prdeterm1ned amounts of so&ut1on -of

the Known conc ration, into the 5 L bulb of the

thermostatlbally controlled gas ‘handling systep, GHS.

The bulb conta1ned 1 atm of reagent gas methane and about
0.005 mTorr CCly (electronvscavenger). The choice of
concentrafion.conditions for the different compounds used 15 
related to the Kinetics and the thermodynamic measurehents':
that were encountered.' However, typical partial pressure
ranges used in fhe ion sourcedwere 0.01-10.0 mTorr for

ferrocene and 0.5-15.0 mTorr for the reference base. The
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Aartial pressures of the individual compounds in the 5 L
bulb after‘injection of a certain volume of known
co&centratlon were evaluated by utilizing the ideal gas law.
The temperature of the GHS was set to, 115°C whieh was -
consldered sufficienl to ensure.complete vaporization of the
sampleé used. The gas mixtures were allowed to mix in the

\ N
bulb for about 1/2 hour prior to introduction into the HPC]

(U
\

source !

lnterfecing the GHS to the reaction zene of. the HPCI
source was accomplished with the all glass (quartz) heated
(see chapter 2), via a short piece of teflon fubing

A

(10 mm i, d ) connecting-the low pressure side of the needle

Cl probe

valve (valve regulatlng the gas flow from the GHS manlfold)
to the base .of the probe The teflon.tubjng and' the ‘inner
tube of the Q(obe were Kept at the GHS tempefature as to
avoid sample édndensation‘on‘its way to the reaction zone of

b
\

the HPCl source. The gas mixture, with methane being the
reagent gas in‘ st ferrocene exeeriments was passed in slow
f low through.the\ion'source.' Constant flow was maintained |
by means of adjuslihg the needle valve between the bulg and}
the ion séurce o |

Measurements for- tha1n1ng Keq ‘and K “for reactlon
4.1, wvth B belng a reference base were performed as follows

. . | |
BH* + (C5H5)2Fec——( 5H5)2FeH +B . 4.1
R . ,

- o
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Theﬂmajor reagent gas, methane, carried'Rnan'partial

. pressures of reference base, B, and ferrocene into the

reaction zone‘ot the source., The ion source was operated at
pressures between 2.5 and 6.5 Torr. Short electron'pUlses
ot AO}Lsec duration caused primarynionization producing CH5‘+
and CQHS+ as final ions in methane.' Protonation of
reference base, B, and ferrocene is accomp]ished‘from
reagent ions CH5+ and C2H5+, via protorr transfer ion-l
motecuie reactions. Then, ‘proton exchange between  the
reference base and ferrocene foTlogs according to equation‘
4.1, ‘Multiscaler.ttme-resolVed ion detection (see chapter 2)
resulted time dependence profiles of BH' and (C5H5J2FeH+,
which were used for evaldatinovthermodynamic andlkjnetic
parameters of'reaction 431. |

The time of observation of the ion‘concentrations varied
from 2.56 to 10.24 msec after the electron pulse depend1ng
on the react1ng system studied. ) v

For most of the exper1ments performed only the two

ionszH and (C5H5)2FeH were collected »and analyzed.

Additional ions see Figures 4.1 to 4.4 were also observed.

The presence of these ions, i.e. BCH5+;lBC2H5f;‘proton bound

| dimers BzH+ etc. led 1n some cases to interference w®th

.the measurements as outlined further in this Chapter

Ferrocene and all the other chem1cals used were
?

obtained from commerc1a1 sources and were used as supp11ed
- \‘I'

Ferrocene was purchased from Aldr1ch and was: of 98% grade

- —t
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4.3 gggittbrtum Measurements Leading to Gas Phase Basicity

"and Proton Afftntty of Ferrocene

The gas phase bastcity of fenrocene was obtained‘trOm
stn;iesvof the gas phase proton transfer equilibria
ftnvolVHng ferrocene and the reference bases: CéHSCOCHj.
C4H5N;'(CH3)2NCH0,(DMF). and'3-ClC5H4N (3-CliPy).
Establishment of the equilibrium for the proton transfer )
reaction 4 2-4.5 was confirmed by mon1t0r1ng the temporal*
profile of the positive ions 1nvolved in the part1culaf

N

1on-molecule equilibrium reaction.

[C6H5CDHCH3]+ + (C5H5)2Fe =(C5H5)2FeH+ + CgHgCOCH,
C4HsNH' + (CgHg)gFe == (CgHg)oFeH® + CyHgN

10,
iy,

4
4
L)
DMFH® + (CgHg)oFe =2 (C5H5)2FeH+ + DMF 4.
4

(8] - W [e]

3-CI1PyH" + (CgHg)oFe == (C5H5)2=eH + 3-ClPy

Equilibria 4.3 and 4 4 were stud1ed at a single
ttemperature (500 K), whereas 4.2 and 4. 5 were examtned over
"a range of temperatures. Van' t Hoff plots of the B
temperature dependence of K2 and . K5 (equ111br1um constants
for reactions 4.2 and 4.5 respect1ve]y) perm1t the evaluatlon of
the correspondmg AHC and As® changes. Typlca] HPCI mass
spectra ‘observed with'the'syetemS' CH4/C6H5COCH3/(C5H5)2Fe,
CH4/C4H5N/(C5H5)2Fe CH4/DMF/(C5H5)2Fe. and CH4/H20/

3- Cle/(CsHS)QFe mixtures under the spec1f1ed reaction '

conditions are shown in Figures 4.1.to 4.4 respeetively. .
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The specificity and versatility of the HPCI technique is |
. illustrated..in these figures by ‘the cleanlinesShof’the mass
spectra, with the oSeudo‘molecular ion (MHf).always
present in large abundanoe.dpe‘to the absence of any
apparent fragmentation. o
A. Treatment of Experimental Darg.for Evaluating Keq,
 AGP, AHO, and AS° for the Proton Transfer Equﬂibrwm

React ion: + (CSHS)QFe.e-(CSHS)QFeH + B.

"typical‘ experlmental run, is shown 1n F1gure 4 5A ‘A

- mixture of 4 65 Torr CH4, 9 55 mTorr acetophenone and :

0. 361 mTorr ferrocene at 500°C was used in this run.

Figure 4.5A g1ves.a plot of the logarithm of thehcounts per

. chanhei for‘each ion‘against the time after the electron

: pu]se. trhelprtmary jons proched by the electron.pulse-are ‘
mainly due to méthane, which {é‘oresent tnféery‘large |
concentrattons' As 1s evident from F1gure 4.5A, both
_acetophenone and ferrooene are protonated by the reactant
:lons from methane (CH5 , C2H5 ) very soon after the electron
.ipulse Proton transfer hetween.the protonated spec1es andl
'.the neutral acetophenone and ferrocene then follows

An alternate way of d1splay1ng the exper1mental data 1s :

| obta1ned through the nornallzat1on procedure 1n wh1ch the .
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B,

’a_ : .

‘ lntensity( Counts per Channei) o
=

% of TOtal‘ Intensity

0 "1 1 1 1 1
a0 - 10 20 30 4D
' Tlme ( ms)

l,Figure 4. 5 Time dependence of ion currents mth acmevement
| ‘of ethbrlum Gaseous m1xture in fon’ source - CHy at 4 65
o Torr, C5H5COCH3 at g. 55 mTorr, and. (C5H5)2Fe at 0. 361 mTorr
| . T1g = 500 K (a) Time dependence of 1on counts observed with

",‘the multvchannel scaler (B) Same experimental results as in o

P

o (A) but presented 1n per cent of total ionization (nor'malized).."}‘*”“-t

Note The strax}ght Iines in both (A) and (B) are’ drawn as

o means and are used for the evaluation of Keq . .:_';._‘ ,
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KJnetlc seque Jead1ng to rather slow equ1l1br1um between-3;

o ,\‘\‘I W .
acetophenohe and Merrocene is more ev1dent A normal1zed\ -

time prof1le of the protonated spectes 1s shown in F1gurel
4.58 (1ons dlsplayed\as % of total 1ons) From the }

(

]

A\
normal1zed data one can: see more clearly the formation ﬁ
of (CsHS)QFeH from [CSHSCOHCH3] The decrease of the
protonated acetophenone 1nten81ty is due: to format1on of

/

(C5H5)2FeH .- This Klnetlc stage is about a. 2 0 msec

v durat1qn as is ev1dent from Figure 4 58, . It will be

assumed that the detected on 1ntensit1es for dlfferent

\
\
\

reactant 1ons are proport1on{l to the respect1ve 1on
concentratlons in the HPCI ‘source - (see Kebarle (66)) Slnce‘ ,g

the concentrat1on of the neutraks were constant 1qﬁthe'HPCI

\

source due to the large abundance\of neutrals relative to
‘1ons the establ1shment of equ1l1bn\um is tpd1cated by the
1nvar1ance of relatlve 1on intensitie w1th\t1me ‘ Thzs

stage is ach1eved after some 2.0 msec \%f shown 'in Flgure
\

4.5 and lasts over the rema1n1ng time of\the observat1on
The 1nvariance of relative ion 1ntenstt1es betweéh the two

ions shows up as two parallel l1nes and the measuhed

1) .
equ1l1br1um~1on 1ntens1ty rat O can: be determ1ned from the

vertlcal dlstance between the two l1nes of the logar1thm1c
\f plot or from the ratlo of the vert1cal d1stances Eetween the

' base l1ne and the two 1on prof1le l1nes of the normal1zed\

\ N
I

(l1near) plot ffht ‘ “t. o

The equ1libr1um constant K2 and the standard free R

P

: energy change for the proton'transfer react1on 62 were o

:T calculated Wlth equat1on 4. 6 and 4. 7. ,]7l*f,; o ,f “f.\unrll*
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P ! ‘ | .
censcocu3 . I((CSBS)ZFGH ) e

" 1(C_H_COHCH
P(c 5hig) Fe 1(CghyCO c 3’,

H”where P is the pressure of the neutrals and I is the
.intens1ty of the 1ons For this part1cu1ar experiment the
pressure ratlo of the neutrals was 26 5 and the 1on

| intensity rat)o as measured from the ]ogartthm1c plot in
F)gure 4. 5, was found to be 4, x. Substltut1ng numer1ca1

values 1nto equatwon 4.5 one obtalns the equ111br1um

- Kp = 26, 5 x 4.1 = 108.7 BT

rconstant at 500 K

t

;"\ .
’The standard free energy change AG} for the reactaon can;

- beﬁgaWculated with equat1on 4 7. o .d,‘ g ,
AGC = -RTInK . ° SRR S

n

therefore at 500 K, AGSOO = -1 987 x 1073 x 500 x 1n108.6 kcal‘

‘nfﬂ~‘ = -4.7 keal mo1” |
The part1§l pressure of ferrocene in the ionfsource was
var1ed 1n order to examtne whether the equ111br1um constant
was 1ndependent of the ferrocene cohcentrat1on , The
'71nvar1ance of the measured equ1l1br1um constant Kl w1th
pressure of ferrocene 1s shown 1n F1gure 4.6. Also.

\

[‘variat1on of the total 1on source pressure wh11e all

// —

s

other cond1twons are constant had no effect on .the -

equ111br1um constant Thls is demonstrated 1n F1gures 4 TA - E@

‘and B for two d1fferent 1on source temperatures and the same .

‘ gas m1xture - ‘ | | .
The standard free energy chan@és for react1ons 4 3 and ‘

.J;f4 4 were evaluated. at 500 K by an analogous procedure and
u.:l,' S %n ‘ S
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Figure 4.6. Logarithm of equilibr:ium constaht K versus
. partial pressure of ferrocene at SOOéﬁ for thg reaction:
lCéH5COHCH3]7 + (CgHg ) ofe ¥ CgH5COCH + (C5H5)2F‘e‘H+.
Equilib-r,ium;_constan_tQis; \'ndepe‘nden’t of ferrocene

conceﬁtration changes. Bath\ga's. CHg.



— 133,

n T 1 1
- A -
Asr ]
V\\\ 0" 0O o o
5 45._;‘ o hd 0 U _
3 al ]
4 1 A1 1
35 45 &5 65
P|S (Torr) S
I 1 1 . t
- B —
49}-— qe
- o w.N ™ —
$as| % )
c ,
J [
a1 -
3 1 ) _ 1
35 - 45 85 .. 65
'PlS (Torf) . \) .
. )

Figure 4.7. Logarithm of equilibrium constant K versus 1onn
soe{ce pressures for the reaction: |
[CH5COHCH3]1" + (CgHg) oFe =2 CgHgCOCHS + (CoHg ) oFeH® at

490 K _(A), and at 550 K’(B). EquiliﬁriUm constant is

I

independent of changes in total ion'sdurce pressures.

: Rizj?nt'gas. CH4{,‘_&
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the results are reported in Table 4.1. The equilibrium
constant K4‘for the DMF proton transfer Qéacﬂion (équation
4.4) §hows no dependence on ferrocene conéentration at

500 K, as illusﬁrated in Figure 4.8,

The temperature dependence of the acetophenone/ferrocene
proton transfer equilibrium (reaction 4.2) was also
investigated. Equilibrium constants, at different ion
sdurce te&pefatures, were obtainéd in‘exact]y the same way
as discu§sed above. The van’t Hoff plo{ of this systém is
shown in Figure 4.9%. while the resulting AH® (slope of the
line) and AS® (intercept) values are given in Table 4.1

- Attempts were made to study thé temperature dependence’
of the DMF/ferrocene system, however the presence of DMF
~ dimer (DMF)oH" interfered, particularly at low
_témperatuﬁes, iﬁt ion source temperatures below 430 K the )
DMF dimeg fntensity was 103Htimes higher than tﬁat of the

monomer . The dominance of the DMF dimer even at 500 K is

evident in Figure 4.3.

B. Formation of ('C5H5)2Fe+ and its Effect on the Proton

Transfer Equilibrium Measurements.

\

The presence‘of'(CsHs)QFé? was observed when the parffal
_pressure-of ferrocene. in the source was-raised above 3.0 N

N\
miorr. Using such a hlgh pressure was necessary in the ”X

ferrocene/3 Cle equilibria exgertments in order to sﬁéed/up\\

-~

the aph1ev¢ment of equ1]1br1um. For equilibrium to be

/.
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Figure 4.8. Equilibrium constant K versus part1al pressure
of ferrocene at 500 K for the react1on

DM;\\ (05H5)2FeH -—‘(C5H5)2Fe + DMFHY. Equ111br1um constant

s independent of ferrocene concentratlon changes..

Reaoent gas, CH4
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_ Figure 4. 9 Van t Hoff plot of equilibr!um constants for
"proton transfer reactions " oo
BH" + (Cghg)oFe = (Cghg ofeH’ + B. a) B = 3- -chloropyridine,
CAHO=10.1 # 1 0 kecal mol” ! and: AS°'8 0+ 1.8 cal mol 1 k-1, P

b) B = acetophenone 4HO=-0.6 * 0.4 Kcal mol "1 and |
AS°-10 5+ 1. 8 cal mol~ 1 K 1_ Standard state,1 atm.
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‘established,hthe partial pressUre of ‘the much stronger base
3- Cth'had to be Kept‘low (0.1 to 1.0 Torr} while the‘partja] |
‘ pressure of ferrocene had to be ra1sed above 4, 5 mTorr

| The formation of (C5H5)2Fe probably occurs through the
charge transfer ion- molecule reactlons (4.8- 4 10) involving
the CHy reagent 1ons which are formed in the' ion source .
during and immed1ate1y after the electron pulse.
Evaluation of the energet1cs for each of - the reactlons
4. 8 4. 10 on the bas1s of ava1lable thermochemical data = .

(23 94) shows that the reactions are exotherm1c S1nce in

-

general exotherm1c charge transfer ion molecule react1ons
are known to occur with htgh eff1c1ency, the presence of
‘LC5H5)2Fe in the mass spectrum can be understood..

4 A@‘ o
CHg" + (CgHg)gFe—>CHy +“H2 *A,(Cs’Hs)zFe*. AHO=-27.6kcal/mol 4.8
CoHs* + (CgHg)oFe—» CoHy + (CsHg)oFe®, AHO=-34.6kcal/mol 4.9
C3Hy" + (CgHp)oFe—sCaHy + (CgHg)oFe®, AH9=-2Q.2kca'1/mol : 4.10

‘o

When CH4/3*Cle/ferrocene gas mixtures were investigated at

high ferrocene concentrat1ons. the observed ferrocene cation

1ntensit1es were much greater (approx1mately 10 t1mes) than o~

o those of the protonated ferrocene ion To evaluate the

‘equilibrium constant Ka one needs the 1ntens1t1es of

(C5H5)2FeH arid 3- CleH However the 1sotop1c peak of

(05H5)2Fe at m/e 187 1nterfered w1th that of (C5h5)2FeH

((j(also at m/e 187) and the establ1shment of equ111br1um

j'iconditions between (C5H5)2FeH+ and 3- CleH ‘as they appeared “:-
“ S , - : :
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from the time dependence fon profiles was not well
identified. uFor’this‘reason, in order to make. equilibrium
studies possible for reaction 4.4, the intensity of
I(C5H5l2Fe in the mass spectrum had to be decreased
con51derably so as 'to be able to subtract the 1sotop1c
portion of ‘the (C5H5)2Fe jon intensity from the (CgHg)oFeH*
“ion 1nten51ty at m/e 187. B R ' o
‘The above d1ff1culty was overcome by addlng H20 to the
‘reagent gas. Under these cond1tlons the . CHS , C2H5 -and
‘C3H7 engage in proton transfer to water and are removed .
The result1ng H30' and H30 (H20l do not engage in formatlon
of-(CSHS)Fe+ because the reaction 4.11 is endothermic.

U/ < | |
H3of + {(CgHg)Fe —>H,0 +tH,+ (CgHg ) Fe™, AH°=7-0K§al/mol,4.11

A typical spectrum of alCH4/H20/3*Cle/ferrocene mixture is

. shown in Figure 4.4. The intensity.of the lCSHS)éFe+‘peaKs
‘is found to be fairly low,.ite;,considerablyflower‘than that

. of the (Cghg ) pFet”. | B

| | Further experIments indicated that the problem of -
(C5H5)2Fe formatlon would have been totally eliminated if"‘

| neat water was used as reagent gas Unfortunately under

these cond1t1ons the 3 CleH /H20 clusters became very

}‘strong and lnterfered w1th the measurements particularly at

' low 1on source temperatures After many tr1als 1t was

" established that a 1:1 CHg/Hg0 m1xture was the most su1table



reagent gas for low‘(CE-)H5)2F‘"§;+ and 3-C1PyH"/H50 cluster ion
currents 1n the temperature reg1on between 425 K and- 550 K.

To evaluate the equ1l1br1um constant K5 all. three ions

140,

(C5H5)2Fe , (C5H5)2FeH 3 CleH had to be collected while .

Keep1ng all exper1mental cond1t1ons constant dur1ng

collect1on Data from a typ1cal run are shown in F1gure

4.10. In all. cases the (CSHiiQFeH ion currents had ‘to be -

'corrected for the 1sotop1c contr1but10n of (C5H5)2Fe at:
m/e 187 The percent abundance of the ferrocene cation at
“m/e 186 was calculated to be equal to 82. 1% and 13 3A at

m/e. 187 Th1s means that 16.1% of the ion current at

m/e 187 is due to isotopic abundance of . (C5H5)2Fe , therefore

16.1% of the (C5H5)2Fe ion intensity at m/e 186 had. to be

‘ B) : ,
subtracted from the (C5H5)2FeH+ %on intensity at m/e 187 in

order to get the actual representation of the protonated

ferrocene ion current ICOTT ((CgHg ) oFeH™ ). Equ1l1br1um

‘ .

constant Kg evaluated by the above procedures was.used in the

~van’' t Hoff plot, shown 1n F1gure 4 9 whlle the: result1ng

‘AHO.and Asolvaers.are;g1ven in Table 4.1‘ | ; Q\)t
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Figure 4 10 Time dependence of ion currents w1th

achlevement of. equihbywm, -as observed with the mt.ntichannel_v. s

| ‘scaler Gaseous m1xture 1n the ion source CH4 plus H20 at .

6 0 Torr. ferrocene at 8. 16 mTorr. and 3 Cle at 0 42 mTorr

. ‘Tenperature 536 K.
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Comparisons of Gas Phase Bastcjties at’ Different ,

Temperatures

The gas.phase basicity, GB, of a molecule M is defined

as -AG° for.the'protonationtreaction 4.12.
M+ HY — 4,12

. The gas“phase basietty is ahfonctionlof temperaturew'since‘
- the entropylchange Asoffor,reaction 4.12 is dsually large}‘
Therekareltwocontributionsto this entropy change (AS®) .
First, the proton in reaction 4.12 has a significant
translat1onal entropy of about -26 cal K1 mol” 1}at\‘3‘00 K
(23) which 1s lost on format1on of MH Second, there‘is an
“internal® entropy change A51nt' assoc1a§ed with the

geometry and v1brat1onal and rotattonal changes: for the d

formal‘half reactlon:
M— WMt R a3

‘fAs is well documented in the l1terature (23) A51nt is
l,usually qu1te small less than a few cal K~ T mol1” t and'can[
g}often be 1gnored Nevertheless _care must be taken to use’ -

’con51stent data when calculat1ng gas phase bas1c1ty

v‘gfdifferences Th1s 1s so when the gas phase bas1c1ty of a '

'Tr‘reference base B (reported 1n the l1terature at 300 K)-y and‘

l.tthe free energy assoc1ated w1th the equ1l1br1um reactlon

4



T I &

4.14‘(reaetion;perf0rmed at temperature 1), are to be.

combined for evaluation of the gas phase basicity of M.
BHY M =2MH* + B | . 4.14 .

1In erderlto obtainlthe abso]ute GB value for M, the absolute'
GB value of the reference base has to.be adjusted to' the o
.~exper1menta1 temperature The adJustment wh1ch is most
relevant here is related to the entropy of the proton w1th
‘frespect to temperature The 11terature GB and the adJusted
‘GBy values for a partlcular base can be related by the

'

following equation:

mid

GBy = GBgpok - (300 K)S%OOK(H ) .+ THSY(H ) : 415
' \/"

This: equatlon on]y takes 1nto'account the contr1but10n of .
| the entropy change of the proton 1nto the GBT value of the
base as a function of temperature S°(H ) is accurately

calcu]ated from the SacKkur- Tetrode equatlon (4 16) at

) standard‘state (1 atm.) (95).
.~""."L . . .
.'Q,‘ “ . . ‘.' . . ) .
| ¢s° = R((5/2)InT + 3/2(In(M/amu)) --1.164)" - -~ 4.16

df@!'fﬁ

LY

R is: the gas constant (1 987 cal mol 1 K™ 1) T 1s the .
~-react10n temperature in K ,and M 1s the we1ght of fhe gas o ig
| molecule in amu ‘;". wftfi,'r o ,;" v o ‘ R

N

R



. In th1s thes1s, therGB values of all reference bases

used have been ut111zed consistently, i.e. the entropy ) vm\'
change of the proton has been 1ncorporated 1nto the GBT

" value when the proton transfer react1on was performed at a
‘temperature other than 300 K.

As prev1ously mentloned the gas phase bas1c1ty of
ferrocene was evaluated in accordance w1th the gas phase
ba5101ty of the reference bases" and with the free energy
' change assoc1ated in each of the reactmons 4.2-4.5." The GB
',values for the reference bases were available from the Lias
ompllatIOn at 300 K, but since all proton’ transfer'
,.hequ1l1br1um react1ons 4.2-4.5 were studied at 500 . K, | -} T
adJustments in these l1terature GB values were appl1ed |

Accord1ng to the Sackur Tetrode equat1on the entropy of
the proton SO(H?* ) at 300 K‘lS 26.01 cal K1 mol _ d
N 28.56 cal K 1 mo1” at 500 K.‘fThus, the TxSO term of
“equation 4.15 amounts to 7.80 kcal mol~! at 300 K and
14, 28 Kcal‘mol'1 at 500 K, and the'freelenergy change
associated with the proton is 6.48. kcal mol” ‘when the
_btemperature is 1ncreased from 300 K to 500 K. Finally;"he
‘adJusted GB value of a base at 500 K can be obtalned by ‘

fsubtracting 6 48 kcal mol 1 from the GB value reported 1n

”1; Lwas, i. e by ut1l121ng equatlon 4 15 The l1terature and the

. Table 4. 2

adJusted GB values for the four“reference bases used in the

. Myferrocene proton transfer equ1l1br1um measurements are glven in

\
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TABLE 4.2 Literature? and Adjusted GB Values for
CeHsCOMCHy; C4HgN, DMF, and 3-ClPy.
BASE aga b . eB(adjiPrC.
»"\\\ ‘ B ! |
" CgHgCOHCHg 197.4 . 190.9
CaHsN | 200,3 . 193.8
OMF . 203.6 " C 1971
~3-CIPy 207,00 200.5
3 From Lias. et. al. (23) at 300 K. o
b 1n units of Kca@%m61’1, f, | 'Timﬁﬁf  C

C as paTcuiaﬁed from equation 4.15 Qsing ]
300k (HT)=26.01 e.u., Syoox(H*)=28,56 e.u., and

)
-, '

f=500 K. 7
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Adjustment for the "Jﬁternal" entropx\change associated
// wjth“fhe protonation of the reference base itself was not
abplied, but it 15 conncwﬂy'assuméd to be small (23,65a)
However, 1f the AS® value associated with the proton |
| tfansfer equi]ibrium reaétion of the reference base was
available,fthis adjustment would have been possible.
At this point it is important to mention'that in the
Lias et al (23) GB t‘ables a different method has been used
for compiling ’GB values In this method the GB values are

adjusted to 300 K byl kttlng the TxSO term associated with

the proton to 7.8 Kcal‘mol at all temperatures, Such
adjusted gas phase basicity values can be seen as the _
.-AG} for the reaction: : ' i\
y ‘ . '

h’ ’0 . . .
Myik) * h3ook == Nr7(K) 4:17

Iy
Again, wiﬁh this method there has not been any adjustment in
the GB values related to the internal entropy change of M
. Upon protonat«on. It is assumed to be very small u“‘
. - )

'D. The Gas Phase Basicity: Ladder. Evaluation of tﬁe Gas
Phase Basicity,.at 500 K, and Proton Affinity of
Ferroceneq -

The equilibr1um constants and consequently the free

energy changes associated with.each of the four proton

transfer equilibrium reactions 4.2 to 4.5 were determined at-



500 K. A higher reaction temperature was choSen.so as to
avoid interference from the formation ot/ﬂro{onated d\mers
of the reference bases (B). These dimer ions become the
ma jor ions at lower temperatures if the reference baSe is
oxygen or nitrogen protonated (positive charge localized in
a few hydrogens), as fn the case of acetophenone and DMF .
The gas phase basicity of ferrocene was determined by -
obtaining a continuous “ladder" (Figure 4,11) of overlapping
proton transfer free energy changes associated with gach o%
the four reactions Q:Z to 4.5. The free eqeogy_(AGgoo)
value for a given reaction obtained by diréc§ measurements
is shown beside-the arrow lf%King ferrocene with the
appropriate base (Figune 4.11). Four thermodynamic cycles
connect ferrocene to the otheE bases. The mult1p11c1ty of
the thermodynam1c cycles was necessary for increas1ng the
confidence of, the results obtalned. The consistency of the!
basicity measurements is demonstrated in Figure-4.1{:_ By—
1nspect1on of the AGSOO values given in the Figure, one
can ver1fy that the 1nterna1 consistency is less than

1.0 kcal mol~ 1. The four independent measurements lead to

a value of 195.35 + 0.5 kcal le" for ‘the gas phase

basicity‘of ferrocene at 500 K.
The proton affinity, PA of a molecule M is defined as

- -AHC fcr the reaction:

MHY == M + H* ‘ 4.18
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Reference AGZy
Base (B)" (kcal/mol)
~-C! ‘
Q .

6.0

46

Figure 4.11.
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. a
GBsoo
(kcal/mol)

2005

1971

195.2+0.5

190.9

Gas- phase basicity ladder based on measurements

of equilibrium constants K for equilibria,:

BH* + (C5H5)2Fe 1—(C5H512FeH

between Poubfelarrows connect ing reference base B and

+ B, at 500 K.

Values given

3

ferrocene,. correspond to AG® of the above reaction. The

four determinations lead to a GB valqé of fegrocene which is

consistent withis less than 1 kcal mol~ 1.

28 pdjusted GB

" values of the refergnce bases as outlined in Table 4.2.

! ~
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which can also be expressed in terms of AG® (or GB) and

~ AS® by the following equation:
GB = PA ~ TASO o 419

where ASC = SO(H) + SO(M) - SO(MH'), but since
SO(M) - SO(MH™) = -AS|y7 for M, equation 4.19 can be

rearranged as,follows;

PA = GB -~ TASTNT *+ TSO(H") . | ‘ 4.20
v

For many organic molecules onTy approximate proton
affinity,vélues have been reported—in the liteﬁatubé. This
is mainly because they have been 6btained<%rom the AGC
values.resu]ting from GB ladders,while negkecting the
TxAS® term in equation 4.19 since it is most often not
known and i; is thought to be very smgll. However, with
ferrocene AS7y7 is not small. The van't Hoff plots
associated with the proton transfer reaétiqn; 4.2 and 4.%
show,a‘fairly large -entropy change upon protonation of
feérocene. ' |

The‘proton'affinity of ferrocene was determined by

utilizing equatibn 4.20. As AS?NT an avérage value of

9.3 + 2.0 cal mol”! k-1 was used from the two' values

‘repor ted in.Table 4.1Q GB was obtained from the GB ladder:
while a value of 14.28 kcal mol~! was assigned to" |

TSO(H*) term at 500 K. . “Thus, the proton affinity of
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ferrocene was calculated to be 204.9 + 2.0 kecal mol ! i.e.

(P.A. = 195.3 + 0.5 - 500(9.3 + 2,0) + 14.28)

)

4.3.1 Discussion Related to the Entropy Change Upon

‘ Protonation of Ferrggene

" As mentionéd abbveR an averagc value of'ASO'; 9.3+ 2.0
cal K~ mo]"1‘Fepresenting the'entropy change of ferrocene
upon protonation, resulted froh tﬁgifWo van’ t Hoff plots of
the'acetophenone/ferrocepe and 3-C1Py/f§rrocene Systems
(Figure 4.9).The internal entropy‘éhange§<upon,protdﬁation
of 3-ch1oropyridine and of acetobhenqne sﬁould be small,
because theée are no changeé in symmetry. Neither are anyil
1arge changes 1n molecular structure expected for these
- molecules. The experimental entropy change of 9.3 cal K™ 1 a(%/’
mol” ! can therefpre be solely attributed to an increase of -
'the intérhal entropy of fgfrocene‘upon protonation. The
vaide is unusally large for a proton\transfer reaction.

The diffebence in entropy betweén‘férnocene and
protdnated ferrocene can be estihated énd compared to the
experimental value quoted above. A significant‘contribution
_to the entropy difference der1ves from the rotat1onal

entropy change, Eq 4.21, ' . | X - - ‘('

, o \ P
ASinT = R * Inlopn/og) R S 3 |

//
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Ferrocene has 2 symmetry factor, Op; of 10. The symmetry
factor for protonated ferrocene, - Ofy, ‘depends on its
structure. If protonation occurs on the iron atomr(96), the
symnetry factor is 2 The rotational contrihution tovthe

entropy wou ld thus be R*ln(10/2) = 3.2 cal K1 mol”

Al

In add1t1on to the changes in symmetry, the molecular

(3}

structure of ferrocene is also changed upon protonat1on

~ '

Vibrational analysis has shown that the clopentadlene (Cp)
rings in protonated ferrocene are t1lté3§and that there is a
sxgn1f1cant loosenlng of the iron ring bonds (91) For

4

~example, the asymmetrlc ring- metal strech frequency

\‘\

decreased from 478 cm”! (97) in ferrocene to 435 cm’ 1

(91)xin the protonated moleculef The entropy of,gaseods
ferrocene has been determined both by Tow temoeraturé
.palorimetry (98,99)'and calcdlated from‘molecu]ar}spectra
(97). When the latter calculation is repeated using
Pavli'K's (91). vibrational frequencies for protonated y
* ferrocene it is found that the: entropy is 2.0 cal K1
mol 1 hIQher than for ferrocene. ‘ | |
The total entropy change upon protonat1on of ferrocene
—1s thus estlmated to be 5. 2 cal K 1 mot” of these 3.2 cal
K~ 1 mol -1 is attr1buted to. the rotatlonal entropy and
2 0 cal K L nol ' to a weaken1ng of the metal ring.

| bond1ng. The exper1mental value is 4 0 cal K~1 mol 1

larger HoweVer. from exper1en¢e. the uncerta1nty in
exper1mental entropy- values is + 3-4 cal K1 mol 1 There

are also uncerta1nt1es in the entraopy est1mate.~and the~
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discrepannybetween‘the‘experimental entropy value and the
:estimated vatoe‘is not'really serious |

The present PA value of 204.9 Kcal mol "1 is outside
’the error I1m1ts quoted by Beauchamp, 213 + 5 Kkcal mol~
(88). The d1screpancy is mainly due to the 1nterna1 entropy
change of ferrocene upon protonat1on, which value was of
- course unknown to the~previoLs authors. Thus, the proton
| afttnttieslahd entropy Qaloes‘obtatned in the present work.
is in fair agreement with the oracketing results of

reference (88).

4. 4 Kinetic and Rate Constants Assoc1ated with the

Protonatton of Ferrocene

The rates of exothermic ion-molecule reactions leading

to proton transfer in the gas phase are usually fast and the
rate constants are very close to the‘theoretiCally

calculated Langev1n or ADO orb1t1ng collls1on rates (100) .

These depend on reduced mass, polar1zab1l1ty, and d1pole

; moment and are always close to K = 107 9 molec 1 cm3 sec™ 1.

//“/ﬁ\furthermore only a weak temperature dependence is predlcted
for KL (100) and thls what is genera]lycexper1mentally |

- observed -

In the case oi_ferrocene, th1s general statement does

not seem to apply From the acetophenone/ferrocene :
experiments conducted for the evaluation of the GB value of

_ errocene. it was realized that . the rates assoc1ated w1th
Lo . (, . » .
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‘the protonhtransfer react!on 4.2 were generally slow, and

also show strong temperature dependence For this reason,

it was thought that a thorough invest1gat10n of the Kinetics |

of the ferrocene protonat1on would provtde data of interest
The K1net1cs related to protonation of ferrocene were

'1nvest1gated us1ng a number of ring protonated [Benzene

(BEN), Toluene (T0L), o- Xylene (XYL), Anisole (ANT) (101)%

“Hexamethyibeniene (HMB),  3- Clel. and oxygen protonated

' (Acetone, Acetophenone) reagent ions (BH™). ‘

The proton ‘transfer rate constant for ‘the elght reaction

systems (4.2, 4 5 and 4, 22-4. 27) was measured at 500 K.

BENH* + (CgHg)oFe == (CgHg)oFeH* + BEN

4,22

TOLH® + (CgHg)oFe == (CgHgloFeH® + TOL 4.23

" 0-XYLH* + (CgHgloFe == (CgHg)oFeH* + o-XYL 4,24
ANIH" + (CgHg)oFe é==e(c5H5)éFeH*.+vAN1“' 4.25

_HMBH* +'(C5HS)2ré == (CgHg ) oFeH* + HMB 4.26
(CH3)9COH* + (CgHg)oFe ;==§YC5H5)2FeH* + (CHg) 5CO 4,27

. ()
In'addition the temperature dependence of the forward rate
constants for the systems 4 2 and 4. 24 - 4.27 were also

1nvest1gated as outl1ned in the next sect1on .
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]

4.4.1 Treatment of - Experimental Data for Evaluating,the

Forward Rate Constant for the Reaction -

______i_5“512___2551_5H512FeH + B

For‘alll'the: Kinetié .experim_ents conducted in this study,

.~ the ion intensities of the ions under .investigation were

’
§

- assumption that is approx1mate1y true (66) .

displayed in‘the‘normalized mode. . Since the.normalization’
"‘procedure'involves expressing the ion intenSity of a given

-ion at a given ttme t, as the percentage of the total ion

‘fntensity at time t 1t represents the var1at1on of ion :
intensities in the ion source in wh1ch the total lon1zat1on '
is constant. This ammounts to the asssmption that the -
diffusion cdefticient of. all the ions are the same, an

’

Depend1ng on the complexlty of the results’ obtalned from

each of the systems,‘4 2, 4. 5, and 4 22-4.27, using

' the normallzed 1on intensities, dtfferent methods were

o

applled for - evaluating the forward rate constant leading to
protonatlon of. ferrocene. The methods applied and the B
result1ng rate constant values for each of the systems at

500 K are summartzed 1n Table 4.3, o ‘,‘ oy

\

“A. Method I Irreversible Proton Transfer to Ferrocene

from Reference Base B.

In order to 111ustrate th1s method experTmental data@

from the benzene/ferrocene system w111 be used The,same_ndj',g}ﬁ
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i

[y
V .

TABLE 4.3. Rate Constants for the proton transfer reactions, ‘
. N R ' k N , . N ) . , o . !
+ __F.. +, S ‘
+
BH - (csus)zpew (CGH.) FeH + B
" Equatiop B® xPx10710" Methoa9d acec 4
» :NO. , . ! \ '
- rou - -
4.4 3-c1pyf 0.0035 v +5.3
14,22 ‘BENE 17.6 1 -27.1
4.23 oLt 9.66 1 -19.7
. ' !
4.24 o-xyrLt 6.26 ) S '-15.6
4.25 AnIf. 0.57 1 -9.2
4.26 umsf 0.09 1 =1.7
4.27 * (CHy) ,c0% 11.2 111 -12.8
- ®Reference base used.‘ (.

Brorward rate constant at 500°K (cm3 molecul™?! 371)~

»

‘>cDifférences in gas phhse basicities betweeﬁ ferrocené and. the refergncé

ferrocene

4 -

bage. All GB valueé‘obtained.froﬁ‘Lias'(23)‘except for that of

'dAGB‘va;ues refer to tﬁe difference in GB between féftocehe and

, tefegéhce bdsé B.
erygen protonated base. '
‘ fRiné protonated base.

. gbiffeteht‘metﬁdds§in evqlpafi

" in the. text.

on ké at 500°K. ‘All‘ngthbdslirefoutlined;*~

e - ® 4



‘ procedure was also applied‘for the evaluatiOn‘of the"proton
transfer rate constants (KF) for the follow1ng systems |
Toluene/Ferrocene, (KF evaluatlon at all temperatures)
o- Xylene/Ferrocene, (KF evaluatlon “at all temperatures)
ltAnlsole/Ferrocene, (Kg evaluatlon at all temperatures)
HBM/Ferrocene, (KF evaluation at all temperatures)
-Acetophenone/Ferrocene (evaluat1on of Kg for exper1ments
conducted above 500 K w1th the acetophenone dlmer not |
present). | : ‘ | -

| Shown in Flgure 4 12 are the experlmentally obta1ned
normallzed lon 1ntens1t1es for four different exper1mental ,
‘c0nd1tlons from the benzene/ferrocene system. A decr§3§e of -
:protonated benzene and a concomlntant 1ncrease of protohated
Tferrocene is observed Th1s change 1s due to proton transfer‘
‘reactlon 4:22. | The rate of the react1on increases as the
ferrocene concentratlon is increased. Close 1nspect1on of all =
fthe runs in thls F1gure reveals the ex1stence of (C5H5)2FeH
~jon concentrat1ons at zero time (rlght after the electron
pulse) Th1s lS because an ion repeller (quench) pulse’'was
:not appl1ed after each react1on cycle, therefore ions were
;st1ll present 1n the ion source when | the subsequent electron
‘”u‘pulse ‘was. applled '7."n"“‘;34 . |
| The data of“he benzene/ferrocene system w1ll be‘
)analyzed here but much of the d1scuss1on is appl1cable to

“the general proton transfer react1on 4 i for evaluatlng

‘Q:)kplﬂ The latter statement appl1es only when the react1ng

')Jktfsystem is. free from any apparent s1de reactlons as w1ll bej‘t
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111ustrated in the following sectlons The forward rate

constant for the genera) react1on can be. calcu]ated from

’ ‘-‘d(‘lt(BH*)/dt =KF[(C5H5')‘2FVe} x 1Y(BH") ey 4.28
3 o g

,
where IY(BH*) is' the intensity of BH® at time t,
S1nce the concentrat1on of the ions 1s many orders of

magni tude lower than the concentrat1on of the\neutra1s, the

o 7

concentration of the neutrals can be considered as constant.

Reaction 4.1 is”therefore first order and depends‘on the
" pseudo- flPSt order rate constant &reactlon frequency) F.

where VF -‘kF[(C5H5)2Fe] Tﬁer%fore

d(IY(BH*))/dt = -~ x_lt(-BH*',) T a2
: , L o .‘Q.;, 4 L
t afteb,rearrangement and integration .
A _ ‘ . 4@3 ‘
In(1Y(BH*) /18BBHY)) = -bext S 4.30,

.
.
/
/

where 1°(BH™Y) is‘the“ooncehtration of BH' at time

Cot=0. Therefore plott1ng the natural logar1thm of the

normal1zed 1ntens1ty of BH VvS. tlme should lead to a

/

stra1ght l1ne whose slope 1s equal to l@ Another way of*

obta1n1ng Ve values 1s also poss1b1e v1a the half l1fe .

’

equat]on t1/2 = {]n2)/l/F (102) ,. : . ."‘

159
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Plots of InIY(BH*) vs. time for the benzene/
ferrocene system are shown in Figure 4.13. Plots A,B,C, and

D have resulted from the data in Figure 4.12 A,B,C, and D \

-

respectively. The pseudo-first order rate constants in each

(

case were obtained from the slope of the lines. A plot> of

/
U vs. ferroccne pressure for thls particular system is '

given in Figure 4.)4 (see points destgnated by (o)) for a

, react'ion‘temperature of 500 K. The plot shows a lmear ,

dependence wh1ch conf1rms that U = Kel(CgHgloFe] as
assumed above. -Therefore the rate.constant can be obtalned
from r/,e'qua\tion 4.31. B T
KE = VF/[(C5H5)2F61 K‘ ‘
-\
. : » . / ) '
Similar plots of V. vs. P((CgHg)oFe) Qbserved with other

4,31

| BH*.reagents.arefgiven in Figures 4.14”andy4.15." W values

-
7

‘for these plots at'500 K- were obtained in.eiactly the same-

L}
-

way as dwscussed for . the benzene/ferrocene system Figures

3 4 14 and 4.15 clearly 1llustrate the dependence of Vg on

ferrocene pressure for eaoh of the systems. Kf values |

L resulting from the. slopes of the 1nd1v1dual lines for a

7

particular system ‘are summarlzed 1h Table 4.3. The.kF

) values are reported in molecule 1cm3sec 1. fhese units were

'obtajned by converting the gas pressures to molecule cm -3

units. v1a the ldeal gas law equat1on ‘and Avogadros number
| The temperature dependence of the rate constant for

three of the react1ons (t 24-4.26) 1nvolv1ng exothermic

- ;
It .
NS T .
rad .
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Figure 4.13. Loganthmc plot of normalized ion 1ntensity

.of BENti versus time for the d1ffenect experiments shown
in Figure 4.12. Lletters- beside the lines represent the
correspondmg experiment in F1gure 4, 12 The slopei’fof each
';'ef \these hnes leads to. evaluahon of the reaction’

frequency }/f.- under the specified experimental cond1tions
. . . . . . %2
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The slope of each l\ne equals

the rate: constant kF for the proton transfer react1on )

BH* "'" (C5H5)2Fe —-) (%H5)2FeH + B, at 500 K.

The different reference bases. (B), used to obtain the

.ind1v1dual plots are shown next

to the lines.

L4
B
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ot ?\Figure 3. 15' P]otﬂpf-lﬁ vs. ferrecene preseurei The
'slpoe of each line equals the~rate constahﬁiﬁ; for: the
proton transfer ‘reaction: BH* + (C5H5)2Fe —_— . (C5H5)2FeH + B

P at 500 K. The d1fferent reference bases. (B) used to |

obta1n the 1nd1v1duaI plots are shown next to the lines

-

il
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'(Langev1n - ADO rates, ki ca. 1079 molecuie

two systems the rate .constants are much lower, and a

x~exponent1al term E/R w1tth = -1 63 Kcal mol 0 for anisole

arid -3.55 kcal mol~! for HMB (preexpcnent1a1 factor‘.rﬁ..

'[;;constants for the acetophenone/ferrocene reactions

proton transfer to ferrocene, were also determined in a
sertes of experiments. Arrhenius type plots (log Kg vs.

1/T) -of these, results are shown in Figure 4.16. These data

show that the rate constants decrease with inoreaSe of

A

temperature i.e. the rates have negative‘temperature

dependence. The o-xylene/ferrocene reaction, be1ng the most

/~ A
,

exothermlc of the three, shows a negat1ve temperature

dependence»1n the high temperature region, while in the low
temperature regton it reaches collision rate‘efficiency.‘
The rate constant in this sécdnd‘temperature regioh follows
the expected very slight temperature dependence for K

‘? cmd s "1

(100)) & The other two systems (ANIf?errocene, HMB/
| S
ferrocene) undergo proton transfer reactions with gradually

decreastng'eiothermicit} relative to o-xylene. For these

constant negative temperature dependenceé -is observed over

<

the entire temperature fegion, Figure 4.16. The s.lopes of;

these stralght'l1ne plots lead to evaluat1on of the

!

and acetophenone/ferrocene systems w1ll be exam1ned 1n

LA
a "

‘ sectton 4 4.2. of thws chapter

The same method was also appl1ed to the evaluatlon of rate B

. “ -

| A= 0. 095 x 10 10 mo]ecule .em3 sec 1) The mean1ng\of fl‘t;'

) these results, together w1th those for the aCetone/ferrocene l\‘

164
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,_Reference bases. (B), used 1n each case are: spec1£ied next
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. evaluatlon of the activatron energy (Ea) assooiated w‘thf B
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- eachvreacthn _ . . 53
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~studied at temperatures above‘SOO K.where the acetophenone
'dimer was not‘present An Arrhentus type plot for th1s |
~system is also given in Figure 4 16.  Kg values at'
temperatures -lower than 500 K were obtatned via methods

11,111, and 1V .described bellow.

B. Method'll Reversible First Order Proton Transfer.
. N ‘ sy E .
Al

Data from'the}acetophenone/ferrocene system (reaction

4.2). wil] be used here to demonstrate th1s method but much

of the d1scu551on w111 be app11cable to the general equat1on

4.1, Most proUbn transfer ‘reactions’ at'su1table
concentration and temperature conditions become reversible.
© With revers‘ble reactlons. the nate of the reverse reaction

>

only becomes apparent at long react1on times when the

product 1on has grown appreciably The reverse react1on can f

~ be detected by the approach of - equ111br1um of the ions underj.‘

¢ .
1nvestigat1on at long react1on times. Figure 417

: eillpstrates such a situat1on for the acetophenone/ferrocene

?\‘system* when the Ktnet1c stage lasts for about 1. 0 msec.

’Af}er th1s time the ion uptens1ty rat10 (C5H5)2FeH / |

lnT‘r

[CBHSCOF-ICH:;l+ becomes consthnt and remains so for the whole

period of observation (ca 2 5 msec) In order to eva1uate

the forward rate constant from thts set of data, equat1on d'f"

&, 32 (103) was applled

~“.’, -"

(x g x ‘)t 5 Ln L °(en') - 1° (sH" ) L Sl ?'-1‘_"4‘;{32’

xt(na ) - I (BH ) ST AR
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Kg and kR are the forward and reverse rate constants for | o
the- reaction I°(BH ), Ie(BH ),land It(BH ) are the |
normalized intensities of the reference base at. the start of‘

4 the reaction (t 0). at equilibrium. and at some time t afterw
the start of the reaction. respectively Ihis equation |
applies only if I((C5H5)2FeH ) = 0.at t=0. o

ConSidering that Keq = kF/KR (equation 4, 36) |
kF = L@/I(C5H5)2Fe] (for pseudo first order) KR = DR/[B] (by'
expreSSing the rate of. reaction q, 1 in terms of reverse rate’.
| constant).‘and b@/vR = I ((C5H5)2FeH )/It(BH ), (assuming
equilibrium conditions) then by rearrangement of equation
4.32,.b@‘can‘be expres;;d in terms of equation 4.33 |
. aa(rTen’) } 1°8n’ ) far K B
F -.(14te(su+)/Ig(tcsus)zreﬂ+)) S o “ o 4'33-.

v
] .
a

‘ A numerical value for the nominator term of this equation
¢~;'- Ie(BH )) Vs, “time, see Figure s 18 while values for
Ie(BH*l and Iele5H5)2FéH*) were obtained o~ o
directly from the normalized spectra (time profiles) which

resulted from this particular system Then Similarly as in:F

- f-

method I, kF values were obtained from the slope of the l.#@wj?

line from plots of D@ (now obtained Via equation 4 33) vs

ferrocene concentration This method was used to evaluate ffﬂ

rate constants for the acetophenone/ferrooene system at

temperatures abov’ 500 K and where the kinetio stage for
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¢, Method 11 Reference Base qimemzation and its Effect
on the Rate Constant for the Protonatlon of Ferrocene

, Analog Computer Analysis of Experimental Data.

o4

i
3

Th1s is the case where protonated base B undergoes
TN
“vd1merlzat1on (equatlon 4 34) apart from proton transfer to N

‘ferrooene (equatlon 4|1)

[ N

BH* + B === BoH*. o . 4.34

.

Dlmer1zat1on react)ons are. 1n general th1rd body
’ dependent in, the pressure range used w1th HPCI mass leNv

) ‘
spectrometry and thus are con51dered'slower than.proton

transfer reactions Based'on thtskoenerat‘rule, it‘was'
-hthought that the rate of formation of BQH should have | *
no effect on the rate constant of the proton transfer‘ | ﬂ“~
'react1on 4. 1 and in that case Kg for the protonatlon | :
Ireactlon could be evaluated v1a method I. However, this’
4

‘jassumpt1on dld not seem to appky w1th the acetophenone/

”"_ferrocene acetone/ferrocene and anlsole/ferrocene systqms

f’.fﬁ becaUSe under certa1n ranges of concentrathp and L )

Tﬂlgtemperature cond1t1ons the d1mer1zat1on react1on assoc1ated

’“vfiw1th each of these reference bases appeared to be faster




~"ﬁ“p ‘ In order to 1nvest1gate to what extent the dimer1zatlon

ff‘ reactlon 1s affectlng the forward rate of react1on 4 an

?analog computer analySIs was. appl1ed to a set of data

‘ obta1ned from the. acetone/ferrocene exper1ments ' ‘N{h
(B aCetone) This system was chosen to il]ustrate th1s‘

[}

_’;°‘ ' ahod because the presencewf the acetone dimer was most

nounced among all the systems stud1ed at. the temperature

,-range used SRR _ ,“ﬂ, L v L

- .

The computer was programmed to reproduce the normal1zed
‘ ‘1bn profiles of the 1ons wh1ch re5u1ted from the react1on
13;‘ systems 4.27 and Ky 34 (see F1gure 4. 19 sol1d lines), with
‘each step be1ng revers1b1e and pseudo f1rst order4for the
fjl given }errocene pressure The react1on frequenc1es ur. ‘ A
. W 24s ~and V-1 were treated as var1able parameters
.and were changed unt1l a best fit of the exper1menta1 curve&-
was obta1ned Flgure 4 19 (dashed l1nes) 1llustrates the |
~ type of ftt ‘that could be obta1ned , ‘”" o V{' |
ghsf ~ Once the‘eXperlmental curves had been reproduced eh
‘[llvar1able parameter 44 was set, to zero wh1le all others
;E‘v‘ 'were Kept constant This paused the e11m1nat1on of the %i\:h.

\‘ ;;“‘ % :

fqgg‘((CH3)2C0)2H 1on ppof11e from the normallzed spectrawand

fm*cons1derable.changes in: the (CH3)2C0H and (05H5)2FeH‘ 1on
‘; iﬂ.tprofxles The result1ng t1me dependence spectra oF these ;fﬁj~‘g,-

; kS
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after the iomzmg electron pulse resu\ltmg from the : ,8,
acetone/ferrocene system Sohd l1nes correspond to
| experimental ‘bservatmns (Pmethane"s 2 Torr, Pacetone'4 54 ‘
. . mTonr. Pferrocene'o 67 mTorr Tenperatgre 523 K) dashed
h‘nes cow‘espond to analog conputer fits calcula’ed on the
basis of reachon systems 4 1 and 4, 34 with B acetone
The d1 screpancy betwéen expemmental and computer f1t Tines

at times below 0 5 msec is due to- 1mt1al concentratlons of

(CH3)2C0]H+ and (C5H5)2FeH in the ion source. because an e

o

ion quench pulse was not apphed %t the end of each

‘-'sp. [

exper 1ment
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e

the programmable parameter correspond1ng to

'v, at the analog computer analys1s was\sef to ze#o ff‘L'
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Ay;

f‘d1merizat1on reaction was taken obt of . the overall react1on

173 -



g

174
v
¢ Using the (CH3)2COH timeﬂdepéndence fon intensity,
reported‘in Figure 4,20, the reaction frequency () for
the reaction 4.27 was determined via the standard procedure
(see method 1). The resulting numgnical value for I was
found to be 5-10 times greater than Vexp KEXP represents
the reaction frequency for reaction 4.27 when obtained
through utilization of experimental (CH3),COM* time
debendence ion intensities (Figure 4.19) with all three 10&2‘
(CH3) 2COH*," [ (CH3) 2CO)H*, and (CgHg) HFeH” being collected
;ed normalized under the same experimental conditions.

A number of e;perimental data\sets from the three '
systems mentioned above were combeter analyzed and.l¢ end
YEXP values for each set were obtaihed through this
procedure. On the whole, there was a good,agreement in the
results obtained. u values were always greater than UEXP
by a factor which seemed to vary, depending on the data set
and gystem studied; It was ‘empirically qstabiished that

these two values can be linked together through

equation 4.35.

1) + 150t
. 2 =~ 1
v o= verP o ). » provided It(82H+) >15en') 4.35

F F +
1)

\

where It(BH*) and It(BQH*) are the normalized intensities of
the protonated'monomer and proton bound dimer of the . _
reference base, respectively. at time t, after the electron

'‘pulse.
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This equatlon permitted eValuation of the reaction
o \\ frequency ¥r by direct utilization of experimental data
and without the need of computer fits. Agreement between
1S values obgained via equation 4,35 and computer analyzed
data established the reliability for apply1ng equation 4.35
to all systems studied, where the protonatgd reference base
formed proton\bound dimers much faster than proton transfer
to ferrocene In the cases where the decay of the monomer
was too fast (at Tow temperatures) the normalized dimer time
dependenoe’1on profile was used for evaluatlon of Y=*P
providing that all ions BH®* 82H+. and (CgHg)oFeH” had been
collected and normal1zed under 1dent1cal experimental
cond1t1ons Rate constant values (Kg) were obtained via
———=equation 4.35. The concentration of the neutral specles was
Known . ) k
The rate constants for the acetone/ferrocene system were
determined. by ut1l1zatlon of this method for the temperature‘
range studied. They turned out to be close to Langevin-ADO
rates with the expected (104)5‘19ht temperature dependenoe
{see corresponding plot in. F1gure 4.16).
Th1s method was also used to evatluate rate constants for
" the acetophenone/ferrocene and an1$ole/ferrocene systems, at
temperatures between 430-500 K for the first, and below

355 K fon thejsecond} where the dimer formation of the

corresponding reference bases was very sttong.
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. , | .
of Fer‘rc:oene Via Keq.and "SR' ’ / .

This method was used to calculate the forward rate

constant by utilizing the measurement of the equilibrium and -

the reverse rate constant for the reaction 4..1

~

™
4 . .

k. J ~

. . .
+ 3 TS
. BH™ + (C5H5)2Fefc?:(C5H5)2FeH + B ' o 4.1
‘ : \ ' .
where Keq = Ke/Kg , N ! : 4.36
The reverse rate constant frcfﬂ* reaction 4.1 can be calculated
us'ing equation 4.37. i s
= ‘ |
dxtz((c H_)_F H+)
55/2°¢ X
- - kRIt((CSHS)Z‘FeHﬂ x (8] . 4.37

dt

~

~

Here I'((CgHg)sFeH®) is the intensity of protonated
ferrocene at time t. Since reaction 4.1 is pseudo-first
order (see méthod 1), it can be described by the pseudo- ™

first order rate constant, V. where e

W = -kplBl . 4.38

Substitution of equation 4.38 into 4.37 followed,by

4.39.

t S \ S '

b ¢ ((CSHS')ZFQH ) | . ‘ - 4.39
Ia ) . ¥+ TRt ' ‘ ’
- T7((CgH.) Fer™) . SRS
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\

Then, the redction frequéncy i is obtained from the

‘linear section of the semilogarithmic plot‘of the

nonﬁa]izedv (C’5H5)2'FeH+ intensity vs. time. . Since the

~concentration of B was known Kvaas‘calcuiated using

equation 4.38.
In the cases where kg and Keq had been

experimentally obtained‘at the same temperature; Kp was
then calculated via equation 4.36. Y
‘ | ’

~This method was applied to evaluate the forward rate-
constant for the 3-C1Py/ferrocene system at 500 K and the

acetophenone/ferrocene.system at temperatures below 430 K..

_

In the acetophenone/ferrocene case, even though the reverse
phocess of equation 4.2 is endothermic, the reverse rate was

boosted by using very large concentrations of acetophenone.

.
’

4.4.2 Discussion of}ResuTts The Kinetics of Proton

Transfer Reactions to Ferrocene.

2

The proton tranSfer rate constants for all bases,
N

obtaIned from the plots in F1gures 4 14, 4. 15, at a react1on

: temperature of 500 K are plotted aga1nst the exotherm1c1ty

of the react1on in Figure 4.21. it is seen in thetf1gure

alsd‘a clear corre]ation between exoergicity and rate |
constant for the rlng protonated‘spec1es Only if the
reactlon is exoerglc by more than ca 25 kcal mo1-~1 is the

rate constant close to the coll1sion limit. S1m11ar

177

§

-'that the majority‘qf‘the reactions are indeed.slow. There is
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Figure 4.21, Rate constants of reactions B I o
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reference base B,\at 500 K. Compounds B are identified next
.~ to the points in the f.gure The .gas phuase basicrty of
ferrocene is indicated by the vertical line The rate
constant for 3- Chloropyridine was calculated from the.
"“npasured rate constant for the reverse reaction and the

‘eqUIlibrium constant A
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relationships have earlier been establlshed for tbe hydr1de
transfer reactions (87). ;-(M S S
The slow proton transfer to ferrocene could be due’ to an "

1nternal(energy barrier. Some results from solut1on stud1es
are relevant Jdn this regard Ferrocene has two proton
acceptor sites, the metal atom (105 96) and the

ne rlngs (106, 107) It has been shown by MMR

-y o - o | -
Beauchamp‘( 8) has assumed that in the gas'phase‘félrocene
is protonated on the Fe atom.‘ It was pointed out, ln the
;htroductlon‘tonthis chapter, that protonated ferrocene in
solut1on is bent (91) Assum1ng that the protonatlon in the

P ' gas phase/1s at the Fe atom, the b3rr1er to protonat1on '

B could be sought in the geometry change on protonat1on, and .
the ster1c,repuls1ons‘essdb1ated with the approach pf the
'reagent ion‘él‘l+ to ferrocene. | - o
‘ The results in Figure 4.21 show that there is a

" s1gnif1caﬁt difference between the rate exotherm1c1ty
relat1onship between the oxygen protonated reagent ions -

H+ (B acetone acetophenone) and the ring protonated
BH+ (B benzene. “toluene, xylene antsole hexamethyl- o

benzene) %ﬂhe rates for equal exotherm1c1ty be1ng much o

slower for the ring protonated compounds .‘

’ The reaction coord1nates associated WTth jon- molecule ‘

reactlons are very d1fferent from those observed for

e v
i
1
]
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reactions occurringvln solution or‘those involvlng;the'
'reaction of . two neutral molecbles‘lndthe gas phase
. A typlcal (85) gas’ phase <on- molecule reaction

coordinate is shown 1n Figure 4.22. Becausé of the
attract1ve ion- polarlzable molecular forces which. act at
long range, the potent1al energy decreases as the ion At
‘and molecule B adproach At closer range, more specific
bonding between the lbn and the molecule can lower the
energy furt%er and lead to a stable adduct A+ B. For
example when A* is a protonated 1on such as protonated
'acetone, and B is an oxygen base, A .B w1ll be held by a
strong hydrbgen bond The internal barr1er E¥, 1s due to
the energy change connected with the formation of the ~T
‘ trans1tlon state. Typteally,  in gas phase 1on,molecule

reactions, he;energy_of the transition state‘lies‘mﬁch

. o ' . '.
below the enexgy level of the reactants At + B, see: Flgure

4.22. This situation leads” o the high rates’ (colliswon

N

rates): commonly observed for 1on molecule reactions Thus.

" for proton transfer between two oxygen bases the barrier'

E¥ is very Tow and proton~transfer proceedsfat collis1on
rates, even at very low exotherm1c1ty (108) These fast
rates)are eSSentlal to CI analys1s leadtng to- the quasi

molecular protonated 1on of the analyte Ion- molecule{ o

react1ons for wh1ch the 1nternal barr1er. E* is hlgh'g

?“}such that it protrudbs above thé energy level of the |

reactants are. exceedingly slow and have rates that increase .[5"

L w1th 1ncreas1ng temperature (positlve temperatare dependence)

1; e -

—
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Fi ?}1 4.22.

‘ T -
\ R ' " Reaction Coordinate

Réaction energy coordinéte'diagrah for slow .

I
ion m@lecule reactions with negat1ve temperatune dependence.

The orbiting trans1t1on state occurring over E and E* re

,loose transition states.

X

The product forming transit1on
'state (A+ 0¥ is a tlght state | y |

T
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(.109), i,e,‘they‘show the‘conventional.temperaturel

dependence observed in,"normal“,chemica]'reactions.
. C ' ) ‘ - ‘ ol Yoy Lo )
The temperature dependence oi.the‘present‘proton

transfer reactions was determ1ned see Figure 4. 16 The

fast react1on 1nvolv1ng protonated acetone, wh1ch proceeds

4 A B

at coll1s10n rates, has no temperature dependence This 1s

. v
2 ¥ R oo
. '

‘:has been obserVdd for such react1ons (87 09)*\\

. (aB* )* that 1s very unfavorable (85) Sudhwa trans1t1on
;sta;e is called a tight" complex The most common cause " N\ -

_for t1ghtness ‘s loss of rotat1on in @he transftion state iR

‘w1th 1ncreas1ng exotherm101ty in a related reaction ser1es

typ1cal for. react10ns with a very small internal barrler

l'(85‘ 109) The other react1ons, B =,/ylene anisote, and “‘\ﬂﬁ

hexamethylbenzene whlch are progress%vely slower have ratek

~

constants that decrease as the temperature is 1ncreased ;" ‘/'

”(negat1ve temperature dependence) Such a behav1our has

_been observed befdre (83, 84, 109). For such react}ons it

_has beén assumed (85 109) that the barrugr is fairly high,
: .
but still lies below the energy level of- the reactants

e
+ B . The react1ons will be slow even though there is
no pos1t1ve energy barr1er above the level of the reactants.

'1f there is-a. pos1t1ve Free energy barr1er, wh1ch for the

case cons1dered means ‘an entropy of the trans1t1on state:

of otherw1se freely rotatlng groups (85, 109) ff' ‘ 1l5 | i : ceR

Negat1ve temperature dependence and increase of rate
oo

The slow rates observed for the proton transfer to

-~

ferrocene the negat1ve temperature dependeﬂbe. and the

R
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.4‘

dependence on the exothermicity, Figure 4.16 and-4.21, could
be explalned by .the same model While proton transfer W
generally does not 1nvolve a hlgh,energy barrier (108)
(oxygen and,nltrogen bases in the trans1t1on state) proton |
&ransfer to ferrocene could be different The presence of |
‘the two cyclopentad1ene groups which tilt on protonation
might be one factor leadleg to a larger barr1er Another
factor could be the type of bond1ng in the A* B complex |
1 e. BH* (C5H5)2Fe complex formed. Weak bonding in |

the complex will lead tc a high dying top of the trans1t1on

state (B (C5H5)2Fe )* relative to the energy level. of/,

the reactants, even in the presemce of a modest barrIer
i.e. even 1n the presence of a ‘modest increasé of energy -
between BH* (C5H5)2Fe and (B “(C5H5)2Ee\)*' see
Figure 4.22. ‘ . .

Weak bonding in BH (C5H5)2Fe is expected when.

s

the charge in. BH+ 1s not concentrated on the proton but is .

delocalized over B Thls s exactly the case for the r1ng
protonated BH+ (benzene and subst1tuted benzenes), see .

resonance structures for the protonated benzene shown below

These reagent lons were found to lead to slgniflcantly lower

rates than the oxygen protonated reagents at.equal |

P—
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.exothermlcity, for proton transfer. see Figure 4. 21 'ThiS“
is in line with the: expected weaker bonding of these reagent,
jons BH* (C5H5)2Fe relat)ve tb that for - thb oxygen
acids‘BH+,'irrcwﬁch_, st'.of the charge is located on the

voxygen o ‘ : n . : _ : *.

o The’ ttghtness of /the complex requ1red by the model 4
could result from loss of rotation in the transit1on ‘state | o
E caused by’ the bul/y cyclopentad1ene and B groups -
" The change from negat1ve to. pos1t1ve temperature

‘ldependence found for B protonated acetophenone at 420 K see‘

“F1gure 4. 16 is unusual The negat1ve temperature
‘dependence//below 420 K is s1m1lar to that observed for the .,

v

'three ba es in Figure 4.16. The larger slope observed for
.acetop/enone may not be s1gn1f1cant cons1der1ng the large
* 'scatter of the data Ourved Arrhen1us plots have been
obse ved, also, 1n other ‘ion- molecule reactions (109)
‘d?ﬁle such curved plots are not unexpected on the basis of

heory (109) the 1nterpretat10n is too 1nvolved and

uncerta1n, and w1ll not ‘be considered here. ‘ |

| Reagent 1ons, l1ke the protonated benzenes, are seldom i“

| used in rout1ne €I measurements and the f1nding that such

//" . reagent ions may lead to unusually Tow sensit1Q1t1es forﬂthe"
detect1on of ferrocene may be cons1dered of no analytical
s1gn1f1cance ‘ However,,th1s is not the caSe ';i; jl'.‘?‘_big?tijd

o 4 Recent results from APCI experlments with ferrocene in ;l?i:iy

‘b'f—th1s laboratory, us1ng a TAGA tr1ple quadrupole mass 79513‘?" .

spectrometer, have shown that the sensitlvity for detection e
T T e e ke f.ﬁwﬁafng




,_of ferrocene 1s very low infthe APCI mass spectra when
compared to that for nitrogen basesmatﬁs?hllar gas phase
basicity This result can be 1nterpreted at least in part
on the basis of ‘the present f1ndrngs | -

‘AI e ma jor reagent~1ons in the TAGA are protonated water
| clusters H30 (H20) The' positlve charge in these | |

t clusters is qu1te delocal1zed over the various water
molecules and one expects the energy lowerlng of format1on
of. the (H20) H30 :Fe adduct to be quite small. This .
situat1on is s1m1lar tc that‘cbserved abqve for the charge

delocalized protonated benzenes which led tO;JdW protonation

[ ‘185 "

rates for- ferrocene. The low sensitlvity fcr,protbnation of

‘ferrocene in the TAGA is thus in line with the insights,

A

~ provided by the present study. = . ey

@
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