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ABSTRACT o
' v L4 >
14

g

———

a A fast atom boébardmeﬁt (FAB) gun-which can be operated

: : o , —_ .
at elevated temperg}uresa:zi—eonst{ycfbgf This permitted .
C%ercuby and polyatomic vapérs to bﬁ%ﬁ::lugged relative to :
argon ind xenon. The comabsition o particle beams;q;.

their ion/neutral species ratios and their energies were .

iy

examinéd~undgr various operating conditions to determine

5

. what factors are importaht in’ébtaining thefgeét "mO]GCU]:i://///

- :
ion yield from a sample in a ljquid matp%%% Mercury vapo

' J

‘was shown to Qé\su' ble for routine %fe but is nét

~ /

significantly superior to xehQnT“‘Heavy'po1¥atomic particles
(MW>200) are not produéed éfﬂdcieqﬁ]y by the séddle-fie]d
discharge and hence’their useﬂd]nes§ is still unknown.

/

AN ‘
A thermospray. {TSP) jon. source was ongtructed and

“interfaced to a quadrupoTe mass filter.
. » . } .
for a :éngé of organic bases, wére obtained by pumping

_SP mass spectra <
solutions of Known analyte and buffer combositi%ns to the
/}Aterface. The're]ati;g-ion iﬁtensities were found to be
étrongly‘depenaeﬁt on gas phase ion/mo1ecu1e éeactibns.

» - With volatile ‘and moderately.volatile analytes (B) in -
ammonium acetate buffer, the BH* ions ére formed by gas
phase protonation*of gaseous B’by the ammonium reagént ions.

Sevéral indrgahic cations could also be detected by,fSP
mass spectrometry. A]Kéli metal qluster ions of the form
X+%H20)B were observed, where X\ was the alkali fon in

]

.solutioh.>'The're]at%ve distribution of water clusters for a
[




&

. }_" ‘___,\ :

given ion were close to the predicted gaslphase equilibrium
. valpes.

The ex1st1ng TSP source was mod1f1ed for operatlon with
pulsed electron beam 1on1satron. This a]lowed the flow- =
~velocity through the TSP source and the reaction txme.unde;j
normal TSP conditions to be est1mated ‘ i

A triple quadrupole mass spectrometer. w1th;;\ﬁgated
nebullzer APCL,source -was employed to analyse a mixture of

«J‘

radiolysis products by HPLC- MS/MS A mode] nuc1;E§ ac1d

polyadeny11c ac1d was irradiated 1n,aqueous solution at ’)

~

neutral pH %gd then enzymat1ca11y hydroﬂysed to.the
mbnonuc]eos1de level prior to analys1s The Tad1at1on ‘
induced products: R- and S-8.5{-cycloadenosi e,

o - X . ' . .
8-hydroxyadenosine, « -adenosine and adenine were positively

'ﬁjﬁﬁ????ed by comparison‘qfﬂretention times and MS/MS

spectra with those of autyent1c standards. LC peéks~

'Aacorrespon?1ng to 8-hydroxyadenine and 4-amino-5- formylam1no

-6- (rrbosyl)am1nopy§§m1d1ne were also identified by MS/MS
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GENERAL INTRODUCTION

.The work pﬁeeented'in thisfthesis'is concerned with two

- ' - . Vi
- important areas of analytical mass spectrometry: that of .

fast atom bombardment (FAB) and H?gh per formance 4iquid

‘chromatography/mass Spectgometry (HPLC MS).

FAB is a'methoq;gﬂ“ 4,$zat1on in which secondary 1ons

are'generated by Bembg§ "ng an analyte dissolved in a

liquid matrix, with fast atoms. I% is directly related to a

-much older technique (1),secondary ion mass Spectrometry

(SIMS), which traditionally employed fast ijons as the
primary species. Since its introduction in 1981 by Barber

and colleagues (2) FAB hag virtually revo]utiQﬁTEeq\

.biomedical mass spectrometry, in.that it has-made possible

the direct determination of high mass involatile or
tEermo]abile‘compoundsh\3). Previously, field desorptien
(FD) was the only method of .iqnization which could be used
with sdéh molecules (4). However,'FD spectra were often
diffieult to reproduce. Conventional ionizatjen techniques,
such as electron jonization (El) or chemical ionizatien (CI)
both require prior thermal vaporization of the sample (5).
In cases where a more volati]evdehivative could Pk’made,
this approaeh'has proved to be’very successful. However, it
i “imited to those samples that can be efficiently volat-
ilized. Also, for large molecules, with many derivatizable

groups, conversion to the TMS or similar derivative makes

»
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_the molecule much heavier. As the transmission loss in most

mass spectrometers is greater at higher mass, this often
?

: cesults in a 1oss 1n sensitivity for the molecular jon.

v

f At fﬁrst glance\q\;1s striking that b1omo]ecules can be

)}1on1zed by bombardment with keV atoms/ions w1thout

destroy1ng them in the process. Abundant moTecular ions

([M+H]T, “IM-H]T ) are the; mu]e, with generally moderate
S |

fragmentatzon \ The "sof tiionization mechanism(s) involved

\f
- !:

in th1s process havgfbeen studied extensively. and are still

the subject of speculation (6).

Al

In most laboratories a‘saddle-field cold cathode

discharge gun is used tongenerate the beam of fast atoms
(7).. Due to i availabiltty and low cos}, argon (40 amu)
was initially used as the'primary beam gas. However
increased "molecu1ar" ion y1e1ds were obtained w1th Xenon

(131 amu) and this gas s now predOm1nant1y used At the

time this~work was begun, only a few publ1&at1ons had

3}

rappeared addressing optimization of the FAB experiment

(8,9). A considerable volume of SIMS literature was

available; however this dealt mainly with'the formation of

~

. atomic species from the bombardment of metal surfaces,(]O).

‘mercury compared to that obtained with argon (11). ‘The(‘

In particutar, two short publications dealing with the
influence of primary particle mass on the resulting FAB mass
spectrum came, to our attention. One reported 'a 10-fold
increase in "molecular” ijon yield bydbombardment with

other reported the use of a high molecular weight vapor




¢ SO 3
. o , ;
(DC705 diffusion pump oil) in a commercial séddle field gun
(12). The§ molecular” ion yield obta\ned for stachyose was
an or fer ¢ # dhagnitude h1gher with fast molecular ion than
with fast mercury atom bonbardment. The/genera]‘1mp11cation
of this work was that higher mass particles give superior
‘secondary iggﬂyielgs. However, cloe;r examination oflthese.-

-

papers revealed that mercury‘wes not compareéd to xenon ;nd
DC 705 was not exam1ned a% high @nough saddle field current
‘tg be of value It was deC}ded ‘therefore to mount -a
systematic investigation in order~to gain a better
understanding of the instrumental parameters which are 3“v
important when saddle-field sources are fRed to gener;te ’ i
bombarding partieles., In the process it was hoped that some
of the uncerta1nt1es concern1ng the nature and relat1ve ;
merits of the emitted part1cles der1ved from various vapors
could- be e]ar1f1ed. The results(gb?a1ned are described and
discussed in Chapter 1. _I |
—_ During the past decade rapid progreeg has been made in
overcom1ng the substantial technical problems assoc1ated\
'w1th the coupling of HPLC and MS (13,14). Severa1
commercial interfaces are now available and the number of
;eperted applications has rapiq]y increased (14). One such
interface is the Thermospray (TSP) source, pioneered by
'Vestal, which has eVo]véa through’vanious stages of
_development since the late 1970s (15). |
In this design vaporization of the HPLC effluent is

achieved by heating the end of a cab}llary tube used to

—

>
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connect the liquid chromatograph to the ‘mass spectrometer
source. Other HPLC/MS 1nterfaces have also been based on,
heated cap11]ary vapor1zers (13); however the TSP source“’

,¢d1ffers in one 1mportant aspect By .careful -selection of

captjlary 1.d and. control of 11qu1d flow rate and
ftemperature complete vapor1zat1on of théieffluent is |
avoided. Instead the ]1qu1d front d1s1ntegrates inside the
cap111ary to produce a fine m1st of droplets (16) Under
these cond1t1ons, with an ammon1um acetate buffer present in

f,the mob11e phase, ions are generated w1thout any external
source of 1on1sat1on. This ,ionization process is very '
"soft" and yields primari]y “no]ecular" ions.for a large
number of, nonvo]at11e polar compounds .. This mode of

: operat1on has subsequent1y become known as TSP 1on1zat1on or
“filament-off" TSP ignization. It is, however, by no ‘means
universa11y app]icab]e and "fi]ament-on TSP, that is with'
1on1zat1on achieved by use of-an e]ectron emitting f11ament

14

is required for the detection of many 1ess polar samp]es

Two poss1b1e_mechan1sms of ion formation have been®
advanced to account for the ions obserVed in TSP mass
specfra: direct evaporatiOn of-ions'in’solution from charge§

o droplets 647) and .chemical 1on1zatlon by reagent 1ons in the
gas phase (18) ‘In both cases ion evaporat1on occurs, either
of analyte ions (MH™) 1n solut1on or of NH4 jons from

 the buffer (for negative ions the corresponding spectest
’wou1d,be (M-H)" and‘§H3COOJ, howeven7t?e dich§sion

““here will be limited to positive ions). The distinction

. 5 2
3
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lies in which is the primary;probess: direct evaporation of
MH+'or_sma11_MH+(HéO)n~c1usters.;or’evapor,tion of NHa?
reagenttions which thenionize¢ the neutral analyte via
jon/molecule proton transfer reactions in the gas phase.

The work described in Chapters 2 and 3 is a systematic study

of the consequence of the ion/mole

stage in TSP
“jonization.
.The sucessfu1 coupling of HPLC and MS has opened up an
a]ternative route ofyana]yszs for many mixtures df
b1ochem1ca1 or1g1n This is the case for complex mixtures
of nucleosides, as has been demonstrated recent]y by stud1es
using both thermospray (19) and direct liquid 1ntroduct1on
(20) HPLC-MS interfaces. The majority of HPLC-MS interfaces
and‘other "soft"” ioni;atibn methodg, such as FAB, produce
abundant "molecular" icns, but few, fragment ions. Thus, in

most cases only limited struetural,ﬁnformation is obtained.

This inherent lack of information can be overcome by the use

of tandem mass spectrometry (MS/MS) to denerate strueturally
signiticant daughter ions (21)‘ ﬁn in struments‘emptoying
triple quadrupole geometry (010203). such as the Sciex

Yay. 6000E, this is achieved by mass selecting the de§1red
parent ion with Q4 and col11s1ona11y dissociating it with
argon in Qo. The ionic products of decomposition
(daughter ions) are then mass analysed by Q3. P
The‘characterization of radiolysis products resulting

from the exposure of nucleic acids to ionizing radiation is

an important area of cancer research (22). It is also a

g



challenging ana1yti;;; prbb}em as the products are
numerous, present in low yields and exhibit considerable
structural variety. The study described in Chapter 4, that
fs.ihe sharacterization by HPLC-MS/MS of ﬁroduéts resulting
from.fadiation daTage to a model nucleic acid, was
undertaken asa collaborative prdject with Dr. J.A.
Ra]eigh;. fThecirradiations and subsequent enzymatic
hydho]ysis of the polymer, polyadenylic acid, was per formed
by A.F. Fuciarelli, a graduate student working under the
guidance of Dr. Raleigh. He waé also responsible for
establishing the optimum HPLC conditionswfor the separation
of radiolysis products.

Such MS/MS instrumentation, by its very nature, is
comp lex aﬁd expensive. Consequently it has generally'been
concentrated in large academic or industrial laboratories.
Hb@ever. tkere are'indications that a new generation of less
Aexpensive MS/MS instruments will soon be available (23).

This wi]l undoubted]y encourage wider utilization of the

l techniqﬁe:

N

\l

* Department of Radiobiology, Cross Cancer Institute,
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CHAPTER 1 ~"

- »”
CHARACTERISATION OF A SADDLE-FIELD GUN FOR FABMS
USING DIFFERENT DISCHARGE VAPORS.
INTRODUCTION -
. N
Background

Thg use of fast atoms to generate secondary ions by
bombard%ent of analytes dissolved in a liquid matrix, such
as glycérol, is known as fast atom bombardment mass
spéct ometry (FABMS). Although this technique was only
iniroducegd in 1981, it is in fact a variation on a _much
older analytical method, that of secondary.ion mass
spectrometry (SIMS), whose roots go back(toﬁthe 1930's (1).
| Bombardment of a éurface with low energy (keV) ions
results in secondary emissiéﬁ of ions, néutra]s, electrons
and photons (2). The total sputter yield, that is the,yield
of ions and neutrals per incident ion, is dependent on the
mass and energy of the incident ion, on the any’'= of the ion

beam to the surface, and on the nature of‘the surface itself

- (3). Compared to the total §putter yield the yield of

’secondary 1onsf‘both positive End negative, is very small,

typically between 0.001 and 1% (2). It is the mass analysis

1. A version of this chapter HQE already been published:
Alexander, A.J.; Hogg, A.M.; Int. J. Mass Spectrom. Ion
Processes, 1986, 69, 287-311.. .-

o
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- of these secondary ions, generally with a quadrupole mass
filter, that forms the basis of‘SIMS. Historically the
evolution of SIMS can be traced along th_distinct lines
(1).

The first and original use was as an analytical tool
fdf depth profiling and surface an§1ysis (4). This SIMS
method, referred to as "dynamic SIMS" uses a focussed
primary ion beam of high flux (> 10°% A/em?) to generate
high specimen sputtering rates. The second SIMS methqd,
pioneered by Behninghoven and coworkerﬁ in the early 1970's
(5). allows surface monolayers of orgyanic camples to qu
analysed. This is achieved by reducing the primary ion
intensity to a level (typically < 10°9 A/cm?) suéh thét
there is a neg]igible-chanée of more fhan oné impact'éVent
occurring on any given érea over the time of the experi-
ment. This avoids further damage to the immediate viéinﬁty
of the impact site, and él]ows the ejection of'intactv
secondafy ions. In order to compensate for the inherentiy
low signal intensity the analysis area was increased b?
either defocussing or rastering the primary beém,(ﬁ). aThis
"“static”, lbw damage or‘molecular SIMS allowed 1ohg-1ived
(minutes to hours) ion signals ([M+H]", [M-H]™) to be

obtained from involatile and thermolabile organic molecules

(7). Sample preparation involved depositing the analyte as

2

a thin film on a metal surface. Since 1976 Benninghoven and

coworkers (8), as well as many other groups (g). have

published a considerable volume of work on molecular SIMS.

10
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Despite impressive results the molecular SIMS hethod

\

did suffer from several drawbacks. At all but the lowest

practical primary ion intensity, bombardment induced damage

(fragmentation) often resulted in low intensity short-lived .

"molecular” ion signé]s (70). In many cases samble charging
is not completely eliminated by compensating techniques such
as électron flooéing (11).  The inherently low ion signal
}coupled with problems of focuséing the primary ion beam made
the technique generally igaccessible,to)those using magnetic
sector mass speétrometers. These problems were overcome by
Barbér and colleages in 1981 (12) who initiated an era of
exp]osive érbwth in the area of molecular seconqary ion mass
specircmetry. |

Instead of depositing the sample as a dry surface film,
it was dissolved .in a g]ycerél or related QisCous fluid
matrix and bombarded with a fast (2-10 keV) neutral atom
' beami This technique (FABMS) was. capable of producing more
intense and stable secondarx ion signals than molecular SIMS
and because a neutral beam was employed was readily adapt-
able to high mass, high resolution sector instruments. In
the two initial publicatioris by Barber et al (12,13), it was
emphasised that the primary beem was neutral rather than
ionic, in order to avoid charging cf the sample. However
neqtral'beams had been uged before to inve@tigate'both
organic and inorganic insulators (id). The important
feature_of FAB. which was responsible for the far more

intense and stable secondary ion signals, was the use of a

a®,

11
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liquid matrix to contain thessampléi This aspect of the
technique came toyligﬁt only in a latter publication (15).
During particle bombardment this allows the énalyte

molecules at the surface to be cpnstant1y replenished by
diffusion from the bulk 1iaaid. thereby cifcumventing the

main limitation of “static" SIMS. Although there has been
cons1derab1e debate on how closely FAB is related to .
molecular SIMS, it is now recognised that thgy are both‘!- .
based on the same spﬁftenﬁng phenomenon (16). Several
groups have demonstrated tHatiioh beams (Cs+) can be " used
“effectively with liquid matrix targets and y1e1d v1rtua11y
identical spectra to those obtained with xe® FAB (17,18)~
Benninghoven has suggested thét liquid-SIMS be adopfed'és=z’%'lj".
the correct term for this process, but so far FABMS, seems to

be well rooted. The large volume of reécent FABMS papers

have been reviewed by Fenselau (fg). Colton and‘colleagueg;x

(9) and by Burlingame et al (20;21)L"' oo "_, whi“f;i;?
LoE
Sputtering of atoms and molecules ‘ o Fi'i_ sf;fﬁf

The sputtering of neutral atoms from SO]ld surfaces

has been studied extensively (3,22). A paiticle w1th energy
A el S
in the KeV range will either be back-scattered from a " gvﬁﬁu :
o . ’ R . ¢ ':“a
surface atom (a low probability event) or it will penetrdte . * .

the surface to some depth - possibly up to 100 angstroms»-' *fj;

and dissipate its energy to the lattice atoms. A surface
‘atom will be sputtered if the energy transfered to i;lh§§fa

component normal to the surface which is larger than the.
¢
__40
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surface binding energy. Three quantitatively different

situations can be distinguished, the single Knock-on regime;

the linear cascade regime and the spike regime (23). In the
single Knock-on regime, the bombarding particle transfers
energy to a target .atom which, possibly after having

undergone a small number of collisions, is ejected from the

-surface. In the other cases, recoil atoms are energetic

enough to generéte secondary recoil cascades, sdmé of whiéh ’
may intersect the surface with enowgh energy to eject’a
surface atom. The linear cascade éiffers from the spike
regime in that in the former knock-on collisions dominate

and collisions between moving atoms are rare, whereas in the

latter the density of recoil atoms is so high that the
. i ' 5

majority of atoms within the spike volume are in motion.

The sputter1ng of organ1c molecules has been considered by

Magee (24) and Garr1son and Winograd (25) in terms of the

-~

nature of the momentum transfer process just described.

" Magee concludes that:

(a) Ejection of material from the surface occurs by two

prﬁncihal mechanisms, direct knock-on sputtering and linear

.cascade sputtering. Within several angstroms of the point

of impact, direct knock-on sputtering will dominate and

vhigh1y energetic (10-100eV) single atoms or small clusters

will be produced. As far away as 30-40 angstroms from the

poihf of original impact extended.linear cascade sputtering

) ?w111 eJec intact- molecules with low energy (<teV), assuming

S B

that such engigiqs exist on the surface prior to bombardment.
Jgé
&
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(b) The sputtering p%dcess is not influenced by the charge
state of the primary bombarding particle. | . |
(c) Particle bombardment of a liquid is identical td that of.
a solid on the time scale bf a collision cascade. The time
which elapses from initial impact ofbthe bombarding particle
12

until all atomic motion ceases is about 10'13 to 10° sec.

During this period, the molecules of “a typical liquid, with

2 sec'l, are essentially

a diffusion coefficient of 10° cm
stationary, and thermal vibrations may beignored._

(d) Low bombarding particle enefgy will favour direct
knock-on sputtering events due to insufficient energy

neceséary to initiate large extended collisions.

(e} Low mass bomba;ding partitles will liKewiséAfayQur
direct knock-on sputtering i% the target is of low atomic
Qeight due to ?he more favourable energy trangfer “ncurred
betweén atoms of similar mass.

(f) *The degree‘of fragmentation ¢an be affected by changing_
the angle of incidence of the beam. Beams at large angles
of incidence result in higher yields of sputtered particles
with a lower degree of ffagmentation than those normal to
the surface.

According to ROliu-n and Giessmann (26) sputtering of intact
molecules and molecular ions must be related to non-l?near
collision cascade effects such as the fo;matioh of spikes.
Spike formation igf they say, favoured by high mass primary
particles of "lower" energies. However, the energy range

‘that this correspond;\hg is not specified. Direct evidence
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in favour of spike formation stems from bombardment with

mélecular épecies (23,27). In the casé of bombardment with
diatomic molecular ions each atom will generéte a collision
cascade so that twice the amount of energy is deposited.in-

roughly the same volume as that for atomic ion bombardment

(23)

Sputtering of "mclecular” ions

Pachuta and Cooks (16) have recehtly reviewed the state
of molecular SIMS with particular emr-hasis onithe mechanism
of ion formation. The mechaﬁism by which organic "molecular”
ions are sputtered from a su;face or TiqUid matrix is still

not clearly understood, although the theoryvconcerning the

. sputtering of neutral atoms and clusters fr?m surfaces..i's

fﬂ\%p?]]“advanced. There is considerable debate about the

%vents that occur between the (ni;&al energy deposition and

the final appearance of an intact "molecular” species.

PR
7
{ )

. Several theories have been proposed, and these will b%

»
)» *
-

|

briefly outlined.

Benninghoven, from~his work with molecular and liquid
s®s, has advocated a precusor model for secondary ion
formation and emission (8). The main points of this theory
can be summarised as:

(a)k precursor formation,
(b) fast transfer of kinetic energy from the projectile to s_
ah area near the point of impact.,‘

(c) transformation of precursor into secondary ion, -

-

<



(d) fragmentation. |
According to Benninhoven prior to any bombardment a
precursor of the finally emitted seéondary jon exists at the-
~ target surface. The low enérgy tail of the‘collisiqn '
cascade is resp0ﬂ$1b1effor the fast evaporation (10~ 12
sec.) of the unfragmgntéﬂ.preqursor The charge sign of the
emitted secquary ion @% d@éerm1ned by the charge state of
the precursor That is, a posxt1vely charged precursor such
as a protonated base-counter ion pair, will be emitted with
a high. probability as the protonated positive ion.. 7L;§ﬁ§gh
energy reéion of ;he collision,cascade is responsible—far
fragments of the éurface pEecursor, as well as atomj
species. In_addifion fragmentation of excited "mole2ular”
ions may occur after their separation from the surface.
Busch and Cooks (28) have ééveloped.a desorption
ionisation model of secondéry jon formation in molecular SIMS
and FABMS;which they believe is also applicable to other

ionisation methods such as field-desorption, Cal:fornium-252

plasma desorptioﬁfénd laser desofption. The chie:® features of

o

this are: - 7 _ .
{a) isomerisation (loss of identity) of the input energy,
(b) desorption of preformed ions or intact molecules direct]

from the condensed phase,

(c)

°

;. n/molecule react1ons duch as cationization, [M+é]+

where%@ =H*, Na* , Ag \etc, occuring in the near surface
reg1on (selvedge) z, | e
J from

(d) d1ssoc1at1on of energetic ions well remove

16
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low temperature solids such as;Ar, Kr, Xe, and COyp,

[

surface to give/ fragments. .

Michl (29%& after studying the secondary ion spectra of

14

proposed a model with three-principal mechanistic features:
(a) primasy damage formation during the collision cascade

regime (e.g. fragmentation of}moiebules, éjection of

fragments, ionisation and excitation of molecules and their

fragments and 1ocal-bharging Tn‘%he impaét Fegion{.
(b) secondary damage formation dufing_the thermal spike
fegime (e.g. chemical reactions in thé damage track) and,
(c) iejectﬁon (e.g. explosive expansion of high pressure gas
into the vacﬁum). 2

Vestal has presented a unified model for the geperation
of ions from-nonVOI;tile molecules (30). He speculates that
the intermediate stage betwpeh eneﬁgybdeposition and
."moleéular“gion formation is a cluster or droplet which is
separated %rom,the bulk sample b; a rapid non-equilibrium
proceéses. The iﬁéortant steps in the overall process are:
(a) energy deppsitfon, |

(b) explosive disruption of the surface,

.{el  formation of clusters and droplets,

(d) producion of molecular ions from droplets by field

-assisted ion evaporation. . ~

Iy ;
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Influence ot . vimary paﬁticle maés and enérgy‘in FABMS
FABMS iS now a routine tool in a large number of
laboratories énd thekhajority of these.gss a sadd]e-field
cold-cathode discharge gun as the sourCémof bombarding
particlés. WHen the technique.wés first introduced, argon
‘was the first gas used in- the discﬁaﬁge but it was found in
many ]aboratgries that xehqn (the highest atomic weight
non-raﬁioaétive rare gas) gave a useful increase in
secondary ion yield. ‘Depending bn the nature of the saﬁb]e,-

Ry

this has been varioU§f@ estimated'atvbetween 4 and 10 times
that of argon (31,32§f§QJhe‘consumpégon of gas is so low in
these devices that thélhggh éost of xenon is noﬁja drawback
to its use and most 1@boratébies have now abandoned a}gop;
Mértin et al (3?), as ‘part of a systematic invgstigation.
also comparedbthe secondab§'{on sields of ofhe;.pérmanent
gases (No,Ne,CHy,CO,COy and SFg) &nd found none to be as
good as xenon. As a resu1{ of this it seems to be generally
believed that the greater the mass of the bomba¥ﬁing
partzcle the more efficient*thé production 6f secondary
ions. “Rudat and McEwen (18) Used a minituﬁe‘capiliaritron
gun and a cefium jon gun, both mounted directly on a mass
spectrometer ion'sourc;f'to Ctharé the secondary ion yields
w%th argon, xenon and cs*, reépective]y. In general, they
found that the same ions were preSent in spectra obtained .
when using xenon or cs* in pﬂlce of argon, but‘that the
1ntensitie§ of the higher mass ions were increased relative

~to the lower mass ions when using the heavier particles.

L)



‘The ohly atom with an atomic weight greater than xenon which
hae a vapor pressure‘cohpatib]e with that required for a |
saddle-field discharge is mercury and Stoll et al (335 have
described its use in a commerciél Ion Tech gun (5&). They :
reported that it gave secondary ion yields 10 timee\greeter}r
than argbn;but did not compare it directly with xenon and
gave few experimental details. Campana (355 has eommented
on this study, pointing out that it is well known from

- SIMS/surface science research that }he energy, mass and

S :

angle of incidence of the primary particle confrolsfthe
sputter‘yield‘and elso, at least fo a fjrst approximation,
controle the absolute secbndary iqn yield which is directly
proportionel to the sputter yield. He concludes that 1t‘
remains to be.seen whether mercury provides any advantage
over xenon or cesium, all of which have similar masses.
Rol1gen and Giessmann (26) replied saying that, while a
correlation between overall sputter yield and molecular ion
yield formed the working hypothesis, no experiments had yet
been done to eorre1ate the absolute secondary %dn yield with
the molecular ion yield, wh{ch is of primary impq;&ance‘for
the analytical use of SIMS. They also maintained that €he
SIMS 1iteratﬁre, re]afing ybst]y to the sputtering of metals
and metal oxides, was of limited value when trying to

* understand the ionisation phenomena in molecular SIMS or

’ FABMS.

The only reported use of a high molecular weight vapor is

that of Wong et al (36) who introduced trimethYlpentaphehy]



trisiloxane (DC 705 diffusion pump oil) into.a commercial
Ion Tech gun. Again, few gxperimental details Qére given
and theyMthéined only a weak "beam current” of 10 pA. They
d{d, however, conclude that if the sensitivities were quoted
in terms of flux of,secondary jons produéed per pA of "beam
current” DC 705 was "an order of magnitude” better than
mercury. However data quoted show that the mercury
discharge waé gperated at a much lower anode.potential>than
that usediwitﬁ DC 705. The base peak in the e]éctron
‘uionizatidh (E1) mass spectrum of DC 705 is [M - CHsl™ at m/z
53& and {n their view it was probable that this fragment was
also the main component of the fast ‘on beam.

In a saddle-field discharge one has only limited
F confro] over the energy of the emitted particles. Using
xenon gas\and adjusting the pressure in the gun-it ‘s
possib]e, for example, to maintain a discharge currant of 1
mA while varing the anode potential over a range ot bout 4
fo 12 KV. Many worker-, including ourselves, have iound
that better yields Qf secondary ions can'be'obtained by
operating at higher anode potentials; however, the only
}eports that-have appeared whiqh attempt to quanfify‘this —
(37,38) involved the uge of capillaritron rather than
saddle-field guns. |

The work reported here was therefor; und& taken in
order to gain a better understandinc of the instrumental
parametéfs which are important in the application of

saddle-field cold cathode discharges as sources of
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)
bombarding particles in FABMS and to clarify spme of the
uncertainties concerning the nature‘and helative merits of
the emitted particles dé&ived from vartous vapors.

o i . © N

EXPERIMENTAL

In this 1aboratory DQHAlan Hogg has used FABMS for
several years with bombaroing particles produced by a simple
saddle-field gun (3§): see-Eigure:1.1 The major components
of this gun are:’ ‘ |
.- 27a1uminiom céthode&”Which are idehti@ﬁlly Shébed. ektept
that oné has a &ingle central exit channel, whilst the‘other;

\‘l' 'X'

has sevePal dhannels one. for the 1nsu1ated h1gh vo]tage

connect1on,to the anode and the others to permtt gas f]ow to
the d1scharge cav1ty | o v ' }} :

- a c1rcu1ar sta1n1ess steel anode w1th a centra] hole end
6 semi - c1rcu1ar notches on its per1phery |

- 6 insulating ruby balls, each set of 3 located
symmetrlcally above "and be]ow the "anode. .

A O- 1OKV 6mA power supply’ (Spe]lman RHR - 10P60/CR) whjChvh
can be operated in e1ther{a voltage or current regulated
mode.‘js used to supply the anode potential. 'In a saddte-
fie]d,géurce'electrons oscillate unoervthe influence of*a‘
consteht etectrostatic field app]ied between the oositive.
anode:éhd'groundeo cathodes. E]ectronS»origjnatihg in the
cathode }egion are accelerated towehd the anode and pass -

through the central hole. Once past the anode,they

decelerate as they approach the other cathode‘ahd ultimately
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Figure 1.1 Schematic diagram of heated FAB gun showing

internal components.
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return toward the anode again to repeat the reverse path..
These electrons form ions by impact upon'the gas or vapor
introduced into the gun cavity and generate a self
sustainino plasma. Depending on where the positive ions are
~ formed utthin the cavity they are accelerated towards either
the front or back cathodes. Only those moving towards the
front cathode will pass through the exit channel to formlan
jon beam. ., In or just outside the exit channel appreciable
neutralisation of the ion beam occurs with 1ittle or no loss
of ktnetic energy to give a"fast atom/ion beam (see later
discussion). The discharge current, that is the current
flowing between anode and cathode as measured by the total
drain on the high voltage power, gdbpjy, is controlled by
varing the high voltage and /or;gas flow. iﬂﬁ

If Lapors other than- permanent gases are to hi used
w1th adequate control of the pressune in the gun 1t 1s
necessary to prov1de a heating Jacketnand thermostats SO
that the gun can be operated stadjy at temoeratures up to
2500C (Figure 1.1). The gun heater’was constructed by
f1tt1ng Hotwatt 8609 (1/8" x 2") 35W cartr1dge heaters into
slots cut in a cy11ndr1ca1 metal s]eevé wh1ch could be slid
~over the outside of the gun casing. TA removable reservoir
'was filled with a cha;ge of the liquid whose vapor was being
used and thermostatted separate]y £rom the guqd&eater
jacket. The reservo1r heater was hand wound nichrome wire.
The gun was operated by 1n1t1a11y heat1ng_the caszqg to
approximately 175°C with the high voltage swrtched.on'and,

St
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set to the required value. At‘this stage the discharge
current meter should read close to zero unless the gun
insglation is faulty. The res;rvoir temperature was then
’ slowly raised until'a stable discharge was maintained at the
required chrent. To "shut the gun down" the reverse
proéedure was employed. ° N
) <In the original design (39) the gas flow to the gun was
regulated by means of a fixed leak backed up by a needle
valve. Although this arrangement gives the constant gas
flow necessary for routine operation, the time lag between
adjustment of the valve and the establishment of new stable
discharge conditions is relatively long. For this study the
fixed leak and backup valve on the convéntional gun was
replaced by a high qua]ity-neédle Qalve (Negretti gpd Zambra
model 1.V.Vac). This was connected directly to the hollow
" 10kV feedthrough by means of a short length of rubber

tubing. Using this va]v%J)discharge conditions (i.e. new
discharge current at a f{§ed voltage , or a new voltage at é
fixed curreni) could be quickly and reproducibly set by
accurate control of the gun pressure.

ir order to compare the effect of bombarding a sample

with particles from the heated gun and xenon atoms/ions from
a conventional gun, an' AEI MSS double foéussing mass
spectrometer was fitted with both the heated and original
(39) guns symmetrically mounted on th;.source housing.

This allowed the sample probe in a simple FAB source (Figure

1.2) to be rotated to.intercept the beam from either gun

24
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without the necessity for its removal or relcading with
sample. In this Way the two guns could be switched on and
off in sequence wh%Te rotating the probe and a series of
intensity measurements made on the secondary ions produced
from the sample. This compensated for the normally observed
chdnge.in ion yield with time which is a feature of any
FABMS analysis using a liquid matrf@.

In a different series of exber{ments the heated gun was
mcunted on a flange which reclaced the normal source flange
on the MS3. In this configuration the beam emerging from
the gun is directed down the ion optical axis of the mass
spectrometer and by adJust1ng the voltages on the electric
sector to match the energy of the®ionic component of the
particle beam, a mass spectrum of these ions was obtained.
Also, using this configuration and with a Faraday cup
replacing the magnet flight tube, the energy distribution of
the ionic component was determined by stepping through the
electric sector voltages while recording the current at the
Faraday cup. For these experiments the normal electric
sector power supply was disconnected and positive and
negat1ve voitages supplied by 2 variable DC power supp11es
(Hewiett Packard model 6110A). The ion current was measured
with a Keithley 6?6b electrometer held at ground potential.

An auxillary vacuum chamber on which both types of
saddle-field gun could be mounted was also used in this
study (Figure 1.3). This was pumped by a 2" diffusion pump

(Edwards E02) and the pressure was monitored By an ion gauge

v
3



J—————Adqutab!e Source Slit
— Beam Centering ~ 5700V

—e 6000V

Figure 1.2 Cross-section of FAB ion source showing

relationship to the FAB gun and sample probe.

0 to £3000V 0 to —50V

Figure 1.3 Schematic diagram showing the apparatus used
to characterize the beams generated from monoatofnic and
polyatomic vapors. 1: FAB gun, 2: Deflection plate,

3: Faraday cup detector with suppressor plate.
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(Metrovac Type VC-9}) 1ocated‘ﬁustpab0ve the cooling baffle.
With a gun operating on xenon (1m5(uﬁscharge current at B8KV)
the pressure measured was typiCally 5 X 10'6 torr. I : .0
the chamber a copper Faraday cup and - seéondary electru
suppressor plate assembly was mounted such that the particle
beam was norma]ly intercepted byvthe cup. A deflection
p]gte qpupted between the gun'andAIhe,cup allowed the fonic
part.of the beam to be deflected past the cup by applying
either a positive or p;gative high voltage to tpe pjate.

The: top o; the vacuum chamber was sealed with a glass window
which afﬂpwed the,beamsétd;be‘observed and recorded by time

éxposupé'photagraphy Both the ionic and neutral components

of the beams are luminous and could be L,b.Ivj‘“‘

darkened room. A 3 minute exposure at f4 on AS

fiim was sufficient for a permanant record. ' A

RESULTS ANb DISCUéSION
"Molecular" ion yields as a function of discharge vapor

The fiye/vapors;vargon, xenon, mercury, trimethyl->
pentaphenyl trisiloxane (DC 705) and 5-ring polyphenyl ether

(Santovac -%5) were selected for detailed study as sources of

27

bombarding particles for the heated saddle-field gun. Xenon

was used as the reference gas- in the conventional‘gun and
was also periodically introduced into the heated gun to
allpw correction for any inherent differences in performance
of the two guns. It was found that, depending on the

condition of the electrodes in the guns, a change by as much

4
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as a factor of two could be observed in the intensity of
secondary iq@gproduced from the same sample when |
alternatively bombarded by xénon particles from the two
guns, both operating at the same voltage and current.
Mercury has an atomic weight of approximately 200 (50%
Targer than xenon and only 18% smaller ‘than uranium) and is
the only mpnoafbmic species that woyld be a practical higher

mass alternative to xenon for FABMS. O0Of the potential

2y P
RN
3

%) Pces of polyatomic particles with a molecular weight

significantly greater than 200, DC 705$was-se1ected because
its use had been reported earlier (33) and Santovac-5 . L
: because, unlike DC 705, the base peak in its El mass

spectrum is the molecular ion (m/z 846) accotipting for 60%

of the total ion current. 1t also has remarkable thermal

—~ stability and hence Qould be more likely to survive the
sadd]e-fie]d discharge intact. Additionally it would not
contribute a new source of contamination to the MSS which
already utilises Santovac-5 in its diffusion pumps.

" Relative sensitivity measurements using theifive vapors
were made on glycyl tyrosine (MH*z239), stachyose (MH'=667),
beta-cyclodextrin (MH'=1135,[M-H] =1133) and cesium iodide
clusters (Cs*[Csl],), using standard 0.05 M solutions of the
analytes in negtra] glycerol. Despite the most careful control
over the operating conditions there was a considerable variation
in the values obtained from replicate experiments. Table 1.1

summarises the results obtained for beta-cyclodextrin where the

secondary ion yields are reported relative to xenon having a
. o
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“Molecular” lon S Bombarding Speciles

-

Argon’ Xenon Mercury DC 705 Santovac 5

[MH]* 1135 11-14 300 75-150  1-2 2-5

[M-H)"1133 1114 100 75-150  7-17 413

Gun Temperature (°C) N/A N/A 150 160 180

Reservoir Temperature (°C) N/A N/A ‘? - B85 100 - 140
3 H

Table 1.1 Relative secondary ion yields for 0.05 M
beta-cyclodextrin in neutral glycerol using different bombarding
species. Gun conditions: applied potential S KV, discharge

current 1 mA. .



*value\of 100. Similar’trends in sensitivity ‘were obtained
he other analytes studied. In all experiments the
saddle-field gun was operated at a discharge currfent (the
current flowing between anode and cathodes (as measured by
the total drain on the high vd]tage power supply) of 1 mA.
and an anode pbtentia] of 9 KV. While the discharge current
cannot be directly related to the intensity of the beam @ﬁ
particles emeggkng from the gun, as w111 be d1scusi§d later,
it is at 1east an easily measureable quantity. In e§r11er
work the terms "equivalent ion current of the neutral beam”
(Martin), "discharge current" (Stoll) and "beam current”
{Wong) have Sgen used without definition and without

explanation of how fhey were measured.

Characterisation of particle beams

Béfore any conclusions could be drawn from these
relative sensitivities it was necessary to chafacterise the
particle beam emerging from the heated gun. This was done
by recording the currents collected by the Faraday_cup in
: the test chamber (Figure 1.3) with and without beam
defledgtion and with and witﬁout secondary ion suppression.
If the assumption“is made that the emission of secondary
electrons from the surface of the Faraday cup is the same
for neutral and ionic particles of the saﬁe mass, then.the

relative proporti%ps of neutrals and ions in the beam can be

o .
determined according to the following rationale.

»
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No deflection, no suppression: Total current [Iy]

 2.B6KV deflection, no suppression: Secoqdary electron

emission from neutrals

" | - [lEN]

2.6kV deflection, suppression: Meter set to zero by
adjusting suppression

voltage [-30 to -60 v]

No deflection, suppression: Primary ion current of

“beam [I;]

o

Ly = Primary ion current [I] + Secondary electron

emission from neutrals [Ign) + Secondary electron emission

¥,

from ions [Igg].

Hence lgy = I7 - Iy - Igy. . ~

/ e

. o \
If the ion beam, of intensity 1;, produces Ig; seEdﬁaary

‘electrons then the‘cUrrent equivalent of the neutral beam

[Iy]) can be calculated from:' ‘iN = (I x IEN) / 1]

o
N
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The resulte of a series of measurement’s made with a
.discharge current of 1 mA and an-anooe potentia] of 7 KV are
summétised in Table 1. 2. | |

In the photographs taken with the deflector plate at
h1gh voltage (see Figure 1. 4) the. relative proportions of

neutrals and 1ons can be semi- quant1tat1ve1y esttmated from

-~ the den51ty of the photograph1c 1mages of the stra1ght and
~ curved beamns respect1ye1y. These obsevations -are in close
agreement with the Faraday cup nesults.IGOther featuresio?"/
the photographs are as fo]]ows | - ’

(a) Argon and xenon 1ooK\almost 1dent1ca1 except forué

o !

- s11ght ':fference in colour of the light.

(b) Mercury has a much h1gher proport1on of neutra]s
compared to argon and xenon and the 1um1nos1ty of both
the neutral and ionic beams decrease m@rked]y as they
cross the chamber (with a]] other vapors the beams are
of apparently constant lum1nos1ty unt11 they colltde
w1th the Faraday cup or the ‘chamber watl) Even '
a]]ow1ng for the lower ve]oc1ty of the mercury
particles as compared-dtth xenon it appears that the
lifetimes of the rad1at1ng,exc1ted states is shorter

. for mercury. &

(c) The ion beams from both DC 705 and Santovac-5 contain
an appreciable component which shows a much smaller

radius of deflection (and therefore much lower energy)
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‘a

Figure 1.4 Time exposurevphotoghéphs of beams generafed
with argon, xenon, mercury, DC 705 and Santovac-5 vapors.
Gun conditionsf‘applied voltage 9KV, dischargé'current 1 mA.

0 or +/- 2600 V deflection potential, 3 mins exposure at F4

€

" Kodacolor VR 1000.
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“ions while operatﬁng thetgun in the voltage regulated mode.

than the major component.of the beam, whereas the

atomic vapors appear tc be largely monoenergetic.

e il

(d) The centre 1ine of the deflected ion beam from argon,
-xenon, mercury, DC 705 and Santoyac?S all pass by the
rim of the Faraday cup'on apparently very similar
trajectories,’indicating,that the major components of
the different ion beams are similar in energy.

The beams were further characterised by examining the
mass spectra of their ionic components. Thts was achieved
by directingbthe beam down the ion optical éxis of the MS9

\and adjusting the electric sector voltages to transmit the
4 ]

. *

Although the ions do not all have the same energy, as will
be discussed later, with all the vapors studied the large
maJortty of the ions do occur w1th1n a narrow band of
energies correspond1ng to somewhat less than the appied
anode potentwaT Th1s 1s the energy for which the MSS was
set to. transmtt Furthérmore,5by ca]1brat1ng the 1nstrument
with a reference compound (perf]uorokerosene) in a
convent1ona] El source while using the same electric sector
4vo1tages the data system could be used to record the massx~
spectra. F1gure 1.5 111ustrates typ1ca1 results for '
mercury. Santovac 5 and DC 705. | o .aﬁ}
Xenon produces most]y s1ng]y charged ions (70%) with a
smaller amount of doubly (23t4%)4and,tr1piy (6.4%) charged

*
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ions and the values for argon are closely similar. Mercury

produces mostly singly charged ions (92%) with a small

. amount of doubly charged ions (4.6%) and traces ot;trip}y

chérged jons (1.7%) and H92+ (0.2%).

In the mass spectra of DC 705 and Santovac-5 the most

' b ‘ S »
" jAtense ions above m/z 12 are m/z 26 and m/z 28 accounting
. ¢ .

.for'32% and 26% of the tota] iom current in DC 705 and 21%

and 38% in Santovac 5 respect1ve]y At a resolution of

1,400 the m/z 26 peak wasaa symmetr1ca1 singlet, while the

n/z 28 peak was-a ‘doublet. w1th the h1gher madss component A

be1ng less than 1% of the ﬁower mass component B.

The poss1ble structures for m/2\28 are C2H4 (m/z=28.03130),
o (m/z=28. 00615) or €O (m/z=27.99491). At this

5§reso1ut1on. if both N2 and CO* were present, N2+ would

, appear as a. shou]der,onwthe high-mass side of the CO peak.

w‘é‘
As - N2 is un11Ke1y to be present as neither DC 705 or

Santobav -5 contain n1trogen and no shouéfer was observed,
peaﬁfB is probab]y CD wh11e peak A is 2H4 . For the peak
,at m/z 26 the correspond1ng structures are C2H2

(m/z 26 . 01565) or CN* (m/z 26.00307), again with the

presence of the n1togen conta1n1ng species being unlikely.

.d

Us1ng high resolut1on peaK matching the following mass
ratios were obta1h§d for;the these peaks:

28A/288) = 1. 001290 288/26 1.07613, 28A/26 = 1.02720
As ing the preserice of C2H4 ; CO* and Cohp* the

. J

' ?‘ theonet1ca1 ratios are:

36

CoHa/CO = t. 001300 CO/C2H2 = 1.07608, CoHgq/CoHp = 1.07748.



Normal peak maﬁcning circuitry has the accelerating voltage
slaved to the electric sector voltages and'consequently‘itﬁj
automatically tracks the electric sector.vottege§’When.the9
are switched. However, if the ratios are small‘ano.the
Qnergy spread of the ions relatively large one can still
'oéak match with reasonablé accuracy by only switching the
electric sector voltages. This was the case in this
experiment, and as a consequenc€ the error in the 28/26
" ratios was larger than in: the 28A/288’ratio. However, the
results were'accurete enough to confirm that m/z 76 is
C2H2,snd m/z 28 is almost eacJusivety C0*. There is also an
apprectable amoont of Hy produoed in each case but this
1nten51ty was not quant1tat1ve1y measured relative to that
of the ions above m/z 12. Above about m/z 100 the spectra
for the two compounds 100K vePy similar to their
conventiomal 70 eV EI spectra but the ions in this range
constitute only a very small proportion of the total ion
current (2% in the case of DC 705 and 3% for Santovac-5).
This is contrary to the assumptton made by Wong et al. (36)
that m/z 531 would be the main component of the fast ion
beém-geneﬁated»from DC 705. It see@g un11ke1y that the
neutral component of these beams conta1ns an apprec1ab1e
amount of fast molecu]es of the or1g1nal compdunds, but to
determine gggs directly would requ1re time of f11ght
measurements such as those descr1bed by F1tch et al. (40).
"If we now examlneATable 1.2 we can see that argon and

1

xenon behave very similarly-giving a neutral current

37



Argon Xenon Mercury DC 705 -Santovac 5

Total Beam Current 145 10.5 3.2 27.2 300

A _ _ T
Secondary Electron
Emission From Neutrals 4.0 1.7 11 28 5.5
['E\,;] pA
Secondary Electron _ o .
Emission From lons 40+0.3 18¢0.2 0.320.2 79+0.3 902 0.3
Neutral Current : ‘ g
Equivalent 65¢ 0.5 66 1.3 6.6+4.6 58:0.3 95+ 0.4
Primary lon Current 65 °~ 7.0 1.8 16.5 15.5
D) kA
!
ol -
EEL NPT Goe 4 «‘
\-,'Q‘).: PP .:;.. Ai‘i' . .
: b. v;::“_ . .0; ‘i ﬂ - ,‘%3“
v 'Z 0 "

»Tab1e~1'2 B Summary of resu]ts @hgw1ng the ra%ao of 10651 ﬁ% 5
“to neutrals in various beams generated from monoatom1c and ”lﬁ
.polyatomxc vapors in a saddle-51e1d discharge using the J
apparatus shown f; Figure 1.3. R

Gun conditions: applied voltage 7 KV, discharge current 1 mA,

stigated errofs: Measured currents 0 -10 pA range * 0.1 Pi: %j

Measured currents 10-30 pA range * 002 pA.
i)



equiva]enﬁ,of 6.5 pA and a primary ion current of 6.6-7.0 pA.

The lower emission of secondary electrons: for xenon is
consistant with literature values for rare gases in this
'energy range (41) It is therefore reasonable to conclude
that for argon and xenon the difference between the observed
secondary ion yields (Table 1. 1) must be a direct"
consequence of their different atomic masses.

In the cases of DC 705 and Santovac-5, the particle
beams have quite different characteristics from those of the
rare gases. .While the neuira]_comoonents are of comparable
intensity, the ionic components are more than twice as
greaf{ in the M59~soorce configuration used, it was
observed that most of the ionic component of the beam:is
deflected away from the probe tip even Qhen its energy is
substantially above that needed to penetrate'the field
generated by the source potential of 6 K%? Thus for .
positive ions only the neutral componenf of the beam is
principaily responsible for the observed secondary ion
yieid. This calls into question wnether a comparison of FAB
source sensitivities at constant gun anode poténtial and
constant discharge current is justified. A constant anode

potential and¢constant neutral flux would seem more.

appropriate under these circumstances. For the measurement

of negative ions the probe tip is in a pdiential well of -

-6kV and deflection of the ionic component of the beam is

not a significant problem. However, even under these source

conditions the secondary ion yields with the two polyatomic
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beams were st111 very poor re]at1ve to that obtained with
xenon. Th1s does not of course mean that large polyatomics
may not be advantageous in 1mproyﬁng the performance of
.particle bombardment sources but’ only that' they cannot be
practically generated from a saddle field discharge.

Mercury is also d1fferent in character from the rare
gases. generating a beam that is apparently about 80%
.neutralised as opposed:to SQ%:ﬂ Thus on the basis of neotral
beam intensity alone, that is discounting the Rase differ-
ence, mercury would be expected to exhibit a sensitivity
| advangage over xenon of 1.6 times. UnfortdhateN_ inherent
var1at1ons in the FAB experiment itself make such a sma]l
increase difficult to confirm. Dur results indicate that
for comparable gun'conditions the‘sens1t3v1ty for mercury.1s ‘
7;erY>simi1ar to that of xenon within theaaccuracy limits of
replicate measurements. Certainly within the mass range of
our study mercury does not,produce a significant tncrease in

"molecular” ion yield over tna% obtained with xenon.
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Mechanism of neutralisation to give.fast atoms

It appears widely accepted (15) that the mechanism for
the production of fast atoms from a sadd]e- fie]a discharge
is resonant charge transfer, which can occur efficiently
when a fast ion cotlides with a thermal atom of the saﬁe )
mass resulting in néﬁtra]isation of the charge with ]itt\éfi
or no loss of Kinetjc energy. An alternative mechan%sm igg.
electron capture where this term is taken to mean the
capture by a fast ionhof a gas phase electron { one ne;r or
on-the surface of -a conductor. o

Franks (42)‘has proposed that neutralisatien in an
argon séddle-fie]d.discharge occurs maiﬁjy by electron
capture, péssib]y both of the secdndary electrons prodﬁcéd
by ion bombardment and of slow eléctrons near reversal of

their trajectories, at which their velocities match those of

the ions. Ross et al. (43) have discussed and investigated

the possible mechanisms for electron capture that occur when

an ion beam is partially neutralised by passage through a
narrow metal aperture. Potential and Kine}ic emi;sion of
electrons (by ions) from the metal were found to govern the

ion neutralisation efficiency, présumably by providing a

"sea" of low-energy electrons in the vicinity of the surface

" for the ions to capture.

£

P;)tential emission processes ‘generally occur if the‘ ‘

5 o N —

condition W<l is fulfilled, where W is the work function of
the meta} surface and I is the ionization energy of the

A

incident ion (7). As the ion approaches the surface, within

v

&
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‘a distance of the order of angStroms. the probability of
neutralization by an Auger process becomes apﬁreciab]e.
That is, a conduction band electron from a level with an
energy, say a, below the vacuum level neutralizes the ion to
the ground state. An excess.of energy I-ais created in
this process which can be transfered in a radiationless .
transitioﬁ to another conduction band electron (say at
];vel 8 ). When I-a> g, emission of this electrom into the
‘vacuum is energeiical]y possible._'

Kigétic emission of'21eEtr5ns occurs when the ion
velocity is larger than about 109 m sec'1 (7). In this case
the ion has eno ‘h‘Kinetic énergy to penetrate into the
metal\and‘generage inner-shell vacancies. This results in
e’ ectrons being createdvvia an Auger process by the target
atom;. The contribution of electron yield from Kinetic
emission increases Wifh the velocity and the angle of .
incidence of the primary ion.

0f the metals studied, aluminium was found to be the

qgg most efficien{, giving about a 7-fold enhancemehéﬁih the
c’neutral-componen/t@f the primary beam. The beams obtained
. from both DC 705 and Santovac-5 contain an appreciable and

!
siq@lar proportion of neutrals and in both cases the

préggminant ions are CéHQ+ and CO*. Experiments®where the
vapor from the heéted gun, runﬁjng on either DC 705 or
Santovac-5, was passed through an El.source and the mass
spectra of the molecules obtained show that, when thé

dischahae is switched on, there is about a 25% decrease in

o



the intensity of thé‘mo1ecu1ar jons. This indicatee that
most of the vapo#’sUrVives the plasma intact and that ion :
collisions with neutral species 'in the gun will normally

1nvolve DC 705 or Santovac 5 molecules and not, for

”v_1nstance acety]ene or carbon monox1de Resonant charge

QraQSfer is thus not likely to be a significant mechanism

":*neutrattsat1on bf these polyatom1c ions leaving some
form Qf electron capture as the likely alternative. There
i% no reason to believe that this is not aiso the case with

the monatomic gases. o

Energy d1str1butlon of ions from a saddle- f1e1d source
The energy d1str1but10n of .the xe* ions produced by
an lon Tech sadd]e fie]d source has been exam}hed by Ligon
(44). ln this study the gun was mounted beg;hd a EI/FI/FD
convent1ona1 1on source such that the beam was directed down
-ithe opt1c31 ax1s ‘of a double- focuss1ng mgss spectrometer
| after passage through the main ion source. He found that
the enernv spectrum for Xe' exhibited distinct maxima,

corresponiingx}o multiples (2 to 6 times) of 3 KV (75% of

43

the app]ied &node $ofentia1). Of interest was the fact that .

the largest mﬁx1mum occurred at 6 keV with very few ﬁ@ns
having energwes'at or below the anode potential. These
maxima, with hic’ energies than that corresponding to the
ancde vahtage, .. - attributed to ihitial‘acceteration of
multiply charged ions in the saddle-field aischarge with

subsequent neutralisation to give singly charged ions. Thus
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the max1mum at 6 KeV arose from the acceleration of Xe2+
~and ]1Kew1se ‘the maximum at 9 keV from Xe3 . On the lack of
Xe* ijons with a Kk netic energy of 3 keV, Ligon speculated
that " it is not unreasonable to consider that eiqgly .
charged ions might be formed in the»greatest abundance'and R
also neutralised most efficiently, so they would not be
observed in this experiment” A
Hogg (39), however, pointed out that tﬁe cross sections
for electron capture for the brocesses xet to Xeo; xe2* td |
“xel and Xe?* to Xe* had been mczsured and that while the
results showed that Xe* should be neutralised faster than
xe2* th1s was only by a factor of 2. He concluded therefore
" that "if it(Xe*) were produced as the most abundant epeciee in’
the initial ionisation it should stf]] be prominent in the |
residual ionic component of the beam".
Figure 1.6 shows the results obtained for xenon and mercury
in the experiments where the magnet flight tube of the‘MSQ was
- feplaced with a Faraday cup detector and the electric sector
voltages stepped through a range corresponding to that‘required
for transmission of ions‘having'energies between 4 and 18 KeV.
The gun was voltage regulated at an anode potential of 7 KV with
a discharge current of 1mA. Replicate experiments showed some”’
" variation in the intensities df the minor maxima but in all
cases the beams had their principal maximum at 5.7;5.9 keV.
These results are consistent with the photographic recording of

the lum1nous beams and are in’ agreement with Franks and Ghander

Q{f\\who reported that the energies of Art ﬁan from an Ion
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Tech,saddle-field gun were "about 0.85 of the anode s
o ‘ ) : :

potert1a1 [note: as ions acce]erated by a constant

potential d1f‘erence fol]ow the same path through an
electr1c sertor 1rre=pect1vc of their charge number, Xe2
(23.4%) and xe3* (6.4%) will also. contr1bute to the ion
current measured for the pr1nc1pa] max1mumJ
n It is now apparent that in Ltgon s study the field of
the ‘electron beam"co1l1mat1ng magnets prevented the '
1n1t1a11y formed Xe' ions from being detected and 1n a
more recent exper1ment with these magnets removed (46) he
- ftnds an add1t1onal manmum at an energy correspond1ng to
;,79% of the anode potential. It is 8.5x as.intense as the
xe2* —xe* maximum which he had previously reported as
being the most-intense. Franks and Ghander also found
multiple maxima at enetgies pgjgg.the anode potential.
Under certain conditions'we have observed’ an. additional
max1mum correspond1ng to between 0.72 and 0.77 of the
app]1ed potential. ' The energy and 1ntens1ty .of fh1s peak
was found to vary s1gn1f1cant1y w‘th the pressu1e in the
gun whtlst the principal maximum showed only a sl1ght
pressure dependence. Slm1la$ observat1ons have been'?ﬁ

.discussed bygPomathoid et al (47) in a d1fferent context.

ooy

"Molecu]ar" 1nn y1e1d as a function oF d1scharge parameters

The relat1onsh1p of secondary ion yield to app11ed
anode potential at constant d1scharge current‘was exp]ored

for. xenon using the m/z 1125 MH* fon of beta-cyclodextrin.

ﬁﬁ»

v’
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Each measurement was made with ‘rresh ‘sample and only the
mammum ion current after switching on the gun was }"V
recorded. No attempt was made to obtain an 1ntegratediton
hcurrent as the signal decayed. The resu]ts"are ptotted in
Figure t.? and confirm'that increasing the anode potenttat
increases the ion yield with no maximum up to the 15 KV
Timit 1mposed by our power supp]y and the gun’s insulators.
ror pos1t1ve ions only the neutra] component of the beam is
'pr1nc1pa11y respons1b1e for the observed secondary ion y1e1d
‘(see preced1ng d1scuss1on) and t a constant discharge
current the neutra] component oi the beam decreases with
increasing app]ied voltage. “Thus theﬁresults obtained would
1nd1cate that in the generat1on of secondary 1ons the
1ncreas1ng energy of the bombard1ng atom more than
compensates for the decreas1ng neutral content of the beam.
The dtscontinuities in the_curveHuere found to'be
reproducible and are'poSSibly artifacts of the parttcula"
‘gun. This could be caused, for 1nstance by a secondary gas
d1scharge contr1but1ng to the 1 mA constant discharge
current. They may also be related to changes-jn dtscharge
"modes" of the saddte¥fteld gun‘as,postulated by Rushton et
al. (48) and expanded on by Pomathoid et al. (47). Three:
such modeséof operatjon of a saddle-field discharge are
apparent if the discharge voltage is plotted againSt the
pressure inside the source for seve%gl values of the
d1scharge current (47). They are a glow d1scharge mode

characterized by high pressure and low vo]tagei(<2kV). an'
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oscillating node.for which the conditions are a low pressure -

~and-a relatively high voltage (>6KkV), and a transition‘mode
being an intermediate state for the system.
Figure 1.8 shbws for xenon and mercury the effect of

increasing discharge current at constant anode potentiattand

&

in th1s case a maximum in the secondary ion y1e1d is
obtained in the region of 2 mA. It is clear that the

secondary 1on y1e1d is greatest when the gun 1s operated at

A

the highest tolerable anode potential and at a d1scharge

current hwgh enough to reach the. maximum on the !
’

corresponding 1nten51ty/d1scharge current curve. If 10gkV
-1s taken as the practical limit for the anode 1nsdlators ;’*
then 2 mA is the h1ghest usefu] d1scharge current and the

gun will be dtss1pat1ng 20 watts. While this 1s acceptable

g

for intermittent operatwon, the 1ifetime of the cathodes 1sww'

3

~ reduced and experience has shown that the secondary ton

'51gna]s are short- t1ved and there Js a rapid development of .

a conttnuum of ions zt virtually all ‘masses resulting from |

collision-induced da

A
I3

1mpact ' | S - ' - o

The measurements in Table 1. 2 were obta1ned us1ﬁg a
current regulated power supp]y set to 1 mA, and adJusttng
the gun pressure to give the requ1red anode voltage of 7 KV
for each discharge'vapor (a Tower pressure corresponding to
a higher anode potential and vice versa) " Additional

measurements, again at a constant dtscharge current of 1 mA

1nd1cated that the monoatom1c beams had a progress1ve1y
G ‘

’.

age to the sample/matr1x at the site of
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o
Iarger ionic component as the applied voltage was increased
(pressure decreased) For examp]e the intensity of the ion
beam from an argon d1scharge varies from 6.5 uA at 5 KV to
12.5 pA at 9 KV whwlst the neutral current equ1va1ent of the
atom beam decreases from 4.8 pA to 2.9 pA for the same range
of applied Sotent1al That is,. at lower pressure thes
neutra]isation process 1s’ﬁess eff1c1ent. Converse]y._for a
given applied vo]tage and dischange current, itAWas found
'that\the degree of neutra]isation)within the beam could be
increased byﬂinCreasingkthe length of‘the beam ekit .
channel. For an exit channel approximatefy 4 times longer
“than that used in the ondgina1 cathode design (39) the
intensity of an argon atom beam (neutral current equivalent)
‘was found to increase from 4.8 pA to 12.5 uA'at 5 KV and
from 2.9 pA to 4.4 pA at’ 9 kV. o .

We have also found that just by returning the gun »to a
part1cu]ar app11ed potential and d1scharge current does not
necessar11y result in the same 1ntens1ty fast atom beam
‘being generated. The condition of the cathode surfaces i,

‘we believe, the maJor var1ab1e contributing to this 1— "
phenomenon. For a given 1nc1dent jon the surface cond1t1on
-of the cathodes determines the secondary electron y1elo
within;the saddle-fietd discharge. A greater electron yierY)
means that for‘a given current the discharge can be main-
tained at a lower pressure The process of neutralisation
to gwe fast atoms will undoub‘ed]y be pressure dependent‘

whatever s he mechanism. Consequently the ion/neutral ratio

gt
R
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| in the genérated béam will be different. As the préssure
inside the gun is not monitored directly, and most of the
ionic part of the beam is deflected by the source h%gh'
‘voltage, it would be .possible for a change in secdndary ion '
yield to béuqbservéd for appaﬁent]y identical gunuconditions.
CONCLUSIONS

A wide range of monoatomic and polyatomic vapors. can be |
- used téfproducé é discharge in a saddle-field FABMS gun |
" proyided'it can be.opehaied at elevated teﬁpefatures.‘
‘Within the mass range of this study the "molecular" ion
yields obtained wifﬁ mehcury vapor are equal to tHat of
xenon buﬁ hot appreciably superior.i ;

Héavy polyatomic partic]es‘(MW >200)_cannot be produced
efficienf]y by}sihp1y using organic vapors in a saddle
field gun. DC 705 and°Sanfovac-5 were found to produce'onfy
intense H2+. 02H2+,‘and Co* ions and‘preshmably the
corresponding molecules comprise the neutra] component of
the beam.” It appears un]ikel& that any otheb_organic vapor -
wbuld bé significantly more successful, nor is it 1ike1y’
that hiéh-mass iqns could be produced in aﬁy type of gun -
Utilising a plasma discharge. Thus, if the value of using
high mass polyatomic particles in FABMS‘is to be determined,

another type of gun, foh instance one using elécfron ioniz-
ation followed by acceleration will have to be employed. |
, The energy of the great majority of the ions in the

beam correspond to between 81% and 84% of the applied anode
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if }”tf tive of the vapor being used and not
- value as originally reported by Ligon (44).

The'bartic1e beams generated from both Santovac-5 and

DC 705 show an appreciable neutraﬁ’component In neither

sonant charge transfer be a significant process

leading to

‘neutralisation, whereas some form of electron
atie A ;

capfure is a more likely mechanism. There is, therfore,

reason to believe that this might also be the predominant

4

 process for the monoatomic speciés which show similar

degrees of neutralisation.

The reproducibility-ef many of these meashrements'in
this study was found to be poor. In part this is due tdithe
nature of the sputtering experimeni itself.. However,. our
experience has shown that variations with{n the saddle-field
discharge are significant particular]y'i¥ the gun has been
current or voltage cycled during a series of measurements.

If a study comparing the eecondary ion yields of
deferent bombarding part1c]es is to have any value it is
1mportant that the comparison be made under controlled :

conditions}_ The total particle flux of the beam, the

L]

' ion/neutral ratio, the particle energies and the trajec-

‘tories of the ions and neutrals in the ion source field must.

H

aT]Ibe known - Furthermore, a distinction must be made

“between instantaneous ion current measured for "molecular”

iﬁ,and other d1agnost1c ions and the total integrated flux of

i -

S

g;aT] secondary ions produced. Our exper1ence shows that this

“is very difficult to accompllsh

A
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THERMOSPRAY MASS SPECTROMETR’Y USE OF GAS PHA§E 10N
"ION- MOLECULE REACTIDNS TO EXPLAIN FEATURES OF o

THERMOSPRAY MASS SPECTRA

g : o A

v B l' . ra ";; X {‘:‘%
INTRODUCTION ' ’“Rl' . k o <
Background | j:’ "

Compared to GC- MS the techn1ca1 d1ff1cu1t1es ‘

. encountered in comb1n1ng high performance 11qu1d ::QI

chromatography and mass spectrometry (HPLC-NMS) are( b/e' .
. formidable (1) Ftrst]y, mass spectrometry 1s a gas phase !
technique tnatvrequ1res relatively low pressures, thatlts
approximate:y 1074 torr for electronbionisation (EI), or
between 0. 5 and 1.0 torr for'chemical ionisation (CI).

| Conversely. HPLC operates at atmosphertc pressure with
ixltqu1d flow rates in the\range of 0. 5 to 2.0 mL/m1n - Only
about 1% of this mass flow, that is between 5 and 20 -

pL/m1n , can be to1erated by a conventlonal CI mass

‘spectrometer (2). Additionally, nonvolatile salts are often

used to adjust the pH of the mobile phase and, if gradient
elution is employed, the composttion of the solvent is also
changed during the ana]ysts (3).  Therefore, in order to

couple the two'systems. the LC effuent must be vaporized

1. A version of this chapter has already been published:
Alexander, A.J. Kebarle P ; Anal. Chem., 1986 58, 471 478.

L 4
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‘and either the HPLC or MS conditions modified such that -
tnese basic incompatibilities are minimised. Secondly, as
there is little point in ana]ysing‘retatively vo]att]e |
compounds which are'amendble‘to GC/MS the mass.sbectrometer
should ideally employ an ionisation techn1que whtch does not
necessar11y rely on prior thermal vapor1zat1on (4).

During the past decade rapia progress has been made on
overcoming these problemst(4-7). The success of this |

research effort can pe judged by the fact that several
-'commercialrinterfaces are now available (5.8). One such
interface is the Thermospray (TSP) source which has been
under continuous development by Vestal and coworkers since
the late 13970's, (4 9) . _

In .the present design (10,11) the total cnromatographic
eluent is passed through a short Tength of stain]eseasteel
capillary tubing maintained at up to 300°C. :The tip of
this protrudes into a region of reduced pressure (1 to 10
Mrr) which is pumped by a 150 L/sec mechanical rotary’
pump. This generates a supersonic jet of vapor containing a
mist of fine particles and solvent droplets. As the -
-droplets traveree the heated ion_source they continue to
vaporize due to heat-trensfer from the surrounding vapor.
Under the right conditions, that is, polar tna]yte and polar
mobile phase'containing O.t M of a salt suchfae ammonium
apetate,,tons of the ana]yte'are formed in'the spray‘without
any external source of ionisation. A cone placed tn the

path of the vapor jet is used to sample these ions into the
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maSS‘spectrometer. Factors which determfne the number of
'iohs sampled include the source temperature and pressure,
A"diameter of the sampling ho]e,.locat1on of the sampling cone
'and source geometry (10) fhis method of ionisation y1e]ds
mo]ecular ions with very |1Ltfe fragme ntation, and even
thermalty 1ab11e ‘samples suffer .1ttle decomposition,
' presumab]y because the vapor1zatlon of the mobile phase
“sh1e1ds ‘the ana]yte from an excess1ve rise in temperature
~during 1ts rap1d/trans1t through the vapor1zer
~lon intensities generated by thermospray 1Qnisation are

highly dependent on the'controlvof the different temperature :
regions within the 1nterface (10).  The temperature of the
vapor1zer trp the ion source and the vapor are all cr1t1ra1
to opt1mum performance (12 13) “In part1cu]ar the
comb1nat10n of eluent flow rate~ eluent compos1t1on, nature
. of sample and the d1ameter of - the capillary strongly
.'1nf1uence the operat1on of the vapor1#er [data pub]1shed by
Vestal (14) wh1ch appeared after the work descr1bed in th1s
. chapter had been comp]eted]

/.

Mechan1sm of Thermospray 1on1sat|on

Two, d1st1nct stages are 1nvolved in the format1on of
TSP mass spectra u1t1mate1y obcerved ‘with the mass
.spectrometer The f1rst stage!1s the formatlon of gaseous

V. g
’v1ons out of the m1crodrop1°ts produced by the vapor1zer
‘fThe jons - produced- in th1s process will be ca]]ed the . prlmary

TSP yons The second stage 1nvo]ves the pr1mary TSP 1ons

i
)

b.fi“



'in'gas phase"ion-molecule reactions -The mechan1sm for the
format1on of the primary TSP ions has rece1y9d odﬁs%derable
'atbent1on (9,10.15}. The following processes are bel1eved to
be involved: . - o ; . o o

‘(a) In the presence of an electrolyte at least part of the
microdroplet‘population is etectricatly'charged.fwith"equal

. nunbers of.positive and negative droplets being formed. In
the absence of any applied fie]drthis appears'to'result from
statistical fluctuations in the distribution of therpositive
'and negat1ve ions reta1ned in. the droplet as it is sheared -
~off from the bulk 11qu1d a charging mechanism Known from
~earier work (16). o S
(b) The 1n1t1a1 droplet sizes @re on the order of 1 pm.or
less and if they are‘charged the mean»f1e1d strength at the
surface is about 107 Vi/m and increases rapidly as the

: mncrodrop]et evaporates (4). WhenAthe surfacejf1e1d is high
enough, the evapOration of molecular ions or small clusters
containing the molecular ion becomes tnermodynamically
competittve with the evaporation of neutrals,(17,18)‘
Consequent]y. according - to ‘this model, any analyte that is
present as e1ther a pos1t1ve or negat1ve ion 1n‘aoueous
.solut1on w111 undergo d1rect ion evaporation into the gas
phase. Pr1mary ions produced from ammon i um acetate are
apparently identical to those present in solution, namely
-NH4 . CH4C00™, and clusters of these 1ons with water,

ammonia and acetic acid (9). o o

,;The second stage, in whichegas—phase ion molecule
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reactions may remove the primary TSP‘}ons and produce new
product fone, bes been recognised as of possibje importance
(9,10,19), but has recaived less ettention Vestal (10) has
| reported that thermospray 1on1sat1on does not produce
molecular jions from large involatile analytes wh1ch are)-
neutral in. SO}UtIO?/( However, mo]ecu]es which are slightly
vivo]at11e and theﬁma]ly ciaLle can be 1on1sed by either
ion-molecule reqot1ons with reagent ions produced from.

| tnermospray jonisation of the buffer or by gaé-phase ' //
processes 1n1t1ated by electron 1on1sat1on [fllament on /
'thermospray] >evera1 other thermospray pract1twoners have
also remarked on the similarity between TSP and ammonia CI

v

spectra 13,20).

Ion-molecule reactions in ammonia CI .
Under CI oond1t1ons, with ammonia as the reagent gas,
the pr1mary ions formed by e]ectron impact are NH2 and
NH3 wh1ch»subsequent1y undergo 1on-mo]ecu1e.react1ons'with‘
ammonia to form NH4+ {21). This ion then undergoes furthen'
.cldstering reactions according to equations (1) and (2).
‘ -

. .
. "NHgT #gNHg = NHg"NHg 1
€ NH4+[NH3}n'1 + ,NH3& NH4’+ [NHB]n | . (2)

where the value of n is dependent on the source pressure and
~ temperature.- Ana]ytes (M) are ionised by both the ammonium

ion (NH4+) and cluster 1ons, with the overall exotherm1c1ty
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-~of the reaction~gdverning the degree of fragmentafion.chWO' L
types of reactions can occur: | @  “:_ £
(a) protonation of M to yield MH+ o \

(b) adduct ion formation with M to-g1ve M+ NH4]+
Which reaction predominates is determ1ned by the proton
affinity (PA) of.M,-that is -"éﬁo forhreaction (3).

| M. + HY = 'M~H+ o v v v (3)
In general if PA(M) > PA(NHg) where PA(NHz) = 204 kcal/mol (22),
then_protona{ed species:are cbserved in the mass spectrum,

‘whereas if PA(M] < PA(NH3) hydrogen borided adduct ions ‘are

wre likely to be formed.- However, if PA(M) is?1ess than
abcut 188 kcal/mol then analytica]}y useful [M + NH4]+ ion

'iwtenSities are not. observed (23). Furthermcre, it also -

aprears that a lone pair of e]ectrons at the basic site is a

necessary prerequ1s1te for formation of the adduct ien.

”

Nazure of present investigation ' S
%he present work is a systemetic study of the possible’
consequences of the 1on mo]ecu]e gtage in TSP ionisation. |
In order to obtaln TSP spectra which are typ1cal of the
’apparatus generally used, a TSP ion source was constructed
closely following the design of Vestel, [see expefimentai
section]. TSP spectra were obtained without the use of a
liquid chromatograph, but by pumpingvprepehed solutions of .
accurately Khown analyte concentration- and solveht | .
cohpoSition through the interface..

Investigations of gas phase ion molecule reactions,




K1net1cs and equ1l1br1a have been the centra] area of
previous research from this laboratory (24) It so happens
that much of the gas-phase ion chemistry of poss1b1e
1mportance in the second TSP stage name]y 1on -molecule
_reactioms, ion-solvent molecule equ111br1a, and ion- solvent
molecule cluster'stab111t1es have been investigated in th1s

/
labordtory in, connect1on with their 1mportance to the

°

correlation of ionic reactions and ionic solvation in the
gas phase and solution.. Funthermore,'some of the*conditions
in the apparatus used in these investigations, a pulsed
e]ectron beam high pressure ion source mass spectrometer‘
(HPMS) bear resemb lence to the cond1t1ons in the TSP second
stage. The present study was undertaken with the belief that
the understand1ng of the cond1t1ons and data acqu1red in the

HPMS work will be of. help in the 1nvest1gat1on of the much

more complex cond1t1ons of the TSP second stage""*r

| EXPERIMENY’AL %
Construct1on of thermospray source
The thermospray apparatus used is 11\ustrated in
-‘Figures 2.1 and 2.2. The thermospray ion source, (F1gure
2.2) was constructed according to details given by‘Vestal
and"co-workers. (10), and interfaced to a Granvi]]e Phillips
qUadrupOIe'mass filter of range,2-500 amu.
The liquid flow was delivered by a 100 pm i.d.
"stainless steel cap111ary (Al]tech Associates #30211) the s

exit end of wh1ch was s11ver brazed into an e]ectr1ca11y '\f



Figﬁre 2.1'»Mounting of TSP“ionvsourqg re]afive fp
quadrupole<mass analyzer and pumping system.:

L1qu1d phase inlet cap111ary
. To 6";diffusion pump. .
. To 3" diffusion pump.

.. Quadrupotle mass analyzer..
...Channeltron electron L gk
. Vapor: pumping line. ¥
. TSP ion source. '

O 4
SOOI WRN —

-85




" Figure 2.2 Petail of TSP ion source.
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Liquid phase_inlet capillary.

Vaporizer. :

Ion exit orifice.

Joint to vapor pumpout lxne : -
Cartridge heater. - '

. Vaporizer temperature thermocouple.
. Source temperature thermocouple.

Jet temperature thermocouple. .
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heated coppeq;block (Qaporiier);‘ This in turn“was connected
_to a limited expansiqn volume copper tube which was screwed
.into a stainless steel chamber (source}. -A con1ca1 exit ﬁ
aperture (450 pm) allows a proport1on of the ions" generated
to pass from the source into the vacuum system c?nta1n1nd§
the mass analyser (Figure 2.1). i ‘ /

The jon source was connected via a 1.5tin.hya1ve to‘a
‘dry.ice/acetone-c001ed trap and a:3b0 L/sec double-stage
rotary pump.- This total pump1ng l1ne was about 1 m and of a
‘minimum 1.0,1n. d1ameter. The va]ve. a]though essent1a1 for
isolating the‘tdn scurce when changing traps,‘a1so allows.
the pressure in-the ion‘scurCe to besvaried for a given
vaporizer<temperatUre‘and solvent flow rate. The iondsource
pressure was measured by a ccnvectron'gauge (Granville
Pht]ips #275) mounted as.shown in Figure 2.1, |

The quadrupole was d1ff§rent1a11y pumped by a 3 in. oil
diffusion pump (Edwards #E02), and the main chamber was
-pUmpéd through its.bottdm opening by a 6 in: 011 diffusion
pump (NRC AVHS-6) . Typtcal thermospray.operating‘pressures
were about 1 torr ion sourre 3% 1072 torr invmain'chamber
and 2 %1078 torr at the bacK of the quadrupole chamber

The copper vaporizer was drilled to accommodate three‘
0 25 1n x-1.5 in. 75 W cartrtdge heaters (Superwatt # HS
2515, Danvers, Mass ) and a thermocouple The heaters were
wired in rairallel and powered by a~ conventional variable
output transformer. Ejght'75 W cartridge heaters were used

for the source, two of these being mourited as shown in

67
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F%gure 2.2, and the other six disposed aroupd the periheter
of the ion soche. These were also wired in parallel but
powefed from a separate variable output transformer. The
ocation of thermocoupieé (ifon constantan) in the source is
shown in Figure 2.2. A digital pyrometer (Neweeht ' |
A#267dec1) was used fo_measure the distribution of

~ temperature. The thermoeouple measgring tﬁe jet iemperature
. was thermally isolated from the source by passing the wires
through two 1ongtitudﬁnal channels in a short length of
Ceramie fod tHe ceramie rod was then fitted through-a.hole}
dr1]1ed in. the top of the 1on source.

The section of pumpout line 1ns1de the vacuum system
cons1sted of a meta] be]]ows to which a male Jo1nt mach1ned
~ from Vespel-SP-1 rean (Du Pont Inc.), was fitted w1th epoxy
v‘resin.. Th%slwas designed to;Eéra push-fit into the ion
source and proyided both thermei as well es e]ectrical‘
isolation. The LC input capillary was also electrically
isolated from the source fiange by passing it through‘a
hollow glass feedthroygh and sealing the jofnt‘ with epoxy
resin: Oﬁ the outside of fhe this'flsnge‘the meta1 capiii-
ary was isolated from the HPLC pump by means of;a short
1ength of Teflon tubing (1/16 in. o. d. x 0. 012»tn i.d.).

The ions ‘were detected by a Channeltron electron

multiplier (Galileo Electro-Optics Corp. #CEM 4830). This
| was operated in the anaTog mode and gave a gain of approx- €~
imately 108 with an accelerating voltage of 2.5 KV. The &

outputAcﬁfrent from the CEM was measured with a high speed g4
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picoammeter (Keithley #416 with #4160 input head).

| Sampie‘solutions were ;ontinuousTy pﬁmpéd fnto the ion
source at a flow rate of 1 mL/min with an Eldex Duplex HPLC.
pump (Eldex'#AA;72-SJ. Pulsations in the flow were mini-
mised by using é dampening system constructed according to
detéi];vgiven by Nikelly (25). The buffer used throughout
was O.i M ammonium acetate, either in water or és a 75:25
mixture with methanol.

It is not clear which of the measured'temperatures most
closely ref]ects the teﬁperature at which<the gas phase idn »
molecule heéctipns occur (see Fengts'and discussion). A |
fourth thermocouple attached to the mgté] diaphram .
containing the ionle%it orifice would probably prpvide this

 temperature.

Operation of the Thermospray interface
- The 1n{tia1 experiments to obtajn;thermospray~ioniz-

ation were carried out with 0.1 M ammonium acetate| and

operation of the'qdadrupolé in the tofal-ion mode.i Thefflqw

rate was held constant at 1 mL/min, while systeﬁatic
,_adjdstments were made to the vaporizer temperature, source

temperature, source pressure, énd‘{on eXéraction voltages. .

ln{tia11y; consider?ble difficulty was.encounfeﬁed and 6n1¥'l .
a very.weak f]uctuafing ion curfént was obtained. After a
great deal of investigation itvwas realised fhat 6nef6f the

n . a ‘ . )
crucial aspests of ‘thermospray operation is the condition of

Y

the exit hole in the heated metal capillary. This has to be
- . i



re-openedtafter cutting the tubing, and if the jet is not
kdirected co-axijally through the source out instead hits the
wall of the expansion volume region, then sensitivity is

‘ dramaticaiiy*reduced.

~ The following method of-capillary preparation was
evolved to overcome this pngb]em Approximateiy 1 cm of
capillary has to be left protruding from the face of the
.vapc.izer so that it is not blocked during the brazing
operation. This excess capii]ary is then broken off after
first cutting around the c1rcumference as close as possible
toithe hole but w1thout penetrating through the wall. This
leaves a ragged but open hole of 1arger diameter than the

7 fubbe was originakly drawn to. The vaporizer is then mounted
verticaliy ina V- b]OCK“NK]th the tip pointing down, and the'
other end of the capi]iany connected to the HPLC pump W1th
distilled water flowing through the capiiiary at about 1 l
mL/min the'end'is then rubbed with a circular @ption over
600 grit emery paper moUnted on a flat surface. After the
end of the capillary has been polished flat it is inspected

| under magnification. vAt_thie stage the hoie is unlikely to
be circular and any exce;é material is removed by carefu]iy
inserting a 100 pm o.d HSS twist - drill (Sphinxwerke Muller
A.G, Switzerland) into the hole. The polishing stage is

then repeated untii a hole of the correct i.d. is obtained,

A "good" capillary was found to give a'straight symmetrical
water stream at a flow rate of Q-mL(min:.with-a back

pressure no greater than 200 psi.

N

\
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Havingioptained'effictent'theﬁmospray jonisation (see

>

#igure 2. 3) the ion source wasfoperated-at-+5 volts, the

sK1mmer cone at the entrance to the quadrupole at -30 vo]ts

and the quadrupo]e at O vo]ts, For aqueous systems typical

TSP ion source cond1t1ons were as follows vaporlzer

.temperature 240°C, source temperature 300°C Jet temperature

170°C and ex1t 11ne pressure about 1 torr When opt1m1z1ng

“the TSP conditions to obtain a stable max1mum ion intensity,

it was observed that the tota] jon current 1ncreased up to a

~maximum as the vapor1zer temperature 1ncreased for a given

source temperature and mobi le phase compos1t1on | About 10°C
above this maxtmum the total 1on current often decreased
drasttca]]y (see-Figure 2.3). However,'thetmaXimum was
reproducible withinc+ or - 100C for a‘given mobile phase

and flow rate.This behaviour has been observed by other

groups (10, 12YIH‘u

The expeﬁ'mental procedure for the rout1ne operat1on of

the TSP 1nterface11s as follows

“-flv InCrea Q;TSP source temperature to about 250°C _At

LY

| th1s slaggfthe Jet and vapor1zer temperatures will a1so be

~close to 250°cC.

.2." "Attach trap to pumpoutﬂijne and fill Dewar with

acetone/dry ice mixture. Switch on TSP‘rotary pump‘and'
after about 5 m1nutes open valve to TSP source The
pressure reading on the convectron gauge will rise to about
10 mtorr. Remove the vacuum sea’l ;;om the capillary 1nLet
to TSP source ‘and attach. connect1on!from HPLC pump ,

:"..
%-. N
L s y - ’
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Figure 2.3 Total TSP ion current from O.I'quhuedus
ammonium acetate as a function of’vaporizeﬁgiémperature for
different source temperatures.
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3. Adjust HPLC pump\flow to desired.flow rate and switch
on. The pressure in the pumpout line w111 rise rapfdly to
about 950 mtorr and the back .pressure on the HPLC pump will
~oscillate about a reading of 250-300 psi. At this point the
' vaporizer and jet temperatures will start to decrease.

4. Increase the vaporizer and source heatér vo}tages to
compensate until the source temperature rises to about 300°c¢
and the jet -temperature is stable at around 180°C.

5. At the end of the experiment it is advisable to flush
the system through with just mobile phase (50:50 methapof
water mixture) for séveral minutes. - During this operation
the TSP temperatures were reduced so that the'intérfaCe ran
‘slightly "wetter" than’during normal oﬁeration.

6. Switbh off and digconnect HPLC pump, reduce TSP source
and vaporizer temperatﬁres to'about 200°cC.

7. Open exhaust valve on TSP rotary pump for about 5
minutes to expel any condensed vapor that has passed through
;the acetone/dry ice trap and’ collected in the pump oil.

8. During thjs;time the TSP source shoyld have "“dried-out"
sufficiently for the pumpout line valve to be ¢1osed. This
can be checked by temporari]y closing this valve and é“
observing the pressure rise.. 1f the convectron gauge reads
a steady 20 mtorr, then leave the valve closed and switch
.off thé TSP .rotary pump. As the source pumps out overnight
the pressure.wjlj drop to gEout 5 mtorr. B |

=
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_Tution'controls. to give a cqnstant.peak wfdth and 1 amu
baseline’ resolut1on across the' mass range 15 - 300 amu. . The
quadrupole dlscr1m1nat1on aga1nst h1gher mass ions (26) was
tnen determined by running a 7O4eV spectrum of
perfTuoro—tert-butylamine, [(CF3)3CI3N; wi§h an auxillary
Tow pressure ion source (27) mounted on the front of the
’quadrupole The relative intensities (Iq) were. then ‘
compared with those obtained from an AEl MS-12 magnet1c,mass
spebtrometer (IM) operated w1th the same energy fhe
quadrupole discrimination, Q.D,, was then calculated as
QD - IQ/IM.for different masses. For clar1ty these numbers
are given af the top of each mass spectrum.
Perf]uorortert-buty1amine and p-bromophenefole
[p-BrC6H4OC2H5]_were'also used for mass ealibrapjon [ for
mass spectra of these compounds see references (28) and (29)
respeetive1y], The Jatter was. particularly ugeful for
}cnecking resolution as the major ions in its El mass
spectrum are charaeteristic doublets of equalrheight at m/z -

172,174 and m/z 200,202,



égéULTS AND- DISCUSSION
'kaj"TSP‘mas$ spectrum‘df'ammdnium_acétate. Gas phasé-
thermodynamic cohtrol bf»NH4¥ cluster .intensities
".Ammonium_ééetate is the most‘used additive to the

équeous or aquééus7meth$nol mobile phase. ,Thérefore, the}
interpret;tibn of the'observéd TSP mégs ébectrum of this
“additive fﬁ\térms of.ayéilable«gas'phaée'ion-molécule
;infthafion isldf special interest: The observed TSP
spéctrum’of 0.1 M aqueoys ammonium acetate T§;§h6Wn in
'Figurg 2.4. Tﬁermain features of the maés-spectrum are
similar to thosé reported by Vestal (8,10). The major peaks

"“are due 16 NHz* . NHa. NH,* Hp0, ‘NHg*.NH3.Hp0, "NHz* (Hp0),
and NHA*.CH3CDOH1C1Qster,ions.‘ The relative {nteﬁsitigs of
-thesé peakKs éan bévcompared Qith intensities predicted on -
the basis of ion-molecule equilibrium mqasdrements.

?hg-gas phaséLeqﬁilibria (4) and (5) in addition to

. T, ,

-

NH4+.H20‘+ NH3

NH4+.NH3 + H2O fF (4) .

NHg*(Hp0)p + NHg = NHgz*.HoD.NHg + HoO
\ ';“ '

hany bfher equilibrié fhyolving Nﬁ4+(H20)w(NH3)n were

studied (30) with the HPMS some time ago. These results
provide equilibrium constants Ky and Ko for reactions

(4) and (5) at different teﬁperatures. The ligand switching-
equﬁ1ibria'¥4) and (5) have relatively wéék-temperature
dependence (30). Assuming that the TSP gas phase ion source

» o !

5
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QUADRUPOLE DISCRIMINATION
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Figure 2.4 TSP mass spectrum of 0.1 M agueous ammonium

acetate, jet temperature 180°C.
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has a prevailing - temperafure of 177°C[450°K] [see‘ | B
experimental], one can evaluate the expected equ111br1um ion

.intensity ratios- for 1[NHg" OHzi/I[NH4+ NH3] .and,
1(NH4* (OHy) 91/ 1INHg* NH3.OHp ] from Ky and Ko given in

< L)
e \

‘equations (6) and (8], » o J .
B 1, tLnng) PHZQ.:; | ' o
. -4 3 190 ?2’ (450013 (6)

K =
4 ¥
I[NH4 -OH,] Pun

3
vy, Yon, ) Pyo n
g %0 2% L | ;
7 T K, B .T90°> T %7 (7)
I[NH, .NH3] , 1' NHQ- Co — v l

-

The experimentally observed ratio (Figure 2.4) is about 3

- 4 - P ¢
~I(NH, .OH,.NH,] H.,O -
Ke = A2 3 2 - 70 (4s0k) 39 (8)
7. 1[NH,(OH,),) PNH3 .
I[(NH4 .(OHZ)Z] S H,0 ) 1 o \
- = - 5— = =5 565 = 7.9
I[NH, .NQB.an] 2. TNHy

The experimentally observed ratio (Figure 2.4) is about 7
. N o - . n

P(NH»3) /P(Hzo) = '[CH3COO..NH4]'aq_ /55.5

cod
\\

For the partial pressure ratio oé Hy0 and NH3 in the gas

phase we have used the molar ratio (ammonium acetate)/(water)
L 4

in solut1on Th‘!agreement obta1ned between the ion ratios
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observed 1n F1gure 2 4 and those predicted by the 7
equ111br1um expressions leads to the followwng CO”C]US\Oho.
(a) The thermospray vapor1zat10n has conver ted nearly all |
the ammon1um acetate into NH3 and CH3C00H molecules in
the gas phase d
(b) > The gas phase c]uster1ng equ111br1a (4) and (5) have
been atta1néd in the TSP ion. source. Hv,' ;
The presence of CHSCOOH in the gas phase is supported by ‘the
‘observat1on of the NH4 CH3CDDH cluster 1on 1n Figuré 2. 4
Ciuster stab111ty ru]es [see section (c) of Results and
-D1scuss1on] pred1ct preferent1a1 take up of CH3C00H
compared to Ho0 by the mbnosblvated NH4 for equal partﬁal;

- pressures of Hy0 and CH3CODH E‘ses Therefore, the Lo

Qobserved 1ntens1ty ratio NH4 0H2 versus NH4 CH3CDOH is
within the expected magn1tude assumxng that (nearly) all
“the ammonium acetate was vaportzed to NH3 and CH3COOH

The ion ratio I[NHg"(OH3) 2}/1{%4 ‘OHy] in the TSP
spectrum Figure 2.4 can be cdkpar%d with pred1ct1ons (30)

' for the gas phase clustering equilibrium.(9).

.

NHi*.OHy + OHp = NHg*(OHglp - (91—
I[NH +(OH ) ] N
K. = ~ 0.5 (torr)} (450K) 30
9 .
I[NH (oa )1 Py g e
' 2 ] ',



“‘fé};‘\ = o ' a‘_‘_?: o
I[NH‘T (0”2)2]/1 NH4 0H2] 0.5.t0 025 ‘

. for: P(H20)r 1 to 2 torr .
The pred1cted equ111br1um rat1o for 1 to 2 torr H20

pressure in the Tspsjon source is close to the observed ‘

- ratio of approx1mate1y 0. 3, F1gure 2.4. The exact pressure

(4
in the TSP jon source is not Known4s1nce the measured

~ pressure of ' torr. 1s a down streamlgauge pressure [see
'exper1mental sect1on] | 7.

The agreement of "the observed TSP ion 1in ens1t1es of
‘F1gure 2. 4 with the predlct1ons of the gas phase equ1l1br1um
| -datsg, [equat1ons (6) to T’W] represents strong ev1dence that »
the NHg*.OHy, NH4$)NH3, NHg* (QHp) p, "NHz* (NH3.0Hy) and |
NH4 CH3C00H ion 1ntens1t1eﬁ are thermodynamically |
contro]ted. Can such a control be expected for the,
conditions of the Tsﬁfexperiment? The temperature; pressure
and ftow conditions in the TSﬁ ion-souaee are not unigorm
but . chahge in a comp]ex and pqorly def1ned manner .
'Nevertheless, the above resu]ts embolden us to suggest that

/
the conditions %n the region near the TSP ion exit or1f1ce.

which determ1ne\the observed gas phase ion chemistry, may be 'y
somewhat similar to thosg present in the HPMS ion source;

In the HPMS apparatus, the jons are.produced by a spreading
electron beam’whose centre is some 3 mm above the ion exit
orifice. The.ions‘reach the walls or the orifice by

diffusion thrdugh the gas, a mode that may also be present

in the e]ectrically field free TSP ion source.
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A measured HﬁMS ion residence'ttme]distribution atd2‘
torr'and 1 torr at 450CK is shown in Figure 2. 5 This \:'uas.Cy )

obtained by measurtng the total 1on flux ex1t1ng the 1on
source as ‘2 funct1on of ttme after 1n1tla] 1on1sat1on by a R

pulsed etectron beam. The most probab]e ron resmdence ttme

3

v ise 160 psec “while the average resadence ttme ty = 480 psec

/

- The res1dence ttme d1str1bu$'zoq is essentlallyﬂndependent

: of 1on mass so-ﬂong as»the 1on mass ‘s cons1derab1y larger
" than that of the maJor gas\133{J” Th¢s is a consequence of

the d1ffus1on rate of: ah 1on through a gas being dependent

on (1/p ) 172 where U 15<the reduced mass of the ion and ’

neutral spec1es (32) : For magor gases CH4 or Hp0 very '

~ : . ' 3;

t51m11ar d1str1but1ons are expected (31).
The rates of exothermtc gas phasé ion-molecule
react1ons can be predicted from the Langevin-ADO orbiting

4 y
icapture rates (21). OThese.pepend on reduced mass, rd

‘&\ ’y

: polarisabi]ity and d1pole moment and'are_close to the

collision 1imit of about 10;9 molecules'1.cm3.sec'1‘for mos t
e - ) o !

reactions. Assuming pseUdodfjrst order Kinetics a halflife
~ for' reaction (4) or (5)‘indthe6§ohward direction atl the .
expected TP pressure P(NH3) ;:1/555'tohr and

temperabpre T = 450°K can be calcu]ated if the rate‘

constant K4 or K5) rs assumed to be 2 x 10”9 molecules” 1

cm3 sec” [equat1on (10)]
t1/2 (o 7L/(Kn) ' 10 psec | (10)
- 8.8 x 1018 m v P(NH3) (torr)

i
.-‘; .. - T Ryl

. o x' o B 5 "‘ S

N o ] el 4



0 500 Co 1,000
: TIME (H sec)

Figure 2.5 lon residence time distribution in pulsed high
pressure ion source mass spectrometer at 2 and 1 torr total
pressure'. ‘Major gas CHg, positive (and negative) ions

present are in'the m/e = 100 range. ‘The ion intensi'ty‘ o

of the 2 tarr curve has been normahzed to give f(t)dt = 1.

81



!/
5

n,L& the numbe: (i zmmonia molecules/cm3 in the gas phase.

The ligand switshi . reactions (4) and (5) are known to
have rate ~.rst. t values c.2se to the collision;limit used
" above (33 “Lue. “he o is ample &time to establish

‘equi iLn um ‘4. ii one assumes.that the TSP't,-is not vastly
'difiérent f1om ty of 4PMS. Similarly, it can be shown that
hydra‘ion ex "+ ~ a ke (¢] aré also established within
microsesonds '32,34). 1. .his case the hﬁgh\partialﬁ
pressure of 43, shout . torr, is especially beneficial.
These considerations show that the establishment of
clustering equilibria with clustering gases in the 2~mtorr
(NH3, CH3COOH) to 1000 mtorr (Ho0) pressure range is to be
expected under TSP conditjons. o

It should be noted that the ion residence times in
conventkonal Cl ion soJrcés operated in the pésitive ion
mode aré much shorter than those shown for the HPMS in
Figure 2.5. In the CI experiment secondary electrons are
Ebntipuously produced. ‘- Their rapid diffusion to the wall
produces a positive space charge which drives the positive
ions to the wall much faster than is the case for the
ambipolar positive ion-neéative jon low charge density
diffusion conditions prevail{ng in HPMS and prokably also in
TSP. This generﬁl]y *Qmits normal CI r dence times to
about 10 psec (21). |

Vestal has reported on the chahge of the re]atlve
intensities in T§leass spectra observed at different

=

ammonium acetate cqncentrationé [Figuré 9, Vestal (9)].
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The positive ions are all ammonium ibﬁs. A&‘iow molaritieéf '//T.
10-3to 10°2 M, the ions NHz*.OHy and NH,*(OHp), dominate

and no NH4+.NH3 and NH4+.CH3C00H ions are obseﬁved.

At high molarity, 1071 to 1 M, the dominant .fons are NHg".NH3
and_NH4+.CH3CQOH.; Yheée observationgﬁgre readilxiexplaiﬁed i .

in terms of-the gas phase ion-molegulé reactionsvénd
equilibria described above . At the low mo]arit:es there are
co}réspondingly low partial pressurég of NH3 and CH3COOH gas
:produced. Therfore the,expected.re]élfve NH4+;NH3 and
NH4*.CH3CDOH intensities at gas phase equilibrium wil] be

very low. In addition to'this, as will be shown in the next’ gé
- section, the gaé phése ion-moiécu]e K;netics involving the
neufbal NH3 and CH3COOH molecules are alio slow at these»

low partial gressures. Thesé effects combine ;nd lead to

dominance of the NH4+(OH2)n cluster Jons. jAt high @

8
R

approach to‘equi1ibrium and dominance of the NH4+.NH3-and'

molarities, the NHg and CH3COOH partial pressures are

“high and.the Kinetics are. fast. This leads to rapid

NH4+.CH3CDDH jons. As mentioned earlier, both NH4 and
CH4COOH form more strongly bonded clusters to NH4+ tr%n 2

Ho0,- [see also part {c) in Results and discussion].

high [M]
The MH* peaks of analytes M are probably the most

useful for the identification and quantitation of M. TSP

+ .

L4

. ‘ C
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s and two different concentrat1ons of _4- methylpyr1d1ne

L

mass spectra obta1ne§ with aqueous 0 1 Nkammon1u

acetate
> _

) N

(4- MePy) are sﬁown in Figy 6. 2 The ammonium acetate >;
derived primary- ions | 4 0H2, NH4+-NE3 etc.) = AM' have .

larPe intensities whilé the pro afed 4- MePy (BH*). J%

rather small, at the 4 MePy concentrat1on of 1074 M,

F1gure 2.6a. < At .the higher, 5 X 107 3 M, concentrat1on

the AH* intensity is smalt and_there 1S*a correspond1ng.

increase in BHY intensity. , The two 5péc¥ra shown in

Figure 2.6 are part of a series ofjexper1menti in dhlch the
—

ammon1um acetat oncentrat1on of 0.1 M and all other

cond1t1ons were Kept cdnstant, wh1le é%e aqueous 4- MePy

concentrat1on 48] was changed from run to‘run.  The -

ion 1n'tens1ty changes observed n txpemments are
shown in Figure 2. where the 1ntens ies of. the ammonium

jons: 1#AR*) = 1(NHg*.OHy + Ng* NHg.+ NHf(OHz)Q + etc.)

is about/21(NH4 OH2) and the 4-MePy derived ions are

- plotted versus [B]aq' The ion intensities I are given in
percenﬁ of the total ion intensity (total ionisation). Th1s
; Was done'in order to reduce the scatter due'to changes in

‘apparatus sens1t1v1ty or gradua]]y chang1ng TSP cond1t1ons

from run to run. The total 1on1sat1on changed by no more

, than(ﬂo% from run to run and no systematic changes with

increasing 4-MePy concentration were observed.

‘At low [Bl,q one obser\«es[BH+ as the-only B derived

jon, however at higher [B]aq the 82H+ ion appears,becoming

dominant ‘at the highest [B]aq. Figure 2.7.';Ihe observed
- \,{ )

" 0

€y
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Fidure 2.6 TSP mass spectra observed with 4-MePy (B) aqueous

solutions containing 0. M ammonium acetate: ' (
(a) [Blaq = 1074 M (b) [Blyg = 5 x 1073 M.
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F1gure 2.7 Observed TSP 10N\1ntens1t1es 1n percent of total

ion 1ntens1ty, aqueous solthons 0.1 M ammon1um acetate B =

ions

AHY

W
(AH ) is the combhped intensity of the ammonium

(S

is involved 1n the gas phase protonat1on of B.

e

Dashed curve shown fOraIGAH ) 1s calctilated with first order

K1net1cs equat1on (13)

calculated with equatlon (16) .

5

ng is concentrat1on of B in gas phase

B L]
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1(AH*) change with [B]aq can be fitted by expression (11} .
as shown in Figure 2.7. _ | |

. =~a [B])
I(AH') = 100 e aq | (11)

« = 3.567 x 102 (litre/mol) [Blaq = [4-MePylyq

Relatienshib'(11) can be derived on the basis of gas phase
“'ﬁon-moleculevkinetics. We assume that the ammonia ions
AHY 'are the only abundant ions produced by the TSP primary
| 1on1sat1on “for [B, ];from 1074 M up to 5 x 1073 M. This
assumption is justified by the observation that the total
“jonisation in the experjments used in Figure 2.7 did not
-~ increase noticeably with increase of [B]aq.‘_lt is assumed
- that the BHY ien is forhed by gés phase protonation of B

. N
molecules as shown in equation (12). .

‘ + _ + iy
AH (g) +\?(g) = A(g) + BH (g) oo (12)
The gas.phase paFtia] pressure of B is assumed proportional
to [Qlaq as shown in equations | 15) and (16) The" ”
proportféoa11ty constant ﬁ is assumed equa] to 55.5, wh1ch

&

is the number of moles of H20 in 1 11tre of so]ut1on

Ihws mﬁ‘;s that the molar ratio HQO to B in so pt1on is
' vassumed to be (approximately) preserved a]sg/4; the gas

phase. Watér being the only solvent leads to P(toti = P(HZD)

The gas phase intensity of the AHY ions 1nvo1 ed in
) hJ
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reaction (12) should obey first ord&rikinetics (equation 13).

I(AH+)'= 100 e 12B | o . (13)

ng = molecules B/cm3 in the gas phase
ng =-9.8 x 108 (1)71 pg (torr) - (14)
P(B)/P(HQO) = [Blaq /8 - (15)

P(HZD) is approx1mate1y P(tot) ‘
ng = 9.8 x 1018 (1)71 ()71 P(toR) [B]aq (18}
where th= ;oncentration ng = molecules B per cm? re]ates
to the gas phase The rate constant Kyj is for’ the gas

[ 4
phase proton transfer and is expected to be about 2 x 1073

molecules .cm3.sec™! for B = 4-MePy (35,36). The reactjve

average residence time of-the ions in thehTSP ion source 15
t, which we assume to be constant at a given.ion source
pressure and temperature The gae phase concentration né
is also constant for each experiment with a given [B]aq
The neutral B molecules in the gas phase are of much higher
concentratiorl than the ions AH such that no depletion of
B occurs due to ion molecule reactions (pseudo first order
~ate constant = kn). Equation (14) relattng ng to the
partial pressure of B and the temperature of the ion source
is based on the ideal gas law, and equatvon (16) follows
from equation (15) which is based on the assumed complete

\ . :

yaportzat1on of the aqueous B.

Obviously equation (13) can be identified with the

e
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exper1mental]y observed re]at1onsh1p (11).- A plot of
Inf1{ AH )} vs [B1,, land ng) i.e. a rep]ot of the data from
Figure 2.7, is WP F1gure 2.8. The slope obtained
aesuming Kyg = " < 0 ¢ molean_les'1.cm3.sec'1 leads to
t = 340 Psec‘for a measured TSP jon source pressure { torr.
However’, sinee the pressure gauge is“dowﬁstream from the ion
source |see experimental section], the ectua1 pressure may
‘be somewhat higher, which would lead to a lower t.
. The Bi* intensity iﬁ Figure 2.7 incr?ases linearly
with ia}aq for [é]aq <1073 M. At higher‘concentrafions'
‘this linear response is lost, due to depletion of the reagent.
ions AH' by reaction (12). An additional source ]eading to
nonlinearity is the‘formétion of 82H+, at high [B]. This
“product should be formed by the well known (37) gas phase
clustering reaction (17). " | |
BHY (g} * B(g) * BQH*(g))- (17)
.
The assumption that relatively little protonafed 4-MePy
is produced by p mary TSP ioniSasjdn is supporfed”by the *
- success of the K1net1c treatment of the data in Figure 2. 7 and
'2.8. The presence of uncharged B in the gas phase is also
clearly indicated by the observed concentration dependence of
BQH+; Figure 2.7, which fits the expected shape for gas
phase first order consecutive reaction (12)‘followed by (17).
Since 4-MePy is very volatile (b.p. 145°C), its presence in

the vapor phase atﬁabodt 1809C is not at all surbrising.

!
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The sitUation when significantly less vo1ati1eiahalytes are
present in 501ution;may be different. L ®
The ion intensities-concentration dependence from a

8

series of experiments involving *the much strongerdbase 4-N)N
dimethylaminopyridfne = 45Me2NPy'are shown in Figure 2.8.
0On the whole, there is considerable similarity between thé
appear}nce of this Figure.and the éorresponding résu]ts for
4-MePy shown in Figure 2.7. HoWever,.the Fate of decrease

\

of I(AH*) is slower for 4-MePy. The In[I(AH")] p16t for
4-MeoNPy is s;Lwn in ?igure 2.8. The slope obtained is
about twice as large as that for 4-MePy. This result
indicates that the prdton‘tranSfer rate constant Kyp for
4-Mé2NPy is twice as 1afge as that for 4-MePy, assuming
that the efficiency for vaporization (i.e;B ) is the same in
“each ca§e. | - . |
An eXact]y linear 1ogarithmii plot (Figure 2.87 is not
expected when a reaction time distribution is present. An
exact evaluation of the expected»product 1{AH*) is possible

if the time distribution curve: P(t) is known. The

evaluation is obtained with equation (18):

+ (0 0} —knBt
I(AH ) = 100J' P(t)e dt (18)
0

Using the HPMS residence time distribution P(t) of Figure

2.5, I(AH*) were evaluated with equation (18) for each
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Figure 2.9 Same as Figure 2.7, but for B = 4-MepNPy.



.h usﬁng the rate constant k = 2 x 1079 molecules

93
ng corresponding to a given [B]aq.see equation (16),
"1 cm3.sec™!.

A 1ogar1thm1c plot of the calcu]ated 1(AH*) is shown in

'F1gure 2.8. The plot has curvature as expected The

stm11ar1ty of the three plots indicates that the TSP

residence time distribution may be similar to that of the
HPMS.

The TSP. mass spectra obtained with 0.1 M ammonium
acetate and equimolar 10"‘4 M concentrations of each of ‘the

pyridines: Py, 4-MePy, 4-MeCOPy, 3-ClPy, 4-CNPy are shown in

'Figdre 2.10a. The ammonium ion AHY intensities are very

large while the various BH* jon intensities are quite small

i.e. less than 5% of the AH intensity, a result anticipeted

" from Figures 2.7 and 2.9. The relative intensities of the

¢

jons BH* from bases B‘re]atdverto that for. PyH* from Py, all
at‘1Q'4eM,.wi]l b= called the reEponse for BH* =r (BH*) . ;
The r(BH*) for th pyridines are given in‘TableA2.1. "Also
gi;e; in Table 2.1 are f(BH+) for other bases studied. In
some cases a group of 3-4 bases was used s1mu]taneousJy 1n the
solut1on, 1n’others only a given pair. The rtBHiT‘were
essentially independent of the presence of.the other bases,
see Table 2.1.. °

The observed independence of f(BH') on the presence
of other bases, atﬁ10'4 M is consistent with the results
and interpretation o? Figures 2.7 and 2.9, where it was
shown that when [B],q is about 104 M, the corresponding

gas phase concentration ng is very low and. therefore the

EY
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el
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Figure 2.10 TSP mass spectra for mixture of pyridines in
U.1 M agueous ammonium acetate: (a) each pyridine at 1074

b concentration; (b) each pyridine at 1072 M,
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Kinetics of pfoton transfer from AH* to B are also
slow(kinetic control). This leads to only insignificant
depletion of the ammonium reagent ions AHY due to profon
transfer to B. The depletion of BH" by consecutive

reactions (17} and (19) dis much slower still and this leads

to linear tesponse at low concentrations even in the

¢ presence of other bases.

L

ByH' + By = By + BoH™ ' (19)
" PA(By) > PA(B)
Examining the r(BH") kor various béses B with
differen? p;gton affinfties.PA(B), see Table 2.1, one finds
that bases with PA(B) > 214 kcal/mol héve a response near
10. - Below this value the response decreases rapidly with
dectease of PA(B), becoming essentially zero from PA(B) =209
kcal/mol dd&n@ards. Somewhat surprisingly, the response for

the be;f high proton affinity bases PA(B) >> 214 kcal/mol is

qujte high‘i.el between 30 and 50. One‘may be interested to
= " - .

exam{ﬁe why the qyt off point is approximately around
PA(B) = 209 kcal/mol and not at 204 kcal/mol, the value
corresponding to PA(NH3)- and why there is a change in
response.of the hidh PA bases. |

The proton transfer-(12) from AH' to B is represented
in équations (20) and (21) where the cluster ion NH4*.OQ2 is

used as it is the major jon in the AHY group.
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The direct route=(20) can be followed cly by éompounds with

PA(B) > 224 kcal/mol, i.e. the top three to five compounds,

AN

NHz*.OHp + B = NHg + BH* + OHp

AHZO

AH20

20 + 204 ;- PA(B)

: AK_
NH4*.OHy + B —2— (HNHB)™ + OHj

o b

A R)* -
tHgNHB) -<:::::‘

. [

g

BHY + NHg

B "+ NHp"

D(NHg* - OHp) + PA(NHg).- PA(B)

(20)

(21)

in Table 2.1. Compbunds B with lower PA, probably will

follow route (21). Reactigp (21a) is a 1igand switching °
LI

reaction.

temperature and ihv?}ved small ligands (H,0, NHg etc.). The
rate. constants were found to be close to the value of 1072
molecules”

possible that at the present high temperature of about

Id

Data from limited Kinetic studies for such

reactions are available (33). These were performed at room

180°C these reactions might be slower and thus depéndent

on the nature of B, Although contrary to that expected for

"conventional reactions”, the phenomenon of negative

temperature dependence has been ﬁ%eviously observed and™

studied for a number o€ ion-molecule reactions (39,40).

This expectation would hold even to a greater extent for the

other AH*(NH,* NHg, NH,*.CH3COOH): in which the bonding in

.97

1 em3 sec”! when the reactions were exothermic.It is



i
s

98

N\

the cThsteris stronger. A dependence of the rate constaht.

- Koy oOn the exothermicity of the reaction is therefore

_ possible. “The thermal dissociation of BHNﬂp*. the préduct

' (21a) by reaction (21b) is probably fast at 450°K.

This d1ssoc1at1on will take. the desired route (21b) only

: y~’n .
v ‘;}":}I;:
when PA(B) > PA(NH3¥ i %@-
- The above d1scus§k@$’suggests it is very 11Ke1y that
l &

the rate constant Kyo for the overall proton t(ansfer from

_AH* to B is considerably below, 1079 for-B if the PA(B)°

is only ) few kcal/mol higher than PA(NH3) = 204 k;a]/mol.
Inqreases of Kyp above 10'g and up to the ADD colfﬁsﬁon
limit (35) of appro%imateﬂy 5 x 10_’g molecu]egll\ ﬁ? sec”
for large po]arisab]e B can be expected ta occur as PA(B)
increases oyer the raﬁge‘210 to 220 kcal/mol (Ifhde 2.1).
Thus, the changing r(BH") observed in Table 2.1 E;Gbably

largely reflects changes of the proton transfer rate
< S

kconstaﬁt K12.

Another ion-molecule process contributing to the
r(BH*) decline above the proton affinity of NHj is

reaction (22).

» %

:BH>~K4932; B + NH* (22)

It can be shown that due to the high ratio of P(NHg)/P(B)
which is approximately 1000, reaction (22) will be

effectively deprptonating BH* from bases B whose proton

_ affinity is only a few kcal/mol higher than that of NHj.
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Other factors tHat could be affecting rtBH*) are -~
chang1ng eff1c1eﬁcy Pof vapor1zat1on of B from so}ut1on - ‘\\
{i.e. B & 55.5) and direct primary TSP 1on1satﬁon of BHY

from sohutgon for B*thh high aqueous bas1c1t1es e.g. proton'
‘§ponge¢ 4-Mé2NPy (Table 2.1). ‘A variation of 8 fdr very
nonvdlati]e Blis”a.distinct possibiltty,ihowevér for -the
present set of compound&%hhere the 1east vo]atlle aden1ne
and proton sponge show st};ng responses, variability of 8
need not be 1nvoked Primary TSP ion product1on of BHY \
for strong aqueous bases B’cannot be exc]uded but d1rect
evidence for this proceSS in the presence of excess ammonium
adetate is hard to,obtainl

— :
TSP mass spectrum obtained with 0.1 M ammonium

"acetate and a mixture of pyéidines each at 1072 Miis shown
in Fig re.2.10b.' The high gas*ﬁéﬁse cqncentrations of ng
of the'bases B resu]ting‘fﬁom the high [B&aq maK¢ the
proton transfer reacticns (12) from AH* to B;and (19) from
B{H" to By very fast so that the reactions approach
thérmodynamic equilibri.m. The mass spectrum is dominated
by the MePyH* and (MePy oH* ions. The‘ﬁext-h#gﬁest ﬁH+ is
PyH*. The observed ratio: 1(MePyH+)/I(PyH+) is about AO.
The thermodYnamica]]y predicted ratio, baseq on evaluation
of the protoh transfer equilibrium constant K can be
obtained is follows

The enthalpy change for reaction (18) can be obta1ned

Ld l‘?

from equation (23).

b - als,) - PABy) (23)
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" This isﬁrelaﬁed to the-fcee energy change by

£y

‘o

8Gqg = AH1év' TaS4g (24)
- : |
The equilibrtum constant Kig can be’obtained from the free
| energy chaéae by use of equaj1on (25), wheje Kyg is given
by equation (26).
L |  RTInKyq = AGyg (25)
| kg = [B41/1By) x [BoH*1/[BH*] (26)
As entropy changes'associeted with protonation are genepg]]y‘
- small (22,24), aGqqg can be approximately,set equal td’AHfg. =
Combininé equations (23) and (25) one obtains

. ow : -

]

: | o %
InKyg = [PA(BQ) - PA{B4)]/RT | ") t27),
If the e%ficiency‘of vaporizat%eﬁffor By\a@nd By are assumed -
. to be the same, and [Byl;, = [B2)aq then\}ombining
equafions (26) and (27)ryie1ds

: In[BoH*1/1B4H*] = [PA(By) - PA(B{)I/RT . (28)

The expected ratio, obta1ned using equation (28) at
- 450°K from the gas phase bas1c1ty dlfference of \4- MePy and
Py +22) is 132. However, in other measurements involving
( bases By and By at about 1072 M aqueous concentrations
and 0.1 M ammonium acetate. the TSP- observed 1ntensity ratios

1(82H )/1(B1H ), where Bp is the base with the h1gher proton

ey -
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\affinity, were generale lower and at times considerably
1owe. than the equ111br1um ratios. For example, for By and‘
By & p- an1s1d1ne and m- pheny]ened1am1ne the observed rat1o
was'about 132 wh11e‘the thermodynam1c one is 8, 100.
“Similarly for an1]1ne and pyr1d1ne the observed rat1o is
‘about 60 while the pred1cted equ111br1um ratio is 283, 700.
Part of the above d1srrepanc1es are undoubtedly due to the |
~wide ion residepce time distribution in the TSP source.
lons BH+_Wifh~very short residence times will not reach
equilibrium, i.e. they will noffbe converted: to 82H+-and
‘the1r presence 1n the TSP mass spectrum will lead to Tow

BoH /B1H+_rat1os. Jh]; error will be part1eular1ybla;de
when'the?thermodynamicaliy predicted ratio is large. Other
1nstrumenta1°sources of non- equ1110r1um B1Hf ih the region
1mmed1ate1y outside the. TSP jon source reg1on may also be
present. However, even though the TSP rat1os are lower than

the thermodynamica]]y pred1gted ones,;thelr values clearly '

reflect the thermodynamicaliy favoured'direction.

L

I‘ .

(c) Abp]icafion of ion cluster stability ru1es to TSPMS ’j
It has qeen shown in the preced1ng sect1ons that gas

phase ion cluster equ111br1a are probab]y ach1eved with U

solvent; NH3 and CH3CODH molecules present from the

vapor1zat1on of ammonium acetate and ana]yte molecules when

' these are present at above 107, 3 M in the aqueous solut1ob

A very s1mp1e ru]e for the stab1l1?§70f'hydrogen bonded .

. adducts (82H81) has emerged from stud1es of gas ‘phase 1oh
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cluster equilibria with HPMS and other apparat s. This rule
will be illustrated with examplas of relative ion
~intensities obtained from the SP-spectra presented in the

previous sections.

It is’ found (41-46) that fhe stabifity of hydogen

bonded adducfs 82H+- 81; where By ig
-
increases with the gas phase acidit

dnger.base.
he hydrbgen donor
82H+ and the’gas'phase basicit§ of the hydrogen acceptor'
By. Since tHé gas phase‘acidity of BQH+ decreases
°with increasing baéfcity of the conjugate base By, the
cluster stability of 82H+- By increases with the proton
affinity of By .and decreases with the proton affinity of
By. The rule is best illustrated if oge‘of the_parthers,
say By ig'Kept constant énd the other, 82H+; is changed.
An example jé given in Figure 2:11. fhe constant baéé By is
Ho0 and the changing 82H+ specfes are bXOniUm and nftronium
ions. Jhé bond energy in 82H+- DHé is seen to increase with
decreasing proton affinity of By i“e*'w' h increasing
“acidity of the conjugate acid ByH".

. example of the app]ﬁcation 6f this rule to the
present TSP spectra is illustrated by comparing the NH4¥fDH2
intenéity in the ammonium acetate Specfrum (Figure 2.4) with
the MePyH*.OHy intensity in the spectrum of Figure 2.6b.

In sbite of- the presencq'of a large MePyH+ intensity in
Figure 2.6b, the observed intensity o% the hydr?te MePyH+.OH2
~is very small, while in the'émmonium acetate spectrum the

NHg".0Hy ion is domimant. The small relative intensity of

~
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Figure 2.1 Stabillifyf‘oﬁf‘hy’d_r‘OQen bonded adducts

82H+- OHp. The bond dissociation energy D(82H+-0H2)
increaggs with decreasing protor affinity of By i.e. with
increasihg acidity of the con%ygate acid BoH'. The

compounds Bé are shown in the Figure. From Davidson 42.

L o
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the MePyH .OHy ion follows from the much weaker acidity
of MePyH : PA(MePy) 224, re]at1ve to the acidity of
NH4*, PA(NH3) = 204 Kcal/mo]
I1lustrations of the rule that the stability of

82H+- By increases with the gas phase basicity of By are
-ipresent in the TSPbspectra Figures 2.4 and 2.6. Thus in
Figure 2.4 the NH4+.OH2/NH4t;NH3 intehsity ratio is only

“about 3 for a partial pressure difference OHy to NHj of
’..;ahput 555. This is due to the stronger base‘B1 = NHj,
B PA = 204 Kcal/mol, forming-.a stronger cluster with NH4+ and
thus partially offsetting the very large concentration ratio
in faviour of the weaker base PAXHQO) = 166 kcal/mol.
Similarly, the observed ratio NH4+.NH3/NH4+.CH3CODH'iis about
2 while the partial bressure ratio NH5/CH4COOH is about 1.
1f we examine the proton affinities, PA(NH3) =204,
PA(CH3CBOH) = 190 kcal/mol, we see that again the stronger
base form; the more stable cluster.

In F%gure 2.6b, one observgs a very 1arge?’(MePy)2H+
to MePyH'.CHy ratio even though‘P(Meﬁ;)/P(HQO) is about (pfkg
1/11,000. This illustrates the’fmuc(:h higher dtability of the
MePyH' - MePy relative to the MePyH - OHy adduct which
follows from the much h1gher PA(MePy) = 225 relatwve to |
PA(H,0) = 166 kcal/mol.. /

Adduct ions B2H+- OH, and 82H+? CH30H observed in TSP

spectra witt ¥qﬁgous/methanol mxxtures w111 show relatively
large 1nten51t1es for the methanol adducts due to PA(CH3OH)
= 181 kcal/mol being larger than_PA(HQO) = 166 kcal/mol.

;
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A1l proton affinities quoted in this section are from ige

Lias compilation (22).

r

A

CONCLUSIDNS

1. The observed bésitive ion TSP mass spectrum of
ammonium acetate is determined by the gas phase ion-molecule
equilibria between NH4+ and OHy, NHg, CH~COOH for 1072 to
1 M ammonium acetate conqg?tnations. "The NH; and CHéCOOH
molecules in the gas phaséﬁmUSt result from the thermospray
vaporization process. A gbod fraction of the ammonium
acetate in solufiqn {s converted to gas phase NHj and
CH,COOH.

2. The TSP mass spectra»of organic bases B from
équeous or aqueous?methanol sé]utions containing 0.1 M
ammonium acetate can be ezp]ained on the basis of gas phase
ion-molecule Kinetics and equi]ibria.lehe primary TSP ions
are clustered ammonium ions. .Gaseous B molecules (bases) - —
are protonated by proton transfe? from the ammonium ions.

Af JBLaq <5 x 1073 M the pggtial pressure of B is small

and the formation of BH" igkﬁinetically controlled. Linear
response for BH' on {B]aq is observed. At increasing [B]aq
from,5 x10°3 to 10°2 M the intensity of BH' is increasingly
determined by gas phase proton traqsfer thermodynamics. For
a mixture of bases, the one with the hjghest proton affinity.
will dominate the TSP spectrum.

3. Gas phase ion-molecule reaction Kinetics can at

least semi-quantitatively be applieg to the gas phase TSP



- 106

.
- conditions. The average effective reaction time of the ions
T is a few hundred microseconds. 7
4. The above concﬁuéions are valid for volatile and
moderately volatile analytes (see examples in Table 2.1).
Their applfcabi]ity to increasingly nonvolatile analytes

N

remains to be tested. ~
Postsc&jpt

Duyring the course of this investigation there was a
growing realisation amongst many TSP practitioners that
icn-maleedle reactions play a significant role in the second
stage TSP process. Vestal, in a paper descr{bing the
principles and applications of the TSP LC/MSginterface (47),
acknowlegges that neutral compoﬁnds are apparently iqniséd
by the same gas phase ion-mé&lecule reactions that occur in
ordinary Cl sources, even though the pri@ary "reagent ions;
are produced by means of a different.mechanism. ‘Data
consistent with this hypothesis was obtained v Bursey and
ca-workers (48) who conducted a limited stﬁdy with reactions
| wh{ch were endothermic in solution but exothermic in the gas
‘ phase. The TSP'Spectra they obfained showed the expected
gas phase products. )

The négativ% jon TSP spectrum of 0.1 M ammonium acetate
consists of CHiCOD™ and its differ with CHaCOOH (9). If gas
phase ion-molecule chemistry géQérns the second stage TSP /
- process then the gas phase acj&jiies of the analytes should
determine the observed negative idn spectra. That is

-

<0-',
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~CH3COO' will form A~ from HA by proton abstractidﬁ if
CH3COOH is a weaker gas phase acid than HA (CH3COO'
stronger gas phase base than A"). Conversely if CH3COCH 1is
a stronger gas phase acid than HA (CH3COD' weaker gas phase

\\ base than A7) theﬁ adduct formation to.giye [AHCH3COO]™ is
more likely (21). Parker and co-workers (49) recently
éhowed this to be the case for several model analytes which’
were not appreciaE]y jonised in the pH 7 0.1 M ammonium

acetate solution used as mobile phase:
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APPENDIX TO CHAPTER 2 . ' B
Thermospray evaporation of inorganic ions. ‘ '

Several inorganic cations could be détected by
thermospray mass spectromgdry. Aqueous solutions containind\
10°3 M of the_metal salt (nitrate or sulfate), were pumped -
to the interface, which was operated under noFmal e

‘conditions. For the alkali metals, lithium, sodium,
pétassium, rubidium and cesium the ion signa1s*weE; due to
clusters of the'foran*(HQD)n, where X¥ was the alkali ion
in solution. The results obtained are presented, ié bar
gnaph form in the lower half of Figure 2.12.. Intensities
ane -nC.n normalized with resbect to the largest cluster for
each melel. The position of ths maximum in the water
cluster distribution decreases from n=3 for Li* to n=1 forn
Csf. THis is fh agreemenf with the decrease in cluster

fbindiﬁg energies from Li* to.Cs* (24). The degree of
solvation expected undgr equilibrium conditions at this
‘temperature may be_may be predicted from the thermochemical
data %Ptainéd by Kebarle et al (24). That is for the gas

phase equi]ibﬁium:
X*(HoD)pyoq + HoD = X*(Hy0),

+
. [x (H2O)n]

Kn-1,n = 27 - n - torr!
DX (8200, ) x By [n—ljpfzo
B@ . . ‘ LT o,

where P(Ho0) is the pressure of water in torr.

afh,
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From standard thermochemical relationships

(= e BMnoy g 0 TaSnog ) /RT

-

oHA-1 R and ASn.4 p are Known and this allows K,.1
to be calculated using the previouly estimated effective TSP
temperature of 450°K . With values for K,y n the

c)
relative intensities of the olusters can be obtained from:

[n1.]/[n0] K0’1 X P(Hzo)\(

[npl/[ngl = Ky o x P(Hy0) etc.

Thé calculated equilibrium intensities, assuming a TSP

source pressure of 2 torr, are shown as dashed lines in the

| uppér'part of Figure 2.12. 'Considering that these

between observed and predicted results is surprisingly

equilibria are strongly temperature dependent, the agreement

Q

-~

good. It also confirms that near equilibrium condityons are
attained in the TSP source.

The only other singly charged anion detected was

‘st¥lver, and this was only as low intensity Ag+(H20)n

. clusters. No doubly charged cations, or any other species

were detected fﬁém solutions containing cobalt, nickel,

barium or calcium. Thomson and Iribarne, in their originai

,exper1ments with 1on evaporation at atmospheric pressure

(17), were also unable to obtain signals from d1va1ent ions, ..

o either pclitivé or negative. They attributed this failure

to the muchgghgher so]vat1on energies expected for such.

species. ’f&*~ :
] : &

¥
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Re1ative'ion evapoéation efficiencies

Figure 2.13 shows the ions detected from a 1074 m°
equimolar mixture of lithium, sodium, potassium, rubidium
and cesium salts\in water. The relative evaporation
efficiencies for the different ions can be obtained by
summing the intensities of the various ion hydra?es,
X*(HQO)n, for each metal énd expresSiTgsthis as a
function of the total ionization (TI).“Eabulated below are

the results obtained for duplicate experiments:

Metal Sum of Ion Evaporat ion
Hydrates (%TI) Relative to Na
Run: 1 2 : : '
Li 12 13 . . 0.7
p Na 18 20 1.0 .
K 17 22, 1.1
Rb 22 19 1.1
Cs 30 28 1.5

The observed diffences in relative evaporation aré stall.
At first glance this is a surprising result, considering
these ions have l=rge differences in hydration energies,
ranging from -505 kd/mol for Li* to -278 kJ/mol for Es* at
298°K (50). (' | |

Thompsonkand Iribarne (17), also obtained relative
evaporation rates for alkali ions. Normalized relative to

Na® these were Li*:Né{Q(*:Rb*:Cs+ = 2.8:1.0:1.2:0.6:0.8.

According to their treatment the evaporation rate constant &
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QUADRUPOLE DISCRIMINATION
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Figure 2.13 TSP mass spectrum obtained from an aqueous
mixture of Lithi%m, Sodium, Potassium, Rubidium and Cesium
salts all at 107" M. TSP conditions: flow rate 1 mL/min; *
temperatures: jet 175, vaporizer 246, source 300°C.
Cleester ions are all >(+(H20)n where X* is the alkali ion.

X n m/z X n m/z X n m/z
K 1 57 Na 2 59 Cs O 133
2 75 3 1 151
v 3 93 \'4 95 2 169 9!
Li 3 61 Rb 1 103/105*
479 2 121/123

3 139/141
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is equal to Ae'(E*/KT) where E* is the height of the Gibbs
free energy barrier and'debends on_tHe solyation energy'of'
the ion and the"streﬁéth‘o¥ the appiied field. Assuming
equal concentraﬁxons oi idns at the surface of the ;harged
drop, then the obsetgeg_éoncéntrat1ons of ions 1 and 2 in
the gas phése shou]dtge fﬁ ‘the ratio exp| AGS1 - AGSQ)/KT
where 4Gg is the free senergy of solvat1on of the
. respective ion andv1s a function of the number of attached;

evaporation should Be strongly dependent on the cluste

water molecules. Therefore the relative rates of

size. The evaporation of small clusters is more
energet1cal&y favourable than the corresponding nakéd ion as
the energy barrier is cons1derab1y smaller. If the standard

free energy of hydration’(AGs) is p]otted_as a function of
cluster size (n) for the various alkali metals, then AGg
'progreseively decréaees Qith'increasing n for each metal
i(Figure 11, reference 17). At values of n 6 sery simi]ar
values for Aesfg?é obtained. The similar evapo: ab111t1es S
obtained by Thoﬁson and Iribarne were taken as an indication .
that the clusters which evaporate contain more than 6 or 7

water molecules. The present results, although obtained

under different expertmental conditions, also show similar

ev,i?ration efficiencies for Li*, Na*, K*, Rb™ and cs* and
tené 'to support th1§ hypothesis. However, as the clusters °

ultﬂmately observeé reflect the conditions in the T P.

source rather than the original state of the evapo

10h confirmation of this is hard to obtain.

’
*
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‘ CHAPTER 3
‘ THERMOSPR‘? PpLSED ELECTRON IONISATION - %,
. EXPERIMENTS
: A <

INTRODUCTIdN

Background

‘yon-polar as5well as,a large number“of moderately polar
molecules canndt be iohlsed,by direc: :nermospray (TSP) ~ -Q%

a . kK . ')
A ———; . ~ N .

1on1sat1on (1-4)‘ l’?f'?r‘tbrder for thece &ompounds -to be4 e

i

analysed thetiﬁp 1nterface must be fitted with an external

IRE

) f1lam§nt ’Elecﬁron 1on1sat1on (E1) is then used to
generate. reagent 1ons “from thervapor1zed mob1le phase (1)
This abnormal" mode is refered to as’ f1lament on
thermospray, and the analyte 1s 1on1sed by the*Same
ion- molecule react1ons that occur . 1n conventlonal chemlcal
1onlsat1on (Cl) sources (5). For aqueous solvents the
reagent 1ons consist of an equ1l1br1um set of proton o
hydrates H3O (H2O) Due to the low proton aff1n1ty (PA)
.(204 0 Kcal/mol ) but greater than HQO are generally
protonated under these cond1t1ons whereas they wou ld. not be‘
under normal TSP conditions. Also in many cases more
structural 1nformat1on is obta1ned by f1lament on TSP due to‘
the’ occurance of a more exotherm1c protonat1on reaction (2)
In the preceeding chapter it was shown that volatile
and moderately volat1le analytes are 1on1zed by a two-step
process analogous to convent1onal CI That is, gas phase

o 118
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. NH4+ cluster ions, formed by direct ion evaporation,
-protonate gas phase sample mdﬂecules.generated by TSP
vapor1zat1on To gain a better understanding of this
process 1t would be useful to know the gas phase |
concentration of Ehe neutral analyte.

In order to'determine this information our existing TSP
source was modified so that ions could be generated by
pulsed high energy electrons. By pulsing the electron beam
the protonation of a neutrel analyte (B) can be followed as
a function of time after the initial ionisation. Kinetic
data can then be extracted from the .observed time decay and. -y

used to obtainfan.eSttmate for the gas phase concentration *

of B. ' . ' ¢

EXPEﬁIMENTAL
Mod1ftcat1ons td existing TEP apparatus

| The ex1st1ng thermospray apparatus was mod1f1ed\for
operation with a high energy pulsed electron beam. This
required the fb]]owing changes.

Source modificationS' A diagram of the modified
source is shown in Figure 3.1. On the right side is the
Jo1nt to “the pump out‘11ne while on the left hand s1de the
limited expansion volume copper tube is shownqsérewed into
the source block. ‘The LC vapor1zer is not §hown. Also for
clarity the central heéter assemb]y, which ts mounted
d1rectly opposite the ion exit cone, has been omitted. The

’

upper draw1%g gives the sect1ona] view 1ook1ng from the
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6 SECTION AA
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Figure 3.1. Top and chgs-sectionéTﬁViestof thermospray
source modified fog;pulsed-El operétion.

B: Joint to pump out-line. )

C: Electron beam entrance slit flange:

D: Limited expansion copper tube L gy

E: Ion exit cone. K
Holes 1,3,4,5,and 6 are for the source cartr1dge heaters

¥
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support tower side of the source. The ion exit orifice is
in the.centre of the source. A stainless steel insert,
tapped wjth 4 hofes, was mounted on the toﬁ of the source
block to provide a flat surface on which to seal the
electron entrance 81it flange. This required the sacrifice
of cartridge heater #2 whichvﬁas mounted. symmetrically
" opposite #5. A 0.7 in. i.d. hole was then drilled through
the insert into the central volume of the source to take the
entrance slit assembly as shown. This hole was drilled as
close to the copper expansion tube as the existing design
allowed. That is, as far "ubstream’ as possib1é from the
‘ion exit hole. The electron entrance slit was constructed
by spot welding,«Under magnification, two‘sggll lengths of
stainless steel razor blade across the machined slot in the
end of the "top hat section" flange. In this way an
aperature of 35 pm_X 1 mm was obtained. This was then
inserted into the‘%ole ih the source and sealed by a gasket
constructed from 0.015 in. o.d. gold wire. The distance
from the electron entrance slit to the ion exit slit was
;calculated to\be about 4 mm.

- Mounting and alignment of electron gun: A high
energy e]eétron gun' assembly (Figure 3.2), described by Lau
(6), was mounted on the top flange of the vacuum chamber so
thaf it was vertically ébove the é}éctron entrance sdit.
The gun operating voltages were obtained from a simple
potential divider circuit. The heater supply for the

_thorium irtidium filament was floated at -2 kV. Typical
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Schematic diagram of high energy electron gun. -

—1
I |
S N
-1
1 23 . 4 S
Figure 3.2.
1. Filament.
2. Drawout plate.
3. Extractor.
4. Lens #1.
5. Focus (Lens #2).
6. Lens #3.

S -

7.
8.
9.

10.
i1,

Extractor.
Y deflection 1/2 plates

X deflection 1/2 plates (shown

\rotated 90° from true position).

Vacuum flange.

Shielding'cylinder.
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operating voltages are given in fable 3.1. In order to
direct the electron beam through the entrance slit and into
the source it is normal practice to locate, in the wail of
the source, an electron‘frap electrode opposite the entrance
slit. Due to the position of thg source heafers it was nat
possible to mount such an electrode.in this case. To
circumvent this problem'the following procedure was adopted
to initially obtain maximum electron transmissibn into the
source. The vapoﬁizer was removed from the TSP source and
replaced by a threaded Vespel SP-1 resin spacer with a 1/16

in. i.d. hole drilled in the centre. A small trap eiectrode
i

was constructed by spot welding'a small stainless steel disk

“to a length of 1/16 in. o.d. stainless steel rod. The trap

electrode was tBen positioned opposite fhe electron beam
entrance slit by ‘pushing the rod through the hole in the
insulating spacer. Elecirica\ connection to the rod was
made from one of the spare feedthroughs on the TSP flange by’
means of a length of copper wire. A Keithley 6108
electrometer was used to measure the trap current. With the
system hnder vacuum the electron beam deflection ‘'voltages

were manipulated to achieve a maximum trap current of 0.3 pA

(see Table 3.1).
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TABLE 3.1
Typical Operating Voltages for Electron Gur
‘used for thermospréy pulsed-EIl studies 4

[
°

Electrode? |  Voltage (volts)
{.. Filament : © . -2000P
| 2. Drawout ‘ -1950 o éj/ii
3. ' Extractor . -1880 | v
‘4 Lens #1 . | -50b
5. lens #2 (Focus) . -1805
6. Lems #3 | : - -50P ¢
7. Deflection half-plates £
X | -59 -
Xy - . -50P

8. Deflection half-plates

Y, ) -39
Yo - -s0b
TSP ion source . +5

Typical control meter readings under continuous electron

bombardment‘were:
Emission current: 1 mA .,
Case current (electrons hitting TSP source): 44 pA
@ Numbers refer to Figure 3.2.
b These voltages were fixed, other voltages were.

variable.
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For routigf pulsed-El thermospray operation 1t was found

that these settings only had to be altered very slightly to

obtain maximum ion intensities. ' *

Pulsing of the electron beam: A schematic diagram, - &

showing‘the electTical circuitry employed for pulsed-El
thermospray operatwon is shown 1n Figure 3.3. Pu]sing of
- the e]ectron gun was accomplished by varing the potent1a] of
?he drawout e]ectrode at regulated 1ntérva1s. A copplete
discription of this process is given by Lau (68). Briefly,
- if this electrode is held at about 40 volts moré negativee
. than the f11ament then no e]ectrons are gated into the -
electron gun. A float1ng pu]sefbenerator, trﬁggered by a
master pulse generator, is used to sw1tch the drawout
potential to aboUt 60 volts more positive than the filament
'for a(preset-length of time (pulse width). Electrons are now
‘acce?;rated throhgh the gun and pass into the TSP source.
The frequency of the electron beam on/off cycle (pulse
repititibn rate) was typically 0.8 to 2 ms, whilst the pulse
width was varied from 10 to 100 psec. The triggering pulse
from the master pulse generator also initiates the swéep of
a multichannel analyser which was used to record the ion
intensity time dependence of a selected ion after 1he
initial ionising electron pulse.

Detection system: The existing channeltron electron
multiplier (CEM # 4830), which could be used in either an
analog or pulse counting mode, was retained for this study.

Such mu?tipliers are designed- for high gain. and to give ©
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Figure 3.3. Schematic diagram showing electrical

circuitry employea for pulsed-El TSP operation. Only the

filament and drawout plate are ¢hcwn for the electron gun,
) .

Vo]tages for the other lenses were obtained from the same

potential divider.

8

A: Isolated filament supply. _ E.G: Electron Gun.
| B: Drawout plate. " F: TSP source voltage.' ’
C: Direction of flow through source. T.E:’Total emission. |
D: Floating pu]ge amplifier. , D.0: Drawogt voltage.
E

. Master pulse generator. C.C: Case current.
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‘more.uniform pulse amplitudes (7). This allows the use of
standard discriminator techniques to eliminate spurious
noise events 6riginatihg either elsewhere in the CEM, or
from soft x-rays or neutrals hitting the éonvers{én dyﬁode
(7). Also in the pulse counting mode a change in the
absolute magnitude of the pulses is . not significant, §
prov1ded t?eygrema1n above the discriminator level.
Consequently factors affecting the amp]Tf1cat1o$geff1c1ency.
such as ion mass or velocity are not important when pulse
countdng is employed.

The high speed picoammefer. which had been used to
measure the analoé output from the CEM, was replaced by a
pulse counting system; Experimental details of the
application of this detection téchnique to pulsed high
pres;ure mass spectrometry (HPMS) are given by Lau (6). In
this study the instrumentation used consistéd of a four
stage amplifier (EGAG # AN201/N), a discriminator (EG&G #
T101/N) and a ratemeter (Ortec # 441). Output pulseé from
the CEM are amplified, but only those above fhe preset
threshold level are counted by the ratemeter. To measure
the CEM output, .as a function of time after the electron
pulse, the signal from the ratemeter was'connected to a
multichannel analyser (Nuclear Data # é200). Coﬁventionaf
ion intensity §§ m/z spect E were obtained by perforhing a
frequency to vobtage conversion and feeding the DC signal
into the Y input of the X-Y r?corden (Hewlett Packard #
70048B) . ‘

127
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Typical operating conditions’

AThe TSP source was operated under the same conditions
. as those previously used. That is: vaporizer temperature
" 240°C: source temperature 300°C; jéi temperature 170°C_aﬁd
source potential +5 voltéﬁ Typfca] pulsea-EI TSP operéting
pressure§ we;e about 4 x 10”2 torr in main chamber, 3 ; 106
torr at ?he back of the'guadrupole chamber and 1 torr iﬁ‘tbe
exit Tine.. .
Measurement of time dependénce and treatment of data‘

The time dependence of seleéted ions, that is, the
recording of ion intensity as a functidn Qf elapsed time
after the electron pulse, wére obtaihed as follows. The !
dwell time of the miitichannel analyser was set to 10 pgkc.'
per channel and 256 .channels were utilised. }n”the.first 10
psec. after the electrdn pulse ‘the number of ioﬁs arriving
" at the‘detector were acéumuiated in channel 1. The nﬁhﬁer
of ions that arrived from 10 'to 20 psec. were accumuiated in
channel 2, and so ?n for 256 .channels. The changelin ion
intensity is recorded in this way for 2.56 msec. In the
pulsed-E] thermospray”mdde’the signal decay is much‘faster’
than‘is typ?cal]y'qbserved in pulsed:HPMS measurements (see
?esu]ts and discussion) and fhe ion intensity decays by
about a factor of 103 in less tpan 1 msec. Consequently,
to repeat the procéss..the,électron'gun was pulsed agajn
kafter only 0.8 msec. Theﬁtﬁtal collection time per ion was

tyically 2 minutes.
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Tne\operaticn of the pulsed-EI instrumentation-was
vvtested_under "static conditjons“,‘that'is‘at'ambientg
‘temperature and without any liquid ftow into the.TSP source.
Instead water vapour was introduced into the source through. %
the pump out ltne. A cr sure of about 1 torr Ho0 was - 5

maintained in the strce After the pu]se of 2KeV.

electrons, rap1d react1ohs in the reagent gas produce an

l/

equ111br1um set of proton hydrates H30% (Ho0) . These 1oni£§£//
' ‘ Py

due to their low gas phase basicity.-rapidly ionise the
ana]yte B by proton transfer prov1d1ng PA(B] > PA(H,0). A7

/,

_ The t1me dependence of the reagent ions 1nvolved in 1onJ'

molecule reaction (1) >
H0* (HoO),, + NHg = NHg*(Hp0)p + (n=m+1)H0 (1)

is shown in Figuré 3.4 for n = 3,4 and 5. The variables

plotted are natural logarithm of accumulated counts per .

channel against time elapsed after the electron pﬁlse. The
rate of loss of these ions, given by the sldpé of the lines,
is determined by the rate of reactive loss plus diffusive

loss to the walls. The analyte, in this case NHg, was
present in residual traces 1n the ion source. The time
dependence. of the ions 1nvo]ved in the ion- mo]ecule
equilibria (2) and’ (3) are shown in Figure 3.5.

NHg* (HpO)p + HoD == NHz*(Hy0)3 (2)

NHg*(Hp0) g + HoD- NHg* (Ho0)g : (3)



‘Figure 3.9. Time dependence. for H3O*(H20)h ion
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intensities, where n=3,4,5 under "staticf operation,
Gaseous mixture in the TSP source: 1 torr-H,0, trace
concentration of NHy. Source temperature 3009K. Pulse
wfdfh: 100 psec., repetifﬁon rate: 2 ms.
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NHg* (HpO) P,

2. (\ . o

LOG ION. INTENSITY (counts/channel)

©oosr Uiw, o TIME(msec)

Figuﬁe 3.5. Time dependence for NHg* (Hp0), ion

intensitiesf where n:2,3,4 under "statfcf,operation.

Same condiiions as those'given fornyguﬁ¢f3;4{': {
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In équations (2) and (3) the concentration of water is

¥

constant, therefore the invariance of(the‘relatfve=iohl
intensities,with‘tuPe in Figure 3?5'i§ indjcative,of
equilibrium having been obtained. It is assumed that the
retative intensities of the tons in Figureu3.5 represeht the
‘relative intensities of the‘ionshih the jon source (8).
_Afte:fa time of about 1 ms. the rate of 1css'of these
product iorfs is determined primarily by the rate of

diffusion to the walls. . | s

L
v

The gas phase intensizy f a giyer'reagent ioh:ihvolyed
in equation (1), say Hg0% (=501, = AH*, will obey first order

~ kinetics, i.e. equation (4 .
IN[AH*]y - TnlAH 1.og = KqINHglt S 1a),

where Ky is rate constant for'protcn tranSfer and [NH3]_w
is the number of molecytes of NH3/cm 1n the”gas bhaae
:S1nce [NHg] is many orders.of . magnltude hagher than [AH ] |
the concentrat1on of the former can be cénSIdered constant. 'fﬁ;h!;
The rate of reaction (1) is therefore dgpendant on the
pseudo f1rst order rate constant v 1 where

V= K1[NH3] sgc N Plott1ng ln{AH ] aga1nst t nges a
‘slope of Vy. Hence a value for V 1 can be obta1ned
.d1rect1y from the .slope of the reactant ion decay 1h thure‘
3.4. Providing Ky is Known, or a rea;onable est1mate can h

be made, one can obta1n the gas phase concentration of the

neutral base, in this case ammonra. To obta1n this Value in

FE



torr, the appropriate values can be substituted into

equation (5).

)

PIB) rgpp = (1.03 x 10718 x T x ¥ 41/(ky) +  (5)

£

‘where T is the ion source temperature. ThQS'by'obteining

‘the tlme dependence of §pec1f1c jons dur1ng pulsed-EI

T

_thermospray operat1on1¢h1s method via equation (5), allows

the concentrat1on of the neutra]s produced by the TSP

vapor1zat1on process td be est1mated

>
o

P N

. . .
r . ‘
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1

RESULTS AND DISCUSSIONY
Time depéndéncq\of ions at normal flow.rate ¥ .

Initially the kinetics of proton transfer to volatile
and moderately yolatile analytes was investigated;as.thefe
# was good evidence that these were present in the gés phase
as predominant}y neutral .species after TSP vaporization (7ee:
Chapter 2). The results obtained from a 1072 M aqueous 45‘
solution of pyrfdine (Py) are shown in Figure 3.6. In this
experiment the protonation reaétion (6) is*being followed as
a function of time afterézq initial ZOYPsec. pulse of |

jonizing electrons.
Ha0*(Hp0)p + Py = PyH' + (n+1]H,0 (6)

It s evidenf from Figure 3.6 that reactant ions, H3O*(H20)n.
and the product ion, PyH*, all have very similar intensity
vs time profiles. Furthermore the decéy is very faétn the
half-life (ty,p) being ohly about 8 pseb. 1f sufficient

time was available for this reaction to occur then -the—
reactant jons would decay at a ig&gﬁfimi1an-to that:observed
under “staticvconditions“ as:illustr;ted jp Figure 3.4. The
decay of PyH+ would be slower and bé;dejerﬁﬁned mainly by
the fateégfjdiffusional los;vto the walls as seen in Figure

3.5.

& - ¢

Assuming pseudo first order Kinetics and complete
vaporizatidn of the'analyfg the expected half-life, for a

system not limited by time, can be calculated from equation

~N
’
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Figure 3.6. Time dependence for H3O+(H20)n and‘\ PyH* ion

intensities gererated from pulsed-El ionization of TSP

flow. Analyte:' 10”2 M aqueous pyridine (Py).

@ Filow rate: 4 mL/min, source pressure: about '1 torr,

‘pu1se width: 20 psec., repetition ra‘te_:-0.8 ms.
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(7), wherq\n“= number of-Py‘moTeculeS/cm3 in the gas phase.

ti72‘= (0.69)/(K5n) | _ (7)
n=9.8x 108 (1)1 p(Py) torr |
. A N

Assuming the actual pressure in the TSP source is about
twice the read;ng on the, downstream pressure gauge, then the
total pressure will be about 2 torr. The partjaf p;essure
of analyte} P(Py), is'thérefqre équal to 2/5550 = 3.6 x\10'4
torr, assuéing the molar bét{o Py/HQO is preserQed in the
gas phase. The -rate constant‘Ks is assumed to be close to
the collision limit of 2 x 1079 molecules "1 em3 sec!. 1f
a TSP temperature of 450°K is taken fﬁen equation (7) can’be
evé]uated to give ty/» :.44 psec. This sUggeSts that under
 pulsed El-thermospray conditions the rgﬁCtion time is severe}y
limited. This is possibly due to a cémbination.of the placing

of the electroh entrance slit and the fast flow through the

source. If this is the case then the limiting factor will &
- the time it fakes a "slug of iéns" generatedsby the pulsed
electron beam 'to reach the hole in the ioﬁ exit cone.
Tabulated below are the results from an experiment

.where the timé dependence of the H3O+KHQO)2 cluster {on was
studied as a functipn of théodurat$on‘o? the electron pulse
(pulse width). Distilled Qater was pdmped to the TSP source’
which was operated under normal conditjons of flow. and

N

temperature.
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Pulse width Width of time profile

(psec.) . aty 1/10 he1ght (usec.)
20 | .,f " s
40 " - B0
80 100
100 | 120

¥

The actual t1me p> of1les, in this case plotted using a
11near intensity scale, are shown in F1gureq3 7. In each
case the start of the electron pulse is indicated by an

arrbw. Data points were taken at 10 psec intervals. It can "

be seen that the width of the observed time decays parallel

-

the increase in pulse width from 20 to 100 psec. That  is

peak width (1/10 he1ght) = pulse widt 20 psec. These

results are consistant with the t1me d ay being determined
by the time taken for a "slug of ions"{ to pass across the
source ex1t hole.

In each case the t1me de\ay between the centre of the
3 '7’;

(:electron pulse and the corresponding maximum in the ion
decay profile in Figure 3.7 is about ?0 psec. his delay is |
a combination of the time taken for ‘the ions iggngve from 3. ‘

the(301nt of creation to the ion ex1t hole, tha§§1s thaa_?ﬁf-'

&

Feaqt1on time for:proton transfer if an'ﬂhalyte B was i
“present, plus the time of flight from the TSP souice to the
quadrupole detector.: Afte( the ions leave the source they
are accelerated towards the sK1mmer electrode (see F1gur§:}-;‘

2.11, Chapter 2) by a potentigl of -30 volts. Once inside

they travel at constant ‘velocity, with an energy of 30 eV,
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Figure 3.7. Time dependence for H30" (H90)9 cluster ion

intensity as a function_of increasing electron beam pulse
widthy Arrows indica“te‘starkt of electron pulse in each
case. Data points are at 10 psec(:. intervals. Other ’

"conditions same as those given for®igure 3.6,
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until they reach the auxillary ion source. ‘When,the TSP
source is in operation the plates in this source are held at
the same potential as the quadrupole and detector, i.e. at
ground.Consequently as the ions enter;the auxillary sohrce
tHey are retarded and attain an eneﬁgy of 5 eV:which
corresponds to the potential difference between the TSP
source and ground. The time of flight, over a distance
d(¢m). for an ion with energy E(éV)‘and mass: M{amu) can be
obtained from equatio;b(B}. | |

TN

t =0.714d (M/E)”2 psec. (8)

Using this expressioﬁ flight times were estimated for the
: fél]owing distances:
dq, from ion source to the front of the sKimmer, = 1.2 cm.

ty = 0.32(m)1/2

do, length of skimmer electrode, = 4 cm. ’
0 1/2 w

ty = 0.52(M) :
dj, distance‘tﬁ?ough auxillary ion source, = 0.8 cm.
ty = 0.26(m)1/2

|
ﬁaﬁ. length of quadrupole rods, = 14 cm.
tg = 4.5(m)1/2 . o

Note t was obtainedléssumiﬁg thaf on acceleration from
the ion source:to the skimmer electrode the ions reach on
average only one half of there terminal energy (6).

An estimate for the fotal flight time (t7) can be obtained

from ty+to+tgtty = 5.6(M)1/2 psec. In this case

~
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M=55 and ty is.apngoximate1y 42 psec. Hence the reaction
time under pu}sed El thermospray cond1t1ons is approx1mate1y

(70 42) psec , or 28 psec. As the pulsed electron beam

ehters the TSP source approx1mate1y 4 mm "upstream" from the

'iah ex1t hole’ th1s yields an extlmate for the flow ve]oc1ty

1“hrough the source of 0.4/(28 x 10°8) = 1.4 x 10% cm/sec

N

: : AR order of magh1tude ca]cu]at1on for the flow veloc1ty g

f through the TSP source may be made as follows. Assuming a h
density of 1 the mass flow 1nto the vapor1zer is_1 gm/min.,
wh1ch 1s equ1va1ent to 0.06, moles/m1n for Hy0. Assuming
complete vaporwzatxon the volume of gas generated at a source
pressure of 2 torr and temperature of 2500C, ca1cu1ated using
the ideal gas, equat1on is 16.3 11tres/sec (1.6 x 104
cm3/sec 3. Assummg the flow thn,g the hmwted expansion

vo]ume reg1on (see Figure 2, 2 pfér 2 has an effective area

‘of 0.5.c_m2 thzs flow trans]ates“1nto‘a finear velocity of

about‘3 &‘104 cm/sec. ' This is in good agreement with the-

exper iwentally derived value noted above. ’ ,
dne}ance from the tip of the caplllary to the exit hole

in}the TS@“soun%g.1s 3 cm. Us1ng a flow velocity of 1.4 x. 104

cm&sec aniﬁpper}tjmit of 3.0/(1.4 x 1047asecs. or 261‘psect

can be catdgiéted tor the normal "filaméntgoff“ average TSP

reaction tinml ‘owever, as’directtthermospray ions. are probab1y‘

formeéﬁslight ‘jownstream" of the capﬁl]ary exit, then the

actual average reaction time will be sunewhat less. This is in

good agreement w1th the value of 340 psec. obta1ned from Kinetic

treatment of TSP data given in chapter 2, as that time was

A
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unceﬁtain by afileast a factor of 2.
% . - i

Time}dependence of ions as a fuction of TSP f]qw rate

The time dependence of PyH* as a function of the liquid
flow rate into the TSP source is shown in Figure 3.8." As the
flow rate was decreased the exit valve on the pump_out line was -
adjusted to maintain a constant source pressure o; ab9ut 1
torr. Also the TSP vaporizer temperature was-heduéed {0 . ‘
maintain a constant jet tempe}atuqe of approximate]y 180°C in
each case. The results obtained génfirm that the ;bServed time,
decaygis strongly dependent on the‘fiow velocity through the
source. At.flow rates near‘1 mL/min the s]ope.is‘very Steeﬁ and
the decay essgntia]]y parallels fhe palse width. Whereaé at low
flow rates, that iskl%ss than 40 pL/min., the decay is°pﬁimar}l§»
determined by the rate of diffusional loss to the walls.

At a flow rate of 40 ul/min. ty,o for the decaQ of
H3O+(H20)2 for a pyridine concentration of 1072 M was about
32 psec. (see Figure 3.9). .This is considerably closer to
the calculated value of 44'psec. and indicates that, to a
large exten}, ion/molecule Kinetiés are now determiningsthe
observed decay rates. The gas phase chcentration of
pyridfhe present from TSP Qaporization,wés calculated as
follows:
From Figure 3.9 the slope of the time decay for H30+(H20)2.
. which is du%\fc reactive pﬂUs diffusive loss, ga&e a value
of 21400 sec\! for ¥ - Using the slope of the fime

1

_decay for PyH* an es.imate of 10900 sec™ ' was obtained

\
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Figgfe‘S.B. Tinke dependence of PyH* generated from
pulsed-EI ionisation of TSP flow as a function of liguid
flow rate. Flow rates in ul/min are indicated. Analyte:
1072 M pyrid:ne (Py), source pressure: about 1 torr, jet
temperature: about 170°C, pulse width: 20 psec.,

repetition rate: 0.8 ms.
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. -H30+(>H20)2 - | B .PyH+ |

LOG ION INTENSITY (counts/channel)

1-_ -
. / ",
02 04 02 04 06

TIME (msec.)

B .

' Figure 3.9. Time dependence of Hy0"(Hy0)y and PyH*
Léeherated from pulsed-El ionization of TSP vapor undeb
Conditiong of reduced flow. “Anglyté: 10'2 M pyridine
’ku). flow‘rate: 40 piL/min. Other conditions same aé'those

given'in:Figure'3.8.

Q
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for the rate of diffusive loss.

C

Thus ¥ peactive = 21400 - 10900 = 1osoo~sec‘1.

A

. .Substxtut1ng th1s value 1nto equat1on (5) and assum1ng a

ya]ue of 2 x 1079 molecules™ ! cm® sec™! for Kg one obtains a
vaiue for. P(Py) of 2.5 x 10°% torr at the TSP temperature of
4509K. | -

This is in good agreemeht with:thé expécted partial préssure
of 3.6 X 10;4 torr calculated previously. But coﬁsidering
that pynidﬁne is ieby,vo]atile this is hafd]y an‘uneXpected‘
result. Unfortunately, wien this experiment was repeated at
the same flow rate with a 1e§§‘$blatile\aﬂalyte, 1072 M
proton sponge in aéidﬁfied water, fhe TSP source Wa§ SO
severely contaminated w1th carbon1sed mater1a1 that no
re11ab1e K1net1c data could be obtained. However te resulté
obtained with pyridine. do 111ustrate that the expe~imental
method is sound. Furthermore, w1th a redes1gned TS? source in
which the electron beam‘1s placed cons1derab1y fur}her away
from the ion exit hole, Eheré is no obvious reason why Kinefic
‘data could not be obfained at normal flow}rates with 1oweb.

analyte concentrations.

Y
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CONCLUSIONS gj»" e . ‘wasf,,_,/“\
At flow rates of 1 -mL/min, the flow through the TSP
. -Nf .

source is very fast be1ng approx1mate1y 1. 4 x 104 cm/sec

thh an e]ectron beam p]aced pnly 4 mm “ups?ream“ from the

f«'1on ex1t hoJe th1s 11m1ts the react1qh t1me under pulsed El

Y Gf
L

s

Jf cond1t1ens to abput 28 usec e o :

Under these cond1t1ons the t1me dependence plots for
both reactant and’ product 1ons are pract1ca11y identical.
ln each case the t1me decay prof]te parallels that of the
electon beam pu]se and consequently no kinetic data on ion

m@lecu]e react1ons can be/pbta1ned

& }?j;%“ US1ng a value Of 28 psec for the reaction time under

pu1sed El cond1twons it is poss1b1e to estimate an upper

11m1t of 214 psec for the normal "filament-off" -average TSP

‘,,reactlon t&me This is in.good agreement with the value of

.&‘:

.“4
R

.....1

v a few hundred m1croSeconds obtained from the Ktnet1c
treatment of TSP data: given in chapter 2. "

K1het1c data for the gas phase protonat1on of pyr1d1ne

by H3O (H@O)Z was obtained by reducing the 11qu1d flow rate fﬂ&? J

ﬁ*to about 40 pL/min. The‘§§§ults obta1ned were consistent
»wwth TSP vapor1zat1on of the pyridine as .neutral molecules
 and the molar‘rat1o Ho0/Py in solution be1ng maintaihed in
| the gas phase/ However this approach was not successful
w1th less volat11e analytes |
These 1n1t1al studies demonstrate that the pulsed EI

technigue ha# cons1derab1e potent1a1 for the determ1nat1on

of_neutral 7ha1yte concentrat1ons in the gas phase after
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TSP vaperi7étfon Unfortunately, the 1oca£ion' of the
electron beam with respect to the ion ex1t ho]e was
determined by the design of our existing. TSP source and
vacuum housing and was far from ideally pos1t1oned. W1th éi
TSP system specifically designed for pulsed El operat;on it

should be possible to obtain re11ab1e K1net1c 1nformat1on at

flow rates of 1 mL/min.
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CHAPTER 4

CHARACTERIZATION OF RADIATION INDUCED DAMAGE
TO POLYADENYLIC ACID USING HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY TANDEM MASS SPECTROMETRY

INTRODUCTION &

Rad1at1on damage to living ce11$
N -The de]eter1ous effec* of ionising rad1at1on on 11v1ng
cells arrses as a consequence of free radical Qamage to
critical biomolecules such as DNA (1). Due to the
rélatively'high proportion of molecular water in cells,
60-70%'0j cell damage has been attributed t~ hydroxyl

radical-induced events (2). When water absorbs ionising

rédiatioh iﬁ.gecomposes according to the oyeréll equation:
HyD —AWWA— “OH, "H, egq, H30", Hp, H0j.

Both radical (-OH; °H, e;q) and molecular prodths (H2,mH202)
. w .

are formed within a local region of high concentration

commonly refered to-as a spuﬁh(é). The steady state yields

after 1078 seconds at neutral pH are as follows (4): f\KD

Y
1+ A.version of this chapter has been accepted for.

publ1 €t1on A]exander, A.J.; Fuciarelli,A.F.; Kebarle, P.
and Ra e1gh J.A.; Anal. Qbem 1987.

o Iaan
N
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Species: esq H TCOR H0'  Hy o Hy0)
G value' 2.7 0.55 2.7 2.7 0.45 0.7 -

1. G = noleculés produced per 100 eV« {(5).

- The relat{ve importance of hydroxyl radical-induced events
have largely been deduced fromvsiuoies that have used either
dimethyl sulfoxide to scavenge hydroxy1 radica1s ('DH
conoerfed to'fess reactive CHg") or nitrous ox{de to.
1ncrease the yield of hydroxyl radicals (5,6). Nitrous.
ox1de converts aqueous electrons to hydroxyl rad1ca]s,

NoO + eaq + Ho0 = OH + OH™ + Np, thereby maximizing their

'yield from water radiolysis (G = 5.4). In general, the
interaction of the strongly oxid%zing ‘OH radical-with

wnuclefc acid constituents results in the formation of

.secondary radicals through either an addition process at
sites of unsaturat1on, or by a hydrogen abstract1on react1on
(6): Such react1ons can ultimately 1ead to strand breaks
(double and single), cross]inks (DNA-DNA) and moJecular
modifications to the bases and sugar moieties {1). Free
rad1ca1 damage of .this kind has been implicated in
mutagene51s, carcinogenesis and pro11feratrve ce11 death
(7). Therefore, character1satwon of spec1?1c molecular
products in irradiated aqueous solutions of nucleic acids
may lead to an 1mportant advancement in understand1ng the
consequences of molecular modifications at the cellular

level. However, detection of such damage 1s comp11cated for

two reasons; specific product formation is very low and
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y in- enzymatic digests.of tRNA (17).J However, most HPLC-MS =

150

radiationikldlced damage is re]étiVely non-specific. To
overcome these complications, the analytical methodology

must,t.eally posses:high sensitivity and universal

-3

Detection of molecular damage

_The‘detection of»ho]é;u]ar damage in irradiated ‘ e
solutions éontaining nucleic acids is a challenging
analytical problem. Immunochemical assays for specifi;
radiation-ihduced‘mo]écular products .have béen developed (8)
and used in radiation chemical studies‘(9,10).. SucthSSays

have the ability to measure damage in situ with high

. ?

sensitivity and good specificity. Recent studig€ have
deménstrated that capillary column gaé chromatagraphy - mass
spectrometry {GC-MS) combined with micro-derivatisation can

be utilised to identify a wide variety of products resulting

from radiation-induced damage td DNA with very high

sensitivity (11-15).  The sUccessful coupling of'high

per formance liquid chromatography and mass épectrometry'

(HPLC-MS) has provided an alterhative route of analysis for .

R polab and thermo[abile compounds'which'has potential for

radiation chemiocal studies. Recent studies have shéwn the

htility of HPLC-MS for the analysis of nucleosides present

_in urine (16) and for the detection of modified nucleosides

N

jnterfaces; including direct liquid introduction (DLI)

(18,19), thermospray (20%; ion-evapbratéon (21) and

Q. . ‘
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nébu}isation into an atmospheric pressuré chemical
jonisation [APCI] source (2;;24) all produce abundant
pseudo-molecular ions,.but‘few fragment ions. Although this
is beneficiél in terms of overail sensitivity, only limited
§tfuctuhal information is obtained.
Tandem mass specrometry
Tandem mass spectrometry [MS/MS] (25,26), is a means of
‘ overcoming'this inherent lack of specificity whilst also
maintqihing good sqnsitivity. With MS/MS, structurally
“signifjcanp,daughtéwwjons are prqduced by collisionally-
indﬁcéd_dissociation [CiD] of the réspective parent ion. In
this way additional structural data is obtained and tﬁe
MS/MS separation stage enables co-elutiqg compounds to be
distinguished and identified. MS/MS instruments having
triple quadrupole Qeometry (tﬁiple-0)0h§§e.an in-]inei
arrangement of 2 independent mass ana]ysing quadrupéles
‘C)‘ (Qq and Q3), with an enclosed rf only (total ion) mode
quadrupole collision cell (Qo) ihSéhted between them. If
only one detector is used then tﬁié is mounted after403.
In normal operation the first qugééupo]e (01) is set to
transmit only a selected parent ion, which maybe collision-
ally dissociated with argon'in402; The ionic produéts of
decomposition (daughter ions) are then maés analysed by the
third}quadrupole (Qz). If conventional massvspectra are

required these may be obtained by operating-Qy without

collision gas and Q3 in the rf only (total ion) mode and

Y
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) : ‘ /
mass scanning with 01; Other more sophisticated scanning
modes are also available (27).
| Covey and‘co-wohhers (28) have récenf]y demonstrated
fhe advantage gained when a heated nebuliser APCI intérface '
;'{s used in combination with a triple-Q MS for' the analysis’
' o% drugs in crude equfne urine. In this present study a |
triple- Q 1nstrument using the same type of interface has
been used to identify molecular products resu{t1ng from
radiation damage to a model nucleic acid, polyadeny11c acid
(Eoly A), after enzymatic hydrolysis of the polymer to the

“mononucleoside level.

EXPERIMENTAL
Reagents

"~ Authentic: samp]es of R- and S-8, 5’-cycloadenos1ne were
obtained from the rad1olys1s of adena§1ne 5 monophosphate
(5’ -AMP) and 8 hydroxyadenos1ne was synthes1zed as described
previously (29). A]Kal1ne phosphatase%}nuc]ease P1 (NP1)

adenine, adenosine, 2'-AMP, 3'-AMP, 5’«’_9,

'2’ 3’-D-isopropy]idine-adehosine and pojfﬁﬁenylic acid (Poly
A) were obtained from.the S1gma Chemical) ﬂ;any (St. Louis,
Missduri) and used without further pur1f1dﬂ%@on The'
compound, 8- « r1bofuranosy1aden1ne 5’ - monohﬁééphate (a- AMP)
was a K{nd g1ft.of Dr. M.q. Robins {Chemistry Department,
University of Alberta). Alkaline bhosphatase was used to

hydrolyse a-AMP to the corresponding nucleoside. Other

chemical were chromatographic or reagent gradé and wehe
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obtained from local sup, liers.

Irradiation T ” B "“_ ‘ s
Irraoiaticns Qerw peformed,in a Gammacell 220’50C6-&“’
red” 1tion source (£ rvic Energy of Canada Ltd.) ;t a dbsev
rets o1 57.. 7 /- .. as measured by:Fické dosimetry;(SO).
‘The tote ;,;_yaé»]QOO Gy (1 Gy = 100 Rad ;.doulé/Kg)@é-
Solutions jffpoiy'A cbntaihing’694 pg/mL were'mgdé"uqi?n:
distiﬁeﬁ water (pH 7.0) which had been purified "'ari_a‘f*’»
deionized before use by passagefthrough a'Bafnstead[thnee
module NANOpure water purification §ysﬁem (supb]iea by -
Fisher Chemical Co.).: The 2.0 mL samp{es of poly A were
bubbled with nitrous oxi@g for 15 minutes prior to ahd
throughout the fime of irradfation. ;»itfous_oxide convérts
aqueous;elgctrons to hydﬁéxyi radicals'[NQO + egq + Ho0 {_"
COH + OH™ + No] (5) theréby Maximizing.the~yield of hydroXy]
‘radicals from radio]yéjs{of‘water. in‘the presenceﬁofu
nitrous oxide the yfe]d of hydroxyl radica15‘from water
'radiqusis, expressed in terms of the?G-Qélue (molééules
produced per 100 eV) is 5.4 (5). The nitrous oxide was
vscrubbed free of oxygen‘by'passage through a 0.1 M sodium -
dithionite trap and free of acidic imburities by paéségé

through" a 0.1 M sodium carbonate trap.

n.a

Hydrolysis of Irradiated Poly A
The irradiated poly A was hy®jolysed with nuclease P1 as

previously described (10). Briefly, 0,25 mL of a solution

3



,of nuclease P1 containing 7. 5 un1ts/mL enzyme 1n 8 bd?fer of

~hydro1ysed to gﬁi corresponding nucleos1des with alka]1ne

A LY

!

30 mM sodlum acetate (pH § 3 and 2 mM ZnSO4 wére added to

0. 5 mL of poly A so]¥ﬁ1on This m1xturenwas 1ncubated for
> P ‘
18 hours at 37 ©C. .

The mixture of mononucleotide'proddcts was further .

phosphatase jiin a typical experiment 0.25 mL of a solution’

of alka11ne phosphatase (25 un1ts/mL of alkaline phosphatase

in 1 M sodium'carbonate/bicarbonate buffer at pH 9.6 -
conta1n1ng 0.1 M magnes1um chlor1de) was added to the NP1

digest of the 1rrad1ated poly A and the m1xture was

“incubated at 37°C for 18 hours. f )
A | .

Chromatography S /
A Waters mode | GOOOA ]1qu1d chromatograph pump, a . f\

m'ne mode] 7125 1nJect1on va]ve with' a 100 pL sample

"loopl and a Waters model 440 f1xed wave]ength uv detector

(254 nm) were used for the HPLC separation. The HPLC

‘chromatogram was recorded on a chart recorder (Yokogawa,

" Tokyo, Uapan).‘ A reversed-phase/Supelco Léf18~S (4.6 mm x

25%) mm) analytical column was used with an eluent of 10 % -
methanol in 0.02. M ammonium formate buffered to pH 4 with
form1c ac1d Prior to use the mobile phase was filtered’

through a Nylon- 66 0 45 pm membrane f11ter (MFS M1cro e

.y Filtration System supplled_by Rainin Insrument Co.) and

degassed ‘with helium. ~The exit of the UV detector was

connected to a heated nebul1ser LC/MS 1nterface (Sc1ex

P
~
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Mass Spectrometry h? _

~HPLC-MS and: H?LC MS/MS spectra were oota1ned using a
TAGA 6000E tr1p1e quadrupole mass §pectrometer (Sc1ex *%
Thornh11] Ont.) uttltstng an atmospherlc pressure chem1éa1
1ontsat1on [APCI] source. The HPLC effluent Yas 1ntroduced

d1rect1y 1nto the APC _source via the heated nebu11ser at

flow rates between 0 8 and 1. O mL/min. h1togen was‘used-as

/
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the nebu]1$at1on gas. nh;'}'-?; LT

« . e
N

' .
sl
T

wDescrvpttdn of interface |

| The Sc1ex nebu]1ser consists of 3 sta1n1ess steel tubes
fitted 1ns1de,each other as ‘shown in Figure 4.1. The HPLC
effluent 1s introduced through the central inner m1crobore
tube wh1ch term1nates 1n a 100 pm i. d stainless steel

captllary It is converted 1nto a fine m1st by a hwgh

.velocity jet of nitrogen which is 1ntroduced through the

second coaxial capillary. This gas, together with a second

make-up flow introduced through the outermost coaxial tube,
are used to carry the droplets through a'heéted quartz

" tube. The combination of‘gas.flow and heat rapidly
vaporizes the droslete. Typically, for largely aquebus
mobile phasesr'an external heater_temperature of between 480
and 500°C results in a nebulised vapor temoerature of

about 150°C. The heated.gas plus entrained solvent and

A d

analyte molecules flows from the quartz tube. into the
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"Vacuum'separation plate (note; “for clar

157

“.reaction regions of the APCI source (Figure 4.2).

‘ Here thehanalyte is ionised by jon-molecule reactions

‘t which are initiated by a corona discharge obtained from a

A '“\’-.» ]

need]e held at high potent1a1 Thesé ions are accelerated
towards the. interface plate and pass through a flow of dry
‘nitrogen before they are sampled into the mass spectrometer
by a 100 pm atmosphere-to-high-: vacuum or1f1ce .

The dry n1togen (interface gas) serves two purposes
F1rstly it prevents any sotvent buffer or neutral analyte
from enter1ng the mass analyser reg1on and thus prevents any“
contamination of - the quadrupole rods,ltenses, or vacuum .

system Secondly 1t str1ps clustered so]vent molecules from

the 1ons as they are acce]erated towards the samp11ng

3

‘ or1f1ce;v Lack of dec]uster1ng woukd result in a severe loss

- of sensitivity as thefanalyte ion intensity“(MHf)

would be "smeared out over a .large numbeh of MH+(H20)
cluster ions | After the ions haLe passed throudq the
sampl1ng or1f1ce res1dua1 cﬁuster1n’ can be m1n1m?§€d~Ly
acce]erat1ng the ions in the free jat expansion by means of

a cluster buster" e]ectrOde mounted on’ the 1ns1de of the

'ty\thls has been
omitted from F1gure 4.2). |
 The mob11e phase whtch is be1ng cont1nuous1y vapor1zed

3
into the source is removed by an air pump connected to the :

- plenum chamber. ° . o ) - \ i

> ) . ) _‘ - 7 8

4 .
.

4
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Figure 4.2 Schematic-diaééam”show{ngJSciex-APCI

interface.

A: Inferface plate, Bf”ALmosphere tdb vacuum separation plate,
. Inferface plate aperture, |
D: Corona diééharge needie,

E: Front 6f HPLC/MS nebulizer,

F: 100 pm orifice, =~ |
G:~Ion-molecu1ewreaction'vo1ume,‘ .f
SO Intérface gas flow (High purity Np),

---> : Carrier gas flow (Industrial Np).
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; Samp]e 1on1sation

The pr1mary 1on1sat1on. that is electron impact of
‘corona electrons, gererates reagent ions from the solvent
,vapor 'In the positive ion mode, and for large1y aqueous

mob11e phases, th€se consist of an equilibrium set of proton

‘;_;hydrotes ﬂgOﬁ(HZO) (25, chapter 18). However, 1f a

- volatile buffer such as ammonium formate is present, the
. reagent ions are predom1nant1y NH4 c]usters with water,
methano] and ammonia molecules. A spectrum of the/r/s1dual
reagent iohs,-that is after the clusterS“haVe‘been reuuced
in size by passage through_thefinterface gas and “cluster
buster; region, is shown ih4Figure'4.3. Presumably, as in
thermospray vaporization, the ammonium formate.is_eonverted
to gas phase NH3 and HCOOH (see Chapter 2). . NHg " (Ho0)p, is
then produced by proton transfer from H3O (HQO)n as
PA(NH3):204 Kcal/mol > PA(Hy0): 166.5 kcal/mol. Chemical

~ ionﬁsation of the analyte occurs by eifher proton transfer

from‘NH4+ (equation 1), or by transfer of a proton water

/

J

cluster as indicated in equetion 2.

NH4

T

| “ + M= MHY + NHj | (1)
iy o _ .
NHa* (Hp0)p, + MH (HQO) + NHz + (n-m}JHo0 (2)
) ¢ oy s :

/

. J » .

The value of‘m will depend on the proton affinity and
hydrophilicity of the analyte M. Chemical ionisation is
very efficient at‘atmospheric pressure due to the high -

collision rate (31). Also the'moderating influence of the -
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‘Figure 4.3 HPLC-APCI spectruir of residual reagent ions

'(NH4+X) genefafed from an eluent of 10% methanol in 0.02 M

ammonium formate buffered to pH 4 with formic acids

Note: the cluster size distribution is not the same as that

originally present in the APCI source.
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solvent clusters upon the eibtﬁermicity.of protonatfon {see
Chapter 2) . ahd the rapid thermalisation of the ions at high
gas pressures reduces the degree_of}frégmentation during

3
4

jonisation.

‘Operation of the interface
Detailed instructions for the operat1on of the LC/MS

nebuliser are available from Sciex (32). What follows is ‘a
brief discussion of the)re]pvant param?terg and their
‘optimisation for operation with 1argéﬁy aq@eous solvents
conta}ning ahmon{umformatga# Fof convenieﬁbe some gas floQ
rates will b%'giVen in'stéﬁé;rd'ngchfeet‘per hour (SCFH),
theaconvension(to SI units is 10 SCFH =.4.7 L/min.

t

1. ” The interface p]ateaand plenUm chamber were pheheated
forlabout 1 hour prior to turn1ng on the 11qu1d flow or the
:a1r pump.' Th1§%§ps achIeved by turn1ng on the make up flow
(4_§C?Hféand nebuliser gas (30 psi) and heating the “
| ﬁebuliser to-about 400°C. At this stage the gate valve to

the orifice was open.énd the interface gas flow set to 500

mL/min,

2. Prior to turning on the HPLC flow, the following
operations are carried out. | -

(a) Nebuliser gas‘pressure inc;éased to about 80 psi

(b)  Makevup flow anreased to between 6 and 8 SCFH. -

(c) Interface gas flow increased to 1 L/min.



(d) Power supplles to quadrupoles and discharge need]e BN
switched on. Set Q.1 single :on mon1tor1ng for suitable

) $otvent cluster ions (m/z 36, m/Z/54 see Figure 4.3) and Q.3
in total ion mode. B ! o

£
(e)  Air pump swi tched on and’ Flow into ptenum chamber

adjusted to about 2.5 L/min.

B
4

3. Set HPLC flow‘rate‘to 0.8 mi/min. ‘and switch on pump .
Observe interfaee plete and ion signals on dtSplay termtnal.
If ion signals drop drastlcally and condensed vapor is —
present on the interface plate then unvaporized droplets are
penetrating the interface gas. Shut off HPLC pump;‘ion
‘s1gnals should recover, and walt for 1nterface p]ate to heat

up further before repeat1ng procedure

Optimisation
Prepare about 200 mLs of 1072 M adenosine injthe
mobile phase to be used for chromatography} disconnect

m

_column and injectipn valve and connect HPLC pump directly to

nebuliser via an in line filter. Set flow rate to 0.8
ml/min “and pump solution cOnt1nuously through the
1nterface S1ng1e ion monttor m/z 268 (MH ) and ‘m/z 136

‘(BH+H)+ with Q.1, set Q. 3 to total ion mode. After

opt1m1sat1on one’ sho~{‘- Tn about 105 counts/sec for

K~ counts/sec for the fragment

4‘\\

ihe. parent and about '

ion. The fo1low1ng partm;ﬁers can bé vanied:

1. Heater temperature General]y this has ]1%%16 effegr‘
- '.r'-?)‘l ‘ . . : l' ) # ’

| .4

! .
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in the range 470 - 530°C for adenosine which is re]attveWy

volatile. However for less volatile samp]es'this hay have
to be altered pr1or to the chromatograph1c separat1on

2. Pos1t1on of interface probe with respect "to sa%pl1ng
orifice' Generally the x and y motion of the inlet fitting

is not critical to sens1t1v1ty

M2f\ Air pump sett1ng Although the absolute jon intensity
is relat1ve1y 1nsens1t1ve to th1s parameter it does have a

marked 1nf1uence on signal stab111ty

3. Nebu11zer pressure and make up gas flow: The former

requ1res at least 60 ps1 to ach1eve efficient” nebu11sat1on

,-however, above thagﬁmt bas only a marginal effect on ion

“intensity. f‘Conversely, the maKe-up flow has a'strohg

influence on both stab111ty and ion 1ntens1t1es

4, Position of d1sc%€rge needle: The ion 1ntens1t1es are

not strong]y dependenﬂ on the needle pos1t1on unless it is
1atera11y d1sp1aced from the centre line of the probe

5. Interface gas flow: Genera]]y this has little effect |

" provided flow is initially high enough to prevent droplets

etrating the interface.

3

Typica1 optwised settings for the detection of adenosine

.Jtype nucleos1des

heater temperature about 530 ©C.
make-up flow: o ‘ - 6 SCFH.
‘mébulisation pressure: 85 psi.

) i~ .

1nterface flow: | : 1 L/min.
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Air flow into plenum chamber: ~~ 2.5 L/min.
LC flow rate-"_ | 0.8 mL/min.
: 'needle p051t1on S :, al{gned'with céntre;

and positioned about 2 cm from end of nebuliser.

s
S

@,

‘ Mass ca11brat1on and tun1ng of quadrupo1es
| Mass ca11brat1on together with opt1m1satron of peak
shape and transm1ss1on was carried out on constant signals
obtained from a 50 50 water methanol solution containing 10
ppm each of Adenosine (MH* =268), and wapflay1n (MH*=377)
and 20 ppm of Tetracycline (MH+=445). Qq and Q3 were tuned
(using RE1, DM1 and RE3, DM3 respectively) to give,é |
constant peak nidtn\at half-height of 0.6 amu across the
‘mass range 80 fq:377 amu. The parameters used are listed |
below, fdﬁ,explanation’Oﬁ;tﬁéir SignifiCénce please.refer to
'TAGA 6000E operétion manuals. | o | )
MTL 0.015, STEP 1.0, PE 0.5, C 10, TH 500
pI 2.0, IN 650, OR 60.0, CB 35.0, RO 30.0
1Q  0.0, DMi 0.40, OM3 0.15, RE! 135, RE3 135
28.0, R2-20.0, R3 - AUTO, FP 60.0, MU -3400

IOperafion of_tﬁipfe-quadrupo]é MS :
H CdnventiOHal poSitive ion maésfspectrai starting from
m/z 80, were obtained w1th quadrupo]e 1 in the mass filter
mode and. quadrupo]e 3 in the total 1on mode Daughter ion
spectra were generated under standard,COnd1t1ons using.argqn

~ as the collision gas; (Effective térget~thickness: about 300
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7

x 1012 atomsrcmfz, collision energy: 50 eV). 'An FP value

of 30 volts was found to be optimum for detection of daugh-

ter ions. In general; the reproducibility of-major daugnter
ions wae found . to be good.. HoWever, signifiéant variations
in fnfensity were often observed for low intensity daughter

ions,,particular]y when the ‘parent 5on i%fensity was also

low (< 5 x 104 counts/sec. ).

The sens1t1v1ty loss under MS/MS cond1t1ons, that is
the combination of transm1ss1on losses due to hav1ng gas in
-the collision cell_andAoperat1ng Q3 in the mass reso]v1ng
vmode, was esiimated in the following way. - Conventional and
MS/MS ‘spectra were recordedlfor 1 nmole injections of
adenosiner(MH+=268)'whi]st other scan independent instru-'
mental darameters were held:@onstant; The parent\ion
“intensity obtainedl,I(MH+),-Qas approximately 109
counts/sec._‘Daughter'and residual parent ion intensities in

I

‘the MS/MS spectrdm of MH* were summed to give the total
jon yield, I(DT+). For thiezndcleoside the transmissien in
the MS/MS mode, I (DT+)/I(MH ), was‘%yp1cally 15 %. S

In many of the CID spectra presented (F1gures 4, 4c d 4, 8
4 .10a,b; -and 4.11-14) ions corresponding. in mass to M* are
"presentL These ions are observed both in theﬁéresence andr
absence of col]ision gas dnder MS/MS‘conditions, i.e. with Q¢
focussed on MH* and Q3 mass resolv1ng Since in the absenge
6f a collision gas only MH and its most abundant metastabua
. ion are generally observed, M* must be an 1nstrumenta1 ;@%-

N
artifact caused by the peak shape of MH*.
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RESULTS AND DISCUSSION
- APCI and CiD mass spectrum of adenosine

The APCI spectrum of adenosine (1), the mononucleoside

Al

NH
o \
1 |
o/ ‘t? NH,
HOCH? NS : 2 </N I\N
4 1' : T N/J =
' H
HO OH
(13‘_ ' _ (2)

moiety of po]yadenyttc acid (Figure 4.4a), revea]s-that in
additton to the nretonated molecular ion MH* at m/z 268 ,
cleavage of the C1z - Ng g]ycosy11c bond in MH* _ |
accompan1ed by transfer of a hydrogen atom (33) leads to an
-1ntense ion at m/z 136 which will be des1gnated (BH+H) ™,
since it probably corresponds to the protonated base adenine
(2). Cleavage of the same bond, without H transfer anc with
the charge localized on the sugar fragment leads to (5 )

m/z =133, as cnly a very minor Jon. This is typ1cal of )7

- chemical ionisation CI) spectra of nucleos1des\1n-genera}
(16,33,34), and can be rat1onal1zed on the basis that the
protcn and thus the positive charge in MH* will stay with
the . higher proton affinity base. In contrast to previously
published: ammonta CI spectra (33), the ions (B+30)+

(B+44)* correspond1ng to base plus portions of the sugar

were not observed. Probably this is a consequence of- the
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Figure 4.4a APCI spectrum of adenosine (about 10~

7
moles) after background subtraction. MH' is protonated

adenosine.,(BH+H)+ is probablyipnotonated adenine.
. ' ™

Figure 4.4b CID spectrum of the MH*, m/z 268 ion of-

adenosine.
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' much milder i.e. 1essvexothermtc prcton transfer teadinp to
MH* in APCI where the reagent jons are NH4+'cTusterst‘fThe
CID spectrum o%_the MH* m/z 268 ion from adenosine, see
Figure 4.4b, 'ccntains (BH+H)* m/z 136 as the maJor fragment.
‘and a number of less abundant fragments all of mass lower than-
m/z 136. The fragments divide 1nto two groups; those der1veé
from the base and those “from. the sugar S. ‘

In order to ass1gn the ions or1gwnat1ng from the base ‘
mo1ety a CID spectrum‘pf the (BH+H)* m/z 136 ion was
obta1ned (see F1gure 4.4c lower trace). CID of this fragment
was found to y1e1d a number of low 1ntens1ty 1ons, which have

| been tentat1vefy a551gned to successive 1osses of NHg and *
HCN (m/z 118, 109, 92, 65), sequent1a1 loss of - HCN (m/z Y

1109,82,55) and Toss of HoNCN from m/z 409 (m/z 67). . These

same daughteu” ‘,s are present in the CID spectrum of the

g
- MH* m/z T36 n_from ah authent1c sample of adenine (2).

 This Spectrum also norma11zed to the intensity of MHY, is

. shown 1n the upper part of Figure 4.4c. | Except for minor

RAL ' .
e vi?;agﬁpns in 1ntensxty the spectra are identical. It is of

interest to note that in the electron 1mpact (EI) .mas’s

spectrum of adenine theﬁsame neutral Tosses occur in the
fragmentation of M? (35)‘{ The base derived fragments in the
CID spectrum of protonated aden051ne (F\gure 4. 4b) are (\
therefore m/z 119, 109, 92, 82, 67, 65 and 55. These ‘ r*‘>

N

fragments.are of lesser 1ntens1f¥

jons. Other d1agnost1ca11y useful jons, (B+30)% and-

than the sugar derived

(B+44)* (33), were either not ob%erved (m/z 164) or were

4
¥
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Figure 4.4c CID speétrum of the (BH+H)Y, m/z 136 ion of

adenosine. Upper spectrumlshows the CID of MH*, m/z 136 from

an authentic.sample of adenine (structuré Zj(

!

P .
etk

Figure 4.4d CID spectrum of the MNH4+ adduct ion from

D-ribose.

& -
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preéent only at very low intensity {(m/z 178) in Figure
4.4b. One might have expected that with CID, which
pbesumab]y involves energetic coliisions. these ions would
‘be more prominent.

Due to the low intensity of S* in the APCI spectrum
of adenoéine a CID spect;pm’cOu]d not be obtained. In order
té tra;e-the fragments arising froﬁ the sugar moiety
D-ribose NH4+ m/z 168 was collisionally dissociated. |
Protonated D-fiboSe does not form in APCI-due to the low
proton affinity of the sugar (< 207 Kcal/mol.). ‘Tﬁé CID
spectrum, Figure 4.4d, contaihed fragmeqts'with ﬁomina]
masses corresponding“fo C4H502+ (m/i 85).»C3H509+ (m/z 73},
C2H502+ (m/z 61)- and C3H50+ (m/z 57). Also observed are m/z
150 which is likely to be the [NH4+-H201+ ion and m/z 133
which corresponds to loss of NHg from m/z 150. Some of
these ions, m/z 61,73 and 85 have Seen previously'obServedr
in the methane CI spectra of under1vat1sed sugars (36).

If we now reexamine Figure 4. 4b the CID spectrum o#
the MH ion from adenos1ne, it is apparent that m/z 57, 73
and 85 are fragments. of the sugar m01ety A\so pre&ent are
low 1ntens1ty ions at m/z 115 and 97 These must also be
sugar derived fragments as they do not occur in the CID
 spectrum of (BH+H)* shown in Figure 4.4¢; It is possible

v
¢

that thesé_ions are due{Jo sequential loss of water from 57,

b

&

e



- solution of poly A, at neutfa] pH, yields a series of
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) }ﬁﬁg- mass spectra of radiplyeis phoddcts

flation of a nitrous oxide saturated aqueous
products resu1t1ng pr1mar1]y from hydroxy] radical attack on!
the polymer (10). Enzymat1c hydroLys1s of the 1rrad1ated
po]y A y1e1ds a comp]ex m1xture of. mononucleos1des wh1ch can
be separated by HPLC,(F1gure 4.5). Chromatography of the
enzyme hydrolysate from unirradiated solutions of poly A
(data not shown) reveals only the.presence of edenosine -

the unchanged subunit of poly A. .The chromatogram shown in

Figure 4.5 was obtained with approximately 130 nmoles of

" irradiated and hydrolysed material injected'into the column.

. Pea@s correspendingtto the presence of 8-5§droxyadenosine

(peak 18), adenine (peak 6) and R- .and 5-8,5’-eyclqadenosine
(peaks 4 and 13)‘hed been previously identified by

, ' - .
co-chromatography with authentic samples (10,37). The known

proddcts of radiolysis, quantified in earlier wdrk“on the

-

vbasis of calibration curves ueing authentic samples (10).

are present in the range of 0.66 - 2.8 nmoles Reconstructed'

ion chromatograms for these radiation 1nduced compounds

- (Figure 4.6) and mass spectral date (Table 4.1) obtained im

the present work were consistent with the above peak
assignments and confirmed that no other co-eluting compounds
were present. Due to the high concentration of adenosine,
which bepresented approximately 92% of the total amount of
material injected into the column, the ion signels for m/z

136 and m/z 268 were saturated at about 3 x 106 counts/sec.-
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Figure 4.5 HPLC of a nitrou$ oxide-saturated, enzyme

hydrolysed, solution of poly A irradiated to 1000 Gy at
neutral pH. Numbered peaks correspond to compoundé for which-
" mass spectra were obtained.

Peak 1: 4-amino-5-formamido-6-(ribosyl)aminopyrimidine,
" Peak 4: R-8,5' -cycloadenosine, Peak 6: adenine,

Peak 7: B8-hydroxyadenine, Peak B: a-adenosine,

Peak 13: S-8,5' -cycloadenosine, Peak 16: unconfirmed,
Peak 17: adenosine, Peak 18: B-hydroxyadenosine.
Unlabelled peaks represent unidentified components.
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APCI MASS SPECTRA OF RADIOLYSIS PRODUCTS FROM POLYADENYLIC

ACID .IRRADIATED IN N20 SATURATED AOUEOUS
SOLUTION AT NEUTRAL pH

4

Peak#  Compound T (BHHH)*  (S)*

1 FAPY nucleoside? 286(22) - -154(100)  133(1)

4,13 R & 5-8,5'- - L
cycloadenosine  266(100) -~ - K -

6  Adenine  136(10 - -

7 8-0H adenine . 152(100) - -

8 | a -Adenosine ~ 268(100) , 536(76) -

6 -2 ©250(100)  136(70) -

17 Adenosine 268(#00)é 136(100)C¢  133(2)

18 . 8-OH adenosine  284(52)  152(100)  133(1)

)

Other Ions,.’/

196(237, 178(19)

L 164(7)

232(10).97(7) '

Relative intensities (%) are given .in parenthecsis.
. a

4-amino-5—formy1amino*6-(ribosyl)aminopyrimidine
b 9-tl-ribofuranésyladenine
. - '
c

detector saturated due to high concentration.
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ﬁi and S- 8 5”~cyc1oadenos1ne (MH* m/# 266), .
. adenosine (MH* ,n/z 263) t
< and'8-hydroxyadéno§ing (MHf!ﬁ/z 284). 7 \;

*

26‘8 Max ~ 3x10°

110, - 284Max~~2><103

L

174



2 : ’. C %,“4 ', . , | _ B T75
n S I | L
The other compoﬂnds¥ except'for-8-hydroxyadenosihe,,were also -

detected-with“good sensitivity.' Based on the'betatiie amount
of 8-hydroxyadenosine preseqt the’Mh+‘iqn couht for this

-

" nucleoside waSijnsiderably‘lower than that expected (see

1ater'discussion)
'v Radiation- 1nduced format1on of 8- hydroxy denos1ne has ‘fﬁ
:?been observed 1h 1rrad1ated golut1ons of pur ne .
mononuoleos1ﬂes (tides) (10, 29) poly A«(10,37) and DNA
1/}8’37) In the present: study, the CID spectrum of MHA
obtained from peak 18 in the UV chromatogram (F1gure 4.5) was
adent1cal to that obta1ned from authent1c samples of
8- hydroxyadenos1ne (Figure 4. 7) The fragmentat1dn pattern 1s
similar to that of ‘adenosine in’ that the maJor 1on is the
protonated base (BH+H)+ at m/z 152fA wLow intensity- ions
can be accounted for by assumeqksucessjze 1§ss of NHB and

A\

125, 98, 71) from (BH+H)+ "
A \( .
‘j Rad1at1on 1nduced formation-of 8, 5’-cyc10aden051ne (see

't

HCN {h/z 135, 4125 108, 81), and seguenti@l. loss of HCN (m/z,

~.strueture in scheme X) has been observed in 1rrad1ated, |
_deoxygenated sdlutionsfof purine-mbnenucleoéides (tides)‘

| (29,38) pbly A (9,jO.QZt and DNA‘(9,14).M.The'major-ione in:‘
the MH* CIDfspectrum‘o;;S-B 5/ -cycloadenpsine (peak 13, o
Figure 4, 5) obtaﬁned from an irradiated’ 301ut1on of poly A,
were 1dent1ca] t0/those obtained using an authent1c sample
(F]gure 4 8) The CID spectrum of the protonated R ep1merl
obtained from peak 4 was essentially the same as‘that of the S

emeer except(for the absence of ions at m/z 207 and 89

i o
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identified as $-8,5% cycloadenos1ne
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:(data hot sho;h)" The relattvely htgh 1ntensity of the \‘-'”‘
MA* ion-in the CID $pectrum reveals that the . S ._T”..‘-_ Cyff
lt1ntramolecu1ar cyc11sat10n between the Cartslvcarboﬁ o
atoms - leads to greater stab111ty of MH The possable

fragmentat1on patterns 1ead1ng to characteristtc daughter

_-/,‘A,. -

nons are 111ustrated in schemes X and Y

Similar bond cleavages have been proposed to account for the
maJor .ions in.the -El mass spectrum.of

5-8, 5'-cyc]oaden051ne~(Me3S1)4 (14) M1nor-1ons at m/f
248 ‘and 230 dan be accounted for by sequent1a1 loss of Hy0
from m/z 266 o

=)

The search tor untdent1f1ed rad1oly51s products yas
1 /

1n1t1ated by examxntng the reconstructed total ion

,'L‘ e e
i~ )3 o

’

chromatogram Th1s was Obt31Q?d by summ1ng *the. total fon

intensity for ach of the sdans, about 390 1n total 1

.\l
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ohtained during the HPtC separation 6Whene a local maximum
was apparent at the retentlon time of 1nterest an APCI

\ spectrum was ptotted by averag1ng the number of scans -
associated with-the ion peak‘and subtractjng:an‘averageﬁ
‘background spectrum The bachroundnsoectrum was obtained

. by averaging.a combination of scans-taken just before and
_.after e]ution of the HPLC peaK. A number of extranecus

. 1ons. that is ions wh1ch d1d{not maximize at the correct
retent1on ‘time, were often p.esent after background btra-
,ct1on. The reasons for this are not- clearly undens tood.
Howevér. these ions were generaily of low intensity and dtd
‘not complicate the interpretation of the APCI spectrum. The
APCI mass spectra of psaks 1,7,8 and 16, obtained in this
~way, are given in Table 4.1. Reconstructed ion’ |
Achromatograms were also plotted for the ions shown in Table
4.1. 1n each case the ion maximum obtained coincided wi th
the'assigned peak\in the HPLC chromatogram. Such™
reconstructed ioh chromatograms are shown in Figure £§9 for
~'the suspected parent ions m/z 152 250, 268" and 286. ot
Background corrected spectra were also obta1ned at retention «j
times of other'promtnent peaks in the HPEC’chromatogram
HoweVer 1nstead of show1ng distinct parent or fragment

1ons, these APCI spectra generally contained a large number
of low 1ntens1ty *ons. This made it very d1ff1cutt to - @
| stabtwsh which were the authentic 1ons or1g1nat1ng from-the

HPLC peak Even when reconstructed ion chromatograms for

the more pnpm1nent fons in these spectra were obtained '
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molecular maxima at the correct retention time could not e
found. |

”

~ The CID spectrum of the m/20286 ion whose maximum coin-

cides with peak i' shown in Figure 4.10a, Q@as assigned to®
. N

4- am1no 5- formylam1no 6- (r1bosy1)am1nopyr1m1d1ne Formation
of th1s product has been observed in 1rrad1ated ég1Uf1ons of

mononud]eosides (1) and DNA (11,1 3). The intense ion at m/z

154 corresponds to (BH+H)+ loss of NH3‘and CO. from this
ion accounts for the ions at 137 and 126 respectively. The
CID spectrum of (BH+H)*,'shown in Figure 4;10?- was
identical except for mfnor intensity chanpes. to the CID

spectrum of MH? der1ved from an authentic samp]e of

4,6- d1am1no 5- foﬁ%am1dopyr1m1d1ne Th1s spectrum norma11zed

<

Lto the intensity of (BH+H)+ is shown for comer1son in
I the upper part of Figure 4.10b. C]eavage of the glyosylic

bond without H transfer and with the charge remaining with

the sugar moiety leads to the characteristic ionat m/z 133.

Loss of 2H50 from th1s jon accounts for ‘the ion at m/z 97
The ion at m/z 196 f1ts the (B+44)7 fragmentat1on route
previosly observed in Cl mass.spectra of nucleosides (33).

& m/z 152 ion whose maximum

The CID spectrum of
coincides with peak 71?
was ass1gned to 8- hyq:
previously observed :h 1rr%d1a¢ed solut1ons of DNA. (11, 13).
_ Low intensity ions that can be accounted for by success1ve_
loss of NHy and HCN (m/z 135, 125, 108, 81), ‘and segential
loss of HCN (m/z 125, 98 and 71) are present.
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These fragments parallel those produced by CID of protonated
adenine, with the expected addition of 16 mass units. A

-4 .

gooa match was also obtained between this spectrum and a CID
spectrdm'ofr(BH+H)+ derived from an authentic sample of-
8-hydroxyadenosine For compar1son this spectrum “\spma11zed
.to the 1nten51ty of (BH+H)+ "is shown in the upper part of*

Figure 4.11. o . j:7 L o

The CID spectrum of the m/z 268 ion whose maXimum IR

‘coincides with;peak 8, shown in Figurg 4.12, was essﬁgnéd to

9-<x-ribofdr§§csyladenine (a-edehosthe).fkThe intense icn at

m/z 136 (BH+H)™, together wi th fregments at m/ 1té '109

82 and 55, suggest the presence. of the unmod1f1ed aden1ne g

base. addition the 1ow(abundance ion at m/z 133 '

.'indﬁc;ti: that the sugar hy1ety is unaltered. Other r1bose

‘ derived'fregments are'also bresent,'although the 1ntens1ty

of these iéns is somgwhat different to that observed for

the g -epimer. Authehticvmeteriat for this-compound was

ayaitable'énd, except~f§r minor intensityAchehges; had an .

identical daughter ion spectrur and retention time (data ﬁoj

shown) . | h ' ‘ R |
The reconstructed ion chvom togram for m/z 250 (F\gure

4.9) revea]s the presence of an irtense ion maximum at a

retention time of 14.5 minutes which coinciges with peak 16

in the UV chromatogram. In addition to MH* at m/z 250 the

~ APCI spectrum contained a prominant igh at m/z 156 whic

corresponds in mass to the adenine moiety (BH+H)*. The

CID spectrum of m/z éép (thure¥4.13) revealed, in addition
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totthe intense ion at m/z 136, fragments at m/z 11§, 108, 92
and 82 which further support the argument that the adenine
base is intact. Moreover, the lack of the characteristic
ribose fragment at m/z 133 and the presence of ions.at m/z
115 (modified S)*, m/z 97 (modified S - Hy0)*
consistant with the possibility that radical attack,
resulting in e]imination of Hy0, has occured on the sugar.
The 1ntens1ty of the m{z 115 ion would be expected to be low
and is similar to that observed for S* in the CID spectrum
of proionated‘adenos1ne (Figure 4.4b). Other sugar derived
fragmentsfare also present at m/z 85 and m/z 73 which
possibly originate fromn(S --H?_D)+ for ribose nucleosides
rather than (S)%. It is possible that the fragment m/z 68
arises from elimination of H2CO involving the C5: carbon to
yield the ion C4H50 . The prominent ion at m/z 148 Must’ Ve
incorporate adenine together with one of the sugar carbon
atoms. It is conceivable that the C4. carbon atom.has
become 1ncorporated into a linked pyrazine- pyr1m1d1ne type
jon v1a a ring expans1on process. The evidence p01nts to a.
radiolysis product in wh1ch the aden1ne base is 1ntact
’ wh1T§t the sugar mowety is damaged in a way cons1stent W1th
'dehydrab1on of the 2" or 3 pos1t1on. Wht1e there are
radiolytic precedents for such a process (39,40), positive
1dentﬁ:cat1on of this compound appearmg Q(ﬂ 16/a'waits
further investigation. In addition to pea 16 there is an
| isomericnproduct etuting about 1 minute later and present at

approximate]y'HO%,of its ion‘intensity. 'In_irradiated
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tigurd 4.14 CID spectrum of MH*;m/z 250, corresponding -
to 'a major product from the irraciation of

5-8,5' -cycloadenosine-5' -monophosphate under reducing
coriditions. .CID spectrum’'was obtained after hydrolysis to
the mononucleoside level and HPLC separation. Identified as
5’-deoxy-8,5’-cycloadenosine,(structure (3).
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samples of 3’ -AMP and poly A, UV detection of this peak is
masked by the-hig .onc=ntration of adenosine pﬁésent.. A
possible candid:zie ©or this product is 5’-deoxy-8,5-cyélo

adenosine (3) wh. - ~1so exhibits a MH* ion at m/z 250.

?

In order to explore this possibility an authentic sample of

»

5-8,5' -cycloadenosine-5' -monophosphate was irradiated under

reducing conditions and hydrolysed to the mononucieoside

level. Reducing conditions are achieved by converting

hydroxyl radicals to aahéous electrons by irradiation in the
presence of sodiur formate. This results in a 2-fold
increase in the yield of aQueous electrons from water

radiolysis. - A major product, with a retention time of 15.5

 minutes, gave a protonated ion at m/z 250. The CID spectrum

of this ion is shown in Figure 4.14. The most intense
daughter ion is m/z 148 which results from C» -Cg and
Cys -Ng bond cleavagé analogous to that obéerved_for

S-8,5' -cycloadenosine (Figure 4.8), whereas m/z 1Bé is only

T preéeﬂt at low intensity. Ibns at n/z 162 and. 149 also

~ -
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1

resutt from analogous bond eteaVages to those shown for
5;8 5’-cyc]oadenosine Facile loss of H20 coull - acspunt
for the relatively 1ntense ion at m/z 232 and loss of HCN -
frém m/z 148 for the 1on:mt m/z 121. These ions together
with the 1ntense ion at m/z 97 do not appear to have +16 amu
counterparts in the daughter ion spectrum of $-8,5"-
cycloadenosine. The majJ: fragments are, however,
consistant with structure (3):

It is clear from the difference in retention time and

CiD spectra, together with the fact that m/z 136 is not
observed in the APCl spectrum of 5 -deoxy-8,5' =cyclo
adenosine that peak 16 is not this product. A sample of
poly A, 1rradiated under nitrous oxide and hydro1§sed was

p1ked witi, an enzyme hydrolysate which had been obtained
from S- 8 5’ -cycloadenosine -5’ monophosphate 1rrad1ated
under reducing conditions. The reconstructed ion
chromatogram for m/z 250 revealed that 5 -deoxy-8, 5" -cyclo
adenosine coe]uted w1th the unknown peak at 15.5 m1nutes
However,- the inability to obtain a CID\spectrum of m/z 250
for the corresponding peak in 1rraéiated poly A, due to the

low quantity of product pt#sent, makes it impossible to

confirm the presence of this product.



Detection of damage at low radiation doses

fadiation doses exceeding 10-20 Gy cannot be tolerated
by mammalien cells_(41). It i; therefore of interesf"to‘\
ascertain whefh;r HPLC-MS, bésngon nebulization into an
'APCI”source. is_sensitive enough'for the purpose of stquing

radiation damage at low doses (<10 Gy). A sample:of poly A

was irradiated under exactly the same conditions as

188
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.'previously employed but to a dose of 10 Gy rather tﬁgn 1000

_Gy. Under  these conditions 20 pmoles (5 ng) of'R-8,5'-cyclo
adenosine and ?4 pmo]eé (4 ng) of 8-hydroxyadenosiﬁe were
calculgted to be present on the basis of the calibrated uv
absorbance at'254 nm (10)1 The mass spectrometer was used
in the siﬁgie.ion monitoring (SIM) mode, using only Q4 to
select the jons of}interest.

Con§jdering first the cyclonucjeoside product, fqr
which most of the'ionization is concentrated in MH*, one
finds that the LC peak due to 5 ng leads to an MH® |
signal/noise ratio of about 3 (see Figure 4.15). Thus 5ng
may be considered as the defection limit for this type of
produét. Nuq]eoside products which do not yield intense
MH® ions generally have an ihtense (BH+H)™ fragment.

Th%s is the case for B-hydroxyadenosine for wHich 4 ng led
to a signal/noise ratio of ‘about 2 at m/z 152.‘ The
ggtection limits are therefore approximately the same for
both compounds. These results indicate that this system is
not sufficiently éénsiti?e to monit.r radiation damage at

biologically significant levels. A number of products
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‘Figure 4.15 APCI ion chromatograms obtained for m/z 266
and m/z 152 from a sample of Poly A 1rrad1ated to a dose of
.10 Gy, that is 100 times less than used to obtam the
chromatogram shqwn in Figure 4.5.

Other‘_o.or:uditions were the same as previously employed.

Qq was used in the selected ion monitoring mode, Q3 was

in Rf only mode.
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f resutting from‘DNA‘irradtated at doses‘ranging from O.t to
10 Gy have been detected by GC- -MS/SIM (13,15). Some of |
these products cou]d be detected at doses as 1ow as 0 1 Gy,
but others requ1red a ‘minimum rad1at1on dose of :10-Gy.

However thts technique is limited to products that can be

sucessfully der1vat1zed. ' .~

<.

b

Yield of MH' under HPLC/APCI condjtions

As previously noted the APCI response, that is the
. efficiency of protonation,‘for 8-hydroxyadenosine.was
/retatively poor (Figure 4.6). Both the.proton effinity and
the retative vo]att]ity of an analyteAwould be expected to
fstrongly'inftuenbe the yield of MH* when so]utjons are
directly nebu11sed into an APCI source. Adenosine has a high
proton afftnlty [> 226. Kcaﬁ/mol\] (33) and s detected' .
. with good sens1t1v1ty, comparab]e to that obtained from
other~nitrogen conta1n1ng bases us1ng APCI. (42). Although
the site of protonation on nucleosides is not Known, the
.presence of»a?hydroxyl group on the purime rrng)ts un]ikeﬁy '
to reduce the proton affinity significantly (43). However',
add1t1ona1 hydroxyl .groups, particulary when located on the
purine r1ng, might limit volat111ty due to more extensive
hydrogen bond1ng._ For example, both 1nos1ne and gupnos1ne
are considerably 1eseﬁvolatile than adenosine- and ribose

nucleosides are less volatile than their 2’ -deoxy

counterparts (35). .
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Direct comparisqn of.adehosine'with 2’,3'-D-isopr0pylidine
adenosine (4) and ‘8-hydroxyadenosineé, using the intensities
éf MH* and (BH+H)® from nmole injections, fevealed that K
the intens{iies of these ions were a.factor of about 5 times
greater for the 2’,%’-0-isopropylidiné and about 35 times

less for the 8-hydrde derivatiQés tﬁan that for aderosine.
The absolute intensity fdbiédenosine (MH*) was about 0° _
counts/sec. The total ionisation was essentié]ly cons;ant
for each injecfion indipating'that no depletion of thew'
reagent ions had occurred. These trends in overall
sensftivity nggesg that the presence of a throxy] group on

- the*heterocyctic ring, rather than the éugar. affects the
efficiency of vaporization to a greater exténi. It is
possible that other prominent Reaks not jdentified in the UV
cliromatogram (Figureldls) are due to radiation-induced

producté.that are less volatile than 8-hydroxyadenosine.



CONCLUS'IOI\:S - | | e

~ MS/MS spectra have beeﬁ used to identif& é-nyﬁber of
nadiolysis preducts resultiﬁg from hydroxy1l radical attack
on a model nuc1e1c acid. These assignments could not have
been made on the basis of the pr1mary APCI spectra alone.

The base containing fragment ion (BH+H)- is present in
APCI spectra of nucleos1des but no further ions derived from
the base mo1ety are observed Consequent 1y it wou]d be
impossible to d1st1ngu1sh between say a substituted or ring /
epenedvbase product'if these happen to have the same noﬁiha]
mass . By Comparisbn.the CID spectrum of (BH+H)* §s rich in
_structurel inforﬁation\and can:be used'to identify the base,
moditied by hydroxylxradiéai attack, as has'been illustrated
for 8rhydr0xyadenine (peak 7) and 4-amino-5-formy1ahino-

6- (ribosyl)aminopyridine (peak ;).

The sugar fragment S*. is either not formed, or is of:
such 1ow'intensity (< 4%) in APCI that it cannot be reliably.
used for diaénostic pﬁrposesﬂ In the CID spectrum of MH+
the intensity of this fregment is also low; however, it is
cohsistently'present\‘ Furthermore, other important
diaghostic sugar fragments,-et higher yield, are a]soto
‘present. For the limited number of nucleosides studied it
is apparent that the mass and relatibe intensity of these
1ons. together with fragments. or1g1nat1ng from the base
mo1ety provide a useful MS/MS "fingerprint".

The greater specifity obta19ed #ith MS/MS is often

< t

_ offset by a corresponding loss in sensitivity due to higher
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transmisSion.losses. This is to a large extent dependent on
the.design of the quadrudeles.and coupling lens:s. However

it is a]so mass dependent. In this study about a 10 fold.
loss in sensitivity was 1ncurred for operation in the MS/MS
mode. CID spectra for a number of 1ow yield products were -
not obtained either for this reason or because the |

{
v

correspond1ng parent icns in the prwmary APCI éfectra could

. not be detected

This study demonstrates that HPLC-MS/MS, based on
d1rect nebulisation 1nto an APCI source, has considerable
potent1a] for product 1dent1f1cat1on in stud1es of the

mo]ecu]ar radiobiology of nuc1e1c acids.

*
.
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'CONCLUDING SUMMARY
Fast: Atom Bombardment-MS Study

‘Saddle-field discharge guns are€ used extensively in SN
fact atom bombardment mass spectrometry (FABMS) as the

c

_‘source of bombard1ng particles. In the work described in
Chapter 1 it was shown that a range of'monoatom1c and
.po1yatom1c vapors can be used to produce a d1scharge 1n a .
saddle f1e1d gun. This permitted atom/ion beams generated
qfrom mercury and po]yatom1c vapors to be evaluated re]at1ve
to argon and xenon for the product1on of "molecular’ ions
from am analyte diespived in a liquid matrix; Within the
mass range of analytes used in th1s study the molecular
ion y1e1ds obtained with. mercury vapor were equal but not
apprec1ab1y superior to that obtained w1th Xxenon.

Heavy polyatomic part1cles (MW>200) cannot be produced
efficiently by simply usithOrgan1c vapors in a saddle field
gun as had been previously a55umed'(1) - Two types of” v X
d1ffu§1on pump 0115, DC 705 and Santovac-5, were found to ’3
preduce only 1ntense H2 , C2H2 , and CO” ions and presumably
the correspondgng molecules compr1se the neutra] comppnent |
of the.beam;' It appears un11ke1y that any other organic
-vapor would be significant]y more .successful, nor is it
likely that htgh_mass ions could be produced in any type df
gun utilizing a plasma‘dtseharge. thus fithe value of
uetdgmhighemass polyatomic particlestin-FABMS is‘tp‘be p

5 - . . P
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' determined, another type of gun, for .instance .ne using

electron impact followed by acceleration will iave to be
employed. - - -
The beam generated from & saddle-field source contains

both fast atoms and ions. The degree. tralization is

e

dependent on the operating cqnditjon ign of the
front cathode. At a constant discharge current the neutral
component of the beam decreases with increasing applied
Yéltage.. In the MSS FAB source used, bnly the neutia]v
compohent of fhe 1uminQus beam appeared to hit the surface
of the probe, with tHe ionic component being deflecfed.
With the FAB guh operating on xenon gas, at a constant
dischargeApurrent of 1 mA, the "molecu]ér" jon yieid (MH*)
for beta-cydlodextrin was found to increase with increasing
anode potential with no maximumvﬁp to a 15 KV limit. This
suggests that in the generation of MH+‘ions the.increasing

o
kinetic energy of the bombarding atom more than compensates

for the decreasing neutral atom fluk.* Thus it wou]d appear

~ that a more successful route, to. obta1n1ng greater

“molecular” ion yields by FAB wou]d be to re-design the gun.
insulation so that accelerating vo]tages >15 KV can be
routinely employed, rather:than to increase g?e mass of the
bombarding species. ’

The energy of the grtat majority of the ions in the
beam correspond to between 81% and 84% of the anode

potential irrespectiVe of the vapor being used and not

multiples of this value as originally reported by Ligon. (2).

N
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The partiCle\beams generated from both §éntovac-5 and
.DC 705 show an app; ciable neutraiICOmponent. In neither
case can.resdaantvcharge’transfer be a significant process
leading to neutralization, whereas some form of electron
capture is a MOE; l1ikely mechanism. There is, therefore,
reason to believe that this might also be the predominant
process for ;he monoatomic species which show similar
degrees of neutralizationr,

The reproducibility of many of the measurements in this
study was poor. In part this is due’to the nature of the
sputtering experiment itself; however, our experience has
shown that variations Qﬁihin tée saddle-field discharge are
significant particularly if the gun has been voltage or
current cycled during a series of experiments. J

If a study comparing the secondary jon yields obtained
with different bombarding particles is to have any value it
is important that the comparison be made under contrbﬂled
conditions. The total particle flux of the beam; the |
ioﬁ/neutra] ratio, the,pértible energiebiéﬂd the .
trajectories of the ions and neutral spec%es in the ion
source field must all(bévkﬁown. Also, a distinction must be
made between instantaneous ion current measdred}for
"molecular” und other diagnostic ions and the total

,integrateg flux of all secondary ions produced. Our

experience shows that this is ver, difficult to accomplish.

-
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Thermospray-MS Study

The thermospray'zpterface and ionization method for
liquid chromatography/mass spectrometry (TSP-MS) has become
an important analytical technique for the determinaftion of
1nvolat11e or thermally labile compounds (3). This
1nterface when used with a mobtle phase conta1n1ng ammon ium
acetate, refuires no external method of ionization and
untike other interfaces permits 100% flow of eluent ¥rom
‘convent1onal HPLC columns into the mass spectrometer source.
| In Chapter 2 it was shown that gas phase ion- molecule
’ reactions have a strong influence on the relat1ve ion
intensities in TSP mass spectra The re]ative'intensitjes
of the positive ions in the TSP spectra of 0.1 M annon1um
acetate solution follow a pattern that can be pred1cted on
the basis of gas phaSe ion-mo]ecule‘equilioria; That is,
NH4+ 1ons'preferentia11y form clusters with gas phase NHj
and CH3COOH molecules, rather than with gas phasegﬂzo. When
votatile or moderately volatile analytes B are present in the (”\L
ammon ium acetate solutio:, the BH' Y1on{s are formed by gas
%hase prctonation of gaseous .B by the ammonium reagent ions. .At
[B]ad ¢ 10°3 M : this gas phase protonation is slow (kinetic
control) and the BH® signals are linear with concentration of
B. However at [B];q > 10"3 M the protonation becomes
progressiveﬁy faster, proton transfer equilibria conditions are .
approached and the BH* response is non]inear.‘ Under these

ond1ttons the base with the highest pr. ton affinity, in a

mixture of bases, will dominate the TSP mass spectrum. \

[
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During the course of this investigation there was'a growing
realization amongst many TSP practitioners that ionfﬁblecule
reactions play a s1gnuf1cant role in the second stage of the TSP
process. Vestal, in a paper describing the pr1nc1p]es and
applications of the TSP LC/MS interface (4), acknowledges that
neutral compounds are apparently\ionized by the seme gas pnase
| ion-molecule reactions that occur in ordinary Chemical
Ionieation sources, even though the primary "reagent ions"
(NH4+ clusters) are produced by means of a different |
}mechanism (direct ion'evaooration). Data consistent with*s
hyoothesis was obtained by Bursey and co-workers (5) who
conducted a l1m1ted ‘study with react1ons that-were endothermic
in solution but exothermic in the'gas phase.  Recently, Parker
: and co-workers 16) studied the negat1ve ion TSP spectra of .
several model analytes which were not appreciably ionized under
the HPLC conditions used. They found that the negat1ve ions
formed, either by CH3COO attachmeng or by proton
abstraction, followed those predicted'on the basis of gas phase
acidities® These results, toggﬁher with our own (7), firmly
establish that, for moderately vo]ati]e analytes, ion-molecule
reactions in the second stage determine the observed ion
intensities in the TSP mass spectrum.

SeVerel‘inorganio cations could also be detected by
thermospray mass spectrometry. For the alkali metals, lithium,
sodium, potassium, rubidium and cesium, cluster ions of the form
X+(H20)n were observed, where X' was the alkali ion in

aqueous solution. These clusters pfesuhably also arise from

. . G
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4 .
direct ion evaporation. The relative distribution of water

clusters for .a given ion were close to the predicted gas.
phase équi]:brium values, confirming that nedr equilibrium
conditions are attained in tbé TSP source. Thus the
observed cluster sizes reflect the conditions within the
later stage gf the TSP process, rather than the originad

]

state of tbe evaporated ion.

\ .
Pulsed-El Thermospray-MS Study-

In arder to gain a better understanding of the TSP

process, ticularly for less volatile speciés, it Qould be
benefi;iai to know the gas phase concentration”of neutral
analyte produced by TSP vaporization. In theory this can be;'f ’
achieved by generating reagent ions by pulsed high energy ’\\\’
electrons, rather than by direé& TSP‘ionisation, and ’
following the protonation of the neutra) an@]&te (B) as a
function of time'after the initial ionization. ‘The results
v of such experiments are discussed in Chapter 3. [ is

sperhaps best said at the onset that the results obtained
‘3wq;e disappointing. The potent1al of the method was never

fui]y realized due to the fact that the location of the

electron beam was d?termined by the design of the existing

TSP source and.vachm housing and did not allow for the very

fast flow through the TSP source. J“Nevertheless. some useful

data were obtained.

With an electron beam placed. bnly 4 mm "upstream” from

the ion exit hole the flow through the TSP source limits the

4'6’v
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reaction time available ender pulsed conditions to about 28
‘psec. There is, therefore, insufficient t1me for ion-
molecule reactions to s1gn1f1cantly 1nf1uence the time decay
of the reactant ions. Thus mean1ngfu1 kinetic data could ‘
not be obtained. Instead the time profile parallels the
pulse width, that is the width of the ion decay (1/10,
height)'= pu]se width + 20 psec " However, e reaction time -
of 28 ‘sec. under these conditions can be used to estimate
an upper limit for the rormal "filament off" average TSP
reaction time. The value obtained, 212 Psec., was in-good
agreement with 3he value of a few huﬂbred mier6§ecqﬁds
obtained from the Kinetic }reatment of the TSP data given igs
Chapter—2,. » o | | g ‘

By reducing.the 1§du1d flow rate to about 40 pL/min, it
was possible to obtaiﬁ kinetic information on the gas phase
protonation of pyr1d1ne Although, this apprOacH Qae net
successful w1th less vo]at11e ana]ytes the results did
demonstrate that such( a technique could beAUSed‘to deterﬁine
"the gas phase concentrations of neutrel ana{ytes produced'by
TSP vaporization. A ﬁetural gxtension of this work would be
to design and build a’pu]Sed,electron ionization-TSP eource
in which the position of the electron beam could be varied
over the distance from the vaporiéer capillary to the ion
exit orifice. With sucﬁ a system it should be possible to

obtain Kinetic information at flow rates of 1 ml/min. - .
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Combined HPLC-Tandem/MS Study
‘4L The analysis of molecular products resulting from
radiation damage to nucleic acids is an important area of
cancer research (8). Capi]lSF; gas éhromatography-ﬁass
«-spebtrometry (GC-MS) has already made significang analytical
contrigbtions in this area (9,13). High performance 1iqaid
-chrémétography-tandem mass spectrometry (HPLC-MS/MS) has the
boténtial to direét]y'separate aﬁd analyse comp]ex*ﬁixtures.
However, few applicatfons to "real-life" analytical problems
have been reported. In the present study, HPLC-MS/MS, based
on d1rect nebulization into an atmospher1c pressure chemical
10n1za:1om \APCI) source, was used to 1dent1fy a number of
produc?%:reeulting from the radxo]ys1s of aquecus poly-
édeny]ic acid (after hydrolysis of the»polymeé to the
mononuc leoside level). These assignments, presented fn
f@hapter-4, could not have been made on the basis of the
primary APCI spectra alone.. waever, about a 10-fdﬁd 1qss
in sensitivity,w;s incurred for operation in the MS/MS
mode. Callision induced dissociation (CID) spectra for a
number of low yield products were not obtained, either for“:
this reason, oribecause thé corresponding parent‘ions could
not be detected in the primary APCl spectra.
For the limited number of nucleosides studied the
daughtér ions arising from the base and sughr moieties
prgg1ded,a usefu] "MS/MS flngerpr1nt" However, due to the

‘small number of authent1c structurally related, nucleosides

available it was not always bbssible to fully exploit the

A
a g,
)
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power of the this technigue. Also, the lack of standards
hindered the possible confirmation of structural assignments
by comparisen of HPLC retentton times.
Detecticn Timits gf about 5 ng were estab]ished for
two typ1ca1 rad1olys1s products us1ng selected ion
monitoring of MH* and (BH+H)® with only Q4 mass analysing. "
These y1e1ds were obtained with a radiation dosé of 10 Gy
. Living -systems require QQses“Qn the order of 100 tjmes less'
to avoid excessive ce]] death'(t4tu Consequent}y tpisuu o | e
system is not sufficiently sensitive tc monitor radiation
damage at biologically significant levelsL' - »ﬂ hej‘[ v
This study, cemonstrates that HPLC-MS/MS, based on - j=g{7 w
dirget nebulization into an APCI source, 1s well su1ted for
the 1dent:f1cat1on of products ar1s1ng from the rad1olys1s .; -
of zdenine based nucledsides. However, 11tt1e 1s Known o
about the efficiency of diredt nebu]1zat1on for compounds dgﬁjfgfgi
low volatility. It is suspected that the absence of pr1many\?’§$¢it
APCI parent fons for many prominent peaks in the UN chromat-?
ogram of irradiated and hydrokysed polyadeny11c acad may be
due to their low volatility. Th1s “volatility prob]em - o
might 1imit the extension of this techn1que to the study of Elate
irradiated deoxyribonucleic acid (DNA), or similar more

complex systems., Guanosine, for example, is Known to be -

considerably less volatile than adenosine (15) In this'

respect further work on the relative responses of d1fferent
biologically important nucleosioes under HPLC-APCI g

conditions would be particularly useful.
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