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-energiez}

‘from left to right and equilibrium was not established

S ABSTRACT |
. N .
A commercial mass spectromitj; was modnfled in order :

to dbstrve the temporal.behavlour o ifns In-a ‘high pres-

sure ion source. An ion source was constructed so that-

— ‘

pressures up to 5 torr could be flowed throughit.'éiect-
rical cirluits were added which pulsed the electronsbeam.

High speed gmplifiers were installed so that the ion -
intensitiesrtould be stored in a multichannel §caler. y
: 'rr.-' ‘
The |nstrument could be used to measure rate. constants

and equilibria of ion-moiqcule reactions at thermal

| : ‘ >

The first paft of the thesis is concerned with the

sequence of ion-movb;dlé.;eactions occurring in met
containing traces of ethane. Studies of the reaction CHg +

He =‘CHh + C2H7+‘showed that proton transfer occurred

even at thelowe;t‘efhané pressures used, IO-S_torr. This
enabledua lower limit of 106 to bewﬁiaced on t?e equil- -
ibrium cénStant for thg—protoh transfer reaction and a
proton affinity difference between methane and eﬁhqnélof

>8.7 kcal/mol.

. ~

h O . ' ‘ .
C2H7+ was found to decompose thermally to CZHS by
the reaction : : . ¢

+ : +
C2H7’ ——>C2H5 + HZ
: +

- The rate constant for the decomposition of 62H7 was

iv



measured at several temperaturesvwhich led to an activa- °

tion energy of 10.5 kcal/mol. This epabled a value for

7

Bhe (C ) “be calculated which led to-an estimation of
the proton

inity. difference between methane aggrethanﬁ/

of 10.3 kcal/mol; This value agreed with that obtained ‘;\\.

-

from the direct proton transfer measurement

The C HS jon was observed to - react wsth methane as

R}

well as ethane in the reactlons
C ol + Cpflg —> cl'u9 '.#H\._
— (33H7 Y CHh
N >+‘. . ‘
. Mg +‘cuh.—->c3n7 +Hy

' Lo , + ~
‘The rate constant for the reaction of CZHS with ethane

‘was' 5.3 x -‘l cm? molecule‘] s-l at 30b°K and the rate
constant for - the geactlon with methane was 1 x IO-?A Cm3,

,molecule -1 s-l at 30k K. The reaction scheme was tested

1
!

by fitting the results.using an analog computer program.
The rate constants agreed within 20%.

‘The second part of the thesns describes the investi-
gatlon of a proposed correzation between the gas phase.
acidity of a compound RH and the: chloride afflnlty of RH
described,By the enthalpy oflthe,reactlon

€17 + RH_—> RHCT™
fhe chlornde afflnltues were measurﬁ& for RH = oxygen

.acids, ketones, carbon acids and substituted benzenes

The'correlatlon was found to hold for the oxygen acids

) . ,
. i . !
3



\

¢ .
[ ’

and ketones but when all of the-compounds were considered

B

.+ the overall ‘correlation was not good. In the case of the

L 3

oxygenﬂacfds tﬁe'chioride.iom was found t6 attach via.a

hydrogeﬁ bond. .The interdction yitq'fl- yéried'from 13.7
kcal/molk ?pr acetoﬁe to 33.7 kcal/mol for p-cyanophenol.

v P

"The-chlpride.affiniiiés for the cérbbn‘acids and substituted

.

benzenes were much weaker. Thc~poss{bqumodeslof the .
attqchmpht-of CP--are‘discussed foq‘ééch type of compound.

4
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- CHAPTER. | 2 N
I NTRODUCTTI ON
0
1.1 The Present Study ' ' LA

6 -

~

3
o

This thesis describes jn investigation of the kin-"

n

f/“\ftlcs and thermodynamics of selected. ion-molecule reactions

at pressures of about 1 to 5 torr. The ion-molecule re-

actions were followed in a pullsed electron beam,” high pres-

sure ion source mass spectrometer and. multichannel scaler.
W ‘ )

This method enabled the reactions mechanisms to be anélyZéd

snd'the‘réte or equilibrium constants to be measured.

-
1.2 The Development of lon-ﬁolccule Reaction lInvesti-

gations. | " - o A e
A. | ,Studies at Low ﬁreSSures

The7co;ventional analytical ha55~spectrometer
oberates with the ion ;ource, aqd‘pértfcularly thé mass
analysis regiqn of the instfumeﬁf at asilow a pres;ure as
pos;ible. “The low pressure reduces the probayility of an
ion étriking a’ ' neutral gas molecule. Raising'thé présspre
in the ion source results in collisions between ions éng
neutr;T molech]es which ﬁay ]ead.to ion;moleﬁule‘re-
ac;iqns. .This results in the appgarance of new 1ons‘and
the disappearance of the priﬁary i%ns,which is generally'
undésirabie in qualitatfve”and'quantitétive'analytgcal'

mass spectrometry. C : ”7

o

TerNe

e b e = -



o - i .

v

The first obsarvation.of an ioﬂ-molecule reaction
was reported by J.'dt Thomson as early as 1912 (1).
Thomson observed, with his fifst mass sp ctrogranh an

ion With m/e = 3 as a product frbm an el ctrlcal dlscharge

]

nhydrogen.‘ jémpster 2) substantiated homson's obser-

vation and showed that tbe |on was due to H3+.' The origin

of this Jon was later explalned (3,4) as ar:s[ng from the

. |
reaction ' N g _ ) ' 1

s : S :
H2 +HZ—~,>H3 + H (1.1)
. E ‘

1

e oyt . .
The presence of H was undesirable in isotopic experiments

3

" when the abundance of HDﬁ naed?p to‘be,measured.

Until tha 1950'5 most mass spectrbmetric measure-
ments. were involved with fsotopic;abundance experiments
and quantitatlve determlnatuons of hydrocarbon mixtures.
|t was not until this time that«lt was recognized that
ionrmolecule'reactions ﬁay pygy a‘major'role in radiation

chémistry. "The bidnéers in thlS fneld were Tal'rose and
\

‘Lyubimova (5), Stevenson and Schlssler (6, 7) and Gutbier

(8). These workers raised the pressure in the lon¢source

of a mass spectrometer to 10"3 to IO-‘4 torr. Under these

> . -
conditions a small fraction of the primary ions undergo

collisions with neutral gas molecules to produce secondary

ions. By measuring the intensity of secondary ions as a

function ?f ion source pressure, cross-sections for ion-
I



molecule reactions could be calculated (9).

Eaéligr workers in the investigation ;f ibq-moﬁe-
{cule reactions used a conventional @on sourdce WGigh employs
a small constant electric’?ield that repels the‘ions dht
of the ion source into the mass analysis region of the
mass spectrometer. ’ |

When the pfessure in the ion source is sufficiently
high tﬁat‘éollisions occur, (about 10" torr) the primary

fon, P , .undergoes an ion-molecule reaction which gives

rise to a secondary ion, S
4 , 4 ' .
P" + M —» S + N - ' (1.2)

, + .
The attenuation of P is given by
¥

I | , ,
= Qnl | (1.3)

=
1
p

!

where Ip and Is are the intensities of the primary and
. . . ;
: i

secondary ion réspectively, Q is thé reaction cross-
‘section, n is,thé nuﬁber densify of the gas and f is the
total'patﬁ length of tﬁe ion. Equation (1.3) is valid
only at low pressures where much less than one co[lision
occurs during a djstance'f. Th - technique wasvemployed
by'sqch wérkers as Stevénsqn (6,7 ', Hamill (11) and
Fieid and Franklin (12-14). They.%,er that the experi-
mental crossLsections for bimolecular ion-molecule re-

- o
actions were very large and of the ordfr of .00 Az. This
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may be compared to the fastest neutral-neutral’ reactions
whith are free radical recombinativn'rchtfdns. These

o
processes have cross-sections of "less than 10 Az.

'Thé fifst detailed qqantifé(ivé explanation of
' the Large,créss-sections obtai#ed for ion-molecule re- .
actlfons was attempted by Langevin (15) in 1905, who was
bﬁmferested'in the mobifity of ions through gases. Langevin's
treafmeht was applied to ion-molecule reactionsﬁby
Gioumousis and Stevenson. (16) under cénditions/Wheré both
ion and molecule moved with thermal (Maxwell) velocities
and‘alsd under conditions where the ion was accelera;éd

by the repeller field" ’Théir fheory visualizes th
attractive forces between the ;olliding ion'aﬁd molécufe
as being electrostétﬁc in nature. As the colliding part;
icles approach each chgr, the ion induces a dipdle moment
jn the,neutral,(neéléctjng any permanent dipole moment)
;né the patticlé; are drawn togeth;r.' This atfraétlve
force b;comes si§nif{cant (i.e. ~kT) at intermolecular
sép;rations of the order of several Angstroms. wvan der
Waal's'forqys due to the interaction of the elecf}on
clouds 6f the particles are negiig{ble‘at these distances.

{

Varioys trajectorieg of the approaching ion are possible.
i

When the distance of closest approach is quite large,
the ion is deviated only stightly from its original path

and a '"distant" collision occurs. 'As sthe distance of closest
,
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. approach decreases the ion:deviates from its original .path

to a greater extent until the ion spirals or orbits around
the molecule. The period of interaction between the two

particles is therefore greatly increésed and Langevin
assumed that an orbiting‘collision leads to a reactionJ
whflg a distant collision dées'not. Gioumousis and Stev-
enson (16) showed that the orbiting or capture rate coef-
ficient, kC for a reactionf where the reactants haQe'thermal

‘velocities, could be expressed by

: 0k
Kk, = 21re(—3—_—) (l.b?

where e is the electronic charge,'a is the poiérizabilit?

of the neutral and u is the redyced maés»ofﬂthe colliding

<

pair. Since’the cross-section, Q is given by

’

(1.5)

—

where v 'is the velocity of fhg approach of the particles,
i

therefore ‘ . .
0. 2me a® | 1.6
Q = " (u), ( J).

This expression predicts the observed large cross-section.

The theory also predicts that Q will not debend;onagemr M»;prgﬁ
peraturé. Therefqre ion-molecule reactions of éhe type

(1.2) usually broceed'without’any activation energy.

Experimental observations have largely confirmed this

prediction (17). Stevenson's treatment gives the orbiting
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A
rate constant, and many reactions are experimentally
, R i v
observed to proceed with this rate constant., The orbiting
rate constant is therefore equal to the reaction rate con-

stant.

f .
Gioumousis and Stevenson extended equation (1.6)

to the situation where the rate constant was determined in
the presence of a repeller field. Equation (1.7) descrigss

a simple theoretical calculation of the thermal rate con-

stant under conditions where the ion possesses excess

. /
energy.

(1.7)

where E_ is the)repeller~;£eld and m_ is the mass of the
r p .

primgry ion. However, several'exaﬁpleS'have been found

of systems where k; was not proportional t; E}% (9). o
Reactions o? the type (1.2) occur.gn a large

number of chemical systems,,such as radiafion chemistry,

the ionosphere, flames and electrical dischargeﬁ“_Lp/“/

] <
would therefore be desirable to determine the rate con-

stant of such systems where ions and molecules are in

thermal equifibrium. The pulse technique was developed

so that ions could react under field free conditions and™ ™
the measured rate constant would be the thermal rate

constant. v
o« , _ |
The pulsing technique was developed by Tal'rose

.



(18,19). The method cdnsisted of allowin§ the e¢lectron
beam to enter the ion sourcevfor a brief period, te

(“IO-7 sec) during wHich jons were formed. The ion source
was then maintained under equipotential conditions Eor.a
ceftaln,time, td’ ddring which.the ions‘could react in a
thermal envirotment. A brief pulse,‘tr, was then apélled

to the repeller‘electrode so that ions were expelled from

the ion source. Tal'rose showed that
Is
f; = kntd + f(te,tr) (1.8)

where IS/IP i;\the ratio of secopdaFy to primary ion, k

is the rate constant, n is the numbef density of the gas,
f(te,tr) is a function of the pdlse widths. ‘Equation (1.8)‘
expresses the normal kinetic formulation where the degree
of conversion from primary to s%condary_jons is determined

as a function of.elapsed time. This method of pulsing has

-

since been used by Harrilson et al (20) and Ryan a Futrell
(21,22). _ ' -/
: : B ya
B ) /
B. Limitations of‘Low«Pressure)Studieé/

The study of icn-ﬁolecble,feactfons by the cbntfnu-
ous repulsion and later the pulsing méthod had certain
liﬁitations. The low pressure in the ion sourcel(~lo-hforr)
combined with the short reaction times (~IO-6 sec)‘are

such that only bimolecular reactions with large rate con-



stants may be studied i.e. reactions which occur with orblit-

Iing rate constants. The concentratlfn of secondary ions
was u§ually more than a hundred times smaller than that of
the primary ions ana:therefore further reactions of the
secondary fons coﬁld not be observed.

The difficulties due to short reaction times were
overcome mainly by the application of various trapping ,
techniques (23-26). Harrison et al (2#*26) have déveloped
a tecﬁnique in which the positive lons.are trapped in the

fon source by the spdc;vcharge of an electron beam.. The
ifons are trapped by pagslng a continuous low%energy elg;tﬁ
ron beam (~5 .eV) through the ion‘sourcq., Afger a glven
reaction time the ions are expé!led from_the ion source by
applyihg a pulse to the repeller electrode. lons have
.been retained in,th; ion source for several milljﬁecqnds;
using thfﬁ method. |

A rq;entfapproqch to ion trapping has been the use
of ion cyclotron resbqaﬁce spectroscopy. This.technlque
involves capturing ions fn crossed electric and magnetic
fieldé and ions have been t;épped up to 100 millisecqnds.
This method was pioneered by Baldeschwieler et al (27) and
the field has expanded rapidly in the last ;enﬁyears due
to the work of Beauchamp-et il (28.29), Brauman et al
(30-32) and others (33,34). |

Low preséure techniques where thebions are produced

by electron impact have some restrictions. The main dis~

I
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advantage is that the ions . produced by the method‘may be
ingé?%ally or translationally excited. The energy state
of the reactant is unknown and the measured rate constant
is not the thermal rate constant. Reactions which require
third body stabllization cannot nofmally be'studled at.
pressures below 10;3 torr because fhe lifetime of the-
excited complex is shorter than the time be‘:~een collisions.

By qperating with the pressurg in the ion source
in the t?rr range many of the limitations hehtioned pre-
viously are eliminated and a wider range of reactiohs may
be studied. The ions need not be retained in the lon.
source by specific trapping techniqﬁes since the movement
of the ions is slowed down by the increased pfessure. The
fons must diffuse to the wails, undergoing collisions which
were absent in the low pressure case. The long residence
time of the ions in the fon source allows the investigation

of complex reaction sequences. of the type

AY — Bt — ¢t — 0t — ... (1.9)

s
The ions are involved in many thousands of colli-
sions while they remain in the ion source. Such a number
of collisions is sufficient to quéench most egcited species
té the ground state and the reactions studied will be
those of thermal species. |
Although the pressure in the ion source may be in

the torr range, once the ions have left the ion source any
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“Further collisions on thchr'flight to mass analysis are

undersirable since this may adtér the reaction products.
-

4

The pressure outside the ion sourfce must#therebore_be

maintained at about lQ—h torr to eliminate any collisions.
The external low pressure can be achievéq by high capacity
pumping- systems and by making the exit from the ion
source into Q éﬁall orifice. The ionsaescape through
the orifice to the externa{ chamber by a combination.of
mass flow and diffusion. Under field-free conditions,
ghe“translaqioﬁql energies of thevipns.reflect the tem-
perature of the gas in which they are carried. High

N

pressures in the ion source enable multiple collisions

of individual ions to occur and termolecular reactions

of tbe.typé

XTa ¥ e — x*y e (1.10)
which require third body stabilization, may be investi-
gated.

C. Studies at High Pressures ’

Field and coworkers repeated their earlier low
pressure investigations of hydrocarbons (12-14) with a
modified instruméent capabletqf using pressures up to 0.3
torr. They were able to observe high order reactions in

methane (35) and ethylene (36). Further improvements to

b



their apparatus permitted pressures up to 2 torr tq bé
used (37). Field found that in pure methane, CHS+ and
CZHS+ were essentially unreactive. Once the reactions of
methane were well established, Field and coworkers in-‘
vestigated the effect of small amounts (~IZ) of addi-
tfves on the reaéti;ns of the ions observed in pure meth-
anév(38,39){ Field et al found that small concentrations
of additfveslchanged the distribution of ions in methane |
drastic;lly. This line of research.eventqally.léd Field
et al éo the aevelopment of the Chemical lonization
Method (40-44). This technique iﬁvo]ves the electron bom-
bardmen? of a carrier gas, normally methane, containing
small amounts of substrate. The primary ions formed are
rapidly'convertgd to the CHS+ and C2H5+ which may then
undérgo proton fransfer to the substratg or hydride ion
aBstraction. fhe lonization. of thefsubstrate is therefore
effrcted by ionié reaction rather than electron impaét.Q
Elecfron impact spectra normally involve the use
70 eV ;lectrdns and considerable‘ffagmentation occurs.,
Forilarge molecules the parent ion is rarely observed'5e=
cause the excess energy gained from efectron bombardment
resdlts iﬁ fragmentafion. The energy involved’in proton
transfer or hydfide abstraction is normally of.the order
of 1 to 2'eV which may be removed by collisioﬁs with the-

neutral molecules of the carrier gas. Fragmentation

therefore occurs to a lesser extent in the chemical ion--.

‘&
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ization spectrum and identification of unknown compounds ‘is

made simpler. For example, hydride abstraction :is preval-

-

'
‘ent in the paraffin hydrocarbons (41),

L

+ CH.T — 3 s-C (1.11)

: +
~n-C|8H38 5' 18H37 + CHQ + H

2

+ ) ‘ .
and the: (M-1) ion is observed, where M is the moleculdr.

4

weight of the compound: In the chemical ionizatioq spectrum
the C18H37+ ion represents almost 40% of the total ioniza-
tion whereas the parent fon, CIBH;8+ contributes only 0.5%
to the total ionization in the electron’ impact spectrdm.
Chemical ionizafioﬁ spectra are usually much simp-
ler than electron impact&speétra and this alldws faster
interpretation of the spectra. Chemical ionizatign is

widely used as an analytical technique and such instruments
are now sold commercially. The only difference to tha#ybf
‘Field's instrument is the presence of a rebeller electrode
in the ion source. “ield and coworkers have also exten-
'sively investigated equilibrié and kinetics of ion-mole-
cule cfusfering reactions (45-49). |

One of the'most useful modern techniques available
forvstudying ion-molecule réactions is the fiowing after-
glow techﬁiquc. This method was developéd by‘Fergusoﬁ,
Fehsenfeld and Schmeltekopf (50) mainly for the purpose
of studying-jonospheric reactions. -A carrier gas,vwhfch
is usually helium, is weakly ionized by electron ihpact

or a microwave discharge. The‘ﬁas i's flowed down a tube
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at a pressure of about 0.5 torr. Downstfeaﬁ from the ion-
ization region, reactant gases are injected and thgée mole-
cules are ionized bythe*leium’ibnskand excited helium
étoms.' Further downstream a second reactant gas is added
whose reactiéns with the priﬁary jons are to be studied.
The ions are éampled mass spectrometrically at the end of
the ‘tube. From knowledge of the fiuid dynamics of the
flowing plasma ‘the reaction t.ime and hence the rate con-
.stant may be deduced. Ferguson and coworkers have’invegti-
gated many ciuste:ing reacjions of ionospheri; iﬁterest

(9,51).aﬁd have also used this method to measure electron

affinities (52).

Bohme and Schiff (53,54) have used the flowing
afterglow technique to measure rate ‘constants of ieacFions
selected to test current reéction.rate theories and have
found this method to Be equally usefui‘in determining
‘therquynamic data for ion-molecutle reaétions such as heats
of foimation of ions, proton affiniéies,.eiecpron affinities
and bond dissociation energies of molecules.

The Statiénary afterglowitechnique involves the
production of a plasma in a cell using microwave discharge
or photon absorptioh. ¥ he ionic §pecies present can be

detected mass spectrometrically as a function of time of

the decaying piésma. Fite et al (55) and Sayers and Smith

(56) first applied the technique to reactionS of ionospheric

interest and Lineberger and Puckett (57) have studied
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hydration of negative ions, al;o aerdnomically important.
lon drift tﬁbes can be used as mass spectFometg}s
in the torr range. A short bursé ;f ions isvcrea;ed at
one end of the drift tube. The ions drift along the tube
under the influence of a unﬂform axial electric field and
can be detectea mass spectrometrically at the far end of
the tube. When loQ field Qradié;ts are apﬁf}ed,»tﬂermal‘
‘cqnditions are approached.' Drift.tubes are hginly used
to measure fon mobilities and ion diffusion coefficients.
McDaniel et al have performed such experiments (58) as

well as ion-molecule association reactions (59) for example

4 0 +‘202 —f—)p 03 + 92 R . (l.l?)

Kebarle et gl;applied the pulsing technjdue*to'the
ihvestigation-of'ion-molecule reactions at high pressureg
.(60). The pulsing methodguéed was simi]ar}to that devqloﬁ?f
ed b; Tal'rose (i8,§9j and others‘T@O*ZZ) but by‘usiquﬁigh’
pressures they eliminated the necess}ty of a repellér fiefd
to eject the lions from the “ion source. ’The'electron beam |
was pulsed by applying 5 voltage to an electrode iﬁ'the-
elecpfon gun assembly such that ﬁhe beam was defleéted . .
éway from the entrance of the ion source except for a

short fime Ate k~10 Hsec) when the electron beam passed
into the ion source.’ The ion signal emerging from the ion
source paSseq fhro;gh a cone and an assembly of focussing

| -

‘and accelerating electrodes before being.mass analysed.
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f
The ion signal was gated by applying suutable voltages to

the cone. The ion gate was closed for a time ¢t after the

beg?nning of the electron pulse and then opened for a

1

‘ |
short time, Ati (~10 usec). The ions collected during At.

had a reaction time of t'. The electron beam was pulsed .
at such a rate that all lons had completely decayed before
the‘nekt Pulse occurred. The reactlon time t' was varled

manually and experiments therefore took a consnderable
time. The pulsing method was later nmproved (65) by col-

lecting the data in a multichannel scaler where all the

%ignai was utilized, instead of only a small fraction and

where the ion gating was acHieved automatically by the

i
scaler. ‘

.Kebarie:and coworkers studied the solvation of
both positive and negative ions (6]~69). For examble,

the investigation of the attachment of water molecules ‘to

ions such as H' (6],62),v02+ (63) abd no™t (67) is of ion-

!
ospheric interest,whereas the study of the solvation of ~

€1~ and 02 by water, methanoi and the aprotic solvent

acetonitrile (66,68) yields‘information on the behaviour
of these ions in soiutionl Kebarle ;L _L.have alsoA
obtaihed an absolute gas pbase acidity and basicity scale
(70473) for simple orgabio compounds. Studying ion-mole-
cule reactions in simple hydrocarbons has led to informa-'
tion on the energetlcs and stabllltles of mamy carbo-

catlons (74,75).
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I.J. flpes of lon-Molecule Reactions

t

(a) Charge Transfer

The simplest type of an ion-molecule reaction is

charge transfer. During a collision between an ion and
: ®

‘molecule, ‘the ion abstracts an electron from the molecule
I . '

for example

!

+ ' .

.

N,” + 0, —0

The exothermicity of the reaction is the difference between #

thefionizatioh,potentials of nitrogen and oxygen.

-AH = IP(‘NZ) - IP(OZ) (. h)

Generally, if a bimolecular ion-molecule reaction

. ! ‘ _
is gxothehwic, the reaction proceeds at the collision fre-

quency (9). The rate constants for charge transfer re-

actions are normally of the order of f0_9 to IO-IO cm3

-1 - =1
molecule . sec .

The corresponding charge transfer reaction for

a negative ion is S
' ‘ : ' ' ' . A

X +Y — Y + X : (1.15)

In this case the direction of the reaction is determined

- by the relative electron affﬁnities of X and Y.

' Resonant. charge transfer occurs whien the exo-

thermicity is approximately zero. AH is zero when the ion

+
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and molecule are the same species

l + o _ + :
Ny Ny —— N, + N \\, (1.16)

‘ Y
but resonant charge transfer has been observed between ions

of different specjes, for example (76),

+ +
Xe + c,H, ——~> Xe + C,H,° AH = 0.04 eV

- | ) | o)

If AH is large because of a large difference in ion-

ization potentials, the ion produced possesses a large

‘amount of excess energy and may dissociate (77) as, in re-
" caction (1.18). The process is known as charge iransfer

induced dissociation.

4

ket (Pp) + cHy — LR RN (1.18)
The recombination energy of KE+ is 1.55 eV greater than
the ionization pbtential'of methane. The excitation

!

energy is sufficient to break la- C-H bond.

(b) . Abstractjon or Transfer of Atoms or Atomic lons

A large majority of .ion-molecule reactions involve
thé abstraction by theiﬂon of an ionic or neutral fragment
from the molecule, or fhe traﬁsfer by the\ionlof such a
fragmeﬁt to the molecule. Reactions in th;h the frag-
ment is large are ;erméd cond;nsatTdn feactions. .When

the fragment is hydrogén several types of reactions are

possible.
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(i) Proton Transfer Reactions
!

Proton transfer reactions have been studied. exten-
sively in recent years beéausg*of the interest in gas phase
acidity and basicity. The gas phase basicity of a sub-

stance can be measured by observing the reaction

M+ HY — e un?t S, BH = -PA(M)  (1.19)

j
~The proton affinity of M is defined as the exothermicity of
reaction (I.19),where M may be a negativ¢ ién or é neutra]

molecule. Proton affinities of simple organic compounds are
normally of the order ofAlOOIto 200 kcal/mol (54,78). In

instruments of tHe type that are d§sigﬁed to measure thermal
vreactionsP‘5u;h magnftgdgs of AH are.impossiblé to measure -
‘directly. Therefore reactions where proton transfer occurs

from one base to another are used to measure proton affin-

ities for bases Ml and MZ'

MHY & M — = wonT e

! 2 2 ! (1.20)

i
If the reaétion'proceéds'in the direction written then
the reaction is exothermic.  The proton affinity of MZ
is therefore greater than Fhat df M]‘and thé meaéured AH
is given by . .
' AH = PAS;I_Z) ~ PA(Ml) | (]fZI)
Thué’if one protbn af%inity is known the other ¢an be tal;

culated by this method. Proton transfer occurs when there
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are no electron vacancies in the valence shell of the ion

(79).

(ii) Hydrogen Abstraction
If the ion has one electron vacancy in its valence
shell, it is known 245 a8 radical ion. An example of a hydro-
. !

¢

gen Abstraction reaction is (80)

+ + : -
CDQ + NH3 = CDhH + NH, (1.22)

(ifi). Hydride lon ABstraction

An ion in which there are two electron vacancgies
0 Gl¢
in the valence orbital tends to abstract a hydride ion

from saturated molecules (79)3 For example, equation

(1.23) shows C_H_T abstracting a hydride ion from

a2

+ _ .,
C3H5 + neo-CSHiZ : CSHII + C3H6 C(1.23)

!

neo-CSHIZ, this type of reaction is also observed with
et 8. - | | /

(iv) Atom-lon Interchange
. . s ' {
Reactions wheiglelements larger than hydrogen are
transferred arg called atom-ipn«interchange. For exampie

(82)

of + N, = not &y | (1.24)
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(c) Condensation Reactions : )

When units larger than atoms or atomic ions are
transferred, the reaction is termed a condensati®n or
attachment reaction. An example of this type of reaction
) , . + +
is the clustering of water around NH“ to form NHM .H20

(83)' ‘ ! . - ' ) “i;\

+ » + '
NH, " + H,0 = NH ".H,0 : (1.25)

The general equation for this type of reaction i§
AT(S) 4 s+ M —= AY(s) 4+ M (1.26)
S n-l . -—— n )

where M is the third body, which'fs.requi}ed to remove
excess energy due to the egothermicity of the reaction.

Attachment reactions are very informative because
the equilibria may be measured for each successivé addition
of a solvent molecule arouhq an ‘ion. Thermodynamic data
,ébtained in this waﬁdmﬁvw?ﬁéh be coépared to ‘the behaviour
in solution and thé!intrinsic effect of the ion-solvent |
interactions can be ascertained.

Equation 1.26 can be broken down into various stepsf

When an ion and neutral solvent molecule react, an excited

’

intermediate is'forhed tBh) ‘ 7
| \ + kc ' + %
. A+ S ——— [A 5] , (1.27)

I3
e

The lifetime of the exqfted intermediate may vary from a

single rotation period (“10_'3 sec) to the time required
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for collisional stabilization. |(f the lifet'ime is short

and no stabilizing ﬁbllisions have occurred, the complex

dissociates to the réactants.

’ + % ky. . .
[A°'S] ———— A’ + S decompasition (1.28)

If the Iifetime.cf the comblex is considerably ionger‘and

collision occurs with a third body, a stable clus

ter is
K // 3 . “’ )
formed.

- % kS . ' y
[A"S]" + M —— [A"S] + M stabilization (1.29)

~

The overall reaction is therefore

-

k Kk
At e s —C a [ats)? = Als (1.30)
k * !
d

Applying steady state conditions, the expression

for the experimental rate cohstant,'kf is given by (8%).
k k ' -

= C S . -
o7 R R T e

- Under conditions of low pressure, k

>> k M and eq”a’- \-\
d S[ ]
tion (].3]) becomes

; L
—c s (1.32)
kg o

The magnitude of the rate constants, k

£ for clustering
- - : ‘ 2 -
reactions are normally 10 28 to 10 31 cm molecules sec I

(69). R |

|
|
|
|

(d)

Exchange Reactlions

Reactions of this type involve the exchange of a
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molecule attached to an ion for another neutral molecule.

These reactions are also known as ”swbtching reactions''.

+ P +
(CH, VOH)ZH + CH,OCH, ——a (CH30H)(CH ocu3)ﬂ

3 3

3 3

-+ ‘CH30H . (1.33)

The'measuremen; of equilibria such as (1.33) and higher
cluster exchange reactions can lead to information about

preferential solvation in solution (85).

1.4 Recent Theories of lon-Molecule Collisions
. v :
Gioumousis ‘and Stevenson (16) first derived the

theoretical expression for the captﬁré rate constant for
a point charge colliding with a point polarizable molecule.
= m(ﬂ);’ i e
c H
where e is the electronic charge, a‘is fhe polaflzabylity
of the neutral and U is the reduced mass oé the colliding
ion-neutral pair. Gioumousis and Stevenson did not take
into account any permanent dipole moment that the ngutra!
molecule may possess. Moraﬁ aﬁd Hamill (86) defermine&
that contributions qf the ion-dipole interaction hust be
included in the‘calﬁulations for target molecules with
significant dipole momenﬁs. They suggested the'Locked
Dipole Approximation. (f no alignment of the dipole with

the approaching positive charge occurs, then the ion-
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dipole interactions should a\)erage zero, and only the ion- V
induced dipole interaction will be important. The exprés-

sion then reduces to tNe Gioumou;is-Stévenson equation (1.34).
However if the dipole of the rotating molecule "locks in"

as the ion approaches, the lon-dipole interaction should

be added to the ifon-induced dipole Interaction. Harrison
gi al (87)’ex%ended ;he calculations to thermal lon distri-
butions |
k. n n,—z—"ﬁ- o 4 uD( ~~3~~-);{1 | (1.35)
M ﬁkT

where 1, s the permanent dipole of the molecule, k is
Boltzmann's constant and T is the absolute'ﬂﬁﬂperature.

Equation (1.35) was :Zund to be useful for estimat-
ing the upper iimit of rate constants but usually their
magnitude was overestimated.

Bowers and Laudenslager (88f éugggsted that the
ion field was not sufficiént to lock the dipole of thé
molecule and only-partiai locking occurred. They assumed
that the rate constant could be represented by the semi7,
empirical form

KpLp = -2;";;‘- o2+ cuo( ﬁ?);’ s '(1.}‘6)_

whg;; C is the onting'dipole constant witg values between
0 and 1. When C=0, no locking occn‘s anq the equation re-

duces to_kc, equation (1.34). Hhen C=1, c&mplete locking

\

x \

-~



24

.occurs and equation (1:35)is ained. They tested equa-

tion (l.36) quantitativeiy by measuring the rate constant
"for the charge transfer from rare gas ions to a .series

of isomers with different dipole moments. They chose

the traas, 1,1 and cis i;omers of difluoroethylene and

measured the incremental increase in ;h% rat; constant

with increas;ﬁg dipole momeﬁt of the molecule and assumed

that this represented thaxdegree of locking of the di-

pole. From equation (1.36)

% - '
¢ o= bk, o =T, (1.37)
Bre H
, D
‘where Ak is the experimental increase in rate constant

PLD

for the polar isomer, relative to the non-polar isomer.

In this‘particular example,Cl ;= 0.093 and CCis = 0.111
which are close to the zero dipole limit. The cis isomer

is oriented to a slightly greater extent than the I,

lsomer. n

‘
t
'

The Average Dfpole Orientation Theory was proposed
by Su aﬁd Bowérs in 1973 (89,91) and they visualized the
effect of the approaching ion on the rotating molecule.
As the ion approaches the molecule,'fhe rotational motion
of the dipoje 6F’the molecule is hindered by'the—field
sof“the ion causiﬁg.a net orientation of the dipole.
Secondly they assumed that the net transfer of angular

momentum- between the rotor and the system is negligible.
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Their third assumption was congerned with:the rotational
deérees of freedom of the rotor. They assumed that the
‘rotor had two rotational degreesvof freadom in‘the plane
of collision and the fhird degree of freeddm was aligned
along the dipole and did not affect ghé angular mom-
entum. This premise'js valid for diatomic moleﬁules but
they estimated that errors introduced by uging more com-
‘ :

plicated molecules would not chdnge the final rate‘constant
by more than 5%. The ADd theory, by considering the
average orientation of the polar molecule is only valid
for ion—mélecﬁle sepafations of 8 to 15 ; and therefore
.the rate ofs the reaction is independent of the s}ze of
the molecule fbr.low ion energies.

Bohme has tested the ADO theory using proton trans-
fer reactfong (54) . For example, the neutr;l molecule
NH, was reacted with different pro{on donors aﬁd thg rate

3
consgant for proton transfer for reaction (1.38) was

' o _
measured where ™ = Hz, NHZﬂ CHQ,\HZO,‘CO, ~2v‘C2Hq’ C2H6,

+ i + ) .
XH +NH3—-—->NHI‘ + X . (1.38)

Ay [Y
.

NZO and CLHS. The expéﬁiﬁen;al results gave good agreement

with the predictions frbm the ADO theory.

v
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1.5 Mechanisms of the qumamion of Negative lons
Negative ions ma§ bé formed‘by several proce;ses

(92). Urrder the cbhditiohs used in most high‘ pres-

sure mass spectrometets the most important processes are

electron capture, dissociative electron attachment and
!

ion-pair production.

In an electron capture reaction, the electron en-
N ".. 3 . .
counters a neutral molecule which has a-positive electron
affinity. The resultant excited molecular ion is stabil- |

ized by collision-with another molecule or autoionized.

-k
(1.39)
- % - % .
[02 ] + M -——»02 + M ‘

Dissociative electron attachment occurs when no
stabilizing collision occurs within the lifetime of the
! : .

excited molecular ion and the transient molecular ion dis-

sociates into an. ion and neutral (ragqbnts.

e + XY ——p X + Y '. (1.40)

Therefore the pressure of the gas, as well as the energy
of the electron, is important in determining whether elect-
ron capture or dissociative attachment occurs. Both pro-

cesses occur only over a narrow range of electron energy of

about 2 - 5 eV (92). |
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When an electron and neutral molécule interact such
that both a negative and positive ion are produced then the

process is called ion-pair production.

e + XY ——p e + xt o Y (1.41)

The electron‘acts as a source of energy and excntes the
molecule into an unstable state such that it dissocliates
into a_positive and negative ion. There is a critical
energy below which ion-pair production does not occur.

. ‘

Above the-critical value, the probability of ion-pair pro-

duction occurring depends on the energy of the electron.
‘ ' ! .

.6 alhe Present lnvestigation

The work describeJ\invthefsubsequenf chaeters was
.performed on two different mass spectrometers. The in-
vestigations described in Chapters 3 and 4 were performed
.on a mass specfrometer that was orlglnally a c0mmer|cal
|nst;ument but has been altered in several stages Mod-
|ffcat|ons were mede to an Atlas CH4 mass spectrometer in
order to observe iton-molecule reactions using pressures in
the torr range. As mentioned in Section 1.2, three re-
qufrements areenecessary to observe consecutive ion-mole-
cule reactions at high pressures. First a high capacity '

puhping system is essential in the vacuum chamber outside

the ion source to-reduce the possibility of ions escaping



28.

from the ion source and colliding with molecules on their
path to mass analysis. This Féaturé was already installed
on the Atlas CHA4 mass spectrométer. Tae second requlre—\
ment is an ion source that can retain’d pressure of sev-
eral torr while the,ekternaf pressure is kept at a minimum.
This was achieved by making the orifices extremely smél{.

i .
A slit of approximate dimensions i x .0l mm was usually
small enough to provide an adequate pressure difference
between the ion source and the main vacuum chamber. Third,
pulsing ¢ir;ults are requi%ed to follow the éemporal
behaviour of the various rea;tant and product j0ns of a

- . . ’ v L3 ]
sequence of ion-molecule reactions. Suitable electronic

equipment was added to this end. f
The techniques used in the present experiments

were developed'by Durden (93) and the pulsing circuity,

data collection énd ion source design was improved by
|

Payzant (94). These methods were incorporated into the
"design of the .ion source used in the Atlas CHA4 mass

spectrometer. -
The second mass spectrometer'used was identical in

principle to the Atlas CHA but was constructed in our
laboratory. |
]

This thesis describes two major projects and an

introductiqh,to each is included in the relevant chapter.



CHAPTER 2 B

EXPERI MENTA L

Iy

L

2.1 Introduction
The investigations described in this thesis were
conducted with two dlfferent mass spectrometers. The two
. i

|nstruments were very similar in their principles of

operation. One machine will be described in detail and
the other will be described briefly where it differs from
the first.

There are several requtrements whlch a hlgh pres-~

-

sure ion source mass spectrometer must meet if the measure-
.

ments are to be reliable and rEproducibIe. First, the
electrons used to gonize the gas must have sufficiently
high.energy to'penetrate the gas sample, which is dreseat
oe; pressures‘of several torr. Therefore | to 2 KeV

e;ectron en;rgies were used. Second, the incandescent
filament which generates the electrons;‘must be sufficient-
ly distant froo the ion souwrce that no temperature

\yradlent across the ion source is caused by the heating
effect of the: fllament The llfetlme of the filament is
Ionger when Operated at lower pressures 7 Third 'it I's
importent that the ion intensities detected are an accur-
ate representatlon of the actual ion population in the '. i
loh source. Although the pressure in the ion source mey

be several torr, the mass spectrometer must be desngned

so that no collisions occur between,lons and molecules as

29
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‘they move from the ion exit slit to the mass anal*zer.
*This criterion reqeires a high capacity pump;nglsystem
in the chamber outside the fon source and‘an electrode
geometry which allows free exeansion of the gas escaping
from the>iop Source. The vacuum outside the ion source
"should be such that the mean free path of an ion is much

greater than the dimensions of the ?pparatus.

2.2 ?v Descriptfon of rhe Apparatus

| | The mass spectrometer used for the project described
|n‘Chapter 4 was a commercnal instrument, ~an Atlas CH4.
A schematlc.dlagram of the mass spectrometer ls;shown:in‘
Flgure 2.1. The instrument was a conventlonal 60° seetor
magnetic deflection mass spectrometer‘whieh had previously
been modlfled for high pressure work using’ flash photoly-
sis (95) by adding a large stainless steel chamber which
‘was mounted on the‘aﬁalyzer tube [3] of the mass spectro-
meter.i The 10 in. Hiameter chamber was evacuated, via an
8 in. pumping lead [5], by a 6 in. WRC oil‘diffusioﬁ pump
fitted with a 6 in. NRC water cooled bafflej Strausz et
al (95) estimate the pumping speed at the ion source to
be 500 1/sec. For the present work the ion acce]era;ion;
system was also modified by mounting~a series of accelera-
tfon ane focussing slits and deflection pletes oe ;he

analyzer tube. The voltages of these electrodes could be



(1]

(2]

(3]

(4]

(5]

FIGURE 2.1

Schematic Diagram of Apparatus

fon source
' » A

lon accelerating and focussing electrodes
o /

/

Atlas CH4 mass analyzer tube and magnet

Electron multiplier followed by an amplifief

and multi-channel scaler -

To a 6 in. vapor trap and diffusion plump

.



32,

[N “M -
§
47
/\/u
‘ z
I ANnm
| Z
) T 3
Il !
..... ™ '
-—x A:.anu .
L ndg 1
llllllllllllllllllllllllllllllllllllll r.l.Owsm._Q%IlllllllL }
P:N..‘
O




33.

-

selected to gi$e-optimum.sensitivity~and mass resolution.

An ion gauge was mdunted on.the side of the chdmbef
which could be pumped to less than | * 10_7 torr overnight.,
During normal operation with 3 tdrr of gas passing through
tne ion Source, the ion gauge regidtered 2 x lo-m tonr
A Pennung gauge was also available for mepsurlng the pres-
sure in the analyzer tube itself The pressure in this
region was norma]ly 5 x 10_5 torr during an‘éxperf$entl

The mass specirometen waé equipped with héatérs
which could bake out most of the analyzer tube’ and elect-.
ron multlpller. The magnet cou‘d be wuthdrawnvand heaters
placed around the narrowest part of thd.tUbe Tnzse
'heaters were found to be necessary for the baking out of

the system. The removal of last traces of water lequlred

- *

particular effort.

2.3 The lon Source

‘ The design of.the fon éource was very similar to,
\’:.
that used with other instruments in our laboratorv (62).

The ion SQurce was made from non- magnetlc stainless steel.
The one dlfference to previous designs was the pOsition
of the élecfron filament. Since no separate flénge was
.avanlable for mountlng the electron gun assembly it had

to: be mounted on a small tower attached to the side of

]

the ion source as shown in Figure 2.2.



FIGURE 2.2 ~ ™
TIGURE 2.2

-

PulsedsTT€ctron Beam High Pressure lon Source

)
[2]
[3]
[4]

[5]

[6]
(7]

[8]
- [91]

High pressure, ion source

Slow gas flow inlet and outlet
!

Filamént

Pulsed electron beam electrodes

Electron entrance slit

lon exit slit

¢

High transparency grld for electrvc fleld

shlelding 7 ‘

Heating mantle - -

Auxiliary elec;ron fflament

-
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The electron beam from the filament [3] passed
throdgh‘drawout, focu§ and deflection electrodes [4], then
through a narrow slit mounted on the electron entrance |
cone [5] and into the ion sou;ce [1]. The narrow slit was
made by spot welding two paﬂallel pieces of stainlegs
steel-razbr blades across a small hole In the cone. A

stainless steel ring was spot welded over the top of the
. ’ AN

»

razor blades to ensﬁre that their edges were even. . The
resultapt slit was .008 x 2 mm. The filament was suf-
ficient}y distant from the lon source to be éffectively
at the same pressure as the vacuum chamber. The heatfqg
effect of the filament on the ion source was also minimal.
The temperatufe rise in the ion source.affer t rning on
'?he filament was only about I°C; Undeflected electrons
_wgre collected on the trap at the far side of the lon
source. (See Figure 2.2).

The vblumé of the fon source was ab0u£ 2 qm3. Thg
ions created in the ion sogrce diffused through the field
free region to the walls. Some of the ions reach the ion
.exit slit [9]. fhe slit was mounted on a cofe and was

] 4
made in the same manner as the electron entrance slit.
The ize of the ion exit slit was .017 x 1.6 mm. The
plane of fhe elec;ron beam was about h-mm above the ion
exit slit. Both entrance and exit cones were Sealed.to

the ifon source-with gold 'J'-ring gaskets made from

.015 in. gold wire.



37

Gas flowed into the ion source from a gas handling
plant [2]. The gas from the gas handlihg plant entere&
the ion source in'a slow flod and was pumped out of the
ion source'by a mechanical pump controlled bf an inter-
mediate capillary. The inlet/outlet tube was made of glass
and was joined to the metal ion source by a sifver~soldered
kévar seal. Around the inlet/outlet tube was another glass
tube which was mounted on bel lows to allow flexfbility. The
outer glass tube was used to hold péncif heaters directly
against the inlet/outlet tube. Ffve 90 watt Hotwatt heat-
ers were used to ensure that no condensation occurred in
the glass‘tubfﬁaiand for bake-out purposes.

A stéinless steel mantle [8] contained vertical

grooves into which heaters could be Instalrgdg The heat-

ers were held in pléce by two semicircular sigelds which
were screwed to the mantle. The heatérs cons;éted of 2%
in. cylindrical ceramic rods with 6 Ipng?tudinél-ho]es.

threaded with .010 in. molybde .r wire. A second set of

heaters was mounted in the base of the ion source in order

to make sure that there was no temperature gradient across

’

the ion source. ' _ :
An auxiliary filament [9] and trap were embedded
[ ]
in the base outside the ion source. This enabled conven-

) .
tional mass spectra to be measured in the low pressure

region just outside the ion source in order to check the
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the purity of-reactant gases. N

Below the base of thé,ion source-an electrostatic
shield [7] was mount;d yhicﬁ provided a bogndary for the
electric tield between’}h;‘ion source and'the ion\aCCelcra-
tion tower. - The cage consisted of e{ght ‘ongitudhnal‘rods
held rigid by the base at the top end and by a ring a} tﬁe'
other. High transparency gauze was spot weldéd aroun&‘thé
rods so.thal the high pumping speed'was still maintained.

All electrical connections to the ion source |
assembly were.madeby’:\ectrical feed-throughs o; tpe
flange. | “

\

2.4 Temperature Control and Measurement

The tehperature of the ion source was monitored In
three places by ﬁronfconstantan thefmooodples. The the}mo-
couples were placed in fhe ion source, heat{ng mantle and. .
base of tbe ion source. Iﬁe therﬁocoup]es have to be in
intimate contéct with fhe SUIfaCé they are measuring and
to ensure good contéct, the middle of a screw‘wa§ driltled

out, the fhermocouple inserted and the hole,f?lled,wifh

silver solder. The screw was then screwed tightlngintoa

2

tajped hole,

The temperature of the ion source was controlled by
manual setting of thé heater voltage. The heater voltage
was supplied by an auto fransformer (Variac), followed by

‘an isolation transformer so that the heaters could float

3
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at the same voltage as the ion source. It had been found
(93) that allowing the ion source to reach a steady state

gave a much more constant temperature than could: be obtain-
: | \

ed by an automatic temperature controller. -

The voltage of the thermocouples was read with a

potentiometer. The reference thermocouple was immersed

’s

in an ice-water mixture.

Since the heaters and thermocouples all floated at

high voltage, care was taken to insulate all heater and\

potentiometer controls. N ' .

2.5 The Gas Handling Plant ¢

The‘gas inlet system provided with the Atlas Cﬂﬂ\\
mass spectrometer was an all-stainless steel_sysfem
except for the Qalvg’seatsywhich were made of Teflon.

"This was considered undeésirable since Teflon'cag absorb
substances and then gradu;lly_degas them‘over a long
period of time. Also, the valve$ on the gas inlet system

'wéie the lever pre which are eitﬁer fully open or com-
pletely shut. Thus it\was impossiblé fo contrgl tge gas
‘flow to the ion source from the gas inlet system. Because
o% thesé disadvantages a completely new gas handling plant
was designed and built. ‘

The gas handling system, shown in Figure 2.3, was

made entirely of gléss,and stainless steel. The entire

system was surrounded by a box made of 1 in. thick, hard
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asbestos material, Marinite 36A. The box could be heated
to 200°C to bake out impurities. The heaters were GE

1000 watt rod elements which were bent into suitable
shapes and covered with a shield solthas theére was no pos-
sibility of initiating thermal decomposition 4if the
heaterslgIQWedNred hot.

The valves were all metal GranVille-Philllps ultra-
high vacuum valves which used silver gaskets as a seal.
The glass tubing was 14 mm. | |

The syﬂtem was  pumped by an Edwards oul diffusion
pump and liquid nitrogen trap The pressure in the mani -
fold was measured by an Atlas-Bremen'MFT c;pacitance
manometer which could read pressureés from 0.1 to 20 torr.
The manometer head could be baked out at 350°cC fer de-
gassing pufposes. The reference side could‘either be
‘evacuated or let up {o atmosphe}ic pressure sojthat one
etmesphere of a éas could be admitted into the gas handling
plan;. The- callbratlon of the capacitance manometer was
check‘d periodically'against a digital'or mercury manometer.'

A 5 1litre bulb was used to make gas mixtures. The
bulb has an injection port, access to which was obtained.
by a small sliding doo; on the front panel of the box.

The injection port consisted of(two rubber septa separ-
ated by a dead space. The septa were-changed frequently

‘to prevent leakage and disiﬁtegration_due to the elevated

temperature.
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The moét troublesome impurity for the experiments
described In Chaptef 4 was water. The entife mass spec-
vtromete;;and gas handligg system had to be completeiy
free of any traces of water. To achieve this the mass
spectrometer and gas handhing system were repéatedly baked
out. To prevent water from enteting the system with the
reactants thé major gas, ultra high purity methane,vwas
passed thropgh a U:tubé containing molecular sieve
Immersed In dry icel Liquid nltrqgén\éould not be used

since the pressure of methane passed through the U-tube

1
i .

was | atmosphere and the vapor pressure of methane at
-79"" is about 50 torr. Ethane was contalned in a sep-
aré - /acuum'rack which was maintained:at I atmosphere
pressure and-alsa‘passed over a molecular sieve. The
ethane was Phillips Research Grade.

The glass Eubes leading frém the gas hand]ing \
system to ~the ‘fon sJurces'were wrapped in heatingvtigg' \
for purposes of degassing and to prévent condensation. \
.The tubing was 14 mm ﬂ1di$meterfandeés ]érge!enbugh that
the pressure differencelbetween the manifold of the gas
hanqung system andﬁthe ion’source was insignificant.
Poisezifre‘s Law (96) cén be used to calculate the
presere gradient. ] |

'rral'(Pz2 - P‘z) . o .
ny = — (2.71)
16n1RT :
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" where Ny is the flow (moles/sec).throubh a tube of length
1 and radius a, R is the gas constant,'T s the tempera-
ture and n the viscoslty'of the gas. P2 and P.l are the
_inletnand outlet pressures of the tubes to the ion source.
;‘To measure the, flow a bubble flow meter was lnstalled on
the exhaust of the mechanical pump thet controlled the flow
through the ion sonrce. - When the pressure of methane was

3 torr thelflow rate was'about 20 cm3 atm min '. The
length of‘the tube from the manifold to tQ ion source

" was about 1 m, with a_radlus of 0.7 cm.b The viscoslty of
methane'is .09 x lO-h'poise (57) From equation (2.1)

it may be ealculated that ~ the pressure difference between
the manifold and the ion source is less than 0.5%. There-
fore the pressure readlng of the capacitance manometel is
en accurate representatton of the pressure in the ion
source, &

' /

2.6 The Electron Gun Assembly

The electron gun assemhly ls}shown in Figure 2.2.
Since ithe filament was mu¢h closer to tne electron entrence,
sllt‘ln the ion source than in previous designs (98); the
arrangement of electrodes could be slﬁpllfled.

The potential divider and wiring circuit for the
various electrodes is shown in Flgure 2.4, -The voltage
for the potential divider wa§ 5upplled by ‘a variable hlgh

voltage supply. The center of the fllament was kept at:

i
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-approximately -iZOO,V relagive to the ion source. V;rious
monitoring ammeters and voltmeters wefe ingtalled and typl-
cal values of the electrode voltages and current flgows are
shown in Tablé I; , I |

The filamegt of the electron gun was coﬁstructed of
.thoriated iridium. This material was used because lt;hés
ﬁbeen found to be very resistant 'to attack by gases,‘especi-
élly oxygen, which is a gfeat advéntégc over the more com=
monly use& tungsten filaments wﬁich are particuTngY

Vulnerable fq attack by oxygen.
\ ; .

The vorlages of the ion source and ion acceleration
electfodés were supplied by tLe existing high voltage
supply on the Atlas CH4. The ions leaving the ion §our¢e
‘were acqelerafed to ground at the entrance to the mass
analyzer.

1

2.7 The Pulsing Circuitry

The-e!ectron gun was pulsed by applyfng‘a ;uitasle
v;itage to the drawout electrode.’ Figure 2.5 shohs a
bléck diagram of the mass spectrometér including the
electronic circuits. - |

The electron gun pulse generator wa§ battery powered
and could be floatéd to the potential of the drawouf‘plaf;
which was kept at about 90 V negative with'respecf to the

filament so that no electrons could pass into the lon

source.



TABLE I o

Typical Operating Voltages

Electrode . Voltage
Filament o 860
‘Drawout ) h 870
Deflection Plates 1150
Focus / o [2504
x lon Source e . 2240
Mass Analyzer Tube R 0

Typical Meter Readings under‘Contlnuous-lrradiatlon

Drawout Voltage . oo lov

C . . : )
Emission Current o 1.2 ma
Case Curreht / . : . {} Ha

Trap Current - 0.3 ua

4e.



Gas Handling

System

L

Source

)

lon
‘ Accelgration

j

Magnetic

Analyzer

Electron

Muitiplier

Amplifier -
and;

Discriminator

L

Rate Meter

FIGURE 2.5 Schematic, PBiyrym of Ex

erimental Apparatus

1

Y~

-

X1 eq't ron

Qun

<

OngllosQOpe

Scqler

Qint
NMotter

(pent Recorder

Il i Channel

47.

Y

Electron
Gun Pylse
Generator

Master Pulse

Generator

Gated

Interval

Timer




48.

. -

/
/

When the floatlng pulse generator received a posltive
pulse from the master pulse generator, it raused the pot-
ential on the drawout plate until it was 10 volts posutive
with respect to the filament fer a period which could be
varled from 6-140 us on the floating pulse generator. This
allowed electrons to travel from the fllament Into the
focussnng and acceleratlng region of the electron gun, //
After the preset time had elapsed,the floating pulse gen-
erator returned the potential of the drawout plate to its
origlnal voltage so that electrons could no longer pass_
through the drawout plate. This method allowed pulses'of'
eJectroﬁs of;known:duration to edter the ion s:urce ‘The
intensity and width of the pulse delivered: to the drawout
‘plabe was governed by the floating pulse generator wherees
-the frequency of pulsing was determinee by thevmaster
pulse'generator.

| When the electron beam was not pulsed the Current
measured at the electron trap in the fon source was
3 x 10 7 amps. From this it can be calculated that in a
i
.10 us Pulse, approximately 2 X lozlelectrons enter the |
i .
ion source. o : _ .

2.8 The lon DetectJon System

After mass analysis the ions were detected with an

.

ion countnng system. The input end of the system was a

l6-stage copper-beryllium secondary electron multlpller.
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The voltage across the multiplier could be varied from 1.6
to 2.5 KV. The pulses from the multiplier were fed Into
| .

an SSR Instruments Limited amplifier-photon‘counter'whlch

t

also contained a dlscrimlnatdq. The lcvg] of the discrim-

inator threshold could be varied so that low level noise

could be rejected. The amplifier-discriminator was

specially designed-to gllminatg ghg undesirable character-

SRt

istics of photomultipliers. ¥

A

Efier-discriminator

could resolve fndivfdual'!fgé%h ﬂseg@rated by as

little as 10 nanbseconds wifl Flent sensitivity to

.

detect indeidua}»;ec&naéryJefecﬁf n'pulgés éduivalent to

-

Iéss than 106 elecfronlc charges. .
The condition of a secondary electron“multloll;r can
be teéged by measuring the signal 1nte6sit; at various
di;crimlnétor Iéve[s. "Figure 2.6 S‘.ho\vsn‘?’thel'ef"f’ect of the
‘'signal as a functioﬁ of the gate level. When the gate

v . ‘ "
level Is low the signal Is enormous and contains essentially

, )
all noise. AS the gate Jevgt'ls increased a plateau fs
reached where only_the signal is allowed through. At high
gate levels the ;lghal falls off entjrely. it can be séﬁh
;ghat as the voltage across the electron mulflpller‘ls in-
creased the plateau becomes flattef. As the electron’
multiplier becomes older the plateau dlsabpearﬁ even at
the highést voltage across the dynodes, and tHe signal .

S
decreases almost linearly with Increase In gate level. By

-

operating well up on the plateau, fluctuations In secondary
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Signal (counts/sec)
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o
|

0 4 8 12 16 20 24
Discriminator level
(arbitrary units) =

- FIGURE 2.6. Signal Observed as a Function of Discriminator gate
. Level at Various Acceleration Voltages Across the

Dynodes  of the Electron Huitlplt?;.

A
s



emission characteristics of the electron multiplier,

fluctuat}ons in the high voltage of detection threshold

can be reduced to negligible levels and provide stable
Y

)
measurements. d

The amplifier/discriminator could be used for count-

7

ing rates up to 10’ per sécondlwfthout correétions for
dead time This resolutfon'was more than adequate for
thls system since the maxfmum count rate was never above
IOS per second The maun di5advantage of the ampllfier s

wide bandwidth was its scnsitlvlty to external nolse A

low background count was only achleved when the amplifier

‘17

was mounted directly next to the anode of the electron
-multipller. In this position a background noise level of
10 counfs\per~second was obtained. Signal rates wer@

«

typically IOh/second

The ampllfled puISes Were counted etther wath a rate
meter and dlsplayed on a chart recorder or a multichannel
scaler (Nuclear Data 2200). The temporal fluctuation of
an lon's int%psity was observed by synchronizing the sweep
of the multichannel scaler with éﬁe tilggering pul§e of
the electroh_guq. The dwell time per channel in the multi-
channel scaler was Selected to be 10 Ms for 256 channels.
Thus lons which were detected In the first 10 us after the
beginnlné of the pulse were stﬁfed in the first channel

of the multichannel scaler. ”ﬁﬂE%QOns which ‘were detected

K3 | R
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from 10 us to 20 us after the pulse were stored In the
second channel and so of for 256 channels or 2560 us.
After 3 ms the siéhal had decayed by a factor of IJ' and
v the electron gun could be pulsed again. The number of
ions detected in each channel were added to the ones
collected previously. _Normafly lon intensities were
collected for a period of 30 to 60 seconds, selected by
a gated interval timer. o " ‘\\

\

2.9 . Descriptiom of the Second Mass Spectrometer

The secgng,mach'ne could be used to study %gsntlve

!:é% or negative lons and i3 shown in Figure 2.7. Thls mass

. — ) L
spectrometer was not-a'commercial instrument. and the majar

dnfference from the prevlously described Atlas Cﬁ\\das

4

that the electron gun was mounted on a separate flange

.Ihe fllament uas about 25.cm from the electron entrance
. ./w ] ;'V‘é
A éra;f@n with negative |ons, the ion source

¢ Al '\J*Ju

'Zﬁgfand the fnlament at -QKV This

ufS ‘cm radlus 60 magnet for.yass

q{éfbedﬁrz Sectlon (2.6) by applying a gating

”'pudﬁeﬂtobtké-drawout electrode (2]. The poxential'dfvlder

AY

Swﬁql’y*‘ng voltagg to the electrodes in the electron‘gun
T ; 17
a.switch to convert to 'monitoring positive ions.

C v

~
v
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' FIGURE 2.7
[

Schematic Diagram of Second Apparatus Used

Filament

Draw out

Extractor

Einzel Jens
Deflection' plates

Shielding cylinders ‘0

Heating Mantle

Electrostatic shield -.

Electron entrance slit

Electron trap ‘ B

lon exit 4slit cone

>Gas'lnlet |

Kovar seal flange - -
Stainless steel support

Ceramic spacer t

Cone .

lon acceleration assembly support
Electrodes for focussing, and%ion beam_jnfo

. k)
mass analyzer tube

.

Mass analyzer tube:
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. beam was. mad! visible by mounting n‘c* -1d in Front.ofj‘

- 55.

The electron beam codld be focussed and directed
towards the electron entrance slit by means of a plexi-

glass window installed in a blank: fiange. The electron

the electron entrance cone with a suitably sized hole to

A \
admit the electron beam and painting the outersurface of

the shield with a phosphorescent substance. The shield”
was coated with a mixture of phosphor (type P-31 Sylvania)
and sodium silicate solutiof. The shield extended the

length of the ion source to prevent spuriods ionization.

'The electron beam could be deflected on to the phosphored

area, focussed to a spot aﬁztmen directed through the
hole into the electron entrance ‘cone.
The electron gun and magnet were encased in magnetic

shlelding to minimize the deflectlon of the electron

beam By the magnetic field of the analyzing magnefi%

After mass analysjs the ions were detected by a
Spiraltron‘Elect?oniﬂultlplier (Bendix.Corporation). ﬂgg
spiraltron was operated such'that a gainAof‘IO6:was
achieved. For negati;e ions tne voitage across theimulti-

A

plier was varied between .3 E6<;1kv. ‘The 6utbﬁt pulses

from th% multiplier weretvery narrow (~3 ns by manufactur- -

er's specifications) and of very uniform size cohnaredtto

the variable. size of‘the outbut pulses from a conventional

\
|
i

dynode structure. This uniformity has been attributed to

space charge of the pulse of electrons as it moves through

Mo : “ 3

]
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the channels of the multiplier (99).
The efficiency of detection for the spiraltron is
| S |
approximately unity for negative ions with more than 500

eV energy on impact (100) and about 90% for positive ions
AN

(101). The high efficienqy for negative ifons has been

-explained as due to thej ease of removal of the loosely

held electron of the negative ion compared'tOgthe more

strongly bound élgctron,dﬁ the positive 'fon (IdO).

- The output pulses from t@e multiplier were then

"

passed through a discfimlnatorito ellmfna;ellow level
noise. ' The discriminator curves were simJlar/to those
shown in Figur; (2.6). The background count was much y
lower, about 3 counts/sec, than that observed with the

dynode'electrqn @ultiplier dpscribéd earlier.

*

The lower
background count of the former is probébly-due to the - ‘dk
more uniform output pulses of the .spiraltron which gives A a7

rise to horizontal plateaus in the discriminator curves

' which are only observed at high acceleration energies

\ . [ od
de multiplier.

with the dyno
The pulse ampllfler unit consisted of a_preampll-
fier, amplifier and discr]minator. - The amplificatioﬁ unit
delivered a 0.25 us pulse for each Input pulse. The re-
sponse time of this amplifier-was not as fast as the p&e'i
p}e‘ipusly used ana It was fodnd'that Et cbuntiﬁg r&%és

iarger than JOS counts/second, ' the signal saturated the o
N o

amp ifler. This condition was easily detected as the ion
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\

profile collected in the multichanne! scaler Qould be flat-

tOpped at the maximum of the €urve. Normally the signal
was adjusted such that the most intense fon count rate
was no‘more than 5 x IO“ counts/second.

The gas handling syotem was of ‘the same design as

that described in section (2.5) except for one extra

feature.  This instrument had been used for investlgatlons

g

of systems using condensible organic compounds Therefore

to protect the oil,diffusion,pump an extra valve was in-

stalled which led to a mechanlcal pump. " Once the exeri-

ment was finlshed the contents of the 5 litre bulb could

be pumped from one atmosphere to about one torr with the

O

roughing pump through a trap, then pumped with the oll

dlffusnon pump. This arrangement kept the gas hand]!ng
A

"system clean and the oil In the dlffusnon pump needed to

.

be changed less frequently.

2.10 Time of Flight B g

The tlme'required for the ions to travel from the
ion source to- the detector is flnite and should be cal-
culated for edth Ion Thevtlme of flight could be

[

estimated by assumgng that the gradlent of the electric

field from one' electrode t#qaﬁbther in the ion accelerat-

ing tower was ungorn’ The grdeeﬁt was assumed to be

the potentlal dlfference between , the ef%ctrodes divided
0"
by the interelectrpde distance ‘Using the geometry and
oY
5

-t r‘
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potentlal of the electrodes éhe time of fllght ma'y be

calculated from the following expresslon..
LY B © (2.2)

X = v, .t -
Fi _ ] !j 2m

|

where xU is the spacing between the ith

and Jth elect-
rode, vy is the Veloc}ty of.the particle at the‘lth
electrode,'Eij is the potentlal dlfference between elect~-
rodes i and j, m is the mass of the particle,“e the
electrenic charge and t) the time‘of'Fllght from elect-

n

rode | to J. Since ' 3

' : © eE, .t L
| vi - v, - —1Jj1J | (2.3) "

the quadratic equation (2.2) can be solved to glive tlj

!

The total time of flight, te, is therefore the sum of

i

- ’ . n
Ly \

For machines of jhis geometry in our laboratory it

the Individual t, . for n electrodes, éﬁ%
, - . ' %

"has been found that te Is normally of the order qf>5 to

10 us (94%). hsfnce the time of flight i comparable in

- magnitude to the minimum time resolution of the multi-

channel scaier, the correction for te was not used 1in thls/

Iinvestigation. : P S
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2,11 Phystcal Conditions in the lon Source ‘
‘ ‘ — K — 4
A. " Number of Collisions in the lon Source

-

The conditions i/nside and the-dimensions of the ion
. _ .

source must be chosen carefully to ensure that the signal
received a the detéctor,islin accurate representation of
the ion population in the ion source.: Simple kfneth

fhéory can be .applied to verify this afsumption.

1

In. studying ion-molecule reactions it is neces-

sary to ensure that the ions have no excess energy when

. they emerge from the ion source. . If no repellgr voltage

| .
i

is applied then the source is field free but the ions may

have obtained excessﬂphergy‘by'Chﬁmical%means. In re-
on A collides wjthﬁ%#ﬁ

:\action (2.6) an ﬂ eutféf é éqd

o

+q % o ‘ : .
\forms a cluster [AB'] with excess energy due to the

) v : k/‘ t :k '

\ d '
\ ,

bond, formed. vDepend'ng on the lifetime of the excited

specias, ,it may decompose back to the original products
. \ ' !

before \i collides WFdh A third body, M, which removes the
excess en&ray. I'n fact many colfisioné may be necessary

Sy & . ,
for [AB ] \hq\retu n to its ground state. © o *

The number of collisions per moleculebper sécond,

Z, in a gas Is given by

. i

» 1= J/iNeme? - | (2.7)
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ywhere N is the gas number density, o is the diameter of
the molecule (102, p.hO) and v Is the avérage velocity
calculated from equation (2.8). noz is therefore the

| M ) /

collision créss section.
! _ , . ' "

‘;'-;.,,(.8.';1)‘5_ o SRNEN T

™ Lo .

For meth;%;, o is 4.1 x IO"8 cm. At a pressure of l'torr.

oﬁlmethsne at 30b°K a moiecule will undergo 2300 colli~

sions inamillisecond. o D
A charged particle will suffer more collisions

since its qdllislon cross sectl;n is targer than that of

a neutral molgculg The collislon cross section of an

‘fon and a molecule is. given by the Giomousis-Stevenson

!xbresslon (16). Equation (1. B) predicts that collision

cross sections for ions at room temperature are of the

order of 100 A2 Using this value In.equation (g.?) S ‘ik

5

collisions -

.

iqdicates that an ion will undsrgo‘about 10
per millisecond at | torr pressure, at 300°K. It may be
assumed that. after so many collisions the ion should be
in sthe ground state. The half life for the diSappearqncé
of positive ions is about 300 Hsec which‘repressntS'the
litetimg of an ion Before it updergdes another reaction.
During this‘time an ion will 'undergo about '3 x loy-col-
lisions, theref&re‘an ion‘underéding a sequence of fon-

" molecule réactiohs will reach the ground state Seforh'lt

reacts further. ‘ Iy

T Al e ek b T s e



effect upon the flow conditions. Previous experiments

61.

B. lon Sampling ' o

The size of the lon exit sllt has an Important

kln this laboratory (103-105) have shown that the com-

bination of high pressures ( 20 torr) and large orifices
loi_ mm) tends to make the flow‘through the orifice non-
molecular The consequence |s that the fon populatlon

changes as lt emerges from the ion source due to cooling

effects and colllslons ln the expanding Jet of gas The

zcoollng:of the gas causes large'clUStered ions te grow

in size while collision of the lons causes larger clust-

'ers to dissociate to - smaller ones. It was. found that

molecular flow was most sultable to eradicate bonh of
these problems (IOS) N

. M ecular flow occurs when the dlmens?ons of the
1
H i

orifice are smaller than the average dlstance that a

molecule travels between colllslons, that is, the mean

free path The ‘mean freBJpath Xls given by
: w

o
”

L SRR 1 ! ‘ ' g
. N .

A = . - (2.9)
'/_ 2 . | s : \ )

2 Nmo

.'where N ls the gas number denslty and O is - the diameter

of the molecule (102, p.hO). The mean free path of

methane at 3 torr and 300°K ls Olb mmr' Therefore the

flow through a 1.6 k 017 mm s1it should be near molecular.

Holecurar\flow through an orlflce s proportlonal to

/f7M where T is the temperature and M Is the molecular

-

[\]
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weidht of the compound. The flow to the ion source from
the reservolir is viscous since the diameter &f the tubing
is largeJcompared/to the mean free path of the gas mole-

cules. For viscous flow‘ail of the components of the gas

travel at the same velocity. . However, the different com=-

ponents of, the gas leave ‘the. ion source by molecular flow

vi.e; the lighter gases escape faster. .Therefore the ion

sodrce wi1l become enriched in the heayler’components. To

avoid this .mass dlscrlmination a flow system,; described

~In sectlon 2 5, ls ekployed which Lontlnually refre hes

vthe gas In the ion source and prevents any build up of

. the heavler components Normally the size of the capll-,

1

lary tn the fl?y system Is chosen so that the flow through
the’ capillagy Is 3 to 4 times that leaking through-the
slits. This can be‘tested By monlEorlng the nreSSure
drop with time when fhe gas handling"system is filled
with gas at 5 torr and opening the valve to the ion

source, Flgure 2.8 shows the rela%ive rates of pressure

;decrease mhrough the normal flow system and through the

stits only. The‘relative rates of de. ~ease with and

without the capillary at 3 torr are 3:1 and this ratlo

. A

Is suffnciently large to assume that there is no accumu-

-lation of the: heavier reactants in theron source.

The flow behaviour can‘be analyzed by assuming

steady state conditions in the ion source and that the

|




‘Pressure (torr)

63.

FIGURE 2.8.
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N 64.
only orifices are the inlet and outliet flow tubes and ~
the exit slit as represented in Figure 2.9. If the gas

mixture contains two gases of molecular welights M' and

M where M, < Nz,"and the statlionary concentratlions In

2’ 1

the ion source are. a an; b ;or component§ 1 andlz,-the
ratﬁ of flow of compound 1 lntq the lon‘sQurcg I's eéual
to k' and thatxof compound ‘2 l kz.‘ The dutflomeate
by viscous flow of compound a ls equal ‘to ca and the

Outflow rate by- molecular flow of ‘compound a Is dla

and compound b Is d,b. Since

Flow Into lfon source ~ Flow out of fon source (2.10)

Therefore , ’ .
ky = alc +d) o (2.10)
ky = b(c +d,) O (2.12)
-, Théréfore t, k.(c +d,) /
2(c + dl)
From Graham's Law: d, = f. — and d. = f. _ 2.14)
_m , ! ‘/il 2 M, (

where f Is a constant.

T
Substituting into “equation (2.13)

et fN .
L ( "’Wz) .
2 "E;-,(E'T“F")" | ; (2.15)
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M
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FIGURE 2.9. Schematic Dlagrah of Gas Flow thfpugh
the lon Source Showlﬁg Viscous Flow
through Inlet and Outlet Tubes and

Molecular Flow through a Narrow Slit.
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" FIGURE 2.9.

[

Schematic Diagram of Gas'FiQW'through

the lon Source Showing Viscous Flow

through Inlet and Outilet Tubes and‘

':Noléculzr Flow throuéh 4 Narrow Sltit.
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‘lth;d the molecular flow through the slit then .

-~ . N
. . [}

L

If it is assumed that the viscous flow Is x tlmesiiarger

N
L

W v

f

. v c = X X — . ' ' ' (2.16) .
} " . ,‘v , J . . s ) /ﬁ| - . . N
~Subs}ltulion of equation (2.16) i‘nto equat@on (2.156) 9!?&;
; 9. ‘ _ g
R . . ’ R, Y _l_.
g k., [ /N /N
a | 1 2
- — (2.17)
g . kz X +—I-u. v .
/R
For a system wheré'M‘ - 16, 9 ™ 64 and x = 3
. . . v 'ﬁ “;‘. By
o, a . .k' : o T,. .
Rl g
m(" ' % ., . y\. "2‘_. " j “ e . .,) L
B - o i“. . . . Y 9‘9

Therefore§the ratlo of gases in the bulb i% dlfferent

“

detected a mlxture of CH“,vt Buoqpand CClﬁ'was flqmed

: >y ¥
. . e 3\ M »
to that in ghe lon source. To tzzfﬁﬁsgaher this could be

O

co

o

~ -
-'vl' i' |
. S
: 3
¥

through the apparatus and the equilubrium constant, Kd&l was

measured for reaction (2.19). LN

’

- o ' -
Cl + (CH3)3COH —t (CH3)3COH.CI (2.]9)

A . .
-

.

y, ' 4 . ’
The caplllary was then closed\and thg mixture was allowed

to flow for 7 hours te~see lf there was any detectable

=~ Figure 2.10 represeqts the ayerpge value of 9 ekperlments

under horhaI\fﬂow:con&itlons'and the p@ints show the

.dlfference in the equlllbrlum constant. -The broken line in .

=
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e heavIer qp unﬁ occurs, . T o . -

1Y

- metsuremnnts where the gas flowed only thrgﬂgh the slits.
|
q .
The avérage equlllbrium constant measured wlth normal
\ e -
~ frow was 0.557 torr "1 afd that measured under static con-
. > . :

ditions was 0.531 tor;“, a~d?fferen¢e”of lets than 5%. :gﬁj

" The eéuilibrlum conSt;nt mee;ured undeF static condltions

dld not’ undergo any stcady chan?t whibﬂ would have occurred

”“c

1P there had been a griﬁﬁal ‘enrichment of t butanol ﬁhe‘-

. . Y e

heavler cowpound At a"preszyre of f
G .

the slIts alone is (JOf'@’t‘:/mln whrch‘

£ b obd&!y fast enough

to flush out the gon sounr& so that ho enrichment&pf the
my

- -

L}

?“?,‘o Theorggfon GT hlghest pressqwe outsld‘ﬁtbe ?dn SOUFCQ

'tf-the space dlrectly 3&tslde the ‘ion exlt slltﬁ@he tp -

Yy vﬂm '3
escaplqg gases sprayTngcanto the vacuum chamber.- The !

3‘\

-

| 3obabl|lty of & colllsloﬁ,between anlon and neutfal mole-

2
)

1

,cule Is therefore hlghest ln thls regt:&{f methane ls :
. ‘ b
,ths major gas paing through the fon s ce at” 3\00 K :

= e .

T -4 ‘
and the pressure‘ln the vacuum-chamber is 2 X IO torr,
9

! ’ 2
thk the mean free path of an ion'is about 135 cm "%m

\
equation (2.9).? The dustance'ﬁ;om»tpe fon ¢xit slit'tp

=4 .

Ao
ditlons no. collisionsrshould occur whi the’non travels
from the ion source to the detector. : o e

'\ ‘ § . ) T »

the detector is less than | m."Therefore under these‘EQQ-,
\

"

g

."‘-,"N"

<
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S c. %ﬁarged Particle Recombination

‘)

The cbncentratic: of positive lons,i;' ¥ on source' AR

“may decrease by twc p.thways: diffusion to the walls and

charged particle rrcomoﬁnatlon. Charged partlcle'#ecom- .
‘ bination for positlve fons Is malnly due to ion-ﬁﬂecfron

;recomblnation. The helf life for recomblnation i1s glven
* . . ) '

byt

B ' T (dn’)-l' | I ' ;i '(2'20)
, : ‘ : e j ) L .-,

u
-

. ,,‘,,'

; o ) _ .
! . where a s, the lon electron recomblnatlon cgeff?é§~nt. .

v J h3 AR

N ls the denslty of electnons Values of a are ‘quite

dkumente& but'n; Is more dlfflcultdto estlmate.“>' A
3’

nThe numbeg of pﬁ*marnvlons generatedlfrom one elect-

‘ron is glven %{f’,‘ L o o
e ' ’ - W “

| e . | - \ - ‘ ) ‘, . . -.g?i' | ."A .

‘ o : P | £ 1 | s . s ] ] .
S L'e g1 . o (2.21)

: ' - .o L ey o ' a
. N . ‘ ) ' ' ’ .f |

. -
Q Is the ionlzhtlon cross Qectlon and 1 1Is the electron path :
A .

length t The dlstance "om the electron entrance sllt\to

.“ ‘a

~ A Ju
f . rthe electron trap is aboyt ?’cm At\f’pressure of 3‘Q6rr
17

~6

et 100 K n = ] x 10 molecules/cc The Ionlzatlon cross

§ -

i 'sectlon CH“ for 1400 eV electrons may Pe taken as & 8 x IO 'Z
~n ¥ .
2 - .

em’ (ros) ‘”Therefore from equat!on (2 Zﬂ’each electron In~

the‘pflmary behm generates ebout 3 lons, provldlng the

A

electron energy remelns constant. [f lt.}s assumed that.

-



-

.
i~

SR YIS
» % . )
T

\

70.

|

,/ about 100 eV are lost per collision (107) the Q\nal elect-

A

“ron enerpy will be 1100 eV where the' {onization cross

section Is slightly lérger. For each ion produced a sec-

ondary electron will also be created which will have an

energy of about 70 eV. The secondary electrons will give"

-
rlse to 2 more lans before they reach léw enerales (107).

Therefore each ;&‘ma‘ry electron whlchaenters the ion

3 ] 0

sourc produces approximately 10 lons &t a pressure of 3

torr. During a 10 us electron pulse about 2 x 107 (sec-

tion 2 7) electrons enter the ion source and give rise to

y

2 x“’low‘!‘mﬁs o \ e -

S Y

2 cc, the lons ar% ondy formed along the path of the
e € .
prlmary electron beam. /The electron entrgnce sYit ls

*

b2 x 008 mm and the dlstance from the entrance sllt t6

- e

| the trap Is | cm bR as th_e; beam -enters the. source it

Wil be spread by collisions. The volumd In which the

R

fons are'géﬁmrated can be estimated ag 1 x 0.2.x 0.1 ¢cm

2 x 1072 cm3, which yields an initial dedsity of about

lOlo'lons per cm3. Slnce the ﬁoldhe in whlch lons“ane

¢

fgenerated expands rapldly as secondary e ectrons are

+

, ‘formed. this estimate of’ lon densfty ls a m
o ' 4

o et ) N ~_>_r.‘,.s Pt T
combination Is 50 msed.’ The half l'ife for the dis-

v : . ) )
'v,appearance of .the total posltive.lon'slgnadxshown in

P

AT gtgh the total volumedff !he lon source Is ‘about

Q!

k'Q.F#pm‘eQMetLonryg ZOL.the half llfe for ion-electron re-
. Te I e ‘;y"_ ‘et .

lmum valuegl
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. ° ‘ M ’ }
N Figure 2.11 is about O{d msec. The:efore in the present
'ﬁ? .‘ r‘experumentsinon electron recombination shculd not cause

sngplflcqnt ioSs of signa{.

U e R

. ) : L . : § | \
D. Diffusion of lons” . SRS S f"* S
: | 4 T ey ¢ LA

[ :The prey!?us section discussed posntlve Ioﬁ losﬁ

S 0
throwgh recombination with an, eiectron and was fuund
" . 3
1) v 'g_y
¢ ‘to be unimportant;g4 Above ion’ densntnes of 407[qm e
Ty

T

the interaotlon between cﬁargedlparticles durinq dlffu- v "

e .—_';. " “, * Y

e\ﬁfnsidered (IO ﬁ~512) due to space charge . K

,.ig,«o,,v )

P

e Y v # > L. ‘ -
T e %‘" ‘ * . ’ © W e e

Y

fre 2.11 shows the totalfpositive ion intensity S

s
- couH

with*time for a mixture”Containing a' ratio of CHh‘ 2 6

i v
© 5000:1. The pressure in the ion sounce was 2.5 torr at

IO#°C. The dlagram shows that iﬁitiali; the totai positive.l
fon signal decey& very rapidly ‘and then at abouE’ZSO vseciﬁ ;}f
oy . thgre is a break after whioh the positive ions dncay much
mori_siowly. PreviouS‘experimentsuon other machines (94)
shaveVSho;n~thht if(the ihstr:menl iis thensswitched over
‘to monitoranegetive itns, the negative ion signal Is .

o '.initiaily zero and then at the break In the durve of the

—

positive [on signav"it rises rapidly to a maximum "and
then decays at the same rate as dE: positive fon: signai
I f substances are added to the flowing mixture that have « .

1

a large capture crd&s section Fdr &:ermai electrons ‘then

.-

/

"the break occu;s earlier In the‘detayﬂof the iohs._/thus

i B P . a . ‘ « .. i - ) A ‘t ‘...
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" when studylng negative fons,‘fompounds which are efflclent v

electron capture agents are $pypally added to the gas flow

. 'O enhance the negative .lon signal at short react lon. /
) v, . ‘
\ t.lmes .' N J: v . ) .'h N

T~ . i P
™~ The trapsition point in the curve may be explained

>

qualltatlvely In the following way. As the hlgh energy !

- Iectron beam treverses the fon source lt lnltlally creates
| malnly_positlve fons and the cornespondlng secondary elect-
—
rons.” These electrons cayse fur;her fonization untll de- -
‘graded to thermal energies by lnelastlc‘colllﬁlons. The
| : .
electroh\capture cross sectlon ls very lOWM‘Br high energy

welectrons (102,‘V.382) and thu ﬁt?u.few npegative lons are

forhed_lnltlellyr’

v

Since the moblllty of the electrons in-the plasma 'Is

much larger than ghat og the ions (103) they start to mOVe

N

rapidly towards the walls of the. Ion source However. the

motlon of the electrons ls restra1hed by posltlve fons which.

KR are left behind and a space charge fleld is. created Thls'

1‘11‘
AN

fileld also has the effect of speedlng up tH 'osltlve lons

and they dlffuse at a faster rate than £ the eLectrons
[ 3

were absent. Thus tai@ﬁpsltlve lons and electrons diffuse
at the same rate under the influence of their mutual

. electrlc fields. ' when ‘harged partlcles dlffuse through
\
a gas’ at a rate controlled by the electrlcal forces ‘between

r them, the diffusion Is. called amblpolar (109) Behfvﬂlonf

=‘densltles of 107

/cm the charged,partlcles‘pre far enough
. . .. . j/ .
1 LR 2 T

-

k3
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e
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any ﬁ;om each other that their mntual electrical forces
arelnegllglmle compared to thelr thermal energles.

“The ahblpolar dlff‘uslon'coeffl‘clent,Da l; glven by

the relationship

‘oa
‘ - -+
| ' o'k + o'kt Ny
D = : (2.22)
S o k¥ o+ K .,\‘
Y ) h\l ’ ‘

+ - -
.where D and D are the diffusion coefficients of the
posltl@e fons and electrons respe%tlvelyu and K*;and K-
are the mobllltles of the respectlve specles (102, p.513).

-t

is is found

> - -
Assumling that K \> k* and that T' T Tgas»
. that A
L ' : o0 '}“: .
a b, ~ 207 2 o (2.23)
g n . - ' . )
Thdﬂsvope of the two dashed lines in Flgure 2.1 differ

hi‘alfactor of two. The initial polnts on the dhrvarare

high Because-electrons are ‘still enterlng the idn source.

‘The abundance of posltlve lons reaching the exlt sllt

will be: hlgh durlng the period of positive lon"electron;
LY :‘ll ’ ‘ . . ! ! ) o \ !
diffusion while that of the negative lons will be low,

‘slnce they are trapped by the electrlci?lﬁld After a

]

time 'a number of the posltlve lons and electrons wlll be
discharged at the waJls uﬂtll the number denslty of the
ions and electrons is lnsufﬁlclent to malntaln the space,

charge fleldA The collapse of the fleld is shown by a

4
bredk in the curve In Flgure 2 11 where negatlve lons

A

suddenly appear “and decay at the same rate as the positive

L

~a

3

© o
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i - »éﬁk A
the transftfbu polnt therefore. , f‘dlffusl0n
by determined by posltlve lon~ ¢ fon
amblpolar dlffuslon s :
- . b
2.12 Normallzatlon‘of the Data . ’ ‘ .

Figure 2.11 shows that tbe total lon lntenslty )

~changes x;th time. lf rate constants were calculated uslng

raw data, the values obtalined would be Inaccurate since '
. g o«

fons are dlsappearlng by dlffuslon to the walls as well
as by reactlons with other molecules To ellmlnate the

dlffuslon factor the lohs are “normallzed“ by calculatlng

the lon intensity at a tlme t as a fraotlon of tHe total

“- /o N A
normayféed “lon”
W . b e,

-total number .oF

fon #fintensity at that tlme. Ther i

lntensltles re#resent a system whe
- S , ,
lons remaln constant. : : . .

: For thls method to yleld meaningful results. the
temporal proflle of all observable fons must be measured .,
Also, the perlod between 2 successive electron pulses must
be sufflclently long that the total .ion lnxen{éti,ﬁfi§d0-~

cayed to > negllglble amount‘so that any lons left from

o

ethe,prevlous pulse wlll not interfere. In Flgure 2.11 th

I

e.pulse of electrons entered the lon source every 3 ms and.

-

g /

tthe totll lon slgnal ﬁod d!%:yed by a factor of almost

/

5 thus the number of loﬁ! left .in: the lon source.at
[ \ .

lO

-

the start of the next electron puISe ls mlnlmal

The normalization procbduretassumes_thatwall.loss'

v S - /

.

)
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‘ mechaf i si lon-molecule reaatlons, affect all

lons equally, “Won ~electron reqomblnatlon was shown to be

i g ‘negligible loss mechanism in the ' prevlous sectlon. Nor-

malhzatlon assumes therefore - that al) lons dtffuso to thc‘

slrt at the sam: rate. l.e. their dlffuslon coefflclents

P are the c)me. However,

Proportional to the square root- of the reduced mass (102

P.435). o | | I
*/ » b N . . . / : l . ¥ . J .' " ,_‘;, t.\j "
" - (i) S S (2
. . S ‘;;‘.f(. ’.~ S,
| L, ' et
‘ where u is the reduced mass of the calliding -lon 5§i’pole““
v - \ o ’ . ‘ fbﬂ‘& \‘
.cule, . : i ' 4 E - R

o ' ’ . ﬁ ST -
Consﬁder two Ions mﬁ ‘and m2 fmle_305mnd16‘i iy

te . B

D oF
methane. The reduced masses of th& two lons collldlqg :

9

dlffuslon coeffrclents ara lnversely

< uﬂth a methane molecule are u] = 10, § and uz =12, 6 Sub~ \
ﬁz,tltut,lng into- %quatl,n (2.24) glves the ratio’ of th‘,, ﬁéﬂp )
dlffuslon coefftclents of the two lons. ! 2 '%_ﬁ; \*Vb
) - o P!. n "z “‘Q ‘ ‘.' (2. 25)“'\
1 N Dz _' "l 'vri I gﬁéﬁ‘ . /
'5 ;4 ~Therefore Dj/D , 16 and. the diffuslon coofflclents dlffcr -
.

bﬁblox Slnco the mass range of lons detectcd ln tho kln-

gtlc study was of the same’ ordbr as ln«the oxamp1t gl?qn

91*? above, tho dlffuslon coefficlnm

ts of tﬁe varlous lons
‘8

-

wlll ‘ot differ grcatly. ln mo&t klnctlc studlqs the rate

;'$ of. clsappearanco of an lon by roactlon ulth a nolccule is
" .

’

-



L | .

much larger than by diffusion. " Therefore it Is expected

that the normalization of the fons will not introduce ser-
‘ : |

fous error into the results of the experiment.
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 ASSESSMENT OF SYSTEN OPEgATION

3.1 Auxiliary Fllament Test S, EO
Slnce the Atlas CH4 had been modlfled conslderably

and equlpped wlth a new lon source the - system was tested
y .
by studying reactlpns where the rate constentt or equll-

Fan

lbrlwm constants were weLl establlshed

After the hlgh prassure ion #bdtce was Instelled ’

the lqy pressure hux‘ﬂ‘ery fIIeMent. gleced just outslde"el
Ra, :

the: ion souﬁce; was tested At thls time tﬁe orlglnel

]

ges hendll&?&sy;tem end slgnel enp?lf?&r oﬁ the Atlas Cuh

1 1 . \

‘of lo mtorr were flowed throug@vthe fon. 50urce, the pressure

j‘mlc(ocepecltence torrmeter in the flow

system. YAble'f'J ;ews 5he ion dlstrlbutﬂon observed in
IO mtorr of methene uﬁmhg tﬁe 70 eV euQ l’&ry fllament, g_ﬁ

toge{her with the ecéepted valugs. The amnlllery f&lement

between the observed Lntensltles

those In the lltereture s qui'te -adequate for the ntended
purpoie of the euxlllery filament.. . '3/ < ‘
I ‘ | e [
’ ; . . VAN
N A SRR U T / o

N

‘ were stlg?“bebng used Methane at pressure vof the ord:!Q .

"
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lons Observed When Methane Is B®mbarded by 70 eV Electrons
4

m/e

12

14

15
16

17

a.

lon

‘htensity as a 2 of

largect

peak
l(\ ;\

This Work + AsTM?
¢t 0.2 |
CH - 1.0 3

+ {
CH, 5.0 7
cu3+ 710 . 76
cﬁ",'+ . 100.0 100
+
CH, 0.7 . ]
<
2 4
A )
Reference 110. . o
JP
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3.2 Electron Gun Test

\

80.

Before the pulsing pquuit;'were installed only the

intensities of fons under qontinuous irradiation could be

observed. Probably the most documented system Is that of

ion-molecule reactions iIn methane. Successive workers have

tended to work at increasingly higher

ion source pressures

as tecﬁhiques have improved. This increase in ion source

pressure results Iin the occurrence of more complex re-

A i
actions.

5

The primary ions produced by electron impact in pure

methand'are shown in equation

méYecule reactions (5-7, 111-114) occurring after the

JCH, + e —on, ", cn;, ch,”, cu®, ¥, (3.1)
formation of” the prf Fy ions are list?d in equations (3.2
to 3.9). | .

ch,t o+ cn, -——>cn5+ CHy (3.2) -
. cHY sl CH, 9;2H5+ H, (3.3)
cH," + CH, —C H* H, (3.4)
: CH2+ + CH, ——q->c2H3f ' H, (3-.5)
‘ CHY + eHy —C 0, v (3.6)
cu_,’+ + 2CH, ——-‘>c2u7+ cH, (3.7)
cuB+ + zc"h.T”cz."; 2H, (3.8)
c2143+ + cnl"—;~>c3us+ H, 3.9

(3.1).

The established

ion-



'~

sFleld (35 37) calc

| | ‘8l)
-\ b

ulated the rate constants for the

Lo
above reactions by studying the ion intensities as func-

“tions of pressure To ¢

]

residence time of the lo
However, the estlmation
ions ls'quife complicate
necessafi]y produced in
formed‘fn a diffuse regi
position of formation is
Pressures the len underg
before it passes out of
cannot easily be calcula
ion are not well known .a
sure is varied. The ion
time changes as a consegq
Figure 3.1 shows t

P

different ion source pre

alculate the rate constants, tDe
n in the ifon source is required.
of the residence times of the
d because reactant ions, are not
the electron beam but can be
on- around |t,. Therefore/the‘
not well-defined. Also, at high
oes a large number of collisfons
the ion source and ghe position
ted. The drift velocntaes of the
nd thelr values change as the pres-
Source residence time or. reactlon
uence.

he ion intensities observed at

ssures of methane. Field's

results (35,37) are shown by the solid line and the pre-

sent experimental result

rather scat.ered, but Fi

\

s by the symbols. The data is

eld's original data, shown in

reference (37),.also shows considerable varlance and the

smooth lines area resul

t of a large number of expernments.

The agreement bétween the low experimental relative in-

tensities Qf‘CH3+ and CH

good. The intensities o

-eraliy lower than Field'

* and Field's observations iIs

4

) .+ +
H
f both CHS and C2 5

S results but this may be due to

are gen-
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the Presence of water in the system because both Cm;

C_H will protén transfer to water.

2 5,
\ 1
’ ‘ & : .
CH.Y 4 HO —p ot + cH (3.10)
, 5 2 > Hy y 3.
3 . + .
.‘ CZHS ;+ uzo ‘—-—-b H30 + czl-l,'- | ) (3'”),

The observed relative lntensltles of CH5+ and CZHS wlll
therefore be smaller i f water is present in the system.v

About 5% of the total lon intensity was due to H30

3.3 Te)tlng of the Pulsing Clrcults

wnln the pulsing circuits and the fast response am-
pllfler/dlscrlmlnaQ’r were lnstalled the temporal,proflle
of the aon lntensitles could be collected and stored in,
.the multlchannel scalar. A reactlon sequence was chosen
which had been sfudied'recently on another instrument in
_our laboratory and required only a slmple flow system. The

system studied was the solvation of NHh with ammonia.

. : K
- 1 . .
NH, (_NHB)n_I + NH, _.___:_, NH,‘ ““3)n - (3.12)

. {
Methane was flowed directly from the cylinder. The
pressure was reduced to the torr range by a needle valve.
The ammonia was treated similarly-and the two gases were

mixed by a capillary from the ammonia line projectlng into

the stream of methane. At low temperatures approximately K

p 7
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!

equal pre;sure% of methhne\and_ammdnla\were flowed through

i e :
the ion source. At higher temperatures only‘ammonla was'

k)

used. ' . g . . P ~
’ Many ions were bbserved, most of them of the type(-‘l\‘_

- |

4 . , . ey
N?he(NH3?n wherq.q varied fromlo to 9 and also NH,.,(HZO)w

where w varied from 1 to 5. ﬁ@xed clusters of the type
U . : .

"Hh (NH3)n(H2°)w were also observed.. The water:impurity

arose from the reactant gases and was also inherent in the

system. ’

The equilibrium constant for the solvation rqact!on

"(S.lsi

X A} + A —= X .An (3.13)
can be denoted by Kn-l n for the addition of the nth_SOI-
vent molecule to the cluster. Kn-l n is given by i

f . 1
"X".A, , o
Kn-l’n - P - P \ (3~lh)
x{'An¥Q' A
whgnefPA is the partial pressure of A. If it is assuméd

. that the.partlal pressure of an ion Is proportional to

the observed ion intensity, then.eqﬂatlon_(B.lh) can be

'Y .

It

rewritten

K - — ~ (3.15)
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The free energy of reaction (n-1,n) is therefore

—~
~e

given by

AGn-l,n

« -RTV ‘
RTYn K (3-!6)

-l,n
»

where T Is the absolute temperature and R |is the gas con-

‘stant. Since

o . [ -] ‘ . - ) )
AGn-l,n = A,"n-l,n - TASn-l‘,n ' (3.1

eqdation (3.17) may be substituted into equation (3.16) r

; : 1
give AH.-]' AS°-1 .
tnKoc1n ™ i L2l (3.18)
’ , RT R

- ‘

‘wh!ch is a form of the van'f Hoff equation. Therefore'

measurement.of‘Kn_‘l n at various temperatures enables a
. . ’ !

plot of InK _, ~vs 1 to.be drawn. The slope is equal
14 T . '

GIR and the inte}cept is As® /R. By selecting

-
to -AH
n n-1,n

-1,
,suitablé pressures and temperatures, reactions with dif-
ferent values of n can be investigated.

The aémonia/water SYStéﬁ h;s beenlstudied by Kebarle
et al (69,103). Figuré 3.2 shows thevvan't.Hoff plot for
the'm;asured eqﬁilibrium constants for reaction (3.12). The
sblidllines indicate the results of Kebarle et al (69) and
the experimental points lie close to them. Hqst of the
e;perimentai'points lie with +20% of the line which is

reasonable agreement.betﬁeen the same experiment performed

on different instruments. The equilibrium for the reaction
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FIGURE 3.2.

26 30
1000/ 7

Measured equilibrium constants (@) Kﬁ-
. + ’
= NH, (NH3)n. Lines

the system NHh+(NH3)n-] + NH3

‘show previous measurements.
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, (? '
o N

j PV

.

. -
20 -—P NH" (Hzo)" (3.19)

.+
‘nub ("z°)u-| + H
i
could not he calculated slnte water was an impurity and

its partial pressure was unknown.

Table 111 shows the thermodynamic parameters obtained
o

3

not calculated since the temperature range over which the

'for the (1,2) and (2,3) eqdi!lbrlum._AH " and Asg.“ were
(3,4) reaction was studied was very small. The thermo-
dynamiﬁ quantities calculated agree satisfactorily with
those of reference (69). The insirument therefore yields
reproducible results within 20} precision.

‘ﬁ. - The preceding experiments described'ln this chapter
were performed using the exjsting'gas hand]lng system

of the Atlas instrument. Before proceedlné with any ,
further experiments the'ill-glass/metal gas handling
system described in sectfon (2.5) was built’and install;d.
This enabled the gas handling system to be baked up to
200°C to reduce the water and other impurities and
eliminate the "memory“‘effeét of the previous gas handling

plént.



TABLE 111

Thermodynamic Parameters Obtained for the Reaction

+ + .
NH, (NHB)n_l + NH, — NH (nu3)n

3
4
React fon -8H{kcal /mol ) -aste.u.)  -8€(kcal/mol)
>
.(n-1,n) This work a b This work a b This work a b
1,2 15.2+41.5°17.5 17 20.8+3.3 23 26.8 9.0+1.5 8.9 9.0
2,3 12.5+0.2 13.8 16.5 22.140.5 26 34  5.9+0.2 6.1 6.h

b.

C.

Reference 69
Reference 103

Standard deviation from least squares analySl§
| ‘ 1

e+ e et e e} -




CHAPTER & | . L
' LON-MOLECULE REACTIONS IN METHANE CONTAINING TRACES

A , OF ETHANE

N

4. Introduction 42

Interest in carbocations has been revived recenth

because of the possibility of observlng them diri%s#”“Fn"”'
highly acidic or "super acid" solvent systems (IIS)‘\Xhere
are two distinct types of carbocat{ons. " The "clE?slcaJ"'
trivalent carbenlum !on. such as CR3 » contains an sp
hybridized electron deficlient centrgl carbon atom, whfch
is normally planar. The second type is the “noncfassical“
penta or teg:zboordlnated carbbnlum ion, for example CR5+§.
and CZ 5 . The pentacoordinated species contalns a five-
coordinated carbon atom wlth\\Lght valence electrons. The
surrounding carbon atoms are bound to the central carbon

- by three single bonds and a two-electron, three-centre
bond. For maﬁé years the transition state of §é2 and SN2
reactions has been represen£ed by a pentacoordinated

‘species which until recently had not been observed dijr-

"y

(;

ectly (115). ‘ ' .

The structure of the tgtracoordinated carbonium
ion CZRS can be respresented in two diffsrent ways as
‘shown in (4.1).

R R
| o ,.. .
R——€——C—R - -——f——-a (4.1)

(a) ' (b)

89



: ‘M S o : ,_“; . R 0.
The existence of the nonclassical structure (b).has been con-.
troversial for the last {wo decades (116), but no direct
experimental means were available to'dlff.renéffyc classical
from nonclassical ions. The first direct observation of
stable alkyl carbenlum lons was reported in 1962 by Olah
et al (115, p.16) when t- butyl fluoride was dissolved ln
exces’s antimony pentafluorlde, ‘which functioned as a Lewls
C o

acid as well.as the solvent.

)
4

(cu3)3cr * (S6F ), —ard (cH3) g szF”  (k.2)

<

The development of other superacids, such as magic acid,
FSO H-SbF ¢ ha fluoroantimonic acid HF-SbF g, has enabled
many other carbenium ions to be‘observed using ]H-NHR.
'3c -NMR, lnfrared ana Ramén Spectra and ESCA.

The siﬁplest pentacoordinated carbonium ion is the
methonium,ion, CHS*, which is well knowhyln'the gas phase
from mass spectrometric studies. " The reaction of methane
in superacids and with strong electrophiles has been
studied by Olah et al (117). Olah proposed th;t the

interaction of the proton involves the main lobes of the

covalent bonds, i.e. that the reaction proceeds by frontal

attack (11s5).
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9.

»
E[ectrophllcs attack the\olnts mf highest electron den-

sity. Therefore 0lah suggested that attack accurs on ‘the
covalent bonds and not on! the back lobes:

Several posslble structures exist for the methonlgm

. <.
ion: 3h. Chv,
basis of experiments on methane in superacidﬁ, suggested

¢ symmetry. OQOlah and coyorkers, on the

s’

that C_ was the preferred form. Pople et al (118,119)

utilized 3é>ln1tio calculations and suppdrted the Cs stryc-~

— X

Djh , cbv . cs

- .. T e swy

ture. Their calculations indicated that C, is more stable

than the Cg4y Structure by about 2 kcal/mol, and that the
latter is 8 kcal/mol more stable than the D3h structure.

Other independent calculations also |nd|cated that the

structure is the most stable (120,121). However, it should

!

be not’d that the theoretical calculations considered the
isolated ion, whereas Olah's data would be influenced By

solvation.

The renewed interest in carbonium ions in superacids

and the subsequent additional knowledge from theqretical
calculations has led to further investngatnon of the be-

haviour of carbonium .ions in the gas phase using mass

~

spectrometry.

<

<
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Two important properties .that can be studied by means

-

_of ion-molecule reactions are ion-solvent interactions and
the .acidity or basicity of a substance. The former has
been studied by leaoka and Kebarle (74) who investigated

reaction (k k)

+ ' + .
(cu,‘)n_‘ + CHy — CHg (cuh)n N (h.4)

for n = 1-5. By studying the equilibrium reaction (h.h4),

the enthalpy changes AH i{'h can be detefmined and re-

Iated to the snructure of the cluster lons.

Although mahy Invqs;lgatlons have been conducted on

\f ¢
' ion- molecule reactlons in methane, ion-molecule ‘actions

in ethang anq;the higher alkanes are not so well dorumented.
‘ub“fhe bq;icTty.gr proton affinigy of a compound M, is
.the exdthgrhigity of ré:;tlon (4.5).
: -2} : N ) . . g ) /

= L HY — M’ ' (4h.5)

“'The proton affunnty of ethane was furst measured by Munson,
Franklan?ﬂhd Fl;ld (122). After exériments wnth pure ethane
they postulated that the protonated ethane ion C2H7 was

formed FYom the exc:ted parent iBn by reaction (4.6). The

P M e L TL N ()

AHO(C?H +) calculathed from this mechanism was <229 kcal/mol,

“which gave a value for PA(C ;) > 120 kcal/moll.

ul -
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* In 1965 Munson and Field ¢38) studied the ion-mole-
cule reactions jin a mixture of methane containfng 1%
ethane. They observed a3 simple proton transfer between

methane and ethane by reaction (4.7). Since the reaction

+ +
RCLIAE CoHe ——> CH, W + CH, (4.7)

# «

is ;bserVéd it is exothermic and therefore the proton
affi;ity of ethane s greéter than the proton affinity

of methane. From these experiments they estimatgz
PA(C2H6) > 120 kcal/mol which agreed wiph their previous .

work (122). v -

steps of reaction (4;7): . They calculated ag° to be -1.09 .
kcal/mol. Assumingvthat the entropy change was Zero, they
. Proposed that the‘bﬁbton affinity difference between
iethane and methane is ~] kcal/mol. When‘combined with
PA(C2H6) = 127 kcal/mo1, Franklii.'s -esult leads to
PA(C,H,) = 128 keal/mol \

" In 1973 Bohme et al (Pgﬁlyeuolished regults for

—

the proton affinity of ethane which disagregd substanti-

termine the preferred direction of proton&transfer Te~
actions-of the type

I (
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XH + Y ——s YH + X (4.8)

k
r

by measuring the forward ;ate constant, kf and the reverse
rate constant, k_. If reaction (4.8) occur; preferentially
in the direction left to right then ke/k_ > 1.and PA(Y) >
PA(X). By keeping X constant and using different compounds
Y whose préton affinity is known,xit becomes possible to
bracket PA(X) within a narrow range of possible values.

For example, Bohme studied reactioﬁs (4.9-4.11) and found
‘that proton t(ansfer occurs préférentially in the direction
in which théy aré written. |

+ R +
.NZOH + c2H6 ——:f? F2H7 + nzo

+ _ ' +
COH + c2H6 —— C2H7 + CO

+ +

Cofty * Cfy == oMt * LM

»

£
Therefore the proton affinity of CZH6 is greater than that

of-NZO and CO but less than the proton affinity ofﬁcth.Aw
Sin.e Bohme had previously established (126) that PA(N,0)'=
134 kcal/mol and PA(Cb) - 138Xkcal/mol, the lower Ilmlf
of PA(C2H6) is 138 kcal/mol, almost 10 kcal/hol greater

than Chong and Franklin's value,(123). ¢ was observed

+
2"y
to transfer a proton to Cth preferentially, therefore,
. < -

PA(C2H6) PA(CZHA)' Bohme calculated PA(CZHA) 159

' kcal/mol from thermochemical data (127). Therefore the

proton affinity of ethane can be narrowed down to the
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proton affinity of ethane can be narrowéd dswn to the range
138 < PA(C2H6) < 159. A difference of 10 kcal/mol in the
p}oton affinity measurement. between Bohme's o-d Chong
and Franklin's value implies that Franklh?'s equilibrium
constant was in error by a factor of at least 10

Bohme's range of values for PA(C2H6) was substanti-
ated by theoretical calculations by Lathan, Hehre and .
Pople (128), whose. estimate of PA(C2H6) was 140 kcal/mol:

In view of the vast disparity between Bohme's and
Chong and Franklin's valhe of the proton affinity of eth-
ane, an independent évaluatibn of the equilibrium reaction
(4.7) was necessary in order to ascertain;the'proton af-
finity difference:between ethané and méthane. 1f the proton
affinity difference between the th compodnds is of th?
order of 10 kcal/mol, the measurement of the equilibrium
constant for reaction (4.7) would b= very difficult ex-
perimentally. The measurement woujd,bnly be_#ossible in
metﬁéne contalhing‘traces of:etHane. .The investigation
of ion-molecule reactions and their temperature dependences
underYSuch concentratioﬁ conditions préved quite rewarding
since the system proved to be a lot more complicated than
was originally expected and several interesting processes

. were found which will be described separately in the fol-

lowing sections of this chapter.

4.2 Experimental : >

The apparatus used in the experiments shown in this
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chapter is describediin chapter 2. Tﬁe methane ;sed in
this project was of Ultra High Purity grade. Thengboted
lmpurity'concentration’of ethane in fhe methane gaé supply
| was 27 ppﬁ or a ratio ofL'CH,’:CZH6 = 37,000:1, thus dmounés‘
of ethane injected into the bulb'to give higher ratios
would be insigniflcant'coﬁbared to theyiﬁpurity’already
‘present. Howevér, the metﬁane gas was passed through a
molecular sieve before entering the gas handling plant. In
order to examine the'effectiveness of the sieve in.remov-
ing the ethane impurity, an experiment was conducted with

v

pure methane after being passed through the molecular

!

sieve. C2H7+ could not be detected. The ion profiles

are shown in Figure h.l.v C2H7-+ Is absent and the disappear-
+ - ' : + '

ance of CH is accompanied by an increase in H30 at the

5

. S
same rate due to a water impurity. Since no C2 7 was .

1

I

observed, the molecular sieve must remove res1duaﬂ ethane
fromithe_gas'supply and the mixutres made with véry'small

amounts of ethane will be accurate.

4.3 Results and Discussion : Major Reaétiggs in tﬁe-_~’

!

.Methane/Ethane System

The measured ion intensitfes of 50 gxpgrfmehé; were
normaiized. The ion éource pressure\w;%vvaried between |
and 3.5 torr, but most éxberiments were conducted at aBout
2.5 torr. The ethane partial,pressure; in the ion source
were ;aried from '0.07 to S mtorr. The témperature range

was 30 to 210 + 2°C.

Since the major component in all experihent§ was

1
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methane, the primary ‘lons proaucéd by électrOn-lmpact were
almost excluslvely due to methane. Thé\primary ions
,observed were CH3 and CH“ whiich were \resent In the
expect d/qatio"of 5:4. 1n all experiments the first
10 usec\channel was not used in any'célculations because

the electron pulse was still on and ions re still bel

RIS )
~ I \‘

created. Figure 4.2 shows the observed contentration

changes of the major ions at short reaction times at 30°c.
( Y

+
CH3 and CHQ react very rapidly with methaﬁg in the

well-known reactions (4.12) and (4.13).

oy +
CH3 + CH, —+CZH5 + H, . (b12)

+ + |
CHy + CHy ——= CHg + CH, - (4.13)‘

As CH3+ and'CHh+ decrease in intensity wlth tfme, there

is a simultaneous increase in CHS and CZHS showing that

'CHh+ and CH * are-thg precursorsAof,these ions. Under

3

all conditions used in these expcrimenxs'CH3f'and CH“+

disappeared within 40 usec and will be omitted from sub-’

séquentjdlagqans. ¢ ! | .
The ion intens{ty profiles for 29 experiments are

shown iﬁ Figures 4.3 to 4.31. The symbo)s\indicate the.

hormalfzed experimental points and the same symbols re-

present th® same ion in each diagram. -The solidvllnes

v

~are the best fits calculated by an analog compdter.,The

analog computer analysls is described in sec(/gn §.9. The
\\

major products at long reaction times are representéﬁ

by qhe-curve. Figures 4.3 to 4.7 show experiments cdn-’

ducted at room temperature and illustrate the.Fffect of

s
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FIGURE 4.2 Normalized Intensities of Major .oms at Short Reaction

Times. P = 2.3 .torr, P
CHy 2"

N =%.05 mtorr. T = 30°c.
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0 400 800
Time (us)

FIGURE 4.25. Time Dependence of Normalized Intensities.

PCH“ = 2.5 torr, Pc2H6 = 10 mtorr. CHh:C2H6.-

. 250:1. T = 209°C. Symbols as in Figure 4.3,
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FIGURE 4.26. Time Dependence of Normalized Intensities.

5

27

PCHh f 2.7 torr, PC2H6 = 5.4 mtorf. c”k:CZHG-
500:1. T = 210°C. Symbols as in Figure 4.3.

+ . :
CH. and . C_H + disappear too rapidly to -be fitted.
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gradually decreasing the ethane concentration from a
CHQ:CZH6 ratio of 500:1 to 500,000:1. Figure.h¢9 po bk
were performed at 86°C and fhe ethane concentration Is de-
creasea from 500:1 to 50,000:1. Figures 4.15 to 4.21
show experiments at 110°C, Figures 4.22 to 4.24 at I56°C'/}
and Figures 4.25 and h!26 at 210°C. A series of experi-
ments were conducted at a constant high efhgne conc;ntra*
‘tion of 50:1 at gra{uaily dincreasing températures. The‘f
expefiments are sthn in Figures 4.27 to 4.31.

The CH5+ produced by reaction (4.13) rapidly transfers
<

a proton to ethane forming CZH by reaction (4.7). Fig-

7
i . ! ' +
ure 4.5 shows the intensity of CH5 decreasing slowly

Sy + . |
CHT + CoHg —B= CoH, " + CHy R C A

!

accompanied by a'simultaneods increase in the intensity

of C2H7+. ' |

In the experiménts at 30°C the C2H7+ disappears very
slow]y (Figures 4.3 to 4.6) at all concentrations of
éthane but disappears more r;pidly as the temperatbre is
increased. .Figufe 4.9 illustrates that the decay of
.C2H7+ }SNfollowed closely by the decay of CZHSf"C2H7+

: ' L+
is therefore dissociating to give C2H5 . Reaction (4.14)

+ + ' '
CHp —3 C,Ho + H, | | (h.lh)‘_

has previously been reported in mixtures of methane and
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ethane (38,123,129). >
The C2H5+ formed from reactions (4.12) and (4-14)

reacts with ethane by reaction (4.15) but there are several

)
H

+ . ’ +, % +
_cZHS + C,H, -—-»[chnl,‘] e Ch”g + H,
, +
J -—->~c3ﬁ7 + CHy
M"‘Ch”n+
(4.15)

. ,
ion may be stabilized

products. The intermediate [Chml+]
by codllision with a third body and was observed In ;hesc
exper{ments as a minor product (for exampie see Figure
4.27), but only when the ethane cohcentration was high.

At long re;ction times fhe C“H”+ iﬁténsity was usually -
about 2-3%6f the total ionization. CI‘H”+ has also been
observed In pure ethane (130,131) and in mi*tures of
methane and ethane'(|31,132) . The formatlion of

'ChH9+ and C3H7+ willvbe discussed in detail later.

' Other minor products observed were Cthf and CQHIO+'
At long reaction times CZHl.+ wasvnOTmally less than 5% of
the‘total'ionizatlon. chHIO+ was only observed when the
concentration of eihane was iarge;

Table IV includes the major reactions observed in

the methane/ethane s&stem.

. « + . +
4.4 Kinetics of the Rea;tion CH5 o+ CZHG ~—D>C2H] -#CHb

The temporal profiles of the ion intensities shown



Summary of Reactions

TABLE IV

131.

in Mixtures of Ethane and Methane

(1)

(2)

(3)

(4)

(5)

* 4 CH
4

M5 2 (4.
——w CH.Y + CH (4
5 3 ’
‘ H
—C,H, - (4.
+
— CZHS + Hz | (4.
+ & +
Loy ] O g Wy

M
CHaY
o TR
-—--—>c3u7 + “z (4
+. % +
"’f"'[chﬂlo ] —-—>C3H] +CHg
: : "

12)
13)
7)

14)

.15)

.31)

.56)
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in Figures 4.3 to 4.31 show th;t at high ethane conkentra;
tion CH5+.dlsappears very rapidly accompanied by aq In?
cre;sé in C2H7+ As the ethane concentration Is decregsed
‘the llfetjme of CHS
constant,

ky

. ‘
becomes longer. The forward rate
can be calculated for reaction (4.7)
k
cH b+

1
5 Collg — CpH

»

+
7 + CH" (h.7)

~

Kk
+.
I + A . f

R —

The forward rate constant for the general reaction

products
can be calculated from:

(4.16)

}
dlr’] . --kf[r’] {A]
dt .

Yo e

(4.17)

+ + . ‘
where [I ] is the intensity of I at time t. Since the

concentration of lons Is much less than the concentration

. : + ‘
of the neutrals, i.e. [I ]<<[A], the concentration of the
: [ ‘

neutrals can be considered as constant.

Reaction (4.16)
is therefore pseudo-first order and can be described by

a pseudo-first order rate constant, Vo where

Ve = kf[A] B (4.18)
Therefore
.‘.
+
dr ) o v 1" (h.19)
dt ,, :
After rearrangement and integration
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+

In ]l . ~y_ t (4.20)
(r*) f
0 -

where'[1+]o is the concentration ?f i+ at time t » 0. It
is assumed that the measuréd intensity Is proportional to
the concentrétion of lon§ in phe ion sourée. Thervefore
the logprithm of the normalized intensity of'I+ plotted

versus \time gives a straight line whose slope is equal

-2.303 log(IZIIl) h:21)
* — . 2
t, -t

L "2 1

where I

1 is the intensity of the reactant ion at time tl

and I2 Is the intensity of the reac;ént fon a; time tz.
This méthod of calculating rate constants <can only be
used when the precursor of I+ has disappeared c0mp|§tel§
so that I+ is no} being pfoduced from the previous re-
action. |

The plots of Tog ICH + xg:gyi_tlmé arq'shown iﬁ
Figures 4.32 to 4.37 and dimonstrate that as the cthane
concentration is incregsed the rate of decay of CHS+ be-‘_
comes faster. ,The pseudo-first order rate constants were
calculated from the slopes of the semilogarithmic plots
using equation (k.ZJ). Avplot of v!f measured at

various ethane concentrations is shown in Figure #.}8.

The plot -shows a linear dependence and iherefore
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FIGURE 4.32. Logarithmic Plots of the Decav of CH_ at 30°C.
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FIGURE ‘0.33."Logar\ithmic Plots of the Decay of 'CH5+ at- 86°C.

.tHQ:C2H6V 500:1, ¥ 1000:1, A 2500:1,O 5000:1,
& 10,000:1,010,000:1,  20,000:1, ) 50,000: 1,020,000:1.
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0001 & — 1 1 1 I
0 100 200 300
Time(us)

FIGURE 4.34. Logarithmic Plots of the Decay of CH5+ at 106°C.
. CH‘O:CZH6 , OHL 1000:1, .|700:|, B 900:1, [J 5000:1,

{12,000:1, A800:1, v 10,000:1.
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FIGURE 4.35. Logarithmic Plots of the Decay of CHS+ at 156°c.

CHh:czHG’ (O 500:1, @ 1000:1, A 2500:1.
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FIGURE 4.36. Logz?rithmic Plots of the Cecay of CH; at 211°C. .
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FIGURE 4.37. Logarithmic Plots of the Decay of CH_ When
CHy:CpHg « 500:1.7 = @ 32°C, O 49°C,'A74°C,v 96°C.
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reaction (k;7) is second order and the.ratg constant for
this reaction is gIQen by

vy '
Fly- IE—;—T— - (h.22?

276

The rate constants for reaction (H.7)ywere not cél7
culated at high ethane concentration because CHS+ disappear-
ed within 40 ugec énd.therefore the decay of CHS+ was too
fast to obtain a meaningful rate cohstant from the slope.
Iable\V‘summarizes Ehe rate constants'calcblated under dif-
ferent coacentration‘and temperatire conditions. The rate
constant kj for rgaction-(h.?) doQS not appear to be
affected by temberature within the'error limits of the
determina;ipn of k‘.! Over the tempe;atufe range studied,
the average value of k].NaSA1.6iO.h*IO;9cm;nmleanef]s-].
Munson and F}eld (38) estfmafgd the rate constant kl to be-
abéut 6 x 102 cm3 molc.ecule—‘l s-' at 210°C. Blair, Hesllﬁ
and Harrison (129) have hea;ured the ratewqohstaqt fO( the
deuteron ttansfer in the similar réactlon (h,23) to be

g -9 3 -1 _-1
1.1 x 10 cm”™ molecule s . - These reported rate

f

+ +
coS + C2H6 —» C,H D" + CD, | (h.z;)

constants are in good agreement with the present work.
Not many éxperlments have been reported where the ,
proton transfer . rate constants have been measured at dif-

ferent temperatures. The Langgyin theory (15) predicts

~
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TABLE v

Summary of Rate Constants Obtained for the Réaction,

+ +
CH.™ 4 CoHg = C HT + CH),
[CH,] ‘ - _
‘h k, x 109 cm%‘moleculp ! sec”!

[C,Hel 30°C  B6°C 97°C 106°C I56°C  2)10°cC
250 : 1.1 1.%
500 1.0 q.4(2)? 1.6 1.4 1.3
900 1.3(2)

1000 1,3 () 1.2
1250 ‘ o 1.6

1650 - 1.8

2500 1.7 } 1.3

5000 1.8 1.5 2.2

10,000 1.3(2) 0.7

12,000 o 2.1
£ 20,000 _1.7(3)

50,000 2.7

100,000 _° 2.2

' /

No. of .

experiments 3 11 o] 10 2 .3
Average  1.740.6"1.640.4 1.6 1.640.5 1.4 IRETER.

] .
a. Number in brackets refers to number of experiments

conducted at these. conditions jf Freatér thap 1.
b. Standard deviation

i
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§

that there is-no activation energy and hence tJATcmpcra-
ture dependence for ion-molecule reactions. Bohme (54)
has reported that the rate constant for reaction (4.24)

is independent of temperature. However, Pierce and Porter .

NZOH+ + CoO. — Hcot + N, 0 (k.24)

(133) have reported a prcton transfer reaction (4.25)

. : , -6
where the rate constant depends on T 7.
; S

CH, D" + CH, — cH.* + CHop (%.25)
A 4 5 '3

. S T+ ' + ’
hiS The Equilibrium CHS + 2 6 —— C2H7—_+ cﬂi.

The kfneticsaof reaccion (h.f) were relatively
simple- to calculate, but the measurement and calcﬁlation
of the'equilibrium conscant wefe much more difficult.
The ion profiles for ‘a series of ekpeciments at one tem-

perature, e.g. Figures 4.3 to 4.7, ‘show ihat CH5 dnbappears

very rapidly to give C2H7 when the ethane concentration Is

high. As th ratio of methane to ethane is increased,

CHé+ decays more slowly. However, even at the highest
dilution ratios of [CHLI:TC,H 1 = 500,000:1, proton
transfer from CHS to C2H6 is still occurring over the

total period of observathn. ‘These ions do not reach

equilibrium even at long reaction times. The analog com-

puter fits discu;seg‘in Section 4.9 show that for mosi¢ of

v
\ J
-

B

B L
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the experiments a very slow forward reaction was suf-

ficient to desgribe the disappearance of CHs+ and that

the reverse reaction was negligible.

Since equilibrium could not be achieved in reaction
(4.7), several methods were employed to obtain estimates -
of the equilibrium constant. The equilibrium constant

K, for reaction (4.7) may be expressed by equation (4.26).

» 4

\ .
‘ /
+ + i
CHg ™ + CoHg o C,HT + CH, ‘(Q.l)
- fe,ut Pon, o
Ky = - - (4.26)
I + P ‘ ‘
/ CH5 C2H6 \
where I + and 1 + are the fnteﬁsities.of the ions
C,H, CH | - |
at equilibrium. Since I +/1 + did not reach a con-
C H, " eng .

stant vaiue, the ratio of the two ions was takgn when
CHS was jﬁst approéching zero or at the lonéist reaction
time, which Wa571800 us. The equilibridm constants afg
shown in Table VI for six experﬁmentslgt low»ethaqe con-
ceﬁtrations: "The average value of K] was 1.5 x 106.
This value for the eqUilJBrium constant represents-a
Jower limit since equilibrium is not yet achieved. The

aVera?e value of KI found by Chong and Franklin (123)

was 4.9 at 67°C which corresponds to K] ~ 6 at 30°C.
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TABLE VI

Calculated Equilibrium Constants at 30°C

[CyHg]

5000 . .
{o;boq’
20,000 " !

100,000 o

200,000

500,000

wa 10 6.4 x 107

Average ' ‘ l.

-A(kcalmol) 8.7+ . 8.1 +
| | | .

a Standird deviation
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assuming AS =~ 0. Therefore the lower limit of KI from
the present work is six orders of magnitude gréater than
Franklin's valuel!

- From equation (4.27), AG? = -8.7+1 kcal/mol, using

Ac“’ = -RT InK, ' | (4.27)

the average KI J& 30°C. Assuming AS? = 0, AH? - -8.7

kcal/mol and thhs_thé lower Ilmlp'of the proton affinity

difference between methane and cthane_ls 8.7 keallmol.
The second method that may be u;ed to calculate

the equilibrium constant utiiizes the ﬁeasurement of ihe

forward and reverse rate constants of reaction (4.7).

- K .
+ | + ~ _
CHS +C2H6;_'-‘—:_f> C2H7 -+ CH!‘ ‘ (’4.7)
-1
slhce )
. kl _ ‘
SR NG

The rate constant k, was calculated from the semilogarith- ’//JC%E

ﬁictplots shown in Figures 4.32 to 4.37. If reaction (4.7)

is reversible, the rate of the reverse reaction only be-

, comes apparent at long reaction times when the product lon

hasgrownappreclably; The reverse reaction can be detected by

A
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3
8 non~linearity at long reaction times in the semllogarﬂ
"ithmic plots as the apparent forward rate.decreaseS due

to the reverse reaction. Foar the general first order re-

action (4.29)

Y N
o+ mv P l © (4.29)
-1
‘the rgfc equation Is
+ | ‘ : »k
UL) o v 1™+ v 1Y) (4.30).

dt

»

The solution of equation (4.30) is

~

ln(I+ - I°+) - --(\)l u“*l)t + canstant (4.31)

where I Is the Intensity of the reactant lon at tlgg t

. % S ‘
and Ie+ Is the intensity of I' at equilibrium. Therefore,
; - ' . - ” N
a plot of l-’n(I+ - Ie+)'versus ‘tlmq yields a stralght line

of slope ~(vl‘+ v_l). Figure‘4.§9 shows such plots for
the Qeca& of:CHS+ for fibe experiments at 30°C. The blank

symbols represent the griginal normalized data points and
) . A
the deviation from the straight line can be seen at long

-

reaction times. The values of vl=for each experiment were

calcul%téd from the initial slope-in Figure k.32 befare

the reverse reaction.could cause deviation from the straight

1.

line. A value of Ie was then chosen and subtracted from the,

o enediy
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10 T

1

1

& 400 | 800 ' -1200

Tos 0 Time (J-‘ | o
+FIGURE 4239, Logarithmic Plots of the ecay of CH at 30°C. O Original

data, e dat& corrected for reverse reactlon.

in
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‘origlnal data such that a straight line fitted all the

sollid points. The réCalculated slope‘pavc -(\)l + v_l),

]

from which Vo, and thus K,' could be chlculated. The equlil-
found by this method are listed in

ibrium constants Kl'

Table VI. The resultant lower limit of the proton affinity .

difference using this method was 8.1 21 kcal/mol. The two

.

estimates of K :therefore agree within their error limits.

The equilibrium constan® of exothermic reactions de-
creases with increase in'temperature therefore studies at

higher temperatures would seem feasible to thann more ac-
J
curate estimates of Kl sinre the CHh 2H6 ratio could be

lowered. However, as will be shown later, “2”7' lowly
5 .
diSappears by thermal decomposition thus disturbilfyg the

equilibrium. )
Q

4.6 The Kinetics of rhe Reactlons of C2H5
The CZHS fon 1Is Initlally produced by the fast

réaction (4.12), which is well known. Flgure‘9.|3 shows

+ ‘ + ‘
cn3< + cn,“——f—> CZHS + Hz (4.12)

the rapid formation of C Hb ,whose intensity-reaches a ﬁ_i

L J

Ry

Wﬂmﬁ bg§.30 Usec.. 4 The intensity of C 5 then starts to‘-

decays ut gfter 60 usec it increases agaln to reach<g€

§econd mxximum Jhis can only be explained by the produc-
5 J

tion o;*CZHS by a siow reaction. Figure h.lS';hows that

' +
the rate of decay of C2H5 Is similar to that of C2H7t.

»
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C2H7 must therefore be the precursor of CZHS+ via reactlon
(h.lh). The double maximum of the C2H5+‘|ntensity was at
3 | |
c2H7+ —_— czns" + H, | (h.14)

lfhw;it ought to be an artlfact of the normallzatlon pro-

é?cidqrt but it was reproduce% br‘the computer fit éyd can

'ggb} explalned by tht oc&#rrence of reactlions (4.12), and

e
ir."“’

P

-

~ yﬂ -~
(k “) DR

I f experlments at one temperature are examined,

Flgures h.8 to 4 l§ ar 86°C, for example, it may be seen .

that as the ethpne concentration is changed the relative .

!

lutensltles of C‘.H9 and C3H7 also change. At hlgh

ethane concentrations, e.g. [CH I:1[c H6] = 50: C,'H9

2

I's much more abundant at long reaction times than C3H7 .

However; as the ethane concentration is lowered the amount
. [ S

PR ]

of chHS decreaSee and 03H7+ intreases, untll at the lowest
ethane concentratlons C_H + is much larger than CI.H9 . The

37
change is illustrated in Table vit, where.the;lntenslty

L
-

ratio C_H /CkH changes by a factor of 30 .35 the pres&ure

377 9
of ethane varies by a facéor of 100. The dependence‘of ,

the relative lntensl\les of Ca 7+ and C"H9 on the ethane
concentratlon was also observed by Bennett et gl,»Tl3lQ

s.
mixtures of‘mefhane and ethane. These workers akso found

that C_H uas more abundant than'CkHS+ at low ethane

3%

_concentrations. . @ ' .

w L
¢ .
bl

3 )} ‘ ,;"; . : . .

o

- 'y
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TABLE VI
+ + o
Relative Intensities of C_H, and C,H at 86°C
37 F 9
- Lok [T71C,H ] 4 4 3t 1800 Msec " -
: . H : ‘@%
37 ) . ) ",
: -
. 500:1 0.4 _ v
- \.' »~ l
1000: 1" ) 0.9
5000:1, _Q 3.8
. ' N ’.
10,000:1 ) 8.4
20,000 ) 12,6 % _
- ‘ . I
50,000:1 - 12.1 S
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‘ ' *
If C2H5 reacts only* via the Intermediate [CNHI|+]

then it would be*expected that the ratio I /1
et oont
. ~37 49
would remain approximately the same, independent of the
ethane concentration used, since the lifetime of th€ inter-

mediate would -depend on the total pressure in the lon

source: ‘ : e

The graduél change in the relative abundance of

C_H * and ChH can bevexplgingd by a slow reaction of

9 .
C,H_ with methane to give C3H7*{' if reaction (k.31) Is

k .
+ 4 + :
CZHS + CHy —> C3H7 + H, (h.3|3

very slow thén it will only bejobserved"a} low ethane conf
centrations when reaction (h 15) is negllgible ‘Recently

the occurrence of the slow reaction (4.31) was observed ‘h
pure methane in,our Iaboratory by leaoka and Kebarle (l!"ﬁ
The present observatlon is therefore a confirmation of this
finding.‘ The occurrence of reactlon (h 31):was not proven
conc{usivqu until leaoka s |eport even th0ugh ion mole-
culelreactlons in pure methane'have been studied extensively.
Field and Munson (37) have estihated thai CZHS+ does not
react with methane wlthin 50 to 100 collisions, wﬂach was

'

unexpccted because reaction, (b.31) is exothcrmlc by 9 kcal/

mol. Previous work in this laboratory set aolowe( Timit
of ky. < 107'5 emd holecule:' 7! (12?)' The late discovery

of reactlon,(h,3l) can bé understood when one considers that

o
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most exothermic lon-molecule reactions, ‘whose rates have

been measured, proceed with rate constants close to. those
, ‘

t

predicted by the Langevin-Stevenson-Gioumousis equatlén

(16) or the ADO theory (89) where polar molecules are in-
. i
volved. These rate constants are approximately 10-9 cm3
|
-1

,molecule”l s] . The early apparatus used to meaéure lon-

molecule reaction rate constants was oﬁ%ﬁaphwdeslgn that
-9 3 -1

only the fasﬂ reactions (k 107 cm” molecule S ) could

1

be measured and slower reactions were difficult to obsaerve
. ) . t -

with this apparatus.
The disappearance of C2H5+ is therefore described

by the two reagtions

N k - ) . .
+ R :
_czns + C M, ——3-—> c3H, " and c Hg (R:IS)
‘ + 7o k“ + | '
. CHg + CH. — CH, .N + H, | (h.31) .

The pseudo-first order rate constant Voy for the overall

disappearance of‘Csz+ by feactions (L4.15) and (h;3l) i's

T

given by equation (4.32).

ST Voy = kylCoHgl + kyleH, ] - (4.32)

A ) : . _
vov can be obtalﬁ%d from ?h_kplots of log I ; versus

time .shown ln f{gurg,k 4o fo(jdlfferent etha%e concentra-

¢

tions at 86°C." Dividing equation (h ,2) by lC2H6] gives‘

¢ L 5 .t
~a '/ h

- r e B e e .
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-

‘ -
0.01 1 y 1 L1 I
0 400 800 . 1200
- Time (us) |
gFIGURE h.ho. Logarithmic Plots of the Decay of C2H£+ at 86°C

CHy:CHg = ¥ 500:1,4 1000:1,. 2500:1, @ 20,000:1,
$10,000:1, O 20,000:1, ' '

4
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\ _ __ov . k3 + kh_,;i__ (4.33)
[c2H6] [czn(l

}
Therefore a plot of vov/[CZHG] versus [CH 1/71c H6] should |
give a str. ght line with a slope equal to kh and a y-inter-

cept equal to k. The results obtained from -Figure A.41 lead

3
-14 3 -1 -1 ; \
to kh =~ 1 x 10 cm” molecule 3 which is in fair agree-
ment with Hiraoka's value for kk = I.6jx IO_IA cm3 molequle-"
: s-! (134) at the same temperature in pure methane. Results

i !
at 86°C wgre‘aﬁed because reaction,(h.}l)‘bas a positive

temperature coefficlent.and is therefore faster and more 

s

' noticeable (134). Tﬁe lntercept in Figure h hl passes close

‘to the origin, where there is consldérab]e scatter, which
\

makes the plot unsuitable to determine k3 accurately. How~-

o-ll .3

. ever, the plot gives an.estimate of k3 ~ 1 ox 1 cm

molccule-' s’l.

The calcultation of k3 and kh Is also complicated by

the temperature dependent decomposutlon reaction (4.14),
i

The rate of reaction (4.14) is neg{igible at room tempera-

o+ Foe . :
1 CZH." - CZHS + HZ : (h-ll‘)

e SV

[ : L

ture but becomes significant at 86°C. Thus CZHS 1s pro-

duced by reaction (4.14) while it disappears by reactions

\

(#.15) and (4.31). Thus the apparent rate of disappearance

o

of C_H

2 5+ is sldwed by the 6ccurreﬁcq of reaction (4.14%).
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To determine k3 more accurately an experiment was
conducted at 30°C so that reaction (4.14) was negligible.
The‘lowest methane to ethane ratio used was 50:1 Under
these condltlons less than 1% of the primary fons would
arlse from e thane since the ionization cross-section of

~ethane is twice that of methane (106). At high ethane
concentrations the feaction of CZHS+ with Cﬂh; in:reaction
(4.31), would also be negllglble\and the disappearance of
CZHS+ would'be due ;olelyvto reaction with ethane by (4.15).
The experiment was repeated twice at 30°C,ione'of which

k o : :
+ + +
CHs" + €, H, -—3—-> ¢4, " and ¢ H* (4.15)

25

is shown. in Figure 4,27, Figure L.42 shows the semilog-
arithmic plots of the two experiments at 30°C Included
also arq‘Fwo experiments under the same concentration con-
dltions but at higher temperatures and demonstrate the
interference of the temperature dependent dlssoclatlon
~reaction of C2H7 to CZHS . The rate constant, k3 was
N,'cqa1culated from the slopes of the semilogarithmic plots
and 'gave k3 -’5.2 and 5.3 x lo-l] cm3 molecu]e--l s-] at
,3DQ°K{ This is in close agreement with a value of k3 -
5.1 + 1 x ]0-]' cm3 molecule-] s-'dreborted by Bohme\gt al

(135). Blair, Heslin and Harrison (129) have reported

“ the rate constant for the reaction

c Dsy + L He — ¢,0 5H + CZHS+ . (4.34)

-



158.

10 — .

T
1 O
05 o 1
XS
¢
<
O .
®
I |
I 01 |0 o N
B 0 o
9 | |
005 1° o -
. é Q o
o) P
a , ©
a
001 =
. | | : | | pll
0.005 — ' ——
- 0 100 200 300 400
D Time (us)
FIGURE 4, 402 Logari’fhmic Plots of the Decay of C n* .t &
[CH,]: [C2H6] 50:1, .32 ¢, O30°, D7, Olllo cs 53%:»




to be 2.8 x |o'l°_ Reaction 4.34 is, however, a hydride

transfer reaction. Harrison (136) estimates- that only 15%
‘ " ) . +
of the disappearance Is due to the adduct ion, CAHSDS'
\ | '
|

LY+ -+ -

‘ ' I

CZDS + C2H6 —_— chH6DS — products (4.35)

Harrison estimates this rate constant to be 4.2 x 1o~ M1 em3

S S .
molecule s which agrees with the rate constant measured

in this work. Field has measured k3 in several different
projects. He reported the values of k3 to be § x IO-‘l

at 410°k (131006 x 107" at 483°k (38), 5 x 10”'! cn’

;

molec:‘ule-l s ' at 463°K (122). The rafe constang . k3, ebtain-__

ed in this work is Cons_i&tpnt with the reported values.
> . ; . -

4.7 The Pyrolysis of C2H7+

lnspectlon of the fon lntenslty proflles in FlguréS‘

k 27 to 4.31, where the ethane concentratdon is. kept con-

stant and the temperature is graduakly Increased,villu(trates
!1 . L] . .

the temperature ﬁepehdepce of the rate of disappearance of

C2h7+, The rapid change of behavipur of C2H7+ with tem-

perature Is illustrated in Figure 4.43 which is a perspec~
tive plot of the .Intensity of C2H * as a function of tem-

7
\perature and reaction time. The experiments shown In the
perspectlve plot were e\l conducted at ‘high ethane coh—
centratlon where [CH ]'Tt ] = 50:1 and the precursor CHS+
decays to zero by 30 usec. At'32°C‘C 7 is very long lived

and since the CHS dlsappears very rapldly, 2,7 must be

P
ST ¥
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 Time (u s)
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reacting very slowly. As the temperature is gradually In-

creased the dlsappearance of C becomes more rapid.

7

The Increase In the4rate of disappearance bf'czﬂq+

with temperatuxe is indlcatlve of an endothermic ion mole-

cule reaction. ' ]

The pseudo-first order rate constants v, for re. tion
(h.14) were calculated from the slopes of the plots of '
log‘I . 4 versus time shown in Figures 4.hh to 4.52. These
’

2 7 '
figures show the effect of changing the ethane contentratlon

whilst staylng at one temperature on each graph whereas In

the last two figures the ethane concentration is keépt constant

and the t*rature is varied. At constant temperature, the
s

) ., i : '
slope doe ot vary very much with ethane concentration but

at constant ethane concentratlon the slope varies drastic-
ally with tempe?ature To Investigate the erpndence of

the rate of reactioh of C_H on methane pressure.ithe'ratlo

2 7

of methane to ethane was kept constant but the total lon
source pressure was varied (Figure 4.53). JUnfortqnatély

the pressure of'CHk could not be varied over a wide enough

i}

pressure rlnge to reach a definite condlusion. It was

assumed that C2H7 depended on a collision to initiate

thermal activation and reaction (h.lh) should -be written
R | | 'kis : + e '
4c2H7 + CHy —--——» cz"s + Hy + CH, =(f4.36) ..'_,

Therefpre,
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(4.37)

A plot of v;/[CHkl plotted versus [¢ "6] ln Figure k Sh

shows th:f kzs is lndependent of ethane concentratlon The -

rate constants.k'zs at varlous temperatures are summerlzed

¥

In Table VIIi. The temperature range of the experiments s

only 180° but the rlte constant changes by a factor of al-

most 1000. A form of the Arrhenlus equation Is

’

‘ S . .
- a8
RS & AN )

t i I , . ©a
Flgure 4.s55 &hows a plot: of log k2 ersus 1 The x
] Coa
activation energy. E, may be calcui rom t #Slopedef\

the Arrhenius plot. E, was found tolbe .lots':’_o;s, kcal/

'_molt The value of A obta!ned from the Intercept was

8.3 «x 10-8'cm3 mpleculef] e-'. ‘The pre-exponential factor

I's almost le-7and'ls therefore much larger than the normal

Langevin rate constant for lon-molecule colllségna, w%gse
‘ ;-

! .
=1 s k. ¢

magthude.Js about 1073 cm3 molecule . Large pre-

exponential factors have been faund for other blmolecular
g

thermal actlvatlon reectlons;‘ For example the temperature

-

dependence for reaction (4.39) led*to a pre- exponential'

. T *ﬁ % e

N Ay + \ 2 :
e W +u2—-—-> H_? * M, (4.39)

. S
factor of 9 x 10 6/(137) which is even larger ‘than the
o /

'
. |
i 1
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Ib ~

‘. value obtained for reaction (4.36). The pre-exponential

”~
I

- N \ .
factor A, can be equated with the bimolecular collision

L]

rate (138) using simple collision theofy. N

) 2
(aA + OB"), N [k

1000 * V2y

A=

(4.40)

where oA and oB are the‘éolllsion diameters of A and B in

a bimolecular reaction between the two molecules, N is

Avogadro's number and u is the molar reduced ma'ss of A-fnd

.B. Simple collision theory neglects any steric factors,

which may be introduced if two colliding molecules hdve to

-

be in a suitable 6rientation. Another difficulty arises

because collision theofy assumes that only/2 degrees of
freedom can contribute the energy that is u.ed‘in surmount-
ing the activafed q@emplex en;rgy barrier. Hinshelwood (139)
first suggested that there is no reason to Igno:; energy
contributions from their internal degrees-of freedom. |If
energy from rotational and viﬁ}étlonal degrees ot’:Epedon'

contribute to the energy of activation then a Ld‘ger

fraction of the collisions will be effective and the pre-

»

exponential factor is larger than the bimolecular coldision

rate. - %

/l

4.8 Thermochemical Calculations

Accor‘éng to theoretical calculations by Lathan,

Hehre and Pople (128,140) using STO-3G Molecular Orbital

-
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A , ..

basis and others (141) the host stable structure of CHS+ is
the two-electron three centre bonded specles I which has C

Symmetry. Two stable.isomers of C2H7 have been predlcted
N .

H . + H- + ‘
. . +
\ » :
' /C—<: CH3—" "2
H” )
I ‘ CH CH
H { 3 3
G II . CoIrr

by ab lnitlg calculatlons by Lathan et al (128, lhO) These
\thkers calculated that the C-C protonated structure, II

is about ll kcal/mol more stable than the C-H protonated

structyre II" However, recent results‘obtalned by B8ischof
and DeSXr (142) using a simpler seml-emplrlcal me thod,

MINDO/3 yielded the opposite result: that structure III |

’

is more stable than II by 15 kcal/mol although the geometry
and the dimensions of the two.structure§ agreed closely with
those of Pople. Recent experiments in our laboratory have

lndlcated that structure II is the more stable (lh3)

AN
.

The dehydrogenation of £2H7 in reaction (4.14) can

therefore be visualized as a rearrangement from II to IIT

. followed by a dlssoc13tnon of the C- ——<<H bond. Slnce

\

IR ' '
A CH—tl:—<: — cz”s v H, (b'.lol)

H

s

III
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!

. structure-III has been calculated as 11 kcal/mol less stable,
then the activation energy measured In this work, 10.5 kcal/
'mol appears of the right magnltude‘df"the dissociation of

~

III to C2H5 and Hz is thermoneutral. The energy diagram

-~

that can be envlsaged for the reaction scheme (k.41) -is shown J
In Figure 4.56. | -

o

If it Is assumed that the reverse of reaction (4.14)
proceeds without any activation energy then Ez =] AH_Z = ~]0.5

C.H.Y + H X-2 c.u.t (4.42)
2’5 Y M T ot '

kcaJ(mol. Since AH (H ) = 0 and. AH (C HS ) = 219 kcal/mol

Aﬁ_z ~ AH (C H - AHg (C,H

27 --AHf(H-) (h.43) .

5 )
(127) then AH (C H7 ) from equation: (4. h3) equals 208.5

kcal/mol. The proton affinity of CZHG is given by

S T+ ¥
CZH6 +*+H — C2H7 ~ AH = -PA(C2H6) (4.4%)

therefore the proton'affinlty of C H6 predicted by the

actlvqtion‘energy Ez is: -

PA(C H6) - Auf(c ) + AH (H )- AH (c H7 )

AN

= -2o.zi¥-366 - 208.5 . (4.45)
= l3753 écal/mol |

',This value is close to PA(C H6) = 139 + 2 kcal/mol deduced
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, from recent measu?ements by Bohme (52) From the proton
afflnlty of ethane calculated here and frém the known value
of PA(CHh) =127 kcal/moi (144), tﬂe proton affinlty dif-
ference betﬁeenfthtxtwo eenpounds Is 10.3 kcal/mol. |
| The treatment of the data In three dlfferent ways
shows’ that the pfbton efflnlty dlfference between methene ”'T
and ethene is 9.0 + 1.2 kcal/mol whlch agrees with Bohme's
results rather thaf the 1 kcal/mol found by Chong and
Grankl%n (F23) This work supports Bohme s suggestion
(th), ‘that equllibrtum was pot achieved in Chong and
Frahklin's systdm. These workers conducted their experi-
ments at 67°C, where we have shown the dlssoclatlon of

. )

CZH7 to C2H5 and H2 to be apprecaable Therefore, under

Chong and Frankfin's conditions, the equilibrium between
+ 1N " +

CHS ‘and CZH7 was disturbed by the leakage of C2 7

through dissociation. This example emphasizes the import-

ance of being able to observe the temporal behaviour of

the ions being studied so that the achievement of equil-

ibrium can also be observed.

x

4.9 Analog Computer Analysis of Results

" The val}dity of a reaction sequence may be tested by
simulating the change of ion intensity with time on an
analog computet. The values of the rate constants are ad-
Jjusted until an optimum fit to the experimental polnts is

obtalned."The rate constants used in the fltting are the

<



e

!

'8'.
'

pseudo -first order rate constants Vi where | = +1 to +3

A}

In this systou.

The reactlon sequence used was

\ 3 , +
CHg «Q 6‘_"__ CoMy "+ cn,
+
czu7 +CH, —7-—> CH ™+ M, + cH
—2 ' .
f: H.* + cH %o c,H d c.u.*
2''s h — g’ 9 and Lqh,

¢, 6
.

A set of differential equatlons may be wri

descrlbe the system. .

dlcu_*] L |
—3 . v-,[czufl - v,[CHS"l

dt

°

.d[CH‘*] | - -
—271 . vilen 1 -y  LC,H

" . 51 7'l
[CH7]+\J2[CH5]

dlc.n *] o
-[‘2_2_]‘ - {c H [czus'"]--

1
dt 7

dlproduct] _ v [C2H5+]

dt

where'v ov 'ePresents the overall dlsappearance of

C3H7 and Chﬂs

(4.7)

y (5.36)

(4.46)

tten to

(4.47)

(4.48)

Voy (€M

(4.49)

(4.50) -

Q

152 5 4to
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Tgx reactions of CH * #nd CH'f to CH and C_H re-
o\ ] . 3 . 5 2 5 ' ’
spectively, were too rapidjto be explicitly included in the
computer analysis. Since CH“+ and CH3+ are formed in the
ratio of 5:4 and the abundance ratio of:;heir product lons
CH5+:C2H5+ is very similar (37) a}'zltorr. the Initial con-
ditions were set at ICH ] =0. 556 and [C 5 ] = 0.444 at
‘t = 0. o |
Equations (h.h7)lt01(h.50) can be solved analytically

o - .
(145)’or more readily with an analog computer. The analog

) computer uggd was a kaogawa Electronic Works Type 3302
whose accdracy was about 1%." “The cémputer program used is
shﬁwn.ln Figure 4.57 and the fitted curves are shown by the
sdlid lines in Flgurgs 4.3 'to 4.31. It was found that the
agreement between thg‘dalcu]ated and experimental ratﬁicon-{
stants was generaliy wifhlnlioz. Since the final rate con-

} stants ip the reaction sequencé depend on those thét pre-
ceed them, the error increases fpr the rate consFanfs of
lafer reactions. The calculated and expgrimental rate
constants are summarized in Table IX.

Slnce the analog program takes into account the faqt
that C2H7 is still producing c, 5~ as the C2H5 is rea;ting
further wi;h methane and ethane, the yov values obtained.
from the analog fit may be used }6 flnd a more acéurate
value of kh by plotting v, /[C H6] versus [th]/[Cgﬂﬁl a§
in Figure 4.41 using equation (4.32). Figures 4.58 and 4.59
show these plots at 30°C and 86°C, the points fbr lOG'CX

13



o et e

184,

‘€4l odueu9 04 wo. 4 ‘q

$uelsuo) 93wy ebeleay

——————

X1 378v1

- - - - - "L yEy - e gy
- - - . - - 8t Lg - . €1 "
Tt - Sl 69 g CIR LM "l * 90

- - - - 2 ¢ L's  g's - 90 9°1
91 | ©ob e g _¢H~_ e TR 81 9°1
Lo . - T €S 1L L1°o 0 .§y-01X6°¢€ UL R A Ly
B T 3 & T O5S HB Im ETLE N TT ) e
h | 1-* _mmﬂ:WMMoe €° -
.~._2xf (0L X f “aBety .,__o_ x Ty | o 01 % ™

/' wouy poaeinojes 17y .

£ d.012
€ 2,951
¥ J.901
U 2u6
01 3098
6 J.,0¢

83d%e 4 -dwe)



E

FIGURE 4.58.

gt

Plot of v, WAL H6] versus [CHA]/[C HG] at 30°C Using

Value$ of Vov Calculated from Best Computer Fit.
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‘Hl*«\, IGURE 4.59. Plot of vo§/[c2H6] versus [CHH]/C2H6] at 8é'C Using
' Values Calculated from Best Computer Flt.
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7
were too scettered to obtain a meaningful slope. kk from

the slopes of these graphs was 6.9 x' 10 -15 cm3 molecu#‘ﬂ'

s-' at 30°C and 1.6 x 10 'A'ema molecule =1 sf' at 86°c,

these values agree wlth Hiraoka's values of k, (134) of

9 x 1075 cr? ‘mitecute”™’ 57! at 30°C and 1.7 x 10714 (3

moleque-l s-' at 86°c.

»
The magnitude of K' is also predlcted to be very large

\\

by the analog conputer program._ OUtCPf 50 experlnents only

F ]

three were fouhq with a measurable reverse reaction rete

for reaction (4. 7) The’ average calculated value for ky

was 1.9 x 1077 cp3 molecule-‘ s”! and k_, was 1.9 «x 10714
_ cm3 moleculef' s-'. Since |
k - »

-1
\KI is predicted to be of the order of 10”7, the Same magni-
tude as calculated previously in section h.5,

The analog computer is therefore a useful tool in

verifying a reaction sequence but its accurecy ln predict~

ing the rate constants in a iong reaction scheme is only

sufficient to indicate the order of magnitude of the various

) il
rate COOStCﬂtS.

.10 Recent Results:

Although the project was terminated at this point, the

investigation of the energetics of reaction (4.14) was con-
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tinued on another Instrument by Dr. K. Hiraoka and a summary

. )

+ +
“ o Bl e CH e (h.14)
.

)

b

*

of his findings is included here where they are pertinent to

the project under discussion. ‘ +~

"

used with two ion ;oufces. one for use with experiments
below room temperature and another for room temperature and

above.

~

Hiraoka (143) studied the reverse of reaction (4.14)/

e k_y +
czus +H, —E c2n7 (h.42)

He found th;t two dlfferent isomers of C H7 could be

observed experimentally each with different energetic pro-

perfies. The gtructur;s 11 (c-cC pfotonated ethane) and III

(C-H protonated ethane) were attributed to the two i'somers.
At temperatures between -100°C and +k6°c reaction

(h.42) was observed and the structure of CZH7 was assumed

to be II. Tho rate constant, k_z, was measured at'var!ous

. . |
+ -2
czns + "z —_— H7 (11) . ’(b.hz)

temperatures in this range and the Arrhenius plot defined

the relationship (4.51)
-14

exp (-||7§§%9§/-o|) (4.51)

koggp = 7-3 x 10

' ' -1 -1
cm3 molecule s |

" The apparasus of Hiraoka end Kebarle (62,146) could be
ANy
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The activation. energy, E_ for ref®eion (4.42) Is,lherefore
very small, 1.2 kcel/mol as was assumed in the thermdchemi-
cal calculations in sectionvb.B. The results also showed

" that reaction '(4.42) was . second order, whereas in section

4.7 it was assumed to be third order. The evidence pre-

sented there however was not conclusive enough to prove

e

secdnd or third order. “Reaction (4.42) is an association
reactisn andithfs?type of reaction is normally third ordeg

(9,1486) .

A#hlrd order reactions generarly have no activation

energy barrier for the formation df the ion- molecufe com-

e

splex. These types of reactlons normally have a negative

o R

‘temperature dependence becauseg as»the temperature increases ‘

the lLfetime of the addutt |on decreases Hiraoka observed

a second order dependehce for” reaction (h 42) and a positive

'ntempe{ature dependence, Hiraokarapd-Kebarle proposgd that .

the observed temperature.dependence may arise from the fact - _

> : /

,.that only a small fractlon of reactants, i.e. those on the

"‘hngh energy end of the Maxwell di%tribution, surmount the

»

‘A

Jactlvataon barrier to form the assocnated excited complex.

% “ .
The complex contaiggiexce%s energy approxlmately equal to

>

the potential energy difference between the zero point

il ";V

h&nergy of the complex and the top of the enelgy barrler. The

complex *is therefore long-llved and efflciently stabilized

by third body colllsions When ex;nted complexes are
LA

’formed wlthout ﬁhVnng to_pass'an activation barrier, all of

% 1

-~
[P
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\\.
the reactant monecules are able to parti\ﬂﬁate. The result-
ant complex contains exceﬁs thermalfenergy.and is much short-
er lived. The rate of formation therefore remains third
order ué to higher pféssures.

Within the teéperature range 85° to 200°C the reverse

reaction rate of redction (4.42) becomes comparable to the

forward reaction rate and measurements of the equilibrium

constant, K_z were possible. The van't Hoff plot i3 showeﬁ
C.HY +H —flz—a> C_.H +(II) | : (4 hi{
25 2 -—— 2-7 - R ’ .

on the left hand side of Figure.h.60 and led to AH?2 = -]1.8
o

kcal/mol and AS_2 = -25 e.u. The point at the low tempera-
ture end of this line, reﬁresentgd by a closed square was
not obtained by direct equillbrium measurement bht/from
the ratié Kog = k_,/k, wheq: k_, was obtained from Hiraoka's
measurements and k2 was the“étg constant at room tempera-
ture measuredlln this work (Figure 4.55). The points fit
the extrapolated results of Hiraoké's ver, well,.

Below -100°C the rate oﬁ\Froduction of C2H7+ by re-

__/\‘
action (h,hz) was too slow to observe. However, as the

temperature was lowered furgg;:’EFg formation of C2H7+ could
be observed again. Hiraoka found that the formation_of |
C2H7+ below -130°C had a nega;ive tehperature,dependence;
which was indicative of an exothermic association reaction,

in which the adduct ion\if formed without passing over an

~

}
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+
_C2H7

Studied at Two Different Temperature Ranges.

y
10 1 ] ﬁll T T =
. '00 =3 " —_—}.
o AR ' =
— ’ 3
P ' ==t
_— ’ -
l‘- i " -
- -1
210 g / | =
- - AH=-4.0 keal /mole 3
-2 . .
0 = AH=-11.8 keal/mole ¢ =
]0-3 ] | L /. 1 ]
AV
2 3 4 7 j 8 9
1000/T (°K) -
FIGURE 4.60. van't Hoff Plot for the Equilibriym c2”5+ +H, —

B .



192.

L4

~

activation energy barrier. Such reactions .generally depend
on a third.body. The equilibrium 4. 42) was;ﬁtuuied over

the temperature range -130°C to -160°C. The van't Hoff plot
pbtained Is shown on the right hand side of Figure 4.60.

AH_‘2 for this reaction was 4.0 and AS 2 Was-19.6 e.u. There-
fore the C_H ion observed at high and low temperatures

2 7

have different thermoqhemical properties and must therefore
be a result of two different Isomers. )
The thermochemical data obtained from Hiraoka's work
:is summarized in the energy diagram shown in Figure 4.61.
The activation energy measurement of reaction (4. I#) des-
cribed in section 4.7 gave E2 = 10.5 kcal/mol. _From
Figure §.61 EZ'. 1.2 + 11.8 = 13 kcal/mol. The smalligr
: + Ky . + . : |
: .._C2H7 TR H T 4, (h.14)
value of E- found by measuring kz in this work may- be due
to the reverse reaction rate becoming important at higher
temperatures, maklng the apparent forward rate smaller. The
overall effect would be to make the siope of the Arrhenius
plot.smaller and thus E2 would be smaller. Av /
An earlier paper by Lathan, Hehre  and Pople (i28)
using STO-3G basis, suggested that the classical structure
of CZHS iIV) was I kcal/méi more stable than the bridged

Structure V.
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+
CHy +CH

. ~ \ ! :
FIGURE 4.61. Schematic Potential Energy Diagram for the
ALl D1 ; ,

!

Reaction of Protonated.Ethane.
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Therefore as a hydrogen molecule approaches C2H5 » assumed

\ to have the most stable structure IV, the initial formation
of C2H7+ is most likely to Be'structure III as visualized
\Uin = :cheme (k.SZ):;‘ ' o ,
\ . o o
AN 1 1 N -
: . . ” .
‘H H ‘H. -H .
H , . H . H .
v ~ 111 |

At the high temperatures,qse&‘ln this'wbrk, 30°C to 23b°c,
the theral energ; of the reactants. is sufficient to sur-
moant the 5.2‘kcal/mol_barrier to rearrange and form the
more stable structure II. At the low tehperatures used by
Hiraoka, below -130°C, the thermal energy of the reactants
&t s not enough to pass over the barrier an\ the ion observed
has the structure IITI under these temperature conditions,
This scheme is reasonable as structure III COnS|sts of a
ion weakly tnteraeting with the electron pair of a

2 5
hydrogen molecule. The fact that AH_2 = -4 kcal/mol for
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1

reaction‘(h 42) at 1ow temperatures is small, is g measure
|

of the bond energy in the CZHS .H2 com%lex The thermo-

chemical measurements obtained by Hiraoka therefore support

the assumptions made in section 4.8 conc rning the isomerlc

s;ructures of 2H7+'as it participates In reaction (4.14).

~

+
H

{
,i\ : f o+ ‘
CHTNCH [ [k -—c—< —C 0"+ H, (4. 14)

II - . O III 1y

A very recent report by Pople (147) has extended ,the

hcalculatlons of C,H. . The first lmprovement (4-316) ,

2 5

doubled the number of basis sets in the valence shell. A
further improvement (6 ~316 ) included'the d-functions on
the carbon atoms and finally included a set of p- functlons
on - each hydrogen (6-31¢ *). Table X shows that as more
functions’are taken into accgznt, the bridged Structure of
C2H5+ becomes favoured compared to:the classical structure.
This trend had also been found by Zurawski _t al (148).

If the favoured structure of € H5 is the brfdged
structure then the hydrogen molecule must approach broad-
side to the C-C bond in C_H ’and the transntion state can

25

be represented by structure VI,
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TABLE X | /

Theoretical Calculations by J. A. Pople (147) of the Relative Energies

of CZ'HS+ Isomers Using Different Basis Sets

f

ST0-3G UHF/4-31G UHF/6-3|G* UHF/6-3|G** UMP2/31“G*

+
€ Mg | |
(classical, 1IV) -11.4 -7.3 -0.1 : -0.4 6.3
- ‘ I

+ ' : X
CZHS ‘ . | J
(bridged, V) 0 0 -0 -0 0
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" H q + m //ﬁ o +k
\C/ H - _ i \c\ | t'
[\}-——— Wl o+ —_— \ I ,>-——H——-<:
/C\ : - / ’ NRON)
' ) H c\h o
H H 1 - i .
VI
H ; 7
[ H T* FH\ /” 1°?
o\ !
« | , e S [ =t | (h.54)
/\ /IN\
L 4 W H N

The occurrence of an éxcited intermediate such as‘VI is
difficult to undérstand but attack grom tﬁe‘rearsas in re-
action (4.54) may concw/ably' lead to the stab!e isomer of
.C2H7+(11). It then be?omes difficult' to explain the
potential energy curve in Figure 4.61 in‘terms of the .
number of maxima a;d minima if structure II is to rémaln

the most stable structure of C2H7+.

)
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h.ll Other Reactions Observed

‘ + +
' C3”5 ’ h 10
C_H . CZHQ* is formed by the prlmary and secondary frag-

+

Other fons observed were '2 4 and

mentation processes of methane and. ethane. It was assumed

that\czﬂh orijinates mostly from the major constituent,

methane, by reaction (4.55) (37). The reaction of'CZHI’+

f
i

Aol

+ +
ouz + CH — C,H, " + H, : (4.55)

5 )
with ethane is well knOwn (112, llﬁ 129 149) but Bennett,

Lias and Field (131) were. the flrst to report the stabtllzed

+ .
nntermediate c HIO In the reaction .

4

f . .
+ +
CoHy + CH, —[cC H]o 1* — CHT + cHy,

M + |
— CQHIO (10.56)
The ion C,H was also observed inthe present work, as a

4 IO
minor product, when the ethane concei;ratlon was hlgh The

formatlon of C3H7 byreactum (4. 56) was thought not to
nnterfere with the kinetic analysis of the reaction of

2 5 described in section 4. 6 since the reaction of CZHh
was extremely slow and the concentratlon of ethane was low.
The C_H ‘ion is also a product of a secondary re-

, 3 5
action (4.57) in methane (37). ‘The precursor C2H3t was

. . . . ,
czu3 + CH, —= C3H5 + H, (4.57)
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. ! A ' ; -
not observed in thesé experiments. C3H5+ was found to be

L}
essentially unreactive in the methane/ethane system.

The CSHll+,Ton was only observedAduring the experi-

ments with a methane to ethane ratio of 50:1 at tempera-
tures below 80°C. The intensity of C5H”+ was very small,
only about 0.5% of the total ionization. CSH”;+ must be

formed from an ion association reaction with ethane, for

~

example (4.58). C_H * has .been observed In pure methane

5711
C.H.t & CoH -—->. o Y .~ (4.58)
37 ‘2" 5 2 | .

J
(37) but there are no reports of the ion being observed

in ethane or methane/ethane mixtures.

4.12 Conclusion :

I .
The study of the methane-ethane system has brought to

iight some Interesting information. The measurememf of

‘the proton affinity differehce between éhese fwo compounqs
‘proved that this difference ras at I;ast 10 keal/mol. A
recept measurement (44) has estimatéd that the pr?ton‘
Vafffni;ies of higherlalkanes show similar differences to
their lower homologues. For example the proton affinity

of propane was calculated to be 148 kcal?mbl;vélmost 10,
kcal/mol abdve that of efhane. Slmilérly the proton
.affinity of iszébutane wa§ estimated to be 164 kcal/moll

-a difference of 16 kcal/mol from its lower homologue.

1
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The independent observation of the reaction of CZHS+

with methane in reaction (4.31) substantiated the previous
¢t + cH ——»c.u*+n' | (4.31)
st CHy 3% A
report from this laboratory that this reactfon was very slow
but observable and the rate constant codld be measured.
| The dissoclation of C2H7 to CZHS and Hz had been
observed by several workers but no rate\gonstants had been
measured before and no investigyations Into the temperature
dependence of the reaction had been reported. The .pyrolysis
of C2H7 explains some anomalies of previous work done on
‘the methane-ethane system and also initiated further in-
vvestigatlons of the reaction which led to the observation and
thermochemical. measurements of Ltwo different isomers of

3

C2H7+ and higher homologues.



CHAPTER 5

SOLVATION OF C1~ BY VARIOUS SOLVENT MOLECULES

5.1 introduction

The recent application of ion-molecule reactions to
acid-base measurements has created great interest and the
ffeld has expanded rapidly. The @easurement of gas phase
acldity and basicity using ion-ﬁolecule reactions is im-~
portant because [t enables the.Intrinsic ac;dlc or basic
behaviour of thg moiecﬁle to be InQestfgateJ_ulthout ghe
lnterférence of a solvent. This type of méésurement alsg
eliminates lons of the opposltg‘charge yhlch complicate
the interpretation of data obtained from solution studles.
Gas phaseAmeasurem£nts are therefore ugeful to tﬁe physd -
Ical organic chemist who is well versed in the acidic and
ba;lc’behagiour of organic compounds in solution and can
interpret the gas phasé measurements to estimate the effect
éf solvents and other lons. '

A measure of the gas phase acidity of a compound RH

is the enthalpy for reaction (5.1), which is also the
R-H —-f—->R'+n*' o (s.1)

prdton affinity of R, ~The enthalpy for reaction (5.1)
can be regarded‘as the heterolytic bond energy D(R-.-H+),
which can also be expressed using the homolytic bond |

eﬁergy, D(R~H):

201
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fﬁslphase acfdlty - D(R™ - H+)

| = D(R -H) + IP(H) - EA(R) (5.2)

where IP(H) Is the ionizaglon potential of the hydrogen
atom and EA(R) is the electron affinity of the radical, R.
Since IP(H) is common to expression (5.2) for all“compoungs:
RH, it ;an be omitted from calculations of the gas pﬁase
acldity. %he relative measure of acldity lg therefore the

enthalpy for the reaction

e + RH 3 R~ + H (5.3)

Therefore,

BH = D(R - H) - EA(R). C(5.4)

Therefore as the gas phase acidity increases, the quantity

D(R - H) - EA(R) decreases. -~
In a solution, the proton isvalways accgpted by a -

ba!e.\ Acid dissociation Is therefore more accura:el? re-

' lated to the gas phase analog of the Bronsted acid-base

reaction

aln + Ry o Ry + R,H - : ‘(5.5)

The enthalpy for f:;étggp (5.5) is

BH = D(Ry - H) - EA(R)) - (D(R, - H) - EA(R,))
o (5.6)
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In the Investigation of ionic solutions, the

nature of the Interactions of the ions lh‘Solutlon such

0

"as R »,With their adjacent solvatlng molecules Isnof
fundamental Imporfance and has been the subject of numer-
ous studles‘(LSOl. lon-solvent interactions can also be

studied in the gas phase by first observing tﬁe isolated
ion, then adding solvent molecules one at a3 time and
examining the effect of each addltlon TﬁIS'approach has
been ysed jp experimental and theoretlcal studie§ (ISI-ISS).
lon-solvent Interactions have traditlonally been
Investigated in terms of electrostat;c forces such as .
lon-dipole and fon-induced dipdle forces. |f Sssolvent
molecule RH lgﬁgonsidereds which has a dipole moment with
the: hydrogen carrying the partial positive charge, as RH
approaches ga negative ioh‘X-; the acidic hydrogen wil|
be oriented fowards X . The presence of the negative lon
will ‘induce é further shift of electrons away‘from the
hydrogenvgtom. The complex R-H+---Xi can be considered
as resulting from a partial proton donation to the negative .
ion i.e. a partlal neutralization o; a Bronsted base, X_
by the aci& RH. Kebarle et al (156) brbposed that the“
interaction of RH Qlth X~ should follow the gas phase
acidity of RH i.e. the bond énergies of the RHX complexes

should increase as the gas phase acidity of RH Iincreases.

Examination of gaseous lonic equilibria such as (5.7)
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- K- -
xT(RH)__, +RH Bohan oy (RH) (5.7)

allows the equilibrium constant Kn_l n to be measured where
: re
X (RH)n ,

n-1,n b (5.8)

I RH

x'(RH)n_l

The measurement of Kn-l n At aifferent temperatures ylields
1A‘6 AH® , AG° _and _As® for the addition of a sol-
n-1,n n-1,n n-1,n v
vent molecule, RH to the ion cluster X-(RH)n_'. Vhen n=1,
the equilibrium studied gives the thermodynamic parametérs :

for, the addition of the first solvent molecule to the

: o
isolated lon and i5 described by K0 1 a6° and AH 0.1°

*Therefore if the above mentioned rela holds It would

-be expected that the interaction betwe nd X will
increase as the gas phase acidity of RH créases. Quan-
) J o o
titatively, one would expect -AHO 1 and '"AGO 1 to increase
’ : ’ .
as D(R - H) - EA(R) decreases.
5.2 Previou: Jork on Gas Phase Acidities
As  <scussed in the previous section a correlation

between the ys. phase acidities of compoundsde:and the
‘bonding in RHC1 - compliexes could exist. The present sec-
tfon provides an overview of the studies 6f gas phase
acidities since this property wil} be needed in the sub-
.sequent treatment.

The first qualitative measurements of gas phase
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acidities were reported by Brauman et al (30) in 1968. -
This study was the first direct measurement of relative
dcidities of neutral compounds in the gas phase.

Brauman and Blair (30)Qgsed lon Cyclotron Resonance

Spectroscopy (27,157,158) to Measure the relative acidities:

'acetyl acetone > acetyl! cyanide > hydrogen cyanlde

Brauman determined the acldlty order by observing in which

direction proton transfer occurred between two of the

compounds. For example, reaction (5.9) ,was observed to

room temperatufe.

CH3COCN + CN™ ——3= "CH,COCN + HCN (5.9)

occur in the directlen shown, whereas the reverse reaction
was not seen, indicating that Jt was endothermic. Acetyl
cyanide is thereFO(e a stronger acid than hyarogen cyan-.
ide in the gas phaee. The relative acidities og a;etil
acetone (pKa = 9.0) and hydrpgen cyanide (pKa 7 P.Z) are
in the same order in water (159,160) as in the gas phase at

l

Brauman and Blay— contlnued their study of gas phase

acidities by |nvest|gat|ng the relative acndltaes of a

series of simgle aliphatic alcohols (31,161) by proton
transfer reactions of the type (5.40). |If the reaction

RYOH + ROT —— RO + R,O0H (5.10)

proceeds in the direction shown then the gas phase acidity

of'RIOH is greater than that of RZOH.
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Brauman concluded from his results that all of the
simple aliphatic alcohols were stronger acids than water
In the gas phise. He'also found that the larger the alkyl
group the 'stronger the gas phase acidity. For example:

CH CCH_OH > (CH COH > (CH CHOH > C H_OH > CH_OH >
(CH3)3CCH O > (CHy)gcon > (cHy), 5 H3

sz. This Is the opposite order expected from considera-

‘tion of the electron releasing lnductlve effect of the

alkyl groups, slnce substltuents which are electron re-
leasing will destabilize the negatlve'charge In the alk~
oxide ion. Therefore the formation of the t-bﬁtoxide

ion should be more unfavourable tMhan nﬁe methoxide fon.
The order of acldity in solution is CH30H > CZHSOH >
(CH3)3COH which is the reverse of the gas phase acidity
order. Brauman suggested that the acldlty order .in solu-

tion includes solvation effects and does not ‘tepresent the
N = ;"-L; .

“Intrinsic molecular property. ' s

R

Hunsén (162) has shown that the. gas phas;ybasiclty
order Qf methylamines followed the nofﬁal Inductive order:
(CH3)3N > (CH3)2NH,> CH3NH2 > NHj. Increase of amine
basfcity was expected with incéeased’methyl.substltutlon !
because!methyl groups are electfon releasing and stabilize
the positive lon.

.Thérefore, a;cording to Brauman's acidity measurements:
(161) and Munson's basicity measurements (162), lncreasfng

the number of alkyl groups stabilizes both anions and

cations in the gas phase. . To explain these results, Brauman

! -
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N
'postulated (31) that In the gas phase the ability of the
alkyl groups to stabllize both positive and negative sat-
urated lons arises from the polarlzabfllty of the alkyl
group. Some of the charge ls Spread over the alkyl group
thus stabllizlng positive or negatlve lons '

Further lnvestigations by Brauman and Blair (32 163)
Indicated that in the Measurement of gas phase acidltles
’of-amines, the same stabllizingleffect of the amide lons
by ln;reaslng alkyl substitution Is observed as In reactlon

(S.II). Comparison of solution and gas phase acldlties was

RINH2 + RZNH ——— Rl”“ + RZNH2 (5.11)

'lmoossible in this case because'of the difficqlty of form-
ing the amlde lon ln solution and Is also complicated by
the formatlon of ion palrs.,

Brauman and Blaar next investigated the stabilizatlon
effect of alky] groups attached to an unsaturated carbon'
(|6§). It was found that in systems |nvof¥4ng bonding to
an onsaturated caroon, alkyl groups destabillzed anions

hrelative to- hydrogen However larger alkyl groups stab-
ilized anlons relative to smaller ones. ’

Bohme et al (165) used the flowing aftergiow tech-

‘nlque to measure the forward and reverse rate constants'of’

reactions of the type (5.12) to determine the equilibrium

constant. By changing the nature of A and B the ApKi
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k
. f , - :
AH + B ———p BH + A (5.12)
ey

k
r ]

can be calculageﬂ ;nd an acidity'sc;le can be built. Bohme

has;measured‘thé gas phase acidities of variou§ oxygen and

carbon acids using this technique (166) and hfs results are

in good agreement.with thevacidity order of Brghman's}

Neither the early experiments with‘thé flow]ng after-

glow technique (165) nor the ilon cyclotron experiments 'by

Brauman actually represented measuréme;tslbf ionic equilfb-

ria. Yamdagni and Kébarle (167) were the first to'bbserv;

ionic equilibrla~$f'the type (5.13) d}reCtIy in pfder to ' '

determine the relative acjd{ties of the th'compounds.AlH
A

lH + A2 <—_—> AZH 1+ Al (5.13) |

and AZH._ﬁThe measurémént,df equlliBrla (5.13) enables AGO
to be calculafed which is equal to the difference in gas )
phase aci&ltie; of AIH and AZH' | | .
'Kebfrle et al (167) have meésured the gas phase
acidity of carboxylic aﬁidsl The order of acidity increase
was acetic, propionic, butyric, formic acid. The former
"three aclds:foilow the order Brauﬁan found with the alco-
.hols bﬁt fofmlc acid lg stfonger than butyric acid whlcﬁ
is analpgoqs to the order of sqbsfituted acetylene; in-

vestigated by Brauman (164). Kebarlé and coworkers further

Investigated the effect.of halogen substituents on the

!

‘1
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i

acidity of acetic acids (168). They found.thaf;‘as observ-

ed in solution introductlon of a halogen substituent re-

. sults in a larqe increase In acldity The increased aclidity

has been ascribed to the stabi[lzatlon of the negative

charge by the electron withdrawing effect of the halogen

substituent. A comparison of the AG® values for proton

transfer from acetic acid to,theuhaleacetlc acid in the’

‘gas phase and in SO]utlonishows that the Ag° values for

the gas‘ﬁhase are on average about four times larger than
also found that the order

et al

of acidities in the gas phase was Br >iC1 > F whlch was

therpposote_to,that found in aqueous solutlon. |
lnvestigationyof'the gas phase‘aclditles of uauy sub-
stltuted benzoic acids by Kebarle and cowprkers (71) en-
abled correlatrbns to be drawn with the a values of
MeDaniel and Brown (169) and thefo values of Téft (170).
Tﬁe correlafiod was ﬁetter-when o® values were used. The
e}}eet of substituents was agefn found to be‘!erger in
the gas phase than in solution. For thtslserfes of com-
pounds the‘effectAwas ten times larger in the gas_phase,

Attenuation of the effects of substituents in aqueous

" solution has been observed by Taft (L7T) and Lossin§ (172)

and has been attributed to a decrease in solvation for

, .
the stabifized Ions.

Carbon aclds have not been studied extensively In

the gas phase. McMahon and Kebarle (72) have studied the

!
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effect nf substituents'on mefhane. ~+helacidity of the sub-
s;ituted methane inczeasé in the order phenyl = vinyl <
acetyl < CN < benzoyl. The introduction of a second group
of the same type incrgases}the‘acldit by 60% of the first
addition.! A more receént study (173) has extended the
measurement of the acidities of ;arbon and nitrogen acids
and the effects of substituents upon tne stabilit{cs of
the carbanlons and nitrogen anions in the gas phase. The
Iatter are seldom postul;ted in the mechanisms of.orgénic
reactions in solutlon." T \
Tﬁ% gas dhase aciditles‘oé vanious substituted phenols
(174) haQ;,been measured by M;Manon and Kebarle and they
%odnd'that the order of acidity in the gas phése and aqnéous
solution are the same. Mclver and Sllvers (175) have also
measured the relative gas phase aciditles of some substi-
tuted phenols. The agreement between Hclver s and Kebarle

measurements is good.z Theoretical calculations by Radom

(176) predicted the same relative order of acidity of the .

-substituted phenols as that found experimentally.

I3 !
<

5.3 Previous Work on Chloride Affinities and Other Related

Complexes f Y

Yamdagni and Kebarle's proposal (156) that the order
of increasing gas phase‘acldity of RH follows the order of
hydrogen-bond energy of the complex RH-X-:was tested on a

series of alcohols and carboxylic acids. "The chloride ion
: ' : { |

S
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- J
was chosen as the negative ion because of the ease of
i | .
pro?uclnq it in the ion source.
The proposal of Yamdagni and ‘Kebarle was based on

studies of the ionic eqdilibria (5.14) and measurements

of AH: 1 for varioqs compounds RH. The AHg I measured Is
! ' | i T ‘ |
- Ko 1 :'"_
X : RH + C1 ——21 5 RHCI - (5.14)

"the hydrogen-bond enerdy lﬁ the complex RH-C1 . The order

A arved . H > > ‘ > >
of H0 ' obsefyed.was, HCQOH‘ CH3COOH .C6H50H CHCI3

(CH3)3C0H > CH$0H > HZO' Braqmén had previously established

(31) the order of the §as phase acidities to be CGHSOH >

(CH3)300H‘5'CH30H >'H20 which is in the same order as the

hydrogen-bond energy'in clusters with C1 . IKebarle et al
A}

(167) had previously found that the gas phase acidity of
formic acid was greater 'than that of acetic acid. | The
same order as the hydrogen-bond énergy or chloride affin-
ity. | |

The correfation between gas phase aciditfes‘and
'chlorlde fon aff?nltles measured by: Yamdagni énd Kebarle
js based on a small‘number of RH compounds nearly all of
which were bxygen aclds. It was felt that the range of com-
pounds was too narrow to assuTe that the rule held univ-.
ersally. By studying different compounds the nature of
the interéction.between;RH and C1~ aay.be bette; under-

stood. The recent-sfudies 6f McMahon and _Kebarle (173-174),

which measured the gas phase acidities of many carbon and
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nltrog;n acids, pro%lded a wide series of compounds with
different func%ional group§ tb test the correspondence of
acidity order andfthloride jon affinlty,

Before describing the results 6f the RHC1™ equilibria
measurements,"s brief dl$§ussion of the theoretical work
relative to compleerAof this type is given.

e To explain the interaction between RH and X-, in-
formation on the detailed el;ctronic structure of .the sol-
vateg ion and thelnature of the binding.forces is required.
Several‘groups have calculated thevcnergy surfaces fqr the
case where RH = HOH.(ISQ,I77-]79).

Diercksen ang kraemer performed ab Initio SCF-MO cal- .
‘CUIations oani+,H20, Na+.H20, F-.HZO and Cl-.HZO (|77).
Two stable étructures of the anion-water éomplex ére
possible. ;The first is structure I which has C2v symmetry.

3t
[

StructurévII shows the other configuration which contains

¥ H —

1

H W
I | - II
a hydrogen‘bondthere F~ oer’r is in line with one of the
0-H bbhds. Diercksen and Kraemer found structure II to
have the lbwest energy with a hydrogen bondfstrength for
F .H_0 of 24.07 kcal/mol. This is in good agreement with

2
the experimentally determined value of 23.3 kcal/mol (180)

by Arshadi et al.

e

<



213.

Cléementi, also on the basis of ab initio SCF-MO cal-
dulatldn; (178), noted that as' the size of the anions ‘
increases, the dlsti;ction between the two limitlnézstruc-
tures I and II becomes less Important. Tbus thé energy
min[mum in the Cl_.Hzoncomplex cbfrespon?s to-a Cl .HOH
~angle of 165.4° Instead of. 180° for strbcture II. The
angle in the F-.Hzo’complex ébtalncdgby Clementi was l75.§’;
ngarer'to'a linear hydrogen bond and in suBstantial agree-~
ment with Diercksen's results. The calculated b?ﬁding
energy for the C!_.HZO comple% obtained by Clementi was
11.24 kcal/mol for structuré I and'll;30akcal/mol for
Structure II. Arshadi's (180) experfmental results for.
the Cl-.HZO complex were 13.1 kcal/mol which does hof
agree so closel; as the fluoride results.

1Clementi and 9owofkersi work on cation-water cbm-
blexes.showed that there ‘was no abprecjable charge trans-
fer from the water moleculé to the catfon (154). They
found that the idteract]on was mainly electrostatic in
origin‘i.e.‘from ipn-dfpole and Ion-induéed dipole inter-.
acti§ns, the latter being due to a shift of electrons
within the water molecule. In the anion-@ater complexgs,
Cleménti et al (178) found that tﬂc interaction wasvalgo
essentially elecfrbstétic and that an appreciable eleqtroﬁ_
shift or'ﬁolarlzation occurred within the water molecule.

These conclusions were bqsed on -the electron distribution

in structures I and II for the F-.HZO complex where the F-0

i
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-

sepafatlorﬁ ‘Is 5.15'a.y. The gross Mulliken electron population

0.6k
. H
. \ - . 0.60 e - -
F 0, 8.71 F H —e—p 8:70 !
9.99 / : 9.95 \
0.64 | ' Ho. 74
I Ir

shows that theré is a shallfamount"of chafge transfer

from the fluoride lon to the water molecule in the hydro-
»gen bond configuration whereas the amount of charge trans-
feruls negligible In the CZV,Structure. There Is con-
siderable charge tfaqsfer within the molecule fér both
structures. No data ig\gtYen for thé_cr—.HiO'cdmplex

but the charge transfer within the molecule will be less
than for F .H,0. . :

Since the theoretical calculation§ of Clementi and
Diercksen show that the interaction in the énion-wafer
complexes«ls.maihly electHostatlc there is some justlflca-
tion for doing electrostatic calculatiOns which are more
easily performed )

Electrostatic Calculations have been perfofmed by
Eliezer and Krindel (181) and Spears (182) on ion hydrates
Spears (182) has also investigated complexes of anions '
and catlons_wlth spch molecule; ;svoz, ﬂz'and C02~and
foﬁnd thag'the bondlng/energy between-t&ese compounds and

[}

the alkali and halide lons was about ten times less than
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for. a water molecule. This result may have been expected

since O2 and N2 have no permanent dipole moments. Spears j

also pointed out that the ion*quadrusole interaction dom-

inates the bond energies of complexes involving 02, N, and

. ’ 2
CO2 whereas‘they are negligible in complexes withlwater. ’
Davidson and Kebarle (183) have carried out electroskaric

calculations oqq;omplexes Involving the solvation of posi-

tive and negative iens by water and acetonitrile.

The total stabillzation energy, E  between an lon
and a single solvent moledyle can be expressed as a sum

of four terms shown in equatjon (5.15). :

(5.15)

t dip ind

Edlp is the ion-dipole attractian, Eind Is the Jon-

. itnduced dipole interaction, Edfs s the energy due to .

.attractive van der Waals or dispersiion forces between

PO,

.the ion and/the molecule and Erep is\ the enérgy term
represent¥ng the electronic repulsion betwéen the lon
“and sblvent molecule. \Davidson and Kebarlie (183) found
experimentally that ace;onitrile_solva ed positive ions
better than negative lohs; Electrostatic céICulatlons
using bolnt dipoles predlct equatl sélvat on of positive
@ﬁd negative lons. By uélng the charge diistribution err
the whole mdlecqle, Davidson's calculations of Et agreed
well with the experimentaliy measured AH® R values. The !

computations also showed that Elnd + dis almost cancelled
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£

Erep so that Et x Edip' Tpercfore the major coqtrlbuv
' Vv : .

tion to the total stabilization energy Is the fon~-dipole

interaction. By calculating Et for different orientations

of the solvent molecule and comparlng the different Et

obtained to the measured AHOO 1 the preferred orientation
, ' .

of the solvehf molecule can be determined.

5.4 Experimental

The experlmeﬁts carried out in this investigation
were conducted on the instrument described in section iﬁﬂ;
Gas mixtures were made in a S*Iitre.bulb tﬂ“*was
part of the éas handling systemd The system was enclosed
in a box that could be heated to 200°C. The temperature
inside the box was generally maintained st.100~105°c,
or a temperature which was sufficient to vaporize the

compounds used. The gas handling plant was periodically

‘baked at 200°C.

Gas mixtures were made by filling the bulb with

.one atmosphere of ultra high purlty methane and then in~

Jecting the required amount of the liquids through an
ln)ectfon port. fhe gases were then allowed to mix for
thirty minutes before performing the experlmenf; .To
ensure that thirty minutes was a sufficient time for the
gases to be completely mler‘ an experiment was performed
at varlous lntervals up to Zolhours from the Fime the |

gases were mixed. The equ\librium constant measured at



217.

‘different time~ 's shown in Figure 5.1. The equilibrium

constant measurcu over the total timo eriod was the

.~

same. Half an hour was therefore co Jered a sufficient
period for the gases to be well mixed.
The reactant C! ions were produced by adding traces

( 1.5 torr) of carbon tetrachloride to the bulb. Chloride
fons were probably generated by dissociative electron cap-
ture of near thermal electrons by reaction (5.]&): The
chloride ions then reacted with RH forming Cl;(RH)n

'e+CClh~>CI-+CCI3 (5.16)

L

clusters by reaction (5.14). Suitable temperatures and
pressures were chosen sach that n was equal to 1.

If the compognd; RH was a soiid at room temperature,
the sdbstance was dissolv~ad in methanoi; which would not
interfere with the cluster formation under study since

i

methanol Is a much weaker acid than aﬁy of the compounds
investigated. 1ﬁitially, carbon tetrachloride Qas thougnt
to" be a suitable splvent since It was added to the system
anyway. However, the amount of carbon tetrachloride re-
quired to dissolve the acid was large and exerted 30 torr
pressure in the bulb. Large pe;ks were found. at the
masses 160,162,164 and 166 with ratios of approximate!'y

28:28:9:1 which is indicative of a compound containinyg

three chlocine atoms (184). These peaks were broad and
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! v
diffuse and persisted even whep the electron gun fila-
ment ‘and gas supply were turned off. These spurious peaks
were thought to be CCIB- which were generated by therm-
fonic emission oﬁlside the ion Soqrce. The walls of the
‘mass spectrometer mdst have beén saturatéd with carbon
tetrachloride as several days of buﬁping were necessary
bFfore fhe’peaks dISappeared;

Typical partial ;ressures{in tﬁé bulb were 700 torr

methane, 1.5 torr carbon tetrachloride, 10 to 50 mtorr

of the acid and 50 torr of methanol, if the substance

‘was a solid. The pressure of gas in the ion source was

/ .
controlled by carefully adjusting the valve between the

bulb and m;nlfold to achieve the required flow. The
temberature of the fon source could be varied between
25-435°C. Total ion source pressures of 1-5 torr were
u§ed. | |

| The electron beam was pulsed on for 10-20 Usec
every 3 msec.and the t;mporal profile of-tHe lon‘inten-
sities were colfected aﬁd.stored in the multichannef
scaler. éxamples of typical ion profiles are shown in
Figure 5.2. After 100 usec, the ion profiles O¥ Cl- aﬂd
RHC1 are parallel, indicating that the ionﬂabun;ances

are in a steady state and the two lons are in thermo-

. . \
~dynamic equilibrium. To eliminate the effect of any

signéf drift the chloride ion was collected for 30

seconds, for example, then the cluster ion RHC1  for 60

c
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seconds. The chloride ion was again collected for a

-—

futher 30 seconds and a§cumulated with the previbus col-
. ‘ 4

lection of Cl . Thus each ion was collected for the

same amount of time but any consistent drift in'signal

was elimiﬁated.

5.5 Measurement of lonic Equilibria

Special pr?cautions have to be taken when measur-
jnngonic equilibria ;to ensure that theAmea§ured lon
intensities are an accurate reflection of the ionic
concentrations in the ion source and that the lons are
in true ionic equfllbr}um.

The lifgést error in tﬁe measurement of lonic
equilibria is due to the problem of stripping (74). The
reglon of highest pressure in the vaeuum chamber-is that"
Just outside the lion exit Sllt; St}ipplng occurs'when
thejpréssure in this zone Is sufficiently high that
there is a probabjlity of an ion emerging from the }on
56ur¢e and colliding with a negtra] molecule before ‘it
reaches the mass an@lyzér. I f the!lon,fs a éiuster

B

RHCI‘, there is a possibility that it may dissoclate
inté C1  and RH;‘ Therefore the detected intensity of £l
is larger than if is inside the ion source and the ob-
served intensity of the cfuster fon is correspondingly

smaller. The equilibrium constant, Ko l.for reaccion

(5.14) 1s given by equation (5.17).
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The Effect of the Relative Intensity of lons I f 10%

Collisional Dissociation Occurs -

, ) 1
RHC1 I
(a) Inside lon Source . 10 1
Outside lon Source . 9 ' 2
N
' e
(b) Inside lon Source 1 10
Outside lon Source. 0.9 --10.1

K

o,

I(tgrr-l)‘

100 -

b5

0.89
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Cl . + RH;, —l g RHC) (5.14)

' | ) '

I - B
R | _
K __ﬂ£l_~__f IR (5.|7)
0,1 I __ . P
| cl RH

!
¢ .
t
;o .

Therefore the stripping effect will rqsult in a lower

'4measureé K than the actual value. .As the pressure in

“the fon source is Increased, the pressure outside the

H

ion source i; incrbased'and thé number of collisions in
this‘regjon increases. The effect of colllsions outside
the ion spurce can therefore be detected by measurlng,
the equillbrium constant at dlfferent‘Yon source pres-
sures. If no stripplng occurs the equlllbrlum constant

.wlll be independent of increasing pressure. I f strlpplng

i

occurs the equilibrium constant wl!l decrease with in-
. creasing pressure. Normally the partiél pressure of/ RH

Is varied by a factor of ten to test if such collisions

- ;

occur.
“ The refatlve intensity of the ions Ié'also importf

“ant. 1f the pressure of RH is 100 mtorr, for examb]e, and
the ratio of I /I _ =10, then the equilibrium
RHCI s

constant, Ko - 100 t:orr—l

(Table X1, case (a)). Ho@ever,
if'loz dissociation of the cluster RHC1 occurs then the
‘intensities of both iobns are changed and Ko ! is now 45

torr l, a.decrbase of over 50%. -(f the ratio of I N
o RHC1

I ﬁls 0.1, then a d!ssociation,lo%§ of 10% means only

ci
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an 113 decrease in the equilibrium constant (case (b)). The
pressure of the neutral, RH and the temperature of the

fon source were therefore chosen such that the intensity

of the ehloride fon was at least twice that of the cluster .

fon under the worst conditions i.e. when the pressure of

RH was hlghest.

,The gas mixture in the S-Iitre bulb could be flowed
for over an hour before the rate of pressure drop whs
appreciable. . This was sufficient tlme for four or five
dlfferent lon source pressures to be used in an experlMent[
with one mixture. A new mixture was ‘then made containing
ia different partial pressure of the compound H. Using

this method the partlal pressure of RH could be varied

over a factor of tén using two or three different mixtures.

5.6 Results

" The cbmpoundsuused In the clustering reaction with
i ' _
Cl~ varied from strong acids, ‘such as substituted ‘phenols
! ’ )

to weak carbon acids such as lketones and subStituted
. ' ' L '
ben;enes. S ' ,

| . ' .

The equilibrium conétant, Ko | Was obtained from
equation (5.17)~ I f kO 1 Is measured at various tempera-
, .
I -
. ‘ R
.k, , = RHCI (5.17)
0,1 :
: I 'PRH o
cl
tures a plot of K versus 1/T gives AG° , AH? and
0, ————— 0,1 10,1

~
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0 l' The variation of Ko | as a funcruon of tempera-

ture was measured for substituted phenols, phenol, acetone,

formic acid and t-butanol. Clusters of ¢1” with formic
acid and t-butanol had previously been measured in this
_Iahoratory'(156) but were re- examlned because Yamdagni'
value of As® O,i for HCOOH was =39.6 e.u. which is very

ay
1

large for an aSSOCIation reacti On the other hand,

the ‘SOO | value obtanned for L/b“tg/‘ was only -10.3 e.u.

which is very low for the same type of reaction In ‘
Yamdagni's experlments the pure solvent was flowed throuqh
the ion source nnstead of belng dlluted as gn,this work.
Fugures 5.3 to 5. v show the individual measurements on
each compoun-. The equlllbrlum constant ls measured at
different Pressures' to check that true equilibr'um is
establnshed and no oolllsuonal dlssOClatlon outsnde the
‘ion sourcefls occurring. Dafferent bulb mixtures at

the same temperature are shown by shaded and unshaded
points. At Tow temperatures.ware‘ RHC ] /%CIT approaches
100, the stripping becomes appHecndble and KO,I decreases
with increasing pressure, this is: lllustrated in Figure
5.4. 'The van' t Hoff plots are shown in Figures 5.12

and 5.13 for RH = t-butanol, fo?mic acid, acetone, phenol,
p-cresol, P-chlorophenol, p-fluorophenol,'p-cyanophenol

using the average equilibrium constant determined at
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FIGURE §5.3.

Temperatures.

.-' ' "
Pt-BuOH'(tQFT)
Measured Equilibrium Constants for the Reactlon’
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FIGURE 5.9. Measured Equilibrium Constants for the Reaction
—_2J

C1 o+ p-F. C6H“OH —p-F, C6Hb0H Cl™ as a Function

of Total lon Source Pressure.
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‘RH = Acetone,' Formic Acid, t-Butanol and Phenol. O This work

<16 20 2 28
_ 1000/TCK)

van'tHoff Plots for the Reaction Cl~ + RH ——# RHC1™ where

®, This Work UsingPure RH, A Yamdagni and Kebarle .
Reference (156) Using Pure RH. - | ‘

R ST TN, T . S R OO I A e e e e e —



Ko,,‘(torr")

10

‘ ‘, . | ‘ | 1 ] | .
4 18 18 20
Lo 1000/ T(°K)

FIGURE 5.13. van't HoffPlots for Phenol and Substituted Phenols for the

Reaction C1 + RH -— RHCI .
f
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each temper#ture. Figure 5.12 also shows Yamdagni's re-
sults by the'triangular symbols. A few experiments were
Eepeafep,using the pure solvent only. This wa§ échlchd
by injeéting'é s&ff}cient volume of the compbund"nto the
bulb to give a vapourqprégsurg of about 700 torr. The
experiments with the pure solvent are shown by solNd
‘circles.in Figure 5.12, In the case of formic acid the
measurements made in this w;rk.are very close to those.
obFainéd previously. Thevtwo experiments repeated iﬁ
pure fqrmic acfd lie exactly on the line of Yaﬁdagni et
EL'! Howéver for the t-butanol, the previously mea;uréd
equilibrium cbﬁstahts are'about.threé tfmesvlargér ;hén
the present measurements and for p%eﬁol the dfrection is
reversed and Yamdagni's results are about ten times
smaller than ghe presen§ work. |
Determinations Of'ro,l done under different condi-
tions and by different experimenters that are within a
factor of two are ;onsidered acceptable, but the discrepj
ancies observed in Figurf 5.12 are much lérger;and must -
be due to other factors.. Experlménts witﬁ purehf-buganol
were repeate& and are shown as solid qucles In Figure
5.12 and ﬁhey lle below those performed in diluted mix-
tures with methane..'To examine the effecé of the pressure '
of t-bﬁtanol, two exseriments weré(performed at the same .

temperature. One was performed using pure t-butanol and

the other with t-butanol diluted with methane in the

[N
i,

‘ -
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normal manner. Figure 5.14 shows that the equilibrium
constant mea;uﬁed in the diluted ‘mixture remains constant
with inﬁreasing total ion. source pressure, (shoqn by open
.circles). However, the experiment‘using pure t-butano]|
dispiays a;decrease of Ko;llwith increasing pressure. In
the.hiluted mifture the partial pressure iof t-butanol at

total ion source pressure of 4 torr was 110 mtorr.." The
B . 3

ratio of C1  and RHC1 can be’caiculated from

I _ |
Cl o
._..._.......__‘] a: —*————————; ‘ (5.'8)
; | S K .P
RHCI 0,1 RH
at 231°¢c, KO,I 0.39 torr and IC]"IRHCI' T 25:1 and

sffipping is minimized. However, when pure t-butanol is

-

present at an ion source pressure of 4 torr, the ratio
o

of T /1 = _ from eduation (5.18) is=x1:2. Under
Cl RHC] ‘ : -
these conditions the cluster ion is twice as large as Cl

and collisional dissociation outside the ion source leads
to a larger error in Ko r This effect explains the

- ’ o .
difference in the two separate measurements of phenol.

3

The above explaha;ion cannog'be valld»fqr‘t~:<tanol
where Yamdagni's‘&alues.are'k}gher than the present measure-
ments. Yamdagni éqntrolled the pressure of tEe pure sol-
vent by surroundin§ a glass Bulb containing the solQent_
with a contfolled teﬁperatUre w;ter bath. THe‘idn source
pressure Qas var}ed by changing the temperature of the

vapour then passed through a caliBrated caplillary and
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entered fhe flow system. A trace of CClh was added to the
flow by a secoﬁd capillary. Dissolved air lH‘G:; SOIveﬁtf
or an errér inithe estimation of the fraction of CCIh
added could lead to inaccuracies.

Table Xl summarizés the thermodynamic parameters
obéainted from the van't‘ﬂof% plots shown in Figure 5.12.

The equilibrium constants, K are shown for a

0,1’

series of para substituted phehols in Figures 5.6 to 5.11.
| .

Para substituted phenols were chosen because there is
: ' _ ' ‘ |
maximum opportunity for conjugation but without the

interference of steric effects which may occur with ortho

¥

substituents. . L : ‘ ~
It can be seen in Figure 5.9 that the equillbrium

consténts wer; not constant with'ion.56urcerpressure for

.p-f]uorophenol. Initially it was beliéved that some

. . |
effect other than stripping was causing the behaViour_

since.a curved dec:rﬂease.l‘nxKo,,l (see Figufe 5.14) and n;t
a linéar'variation i; nérmally observed when stripping
occurs., The systeh was exahi&ed to make sure that no'der
position was occurriqg in the gla;sftubes to and from the
fon source or in the’metal valves. .The vaives protruded
"through the'fronp o%fthe heated box_for'accessabillfy,
Vand were fhué cooler than the bulb. As gas leaked from
the bulb through the valve the phenolﬁmay have condensed
on tﬁe cooler surfacev Heating tape was wrapped around

o

"the valve to ensure‘thatthe valve was at the same tem-
| | . |
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perature, as the bulb, but the same‘effect was still obser-
ved. Vhen th; ion source exit and entrance slits were ree
placed the effect dfsappeared and Figure 5.10 was obtained.
It was found that the measured equilibrium constants were
the same as the equilibrium constants In Figure 5.9 at az’
lon source presshre of 1.0 torr and these results were used

in the van't Hoff plot.

|

Para- cyanophenol in the
gas phase and thus reaction (5 l§~ dltlnn to
the clustering reactlon with "eTss rezttlon

tn-©_on +Cl : (5.19).

o | : ) .
(5.19)10 torr of HC1 gas was added to the bulb mixture.

. The ﬁ.ree ions Cl-, CN@—-O— and CN---OH.CIw were
found to be in equilibrium. The ‘measurement of the equit-

Ibrium constant, K for.re;ctlon (5.19) was obtained

eqf
using .
I ""PHEI ‘
o K = LNPhO -  (5.20)
[2 eq I 7. P . - ;
- o i CNPhOH

The AGocalculated from RT In K eq . is eqeal to the dlfference
In the gas phase acidity between HCl and p-cyanophenol. The
calcujated AG was -hL.0 kcal/mol which is in agreement:with
the previously measured -4, 4 kcal/mol‘(l7é)

The van't Hoff plots shown in Figure 5.13 For the

dlfferent phenols are virtually parallel which lndlcetes

/
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that the AHOO" values afe very similar. These results
were surprising since it wa§ gxﬁected fhat~the Aqu"
values would be different. Since ASOO,I is calculated
from the intercept for the present plots, the AS°0’1'
values will be different for each phenol and not the
0,1 valu?s.

In order to examine whether the van't Hoff plots of
the phenols were affec‘ld by pdme systematic er?or, ex-
periments were conducted at several températﬁfes for
mixtures of two or mbre}of the cdmp0unds. The'phenols‘
were dis;ol‘ed in methanol and their partial pressures

the ion source were between | and 10 mtorr.~By study-
ing the two compounds at the samé time as well as the

clustering reaction with le, the C!  transfer from one

phenol to another could be\investigated.

- x Y -
Y-@._OH.CI + X-@-OH —l—p X:—@—_OH.C!
- ‘ L+ v.<i::>_ou \5.21)

K
: \ : .
The'equillbrfum constant KX,Y was measured Sf\
-dlffefent temperatures for different X and Y. vThe re-
sultant Qén't Heff plots ;re,shown'in F;gure 5.15 where
X and Y are H, CHy, F, C1 and CN. The 2H%, | values

calculated should be equal to the difference of the two

,Aﬂod i values. This follows from the thefmodynamlc,cycle
]
- (5.22).

»
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FIGURE 5.15. van't Hoff Plot for the Reactiorimlgng OH C1+ X C6 ,‘OH el
X~ C6 “OH Cl o+ Y- C6Hl|°" for Various X and Y
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X OH.CI

’ cl
i
" & ¢
Therefore \\ ‘
o o . auo0 ! 3 .
AH_X,Y - AH_o,l AN 0.1 3 (5.23)
. The thermochemical valugs from the van't Hoff plots tn
. . ﬂ o,) . i i Ve
- | %gures 5.13 and 5.15 are shown In Table X111. . The AHy v
> vdlues relative to phenol are shown in Flgurekﬁ\IG and tab
\
ulated in Table Xtit. The agreement between the various
maasurements of-AH X, Y is qulte good ‘except for p-cyano-
> ;pheno] Jlmlts are large for the measurements
N SX ; 5 Aé : d
. YR A
i | *ﬁg;ﬁ.' ﬁyﬂous that this secgnd set of

4;rtnces in the AH® 0.1 Voluew
PR . ’ . oy

L ; ‘whlch is opposite to the ra-

%sults frgxm the ‘M?
o .21 R

R

T

‘ained f;qmﬂtbd.;&u r'oﬁWhhe chloride transfer reaction
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¢
"
7,3 R CN—O-0H
. ‘ *
. 97
° (
67| | | . \
———Y ClXO~0H
‘ 39 |
¥ FO-0H
23 | he .
A\ . .
042  CHyO-OH
F1GURE 556? : .Rela;tive Hydrogen bond Strengths to C1 for
V,h'f?@s Phenols. Numbers Beside Arrows Cor-
/ - PV réspand to Directly Measured A XY values el
S :

pei B
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TABLE X111

Thermochemical Data for the Reactlion Cl + RH —» RHC1 ™

 Compound ~bH° 0.1 -85°%0 | -86°%0 | D-EA
' kcal/mol le.u. ‘ kcal/mol kcal/mol
- p-CN p'hem‘il 26 3*"/08 12.8:1.6 . ;2.5:1.0 ‘ 5.6
‘ p-cw}ae Azgg‘n 3 19.7 +2.0 "é:) 041 3 ~ L2665 o
p-F pheidh “25‘6+0 5 21.5%0. g-a 9, zvo 5 - 30.65 '
phenol. :E} 2b.7+0.9 - 25. s u 3@” 17. 2+o 2 33.30
p- caj penol zsiz +o 6 2EE 0".._7;.-;_13: f 17.) +0.4 34.55

e .
vf" ) V.

Calculated Thermodynamlt Quantltles for the React!on

.’ou e o+ ~x-'—©—on @ou 1" -@-

v

a. Standard

f
by
P

o , N AP I
deviation firom least squares anal?sls.

X Y 'A“ox,v | Asox,\r ‘ on,v.
kcal/mol .e.u. - kecal/mol
- - , i
CHy W 0.42 + 0.08 0.6 + 0.2 0.6L + 0.09
H F 1.9 + 0.1 0.8 + 0.2 2.1 +0.1
CHy  F 2.3 ':_'io.l | 1.4 + 0.2 2.7 +.0.0 *
cl H 3.9 + 0.1 0.34+ 0.2 . 3.8‘*‘3?0.1 >
CN 3 5.7 + 0.4 M8+ 0.7 5.2 + 0.4
CN F 6.7 + 0.3 - o.agé,o.s | 6.5 + 01.3‘
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of Cl—” fedhclng'errors due to absorption onito or desorp-
tion from.t?e walls. Second, any collisional dissociation
of the cldgfer fon that may occur outside the ion source
will have’iess of an adverse effect since the C1~ formed

does not enter the equilibrium constant whereas serious

error Is Introduced 9. the clustering reac *y non-

t

equilibrium C1 .
The upper part of ‘Table XIll shows that instead of'

|

° ol, the change

. ) /'
AH 0.1 changing with the nature of the phen

is reflected in the AS°0 1 values. ‘As the interaction
1 . » .

with C1° increases, the entropy &f RHC1 ™ should decrease.

-

1Foé,reactloﬁ (5.14)

{
C1™ + RH —»@ucf ' : (5.14)
a -

AS?o i is glven Sy
f B

. | C | . E | (5.23%5

. 1 N o -

As the hydrogeq bond_gnergy Increases § RHC ) - should. .
deéreasi, therefore AS°o 1 should decrease or become .more
) . - ’ ' N . B St
nsgative'aSSumlng Sonﬁ.valucs are similar for the differ-

.

ezt phenols. However, Table XI!| shows the opposite trend.

The AS°6 I value for p-cyapnapheno! Is -12.8 e.u. which Is
» i ‘

Quite low for an assoclation reaction.

. ;

The discrepancy between the two sets of results which
measure K, and K may be explained if the straight
0,1 X,Y : _

. Yines shown in the van't Hoff plot in Figure 5.13 are

4
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actually part of a slight curve which, over a narrow tem~
perature range‘appearsito be a straight line.

A curve in the van't Hoff plot may be explained by
several factors. The actual van't Hoff plot fs repre-
sented by line AEC in Eigure 5.17. I f decompésitlon of
the phenols occurs at high temperatures, the.calculated
v;lue of Ko;l Is smaller than the true value and CU(Ve

BEC would be obtained over 'a wide temperature'rangq since
. ' g : .o

e : - S - .

G g o TT _F,
T . / i R

. - "“, ' > i
-~ X

and the true pressure of RH Is smaller than is belleved

The partial pressures of the phenols used had to be very

low. Partlal pressures of the phenols down to lo_h torr

{ . .
were used, The strongest acid used was p-cyanophenol.

When partial pressures of less than lo-“ torr of p-cyano- :

t
1

phenal were admitted to the lon source, the ratio of
ERHCI'/ICI' did not chahge for dlfferent Ton ‘source
pressuiks. Therefore thq partlal bressure of p-~cyano-
phenBT @gs not &hanglng*due to the compound_being desorbed
~from the walls. |In thiévcasevllue FEC woulq be obtained
In thebyan't Hoff plot. A§ mentioned in section §.%
collisional dlssocfatién out;lde the ion source causes
.reduction of the equilibrium constant with lncreaslng.
lon source pressure. |If %ollisionpi dissoclation occurs
¢

the effect is more pronounced at lower temperatures and

.the van't Hoff plot would resemble curve AED. Jherefore

1
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FIGURE 5.17.
—_—2

Possible_oeviations %rom
PTot, Line Akc. :

the True van't Hoff
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strlpping and desorptlon from the walls have the effect

of making the slope and hence -AH 0 smaller than the

true value and ASO 1 would become more posltlve " Decom-
]

posltion would result In a steeper s1ope and a more nega-

»
1

tive value of AHO 1 and ASO,I'

A Further source of error may be the formation of
QJ- from other sources besides production by electron im-
pact inside the ion source. For example if pressures of
CClh greater than 10 mtorr were admltted to the lon source,
the lntenslty of Cl Increased when the lon gauge flLa- «

ment was turned'on. 1f Cl from spurlous sources ls

detected as well as C)° from the. ion source then the

| : <
measured equfllbrlum constant will be smaller than the
[N /
true Ko | and line BEC will pe obtained ! ' ;

kt is aﬁ;arent that strlpplng ordesorption from Aﬁ%

walls‘causes the lnaccurate results of the 0,1 additlo#
of phenols to €1~ . By studying reactions of the type

! i . ‘ l
(5.21), collisional dissociation of the complexes with

c1- cancels out, |f they dissoclate at slmilar rates, and

the results are much more accurate.

-

A clustering reaction (5.14). was also studled

o

using various nltrogen and carbon aclds Figure 5.8
|

shows the effect of various substatuents on benzene at .

27°C and Flgure 5.19 shows the measured eqqlllbrlum

constants, KO | of Several ketones and Pyrrole at
» ' .
Yy { : : o " N
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FIGURE 5.18. Measured Equilibrlum Constants for the Reaction
——

Cl + RH = C]7.RH at 26°C Where RH ls

Acetone
m-difluorogenzeno
p-nftébtoluef.
diphenylmethane
iodobenzene
nitrobenzene
bromobenzene:
chlorobenzene
fluorobenzene
cumene &
n-propylbenzene
ethylbenzene

mesitylene .

m-xylene
toluene
p-xylene

benzene

<1Q:é >|:1-‘;‘O<><OODQ>® ® O

¥
1,4-pentadiene
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FIGURE 5.19. Measured Equilibrium Constants for the Reaction Ci + RH =
' - RHCI-_ at 148°C whe¥e RH is pyrrole (A), acetyl )
acetone (A), phenylacetone (O), acetophenone (Q) and

acetone (@). \
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A}

148°cC. the free energy A6° for reaction (5.14) may

0,1

be calculated using the expression

f;& B
* [}

o
AG'O,I a «RT In KO,I

y

_(s.zs)

-1 ) '
where K Is expressed in atm . However, since some

0,1
experiments were conducted at 148°C the AGob i calculated
. LI .

from equation (5.25) cannot be.compared with Ag?o 1 cal-
culated at 27°¢.

In the chloride transferﬂgeaétlon (5.26),
P ' ’

1
\

H.C1  + R,H (5.26)

R H.Cl + R 2 1

H — R
| -

2

!
4

the entropy cﬁfnge for the reaction was found to be zero
o

+ 2 e.u. (see fable Xhll). Therefore AG.rfbr reactlon

(5.26) will not chhnge very much with temperature since

the TAS® term will be approximately zero in the expression
‘AGO = AH® - TAS® ;jﬁ; - (5.27)

- -

Therefdre? AGOQ§ AH® for reaction (5.26). Usin. relation-
ship (5.28) a relative order of AG? may be constructed,

AG°_ = Ag°

! o
T O,I‘RIH) - AG o,l(R?H) (5.28)

sl
where 8G6% - (R, H) and AG®. . (R.H) are the free energles’
0,141 ' 0,142 ) : N

for the clustering reaction for compbunds R‘H.and RZH.

1 LS ey
\ .
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The compound with the weakesf'lnteraction with c1°

was 1,4 pentadiene. - For convenience this compound was

-

taken as the reference compound and AG 0.] Was set equal
A ] :

to zero and the remaining 46° values calculated accord-
‘Ingly. Table XIV summarizes the AG T\vulues for the
chloride ion transfer from 1,4 pentadlene to RH. Prevlous
measurements of chlorlde afflnltles in this labprabory
are also fncluded ln Table XlV. |

It Is interesting to note the compounds where the
clusters with €1~ could nog be bbserved. No cluster was
obsarved with cyclopentadlene Cyclopentadlene exlsts .
as a dlmer after standlng at ‘room temperature for some
t}me. The dimen reverts to the mondﬁer’abovefl65°c
‘ilnltlal experiments used dlcyclopentadlene and the tem-
perature of the gas hanqllng plant was malntg}ned about .
175°C to initiate monomerlzatlon but no cluster Ml th c1-
was observed. The dlcyclopentadlene was then fractlon:‘
ally distilled and kept 'in lce to emsure that the monomer~
was injected into the bulb and thus flowed through the &

lon source but no cluster wlth cl could be detected.

Since the complex could not be observed only au upper

.
* §

limit of Ko I could be calculated . The maximum lon ratio
l } v : ‘ ‘ :
that could be detected on the lnstrument was 1000:1. : L
: i . . :
.h > : - +

Therefore If ICl ICDCI lOOO.l, then for e partial pres-

sure of 137 torrcyclopentadlene KO i,must be”lessxthan

-1 .
. 0073 torr x lﬁeuefﬁ;e +a6° 0,1°° 1.6 kcal/mol. When
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TABLE X IV

|

Choride Affinities, AGOT with Respect to 1,4 pentadiene

" .
1

Compbund -8 R D-EA

p-CN phenol 19.6 - 296-397 15.6°

p-chlorophenol 17.3 - 295-397 26.7°, 30.4%

HCOOH 6.3 ., 230-431 28.6°

p-F phenol ' 153 261-413 | 30.7°, 31.2%

phenol i3 . 280412 . 33.3°, 33.3%

p-cresol ‘ 13.0 240-382 34.7°, 34,5

acetic acld - - 1z2.0' '309-428 . 31.8°

pyrrole - 0.3 ' 148 ' hl.sd'

acetylacetone - 9.65 , 148 28.0d

t-butanol o 7.29 168r306 ~ 59.1°

phenyl acetone . 1,7.02 3 148 ' 36.2d

acetophenone - 5.74 | 148 o WS.Gd

chloroform 5.59‘ © . 255-373 67.6
 methanol 4.49 107-203 ‘65.22

acetone ~ - 4.09. - 87-202 . 50.1

n-difluorobenzene 3.95 .27

acetonitrile o 3.79° 144-256 52.99

p-nitrotoluene ' 3.73 27 ‘ 37.0¢

dipheny! methane 3.64 - 27 . . '“7.0h

anisole 3.55 i 27

iodobenzene - 3.43° R ¥

nitrobenzene 3.33 27

bromébenzene .@ 3.09 27

chlorobenzene -i: 2782 v 27

fluorobenzene 2.16 :/ 27

cumene’ - J I.ZS 27 ‘ | ‘

n-propylbenzene 1.28 27

ethylbenzene / 1.23 27

»meslfylene ' "0.74 . 27

Y

(cont inued) -

» . g -
4 E g
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Table X1V (continued)

t

m-xylene - 0.69 r 27
triphenyImethane 0.40 . ‘ ‘27
toluene 026 27. 66.9"
p-xylene ' 0.19 - 27 _
benzene 0.06 27 . 79.8f

"1,k pentadiene 0 27 TN THL
cyclopentadiene <-1.6 ' : 27 39.1

an Temperature at which: Ko | Was measured., Since ASo is small,

changes little with temperature such that the values

St

862
obzained at dlfferent temperatures are directly comparable.
Energy changes in kcal/mol. . B ’
McMahon and Kebarle, reference 174. ‘

Yamdagni and Kebargle, reference 167.

‘McNahon and Kebarl ¥eference 173 -

Mc lver and Miller, reference 185 zf:Q“
Bohme et al, reference 165 - o

' Remeasured- by M.F. See Chapter G °
- McMahon and Kebarle, reference /2

Yamdagni and Kebarle, reference 156
Yamdagni, Payzant and Kebarle, reference 68
Mclver and Silvers, measured relarlve aciditles.

Values quoted are calculated from McMahon's D-EA phenol - 33, 3,

reference 175.
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A

o BN "0
this:ds placed relative to 1,4 pentadleneﬂAGT >+ 1.6
A : /

Kdal/mol,. - |

’

Trifluomoacetone would not cluster with Cl_ but a

large peak was observed at m/e 113 whlch>may correspond

’ .

J";O-CF3C00". CF3C00H is a very strong acid (167) and

“would proton

transfer to cl to‘glve HCl. Therefore no
w [ i

c1 would be avaliabﬂé‘foflclusterlng with trifluoro-
icetdnq. " The squfé; of!Ct3COON lq'thd lon source is pbf
verylcjiar; ”Sbwe.cFBCOQH'mfght havg been presant ln‘fhg
trlflubrdacetbne used. Altér;atlvely'tﬁe CFiCOON might

1

have been produced in the lon source by ;&me reaction.

5] ) L0
. . v

e e

5.7 DlscusQIon

(a)  General Ingpecﬁ!on‘of the -Data Obtalned

t

Examlnatﬁogjof Table le‘ravFilsfthat théte is only
‘a very rough gorrolatkon of chloride yfflnlty increase .
wlth,(04€15 decrease {.e. with QQs phasd icldltf fncrease;
Tﬁere,are thﬁei‘notpbje exﬁrptions\td the cor;eliflon‘
", Flest, 1,4 pont;df::;:lﬁgeracgs very weakly ﬂlth'Cl-ibut

“has a gas phase acidity combarable to acetdphenone whose

f~chlorlde.dfflnlty Is 6 kcal/mol stronger. Second, cyclo-

-'}penthdlene has qulite a s\rong gaS phase aclidity due to

the aromatlic character it galns when the anion is formed.
, 4 e S » :
However, the clu .er with C1 could not. be observed aven
. . \ ‘. ’ - ‘ ) : . Vn:
at lowast. temperature obtainable i.e. room tempera-

-~
~

An

ture. IXceaption |s t-BQ{anql which has Qul;o_a

-

2

-

(3™
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v' - ¢ / .~ :
strong intetaction with Cl1 but Its gas phase acldity Is
weak. ) g . \ |
Since the general correlation with gas phase acidity

falls Ig ls‘only‘meantngful to examine the separate *
classes of‘compounds Thdlvlduallyﬁi.e; oxygen acids, ke-
tones. hydwochrbon aclds and substltutpd ben&enes

o , ‘

" (b)) Chlorfde Affinities of Oxygen Aclids: Substltuted

Rhenols and Others

3

197 v

e \ | . .
‘Flgure 5.20 shows the correlation between chloride

. &

t&ginltles and the dﬁs phase acidities for seVeral oxygen
(& N \

aclds. The solid line lndlcates that for a Serles of

X

sﬁ?llar compounds 1.e. substituted phenols. the correli-

' tlon between acldlty and chlorlde afflhlty Is very good

i, ~
The line akso passes through the polnt for Eorm{c acild.
Y .

¥ - TS
The broken Ilne lndlca;esvthe best?ﬁlt of all the 6xygen
& . : ‘ ® . »

N . e : : :
aclds measured and shoWws that there Is a,syod.corrdletlbn

Voo : . C LI s L

. except for acetic acld whlth 1s out of order. wkw

@ '

«# For the Serles of phenols studled, ,helordec of

o
-

their Interaction with C1 Is that expected from con-

"sideration of the Lnductive or resonance efﬁects. The
. ) /

.resonance effect lp phenol promotes the formetlon of

’

clusters with C1~ by contributions from structures such

~as VIl to IX. Whesé resonance struopures show the

ability of phenol to support charge\sepife;lon‘wlthln the
molecule -which makes }he hydroxyl hydrogen more positive

3

A . !

0



R : .-'_QP‘ N
5 ¥ 1y \
¥ i
’;’ - \
“ LT P " 5 . . LR .
’ s oo 261.
. ) o »* - .

16

k3

-t
N

- AGggkcal/mol)
o - h

“ : X - > ' L . ! . . ¥
- 100 20 30 40 50 ~BO-.° .
- (D- EA)kcal/mol |
FIGURE 5.2 Correlatlon of Gas Phase Ac!ditles vi?sus Chlorlda. /

Affinltles Relatlve to 1,4- ~pentadigne for Varlous
Oxygen Aslds and Pyrrolo '
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I'n cresoL re onance structures ] XII con-°
p »& ‘QCS Xt

tribute to tbe stabﬂlity of the cluster wlth Cf . -

)

Structure x wlll not be ls lmportant as X1 and Xll slnco

: the negatlve chnrge ls sltuated in a- reglon where there
~ 2

3

S 262.
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s . . * Lo - 1 ] L
CoT s
and thus able to lnteract more strgggly with a ib.loride
“ . . ‘
lon.™ When varlous fugftlonal groups arg subst yk
nhelr lnducthe and resonance ﬂffects wlll mod ¢y he""" ¢
Y] B
cl'fifr‘g'e dl’stributlon .on the ﬂng and Eydroxyl&roup so G
that the magnltude Qf i‘? ﬁnteractlon wlth CI WPl oL
i . ! e . . N ’ ﬁ‘?" %
change. RS n 0 0, ,} .‘ - ﬁ N f) N ‘
- - ‘&.

&%\



o

3. of tie type Xie.,

. 4
AR T o ' .

..‘l‘;;‘s‘ N “v? : : “ . : 263.
: 3 .t . :

/..‘ .,w;‘a"' : v ' %
Is a c&ncentwatlon of negative charge due to. the electron
Lo -

{'donatlng propﬁ%tles of the methy! group. " This effect of ,

@

the methyl group npakes hydrogen bonding to c1-

able than the bonding obse .4 with phenol.

The addition of stro ,ly glectron withdrawing sub- &
o ' N 4 . 1 4 )

" stituents favours hydrogen‘bchdlng‘re[atlve“to pheno!l and

. / » - )
the Interactlon Is much strpoger : Chlorophenol has a

larger chlquda afflnlty than fluorophenol which is the

. same order as the gas phase acjdlty. The electron ulth-

v 'S

drawing effect of halogen substituents favours resonance¢~ -
struftures %uch as X1t where ‘the negative charge l:f "k

A ’ ¥ de 0, -"a. ;
sltuated at t\e carbon adJacent to the haloge% . .The ;, ¥ -~

‘ & ﬁl L -
. o
T e

4

Ol S o
L eN. S J .
X X

. ' : : A

vstrongest Interactlon was. fouqa wlth p- cyanophenol The \
‘ ¢“ t‘\_’ “ 1 ! . -\
cJano group ls one of the stronge!t electron WIthdraang o - ,
‘ .
‘v , PR S -t
Jroups because of charge separated resonance structures =

* L e n .
N ; o/

*

Slnce the gas phase achltles correfate very well

wlth hydrogen bon/[ehergy,'factor§ that affect the gas’

0 / - . v .A - . \II..

4



. the consideratlon of the Substituted phenols it Is the —

; 264,

KR
| . > -."‘1&(
) »

. h

phase acidity must also affect the hydrogen bondling. In

A

3

ability to delocalize the negative charge Iin the case of
i

the anion and to stabillize charge separation in the
o

cluster that affects acidity and chloride afflnlty re-

spectlvely Inﬂboth cases thls I's achleved because the
!
oxygen posscsses lone pairs whnch can take pqrt In reson-
‘ )

ance shlfts An lnteres%spg comparlson to the oxygen,‘

~aclids |s pyrrole which ls also included ln Flgﬁre 5. 20

v

XV tto" XVI and:

.bondlng to C1° to substltuted phenols ln the aproth:

ﬁwlth the exceptlon of the ortho substltu(ed phe ols

v "\.}s

3
but possesses ﬁﬂly one lone palr it lies very close to
the line of the oxygen acids. The hydrogen attached to

the nltrogen Js g;ldlc due to. the resonance structures

nd

'orlde fon will attach via a hydroggg

)~,, u(““ f r—w .
bond to the acldlc Hvdrogem Je 4v~* dﬁ. %u .
. et - : ) e o
/"’\ - — &'q ;
- —> P . s
x N®
} : A ! -
\'V v { B : ‘ ,
-\ o XV 2 Xvi o
o , - O

vent, acetOnttrile (186) These workensrfauni tﬁat,'=
3 [ ]

»

stablllty of the RHCI- complex increases. with the ackd g'

4

‘i’}ﬁ Stroﬂgth 8F themphe.n l }n ngetonitrlle Comparlson of

MR 1‘?.\.'?.} ”'M s ' v

tKolr data wlth the gas phlse lbldltles of’ McMahon et.al

.‘ . - . {



. rile follows the gas phase acldlty
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_(l7h)~shous\that the'hfﬁrogen;bond strength in-acetonlits,

-

Unfortunetely, Kolthoff and Chantooni did not L

the same set of substituted phenols as ing8his work and .

so no direct quantlﬁatlve comparison between hydrogen-

bbndlng in~an aprotlc solvent and the'gas phase may be

- . |

made. “Since the chloride afflnlties of the phenols cor—
relate with thelr gas pthe acldltles, whlch In turn cor-';u
relate wlth thelr chloride afflnltles In acetonltrlle,vlt

may be. Inferred that The order of*c&lorlde afflnltlps
1 u . ;L) ‘,)v
of'the phenols wlll be the same ln the gas phase as In -

an aprotlc solvent.!

L7 2 L ] : “" ‘p v.
=Bordwell an‘du c’bworkers (l87) have @0 that there ,
‘N}“v i

iy .j"s a ggqe(ral correl.«a‘tlon between gas phase acidltlefse’ﬂ

(
° 1

acldltles in an aprotlc solvent d1methyl sulfoxlde, ror

a series of ketones and ‘nitriles. They suggested that

‘the lntrlnsnc acldlty of a molecule in the gas phase is

-

also’ ﬂ&nlfested ln lts acidlty ln dlmethyl sulfoxlde The -

.results of Kolthoff (186) and Bordwell (h87) in solutlon

gas phase.

_ shows that the order* of chlorlde affln t

therefore suggest thjt the envlronment around ah fon in

} L NG ,
an aprotlc solvent resemhles that round an ion ln the

. - T - . e ,4 l_
> . - /7 ’ R '.: o ' ' X _S

(c) Chloride Affinities. of ketones R

. v'lhspectlon © " .he keﬁonqs measured (see Table lr) z; ..

JCOCHB‘f/ i

s ls{CH

'l>
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< C.H H, < scu‘r
6HSCOCH3 C6 SCH coc 3 (CH CO) 2° hls order also

follows the- gas. phase acldity order as shbwn In Figure

5.21. The correlation is good for the first ‘*hree ketones.

.waﬁ acetyl acetone lies some distance from tne line.

has calculated the electron distributhon on the separate

'.L

atoms of acetone and shown that the hyqrogeni“d?e sllght)y

LU

1

2%

A \
\ . . .‘ y !
, d.u3 o : %
4 \) ) X ad o,
s Wy @ Y e . ,
. N , g
CH, + " Ta™ r
3 T g -
Ky TSR
- xvn|~,_ L
: posnti%ely charged In the methyl gnuups,.‘_' o
There are five posslble Interactlons betwcco c1°
. I
and acetone.  The chloride lon could fnteract ln a formaf v
. ) ‘ )' b cacd
hxdrogen bond with one of “the hydrogens lf the chlor-

ldeﬁlon intefﬁcts with more than ‘one hydrogen, lt could

%

: interact symmq;rlcally;wlth the three derogans of a

methyl’ group or symmetrically ‘with four hydrogen atoms
(two. from each methyl group), since they are close

enough for thls ‘to oceur A fourth possiballty ls that. -

S , . -

the chlorlde ion may attan the central carbon since

1
this ls the most posltlvely charged. atom in the Isolated

Al .

- molecule accordlng to Pople's calculations Howevar, as v

I »

»

Pople (188) 0n the basls of db lnitlo SCF MO theory,

Ay

\
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=y cetyl aceto |
S10F acetyl acetone S
: ~ | ¢ - phenyl acetone
o 81 b | -
[ & I ‘
L acetoph '
'L’D"" 6 a »;.p enone)
F CR <‘
| L
Ay S | \
< f : .
: | | @ :
2 | -1 \
0 ] \ ] | "I — l;&%
0 10 20 30 40 50,
I (DBEA) kccl/mol
FIGURE 5.2).- Correlation of Gas Phase Acidities versus Chloride b
Y Afflnltles Relative to L,k pentadiene for a Series
of Ketones and Acetgnlt'rlle |
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the chloride ion approaches the molecule the electron

distribution willaéhange. Therefore the calculated

eléctron\populations serve only to Indicate where the
\

possible positions of attachment may be. an&lly_the

fact that acetone can also exist In the enol form must

. \ | | ..(®
also be considered. : ! \v

Three of the possible structures of the]Cl-.C‘H3C0CH3

| complex may be discdunted. E!ectrostatfc'calqdlatlons \
(183) on the CI-.aHBCN system have shown that closer ‘

~agreement with expe:}mentally'measored AH°0'1 values‘

“is o;tained whengohe thorlde fon Interacts symmetrlcally

wlth atl three hydrogen atoms rather than wlth 2 single

a
LhydrOgen Th#feﬁore the occufrence of a hydrogen bond

pw,

v”“to Cl Is unlikely wfth acetone A f the cwlorlde lon

interacted wtt? four hydrogen atoms from the two muthyl

-

. groups, the rotation of :he,methyl groups about the C-C
bonds would) be restricted: -The hinderedvmovement-of the

methyl groups w@uld imply a large value of‘Aso0 1 for

~

thils oompOOnd.t wowever, Table X111 shows that AS 0 r.fOP”
, " ' | .

'acegone is significantly lower than-other compounds

!lmeasured} Interactions wlth four hydrogen atoms Is -

therefore unllkely.r 1 f ace:one existed in the enol ﬁormv

In the gas phase, the‘ohlorlde‘lon would mostﬂorooaoly
‘ % S ¢ : v S
attach to the hydmoxyl hydrogen. However; the enol form

: ' . ) E .y
s thought to be unimportant in the gas phase (173) and

. ,
thus a complex of this type will probably not occur.

) ! N
i .
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Therefore the structure of the Cl‘,QQQQOfﬂ 'complex will

"‘

elther take the ﬂ&J f:y'symmetrlcal Interaction with

the methyl' hydrog. r‘attachment to the centr¥al cerbon.

The electron dlstrlbutlon ln'XVll shows that the

:contrlbutlon of're§8nance structure XV111 |s quite lmoort-
ilfaant and that a small‘amount 007 of an electr:nlé charge
s donated from the methyl group ‘to the central carbon.
when one of the metﬁyl groups s replaced by a phenyl
rlng the w electrons on the ring donate .028 electrons to
the central carbon (189) leavlng the ring sllghtly posl‘
tive. The chlorlde Ion may attach to acetophenone In |

.

three ways via the methyl _group, to a ring hydroqen ori}

. lntﬂact with ;he m electrons by "slttlng“ &he r~lng§

" The deflclency of .7 electrons ln the phenyl r ay~.

lndlcate that«the chlorlde ton wlll lnteract w#;h rhese

Y

electrqns.
. \

ln the case of phenyl acetone‘the chlorlde mey
attack the methylene %ydrogens or the methyl hydrogens

slnce they are both adjacent to a carbon whlch has a "{ng:

‘ :’o‘
* posltlve charge in the resonance form XJX ,However,
L v
. I N S - L -
-’ . <? ‘- '
DR | —CH, — ¢ —CH, I
o . ? " @) 3 L o
T T T
L o . ) ‘ * A ’ -
gz \ ' XX B T
‘\ ' . QA> \ . ) I4
steric effects mey‘restrlct the approach of Cl‘ to the "’
_ ' S , , g L
o . | \} p

b .
Voo : : A .
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methyl hydr6gens. O ' w

Figure S. z)xmu i 'the, chloride affinity of .

acetyl acetone Is greater' han that of acetone -Thls may
be explal§¢3 by the fact that the central methylen group«'
~in acetyf acetone is influenced by two adjarent carbonyl )
groups. fhe chloride ion prpbably attaches to the two
hydrogen atoms on the central carbon atom.
‘ ' Acetonltrlle?}f?om prevlous measurements_ in this
'laboratory (72), s also Included I Figure 5.21 in ordelt
‘to compa;’ the ketones ‘with another unsaturated funqtlon-
al group.- AcetOnltrlle and acetone are very similar ln“.&\
chloride afflntty and gas phake acldlty and are in the

same order (see Chapter 6) v ./. | ‘:_4

34

T The electrostatlc calculatlons performedAby Davlds m

o
f . -

* (183) found that 35§aof the totel Steblllzat T"'.eruargy 4%

\

. : \
& of anmlon cluster was due to the fon- dl%ole Interactlou

. ~l.e. E_ o E . He fouad Edlp for the: ¢t CH3CN compqu

v . was 1§£3T kcal/mol Assumlﬁg a slmple relatlonshlp

Abetween Edlp and the dlpole moment an approxlmatlon of ‘-

K \ -
?é dip for C1. CH COtH may be made. ~The dlpole noment of .ﬁ

acetonltrl\e ls 3 970 and that of acetqge l« 2.880 (190)

' ‘ d -~
Y Therefore S , "f e @
- : : M..sl.x 2.88

l“h-‘ : . . 3 ~ -

L T dip |
- L R B 1

e

<
i

3 | {’_ Eﬁfp‘asﬁ = ~|0 § ﬁelllmpl  ’.V." S (5‘;9)

[ VN

B %

. Correctldhs for the zero polntlenorgles of the th:ee new
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o

vibrations in the lon-molecule complex are about -2 kcal/
mol (155) such that €, + 2 ~ Ang 1+ In this case E + 2=

-12.5 kcal/mol and the measured AH® . for acetone was

0,!

-13.7 kcal/mol., Therefore from this rough calculation
|

the lon-dipole energy glves ‘a good estlmate of‘_All0 v

diffeigence ln the two values was perably due to tha
:15

the

: |
_pola ablllty term. Nore rlgorous calculatlons are

nec ry to obtaln more accurate results but ‘the electro—

'stil ' model gives .a good lndlcatlon of the magnltuda of ’

‘ R

thegghlorlde afflnlty. L 5

‘ . ‘ i T
W . . i . .
L] <o . ] / o K
- . — . e
\

(d? Chloride Afflnltles of Carbon Aclds : o @j

The gas phase acidities have been measured for inyﬂ%; S
’ alge ot

»

A5

o {"‘ a few carhon aclds.. Flgure 5.22 shows that there is

o’

no. eonslséﬁnt correlation betweﬁ: ﬁhe gas phase acldltes -

and chlorlde afflnltles of sevaral carbon aclds.

v o

ln the case of the alkyl benzenesu.the chlorlde,~

i?”"ife7ﬁqxn may attach to the’ alkyl group or the ring. The elect~ ,

ron_populatlons, calculated by POple (l89) are 'shown

for benzena (xx), toluené (XXI) &nd- for the dlstrlbu*“‘

\

thn of thp n electrons in toluene. The electron popu»’ﬂ
A \f"i latlon of toluene lndlcates tbat rhe chlollde fon may \;

lnteract wlth the ring hydrogens or lnteract symmetrh— gl'

[
- . B ‘

caliy wlth the hydrogen ~atoms of tha methyl _group.

\4z'> - S

The“chdorlde afflﬁlty of toluane s jreator’than

[ RN Ay - o K
el that of banzqna. Further enlargament of the alkyl group : ,
°:ﬁ. oo o ﬂ‘: : _ ' ' -
O - o o v, ; o o T
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gl;elatlon of Gas Phaso gcldltles versus
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+,001
’ H H +.008

+0.11 Hmmt"4 008

XX1 - XX1

establishes the order of chloride affinities as H <vHe <
Et <'n-Pr < i-Pr. Since this is the order of increas-

ing electron donation {o the ring, the chloride ion is
Probabily not interacting with‘the r/ing hydrogens as
increasing substitution would destabliizé the cluster.
This indicat's that the chloridé ion probably attaches
/to the alky! groups, since the "s.idity" ;f the hydrougens
on these g}oups increases with increasiﬂg alkyl sub-
stitution. The aboye oFa;r may at;o be exa’ained'in
terms of the polari'zabilities of the alkxl/groups. which
was first p}oposed by Brauman to explain the acidities

of aliphatic alcohols (31,161). In the series of alkyl
benzenes the chloride ion p}obably interacts with the
diffuse positive end o; tﬁe dipole, whichAis spread over
an alky! group. The polarizability of the alkyl group
enhances§the charge separation with. the molecule which

is necessary to form a stable cluster with Cl . Since

the polarizability of the alkyl group increaSes\with si?e,

RN
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the chloride affin{ty also increases in this order.

The chloride affinities of some methyl substituted

benzenes ara in the following order (Tab|e XlV):

-

3 ‘ H3 CH3 CH3
O Q-
"\ ' oH_CHs CHy
: (CH, _ 3 ,

Para-xylene appeérs to be.out of order. Sinbe-theb Gpo )

values of toluene and p-xylene were foﬁnd to be quite
similar, experiments &e;e conducted-to check théé this
,was not an experimental erroé. A mixtyrg containln§
equal partial pressures of toluene and p-xylene was %ade
and the intensities of C1 and the two cluster ions were
monitored. ,The cluster of toluene with €l was found to

'
be slightly more intense than that with p-xylene, con-

firming that the chloride affinity of'ﬁoluene is greater.
The position of p-xylene in the above Grder is therefore
‘correct. Tha anomaloﬁs behaviour of p-xylene cannot be
explained by the inductive effect,dsince p- and m- xylene
would have sihilar chloride affinities. Hyperconjugét‘on
may.Be invoked to explain thé behaviour of p-xylene. .
WSn hyperconjugation'o‘ccur;s_“ir‘\.‘.'-;m’-x):'lle“ne, the negative
?hufgitig iq,"B‘position to an alkyt? group and the

e —

§eparation of the proton from the alkyl group assists .

in the interaction with an approaching chloride ion.

)

Fd N
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[CE

m-xylene »

-

In the hyperconjugated structure of p-xylene a negative

G

p-xylene

ﬁharée is sitﬁated at a carbon adjacent fo an alkyl group,
which is also donating electrons to the ring. This
hyperconJugated form °- therefure unfavourable and does
not contribute to the structure of p-xyl;nc. Although
hyperconjugated structures of neutral molecules are
probably not imﬁortant in the gas phase, the approach
of a chloride ion to m- or p-xfiene will promote charqe
separatlon within the mo!ecule and the strurtures may
‘contribute to the stablllty of the cluster. Since the
hyperconjugated<§tructures. for m-xylene are more
stablé'than those\for P-xylene, the interaction between
Cl™ and m- y‘ene‘yill_be greater, which ?s the order

observed xperimentally, This explanatioq indicates

that the chloride ion probably interacts with the

-
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meéethy! group since the same argument would'opt,hold if
N\ “the chforide ion attached to the ring.

- Brawman and Blalr's (nvestigations of unsaturated

systems (I6b) showed that the gas phase acudoty of tolu--
ene was greater than that of p-xylene ThlS is the same
;order as their chlorsde affooaties. The agreement bet-
ween the gas phase acudnty and chlioride affinity orders
.vconstltutes evndence that the attachment of the chloride .
iwlon occurs to the methyl hydrogensbzsnce otherwise this

correlation would be difficNt to explaln.

The gas phase actdlty of\cyciopenta iene ‘is quite
+ large for a carbo acnd. This is explalned by the fact
tﬁat cyclopentadj ne obtains aromatic character when

it loses a porton. The fact that cyclopentadiene is not
. B ) L]

observed to cluster with C1_ may be construed as evideoce‘
that C1  attaches to the rung in thenalkyl benzenes. How-
ever, a cluster of C1~ with 1,4 peptadiene is observed.
Since l,h.pentadiene‘is the opea.chain anatog of cyclo-
‘pentadiene, with the samevnumber of . m electron;, theﬁ

above argument seems unlikely.
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‘The gas phase acidity order for the/pHenyimethanes> .

is exfected to he ' csuscu < (c‘sns')zguz" < (CeH ) CH.
Experiment has vernfied the relative order of acidities.
of toluene and diphenyi mexhane (72) but the - formatidn
of the tr’phenyimethyi anion is expected to be favomred.

because tﬁe\negative charge can be delocalized over three

.
.

~

phenyl rings. The\chiorlde af#unltles for these com-
pounds are vn the order toluene < triphenyl methane < '
diphenyl methane “The interaction of c1 wlth talphenyl-'.
methane flust be restrncted due to steric hindrance of
the three phenyl groups. If it is assumed that the chlor-
ide fon interacts \?i?h the Ione hydrogen then it is
possnpie that the chlorlde ion cannot approach cioseiy
enough to form a'hydrogenbbond. The order of;chﬂo?ide
affinity does not follow theﬁexp cted gas phase acidity
for these compounds.' This situafion is somewhat analo-
dous to the gafvphaSenBrEnsted and Lewi's basici;x orders
of the methyl substituted amines. fhe Brénsted basici-.
‘ties inccease regularly from NH3 to (CH3)3N (162). The
measurement of the Lewis basicities towards the much
bulkier Lewis acid, K+ showsnrhatytLe basicities in-
} crease from Nn3 to (CH3)2NH ‘and tnen decrease for
) (CH3)3N (191). ThisAéffect‘may'aiso belastributed to
steric hindrance b9 theibdlky sdbstituent groups.

In general, the chloride affinities of the carbon’

acids do not follow the gas phase acidities, whereas

J
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“the substituted phenols correlate very well, as dis-
cussed in section (P). ~The correlation wps attributed

to the phehéi,being able to stabilize both the anion

M

and charge s ted structures. by resonadce The phenol

is able JS form stable resonance structures because the

o
L4

oxygen poessesses lone bairs.which are mobile and cdo

b " c, Co i
move around the ring without breaking the 0-H bond. In

‘?the carbon acids the equivalent structures can only be

i
achieved by hyperconJugatlon i.e..a tarbon hydrogen

bond has to be broken. These structures are therefore

not very important in the gas phase and the inability

to stablllze these charge separated structures means
<
that the clusters with C1™ are very weak and do not

follow the gas phase acidit?es. ' . ‘

(e) Chloride Affinities of Benzenes with Hetero Atom

-

~ Lontaining Substituents

Examinatian of Table XIV*showsGthat the chlor'de'
~affinities of the benzenes conmtaining hetero atom b-"~
, , .
stttuents‘are slightfy greatef than the alky) suhst%tuted
henzenes.' No gas phase acidities of the hetero atom
cohpounds are ayailable.for compafisbn'with their
chloride affinities.
McMahon and Kebarle have shown that the gas bhese

acudltues of the substltuted benzoic acvgp (7l) and

substituted phenols (l7h) correlbte 4ery well with the
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h]

_'69 yalues.of Taft (170). Tt s possible that the same

factors which determine the chloride affinities in the

~——

substituted phenols may a]so aﬁfeotgfge substituted
benzenes. The o° values are a measure ;f the eleccron- '
attractlng or electron -donating power of a substltuent ;
by resonance or induction. The more electron-attractfng
a subsfitdgnt is,.the more posi.tEVeithe'od for_the para

.

position. ‘ .
Lau and Kebarle (73) have measured the proton ,
affinities of various substituted benzenes. They showe

that there was good correlation between the proton

affinity and the o® value-of the substituent. They

~ v

proposed that if the proton afflnlty correlated well'
with the a° value, then the .proton was attaching te the
ring to give a g complex. The results shown in Figure

5.23 may also be interpreted in a similar - manner. It

has already been demonstrated that the chloride jon

.

‘interacts with the phenolic hydrogen of phenol (section
. &

s
'

(b)). The -oH substituent also lies some distance
from the lines of the ¢ plot. This is therefore con-

sistent- with the assumption that C1 interacts with the

. ring of compounds that fit the ao plot. The nitro

group also does not fit the oo plot. The resonance

structures of nitrobenzene'may be represented by:



: __‘_2' 0 2 4 6 8
dg (Taft)

FIGURE §5.23. Plot of Aq? for the‘Substituted Benzenes versus

- the o° Values of Taft.

o
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The nitrogen possesses 3 postive charge in each structure?/

It is therefore possible that the chloride/ion interacts
with the nitrogen atom instead of the ring and as a re-~
sult does not fit the o° plot. The methoxy substituent

donates electrons to thle ring by structures such as:

| f"s 3"3 | f”3
', .0 0P (€]

* ’

The chloride inn Mmay attach to anisole via the methyl

k]
>

hydrogens since they é;e in a region of excess positive
ch;}ge. The Possibility of the chloride ion attaching
to the methyl group in ;oluené was discussed in the pre-
vious section. Toluene also lies 5Bme distance from

the line. ' |

The structure of the clus:er, whaore the chlaride

ion interacts with the ring, may be envisaged as:

- ~
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Similar structures may be drawn for the case where the

chlotide ion atgaches to the meta position.

Thé order of -AGOT for tehe halobenzeﬁes is benzene <
fluorobepnzene < chlorobenzeneﬂ< bromobenzene < iodoben;
Zene. jzferefore the order of ghe stabiliziﬁg effect.of .
the halogens suSstitugnts is F < Cl'< Br < 1. This is the
same order as the gés phgse rAcidities of the halosubstitut-~
ed acetic acids.studied by Kebarle éi al (168). other.
measurements of the gas phase'aciditieé of compounds con-
taining halogens héve‘also indicated the same order (174.
175). The evidence from these observatidns thérefore
suggests that'the inductive order in the' gas phase is
opposite to that in solution. The‘reversal is probably
due to the higper polarizability of the larger halo
substituents similar to the'polaéfzability effecﬂ(éf
the alkyl groups sdgéested by érauman (161). Therefore
clusters of halobenzenes with a chloride ion are more
favourable with the larger haldgen substifyents because
the resultant negative charge of the.clustefs can be dis-
persed over a large volume. . |

An anaiogous example is the fbrma{ion of the halide

ions X3 in aqueous solution. 13-'ls'very stable in

‘Y

/~
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aqueous solution whereas the smaller equivalent ions are
rarely observed (192). Therefore.IB- is brobably s5table

because -the excess negative charge may be dispersed over

SR AT

the three large, polarizable iodine atoms. ’thf
l"v*"-v , r\
(f) Correlation of Chloride Aff!nitleﬁwoth anole "‘Momée' \
’ =
Since electrostatlc calculations have shown* at - "

1(, . ‘y
e

ion-dipole interaction contributes nearly all'qf the
stabilization energy to a cluster (183), the chloride af-

finity may be expected to depend on the dipole momen£ of

7 .
the molecule. Figure 5.24 shows a plot of -AG?T plotted

v

versus the diﬁole moment of RH. When all of thelpoints 0
are considered’a rough correlation exists. Nhee a group’

of similarrcompounds (i.e. phenols) are considered, it is
fguqd that the dipole moments are approximately constant

within the group.\'However the chloride affinities differ
within fhe group. Thus it may be expected that the Fhlor—
ide affinities will not correlate very well with the di-
pole moments becaus; they do not take into account the
distanczfgétween the chloride ion and the moleCulef) As
dfscussed earlier (183) good agreement with experiment

is observed in electrostatic calculations only if the

charge dist-ibution of the dipole is taken into iceount.



FIGURE 5.24  Plot of -47 for all the Compounds Studied {
‘ . versus Their Dipole Moment. Oxygen Acids

(@), Pyrrole (O), Ketones (A), Aceto-

- nitrile*(A), Chloroform (w), Halobenzenes
(), Substituted Benzenes (O), carbon
Acids (M). |

: ¢ )
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(g) Comparison with Recent Studies of RHCI Complexes in

T

Solution.,

.

Recently the attachment of chloride ions to weak

. acids has' -been sEudiéd in different solvents by Benoit et .

al (193)

o +
They investigated the chloride affinity in sul-

‘;fo[qne and acetonitrile for the same series of compounds

that Yamdagni and Kgﬁarle ([56) had studiea in the gas

€C1.CH < HOH < CH.OH ~ CH,COOH < ¢
3 < 3 3 -

65

phése.;vthe b?der of the enthalpies in sulfolane was "

OH < HCOOH < HCI

whereas the order of the equiva{ent gas phase meadurements

“of aH® OH < CI

CH < C

OH < CH_COOH <

0.1° was: HOH < CHB 3 6HS 3
HCl << HCOOH. Thgpfwd}sca]es disagree on the position
of,;h}ofbfqrm. Al<o theipbsiffons of acetic acid and

phﬁrol are interchanggd as the formic and hydrochloric

) .

acids. .Hdﬁever ifffﬁe AHOO I

a @ .

values remeasured in this
} .

o “ N : o o ]
‘work are included-ghe order bexomes: HOH < CH3QH < CIBCH <

cn3cooﬂ < HCl ~ L H OH < HCOOH.

The order

and bhenol now agrees with that of Beno.t,

o~

agreqpent iS'thefpbsitiOn,gf CIBCH'and HC

measured ,in tﬁisﬁwdrk.

Cs S

®

of acetic acid
ya

—
the only, dis-

which were not

N

Benoit'?gundff%at the calculated enthalgy change

“for reaction_(§.30)'do¢s&not vary greiﬁly with the sol-

g

) v
i . .
-

' .~ vents studied fhdi;ating that the‘fngeraction with C1

C17(2) + RH(g) ——>=RHCI (1) (5.30)

[ 2 -

[

-
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. . . .
does not change with solvent. This-Fesult may have been

expected for aprotic solvents such as acetonitrile and

DMSO because they resemble the gas phase in many respects,

«\

5.8 Conclusions

In the sgydy of gas H&ase acidities the fundaﬂentai
‘ ) . i
aspect that.governs the acidity of a compound is its!

. i .
ability to form a stable anion. Factors which contribute

to the staﬁiPity of the ion are inductive and Qgsonanéé

effects. When clusters o a compound RH, with C are o
’ -
studied, {(an “acudlc“ hydro has to be present to«pro-

L 4
/
mote the Xormation of the cluster.

- [ .

ince RH is neutral,

the important principle in the formation of clusters with

Cl depends on the ability of RH to support charge separa-

tion within the molecule itself. Therefore it is
certain that hydrogen bgpd energy can be equate with gas
phase acidity since the-?brmer is determcne by the ability

of RH to

v

{ _ ,
depends\on the ability of R to Suppo t & negative charge.

stablllze charge separation whereas the latter

In the case of the substituted phenois the oxXxygen possesses .

lone pairs which have the ability to s’ ft around the ring
faculutatlng both stabilization of the negative charge

in the anion and of charge separation in the neutral com-
pound. Carbon acids do not possess a lone pair which_caﬁ
aid charge separation with;;;bbreaking A C-H bond and the
correlatiok\wi{b acigdéty is not very good.

}

-

~
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The possible geometries of the chloride ion clus-

ters were examined for the different types of compounds.

It was found that the chlori ion does. not interact

with.all of the compoun >in'the.same manne}. In the
case of the substityted phenois, the chloride.ion attaches
to the phenolic hydrogen rather than the ring hydrogens.
Examination of a group of ketones shows that symmetric
interaction with the alkyl hydrogens or gttack on tﬁe
carbonyl carbon is possible. In the‘égse-of the alkyl
benzenés the evidence points to interaction with the

alkyl éroups whereas interaction with the ring is more
likely for several hetero atom substifuents. .fherefore,
considering the’différent‘types of interactions, }t is

«
*not surprising that there is no correlation, betmeen the
' N
chloride affinities and the gas phase acidities. Rigorous
electrostatic calcuiations would distinguish betweerr the

different possible structures of the clusters.



‘SHAPTER 6\\\§; - | k

.

REMEASUREMENT OF THE RELATIVE GAS PHASE @ACI.ITES. OF ,

ACETONE AND ACETONITRILE

6.1 Introduction

-

Thé relative acidities of Acetone and acetonitrile
have been Aeasured previo;sly in this laboratory by McMahon
and Kebarle (72). They measured the AG for the equillb;
rium (6.1) which is equal to the gas phase acidity diffef-

ence between the two compounds. They found that aceto-

CH,CN™ COCH.™ + ¢ 1)
CH3C0CH3 + CH, — CH3C0CH2 + CH3CN (6 l)‘

nitrile was more acl&ic than acetone by 2.5 kcgl/mol;

Bohme et al (166) have also fnvestigated r%action
(6.1),.usiqg the flowiﬁg afterélowftechnfqué to measure
the forward and reverse rate constants. These workers
found that acetone was a stronger gas phase acid than
acetoﬁit;ilgﬁwhich i; opposite to McMahon's relative
order. | »

A recent measuremeﬁt by Bordwell et al (187) re-
ported a good correlation between gas pﬁase acidities
and acidities in the aprotic solvent dimethYI sulfoxide.
They,a|§o found that acetone was a stronger acid in DMSO
than acetonitrile. Therefore if Bdrdwell's correlation

"holds, acetore should be _he stronger acid in the gas

phase.

' 289
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’Invview of the evidence that the relatipe acldity
order.of the téomcomp0unds measured in this laboratory may
be wrong, it was'de;idedlfo repeat the measuremenf.' The
need for guch afreme;surement was also indicated by the
following aspects of‘McMahon's results: thg anion inten-
sities observed for equilibrium (6.1) were dqusually low
and he had;get a Iargefﬁﬁkér limit for this result. Further-.
more a competitive rgact}on the nucleoghilic Substitutiop
(6.2), had beén.sugéésted by McMahon which depletes th@/)

R 4

CH,CN  + ‘CH3CN — CH,CH,CN + CN (6.2)

ion concentration of CHZCN-. McMahon attempted to elimin-
ate the occurrence of reaction (6.2) by making the partial
pressure of acetonitrile equal to a.tenth of that of

acetone.

6.2 Experimental

s

oy . : N

McMahon' generated the negative ions in reaction
(6.1) with sulphuryl fluoride. Electron bombardment 6F~‘
SOZF2 Jas assuﬁed to prqddce F~ ions. HF is a very weak

J .
acid and thus acetonitrile and acetone proton transfer
[

" to F_ by reactions (6.3) and (6.4) producing the depro-

tonated anions. T ’ B ]

i

F- o+ CHBCN' —3 HF + cuzcn' a (6.3)

F™ o+ cu3cowj\w (6.4)

RN
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As mentioned béfore, the ion signals fn McMahon's
measurement were extremely weak. The measurement was
initially repeated using McMahans_éonitlons: 700 torr
CHb' 10 torr SQZFZ’and 10 torr each of acetone and acefo-
nitrile in the bulb. fThe’anion sighgl under these con-_
ditions ;a; barely detecéable even uﬁder constant irradia-
tion ofythe electroh‘beah. ., McMahon had ust SOZF2 for
/ the genefatioh of F~ since the_NF3 which had been uséd '
earlier in this lab to producevF; ions had all been con~-
Sumed. An:ex;anation of tge ions obtained witn_SOzF2

in tpe,absence of any oghér acids showed that little F

is produced'by this dompound. Theréfore in the p?dsent :
experim’ents‘fﬂF3 was usedvagaih jhstead of SOZFZ ahd*théy

7

- t. 'Y o ";
anion signal was much Sstranger.
N .

/ . .
Different mixtures of acetone and acetonitrile

°

tiere used to test if reaction (6.2) could be eliminated.

I

6.3 Results and Discussion
. . /

show two examples of the
. 4

Figures 6.1 and/6.2

éxperiﬁent pe}formed under different conditions. Figure
. 6.1 shows the ion decay curves obtained when the partial

pressures:of acetone and acetb\ltrile'are equal. It can

be seen that the intensity of CH3COCH2 is five times

greater than the sum of CN  and CHZCN-. Therefore‘fhére

. . ’ . !
" Is ho possibility of acetonitrile being the stronger
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FIGURE 6.1. Observed lon Signal in 2.8 toir CH

4

Containing a 1:1 Ratio of Acetone to

Acetonitrile at 256°C
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acid. Figure 6.2 shows' the ion decay curves fdr.the same

1

ions when the partial pressure of acetone is ten times

"

" greater than that of acetonitrile, similar/to McMahon's

conditions. THE int?é§fty.ofJCNf is approximately the

same as in Eigure'6.1, tHe intensity of CHZCN- is about

ten times Smgiler.,‘Therefore the in}ehﬁity of CN~ appears

to be  independent of the pressure Sf acetonitrile which

is uneipeﬁted if CN originates from reaction (6.2). |
The result§ are shown, in Table XV and the averagé

.Acowas -2.8 + 0.2 kcal/mol. Acetone had been measured

with several other compounds in previous measurements

“(173) so its D-EA value was wel? established. Acetonitrile

K'Y

had only been measured against acetone therefore it was

the D-EA value of this compound that ‘was wrong. The

o

new D-EA value of acetonitrile is therefore 52.9 instead

~

of the 47.6 kéal/mol qbfained previously, A possible
, - e
reason for the error in McMahon's measurement may be a

reactibn between CH3COCH2- and SOZszwhich reducés the

intensity of the ion and gives an erroneous equilibrium

constant for reaction (6.1).
.'5 . .

Recent results in this lacoratory (194) have shown

that the large CN~ ihtensity observ-: is due to an im-

0y

purity.of HCN in the nitrogen triflu- "de. By purifying
the gas it was demonstrated that react:.on (6.2) is neg-
lig}b e and the CN~ dbservéh is due to fhe proton transfer

reaction (6.5). The D-EA value, for HCN ;s approximately
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Average AG® = -2.8 + 0.2 kcal/mol

295.
TABLE XV T
- K‘“ ’ .
s : . !

e A6° Valués far the Equilibrium :
_c»_+3cocu3 + cuzcyf ————>’£y3cn + cu3cocn2 sat 257°C
PCH‘3CN/PCH3COCH3‘ -£6° lon‘ Source Pressure

\ - (torr) - :

1:10.9 2.58" J.1
o 3.09 2%

" ' 2.60 T 3.2

L N 2.52 77, Yo
1:5.0 2.92 - 1A
fl-l‘ -t - 2.81 ) 2.6

’.! v A o '?—\i .
TS0 303 2.7
N I TR 3.6

;b : . ' . - [
Com 2.%5 3.8
" e 2.62 4.4
A‘. a

1:1 i 3.10 1.7
"o 3.10 2.8

" . 3.18 3.5
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\

CH3C“OFH2 .+ HCN, ——— cu3cocn3 ,+’ CN (6.5)

>
s

.35 kcal/mol (195) and It }s therefore a stronger acid thaa
béth acetbpe and-acetonitrile. Remeasurement, of the AG
for re fion'(6.12k£sing purified NF3 yie[ded‘Aé)- -3.6'
kcal/mol which égrees with the ‘data pfesentea'in Table XV.
fhgse‘qésults will not be discussed further since

"+ " they were on|y<e;rrie& out to cﬁeck the previous results
of McMahon and Kebarle which are,{lscussed fully b; them
(173). ¢ A U

N\ T T~

Y N



CHAPTER 7 A
SUGGESTIONS FOR FURTHER WORK

An fon source has now been built.that will enable
ion-moleCuie reactions at below-roqm temperatures to(be
studied. This ‘type of ion source can go.down'to tem-
peratures of -180°C (143). This will allow measurement
of the temperature dependence of KO,I in order to vae
the chloridg affinitles for compounds such as benzene,
toluene and other weak carbon acids. At lower tempera-
tures it may be possible to observe a cluster of le
with cycippentadlene.

{
The study of reactions of the type (7.1) enables
|

K ~ .
- . o ‘ -
R+ H,0 Ry.HZO (7.1)

a similar correlation to bevdrawn to that fnvestigated
in Chaptef 5. The measured AH;,I of reaction (7.1) will
be the hydrogen bonding energy to R™ and may thérefore

be correlated.with the gas phase basicity of R;.

Some initiallgxperiments were’ conducted on this
system where RH was/%alonifrile and acetylacetone. - ’
Exberimen;ally it was difficult to obtain a clean source
of the R~ ions. Previous experiments had showﬁ that
R™ could be geherated from sulphuryl fluoridé.(l?}).‘F-

is produced by dissociative electron attachment of

electrons to SOZFZ. Since HF is a'very weak acid, F

297
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rapidly produces R by proton transfer: o

F".+ RH —— HF + R (7.2)

Unfortunately SOZF2 and szF- are also produced and the
choice éf malonitrile meapt that the hydrated lon
CH-(CN)Z'HZO occurred at the same mass as SOZF-' This
problem was overcome by substituting 020 for water and
the hydrated peak moved from 83 to 86, the shift In 3
mass units being caused by complete deuteration of the
remaining hydrogen in.CHﬁ(CN)Z”to give CD—(tN)Z.DZO.
The deuterate could only be observed when a trace (~I
mtorr) of malonitrile was present Iin an atmosphere of
020 in the bylb, otherwise there ;as‘a ten&ency for the
dimer CHZ(CN)Z.CH;(CN)2 to dominage the spectruh. T,
-NF3 may also be used to produce F  (167) but is

very diffigult to obtain from commercial sources. The

-

F is produced by near thermal secondary electrons with

3

NF. undergo(;; dissociative electron capture as in re~
action (7.3). The generation of F- by NF3 is therefore

e + NF3 —_— NF2 +‘F‘° (7.3)

-very specgific compafed to SOZFZ'

The study of the hydratioh df anions could also
be rewarding in explaining some differences between
aqueous and gas phase ac‘dlties. For example malonitrile

is Stronger than monochloroacetic acid in the gas phase
. I .

(s §
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by 1.8 kcal/mol. However in aqueous solutionichloro-
acetic acid is 8 pKa units stronger than malonitrile

-
(72). By studying the' system

1

R (”2°)n—| + H

20 RT(n,0) (7.4)

%or both compqunds and choosing conditions such that n
could be graudally increased from zero, the cross-over
point may be observed and the reversal of aqueous and
gaseou§ behaviour may be explained. b

In the experiments described in Chapter §, a
neutral acid molecule interacted with a negative lon.
Since the chloride ion can be thought of as a spherefgy

a

uniform negative charge and more than one RH solvent
molecule may be added to tﬁe ciluster until“the inner
.
solyent shell is full., When the negative ion [s a maole~
—_— .
cule with a dipole, the electronic charge is distributed
unev%nly over the molecule. When the‘solven; is water
only certain orientations of themolecule are possible.
By choosing R~ such that it conta}ns severalipossible
bonding sites, the number of water molecules which will
attach to R gives information on the type of -inter~

action. For exampjle, if R is the cyclopentadienyl

anion, the ion is stabilized by resonance.

\ : ), S
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If five water molecules are 6bserved to cluster with
vcycloﬁcntadiéne, the water molecules must be jinter-
acting with the five ring hydrdogens. Algernatively,

if only one or two molecules cluster with the cyclo-
pentadiényl ion, then the water molecules must be laying
parallel to the ring with the hydrogens nearest to the
ring and-interacting with the 1 electrons. Measurement

of AHon by reaction (7.4) will reflect which of

-1,n

thg two types of interaction fs occurring.
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