. - , . ’ ‘ L4
, . - , -
. . . . . 4 o .' . . . u&v
POt Ratienat L o et tque national e C. "AZ‘,_‘."'\. nsrs THESES cap '”‘/'rw‘V"“ . o
N X _— 1 . l 1 . ., > - - X . T . ) -
[ 1 U:l ’. RORIR ~ (819} C-!Hr){:d } . . p’"J ’ICX‘ N !‘“' Er o SUR A'.‘7L nos /\.,/(L o N .

-
. | )

FAR OF RUSHOR WOM L2 1 Al o Y. I S 4[/_7.6’/ R

————— e e _.__-‘_._....ﬁ_

.

PO GE YL e o 1St __‘211(04_,; _LL__J ﬂng__@ 2l KL CTe Lol

- _._. _ &L.:C/’ Q Z)/' 7 _-vﬁ%f..é Q/ /W77/ AL TS (’/— (-7/-7_5 //7’/2),4

R e E 7-3/(/_4__4;1 .c7N_2 /"’ai{/‘e’zx L e T o "*/’677/ e

AR YT o2 SIRNSET S A e P o ’

— /(Y(A:.C/I.—VJJ _.1.4_. =AY V) —————
- BEGPIU T Opyny, i THEDD wes r;.:‘,!r MR . : .

CORALE POLE (EQUF!T (. ’/I’ THESE 51 /‘/.!.““’/IF._.__._;.(f% <2 I

e e e ——— e -

UN‘\“ REVIY g0\ S

_ o
CYUAR THIS L6 SREL ¢ ONFLi- D 4 psrs 1J'oxa'7/_‘,v7/<“)/v DECTGRANE o, ?‘_./}...w —— e e ‘

e e e ———

NARIL G SURISVISGUNVOS 0 ok, 017 1m OF 1S e LT LoL ST - - e

*
Termission e hor(l)y Granted to lnc NAT O & UBRARY O U gt ion e predy presenta, acemdde 3/, EILLIOTIE- -

CANADA 1 miciofIm thie iy ‘,[5 J,.d te I\ i o setl copren ()(\7}' Faii ALE D ('_f'.."//f(._"/l G e ceite those 5
o ‘ : N _ .

{ y . . T , H . . R
of the film, . . L LIe' <l Gu oo verdre das ¢ Aaplaizes e fiin.,

“eries other pabiicat on bts, and neithe ghe L'aufour se 1ésnrve s aniees fpte oa peldication: ni'la
o . . N ~ ~ : [\J 4 ) h
Metars aor extLasive extiocts from Laay be poimted or othe, - thes¢

DR fevne oxtral s e telleel ne dojuent éire Pty

VLR enietac cd without th o ert s WOl |y ris s ions QU BLIIOR NNl renrGii's sunge laatorisating Sorite de laweur

DNTEDDAT et &5 e e SIGNED S A S G~ SR S = SR - -
¢ . o

[

‘ : . S

PHMANENT ADDRESS. Al St08ps 1 if e DL ELE - S 2

e s KCRRIL T s T e 2T S - >

L9t teeva)

TR RVt vy W vm ¢ e

B e i o R N e at



\I* National- lerary of Canada

AN

' Catalogumg Branch - :
Canadllaanheses Division '

‘Ottawa; Canada
K1A ON4

. noTIGE a

The quallty of this microfiche is heavily dependen1 upon
the quality of the original thesis submitted for microfilm-

_ing. Everyeffort has been made to ensure the highest

.g

A\

qualnty of reproductlon possible.

f 8 pages are missing, contact the umversrty which
granted the degree

: Some‘pages may have lh'distinct print.especial\lybif
the original pages were typed with a poor: typewriter
ribbon or it the university sent us a poor photocopy.

- Previously copyrighted materials’ (journal articles,
published tests, etc.) are not filmed. ‘ S Wy

x »

by the Canadian Copyright Act, =R.S.C. 1870, c. G-30.
Please read the authorization forms wh|ch accompany
this thesis. Lk

o
THIS. DlSSERTATI@N

HAS BEEN MICROFILMED .~
EXACTLY AS RECEIVED

NL-339 (3/77) . d

Rep’rodvuct'io'r\ in‘fu.[zl orin part of tHis film is g'everned

B|b||otheque natlonale du Canada_ g

Dnrectloo du catalogage
Division des theses canadiennes

v

AVIS |

La qualité'de cette mi%ofiche dépend grandement de la
qualité dela these soumise au microfilmage.-Nous avons

tout fait pour assurer une quallte superneure de repro-

ductlon ,

S'il manque des pages. veuillez communiquer avec -

I'université qui a conféré le grade. .

La qual:te d impressiort de certames pages peut
laisser a désirer’ surtout si les pages originales ont été
dactylographiées al'aided'unruban usé ou sil'université

"nous a fait parvenir une-photocopie de mauvaise guailité.

Les documents qui font déja i'objet d'un droit d'au-
teur (articles de revue, examens pubhes etc. ) ne sont pas
mlcrofllmes :

n;ta reproduction‘ mém‘e'part‘ielle de\ce microfilm est
soumlse ala'Loi canadienne sur I§ droit d'auteur, SRC
1970, ¢\ C-30. Veuillez prendre connaissance des for-
mules d° autornsatuon{qul accompagnent cette thése.

LA THESE .A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

L
At



et i R Tt \
N e ! -‘ ":‘.’@’ - ‘ A \
| S
o E - THE UNIVERISTY OF ALBERTA . |

~.

STUDIES OF.. -THERMAL ION MOLECULE EQUILIBRIA DETERMINATIONS
IKOF GAS - PHASE BASICITIES AND PROTﬁy AFFINITIES BY HIGH ~ -

~
-

- PRESSURE MASS SPECTROMETRY

e @ YAN KU%'L_AU" o e
'-E'f‘;:g' . & . : hd . * "‘ ,‘

A THESIS 8

SUBMITTED TO'THE FACULTY OF GRAQUATE STUDIES AND RESEARCH.

IN PARTIAL FULFILMENT OF THE REQUIPEMENTS FOR THE\DEAREE -/
o B S L
'DOCTOR OF PHILOSOPHY. -, o
A ‘ S o
' \\ . . L T i '//
Q A - ’//-
e _ - 47./‘/A' //'
0 / '
- DEPARTMENT OF CHEMISTRY \ Lo
,}- -;‘ ‘/I./.
- By /

~ > EDMONTON, ALBERTA
- FALL, 1979



~Phﬂosophv.

THE UNIVERSITY oF ALBERTA
FACULTY OF GRADUATE ' STUDIE"S AND RES‘EA:.RCH

.~ . -t

-~ The unders1qned certwfy that they have read and

ALY -

recommend to the Facu]ty of Graduate Stud1es and

Research for acceptance -a'theS1s ent1t1ed,_,,

fi‘W

,"STUDIES ‘QF THERMAL ION MOLECULE EQUILIBRIA DETER— -
‘MINATIONS OF GAS PHASE BASICIQ%Eg/gND PROTON

';'AFPINITIES BY HIGH PRESSURE MASS SPECTROMETRY" '

e g : ?

'subm1tted by ]AN KUI LAU in- part1a1 fu1f11ment of
w .
vthe requ1rements for the deqree of . Doctor of .

vﬁ'.

-

S N

L

"y
R

Comgah e T e e
s SRR -







e

':<‘kf;f

R S el o N

}j aTTowed the evaTuat1on of AG&DO for the proton transfer o if,vk

<.

B benzene‘wereycons1dered; It.was Qbservedftha

_spectrometer ‘which was con;tructed for‘the study of 1on—_-h?g;m
' act1ons ’B]H';¥;Béf%781 + BZH ,1nv01v1ng some 50 bases % BO

react1ons A complete Tadder of equ111br1a connect1ng

’ the rotat1ona1 symmetry numbers The estlﬁit1on ofﬂgk ‘5' o

_ were obta1ned Tdese 1nc1ude water 171.7, benzen v

omethano] 186 2, acetone 198'6 ketene 199 2 benz'

ABSTRACT L e T',fiﬂ;_:E;Qgr

e T . Cg b
’*:A puTsed 'electron‘beam hlghipressure quadrupole mass-;”JAQL

J

moTecuTe“gEu111br1a 1s descr1bed yThe mass spectrometer

can be operated W1th 1on source pressures up to 10 toﬂp ' 5

The equ1]1br1um con!tants for the proton transfer re~

. o 1! . .
- !. \ 2 X

whose gas phase bas1c1t1es are between water and/l.8 b1s—

= oo >

(d1methy1am1no)naphtha1ene were measured at 600 K : Th1s _
Y : 3 *

these compounds was obtaTned - The temperature dependence .f'_»”.'

A

o
&

- b‘v

~_of equ111br1um constant was stud1ed for two proton trans- f”;.'*é‘fv-

fer reactlons }nv01v1ng ben?%he and haTobenzenes(fTuoro—-rv 'fffi‘-ﬁ‘
and chTorobenzene) - The resuhms showed that 8$® fo>‘pr0_ Ty o

&
ton transfer react1ons can be est1mated by@cons1der1ng

-

perm1tted the evaTuatlon of AH from &G “fod proton trans- 7;
fer react1ons _ Us1ng the externa] standard proton aff1n- SR
1ty,‘PA(1sobutene) = 198 2 kcaT/moTe (Beauchamp, Tsang)

the absoTute proton aff1n1t1es of d1fferent compounds‘

200..2 .ammonia'207 6 DMSO 214, 4 mfthylamlne 21.

The subst1tuent effects on- the 1ntr1ns1c as1c1ty of

’

alT monof o



: . - >
A o e s ! . . -

subst1tuted benzenes haVe protoms ff1n1t1es h1ghe¢ than thatlf

ol

“yof benzene From thg corre1at10n$ of proton af Fh1t1es wlth;n

. / - :

Hammett type Gp+ substituent constants and 'STO- §G ca1cu1atedf'

.'res 1ts,'1t 1s sug@ested that pnotonat1on for an1ngE\«phenm'

: -
;]roT; ethy]benzene, to]uene, f]woroi an@ ch]orobenzene occurs
. . P
~at sthe . r1ng Subst1tuent protonat1on iy energet1ca11y more . s
‘ ’n." .. L o e W :
'favorabte for acetophenone, benza]dehyde benzo1c ac1d

" »Q‘- 3 ‘

gygbenzon1tr11% and n1trobenzene , Thelproton a$f1n1ty for N-'

protonated an1]1ne 1s very c]ose to that for r1n protona-
“t g ﬂ

- e

BN

' t1on

ﬁ‘ The gas phase baS1c1t1es of N methy] subst1tuted 1 8—

"Nd1am1nonaphthalenes and severa] re]ated compounds were
S~ L

'1stud1ed The resu]ts 1nd1cated that r1ng protonat1on

‘ y1e1ds more %tab]e 1on for 1 am1nonaphtha1ene and m- phany]-
P
'Tened1am1ne than N protonat1on A11 1 8- diam1nonaphtha1enes

' are N protonated N- methy] subst1tut1on enhances the

bas1c1ty¢of,1 8 d1am1nonaphtha1ene, but strong attenuation

A}

'.of the eff%cts was observed in so]ut1on except for the fu]]y
:N methy]ated base " The h1gh gas- phase ba51c1ty of 1,8-bis-
(d1methy1am1no)naphtha1ene ;obta1ned-1n the present study is
in agreement w1th the suggested exp]anat1on for its high J
’ aqueous bas1c1ty, namely,.the effect1ve remova] of steric

_5tra1n 1n the neutra] base on protonat1on L

The so]vatton of the proton by d1methy1 SUTfoxide mole-

.\‘

"cules “H (Dnso) "* DMSO~= H (DMSO) » mas studied for n = \

. n’i
.. 7
a2,3 ~The (nil,n) 1nteract10ns for DHSO were compared w1th

Bl

those‘fpr)water andvdlmethyliether._ The results showed that,

S 7‘ ) T VA - o
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the 1Qn d1po1ar 1nteract1ons in H (DMSO)
hydrogen bond1ng

3 1s as strong as
in the stab111zat10n of the
@1uster : o
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" CHAPTER 1

BN

"INTRODUCTTIO N

1.1 The Pmesentvwork' o B L

G 1 . e . . . o .
, The present “work" 1s d1rected toward- the determ1nat1on
1Q

of gas phase bas1c1t1es of var1ous=organ1c compounds such -

o

as benzenes, a1c0h01s \and am1nes In the ]atter part of .
the study, the c]uster1ng of - d1methy1 su1f0x1de mo]ecu]es
around the proton in the gas phase 1s also be1ng exam1ned

The study of gas- phase bas1c1t1es 1s a cont1nuat10n

of work performed in th1i’1aboratory (]f‘). The classical

¢

_ac1d base thermodynamlcs stud1ed in so1ut1on 1s a1ways

comp]1cateé by the presence of the so]vent As a result,

1

the energy 1nvo]ved 1n a reactlon 1s‘a1ways Composed of

/

so]vat1on terms and 1nterna1 energy terms. In order to’”

. study the effec¢ of structura1 changes on react1v1ty, one

must be ab]e to’ e]1m1nate the so]vat1on effects "The gass
phase study ‘most des1rab1e for th]s purpose because a.
given react1on can be examlned w1thout so]vent 1nterfer~

ences. - An understand1ng of structura] effects on the

f1ntr1ns1c bas1c1ty of molecu]es enables the evaluation of

- o

the role.of so]vat1on terms in solution. chem1stry In

this- work 1t wds also intended -to exam1ne enough compounds . -

-

of ‘a wide range of bas1c strength S0 that a comprehensave
sca]e of.re]at1ve gas-phase bas1c1t1es can be constructed.

: ¥ . _»’ . ) M . b PR
from water to compounds .withas high basic strength as .

possibJe.
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A )
The gas phase bas1c1t1es are obta1ned from stud1es of

1on mo]ecu]e reactlon equ111br1a The studies are made

with mass spectrometers spec1a11y de$1gned for ion- mo]e-
‘cule reaction. studies. L ij SR R

ivery

1.2 Development of Ion-Molecule Reattion Studies

Since ibn-mo1ecu1e'reactﬁens-are observedlwith hags’f”
«‘spectrometers, there has been‘an 1nt1mate re]at1onsh1p
Ybetween the deve]opment of ion- mp]ecu1e Teaction™ studies
and mass spectrometry Ear]y 1n 1972 J. J.tThompson (4)
,vreported ‘the observat1on of 1ons of m/e = 3»in experie_ o
'ments w1th H2 in the caﬂmde ray tube’ apparatus The
.observat1on was 1ater conf1rmed by Dempster who correct]y
‘ldent1f1ed the ion- as H3 (5. uThe ion-molecule react1on‘
lthat leads to{the ermatien of H3v was estab11shed sub-

sequent]y as reaction 1.1 (6,7). After Tﬁbmpson, the
deVe]opmeht of'mass spettrpmetry wasmdirected,toward»
determinations of }sotopic abundances: and later on toward
detenminations'Of iphiiation potentﬁaTs,.appearance
potentials'and bond d1ssoc1at1on energles ’ . For these‘
purposes‘ the occurrence of react1ons between pr1mary
‘iOns»and neutral mo]ecu]es were undes1rab1e Therefore,‘l

convent1ona1 mass spectrometers were des1gned in such a

way that the operat1ng ion source pressure is as-lqw

.



ro "of ’ .
as’ p0531b1e so that co]1151ons between pr]mary fonSZandh

' a

_neutra] mo]ecu]es do not occur W1th the advances in

vacuum technology,'conwent1ona1 mass: spectrometers can

feas11y be operated at a pressure be]ow 10 -5 torr where‘

=

the 1nterference by ion- mo]ecu]e reactwons 1s e]1m1nated

o Interest in ion- mo]ecu]e react1ons was rek1nd]ed

Athe ear]y 1950 s by rad1at1on chem1stry E]ementary

'react1ons between 10ns and mo]ecu]es are genera]]y an

1mportant component in- the, react1on mechan1sms occurr1ng‘
in 1rrad1ated systems Ear]y systemat1t studles of” 1on-
mo]ecu]e react1ons by Stevenson and Sch1ss]er (8, 9)
Ta]'roze and Lyub1mova (]O)‘and F1e1d ‘Wrank11n:and

Lampe»(] 12) were carr1ed out w1th convent1ona] mass
1

.spectrometers in wh1ch the 7on source pressure was ra1sed

w

to the range 10 4 ]O 3htorr A schemat1c of the\'

_ exper1menta1 arrangement 1s shown in F]gure 1.1, A

repeT]er vo1tage of about 1-10 vo]t was used to- push

S s

sect1on of the 1nstrument > Under these condmt1ons a

small fractionfof primary ions pT formed by e]ectron

Iy

-

'p1on mo]ecu]e reaction 12 on the1r way out of the on

:l," "

- source. The 1ntens1t1es of the prwmary 1ons P and the

secondary 1ons fo]]ow the re]at1onsh1p 1. 3 (8 9)~—where

Ip and Isyare the: 1nten51t1es of the prlmary and second-
¢ .

P

dthe ion out of the 1on soumce and 1nto the mass ana]yser-v‘

1mpact wou]d co]11de w1th neutra] mo]ecu]es M and undergo'

p ; M — 5+‘+ N Lm-" : (]_Z)j,~
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ary;ions, Q s the cross sect1on of the jon- mo]ecu]e re-~n¥“'

faction, 2 1s the path 1ength of the prxmary 1on (see

dmo]ecu]e in the ion source " Stevenson and §t£ass1er (8 9),

~

mo]ecu]e w1th1n ]e'

”Flgure 1 1) and.n 1s the number dens1ty of. the neutra]

\

»

’]estud1ed the cross- sectlons for severa] ion- mo]ec ie re-

N

dact1ons They observed that the react1on cross sect1ons

5

’for many exothermlc 1on mo1ecu1e react1ons are about 100

i

tlmes ]arger than those of the fastes& neutra] react1ons

. l\ L
'wh1ch are the fnee rad1ca] recomb1natLon react1ons..

> -

“e ; R

h’>.ﬂG1oumous1s‘and Stevenson (13) were ab]e to derlve equat

Va

.t1ons re]at1ng to the Cross sect1ons observed in the

v

€

source of Flgure 1 1 where the 1on is cont1nuously acce]-f

erated by the repe _were a]so ab]e to

derlve an express1on for the react1on rate constants of'

therma] 1ons reactlng w1th therma1 mo]ecu]es The treat;d

ment depended on an ear11er equat1on by Langev1n whlch
/

gave the traJeCtory of an 1on attracted to a mo]ecu]e by'

the ion . 1nduced d1po]e on the mo]ecu]e _ G1oumousts_and

Steyenson (13 assumed that aJ] tragectories which:1ead

to orb1t1ng of the ion- mo]ecu]e pa1r 1ead to react1on

. e
For a g1ven re]at1ve ve]oc1ty v between the 1on mo]ecule‘ﬂh

1
pa1r, al] traJec‘or1

wh1ch brlng the ion and the

orb1t1ng. . The expression T.4,wasﬂobtained9by'Stevenson _

r

)
A .

han Q. cht1cal d1stance~b6' ]ead toev:



Jl L . . -0

-;~* . o "6.

L

_ sQ " "'u~ -ff- s '

'-h'and G1oumous1s for the orb1t1ng cross«section Qc = b2
. ‘,,"’ o = -‘ -

‘{55-'jwhere q is the e]ectron1c char‘ge _a the pO]arTZab1]1ty Of -
.i* '

:g”ﬁ jffrﬁthe mo]ecule and W othe reduced mass o? the 10n-mo]ecu1e

pa1r S1nce the exper1ments were carr1ed out under an'

™ A

. ']?ﬁjl&;f*"" o ZEQ'a %7°L’f.,: l#’. ‘ u 4)
B N v G
o :electrlc f1e1d (see F1gure 1 1), the var1ab1e ve]oc1t1es‘
'?. of 1ons due to the repe]]er f1e]d had to be taken into
Teh.;?account The neutra]s were takeh to have Maxwe]] ve]o‘

soacity d1str1but1on The treatment 1ed to the express1on ’g

, cL R

‘f ‘«;f ﬁ],S,_where“Q is the phenomeno]og1ca1 i.e .‘qbservediﬂcross:
. .3 q .. | . ot ~. ) // ‘ L o, o _‘Q “ o ' | . |
Q= 2mq(2) (——R—) S sy

.Isecrioﬁf‘mp is - the mass qf the ton,,Er Ts thetvoltage of
;the repe]]er and £ 1s the path length of the pr1mary jon;dﬁl
'nEquat1on I. 5 was found to be in. good agreement w1th gzz 3
"__severa1 exper1menta11y~measured Qexpt observed for s1mp1e
' f;ﬂand exotherm1c ion- molecu]e'react1ons Ma1¢ta1n1ng the
massumpt1on that orb1t1ng ]eads to react1on G1oumou51s »',9
and Stevenson (13) a]so der1ved an express1on for the
therma] rate constant for 1on moﬂecule reactlons where
'both 1ons and mo]ecu]es move w1th therma] (Maxwe]])

”ff've1oc1t1es . The expressﬂon 1s g1ven Jn_equatlon ].6r

- BN . . . . -

.

e a%_ ’ R
I-kC(thermal)Ct 2nq(;) ‘ e . (1“5)'

'Introduc1ng o, and | for var1ous ion- mo]ecu]e pa1rs

k (therma]) is general]y found tb be 1nuthe ch1nity'of

,

o - v o \ ®

‘QE e . ‘a_f



‘However, many‘ion—mo1ecu1e reactions wére observe

- which aTlows a d1rect measurement of therma] rate constants

-9 -1

10 cm3 mo]ecu]e_] sec. .- By comparing,ehuations 1.6 and

1.5, k. may be evaluated trom the Q determ1ned exper1—"

C expt’

menta]]y under the presence of a répe]ler field, by assum-

ing Q = Q...

expt ¢ Th]S resu1t1ng re]at1onsh1p is g]ven in

'equat1on 1.7. The va11d1ty of equation 1.7 depends on the

L &

. . qErR %
kc(therma]) = ) Q
‘ om - C
p .
qE 2 3% ‘ A3
= om ) Qexpt
- p \"\
. - . SR n 3
assumption Qexpt = Qc’ which implies that « Er .

. ;, : Lo
the re]at1onsh1p Q « E " was not' followed. X

expt r
A pu]s1ng technique was introduced by Ta]'roze (14,15

“for ion-molecule reactions. In th1s method,\1ons are formed

by-allowing electrons to pass into the ionization\chamgﬁr‘~\" N

L

for a'very brief period of time (~10-7 §ec)..\Afterd¢Qtting"

off the electron beam, the ion source is maintained at
» V\\. ' Ny . N h

equipotential conditions from zero to several microsec&nds.

A short oulse is then applied to extract ions from the don. ™~ .

)
4

source. The rate constant of an ion-molecule reaction can '
therefore be evaluated in a conventional way by measuring

the change of the'ion 1ntens1ty with time. Ta]'roze (14)

showed that under the cond1t10ns of constant e]ectron

pulse w1dth"and constant nepe]]en pu]se w1dth the rate

R 4 ' . ) L&

constant k of an ion- mo]ecu]e react1on may be eva]uated
R X 1&"' s . . i - ) .

= S T e, .. .



from the measured ratio of secondary and pr1mary ion inten-

sities (I /Ip) with the use of equation 1.8.'sn is the?v

aad . . ' : A

By

'IS/Ip = nkt.+TCQnstant (1.8)

@

number density of the neutra]‘dnder reaction and t is
the time per1od dur1ng wh1ch ions’ are at equ1potent1a1

"cond1t1ons. Equatien 1.8 1is equ1va1ent to the second-

order rate equation Al/4t =-kIn, where Al

The-constant in equation 1.8 is a correction for
that the reaction is also taking place during the elect-

,rbn”pu1se and the repeller pu]se - The technigue has since

:been used by many other workers notab]y Futrell et 1.

{16,17) and Harr1son t al. {(18) to measune‘rate constants
of ion?mo1ecu1e reactions at thermal energies, |

The use of contentional lowjpressure mass'spectrometers
places Timitations on the types”of ion;molecn]e redcttdns

that can be studiedﬁ' Even with a pressure of 107 -3 to 10 -4

. 4 .
torr.1n‘the ion source, only a sma]j $ractwon of .the.

pr1mary ions. may be expected to undergo co111s1on w1th

S e e e @ m.,,' [ — —— e e

Vneutrals 1n"the hdh'Sdurce The short 1on re51dence t1me‘

‘tOQEther wwth the 1ow pressure11m1ts the observat1ons -to
iionly secondgorder~ionfmdfecuTejkeéétﬁons“nith‘]ehge'nate )
constants. Field (19) tifcdnvented the problem by in-
creasing theiion source pnessure to enhance the jon-

molecule *collision frequency. By narrowing down the ion

.soyrce exit slit.and installing better differentja] pumping

o -



¥ ‘ :
SyStem- Fie]d and coworkers (19 21) were able to study

.

fhfgher klnet1c order ion- mo]eCU1e reactlons at an,_ion source .

pressure of 0.1 }2.torr while stila- ma1nta1n1ng a pressure
of~about‘TO.4 torr outside the ion-source;v Low\pressure
outside the ton source is essential in mass spectrometr1c
studies for m1n1m1z1ng co11151ons between ions and neutrals
in passmng through the mass analysing sect1o; of the in-
strument;‘ By operat1ng at higher ion source pressure the
re51dé;$e time of ions is much 1onger because the dif-

fusion of ions to the wa11 1s slowed down by an 1ncreased'

number.of collisions with neutral mo]ecu]es The rate of

the react1on is also faster because of the 1ncreased con= '

centration of the react1ng neutrals. With the progress in
the de519n of lnstruments, high pressure mass spectro—'

meters could be constructed to operate at 1on source pres—,

©

sures of up to } atmosphere (22)

-

"1

" "The f1rst ion- mo]ecu]e react1ons stud1ed under the h1gh

-pressure cond1t1on were those of methane : The fo110w1ng

‘"major react1ons were” observed by Field, Franklin and T

" Munson (20):
-Primary ions_ formation:

+ + + o+ + o+

'CH4‘+Ee *JP'CH4 s CH-3_~,_CH2 s CH , C-, H2 , H (1.9)
Major ion-molecule reactions: . . .
C H - + .—\+ ", C"}; :'“:. - : 'u;.: ’:,‘ E;:I ) -”:A-;+ \ ;H ;.;; 2 .- AT o »'; . T( ] \.‘_“'] E)“)ﬁ‘
4 4 " :5-1 ‘C'u3‘d‘ - . .
L - | -
, (;H3.. ,+_.CH4 3 C,H_ +-'H2"' (v.11)

275

]



""""""

*.freact1ve co111s1ons w1th neutraTs,-

e

free cond1t10ns, where,the ener91
"depend so]e]y on ‘the. temperature o

- the reactant 1oms anennot.excmtedr

'*stants;» Fo110w1ng’the‘deve1opment of htghfpressure mass
. . . < .

}hese authors (20) also observed(that_the r%lattve abund-
ance of the major product ions CH5 and CZHS ‘did not

-change at. ion ,source pressures above 0. 2 ‘torr.. They con-

cluded that these ions are 1nert to further react1ons w1th_

'methane. Further exper1mtnts on the study of ion- mo]ecule

reactions of methane with a trace of additive (e.g. ethane

ormpropane) under high ion source’pressures showed that

N | .
.CH5 and C2H5 react rap1d1y with the add1t1ve (23)._The

formation of resu]ﬁﬂng jons by ion-molecule reactions is

ca11ed5chemical ionﬁzat{dn. .The results from these studies

¢ s

‘led to the development of chemical 1onjzation mass.

SpeCtrometry'?Zd-ZS).
A mod1f1catlon of the chem1ca1 1on1zat1on tehcn1que

has to ‘be made for the study of therma] 1on~molecu1e re-

;act1ons , Thls 1s the remova] oﬁ nhg repe]\gr voltage

~—

Vfrom the fon- source One obta1ns\1n th1s manner f1e1d-

-<t

S - of the 1ons~shou1d

hthe qpﬂ,source.x,if

-

hen they enter into

he reactions are

'«truly thermal. W1th suff1c1ent1y h1@h pressure and long

<

ion-retention time in the ion source\‘1t is possible to
observe~the thermal equilibrium for dertain jon-molecute

react1ons and to determ1ne the. therma] equilibrium con-

spectrdmetry{;other methods -1ike ion cyclotron resonance



TT;
and f10w1ng aftergTow method were aTso deveToped for the
study of thermaT 1on moTecuTe react1ons and thermal-

©

. equilibria. These w1TT be described Tn‘the,next-section.

T 3 Types’of Apparatus Used for Therma] -Ton~ Equ111br1a

Measurements t

=

’ SeveraT cr1ter1a must be - met for thermaT 1onsmoTec§ﬁe'p
equ111br1a measurements A F1r§t; the reactants and _pro-,
ducts: must be in therma] equ1T1br1um w1th the surround1ngs
ifxcess energ1es present in the reactants and products have
to be- removed pr1or to the occurrence of the equ111br1um
react10n.— Therefore, the reaction chamber shou]d be at
‘:equ1potent1a1 cond1t1ons Second]y, suff1c1ent res1dence.
t1me must be aTTowed for. the system to reach equ111br1um
g1h1rd1y, the ﬁorward ‘and backward 1nterconvert1ng rates |
at equ111br1um must’ be faster than other compet1t1ve re—;
_act1ons, 1f any, 1nvo]v1ng the ionic reactants and products

Three types of 1nstruments are 2urrent1y act1ve1y in |
uuse in. the study of.jon- mo]ecuTe equ111br1a These are
“the h1gh pressure ‘mass spectrometer w1th a puTse eTectron
'beam; the Tow pressure pulsed eTectrOn beam ion cyclotron
.resonance spectrometer and the‘fTowing after-glow appar-

‘atus.

A. The PuTsed High Pressure Mass Spectrometry

Thws 1s the method used in the present study A brlef

’descr1pt1on of the method follows, a deta11ed descr1pt1on,

&,
.



of theTapparatus and exoerimenial procedures’w111 ‘be: gtven
in the foTTow1ng chapter : A su1tab1e reactlon mlxture is
allowed to-flow in and out of the f1er free 1on1zat1onf;;
chamber WhTCh s ma1nta1ned at a constant pressure of'leTO
“torr A:Ion1zat1on is ach1eved by - 1rrad1at1ng the mlxture
"w1th a short eTectron beam puTseT(~10 5-rsec/pu]se) Ions
that are formed 1n a puTse enter 1n react1ons and may evenh
‘ reach an equ111br1um as they d1ffuse in aTT d1rect1ons
~Some 1ons will d1ffuse\toward tfe smaTT ion ex1t sT1t
.( 0.015 mm «x 1 mm) amd escape to the evacuated reg1on
They are then acceTerated by an.electric f]er to the'
mass ana]ys1ng reg1on and mass ana]ysed The var1at1on
of intensdtdes of 1ons w1th t1me after the electron _pulse
'is‘foTTOWedfby coTTectlng 1on s1gnaTs in a mu]tlchannel
scaTer.' Atter the equ111br1um is reached the rat1o of
ajintensities'of the reactant ion and the product 1on w1TT
“he constant with time s1nce the concentratwons of neutraTs
may be taken as constant throughout the react1on By
\jgng a h]gh 1nert gas. to neutra] reactant rat1o (~ TOO ])
ion- thermaT1zat1on woqu be ach1eved s1nce .one may expect
-that the“excess interna] energy'in an ion will be quenched

by the ~TOO c0111s1onsoccurr1ng with the “inert gas before-

Maae e L,

the ion enters in a react1ve c0111s1on w1th the reactant'“'

moletu]e The ion- res1dence t1me 1n the react1on chamb':“ R

yos e

'-is 1n the m1111second range Th1s 1s a resuTt of the'

- e B ee Al -l - u 'x‘.. DR N .a»' oL

T

t the“pressu esugmpTo

>

':fus1on tOTthEN;ii:

2o -



.has been used successfu]]y in th1s laboratory for ‘the 1astf

ten years d A s1m11ar pu1sed apparatus was put 1nto opera-

’ O . ) L N
‘~t10n Ln F1e1d's Iaboratory a few years agof(27). e
._[\ - ‘-_1?_#_”{:, .,}j .:‘ j,v '_ ST IR . f"_""" DA S ; : KR ‘ B

B The Low Pressure, Trapped Ion, Pu]sed Ion Cyc1otron:

NPT

Resonance (TCR) SPECtrometry,“;f;?="‘
The, é]eCtron‘pU1Sin9 teChnqué7was emp1oYed'by McIverf'

(28) in- the 1on cyclotron resonance spectrometér dEVelopéd : 1&‘”

R

’jemﬂwm*by Baldeschw1e1er (29). S1nce the ICR spectrometer
: can only be operated at 1ow pressures where 1on mo1ecu1e
g_uc0111s1ons are not. too frequent a trapped jon ana]yser 1s
.used. This lengthens the_t1me that the ions spend'ln the'
cej1.‘_ions arg,p955utédrinja sma11hrectangu1ar ce]1hby;ap ‘h“jl
dshort.eTectron pu]se:(~10f4 sec). A'typfcaf=gas pressure_d.
~in the ce]t is.around TO’GItorr | The movements of fons in
"the X" and y d1rect1ons of the ce]l are restr1cted by the‘
'fpresence of a magnet1c field H‘wh1ch is in the z‘dnrectﬁon.
The-trapping:of fons in the zfdirection is aéh%eued by the
vipresence“of a’sma11:potentia]‘(f1y)'Ondthe:sfde pTates
~in the z direction of the~ce1]ci The-ﬁons.wtth mass m and

- - charge qvcircle/in the xy plane with theirFCyc]otron:
frequencies, w = qH/mc where‘c'is the speed'of‘1ight
_ v _

;f-Ion mo]ecu]e c011151ons occur dur1ng the 1on.retentlon

:mperzod Detectioh of an 1on 1s 0bta1ned by pulslng the

: s "....‘
B e e .vv|~.

s i magnet1c_f}e1d ;g make the cyc1otron frequency of the-hwwﬂﬁuiuﬁ_

T

‘:ficlqnegﬁ»a g1ven m/q equa] to an app11ed,margina1 osc11-£J,ﬁh;@;fL5

-, ERN - S L e




‘.ziator frequency /The 1ntens1ty of lons 1s determ1ned by

.the energy absorpt1on that can be detected din. the marg1na1

“Tosc1TTator The 1ons can be trapped 1n the ceTTs for seconds :

’.bTh1s t1me 1s often suff1c1ent forwthe reactlon system to
{Tdreach equ1T1br1um even at presSures 1n the TO -6 torr ranoe.:
'For fast ion- moTecuTe react1ons stud1es us1ng ICR spect-
‘rmm%ers havethe advantage that the 1on concentrat1ons are _T

W
VA o e ..n‘.,, -«

asu éd:i_'sft' Th1s eTTm1nates the dependence ofi a

tsampﬂ1ng Teak and removes prob]ems w1th samp11ng d1scr1m—v'

,;1nat1on that occurs w1th h1gh pressure apparatus - On- the‘--t"

v“f.other hand the ICR techn1que does not Tend 1tseTf eas1Ty
‘to measurements involving equ111br1a of very slow 1on—'
mo]ecuTe react1ons such as: th1rd order cTuster1ng react1ons
or hydr1de transfer react1ons The IE§ spectrometr1c
'vmethod has been used yery successfuTTy 1n study]ng To;

equ1]1br1a of proton transfer react1ons by the groups of

Aue Bowers, Beauchamp, McIver and Taft (30,3]).

"C; The Flowing Afterg]ow Method

The fTow1ng aftergTow method was deveToped by quguson
Fehsenfe]d and SchmeTtekoff (32) In. th1s technlque “the

reactor is a. cy11ndr1ca1 tube of some 8 cm d1ameter A

- N

;icarr]er gas (usuaTTy He) fTow1ng down the ‘tube at a pres-

T 3ure oflabout O 5 torr 1on1zed by a heated f11ament

;a Su1tab1e reactant gas 1s adm1tted downstream from th\\

exq1tat1on region“thnowgh JnTet nozzTes vHeTIum'1ons orH€~

£

“5#17 metastabTesv 1on12e some of the reactanq ga's mo]ecu]es

,g.., ':.-Y . -»—-_.L’. T
N S
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o

‘Further downstream of the ‘tube, a second reactant gas whose'

‘-react1ons w1th the reactant 1ons are to be stud1ed is ad-

t

'mltted to the reactor The react1ons proceed over 3 dis-r;
. tance of some 50 cm down the tube At an eTbow of ‘the.

ftube the ions are, samp]ed by b]eed1ng a sma]] part of the

o 'gas through a sma]T 1eak into the evacuated reg1on where

© e
B N o ‘e

'meter  The’ react1on t1me (~10 -3 sec) depends on’ the d1s—
tance between ﬁhe entrance of the second gas and the e;1t
’or1f1ce of the tube and on the ve]oc1ty of the gas f]ow
';ane react1on t1me and the rate constant can be ca]cu]ated
Vifrom the know]edge of the f1u1d dynamwcs of the f]ow ‘fhé"
'equ111br1um constants can be ca]cu]ated F’%m separate

determ1nat1ons of the forward: and backward react1on rate

,constants It is a]so poss1b1e to 1ncrease the remctants

'35’mass ana]ys1s 1s obta1ned with. a. QUadrupo1e mass spectro-' o

concentrat1ons up to the po1nt where equr}1br1a are- ';"””“ ‘

ach1eved w1th1n the react1on t1me and then: measure the jsﬁ"

equ1}1br1um ion concentratlon ratlo d1rect1y The flowing
afterglow method is best noted for the determ1nat1on of
rate constants. of bimolecular reactions. It appears that

- the study of ion edui]ibria is somewhat lTess conven1ent

One d1sadvantage of the method is the dlff1cu]ty of chang—,

1ng the temperature of the fast flowing react1on system.

.This method has the advantage of be1ng capab]e to study

. even react1ons 1nvo]v1ng unstab]e neutra]s stch-as re-

activehatomss~-Bohme.and'hﬂstcowakers”(SB) have very

v e Y . . " g
. . . . . . s
. PSR e e . :
RO . 2, . . . R
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lvsuccesstTTy used th1s techn1que to>detenmtne the rate con-

B &
Y P

stants of a Targe number of proton transfer reactlons They

have aTso been abTe to measure the equ114br1um constants of
severaT proton transfer react1ons

1.4 Ion MoTecuTe Reactwons of Importance to Present Work

- There are two types of don- moJecuTe reactions’: wh1ch~

- P s
STe

are of 1mportance to. the present work They are proton‘

transfer and attachment react1ons e e e e

. . . . , . o

A. Proton Transfer Reactions

Mbroton transfer'reactions7are‘used*for the'determ;na-
tion of the*gasephase basicities of different_compounds.
‘The proton”amfdnity of a bhase B is defined as the enthalpy
Tchange of reaction 1.12. Sincevthe,proton affinttjes‘of ,

o . I _ . P

Coelewl o BT =B e v A= pA(B) - (12):

o v

ord1nary bases are 1n the order ef TOO 250 kcaT/moTe and

-~

the bond d1ssoc1at10n energ1es are onTy 1n the order of TOO
kcaT/moTe, 1t 15 1mposs1bTe to observe the thermaT equ1T1b-
rium of reactton 1. 12 d1rectTy Instead the proton

_transfer reaction 1.13 between two baseS'B} and Bz’must

be used to measure the reTat1ve proton aff1n1t1es of bases

_1nvoTved -The equ111br1um constant of react1on 1.13°
R 8
ﬁgiven,by equat1on T:]4. The pressure rat1o of the. o
| B.HY + B ”é.é'df BNHf L e S (3 )

i
RN

-,



T e

neutra]s PB /Pé_5’1s obta1ned from the known composwt1on of
i 2. ,
‘ the reactlon mlxture In the exper1ments the percentage of

neutra]s be]ng conVerted to 1ons are neg11gub]y sna]] and_k

PR . R

“the concentrat1ons of neutrals rema1ns constant throughout

the react1on , Th@ equ111br1um concentrat1on rat1o of ions

+/P 1s neasured,thh -a h1gh pressure mass spectro—_
BZH B]H j _
meter (see preced1ng section).

The'standard“free énergy{Change hGo'of the“reaction

A.13 s ca]cu]ated from K u51ng equataon 1.15. The stand—

ard entha]py change AH of the react1on may be obta1ned

from the study ot‘temperature dependence of the equ111br1um

e

“constant w1th the assumptwon that AH 1s essent1a11y o

.

'slope which fs equa1'to -AHO/R The entha]py change of

the react1on can-also be ca1cu1ated from the thermodynam1c s

.re]at1onsh1p 1 1 . ~For the proton transfer react1on 1. 13

the standard entropy change AS may'be- estlmatedfby
ca h6% E pHO - m‘s". - (1.17)

assuming that the:only contribution to 5% -i's "the

Sy

o

B temperature—1ndependent, equat1on 1 16 ho]ds Based on ‘}h_::'%

e equat1on 1«16 a van‘t Hoff p1ot of 1n K vs 1/T g]ves af,f;,;;:;g
”04 S j“ﬁﬂe . .
AL ='RT”*K R TR ,(1,.1.5)....\,,,,,
o :
_ AW I
1n K SRRt constant,_"“: Flf]ﬁq’



*als B /PB s obta1ned from the known . comp037t1on of
1 2., ,
*eactlon mlxture In the exper1ments the percentage of

als be1ng conVerted to. 1ons are neg11gub]y sna]] and_ ?f.epij";fi' P

:oncentrat1ons of neutra1s rema1ns constant throughout A.«.Tuﬁir';‘"
:eact1on Thg equ111br1um concentrat1on rat1o of ions

/P B'H 1s neasured,uxth -a h1gh pressure mass spectro—_
1 )
(see preced1ng section).

The'stendard“free énergy{Change hGo'of the reaction

is ca]cu]ated from K u51ng equataon 1 A5, The stand—

i

‘ntha1py change AH of the react1on may be obta1ned

the study ot‘temperature dependence of the equ111br1um‘Q s e

P S

'ent, w1th the assumptwon that AH 1s essent1a11y .

rature—1ndependent, equat1on 1 16 ho]ds Based on ‘f%;“ﬁffiffffﬁfh M.
_1on 1«16 a van‘t Hoff p1ot of 1n K vs 1/T g1ves a,,JV7J e

A“ =—RT 1nK <t R ,(]31§)ﬁ“7m e e Tt

1In K =:—-%¥r"+ constant"i' .‘(1,]6)> -

which fs equa1'to -AHO/R " The entha]py change of

eact1on can-also be ca1cu1ated from the thermodynam1c s

1onsh1p 1 1 . ~For the proton transfer react1on 1. 13,
tandard entropy change AS may'be- est1matedfby -
Y : T ”
B Y A VL m‘s". S an

ing that the:only contribution to 45° s 'the




AH‘_’;’ PA‘(_B']"v') - :ﬁA(B_Z-) R Q 20)

,,exothermic, ﬁz has-a h1gher proton aff1n1ty than B] Proton

wh

mtransfer react1ons 1n genera] are found to- proceed at-a very

-1

i¢fast rate (kd¥ 1079 ¢n3 mo]ecu]e .Xséc“7) if the react1on

3

'1sjexothermic7(33)

Bef&re the 1ntroduct1on of the h1gh pressure mass

-

and "bracket1ng techn1que" was used to oua11tat1ve]y deter-

‘mine the order ofbasnntwes of var1ous organic compounds.”'

..

In this method (35) on]y the s1gn of AG tor the-proton:vuf

T - nt
w

‘;Qtransfer react1on ] 13 was measured . For examp]e,.from

‘the observat1on that the proton transfer react1ons 1.13 o

The advances An- exper]mental techn1ques enab]e one

to observe the equ111br1a and to measure\the equ1]1br1um

+

-constants for the proton transfer react1on 1. ]3 . Th1s a]}ows

_d1rect quant1tat1ve compar150n of proton af?wn1ty va]ues

The f1rst report en the re1at1ve proton aff1n1t1es from‘

1on‘equ1]1Qr1a measurements was due “to Bowers; Aue, Webb’
- - . i .

and McIver (36). Equi]ibrium constants tor proton trans- -

SERE

jspectrometry, the study of ion equ111br1a was not p0551b1e' .

“ldand ] 21 occurréd the mass spectrometer 1t-%as assufed
Foooeo T ':_.‘ eru‘\'im;-A't;:_;ﬂk,,-
:4f3that AGO**VhHOIE“Ohtfor both react1ons 1 13 and 1.20. ;This
.1ed to the conc]us1on that PA §< PA BZ) < PA(B3X
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ter reactions 1nvo1u1ng amlnes‘werebmeasured w1th theiion3
cyc1otron resonance spectrometer at room temoerature . k_,:; : »,;
Re]at1ye proton aff1n1t1es aCCUrate to-+0 3 kca]/mo]e were.
ﬂreported' S1m1]ar measurements were carr1ed out at about

ddthe same t1me by Kebar]e and his coworkers1n th1s ]aborat—-
dory-(ift A h]gh pressure mass’ spectrometer was- used to

,measure the equ111br1um constants of the proton transfer

_react1ons Absogute oreton aff1n1t1es can be obta1ned

f.from the re1a ive vq]ues 1 the proton aff1n1ty of at 1east

gone of. the bases has been determ1ned by other’ methods

The pr1nc1p]es of these methods are d1SCuSS€d in a sub--

o ‘;

S1nce the 1ntroduct1on af . proton transfer equll1br1a

4'0

'sequent.sect1on;" , SN B

> ‘v

'.measurements, proton aff1n1ty data have been accumu?atﬁqg at'

an extreme]y rap1d rate ~ The ma30r1ty of tho data were obTS\

_ta1ned by one of the three types of apparatus descr1bed in T -
. N \ K .
~sect10n 1\3\\\§ohme and h1s assoc1ates us1ng the f1ow1ng

:-afterglow methdd\ha%e been most]y engaged in the determ1na-
- -~

.t1ons of - re]atlve proton atﬁxd1t1es of s1mp]e mo]ecu]es such

as H, and 0,° (379, NZ, C0, and CH, ‘Tsecggl and the rare

-gases (40); The groups of Aue, Bowers, BeaJEﬁgmﬂi\ﬁ:fveru?nd
Taft‘usjng _an ion cyc1otron resonance’ spectrometer(quiéjd'. S
\t\fﬁﬁs’iaborator%_(4]) US109 high pressure mass spectrometers\_’\\\\
efe;engagediin the determ1nat1on of_re]at1ve_proton affinit-
. 1es .of varigus organic compounds. The agreement in values is

a

not always within the precision C~+'O.3 kcal/mole) reported

- by ‘fferent groups, but it is surpr1s1ng1y good C0n§1der-

ing ifferences among dtfferent methods.
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B. Attachment Reactions

R

C TN e - ' A .
Successive additions of neutral molecule B to an ion

o+ - . - . . :
A can be studied in the gas phase. These reactions are

represented bx_eduation 1.22. -Attachment reactions in the

[A(B), 1" + 8= [a(e) 3" (1)

[

gas phase are usually third-order reactions as shown in:

equation 1.23:(42). Since the a%tachment reactions:are
. | + kf . + ' -
[A(B) 17 + B + M T—>LA(B)n] ) (1.23)
b _

exothermic, a third body M is required to remove the-e{cess

energy and stabilize the initia]]y\éxcitgd association

*
-‘+

product;'[A(B)nJ The’forward reaction 1.23 can be

written as reaction 1.24,”whefe kC and ka are the rate

. , k S 4k hk . ’ -
[A(BY, 1" + b [A(B), 177 ——»A(B) 1" (1.24)
d

"constants for the formation and the decomposition of the
Lactivated ion cEgmolex, respect1ve1y, and,kS is the rate

. .constant for thg sﬁabi]ization of the activated intermediate

by a third bbdy M. The stable ion complex cou]d be formed

only if the lifetime of the actlvated 1ntermed1ate is

longer ‘than the time rqqu]red for the collisional stab1]d?;¢

..
J»
Sl

ization, otherwise decomposition of the activated 1ntenw s

-

mediate back to reactants would resulf Aop]yinu th

steady state assumotﬁon Qn‘%hs entrat1on of the S
( ] + * Holwms ?'D

activated 1ntermedﬂate, e, ;—HT——— = 0, the oferal]

e




RSN _ .
”fdrward'rate-COhstant for reaction 1.24 ﬁs~gfven'by (43):
s e ; kc k - ) : ,
C » ko= =t 5 ) R (1h25’1
2 . ‘Th*_ B ' o f s ﬁif k L M] .'C:mm;- T q; PR Ce . . .
o **Under the cond1t1on 0 f Jow . pressure of M\T‘\Tﬁ {orr) k, >>

d .
k [M] the forward rate constant kf may be simplified to

the form given in 1.26. ‘The typical magnitude of the

ka1=\*' | - F (1.26)

forward rate constant for attachmont react1ons is in the
order of 10726 to.10f29 cm® mo]ecu]e—2 sec”! (44) The

reverse reaction 1.23.is then a second order react1on The
Presence of the third- body activates the break1ng up of
-Athesassoc1at1on clustér, 1
The thermochemical properties of the attachmeht

Or association reaction 1.22 can be Studied through the

determ1nat1on of the equilibrium constant which is

éxpressed in equation 1.27. The Pressure of the neutral
+ + «
. [A(B)n_]]. + B = [A(B)n] (1.22)
- " + —
"Ia(s) ] 1
K= — 2 4 (1.27)
P + P .
[A(s), 17 Pg .
o g
B is known from the compos1t1on of reactant gases The

equ1]1br1um Ton rat1o is determ1ned with the high pressure
mass spectrometer. The equilibrium %anstant obtained can

be used to calculate AG° of the reaction by the equation

>

8 B o
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HO - Tas®. 1t s important to observe that the con- -

centration of B should be expressed in the unit of atmos-

pheric pressure'so as to agree with the standard state for

- free enefgﬁes.v_Ftom the temperature dependent study of
equi1{brium‘cop§tants, AH® and 2S° ‘may also be obtained

through équations 1.16 and 1.17. Unlike proton transfer
g reactions, As® qf_an attachmen;_reaction4pannot be estimated
by only gonsidering the‘rotationa1 entropy~;hanges, contri-
“-butions frdm.trans1ationé1 and vibrétiona] entrony changes
must a]so be\considebed.- Becauée'the reaction involves a
éhange in the number of mq]ecQ]es in.gojng frpm feactants.
- towproducts, “the trané]ational egtrbpy'éhangeé are the'
major contribution to the AS® for the attachmen¥ réactions.
Thérmodyhamic data obtained from the reaction 1.22
- give intrinsic solvation energies for stepwise additions
of molecule B to the ion.*® This is useful in providing
information on ion-molecule interactions invo]ving'single
sgivent molecules. Ton-solvation in solution %nvo]ves
ions that dre not iso]afed from therbulk of solvent mole-
cules. .The interaétibns in the second case are much more
djfficu]t{to unravel. ’
The sd]vation of the hydrdgen iqn-by different

v

mo]écules.B as shown in reaction 1.27 have been studied

L H () +B=H'B (1.27)

~
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energies for the reaction 1.27 with B = H%OA(n uﬁ to 8) _'1
(45), B = NH (n up to 5) (46), B - CH 0H (n up to 8) (47)
and B = CH30CH3'(n up to 3) k47) have béén determined. The
_fwjmpont@nfe,qf the\hydrogen,bonding’iq'the‘ign—sp1yqtiqh{d't{;'r“‘
reactions has been shown by KebérTe and coworkers (47) by

compafing.the following reactions:

€y
+ | ot ' | ‘ \
H'(H,0) 4 &‘Hzp = H (H,0) o | (1.28)
H (CH,OH) . + CH,OH =H' (CH,O0H) .- .29
| 37 -1 T3 P3P g - g .29)
H'(CH,0CHZ) 5 + CH3OCH, = H'(CH,0CH;) (1.30)

3 3 ]
The water ana ﬁethaﬁq] form stable ion c]uste}s with tHe
proton‘(eadi1y evenzwhen n is greater than 2. However,

‘the dimethy ethér-oﬁly prdduces gfablé c]ustefs up to n = 2.
‘When n is equa]'to'of greater than 3, the resu]ting pro—‘

"tonéted dimethy]l ethef c]uster‘is quité unstable. This is
thougﬂt to be dzebto the lack of available site in the
H+(CH30CH3)n ion with n > 2 for furthef hydroéen bonding
with dimethyl ether mo]ecu]es."This.rationalizdfion‘was_
confirmed by furfher studies of ion equilibria of the
hidfogen ion in‘water—dimethyl éther and methanol-di-

-

methy1 ether mixtures (48).

)

1.5 Determination of Proton Affinities by Appearance

PotentiaJ lleasurements.

The proton affinity of a compound B, PA(B), was:
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definedyinfequatien 1.12, If the va]ue of AHf (BH ) can:’

be determ1ned exper1menta1]y, it can be comb1ned w1th 11t—_

_ o erature VaJUES Of /\\H}. (H ) a.n,dmAH..v (?)- tO‘g“lVe P-A(BI gcqord_ ;-;‘.. ‘..,

PR R
.Jyw.;._ ,baxﬂo;*aw._\y 0’,"~ .
N

ing to:. eqqu1on 1 31. The heat of format1on of the protonated

-spet1es,BH may be determined from'1ts'appearance'potentia1-

+ Coe + e Tarihen e v T e e, - . X

o BH =B e T % pa(s) C(1.12)
PA(B) = an (1" santB) s gH e (1.31)
as a fragment‘iont-‘Fef example, the proton aff1n1ty of NH3

can be determ1ned from the appearance potentsa1 of NH4 Ji.n

“f

'the mass spectrum of C H NH as shown be]ow

-

— NH,T + CoH, v H 4 2e  (1.32)

e + C,HgNH, - Ny SH,

25

" ,,7»
The experimentally meaSJred aopearance Dotent1a1 AP(NH4

C2H5NH2), corresponds to the energy requ1red to produce

~the molecular ion Mto= C2H5NH2 that decomnoses to the

fragment ion NH4 within the res1dence time of the jons

r

in the ion source. If one assumeswthat there is no

- excess energy in the ionifragment.and.the neutrals, the

A

4
1.33.. Genera11y‘the AHfO values for the neutrals are

. + . . o
appearance potential of NH may be written as in equation-

AP(BH+;H ) = AHfO(BH+) + AHfo(neutra1~proddcts) - AHfO(M)
_ 0
AP(NH4 s C2H5NH2) = /\Hf (NH

o
BH 7 (CoHNH )

o)+ oS (CZHZ) o) - [ (133




>

.

a’,m

2:6

ava11ab]e from the 11terature, so that the AHf_ ofAthe

fragement 1on, AH (NH )-may be caTcu]ated Subst1tut1ng

w o= W Q,A-. e 2 et e e e

Q

L (N’H4 ) 1mto seqpuation-<1 : 37 one—obtavns theoPA(NH ). Thef[

proton affinities of. some o1ef1ns and carbony] compounds

have a]so been determ1ned 1n this manner us1ng e1ther the

: _donization method (51) to .measure. the appearance potent1a]s

of. the correspondlng 1ons One drawback of the method

‘the fact’ that fhe protonafed speC1es BH *ofrmany mo]ecu]es
:B do not ‘occur as fragment 1ons As ev1denced from exampr

+
1.32, BHv is genera]]y formed by a rearrangement process

B -
A7

rand swch rearrangements are of 1ow probab111ty . Moreover

'even if BH is present as a-fragment 1on'the 1dentwf1catton. -

Pz

-of the otﬁer neutnad proﬁucts”from'the%tragmentation pro—

»;cess»1srnot a1ways certain (i.e. is the neutral CZHZ + Hor

2 Hy in reaction'1 32).f In sone tases~the observed jon

of mass equal to BH may not~necessar11y_have‘the same

'structUre as the protonated ion of B'. The maJor drawback

-

of the method is. ﬂm fact that excess energy is very often

present in the- fragments so that equation 1.33 does not,_:
ho]d. Haney and Franklin (52,53) deve]oped a semi-e%piri-

cal equation relating internal energy of the fragments to

'theftrans]ationa1 energy of the product ion. The trans-

lational energy of the product 1on was determined experi-

- mentally. From this energy the-average translational

energy Z£ present in the two fragments can be evaluated.

i

Ae?ectron—mmpact 1on1zat1on method(49‘50ﬁ or the photo-;'“yadp",

N,



”dThe tota1 excess energy E* was then tha1ned from~the sem]—'xﬁ "'f‘

‘ - A
~emp1r1ca1 equat1on 1 34, where-N 15 the degrees of freedom

PO PR : BEEEE Lol L R

+* - I et - e [ L . v
B = 0.44 Ne T T T (1034)

e

=for wnbratlons in the pareﬁf*mdié¢u1é5:'Byrméasuring*the-:_44 -

R Y
2 e e hed —Ng#

trans1at1ona1 energy of” the product ibﬁ;méﬁ%,@béﬁtfﬁﬁéﬁfi—,i”

ca]]y, theexcess eneroy can be'est1mated and inchded">

"”wequatiOn 1.33. Phe simple re]at1onsh1p 1.34 for energy

‘~,part1t10n1ng cannot be expected to ho]d rlgorous]y, and

such quant1tat1ve correct1ons shou]d be treated w1th

RS o

[N

caut1on 1”By using.the above approach Haney and Frank11n ¥(53)

”reported AHf QNH;+)

kca]/mo]e which 1ead to. PA(NH

148 kca]/mo]e and AHf (H3O,)u—=l43

3).= 207 Kkcal/mole and =

'PA(HZOQ";,IGS;kca}[mo]e, | BT | o

©
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CHAPTER 11

Measurements ‘of. equ1]1br1um constants of 1on mo1ecu1e

react1ons in th1s study were. carr1ed out us1ng ‘a h1gh pres

-

sure mass spectromete

's1m11ar to the one descr1bed preT.

@ . . a -

viously by Cunningham, ‘Payzant and’ Kebar]e in th1s “Yaborat-

ory (8). ?he design of the high pressure mass spectrometer

I

'for th1s purpose s cons1derab1y d1fferent from that of a

'conventmonal mass spectrometer The ion source must be

ab]e to operate at 4 constant and accurate]y known pressure

',Wn torr range for the durat1on of a neasurement To obtain

therma]-equ111br1um, the.temperature of the 1on source must

vbe un1form and the measured temperature must reflect the |

true temperature ‘of the ion source and the reacting species.

High energy (2000,-eV) electrons are needed to penetrate
thejgasedus”sample inm torr range so as to effect primary

ionization.: The .design of the ion source should be such

“that ‘the conductance from the ion source to the vacuum

"chamber is very low. - With: the installation. of the high.

efficiency pumping system to the instrument, the vacuum

" chamber should be at a very low pressure (around 1O~4 torr)

“even when'the‘ion source. is at a pressure of severa] torrs.

'The 1ow pressure in the vacuum chamber is necessary to

ensure_that»ions which'areuat thermal equilibrium in the

ion source would not undergo further collisions withneutral

P
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~ mo]ecu]es once they d1ffuse out from the ion source 5 Since
the samp]e detectlon 1s done. outs1de the ion source’ 1t
very 1mportant that the rat1o of ion intensities samp]ed is
a true representat1on of the rat1o of ion concentrat1oﬁs in
the reaction chamber.v S1nce-at a pressure of 10 -4 torr,
the'mean,free path is longer than the d1stance between the
;ion“source and the detector no - co]11s1ons occur for the
average ijon trave111ng from the ion source to the. detector i
| The h1gh pressure mass spectrometer cou]d be sp11t 1nto
threeimajor:components the e]ectron gun wh1ch generates
high vo]tage electrons to effect 1on1zat1on, the 1on source
wh1ch serves as the reaction chamber for thermal equ711br1um;
the'detection unit which mdssfanalySes at] ions and measures
their intensities quantitatively. It is found from experi-
ence that ft 1s best to mbunt’them separate]ydon indiyfduaT

‘flanges which are attached to the vacuum chamber. This

makes trouble-shootings and routine maintenance much easier.

The 1nvestlgat1ons descr1hed in this thesis were
conducted with a h1gh presere mass soectrometer equ1pped
with a quadrupole mass ana]yser (Granvi]]e-Phi}]Tps
Spéctroscan 750). The mass spectrometer was designed
and qssemb]ed by. J. P. Brjggs'and R. Yamdagni vof this
"}aboratory Some modiffcations were made’to suit parti-
cular requ1rements for the present study The features
of the instrument a]ong w1th modifications are described

in this chapter. A second high. pressure mass spectrometer

was a]sonassemb]ed by .this author. It was modified from

. o~
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the mass spectrometer des1gned and assemb]ed by D. A. Durden

>

(54) A new quadrupo]e mass ana]yser (Extranuc]ear &4—324—9)‘

o ) R

'fwas insta]Ted 1n the 1nstnument " The spec1a1 features of
’the se&ond h1gh pressure mass 9pectrometer and its opera—.

tional mode are a]so descr1bed in the 1atter part of this

\

chapter
7 \

T oA

2.2 Overall Description“of the System

A block diagram of the pulsed e]ectroh beam, high
pressure mass spectrometer is shown 1n Figure 2.1. ‘~The
e]ectroh guh,'the ion source the quadrupo]e mass filter
and the detector were housed 1n the vacuum chamber which
‘was pumped by a high capacity'd1ffus1on pump The‘pu]s—
ing of the e]ectron beam was effected by the master pu]se
generator and the pu]se amp11f1er [1]. 1ons which re-
mained in the 4on source,cou1d be removed before the start
cof a new e]ectron_pu]se'With the aid of a pulse generator' |
and theppuise amptifier [2]. | Samp]e preparat1ons werg
carried out in thé. gas hand]1ng p]ant which provided
sample to the ion source. lons coming out’ from ,the ion
source were mass analysed by the quadrupole mass analyser
according to their m/e ratiost They were then detected-by
a secondary electron mu]tip]ier. _The signal from the
detector cou]d be measured by an electrometer and d1s—

played on anoscv]]oscope or a recorder But in this

study, the ion counting technique was preferred. .The
N N

o
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's1gna1 from the detector was amp]1f1ed and'1nd1v1dua]vpu1se.

' were counted by the ratemeter and the mu1t1channe1 scaTer

The t1me dependence of the ion. 1ntens1ty after the e]ect-
ron pu]se Was. obta1ned by synchron1z1ng the sweep of the

- mu]t]channe] sca]er Wwith the start of an e]ectron pu1se

Indtuidua1 components'of the-mass spectrometer are

"described in the following sections.. - ".;v_ 7

B

2.3 The Vacuum'ChamberL

A schemat1c dlagram of the mass spectrometer s shown j
‘an F1gure 2.2. The basic components of the apparafus were .
made by the machine shop at the Un1vers1ty of Alberta. On]y
the quadrupo]e mass - ana1yser was bought commerc1a11y Thef
main vacuum chamber was machwned from an 8 1nch outer d1a— o o
‘_meter sta1n1ess stee] tube, about ]0 1nches 1ong The in- C -?
-s1de d1ameter of the tube was.7%.inches. This tube sup-
ported four ports at r1ght ang]es to each other (,Two _ E
oppos1te ports carried the ion source and the 1on detection -
: system A third port at r1ght ang]es to the f1hst twg |
ports carr1ed the electron gun assemb]y The fourth port
was. used for the 1nsta11at1on of an 1on1za¢1on‘gauge The’*
top of,the vacuum chamber was sealed by a sta1n]ess "steel
f]ange which had a 2 inch diameter ho1e,sea1ed byva trans-
parent plexiglass flange. The‘transparent flange was needeﬁ
for observfngbthe electron beam. This facj11tated focus-
sing of the electron beam into the 1onﬁsourcel The

€
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vacuum cham\\r\was pumped through its bottom open1ng by a
~.

© 2400 l/second 6 inch. 011 d1ffus1on pump (Nat1ona] Researehs "
‘Corporation VHS@P) backed - by a 375 0/m1nute mechan1ca1

forepump (welch Duo—Sea1 Pump g “97)'( In between the vac-

cuum chamber and the d1ffu51og pump ‘as mounted ' anﬁuineh~
water cooled baff]e The pump1ng speed the top of'the.
baff]e waS quoted to be- 1000 2/second The pump1ng speed
at the exit of the ion source can- be calculated frd\\\

N
equation 2.1 if the conductance of the tube is known. ‘\\\’

_ 0

1 T N TR
S A‘Sﬁ, - F‘ - . ,

S is the pumping speed at the exit of the ion source. Sp

is the pumping speed at the @op,of the baffle (1000 2/
second) and F is the eonduetante of the tube from‘the
baffle to the ion source (-5 fnch). The conductance of a - -
tube can be estimated by using the equation 2.2 (see

Dushman (55, p.96)):

F o= 2638K'AJ§kcm3 sec

where K' = — 1 _ o (2.2)

3 2
VAR K ]+§E

A is the.cross-sectional area of the tube in cm2, L ié
the length of the tube in cm; a is the radius of tL-re be
in cm.; T is the temperature in °Kvand M is the v 2cular
weight of the gas® A lead of 7.5 inch diameter and 5

inch long has a conductance of 2260 i2/second for air at

%
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300°K. Sug§t1tut1ng the va]ues of F and Sp into equat1on
2.1 g1ves a pumping speed-of 690 2/sec at the exit of the

10n source.
-~

The only leaks from;the ion source to the vacuum.chamber

were the ibn source exit s]jt (0.015 mm x 1 mm)ﬁend the
7e1ectron gun entrance slit (0.020 mmAX‘Z.mm)u The con-
ductance of the s]1ts was very low. The{conduetance, FR,
~of a very thin aperture under molecular. flow condftions is

given by equation 2.3 (55, p.91),
X ‘ ,

F,oc oA (2.3) o
where A is the cross—sectienal area of the aperture and v
is the averege {e1odity’of the .molecule. The average
velocity of the molecule can be calculated from equatiqn

A - » \

) L (2.8)

where M is;ehe mdfeeg]ar'weight of the molecule; R is the
ideal éas constant ane\g¥ﬁ;?\€ymhg1s>ere as.previously
defined_. At 300°K3 the average velocity of CH4 is
6.3‘x 104 cm/sec. ;Using this value in equation 2.3, khe
conductances aof the ion source exit slit and'the electron
gun entrance slit are 2.4 cm3/§ee and 6.3 cm3/sec, re-
spect{ve]y

The combined calculated conductance is 8 7 cm /sec
By measur1ng the t1me dependence of the pressure drop in

the gas handling p]ant reservoir when gas was bled

a
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tﬁrough ihe ién source, an experimental conductance about
9 cm3/sec_was obtained. The agréement showed that the gas'
- flow frem the ion.source through the slits are neaf mo]écu—
lar. Thelexpected pressure-in the vacuum sysfeﬁ-can be
calculated by comparing the net flow Q usihg equa;ion 2.5,
Q=" F = P S (2.5)

ion source slits vacuum chamber

where P is the pressure in the corrsponding system, Fslits
the conductancé of the sTfts,and S the pumping speed out-

side the ion soﬁﬁte} With FS = 8.7 cm3/sec and S =

1it
690 2/sec, an {on source pressuré of 4 torr will result

in a pressure of 5 x ]075 torr in-.the vacuum chamber. It

was foupd that du}ing normal operétion, when the ion §ource
was maihtained at a pressure of 4 torr with CHy s thé
vgcuum chamber was typica]]y‘s‘ a8 pressure of ~1 x 10—4\
torr, in fair agfee%ent'with the éxhetted value. Ultimate

véthUm of ~5 x 10'7 torr was attained in the vacuum

chamber after letting the system pump overnight.

2.4 The Ion Source“

A schematic diagram of the ion source is shown in
Figurev2;3. The degign of the an source was very similar
to those of other high pressufétmass spectrometers used
in our lqboratory (56)..:The ion sourgevﬁas machinéd from -
a non-magnetic stainTess steel tube 4% inch long with

an inner diameter of one-half inch. One end of the_tube

[y

o



(] high ﬁre%sure jon source
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FIGURE 2.3 - The High Pressure [on Source.

. Scale .in
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was attached to the base of the assembly.y Three holes

were bored on the other end of the tube perpendicular to

the main axis. The three holes’ wh1ch were at $1ght angles ~

to each other were sea]ed by three sma]] f]anges wh1ch
carried the e]ectron entrance s11t [3] and the electron-:

trap [4] oppos1te to each other and the repe1]er plate

'E&ﬁ. The top of the 1on source [1] was sealed by a

FSma11 “hat shaped" flange which carried the ion -exit slit

-2

[2]. "0"-ringd made fromAOTO]S inch gold wire were used
in:sealing:of flanges to the ion source. The volume of

the ion source was about 1.5 cm>, Both the ion.exit s1it
and the e]ectron,entrance\s1it were made,‘by snot'we]ding
under microscope'twdlsmaII p1eces of sta1n]ess steel razor
b]ades onto the ho]e of the respect1ve demountable f]ange
Typical d1mens1ons of the ion exit sllt and- the e]ectron’

entrance slit were 0.015 mm x 1 mm and 0. 020 mm x 2 mm,

respect1ve1y An electrostatic shield [6] was modnted’

on tdp of the ion source. It‘was used to ensure a
uniform field for 1one'which are to be acce]erated_ftom
the-ion exit slit to the acclerating cone. The shield was
in a form df a cylindrical cage made.from very fine~wife
gauze with high flow conductance. Etdht stainless steel
rods were used to support the wire gauze! High conductj
ance was-necessary SO that the pumping eff{ciency within
the cage was not impaired. The ion sounce was heated by

a stainless steel heating mantle [7]. The heating mantle

w
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, Was composed of two half-circular blocks with eight'uer-iQ
cal, grooves in whfgh heaters were embedded. The heaterS
'Were'made of Ot25 inch‘diameter'ceramic rodo 2;5 inch E -
long, with'edght:ho]es through whtch a 0.010 inch mo]ybéa
denum wire Was threaded . The heaters were he1d in ’ h
pos1t1on by. two ha]f c1rcu1ar stainless steel heat sh1e1ds%e
wh1ch weEreNscrewed onto the heater mantle. : - /

Gas flowed in and out the 1on sdurce through the ~gas .
'1n1et and outlet tubes [10]. The concentric tubes which
were made of Pyrex‘g1ass were.mOunted'to thevbase.ot.thg
assembly through a Kovar seal wh1ch was welded onto a
f]ange. Around the concentr1c tube was another glass \i;;

. tube which was mounted to the base of the assemb]y on a
sta1n]ess steel be]low to a]]ow flexibility. The outer
g]ass tube was. sea]ed onto the ma1n f]ange by a Viton
"0" r1ng It was used to hold heaters [1]] around the
gas inlet and ‘outlet tubes so that no condensat1on wou]d ’fﬁ”‘f
ocCur in this regionld The heaters were made of etght 0.1
>1nch ceramic rods with four holes each through thCh a
0.010 inch molybdenum wire were threaded A th1n sheet
of sta]n]ess steel heat sh1e1d [12] was wrapped around
“the heaters 13 order to achieve more: un1form heatlng

' Six 100 watt Hotwatt penc11” heaters [8] together
with a heat shte]d [9] were instal]ed around the region

between heaters [7] and heaters [11]. 1t was used to

eliminate the presence of any cold spots along the gas
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, : (
path to the ion source. : >

J ~ ";'(5 Lo

e

ATl electrical connections to the ion source wéfé\ma&e
t . ’ N ! . :
?through‘g]ass to metal feed-throughs which were silver-

sQ1derednqnt0 the main flange carrying the ion source.

" 2.5 Temperature Control and Temperature Measurement of

the Ion Source.

The-ion sourcé heater [7], the base heater {8j‘and the
gas«ﬁn1et heater E]]] were controlled by ihdfvidua] trans--
formers (Variac).- Tybica]1y, some three ampereé at
.fi}ty volts on the fon source heaters would produce a
temperature of 600°K at the ion source. The exacg%%empe}a_
ture of;the ion source also depended on the setting oflthe

v

,base‘heaters.A Even though the ion source was only at a

small voltage ( 7 volt)®above ground during opgration,

it was found that aﬁ 1sola£idn transformer qu.ih between
thg Jon éburce heaters and the Variac was necésséry; THe_
~installation of wﬁich~é]1mﬂwt€d the disturbances on the
measureméhts‘of e]éctron curreﬁt'ﬁeachingthe ioﬁ source
whén the resistance betweén the 1dn source an% the heater
wire wés not exactly infinify, This.happened when the
'Surface of the inéu]ating cerdm{cs became dirty with

fihe déposits of conducting materials. "A constant'tem—
perature could be reacheq'in»about fbur hours after a
change {n the settfngs of the Variac by a]]oang'the’

, . . .

'ﬂemperdture to reach a steady state. It was found (54)

that this sfeady state method gave a much more constant



“contact with the ion source.
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AT ) o
temperﬁg&fe than %ggng&dn'automptiCVtemperature“contro11er.

The base sheater and the gas inlet heaters were controlled

in a similar manner. - NO;TSOTatTOH transformer was neces-

sary for them because-thigghteating-elements were nbt in
- - s CanTIETT L

. . - e Yo, N . . "'o‘
‘The temperature of the ion soJr;e v88§ monitored by

an iron-constantan thermocouple. A Sma]] hole was drilled

into the metal block housing the ion source. The hole was

LR
ba

at a level in btheen the electron entrance sli%yand the

ion source exit S]it.”_The thermocouple was threaded

'through a small ceramic rod before silver-soldered at the

tip. A stainless steel shim was used to press, the thérmo-

‘couple firmly into the hole and to make sure that the

thermocouple had good thermal contaqt-With thé ioﬁ,source.

A second thermocouple was insta]]éd at the base of

_fon‘sourée assembly. A hole was dril]ed through the

center -of a screw. The thermocouple was inserted into

- the hole and silver-soldered at the“tip of the screw.

The screw was then tightened onto a tapped hole in the‘
assembly. The temperature of the base waé_kept close to
2hat of the iohlgource.

: A third thérmocoup]e wesfinséfted around the gas
inlet and outlet tubeé. The glass tubes that connected .

the inlet tube from the gas handling plant and the outlet

‘tube to a mechanita] pump through a capillary were also

heated by electrical heating types. The temperatures of

N

BT RN

e X - - “ _-_‘:,:&,__. _"?']’ R
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a]t connectipg tubes .was kept close. to that of the gas
hahd]ing‘p1ant " The temperature of the -gas hand]kng p]antt
Was tyﬁ’icany 150 C.

The vo]tage of the thermocoup1es re]at1ve to’the ‘ref-
erence thermocoup]e.at jce-water temperature was measured
by a potentiometer. Jhe temperature was read from the

CEMF table in "(CRC Handbook of Phys1cs and Chem1stry”

‘2.6ﬂ %&e Gas‘Hand1ipg Plant . . @
2. The gas handling plant was made ?rom Pyrex g]ass with
sta1n]ess steel walves. “Six Granv1]]e °h1]]1ps ultra
high vacuum a]]—meta] va]ves were mounted to the meta]
framework of the plant. A glass manifo]d a 5 liter g]ass
bulb andfbtners Were connected to the va]ves through 14 mm
"o.d. Pyrex tJb]UgS as shown in Figpre“274. The
Complete system was enc]osed in a'pox made,of 1 inch
thick asbestos boards. The box was heated. by three,
heaters; one at the bottom of the ooxpand the others- on
two sides of the box. The heaters were GE 100 watt oven-
type heatere covered with meta] sh1e]ds to prov1de more
uniform heating and prevent the poss1b1]1ty of therma]\
decompositions that m1ght occur at some hot spots. The

gas handling plant was usually kept at ga temperature of

about ]50 C.
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The vo]umes of the manifold. and. the bu]b were measured‘
by expand1ng air from another ‘bulb of known vo]ume to. the
man1fold and then to the comp]ete system. The volume of  /~
the ca11brated bulb was determlned from the we1ght of water
it cou]d hold and -the density of water. vThe volumes .of
manifcld ~nd the bulb were found to be 0. 96 11ter and 5. 06.

eg 11ter respectively.

The_comp1ete system was‘pumped hy a ]iqui& nitrogen
cold trap and an oil .diffusion pump (Edward #E-02) balked"
by a mechanical pump. A roughing pumpewas also connected
to the system. During"evacuation the system uas pumped
'down’to be}ou 1 torr by‘the roughing pump before it was
exposed to the’diffusion pump This was to m1:7m1ze the‘
contam1nat1on of the d1ffus1on pump 011 by the condensab]e
compounds present in the system

The pressure of the man%fo]d was monitored'by an
Atlas-Bremen MCT capacitance manometer. It was~—3 dif;vf
ferent1a1 capac1tance manometer wh1ch could read pressure
from 0.1 to 20 torr relative to that of the reference
cavity. Norma]]y, the reference cavity was pumped con-
tinuously by a mechan1ca1 pump and the read1ng gave the
absolute pressure in the man1fo1d When a pressure of 1

atmosphere was required in the system the reference

cav1ty wAf open to the atmosohere“and»the gas was intro- *

] the system until the manometer gave -a zero read-

ing. bThe pressure of the system Wwas then read frOm a
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L

_Mercury barometer. ' The calibrati if;the capac1tance Mmano-

" a WcLeod gauge us1ng

A : _ ' |
The 5 Titer bulb had two port one was an injection ﬂ

port for 1ntr: '_>
S

- v

other pOrt“was'for solid samples. Gaseous samples werev
'introduced'into the bu1b-through the‘gas 1n]et and the ‘ e\‘”
|
' » I
manifold. The samp]e was a]]owed to mix thorough?y and fkk

stored in the bu]b The f]ow of the samp]e from the bulb
‘stolthe ion source was contro]]ed by the meta] va]ve con-
nect1ng the bulb and the man1f01d The 1on source was
cont1nuous]y pumped by an exhaust pump through a cap11]ary{
This was to ensure the presence. of a fresh and un1f?rm o

e g

'samp]e at a]] t1mes dur1ng the exper1ment'
J—' :
The Pressure gradient. befween the manometer and the
Ton source was neg]1g1b]e because the size of the’ connect- "

.1ng glass tubes was 1ah%§ ]/2 1nch i.d.). The. ‘Pressure

. 3. -
gradient may be ca]@ﬁgagfd from the Poiseville law (55,

G\
= o e | (2.6)"

where nM.ls the rate of gas f}ow expressed in *terms of

- moles per second for a tube of ]ength L.and rad1us a R &
is the gas constant' n s the coeff1c1ent of v1scos1ty‘

of - the gas at temperature T. 2 and P] denote- the pres-
sures at two ends of the tube; With a pressure of 4 torr

registered “on the manometer, the flow rate wa‘s medsured

-



A
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to be aboyt 18-cc atm min‘]., The ]ength of ‘the &ube from

" the manito]d to'the ion source was about 200 cm. ~The vis-
'cos1ty of methane 1s 1309 x‘10‘4 po1se at 20 (o8 (57) From
»equat1on 2.6, 1t was ca]cu]ated that the pressure differ-

" ence between the manometer and the ion source was about

O 5% S1nce the d1fference was ¥ns1gn1f1cant the pressure.
)

read1ng in the manometer was taken as the pressure in

the ion source . : : . o

>

2;7 The Electron Gun Assemb] and the PuTsing ttrcu1tr
| A schematwc d1agram of the e]ectron gun assemb?y
shgwn in F1gure 2 2 E]ectrons em1tted from the heated

f11ament [1] were acce]erated and focussed by var1ous

e]ectrode plates and 1enses [2- 6j aTong the Z- ax1s towards

the 1on source | Two pa]rs of def]ection p]ates [7 8]

were used to deflect the electron beam in‘the x and y axes
1

Lsoas to position the. e]ectron beam right. on the e]ectron

‘entrance s]1t In order to produce high energy (2 kV) ':7

7

electrons for 1on1z1ng the gas-sample in the h1gh pPressure.
ion 50urce at +7Vv, the f11ament was kept. at -2000 v.
Typical vo]tage sett1ngs and control meter readings a’re~
divén/in Table 2.7 . Two d1fferent types of f11aments

. were/used in the construction of the e]eetron gun. Fila-
_,fments made of thor1ated Tridium were found to be res1st—
\ant to attack by most gases used 1n the present study

ﬁ}except when hydrogen su]f1de and aanes were involved.



49

TABLE 2.1

Typical Operating Voltages for Electron Gun Assembly

v

Electrode® v Voltage (volt)
1 Filament ’ -2000"
2 Drawout - | -1950
3 Extracfor. ‘ , -1800
4  Lens #1 LF _50P
5 Lens #2 (focus) ‘ | . -1650
b

‘6 Lens #3 R -50
7 Deflection half-plates .
X] , ) =75

X -50

2
8. Deflection half-plates

Y] | -35
‘ b
Y2 -50
Ion Source, Trap & Repeller +7

Typical control meter reédingsunder continuous electron
ifradiations: ' | : ‘
Emission Current: 1 mA
Case current (from electrons hitting the ion
source): 50 pA
ﬁrap current (from e]ectrons‘reachiﬁg the
electron trép): 0.5 upA
Number refers to Figure 2.2

Fixed voltages on these electrodes. Others were adjust-
able. ' ~ ’

X
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tUngsten/rhenium were' more satisfactory. The, 1ong d1stancems¢

50

In those cases, it was found that filaments made of 75/25

separating the"filament from the ion source meant “that the
filament was not exposed to the ' hlgh pressure ‘gas. This.
led to Tonger f1lament 11fe.r Also, a better fon source
temperature control was acﬁieyed ihrthis manner sinee the
hot filament would not heat up -the ion source, and the
temperature of the ien source- could be controlled so]e]y
by the ion souree,heaters. ’

| Focussing of the electron beam was done_with;the
system at vacuum. A small metal plate with a smalil ho]e
in front of the e1ectron entrance slit was mounted on. the
ion source’assemb]y. The oyter surface of the pYTate was;
coated witﬁ a phosphor (Type P-31 Sylvania) embedded in
sodium silicate. The electron beam was first deflected
onto the plate by varying the voltages on the deflect1on
plates and focussed to give a sharp green spot The
focussed electron beam was then deflected onto the

-

electron entrance slit. Final pos1t1on1ng was. attained ,

by adJust1ng the deflection until a max1mum current was'/
read on the electron trap current microammeter.

| A1l experiments were'performed with a pulsed elect-
ron gun. The pulsing was‘achievee by varying the poten-
.tial of the drawout e]eetrodelat regulated interva}s.
'E]ectrons could only pass into the:ion source when the

filament was at a higher negative potential than the
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drawout electrode. ., In the pulsing mode, the drawout p]ate
was kept at some 40 volts negative to.the filament. Upon
rece1V1ng a tr]gger1ng pulse from the master pulse generaj
to;, the f]oat1ng pu]se amplifier would alter the potent1a1
of the drawout p]ate to some 50 volts pdkst1ve with res-
pect to the filament fof a desirab]e‘ﬁériod'of“time {6-
140 psec). Thi§ allowed electrons to pass throdgh the |
drawout plate only fbr the preset period of time. Then
the drawout plate would return to the original potential
negative to the filament, and the electron beam would @::ﬂ
cut off.until the next cycle was ihitiated by another
pu]se>from the master pulse generator. yTheAduratiqn of

.

" the cycle (~4 msec/cyk1¢)~was contro]]ed”py;ihz master
pulse generator whe;eas thé‘duratioh Qf the ﬁon” time
for the electron beam (10—20'uséC) was goVerned by the
pulse amp11f1er which a1so had the provision to adgust
the exact voltage of drawout plate to give the best in-
tensfty of electron beam pulses. ﬁ

The triggering pulse from the maéter pulse generat&r”
aIso served two other purposes (see Figure 2.1). It was
used to send a delayed pu}se to the repeller®in fhe ion
source to sweep all pdgitive ions to“the wall of the
ion source and thus destroy the ions before the start of
ithe ‘next fresh electron beam pu]se This was achieved

with another floating pulse amplifier together with a delay

pulse.generatonr externally triggered by the master pulse
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generator. The repeller pulse was typicd]]y of 50 pusec
duration and at some 40 volts positive to the ion source.
The sweep of the multichannel éca1er for data collection

was aTso synchronized with the triggering pulse from the’

master pllse generator. In this manner, a time dependénte‘

g L

of ion intensities after the ionizing puTgEWCUUTd”UE'"
obtained. A schematic diagram of the pu1§1ng‘seqqsncé

was shown in Figure 2.5. | \ ‘ -

Whén_the electron gun was not pu]séd, the 1ntensitx

pf the electron beam striking the ion source was'a}ound

50 microamperes. Only a small fraction of the electron
beam passed through the electron entrance slit and reached
the trap in the jon source. This trap current was‘norma11y
about 0.5 microampere. It may be calculated that a 10
usec'electfon pulse, followed by a no e]ectron'ﬁurrent

period of 3 msec, will generate 3 X 107'e1ectrons pef.

pulse in the ion source. <

. | , | ' Co X

2.8 Ioh Acceleration from the Ibn Source to the Mass

Rnalyser.

lons coming out from the ion exit slit were éccé]ér—
ated and fécussed towards the quédrupo]e mass analyser
(Figure Z.Z)f An entrance cone [20] and a focussing

lens [21] were mounted on the existing quadrupole mass

spectromeier auxialiary ion source [23]. It was found

¢

‘that satisfactory focussing of the ion-beam could be

¢
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achieved with the cone and the lens at the, same potential.
.In a typical run, the ion ‘source and the ion exit slit
were et ¥7Vﬂ The entrancg cone -and Ehe focus lens were

at a negative potéhtia] of -150¥.  The Qafiousvplates,
[22-26] in front of the'quadrupo]e rods were at ground
potential: With this arrangement, iens coﬁing’eut from
the ion exit's]if were‘acce]erated.towards the entrance
cone.”vOncr “he ions were inside the cone, they would travel
'eat‘COﬂstant ve]ocity through the lens to the geounaed
p]etes [23726]'wheﬁe they would slow down.to 7 volts
acceleration. |

-

The time of flight. for 1ons to travel from the ion
source exit slit to quadrupo]e entrance slit can be
'_est1mated. It might be assuméd#%hat'ions were accelerated

“under a uniform field from the 1on exit slit to the

entrance cone w1th a term1na1 ve]oc1ty of Vi The
terminal velocity of an ion is given by equat1on 2.7,
w | . N . ' 0
= (2eE\L .0 . :
vy = (28R (2.7)

£

.where e is the electron charge and is equal to 1.6 x 1()_,]}.‘2

g cm2 52, E is the potential of the ffe]d.in volts and

m is the mass of the ion in gram. The average velocity

o

Va would be ha1f of the terminal velocity. The time

requ1red -for ions to reach the cone is then calculated

from equat1on 2 8,
d . X

1

t] = V——

1]
~no
Q.

—_—
—
la
~—

(2.8)

3]
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whére dj is the distance between the ion exit slit and the
~entrance cone. The time required for ions to travel through

the cone and the lens (total 1ength-=‘d2)‘und%r constant N

velocity, Vi before they were stopﬁéd is given by equation

-

2.9. >

o

%
L

2'2ek

t = = ':,d

2 Vi o (2'9)

After enterihg the - auxiliary ion source aésémb1y, ions
would possess energy Ei' The timefrequifed for them to
travel to the quadrupole entrance under constant velocity,

Vi, Will be: | | |
p t. = Si = d (_ﬂ__j% ?2 10)
R B 3126t : -
“where dé is the length of tthauxiliary ion sourcevassembiy.
The total flight time is:given by equation 2.11.

A . <«

=t 4t o+t (2.11)

ttota] 1 2

The instrument was set up such that d1 was 5'cm, d2 was
4 cm and d3 was 0.8 cm. Fér an ion with a molecular weight
~of 100 under an acce]eratihg fﬁe]d of-]57‘V and having a
: fina] ion energy of }V, the total f]ight time from thé
‘ion.sburce~to the quadrupole entrancevwas‘ca1cu1ated to
be about 10 psec.

The assumption that the average ve]ocity of an ion
under acce]eration is half of 1ts’termina1 ve]béity is

not exactly true. The potentia1 gradient between the

fon source exit slit and the entrance cone are not lTinearly

~
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proportiona1'to théirmdistance because of their geometries. -
MoFe elaborate ta]cu]afion§ had shown that the assumption
is gdqd,to withiﬁ jO% (54), and it is'therefore good~enough
for estimation purposes. | =

. Thé auxiliary ioh source assembly [22-25] 9n front of
the quddrupo]e housing could be used to obtain cénVentiona]
lTow pressure electron impact mdss spectra on different com-
pounds. It was used to check on the purity of compounds

used.

’

2.9 ggadrupﬁle Mass Analyser and lon Detpction System

A brief theory on the quadrupole mass analyser is
given below, followed by a description of the quadrupole

mass spectrometer used in the present system.

N

A. Theory of the Quadrupole Mass AnaTyser

The pdésibility of using an_éiectrodynamit'quadru—>
pole field to sort out ions of différent m/e ratios was
first recognized by Paul and co-workers (58) 1in 1953.
This and the-gubsequent studigs (59,60) r%sulted in the
development and the construction of quadrupole mass
'analysers. A quadrupole mass ang]yser consists of fbur
lTong parallel rods arranged as in Figure'2.6. Although
the fhéory was developed assuming hyperbo]ic.field—
forming surfaces, circular rods are usually used be-
cause 1t 1s much easier to achieQe the required dimen-

sional precision with circularly cylindrical rods than
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~

) b ®
+(U-+Voc05mt) f(U-+VOc05wt)

FIGURE 2.6 The Arrangement of Quadrupole Rods. The Hyper-
bolic Cross-section (dashed 1ines) is Approximated by the

/
Circular -cross-section with r = 1.16 ro:



58

nwith hyperbolic cy]inders! When the rddius'of the rods is
1.16 times the inscribed'circle.radiu$, the fields near tn;(
axis closely approximate the idea] hyperbo]ic ffe]d The
qQuadrupole field is created by the application of a dc
vo]fége (U) and a superimposed rf. vo]tage (v 0COswt) on

four hyperbo]1c e]ectrodes SO that two oppos1ng e]ectrodes
Will have a postive potent1a1 of +(U + Vocoswt) wh11e the
other two opposing e]ectrodes will have a3 negative pbten-
t1a1 of -(U + v COSwt) The e]ectrostat1c f?E]d potential,
d, generated at any point within the f1e1d ]i g1venvgy
equat1on 2.12, “

I3

® = [U + Vocosw{](xz - yz)/rOZ. (2.12)

where ér; is the distance between two opposite pole sur-
faces, w is the angular frequency of the rf with peak
potential Vo and U is the dc potential. The cartesiann
coord1nates (see\Figure 2-6) ‘are arranged such that x is
the d1rect1on of the pos1t1ve po]es y is the. d1rect1on
of the negative poles and z 15‘1n the direction of the

quadrupole axis. When a Singly charged jon with mass m

enters the mass filter, it is accelerated by the electro-

static field. The cartesian force components are gfven
by equations 2.13 - 215, J
2. L : |
m X e 0, (2.13)
dt 3x ‘
d® 20 \
‘m~=21 = e ¢ (2.14)
: dt oy
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L -
mdZ - 8 (2.15)
dt™- 9z . 4

where e is the electron charge. After obtaining the partial
differentials from equation 2.12,‘twe\equations of motion

of the ion can be rewritten as; -

2 . ° ., * Pl \ .
mg—i + (334)(U + ¥ coswt)x = 0 (2.16)0
2 2 0 . N
dt r , ,
o}
a2 ) ' ) .
m=—% - (28 )(U + V _coswt)y-= 0 (2.17)
2 2 o] :
dt r
0 .
) ‘ | a
mg_é = . . (2.18)
dt2 i

Equation (2.18) can be‘easi1y 1ntegrated to give dz/dt =
cpnstaht: This implies that ‘the_ axial velocity of Jany
ion is Eonétant thfoughout the quaJ:zggle rods and it is
not affected by the voltages applied. to the poles of the"
fi]tef.'The magnitude of axia]'velocity is equal to the
initial velocity of the ion when entering. the mass filter.
It is governed by the potential difference betwéen.the
'ion source and the quadrUpo]evagjs.

The fi]tering action of'the quadrupole results from
the trajectory characteristics .of equations 2.16 and 2;]7.
They can bBe solved by rearranging fhem into the canonical
form-bf the Mathieu differential equation as shown in
2.19 and 2.20. Three dimensionless parameters have been

introduced in equations 2.19 and 2.70. They are defined
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in 2.21 - 2.23.

2. : ) S .
g__% + (a + 29 cos2¢)x = 0 (2.19)
. ] T
do :
dzx,-x(a + 29 cos2¢)y = 0 . (2.20)
d¢2 wf K ’ a :
. ’ . (p = _é— ' : . (2.2])
" 8el :
a = (2.22)
mr 2w2 ‘ .
0
q = — (2.23)
o Mg W o
A v

The solutions for the_MathieuZQQUations 2.19 and 2.20 give,r
,}he amplitudes of x and y displacements with respécFﬁtd_f
the number of oSciTLations. de gFoups of solutions exi§f
~for the equations 2.l§ and:2.é0. There are unstabT; solu-
tions in which £he’amp11tudes of/qsci]]atioﬁs {ncrease
without bound and there are stable solutions in;which’%he
amplitudes of oscillations do not exceed a given boundary.
The ions with«qns}ab1e trajectories cd]]iae’with one of
the fodé-and are removed”from the ion beam. For a aiﬁited
set of va}ues of a and q, stabJe solutions exist. The
trajectories of the ions under such conditions are stable
oscillations which amplitudes remain less tﬁah ZrO,'Cbn—
ditions(under which ions achieve a stable t}ajectory in
the x and y directions‘can be obtained from the solutions
of the Mathieu equations. They are fepfe§ehted in the so-
called "stability diagram“'(seevFigure 2.7) Which was

developed by Paul 'and co-workers (60). The stability

s
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Stability Diagram.
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d1agram 2.7 is a. p]ot of the parameters a and g for wh1ch

_stab]e so]ut1ons of the Math1eu equat1ons are obta1ned

v

It is ev1dent from equat1ons 2 22 and. 2 23 that the ratio
.of a/q is proport1onat to that of dc to Yf- vo]tages

(a/q = 2U/V ). ~In F]gure 2.7, 1t BN shown’that the number
of d1fferent ion masses which have stab]e traJectorles |

&

through the quadrupo1e depends on the ratio of a/q If

the ratio is small (dashed scan line:in F1gure'2 7). many

-ions of similar mass (m],;..m,..;mz) can trayerse the

fi]ter'without hitting the rods. 1f the ratio is large
enough (so]1d scan line in F1gure 2. 7)f’on1y'1ons‘of one
mass (mj:can pass through the filter and be detected

LY

The reso]ut1on of the mass f11ter therefore 1ncreases

. w1th the va]ue of a/q,'and it theoret1ca]1y becomes

1nf1n1ty at the apex of the stab111ty d1agram wwth

a/q = 0.336 (ai = 0. 23699 and 9 =0.70600 in Figure 2.7).

N
In practice, the work1ng scan 11nes used are always in

the region near the apex of "‘the stabi]ity diagram. Mass

PN

’scanning may be achieved in two ways (a), At Constant

rf frequency, the dc and rf- vo]tages'(U and Vo) are

~varied in such a manner that the ratio of voltages,

U/VO, remains constant. lons with different mass-to-

charge ratio will be transmitted 5uccessfve1y; (b)Y At

.constant'U/V » the-frequency is changed\ Most commercial

quadrupo]e mass f11ters operate in the former mode.

The mass-to-charge rat1o of 1ons tran9m1tted can be

‘obta1ned by rearranging equation ,2.23 into 2.24. By

~n

?
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qy - .
m_ 1 o
e q r 2,2 ' (2.24)
0
\ substituting qi = 0.706 for g (at infinite resolution).

The mass of the sing1y'éharged ions which reach the detector

is given by equation 2.25, where Vo‘is in volts, ro 1s

oo

m = 0.]381Vb/r62f2 amu at infinite resolution (2:25)'

in_em"and f‘is theafreqyency in megacycles per sec. It is
evident from equation 2.25 that fheﬂdperating mass range
of a Quadrupole analyser depends on the diameter of the
rods, the rf frequency and the maximum rf vo]tage'

The reso]ution R; is a quant1tat1ve measure of the
mass separat1on ach1eved with the mass, spectrometer It
1s_usu 1y defined as R = m/Am where m is the mo1ecu]ar
weight of the ion and aAm +is the peak w1dth in amu for the
1on measured at 10% of the peak height. ,When Am is 1, |
'two dons of masse's d1ffer@d by one are said to be reso]ved

a Slnce m < 1/q from eouat1on 2. 23 the reso]ut1on may be

2

expressed in terms of q values as shown in equation 2.26,
<

i

N R >1/'9 W% %9, (2.26)
oo A meem, 1 5(@2 q]) 3(Aq) .
R % g o

-J\//wheméa = q$==0.706 and Aq: = qé —fq] 15 the w1dth of the
L {
' -scan 11ne within the stab]e reg1on 1n the stab1]1ty d1a—

b

/ﬁ"“ gram as 11]ustrated in F]gure 2.7. MWhen {he.operating

)

“scan line is closed to the apex of «the stability diagram
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as it is generai]y the case in practice, 9 .= q = q,-
Equation 2.26 may be simplified into 2.27%
R~ 4 - 0.706 | o {2.27)

Aq Aq
Under these conditfons, the relationship 2.28 obtained

Aq = 4(0.236 - 1.4107)  (2.28)
: |

by Paul et al. (59) from a detail study of the geometry

6f the “"stability t1p" of the stability. d1agram 2. 7 is

valid. The comb1nat1on of equation 2.27 nd 2. 28 ]eads

\

& . 0.125 - o
S TR - 07V, | (2.29)

‘The foregoing discussion on resolution based on the

stability diagram 2.7 assumes that the ions have exper-

ienced an infinitely large number, of osc111etidns in the

quadrupo?é field. 1n’practice, the number of osc1]1at1ons

that the ions wou]d encounter is ]1m1ted by the phys1ca]
1ength of the quadrupole rods It has been shown by

| Zahn (6 1,629 that under the condition'thétggze ions

spend relatdively "few" oscillations in the quadrupole
field, the maximum attainable resglution (gl) is related -
T ' max '

4

to the number of cycles of rf field, N, encountered by

‘the ions. The re]at{onshjp is given in equatibn'2;30
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) = constant x N2 © (2.30)
ma x “ ‘

(>ls|
3

whehe the constant depends on the-instruméhfé] deﬁqnhsuch as
'fhe instrument apertur§ and the fié]d radius; For: estima-
tjoq purposes, the conétant may be‘assumed to have‘a va.lue
of 20 (61);.'The number of.rf cycles, N, may be expressed as

in equation 2.31, where f is the rf frequencv, 2 is the

1
2

m_) |
2ekE - : -~
}Z .

N = fof (2.31)

.1ength»of the rods, EZ is the ion energy in z direction, m
is thermass of the jon, and e ishbﬁe-e]ectronfcharge. On-
substjtuting equation 2.31 into .equatfion 2.30, the expres-

si6én for the maximum obtainable reso]ufion becomes:

(@—) | 'ﬁ~constant [fz 5T ] ’ ., : "(2V32)
‘ . ZQEZ : 4 o T
The maximum reso1ution obtainagle is therefore dependent-
on three operating parameterS' the ]ength of the rods,

the rf freqqéncy and the ion injection energy it is
1nterest1ng to note from equat1on 2. 32 that the max1mum
reso]ut1on increases with the mass of the ion. In other

. words, the miéime atféinqb1e peak width is independent

of ion maés in a given o%eration LIn the present instru-
ment, with a f1xed operating reso]ut1on sett1ng, Am in-

creases on]y very slightly w1th mass, and for a]l pract1ca1

purposes, Am is more or less constant over the mass range
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N
of interest in a partiCU1ér experimenty\'As evident_from
equation 2.32, the ion energy has an important beéﬁﬁng on

the maximum resolution attained. For mass separation

to occur, any ions of the incorrect m/e values must remain

“in the traverse field long Enough so that they will be

-

rejected. This means a maximum axial ion energy Ez(max(,)b

exists for a filter of given length &, operating at rf

frequency f and a givenmreso]ution (%ﬁ)’ By substituting

3>ya1ue of 20 for the constant in equation 2.32, an

approximatelre]ationship between Ez(max) and a given

rgsblution (%E)_is given byeequétipn'2.33;.
(2.33)

whefe f is in;megacyc1e§ per sec énd z‘invcm:

Another fmpbrtant asseSsmenf.on the performance'of
any quadrupole mass spectrdmeger"is its éffici%ncy in the
_ transmission of ions. It is highly desirabte that the

efficiency of transmiésioh-dfﬁthe quadrupole héss filter
should not be dependent upon the mass-to-charge ratjdﬂof;
the fons, i.e. there is novmass discrdmination_oﬁrion‘*
xtrahsmiésion. Unfortunately, this_ié often difficult to
achieve. One of the reasons f6r the mass deﬁehdence‘of
the transmission‘arisesvfrom’fhe effect Qf the fnjection~
abérture on resolution. 1t has béeﬁ‘showh'(83) that_fop
_fons ;;jected para]]e]bto the quadrupdle_axis, theL

radius of the maximum mass filter aperture, a, which
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will ensure that none of the ions of the right m/e wiTT
strike ‘the rods can be approximated'by‘equation_2.34,

o Brem® e
| m- .
where r0'1s the distance between the quadrupole ax1s and
the pole surface It is ev1dent from equation 2.34 that
“the maximum mass filter aperture decreases with an in-
Acreqse in reso]ut1on . When the quadrupole mass spectro—
meter is operated w1th a constant Am, over. the mass range
as in the present 1nstrument the max1mum rad1us of inf
jection of ions to be transm1tted w111 d1m1n1sh w1th ipn
”mass Since the transm1tted ion signal is proportional

to the area of the'atceptance aperture; it would diminish
~as- the inverse first power of ion mass. ' ( .

The mass dependence ofhthe transmissipnafs further

complicated by .the presence of . fringing tields near the ‘
entrance of the quadrupp1e-rods.‘hThis occurs in practially.
a11 quadrupole mass spectrdneters With a fixed ion o
energy, the time that an ion spends fn'the fringingvfields
depends on its mass The heav1er theAibn the ]dnger'the
time it wou]d spend in "the fn1ng1ng f1e]ds and therefore,
the greater the d1spers1on in the quadrupole f1e]d As a
result, there 1s a]ways a tendency for the heav1er ions v
to be transm1tted less eff1c1ent]y caus1ng mass discrimin-
ation on transm1ss1on ~Dawson (84) has-shown‘by theor—

etical ca]cu]atﬁons that if'an ion spends more than three

rf cyc]es in the fr1ng1ng f1e1ds there is a large re-

9
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duct1on in transmission because of the 1arge reduction

'1n effectwve aperture of the 1nstrument The effects_

1

of.the‘fr1ng1ng fields @n ion trajectories were first

_ R t
cons1dered by Brubaker (65) He showed that when 1ions /)

~are approaching the mass f11ter entrance, they are sub-

Jected to weaker fields vary1ng from zero to the fu]]
potent1a1s represented by the a and q va1ues d1str1buted
3
stab1]1ty t1p (F1gure 2.8). These lower a and q values

cause the 1nstab111ty for the ion tragector1es in the

yz plane but not for the xz plane. As a result of this

consideration, Brubaker (65) suggested a modificatiof in

the mode of operatton of the quadrupole mass analyser

to m1n1m1ze the effect of: fr1ng1ng fields on ion tra $-

v

“mission. If an ion approach1ng the mass f11ter is f1r§t

£
subjected only to rf excitation before it is subjected

to the normal dc and rf excitation, the "worktng“poﬁntm
- 7 : )

i

for the ion moves first along the g-axis (a = 0) in the '

~stability diagram (Figure 2.8) and only later does ‘the-a

<
)

|

\
\
e
a

value increase until the stability tip is reachedAWhen

>

, : i ) : ) ' o
the ion-enters the full quadrupole field.  In this manner,
. . v

- v ' ' o
the(ion a]ways remains in a condition tha% jts traject- “

o ) Y )
ory is mathemat1ca1]y stabﬁe The‘defocUssing of ions

in the y d1rect1on when they are travers1ng the fr1ng1ng

f1e1ds is thus m1n1m1zed Under such cqnd1t1ons,‘one

of the. many paths the work1nq po1nt" for the jon may - ~
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take through the stability diagram during its traversal.-
of fringing fie]ds_is shown in Figune 2.8. 'The modifiq-
cations in the apparatus were done by putting an addi—‘
tional set of four electrodes in a form<0f.insuiated rod
,segments one on each quadrupo]e rod, at the entrance
of the quadrupo]e The short additional segments were
only supp]1ed w¥th rf voltages while dc and rf vo]tages
were applied to the quadrupole rods as shown in Figure
2.9f Because the dc fields are delayed along the'in—
‘strument axis, this mode of operationuis(xﬁIed "delayed ¥
dc ranp” mode. For very s]ow'ions, such as ions‘of high
masssand Tow ion enengy, this mode of operation may be
‘very.uSeful if high efficiency in transmisﬁion is de-‘
sired; Brubaker”(ES) compared the sens1t1v1ty of the
conventional and "de]ayed dc ramp" modes of operation
with his jnstrument.-Krypton gas.waa used and -Kr+ km/e =
84) was monitored. He reported that, typically, when
the "de]ay dc ramp" was used, the sensitivity for 15 eV

ions was inc;eased‘bywa-factor of 6, fo¥ 8 eV ions hy a
'factor’of 100 and for 4 eV ions by a factor of 200. The
improvement also depended to a small extent on the re-

§o]ving power “Other workers.(61) USing this mode of
operation reported a much sma]1er 1mprovement oh sensi-
t1v1ty (a factor of .6 for 4 eV 1ons) They argued that
A1t m1ght be due to the more accurate canstruction and
a]1gnment of the ion source that the1r sen51t1v1ty with

'the convent1ona] mode was much higher than that of

*
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Brubake?'s_fnstrument. If that is the case, i. would
'mean‘thét‘the "delayed dc'ramp" is of great‘value in
remedying the mfsa]ignmeﬁts in the soﬁrce region.

Another 1atér version of the "delayed dc ramp" mode
which is‘easief to achYeve experimentally was also sug-
gested by Brubaker (66). In this“hodificgtion, four sma]f
electrodes, one paired with each-rod, were put ahead of
the mass filter. FEach electrode was'Supp1iéd with an
appropr1ate dc vo]tage of oppos1ng ‘polarity relative to
'1ts pa1red rod in order to partially nullify- the dc f1er
'in the vicinity of the ion entrance aperture.

)

B. The Quadrugﬁ]é?Mdss AhaTyser'Used in the Present

Study ‘ The\Measurement of lon Transm1351on

Eff1c1encliof the Ana]yser -

’

There ére'severa] advantages in the quadruéo]e mass
;spectroqetér§ over the conVentionay‘mggnetjc hass'sppctro;
meters. If is‘compact.in size and less expensive. Its
fastdscénning }peéd and compatibility with computers
make it an attractive analytical tool. Besides, 1£

hés no magnet; aﬁd consequently novstray maghéticfields
which mjght iﬁferfere with adjaceht‘apparqtus js*possible.
Its méfh drawback is the'suéteptibi]ity to fhe‘pre§ehce

of -fringing fie]ds which WOu1d'afféct the ion trans- -
,mdssibn“and the reso]utioﬁ'attainablg_by the quadrupo]ei
mass spectrometer.{
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The quadrupo]e mass spectrometer used in the present
system was a Granville-Phillips Spectrascan 750 Quadru—

po}e,mass filter. " The’ quadrup%ge assembly cons1sted of

.

. four parallel cy11ndr1ca1 rods. The radijus of the rodS"

was 0.5 cm, their length 14'cmt The rods were arranged'

in such a way that the radius of the inscribed circle -

.was 0.86 times the radius of the rods. This was done to

X
4
1

approximate hyperboTic fields near the quadrupole axis

with four<cjrcu1ar‘r0dsr_~lhe quadrupole rods were housed

in a,grounded’housing. The auxiliary (low pressure) ion

source which came with the mass analyser was mounted in

front of the.housing. The quadrupole axis was aiways at

ground potential. In gem&ral, an ion energy of 7 eV was

A . ' - & .
used in the experiments. Mass scann1ng was ach1eved by

vary1ng the dc and rf vo]tages (U andvvo),at a fixed rf
frequeney, keeping the rat1o U/VO constant. The resolu-
tion was adjusted by varying the U/V ratio; Three mass
ranges operating at three d1fferent frequenc1es were pr0qq

vided. They are: low mass (m/e :..1-50) at 5.5 mega -
\ .

‘fcyc1es per sec, medium massf(m/e 10-250)'at 2.6 mega-

“‘cycles per sec; and h1gh mass Gm/e 100-750) at'1.5

megacycles per sec. As most ions 1nvestigated in this

'?study had masses, in between 15 amu and 250 amu , oniy o
“the medium and the high‘mass'ranges were used. C ' t\
J

S A sp§CJa1 feature was 1ncorporated in the quadrupo]e

A

“1mass fxlter Lo a]]ow ions of a]] masses to traverse

g
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:through the rods without mass separation. This .was achieved
by switch%ng of f tne dc voltage. " Under this condition,
a/q = 0 (which is the ordinate in the!stab{1ity diagram in
Figure-Z.?),‘and ions of e11 masses will nave stab1e,tra—
jectories pasSjng through thevrods. A smai] f vo]tage V

/

is required to foeus the'ions into the quadrupo]e entrance.
-
A1l 1ons except,those with masses much sma]]er than that
correspond1ng to the small value of VO are focuséedvinto
.the quadrupo]e aperture. Since the ;fVVOTtage VO required
1s‘very small, essential]y ions of all masses are trans-.
mitted,k This provision is useful in‘enhancing the sensi-
"t1v1ty 1f the quadrupo]e mass f1]ter 15 used to mon1torv.
the total presere of . a system. |
Since no spec1a1 mod1f1cat1on was made onlthe present
- quadrupole mass f]]ter, d1scr1m1nat1on aga1nst heav%er
'1ons in transmission was expected. Therefore, the rela-
tive transm1ss1on eff1c1ency for ions of different m/e
rat1os had to be measured in order to correct for the
mass dependent ‘transmission 1oss through - the quadrupo]e
rods: The transmission factors we;e measured in the
following manner. Perf]uorotr1buty1am1ne, (Uﬁé 3C)3N ' 3
was used as a reference compound for ca]1brat1on It
qu chosen because its major peaksAspread over a wide
mass range. "’ An electron 1mpact mass sspectrum .for the.
compound was run using the aux111ary ]ow pressure ion
source with an eTectron energy of.70. eV The typ1ca]f

‘ . . »
. .

'
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_contro] sett1ngs used in the aux111ary ion Source are
shown in Table 2;2; The relative  peak 1ntens1t1es (I :
of magdr peaks were measured as the pertentage'of'the

r1ntens1ty of the most 1ntense peak CF (m/e'— 69). These

were compared with the re]at1ve 1nten51t1es (IM) from the

spectrum obta1ned from an A.E.I. MS- 9 magnet1c mass
spectrometer operated with the same electron energy The
tran;mtss1on factors, T.F., for different 'jon masses were
'e%pressedeas: o R : o |
C \ . SR //‘_//////

a J.F. | : o , (2.35)
M - -

S1nce magnet1c mass spectrometers have eSSent1a11y no mass

dependence on ion transm1531on Within the mass range of
1nterest ths transm15510n factors measured for d1fferent
m/e va]ues were the re]at1ve transm1ss1on eff1c1ences for
14d1ffere6t ion masses. | In the present exper1ments; on]y

[ 4
rat1os of the— 1ntens1ty of the two ions part1c1pat1ng

in a reaction are of 1nterest The nrue ion 1ntens1ty
rat1o may be ca]cu]ated from the measured 1ntens1ty rat1o
1f the transm1ss1on factors for the correspond1ng 1onsﬂ7

are known This is expressed 4in equation 2. 36,

I © (TR,

- ] ] , -
v = -I— - X '(—T.—F'-ST (2.36)
I o measured _ , ,
~where (Tl'> is the'intenSity ratio and whe subscrdpts 1
: 2
and 2 indicate t}e two d1fferent ions. The transm15510n

factors measured for d1fferent ions over a mass range was

o
]
K

o)

4
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"T'ABL'E“ 2.2 e

Typ1ca1 Contro] Sett1ngs for Operat1ng the Aux1]1ary Ion—-

Source . ,‘f
‘Iohizer.Contrb]sb' : Settjngs :d“'
Ionizing Current >’”‘1mA (Electron em1ss1on cur-
: ' - ‘ rent) o »
Ionizing voltage ~ - Z{ 70V » '(Poténtdal difference
o o o h ) between .the filament
* : [2212 ahd the ion
' - “\‘“\Cj- . source [23]a)
» N SO R T .
. lon energy . v 7V s (Posential difference: u . -
: B . y © ... . between the iden source -

[23]% and the. Guadru- :
po]e [27]3)

Leds Vd]tageJ: L NE ;hrﬂe* : (Vo]tage of. the ]ens_’f

AN

foiqu7 (Vo]tage of the col-
N . lectoyrs [24] )? '

460 o
X " / .
v
/r‘
Number refers to F1gure 2 2 Cone [20] and focus o
) ]ens [21) were grounded when the aux1]1hry 10n source‘
. Was used. : T Af" /- .,‘"”
‘ 1}

when'high‘pre§SQrehidn Sogrce'wasJQSed,'a11 electrodes

“in the auxiliary ion source were grounded.

S
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joined by a smooth curve. From .the transmission curve,. .

transmission factors'for'{dné bffdjfférent H/é,951ué%;f
ﬁay be'obtained. The c&]ibration procédUre}was déﬁg!bn
_thé”two 6pefating (ﬁedium and high) mass‘raﬁgé§ wifﬁf

differénf“re501utibn géttfngs.A Typi'ca]'transm_iSsion\w |

cUnxes for the medium and the high mass range’aféisha n o

in Figures 2.10 and 2.11. For the calibration of the

» 1]

"; medium mass réhge, trifiuoroacetic acid (CF3C02H) was’
~also used as a secondary reference compound. It wasvﬂsed
‘to check on thé»tfanémiSsion factors‘jh the Téwer mass =
2 %3

obtaihed.by_comparing the quadrupole spectrum wﬁth_fhe

'sta]e.  Thewtransmissﬁon factors of “ions*from CF5ca

MS—9.specerm weré normaiizéd_to the“fattor-obtaihed for
C%3+.(m/e = 69)7§ince it‘ikva'common‘ionvin thevsﬁéCtrqﬁ
bf CF3C02H,and ((CF3) C)3N.?.£ach transmission curve was
obtained froﬁ the average of_at’]kést”fhree rqﬂs}“The; .
were cbnsistent to within 10%. Sincefthé mass spectrum
of a given compouhd hay be fair]y different“Wheh measured
with different magnetic mass spectrométer; dJe.fo dif-
'fereﬁt repeller fields and ion source extraétion fields

C).N obtained from the A.E.I.MS-9

3)3 3

- used, spectra of ((CF
magnetic mass spectrométer and from the A.E.I1. MS=2

magnetic mass spec;rometer were compared. The agreement
in the intensities of the major peaks among different
spectra was in.general within 30%. . It'is\&ipectéd that

the uncertainties in the transmission,curves (Figures.
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2 ]0 and 2 ]])bare Of S”“”f'“’’maQMtude S1nce the masseS"%

CA

'-,ﬂOf 1on pa1rs under study usua11y do no§3d1?fer to a great %;;

f{extent, the uncerta1nty od theQrat1os of transm1551on
Q‘factors used was estamated to be +20%pi rﬁ?.ﬁi}_fi'”ffiji;
t;h The Aon Detect1on System o 53'”37f*_:§f”§_?5fffu;
> T, 2y o .
The' 1ons after mass ana1ys1s were detected byia Channe]w
PEER

'-"-tron e]ectron mu1t1p11er (CEM 4700 obta1ned fromtﬁa111eow f
S 5 % & S
. ‘,E]ectro 0pt1cs Corp It'con 1s ed of\ tg1ass tube the 1n—f“
:§s1de of wh1ch was ceated‘w1th a. h1gh res1stance;f1Tm |
g

: Comparlng w1th the convent10na1 mu1t1—stage§£opper beryl-*

ey

. Xu .

Tium secondary e]ecﬁ%on mu1t1p11er‘~the Channe]tron has gfe
L L w"ﬁ)f : 3 .. o
. severa] advantages : It 1s 1nsens1t1ve to the~exposure to

' jthe amr It has a h1gher stab}]1ty 1n the ga1n and the~

gain dependency on 1on mass TS m1n1ma] (67) Furthermore,i

‘ ,the output pu]ses are of fa1r1y un]form s1zes The unTr

EER R JE TN R 6 f
form1ty ins pu]se he1ghts a]]ows one to set up a ggte '

R

athe amp11f1er d1scr1m1nator such that on]y s1gna] pu]ses',

ﬂare accepted wh11e the 1ow Jeve] no1ses are, re@e@tedl'{v;yi3;7
Typ1ca]]y, the Channe]tron was operated w1th«a ga1n ofa Tiéhie
H{) wh1ch was. obta1ned w1th an acce]erat1ng vo]tage of ';d?;i

2.5 kt across the two ends of the Channe]tron A AY the 'u?;vdg

. ‘;_ .

'Channe]tron gets o]der,:the Qa1n attenuates and h1@her _“.'h@‘
;acce]erat1ng vo]tages are requ1red to ach1eve the same Eo ‘f
- “ ; L2 ;?
ga1n The ’hanne]tron has to be replaced when its: galn I
4 o

,drops below 10 w1th thepwxmmum.acc§1eraMJng:ypltage:of;-”

PR
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‘ , $The amp11f1er/d1scr1m1nator Was des1gned to perm?t

._chargen;;

. o ? - A
1'} v . 5“,
- : . ‘ v >
3 k V S0 8 4, ‘ !
] A

The output negat1ve pu]ses from the muTt1pT]er were

amp]1{&ed @uﬁ%her by an ampr1er before be]ng counted

The pu]se qmp]1f1er used was the SSR Mode] 1120 amp]1ﬂ ﬁ.

Nl

o b"‘ L St ) .,‘, B ' A ‘v ; ) . : " . : - " " . . .‘ A ’ . ) N ‘. . -

fver/d1scr1m1nator from Pr1n£eton Research Corp B Tt had .

| t‘a r1se t1me of 6 X ﬁO 9 sec and a m1n1mum ga1n of 2300

~ .{ ¥ e

- ) o
resoTv1ng eTectron p«TSes separated as T1tt1e %; 10

\

’ 5ec, w1th suff1c1ent senswt1v1ty to detjct 1nd1v1duaT

secondary puTses represent1ng Tess than ToéfeTectron

«

‘25 mV to 250 mV _and it aTTowed the sett1ng of a’ gate

- '1

=TeveT such that onTy the s1gha1 pu]sesswere ?ransm1tted

cwthe the 10w ]eveT no1se pu]ses were reJectgd ”fhé

bv" - -, »;“.;" = /‘..."'
*ampT1f1er/d1scr1m1nator xdqu be used for count1ng rates

nyup to 107 per “second. ThTS reso]utlon was suff1c1ent

" A

ST oo ,
"wfor the present sysﬁemigs the typ1ca1 519na1 rate was

¢fon1y about 104 per second The output puTses from the

‘ndData 2200)},,The typ1ca] no1se TeveT obserwed was about’

;afchaﬁb 'recorder %r w1th a mu1t1channe1f

i

NIM adapteri(from Pr1nCeton Research,Corp ) wh1ch con— -

i1

'v;yerted tne d1scr1m1nated vu]ses 1nto’un1form 5 vo]t

O bc\

Nlth an Orbec Mode] 44] ratemeter and d1sp1ayed on: a

2% K : R "Q

*6

[

eiTO counts per sec Td% t1de dependehce of the 1ntens1ty

\r
\.)
. s
L)
) Y4 \ R S ,
v - 4
L ' U
o .
23 ‘ Uy .
. ML i
? - e
;'n
- L S
. M~ A\

The d1scr1m1najor sens1t1v1ty hﬁd a range of fﬁ

.ca]er (Nuc]ear‘f

X,d'iamp11f1er/d1scr1m1natorvmre fed 1nto the SSR Mode] 1127.}_,

';JO nSEC DU1§ES »The un1form puTses were counted e1ther o



' USec were. stored n the second channeT and SO on For

e . QL T
e R ﬁ}“ N e L v‘? Q' ‘82: R
e < -"'"t-‘ ST . ) A s ,A ARG |

of an ion. was*observed w1th the muTt1channeT scalgr N

the fo]]ow1ng mannar% The start of the sweep of the muTt1—%f

. i
7.“
channeT scaTe; was synchr%n1zed w1th the tt1ggér

of the eTectron gun Qngure 2. 5) In a typ1CaT exper1—w\

, ment the”dweTT t1me per channeT of the @u1t19§anhe1 was

\

',set%towg‘ 10 usec, and 256 channeTs M§re usednf The

h‘

'f»nuhbék’bt 1ons amﬂv1ng at the detector 1nitherfﬁrst 10 usec"

’u

. after the tr1gger1ng pu]sp were Stored 1n the f1rst

channeT :The.number of 1ons wh1ch arr1ved from TO to 20
. ¢ -) N Q' .

@
~r
c. . '

: 256’channeTs In th1s way, the change 1n 1on 1ntens1ty

\

.
was foTTowed for 2 56 msec : After a per10d of 3 msec,: o

h

the 1ntens1ty of the1ons nad decayed by a factor of ~TO3

A pos1t1ve VEP§11€F pulse reTat1ve to the ion. source Mas;h;

app11ed 1n the 1Qn source to remove a\d the vema1n1ng *5;&;f?‘

pos1t1ve 1ons The eTectron gun wa pﬁen puTsed aga1n ';ff
and,xhe whoTe process repeated The ddmtent per channeT

was' accumu]ated for: the per1od of the coTTect1on‘?1me ‘5

a P
It was found that a coTTect1on tjme of 60 second per ont

.

woqu be enough to g1ve a satmfacﬂny tempora] prof11e

of the 1on 1ntens1ty

Kd

_2;105, Tempora] Behav1or of Ions and Treatments of Data

N

The tempora] prof11e of pos1t1ve 1ons 1nvoTved 1n thef
4‘

ion- moTecuTe equ111br1um react1on 2. 37 ﬂs shown jn;”TJI'

"Hf(benzene) f'ethanol #'benzene‘fTH (gtﬁahoi)“,(z;37),*'

-

g puTse B

L TR

¢ A



"fF1gure 2 12 obtqgned Wi

: 22 83@torr benzene qu 1

‘7because th1s as’1s present.wn much 1argen COncentrat1on
: 9

HE ) .‘:3

0\
at 327° @ F1gure 2. 12 g1ves“\ )
o

AN
.g?counts per channe] aga1nst the tams"*{er the e]ectron

pu]se*\ The e] ﬁtrom p 1se w1dth used’was 20 psec The
@ % :

i V ¢

o prmmary 1on1zat1on‘ﬂs ex%ected to be ma1n1y due to methane

As ev1dent from F1gure 2 12 both ethan01 and benzene are~

% , } <

Tt S et 3 i +

'_\protonated by reactant ions from methane'(CH,., C.H. )

-\ S T T2

S

very short]y after the e]ectron pu]see- P.u on transferv

between the @rotonated spec1es and the'unir,:lsvthen

l

fo]]ows B Th1s k1net1c stage 15 short ~1OD u¢PC as is

‘ ev1dent from F1gure 2 12 The re]at1ve rnteniities,of”

I

&

oy

the two 1ons were treated as the1r re]at1ve eoncentrations-

, 4

'Jof thefwons‘JnhtheAton&source S1nce the .corcentrations

se

‘bf-the neutraié Were COnStant in the 1on tuqrce, the

'-estab11shment of equ111brcum is 1nd1cated by ‘he 1nvar1—d.

4 -3
ance of re]at1ve 1on 1ntens1t1es w1th time Th1s stage
is: achIeved after some 100 psec in F1gure ?3]? and

1asts over the rema1n1ng t1me of the obse v o, “Fhe-

:1nvar1ance'of relatjve416n 1nten51t1es bELAAEH two ions .- .

@.showshupfas~two;para11e1 11nes and the mes . -ed

eqoiTibrtum'tonfintenéity»ratio‘can be Fatn'.tned by
. X R ' '
the vert1ca1 d1stance between the two 1.n:
The tempora] prof11e of 1ons in Flgn" 2 deserves'

some comments 'The~d1ffus1pn-ofxtons -+ =31l is the

%

i
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ﬁixture in the ion sOufce; CH
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500 - 1000

time.(microsecond&) B

GURE 2.12. ..The time-dependence of ion iﬁtensitie§;~ Gaseous

4 at 3.5 torr.

of 22.8 mtorr, C,H.OH at 1.75 mtorr. Tem-
_ perature = 327°C. I B ' ¥‘ |



: ﬁs to oppose the charge separat1on and tend to restore

.

‘maJor ion removaT mechantsm bes1des the ion Toss due to ,}1

P

. 1on’holecu1e reac¢1ons When equ1T1br1um in react1on 2 37

,_1§‘reached there is no 1on Toss due to ion’ moTecuTe re-

act1oﬁs for T (C6H6) and H ( 2H50H) The ons are re—*“

‘ moved ma1n1y by d1ffus1on to the waTT of the ion source
GAs it 1s shown in Flgure 2 12 the decay ofj}he pos1t1ve ;

~ions may be broken into- two stages I the earTy stage,f

the ions: are deCay1ng a T1ttTe faster After about
v .
O 3 msec, there 15 a sudden’drop of71on 1ntens1t1es (by
\ \
a factor of about 3) It 1s then followed by a sTower

n

‘1on.decay. The rates of 1on decay in the tmo stages ar

\ \

?d1fferent by a, factor of about 2 ' The observat1on can _a{\

~be quaT1tat1veTy exp]a1ned 1n the foTTow1ng manner the -

M

'h1gh energy eTectron beam 1n1t1aTTy produces an equaT

number of pos1t1ve 1ons and eTectrons Any dev1at1on

from the charge equaT1ty w1TT create an eTectrlc fr Td

4

" the baTance S1nce the T1qhter eTectrons have a much'\

\

h1qher d1ffus1on coeff1c1ent than that of the ions (68;'\

" p. 512), they‘wﬂl d1ffuse faster to the waTT Teaving

the p051t1ve jons beh]nd The resuTt1ng charge 1mba1ance‘e

‘creates a'"seTf f1er” wh1ch tends to cause the 1ons to

d1ffuse w1th the eTectrons at a faster rate than thgy

v woqu in the absence of the f1er Under this cond1t1on,

both the ‘ions and electrons d1ffuse at the same veToc1ty

‘ t

_and it is termed pos1t1ve ion- eTectron ambipolar diffu-

. ) v- ‘ ) A - “-' i N .
> e Do g . ‘At. 85

i
e



N sdon. 'Anbipoiar\diffusfon is 1M§ortant on]y when the ;
. 4 |

chjrge dens1ty is h1gher than ]0 /cm %68 p 5]2) Be]ow

this 1eve] the smharat10hs between cHarged R\rt1c]es are‘

1ar§e enough that the1r 1nteract10ns w1th each other are ,

r‘\ . % P
sma]]\compared w1th the therma] energy ® The 1oss of

l

_e]d"" It 1s observed as the tﬁans1t1on po1nt

- (at 300 usec) 1n F1gure 2 ]2 “The 1atter stage of the

pos1t1ve iom decay 1s due to the s]ower pos1t1ve negat1veir

amb1po1ar d1ffus1on fo11owed by free d1ffus1on

,The COEff1C1ent Of amb1po]ar d1ffus1on D '[15/91Ven'f'“ Y

..(53, p 513) by the equat1on 2 38 '.” K ; /i:

'.whe're'D+ D™ are the d1ffus1on coeff1c1ents for the po;nt—f

.1ve]y and negat1ve]y charged part1c1es and K and K ahef

- Ty Lo
‘of pos1t1ve ion and e]ectron K j>?;Kt~_ equat1on 2 38,

'may then be approx1mated by equat1on 2. 39
sl soty T (2039

¢ -

’Using‘the;relationship-2.40»(68;,p:49i); U S 14

y -

’ D El_ AR e
'(wheredk 1s the Bo]tzmann constant Tﬁi59fhé“témaeratgr@

y

¥

e]ectrons due to. d1ffus1on and format1on of negat1ve dons.

N

V‘the mob1]1t1es of the correspond1ng spec1es In-the*caaef.&

‘\n capture f1na11y eauses the co]]apse of the té.-"



a

b4

K : R Lo L o . 5 .

K and e ﬂs the e}ectron1c charge,_we may express thengi

pos1t1ve 1on e]ectron amb1po]ar d1ffus1on coeffrc1ent;asf,d;i

-~

L b2t S (2 41) .

The d1ffus:on coeff1c1ent for 1onsA

‘1s of the same order of magnitude as that for the same

neutra] spec1es 1n a 91veh gas but ]ower by a factor of

3 to 5 due to the po]ar1zat10n effects (6 p 490), and

;'1t 1s 1nverse]y proport1ona] to the square root -0f the

reduced mass of the iOn'andtthevgas"molecu1e'(68;Qp.435)ftt b‘

1on ambloolar d1ffus1on coeff1c1ent cou]d be es%umed to

be the same as the d1ffus1on coeff1c1ent for'freeﬁfonS;

As a rqsu1t theeion'djffusiontJoss”after‘theﬁtransﬁtiona

s in agreement w1th the temporal prof1]e shown in.
3 . S

¢

' F1gure 2 12 S "'ihi,ﬂ

"pwasfdohe'1n the fo]]ow1ng manner The 1dent1ca] gaseous
Lo

co

m1xture -as 1n F1gure 2 12 was used except that 2 O mtorr;(
of CC]4 was added fo the 1on source ; Other operat1ng h
cond1t10ns were the same The resu]twng tempora] prof11ey.
1s shown in F1gure 2 13 -‘The addltlon of a sma]l amount |

of CC]4 1nduces the rap1d conVers1on of electrons to

. . . - . . . . S v R e g -

B 2 .
: , T L |
R A
ST
LT
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.'Ieh SidnaT‘(edunts.ber*ehannei)f
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'ffggggg_g_lg The t1me dependence of 1on 1ntens1t1es

ST

=TT

< ARt hd . . . - . ) . '.
. A‘. . . .

-

B
'

- . PSR . ,‘

- 6o a : . o

k3 5

- - . H N

- ° ©

R S T

t1me (m1crosecond) .,f ﬂ )/z

Gaseous,__v’ '

;‘mthure 1n the ion source.-CH4 at 3, 5 torr _
e C6H6 at 22. 8 mtorr C HOH at 1. 75 mtorr cm
- ,at 2 0 mtorr o

4
Temperature 327 C :

N .
¢ i



‘dun1form 1on decays in F1gure 2 13 1nd1cates the absence h,

'fnhof amb1poTar d1ffusqon The reTatTve~1on 1ntens1t1es of

. spac1ngs betweenEZ%e two 1on decay T1nes 1n F1gures 2 12

"'dand 2 13 The equtTﬁbr1um was atta]ped 1n about O 2 msec

fof‘thermal equ111br1a aTT measurements Were carrled out

"ucond1t1ons perm1tted j.l. when the presence of CC] d1d

'not Tead to compT1cat1ng pos1t1ye 1on moTecuTe react1ons

‘-.comcentrat1on ratlos of the neutraTs and the 1ons 'qu[

TN BV SEE

E3 L Bl - I ,ug'. ’ ‘,l;»'. ' : 2 . . o q Yt
'negat1ve 1ons by the.ﬂpssoc1at1ve eTectron capture E
"react1on 2 42 i;f”]';'fﬂ;;~:sf;f.”f:»4 o .‘-]f‘hs;'“‘-;llr«“

"v o
.’

' The raotd depTet1on of eTectrons qu1ckTy réduces the eTect—f: L

- .

'ron densgty 1n %he 1on source and e11m1nates the pos1&nve

]

Jon eTectron amb1poTar dlffus1on stage The sTow and

. § e

-}

¢
’

'vthe H (C6H6) and.H (CZH ) after equ1T1br1um 15 reached ;*

1n both exner1ments are the same as shomn by the equa]

N

¥

T}after the e]ectron puTse 1n both exper1ments S1nce the

. I v ".‘

'\

~absence of the_ seTf f1er“ ns_more su1tab1e 1n’the study

‘ St IR
in the presence of an eff1c1ent ekpctron scavgnger when : A

el ’ e

nnvolv1ng CCT4 o '§~'_hff ‘ ';A?t:;iiumﬂ} o thm“ |

The equ1T1br1um constant and\the standard fﬁee energy _.f;,“

'_Vchange for a- proton transfer reaet1on were caTcuTated from

.

.»‘,

- react1on 2 37 1n the above exper1ment the equ111br1um"‘

'constant -Ks'TS 91ven by EQUat1on 2 43 ;‘ : 's'f et

oy
.

1]

_th(benzene)'+ ethano] fbenzene_t H_(ethanoT) 102,32X

« T,



. I o .90 .

P, | I+, 0. S
k = _benzene _.H (ethanol) (2.43)
~"H*(benzene) :

| . e

"Eethapor
where the”formeriterm‘fs the b}éséﬁ%e ratio of the eeutrals
“and the Tatter term is the intensity ratio of the ions.-The
0 prSsure ratio of neutta]s'was 13, O The ion inténsity
rat1o Was ca1cu}ated from the measured ion’ 1ntens1ty |
o~ rat1o in Figure 2. ]3 and the transm1ss1on factors obta1ned
from F1gure 2.10. Comb1n1ng equat1on,2,43_and 2.36, we

R
may wr1te..‘ S

‘ffT;E.)

. H*benzene
T77F

P
"k = _benzene X

*(ethanol)
“ Pethanols 1

H
-H}(benZene)

. . .);+'
measured HYethanol

(2.44)

~-where T.F. is the transmission factor/;;> the_respect{ve
ions as defined ih equation 2#35._~SubstitutingAnumericaT
‘k'va1ues 1nto equat1on 2.44 ,;the'equilibrjumgconstant tt:

P

'““,kwas ca]cu]ated to be s o — =

L0 w200 -~
tos v

K= 13.0 x 1.63 x

N
~.

This is the equ111br1um constant for the react1on at

3

’327 C (600 K) The standard free energy dmnge, AG2 .f r

T’
the react1on,1s céTcu]atedhby the équatien-AGQ = -RT1nK:

¢

AGe: = . 1.987 x 600 x 1n20.0 kcal/mole:
600 - 43 | o

,_%;57 kca}/mp]e_

L ea . - . L, L. "
The variation. 'of ion intensities with time as shown



9}

4

in Figures 2.12 and. 2.13 'is the_resu]t of ion-molecule re-

. . . ' ( .
act1on5'and other ion ]oss mechan1sms If we assume other ~—_

Rl

'1on ]oss mechan1sms affect a11v1ons'equaJ]X{ 1the varia-
t1on of'ion 1ntens1t1es due to iongmo1eou1ereaetions‘
a]ohe can be shown after norma]ization”.n‘The.nofha1iza; ‘

bttonwprocedure involves expressing the ion intenstt& of

: a given ion at a given time, t, as the percentage of the

“ff~f51¥*tota1“ton intensity at'time_t."rt‘representsfthe varia-

| tion of 1on_1ntensfties in the“fgn soorce in which the"t", -
total toniéation is constant. Since ion diffusion to the» |
_: wa]] is the on]y maJor 1on ]oss other than that due to
"1on mo]ecu]e react1ons and the d1ffus1on coeff1c1ent for
ions does not differ 519n1f1cant]y for the ions under
study, the assumpt1on on norma11zat1on is approx1mate1y
“valid. | The tempora1 prof11e in Figure 2+ 13 after norma]—
jzation is shown in F1gure 2. 14 , The atta1nment of
Fequ1]1br1um is shown as the 1nvar1ance of ion 1ntens1ty
A_expressed in terms . of the percentage tota] 1onlzat1on
The equ1]1br1um ion rat1o is the same as the one obta1ned
prevwous]y Norma]1zat1on is necessary if one w1shes to
study the k1net1cs of‘1on mo]ecu]e react1ons It is not
‘necessary in the determ1nat1on of equ111br1um constants
Most measurements in the present study were made without
norma]wzatlon

Some comments should be made on the very 1n1t1a1

part of the temporal prof11es (F1gures 2.12—2.]3)”
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‘ s1gn1f1cance shou]d be attached to the f1rst some 50 n;zc-'
n‘of the 10n prof11es In th1s stage one observe& effects B
wh1ch are due to the fact that the sweep of .the mu]t1—
channe1 sca]er was not de]ayed t@ make a]]owance for tm
L e]ectron pu1se w1dth and for the 1on f]]ght t1me from the
.1on source to the detector The tota] 1on f]lght t1me
i$ the sum of the time requ1red for the ion: to trave] from.
‘the ion source to. the quadrupo]e and ‘the t1me requ1red
for the ion to traverse the quadrupo]e rods Both are
 mass dEpendent to a sma]] extent The f]lght t1me from
the 1on source to the mass ana]yser was est1mated to be
1.0 /m usec (see section 2 9) where m- 1s the mo]ecu]ar

-

: we1ght offthe" n;’ The trme an 1on spent in the quadru-i

I

po]e can be ca]cu]ated from the ion energy, ‘the’ 1ength .
of the rods and 1ts mo]ecu]ar we1ght With an ionh
’energy of 7 vo]ts and quadrupo]e rods of ]4 cm, {he
f]tghtjt1me was\ca]cu]ated to be 3.8 /m usec.“FheitOta1,
fiight?tﬁme’1s then'4“8'/m psec. Foh H+(benzene) (m/eu=.
79) and H+(ethano1) (m/e = 47), the total ?1ight‘time
‘tssdarns and 33 us,vresbect1ve1y " This 1mp]1es that for
theitirst.some 30 us, there shou]d be no signal co]1ected
by‘the md]tichanné] sca]er It is fo]lowed by 20 ps
(e]ectfon pu]se width) 1n wh1ch the, e]ectrons are enter—.
ing the ion source caus1ng the‘}ormat1on of 1ons a]] the
t1me Therefore, the ion 1nten51t1es 1n}the ftrsthSO-bO
‘Wsec are more comp1ex‘and not useful for kinetto'or

equilibrium measurements. For some. unknown reasons,small



‘ s1gnaTs are coTTected even as ear]y as TO usec after the

rQ-TeTectron pulse (see F1gures 2 TZ and 2 13) s The mass de- :

'_pendence on 1on f]1ght t1me 1s not s1gn1f1cant in the'e

!

,present work as most 1on pa1rs under study are w1th1n a
i T1m1ted range of moTecu]ar we1ghts The d1fference jn
- the1r ﬂ11ght t1mes is: usua]]y w1th1n 20 usec ‘ Asv1t is,f”

shown,i F1gures 2. 12 and 2. 13 the var1at1on of 1oh

i the eq 1br1um 15 reached Therefore, nd correct1on is

o ¥

made on the f]]gﬁt t1me for 1ons of d1fferent masses

a

2.11 Exper1menta] Procedures

The SampTes were prepared 1n the gas hand]1ng p]ant Rt

‘(see F1gure 2 4) : Typ]cally, about 700 torr of methane,ﬁ“‘

.4',-.

o was 1ntroduced 1nto the 5 11ter storagexhuTb - L1qu1d'p

-a

T

samp]es were m1xed thorough]y, where perm1551ble, beForeA

TK:1nJect1on to the buTb : The rat1o of the neutraTs was S

r

caTcuTated from we1ght measurements So]1d samp]es were'Jbl
1ntroduced into the bu]b through the SO]Td 1n]et port |
whenever gaseous sampTes were used they were 1ntroduced
'1nto the baTTast buTb prmor to the adm1ss1on of methane
:ijgas;' For equ1]1br1um measurements on proton transfer‘n"ﬁfu
:ilrreact1ons, the concentrat1onrﬁt1osaof the neutraTs o
.B /BZ’ were chosen so as to make the ion 1ntens1ty ratio,
B nt /B H s not to exceed one order: of magn1tude 1f poss1b]e

The neutraT rat1o Bj/BZ, was;var1ed by a factor of TO

te



. ' . : Ve . ) ' )
¢ ' g ©ooi e

,to 20 in d1fferent runs to ensure that the equ1T1br1um

constants measured were 1nvar1ant w1th the concentrat1on L

¢ —

'rat1os of the two bases For each 1nd1v1dua] neutra] ratlo,

: equ1]1bn1um constants were determ1ned at<ﬂ1fferent

& ; S . . »
f“50urce pressures from T to 5 torr -The equ111br1um'con2’f)

“‘b,;\ \).“t

RN

7stants were aTso shown to be 1nvar1ant w1th the changes

'1n 1on source pressure The typ1ca1 concentrat1ons of

Tthe bases in. the 1on source were 1n the\yange of T 200

o

"»imtorr depend1ng on the vo]at1]1t1es of the bases

g The methane gas used was the uTtrah1gh pur#ﬁy grade

ﬂ

'from Matheson Other samp]es were from commerc1a1 spurces
:funTess otherw1se spec1f1ed The1r pur1t1es were. assessed

fmass spectrometr1ca11y w1th the aux1T1ary Woﬁ“source and

, AT S
'the quadrupo]e mass anaTyser Further pur1f1cat10n oT

:sample;by,d1st111at10n~was done on1y~when necessary. 5'53”

N oy Lo S

' 2.12héDescripttoniof the Seconthfgh PressUrehMassﬁSpectro—rV

The massvspectrometer descr1bed in thetprevfous.

psect1ons was used for aTT measurements g1ven in the
;ResuTts part of th1s thes1s ‘Sjnce that- 1nstrument had

Vdjbeen TargeTy assembTed by Dr \Yamdagnj, the present \._

author, in order to obta1n add1t1onaT 1n$trumenta] ex-

“per1ence,’was requ1red to assemb]e a second mas's spectro-‘__

© meter. The second thh pressure mass. spectrometer ‘was

-a mod1f1ed version of the" mass spectrometer des1gned and

SO oA ) <

voat
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,.;,p’,'used by Durden (54) A new Extranuc]ear ModeT #4-324- 9 e
. quadrupo]e mass f11ter was used as the mass ava]yser '
The QUadrupoTe rods were Targer 1n-s1ze than those of “v;”
the prev1ous quadrupoTe mass ana yser Its atta1nab1e_4

f resoTut1on and sens1t1v1ty were super1or The des1gn 5
' S
of the second h1gh pressure mass spectrometer was very '

s1m1Tar to the f]rst one except fon the eTectron gun

.

"'and the mass anaTyser Therefore,konTy these two p’
components and the overaTT operat1on wou]d be descr1bed
here rf7i’f;'=}ﬁ_ .n} -f“'Tf»gf- [t- »ng ‘, . ‘1r ‘}- ,’f7“
vThe eTectron gun used 1n the second apparat)g was r

mod1f1ed from Durden s des1gn (54) E A schemat1c dlagram f

of- s shown 1n F1gure 2vT5" The on]y mod1f1cat1on

. o

‘made was on. 1ts puTs1ng c1rcu1try The eTectron beam

;'op!; was puTSed by vary1ng the Eotent1a1 of the drawout

eTectrode as descr1bed in sect]on 2 7 1nstead of vary1ng

the potent1a] of some defTectTOn pTates at the far end

Ebiof the eTectron gun as psed by Durden | Thevmagor d1f—
ference in the des1gn of the f1rst (see sect1onv 2. 7) . %'

and the present eTectron gun was Hin ‘the focussing’ of the *

>

L eTectron beam . The eTectron beam in the f1rst eTectron

gua was focussed by eTectrostat1c f]ers whereas 1n the .

present eTectron gun, it was focussed by eTectromagnetwc:qwgp*"U

f1e]ds Stronger focuss1ng effects are: ache1ved by

. .,w‘. W Lo K S Dl e

magnet1c fléwds.result1ng lnmhfgher’1ntem&mingf the.£34

“ﬁ%“ﬁﬁ* ﬁerettnon be@m i the Ton source . Tt
. . SRR v gttie AET B O Yoo o

) S - N . BRI S
cEe w N . .
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.‘”E]ectr6n  fllament

. ~F1]ament support p]ate:

:ijrawout e]ectrode ' ‘ ‘

. Extractor, e]ectrode e ' “_"i - -

.fGrounded cone (e]ectron acce]erat1on e]ectrode)
Groundedlco111mat1ng p]ate - ' )

NS e e o

electron focussing

i

8. T.V. yoke fbr-hor1zonta1 and vert1ca] mot1on of -

"the e]ectron beam.

@

FIGURE 2 15 The e]ectron gun for the second apparatqs

o, W
.
<

Solenoid coi] providing ax1a1 magnetlc f1e1d for

1



'»t..‘_ During the operat1on of the e]ectron gun,'the center'

o

L4

RS

L R T:

\

oF the f]lament [1] and ‘the f1]ament support p]ate [2] were

L

at -2kV E]ectrons from the heated f11ament were acceler—'

\

ated between the support p]ate [2] and the drawout e]ect—

- rode [3] They were then s11ght]y focussed by the extractor

e]ectrode [4] before be1ngaccehnatedaytowards the grounded.“

o

cone [5] The.e1ectron beamcwaS'focussed by the'so]enoid

co11 7] (1000 turns of 22 AWG ‘copper w1re w1th O 2-to

1.5 ampsugenerally requ1red for focuss1ng) Hor1zonta1

~and vert1ca1 poi§t1on1ng of the e]ectron beam to the ion~

¢

. source Was ach1eved by a mﬂev1sum ‘tube yoke »The sd]enoid

4

of the yoﬂe was contro11ed by a ]ow vo1tage (7 vo]ts) gaS'
chromatograph dc supp]y mod1f1ed to g1ve two 1ndependent>ﬂ
0utputs ‘The soleno1d co11 [7] and the yoke [8] were put

outs1de of the vacuum enve]ope The vacuum enve]ope w1th—

: 1n them were made of brass to m1n1m1ze the dlsturbante of

the magnet1qli1e]ds The typ1ca1 operat1ng vo]tages of

‘the e]ectron gun are shown 'in Table 2.3. - - L = f;

The pu1s1ng of ‘the e]ectron beam was ach1eved

a;theisame way as descr1bed in sectron 2.7. ‘The potent1a1 of

: o

‘the drawout plate was kept at some 45 vo]ts negat1ve w1th

respect to the f11ament most of the time. except in some - .

-

regu]ated short per1ods Qf time (5- 140 psec) when its
potent1a1 was brought to some 45 vo]ts pos1t1ve to that
of the f1}ament _ The e]ectron beam was a]lowed to pass

through the drawout p1ate and be focussed 1nto the ion

v, . . A
~ T . . o -

-
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Typical‘cperatiqﬁ’ééttfnqs‘for'the‘eféctrOn gun

VoT&agé (vOJt)J3;." -Curfeht_'

nt - !i c A -“qudb,‘A
2. Fi1améh§ SQDDOFtDpiaté i;goQOP“‘
- 3, .DYa@QQtl\\b T\"‘_‘, _ ;i955; L’ ;”'
4. Extréétor:kgn ‘; v‘ . f‘ljfoq o
5 Cone. ’i: v; o _. b .
6. Co]ffmafof',f ﬁ?‘f , v . ob R Lk
' 7 Slolenoi‘;ﬂ.ch-oké»‘ (f'q'cu.ssjan'g) B i ‘_1.70. A
.{'8: ~fﬂ'V; ybkéﬁ | i o o L | | | |
' X deflection - f‘A;’: ,""'§;3 mA

oy Yedeflection L. el 1. opa

"Métefs’Readihgs.b

FT]aMent’currént" _”3;7'ﬁff'ffﬁff s
CEmigsion-current - - 90 WA 4
Case-current - ;“-.78'uA |

Trad’currentf‘  o ; 1.4 uA

N
é Numbers_refer to Figure 2.15 af o »' 
b Fixed»Qo]tages on the electrodes.- Others Qgrell

- variable. . ) ' , SEERTE &f \
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source onTy when the drawout pTate was’ at a pos1t1ve pota‘

ent1a1 w1th respect to the f11ament The puTs1ng of the-'b

’-eTectron gun was synchron1zed w1th the sweep of the mu1t1—'

channe] scaTer gn;‘

The quadrupo]e mass anaTyser was from ExtranucTear:.

Laborator1es The mass f]Tter composed of four c1rcu1ar

rods, each w1th a d]ameter of 1. 90 cm and a Tength of 22

cmf' The d1stance.C2r ) between two oppos1ng rods was~

‘T 644 cm The ]arger .rod. d1ameter used in. the mass’ f1]ter‘

1ncreases the 1on entrance aperture and thereby enhances.“;

sens1t1v1ty The ]onger rods used 1n the 1nstrument

f resu]t 1n better resoTut1on and h1gher 1on energy handT1ng

ab111ty s1nce the number of rf cyc]es the 1ons are exposed

~

to 1ncreases proport1ona11y wwth the rod Tength The rf/

dc supp]1ed to the quadrupo]e rods were produced by the‘

power source of‘the Quadrupo]e Contro] unit. A H1gh Q
Head wh1ch is a tuned transformer was used to step up the
rf vo]tage produced by the poWer source to a TeveT su1tab]e‘

°

for dr1v1ng the mass. f1Tter The frequency of 0perat1on_;

'_was T 2 MHz 'The max1mum rf voTtage output from the

power source Was 2 85 kV and the theoret1ca] mass range

spanned from ] to 400 amu "A (Tow pressure) aux111ary

“ion sourfe aTso came w1th the un1t g It was mounted ins-‘T

)

front of the quadrupole rods _ The aux1]1ary 1on souroe

”‘was used to produce Tow pressure e]ectron 1mpact mass .'J?‘r

spectra and it was powered by an AEI 1on1zer power supp]y

-
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ntogether w1th some externa1 vo]tage 50urces An entrance , f'ﬂ
‘ cone was. mounted 1n front of the aux111ary 1on source forr'~g_ -

.5extract1ng ions from the h1gh pressure 1oh source to the,

Qi.quadrupo]e mass ana]yser dur1n9 the operatlon Of the h7gh

S ve L E

-

pressure ion source A schematwc dlagram of the quadru:°
*apole 1s shown 1n F1gure 2 16 | Typ1ca] potent1als on -'ﬂ*iidrfxx

\fvarwous 1on~acce1erat1ng p]ates for operat]ons w1th the

-~

© . |

- h]gh pressure ion source and the aux1]1ary ]ow pressure

. }on source are shown in Tab]e 2 4
’ The contro1 of the reso]ut1on of the 1nstrument'wasv
'.'s]1ght1y d1fﬁerent from the one descrlbed 1n the prev1ous_
.fsect1on -: Accord1ng to the stab1l1uy d1agram 2,7
»reso]ut1on o« U/V and thefdceand rf vo]tages (U'and v )‘

Vaare I1near]y re]ated for a f1xed resolut1on sett1ng - The,fi L

-w;'resolutlon of a quadrupo]e mass fl]ter may be varled in .

'5a more versat11e mode by chang1ng the 11near proport1on— "Th,I”V§

_‘a]1ty between U and V 1nto a form as shown 1n equat1on:h'

W2.45 where Y and 6 are constants »\S1nce the reso]ut1on B

'-vr ) -;‘.:"J_ .

R o? a quadrupole mass f1]ter 0perat1ng near the t1p of

—

the stab1]1ty H1agram 2.7 was der1ved 1n sect1on 2. 9 as:-‘-‘a ;f

g1ven 1n equat1on 2 29 on subst1tut1ng equat1on 2 45 1nto

Qi

'2L29 ‘an expressmon For the reso]ut1on under tMS i]nd1t1on

L AR

- 1S obta]ned Th1s 1s g1ven in equat10n 2 46 At constant g
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"f;d-<~——-H1gh pressure 1on source. eX1t

.._____Sh1e1d1ng cage f»e;

,;);.___ Entrance cone

24

AN\

Filament - o
<——————F11ament hous1ng

. czzm rzzcz:ui - Extractor BT .
o m ' tcmd<——-—- Lens #] ) :

7 = Tof cage (with grid-wire)

E E ‘*-——‘“T Lens #3 B if;i'ﬂsye”.e“=’*l'?'5

<

E -Ezazzzzzzaﬁa Ez:azzzaz&ﬁz~*~— Quadrupo]e entrance
i : - p]ate w1th tube -

;<+——474—~'QUédrupoiesrodsnﬂv

-<———Ion detector hous1ng

JFaradaylE‘ﬁ

Quadrupole’ assembly -

— -Chaniieltron e]ectron.
S mu]t1p11er '
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o
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Tab]e ? 4 Ty 1caT potent1a]s on 1on acc]erat1ng p]ates

LA W,

.

/ﬁur1ng the operat1on w1th h1gh pressure 1on

s

~ source or aux111ary low préssure ion source

‘.

° »

;' . LI
N . :

i T T Sy '
~ Electrodes - .« ;. High pressure source - Low pressure source

I T LR T operation - .- . in' operat1on_”'
',uH1gh pressure source . B N
,jand sh1e§d1ng cage e TV e - grounded

[t

. Entrance cone, filament - Sl S
and~filament housing . - =250V, =~ = = . L -63 V .
: e T (provide 70 eV e]ectrons)

- _‘c\’-

Ion cage ” T vlgroundedi E ‘7f (Yﬁ\j,V".

‘Extractorv&ff. . E grounded _' N aoe i+]O,V,-ﬂ'

Lens #1? FA Jf 3 'ff grounﬁeqhbb o i»,ff‘uf+‘3_V;j

. - . . . ) e

~oclems#2 . Y grounded - ¢ . T -gy

b

Cooems g3l Ty 0V

'ﬂeQuaarupoTe.entrance.‘ﬂT . m’groundEd- grou'r'md_ed‘--r~
.QuadrUpole,power supply controT'(commoh'fo,bbthJoperations)
CResolution ;. 580 on dial - v: .t e
U S
G s MM s e AT yolt U '

.

- .Polebias. i 0—+3ondial. .. o

e

L
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~0.125

— = . » = (2.29)
¢ ‘AT (0.168 U/VO) | :
R :'[_?]_ = O.]’25 (2.46)
AM (0.168—y)+\6/v
U and V two modes of operat1on are then poss1b1e (a)

0’
If S = 0, U is proport1ona1 to V -and the normal constant
m/Am reso]ut1on mode 1s operative.n (b) If v is set to. be

0. 168 (UJV “ratio at 1nf1n1te reso]ut1on on’ the stab1]1ty’

\»_d1agram 2\7), m/Am w111 be proport1ona1 to VO which in

.turn Js,proport1onal to m."Under this condition, the mags

<
-

fifter'jSFDpetatinglhith a constant Am mode. According ~

Am’

to the definition of resolution R = M the resolution
1ncfeases with mass.- In the Extranuclear quadrupo]e mass

o

ana]yser, prov1s1ons were g1ven to vary the two para—-

meters, Yy and 6. The former parameter Y, cou]d be

_adJusted through the “Reso]ut1on Sett1ng" d1a1 and the

achieved due to field imperfect1ons. ‘The norm@l resoTu—“’

1atter ldﬁ, through the " M" dial. Theoret1ca11y, we

could then vary the reso]ut1on mode between the two
o
extremes. In&practice; the constant m/Am mode was not

- . <

4

tion mode chosen ‘was «closer to constant Am mode4w1th‘

_Bn]y slight increase.bvam with mass. It was to ensure

u‘fnomﬂmﬁ— 10 anu_ tOf@M?w25Q amuy .

that mass separations were similar over the whole mass

range‘ W1th ~the. typ1ca] sett1ngs as shown in Table 2.4,

PRRES >

the Am value 1ncreases from O 3 amu to O 6 anmru’ 1n'g@ingl'v

EE SN

- A e
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The- potent1a1 of the Extranuc]ear quadrupo]e axis.

, . was norma]]y at ground but it could be adJusted pos1t1ve]y
or negat1ve]y .The prov1310n of the "Po]e 81as“'éontro1
a]]owed the potent1a] o mnch the po1es were referenced
to be var1ed between +8 vo]ts re]at1ve to ground Th1s e

sma]] adJustment was usefu] in reducang the broad foot

and asymmetr1c appearance of mass peaks .in h1gh reso]ution :

by suppress1ng the escape of scattered ions from .the.
f11ter It also perm1tted ‘the estab11shment of de

f1e]ds to counteract the rejection of des1red ions”as
they passed through the fringe f1e1ds in enter1ng the

mass f11ter Examples of mass scans with d1fferent po]e"
bias” vo]tages are shown in F]gure 2.17. As ev1denced

from the f1gure a h1gher po]e b]as vo]tage 1mproves the:
appearance 'of peak shape for the lower mass ion- While a -
Tower pole bias vo]tage enhances the sens1t1v1ty for the
higher mass” jon. Q |

‘ ) . o
o A Channeltron- e]ectron mu]t1pT1er_(CEM 4700)~was

.S

»usedgaspthe 1on»detector The Channe}tron was offset

R an 07 e e o [ R

-

: “"bhffﬁayérdé1 to the 11ne of extt of 1ons from the mass-
i%fitéf (see F1gure 2. ]6))1 S1nce the surface of the‘
Channe]tron was ha;nta1ned at -a h1gh negat1ve potent1a1
( 2. 5 kV) re]at1ve to the quadrupo]e axis, the ions T x

: com1ng out. from the exit of the quadrupo]e Mere sucked

into. the mu]t1p]1er The "off axis" arrangement reduced

I

- -.the background“notse level aﬁ.a]l neutra] spec1es wou]d
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(i) m/e = 264 T e T
| s | ' 1 amu I :i '

Pole bias = -2V Pole Bias = OV Pole Bias = +2 e

(i) mee =69 T |
. ,_-:L : ‘.E_ i;- ) ; "v . w T J:f' M\
. Pole Bias = -2V ‘Pole Bias = OV Pole Bias = +2y
FIGURE 2 17 Effects of Po]e B1as Vo]tage on Peak Shape [( )

' CSF]ON (n) f‘F3 “from'- perf]uorotmbuty]amme‘ v
e e Ty g s 5

- ' 1ow pr‘essure 1on 50urce was used, ofher operatmg

" parameters as’ 1n.tab1e 2,4]* o .
oy
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ex1t through the ”on ax1s“ ho]e w1thout strnk1ng the e]ect-

ron mu1t1p11er
The mass dependence on ion transm1ss1on through-

the ‘mass f11ter was determ1ned in the same way as des—'

-vcr1bed prev1ous1y 1n sect1on 2. 9 Very Jarge d1scr1m1na-

t1on agalnst heav1er 1ons on transm1aslon was observed

o

w1th typ1ca] operat1ng cond1t1ons as shown in Tab]e 2.4,

_ythe re]at1ve 1on transm1ss1on dropped by about three
'orders of magnItude go1ng from m/e = 30_to m/EZEFZSQ‘asa

'shown by the so]1d 11ne in the.transmission curve in

¢ . ' ¢

F1gure 2. 18. The ]arge mass dlscr1m1nat1on on ion trans—a.;:
;m1ss1on~+s very undes1rab1e ﬂn quant1tat1ve stud1es of

ion - 1ntens1t1es ag 1t 1mposes ]arge uncerta1nt1es in

'meaSurements" Mass d1scr1m1nat1on on ion. transm1ss1on'

r,was expected,as the 1nstrument was operat1ng in .a mode

- e

i wh1ch the reso]utlon 1ncreased w1th the 1on mass

..But the ]arge d1fference 1n transm1ssion eff1c1ency

v

‘”between heaV1er and 11ghter 1ons was a]so part]y caused
J?Q,’by the d1fference~1n the ‘time spent 1n the fringe f1e]ds
f‘among 1ons in enter1ng the mass filter. With a f]xed-

“fon energy for all 1ons, the heavier ions wi]] traverse'

-

.'more s]owly than the 1ighter ions along . the quadrupo]e'
axis, and they w1]1 spend 1onger time in the fr1ng1ng'
'_.f1e1ds A method Lo ba]ance out.this- effect 1s to vary.

n“the po]e b1as vo]tage w1th mass . 'If the quadrupo]e

. po1es are pos1t1ve]y b]ased pos1t1ve 1ons enter1ng ‘the

N
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(050} . <(055)..

TTTTT

]

!

B ST N 1 ! B R
0 . 5. . 100 150 - 200 250 - 300

. m/e ———

FIGURE 2.18 Transmission curVes=for'Extranucﬁear quadrupole mass ., °

filter. Solid Tine: pole'bias = %3v; dashed 1ine:
b61e'bias_Yariéd as-indfcafed; resd]utidh setting:‘SéOz
ZXM‘settind:-+ W5 amin amu fdraﬂaés-peakﬁ are shown "
in parenthesis.‘, |
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“mass Filter will béh”retarded“:” By retard1ng the ]1ghterp“*f'
‘1ons to a. h1gher degree, thed1fference 1n t1me spent in .'

the fr1nge f1e1d$ by a]] 1ons wou]d be s1m11ar _ Ions W1thﬂl:;;%
"then trave] a]ong the!quadrupole ax1s w1th energ1es deter—b |
'm1ned by the potent1a1 d]fference between the ion - source |
uand the’ po]e axis. An exper1ment same as descr1bed ﬁn
tSect1on 2. 9 was carr1ed out to measure the transm1ss1on_'
factor as def1ned by equat1on Z‘i? for var1ous m/e rat1os:' S
_Increés1ng po]e bias. «ottaae :was used for 11ghter BT

“ions._l For conven1ence 1n operatlon the mass sca1e of
: lnterest was d1v1ded 1n three ranges,'m/e 30 100 poTe
iib1as'= +3V, m/e 100 170 po]e b1as = +2V m/e* 170 265, o
'poTe‘bias = +1V. The 1on source vo]tage used was +9V so
'the‘1on energ1es vary from 6 8 eV for d1fferent 1ons
~The norma]1zed transm1ss1on curve obtalned 1s~shown by
“f_the dashed 11ne 1n F1gure 2 18 a]ongs1de w1th the reso—;f
:lutlon expressed in terms of Am the peak w1dth measureddb
mat 10% of the max1mum peak he1ght As 1t is shown ingi
1.-F1gure 2.18, the mass d1scr1m1nat1on on- transm1ss1on is
"\’2t1]1 cons1derab]e under such cond1t1ons, espec]a11y<ﬁn¥'
rv ‘the mass range between m/e 30-100. It is expected.that
| if the Tighter ions in that range were retarded more,.the

'mass dependence on- transm1ss1on wou]d bew 1ess‘“*Fthher

~.reduct10n on- the mass dtscr1m1nat10n-may be ach1ewed 79w~&.




: SR .'7'.'"4?3j.%:f“~J-"isﬁTa‘F:ﬂ;av;iy,;;f,{,.;m<1~; i ey
St qb“;ﬂ-3¢~;-»~v,._ S ~
. but a” better callbrated contro] must be 1nsta]]ed for |
v’ﬂ‘}~'»vo]tage var1at1ons>1f reproduc1b1e‘results are to be co
: obtan ned < e s —.;, ; ._-P'.' S -

- : An exper1menta1 conf1rmat1on of the a%ove squest1on<_9;;~_

N ”was carr1ed out.-,lnstead of vary1ng the po]e b1as -ii«: :
vo]tage, transm1ss40npfactors were determ1ned under the '_ich

chond1t1ons that the 1on source’ootentlal_ﬁasmyarled yith~.;'::ywm

:the 1onfmass wthesriﬁiing the‘po]e bnas.vo1tagebatAOV’ _? ?fﬁ_$i
;TZK“AT]:other’oogditdoﬂs;ﬂépeithid_afefas before ‘;The{hifgfﬁﬁﬂéc i
;ihsourcebvo]tages for d1fferent 1on masses were chosen so ;;o;,:ﬁ

that m1n1mum transm1ss1on dLicr1m1nat1on OCCUrred but"ffelf“rl":

'1nd1v1dua] 1ons st11] had acceptab]e peak shapes ,Thed_~f;h
resu1t1ng vo]tages for d1fferent 1ons are shown as | ‘
tr1ang1es 1n F1gure 2 19 The correspond1ng transm1ss1on
factors are shown onvthe transm1ss1on curvg in- F1gure'.
“'rZ.ZQ.t As ev1dent from F1gures 2.19 and 2.20, the mass
d1scr1m1nat1on on ion transm1ss1on can be corrected by
1ncreas1ng the 1on source vo]tage w1th 1on mass Based”.. hy

‘

on the above resu]ts,’a scheme was set ‘n wh1ch the

at ion source vo]tages 11near]y proport10na1 to the]r

'masses (45 mV/ﬁmu) The vo]tages sed;fonfdmfferentihvj_Mv,;;:‘.:
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th1s magn1tude of var1at10n 1n transm1ss1on eff1c1ency

PR e B b.‘..,

s1m1ﬂar to that of - &he prevwous quadrupo]e mass f1PTer

\\_ used -in the present work it woqu be muéh better to oper-

K
-~

ate 1n s mode i wh1ch the mass dlscr1m1nat1on on- trans-“ o

},'m1ss1on SR m1n1mum A p]an is underway to des1gn a

' vo]tage source by wh1ch the 1on source vo]tage can be

"var1ed

. a. non]1near fash)on w1th Jdonr mass as. shown by

o T T

ns.1n F1gure 2 19

As a comparxson, the Extranuclear quadrupoLe mass

PRV R

ana]yser does pro 1de better reso]ut1on and sens1t1v1ty

“than- the Granv111e ,11]1ps mass ana]yser Its ab111ty

to handIe hlgh energy . 'ons TS superlor . Its 1arge mass

dependence on transm1ss1o‘ suggests the presence of

s1zab]e fr1ng1ng f1e1ds near.the entrance of the mass

_f11ter A cont1nuous var1at10:-of 1on energy w1thé1on-“ .

mass cou]d be used to m1n1mzze the var1at1on of fon

. - ..“'“
e, e s e

. transm]sstv1ty Another a]ternat1ve w0u1d be to mod1fy

2,13 - Assessments of the System

~

the quadrupo]e to operate tn‘ '"de]ayed “de ramp" mode

(65,65) as suggested by Brubaker It wou]d remove the

'"btnstabillty 1mposed on the 1on tragector1es due to the

’
H

presenCe'ot.fringing_fie]ds.,

*’5‘:A. Number of Ion Mo]ecu]e CoT]1s1ons L;;he Ion Source

Although the proton transfer equ111br1a were

4‘_ .

measured in a fle]d free ion’ source, there wou]d st1]]

»



" be excess energy ig the react10n products 1n1t1a11y be'j;at‘fzfﬁﬁ”l

"57have to be removed by mo]ecu]ar co]]1§1ohs before they\pv

,' v“-::-".'mo"ecu']e 3 For methane <d=~4.] X ]0 Cm) at a pY‘eSSUY‘e . “
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| icause of the exotherm1c1ty of the reactmon -t AT s f__ B
S el S e e o - e e
‘ - .' " .;:: .—‘YA. - :- + l' "= e ‘r. L e+.. ;_ i " ‘~V R e T o TR
- B]Hp“+{82v ‘qu+ Bzh T S ,(].]3

o The excess energy in. the react1on products B] and 82H J;;&:f;i?ﬁﬂ

-

e

:engage in the backward reaction. 1f the therma] equ1]1br1um o

;;constant is to be obta1ned <

R . e
-

The number of CO]]]S]OHS of a mo]ecu]e per second\* i
Z, is. g1ven by equat1on 2 47 (69, P. 44) ' h' ) - >.//ﬂ,f,5’4r’

R =—~:‘{2—D\7-ﬂd‘2; ’_ s (2 A7) T

-,where n¢1s the number denswty of the gas "V ois the averageih;jgvgas.

o

r?*gas vL70c1ty, and d 1s the d1ameter of the mo]ecu]e ,The"
- » .

,quant1ty nd2 1s termed the co]1ﬂs1on cross sect1on of th&;ﬁgc;pflif

.‘o

e e

-« .’ \

_fot.] torr: at 300 K d mo]ecu1e w111 undergo about ]0 SR lbj“"'

g

: 60111s1ons 1n 1. m14]1second tf'“j ’,eﬂegt,ht Vﬁnf’\{?7”'

tr- A Charged part1c1e w111 suffer somewhat more co]-_f;'

¥, oo

“Jisions because of the ]ong range 1nteract1ons between,

'i'the charged part1c]e and ‘the- qermanent dlpo]e or 1nducedghgwi’j_}sa~

»‘dd1po1e of the neutral mo]ecu]es By tak1ng thevtherma];;df
IERRES

-

"Torb1t1ng rate constant k. --10 9acm3 mo]ecd]e - sec s

. R [
/ P - . « » . . . "

it may be ca]cu]ated that an ion wou]d undergo aboutﬁg_;

.7
10 co]]1s10ns per m11]1second at a pressure of 1. torr

~on the co1]151ons between react1ve co]]1s1ons As.the

.- -
A

) A
[
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: concentratuon of the bufﬁhr gas (methane) was h1gher than.;d,a}:

/k@f. "

.~(

ﬁ_usua]]y 1ns1gn1f1can}}y sma]]

P
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those of the reactants by a factor of> more than 100 vthe;

1ons wou]d suffer more than 100 co]]1s1ons before enter—

1ng 1nto a react1ve co]]1sqon

1n the next chapter suggested that thermal}zat1on,ofaaons**f’

A:--r*‘ "—. > 3 R

e & - -

were estab11shed under such cond1t1ons

’._ ~ ot »‘--~°

)

B.- Ion Samp]1ng v .'.o;'. Vt':7 ["“i', _*f"'“
In the present exper1ments it was assumed that the
1on popu]at1on outs1de the . 1on source _Was a. true repre-v-

sentat1on of the 1on popu]atlon 1ns1de the 1on source'

S

P

where the reactgons actua]]y took p]ace«h The assumpt1on*

15 va11d on]x 1f two cond1t1ons are met (a) The d1ffu-ﬁ

s1om coeff1c1ents of the 1ons are the same

]atlon rat1os throughout the 10h source, as probab]y

- ,_-.v -

‘0n1y the f]ux of 1onsi£t,euh1ons arr1v1ng per Uﬂ]t t1me)

to a reg1on near the 1on ex1t s]1t was measured Theg

v . *vJ

~

d1ffus1on coeff1c1ent of an 1on 1s 1nyerse1y proport1ona1
to the square~root of the reduced mass of the qon and the

gas mo]egple w1th methane (M. w

5‘

]6) as the buffer

ey ,’.:.¢-~-« T

wh1ch are of con51derab1y hlgher mo]mcu]ar wewght are
b

qu1res moTecu]ar f]ow of. gases from the 1on source to

The second cond1t1on ref'

The present resu]ts showna

.

i

The

) (b)»,_,Th_e gas N

i9 the dﬂffemnwes “in’ reduced masses for d1fferent fons T



the evacuated chamber : Under moTecuTar fTow the 1ons -

effuse through the 10& ex1t sT1t W1thout coTT1d1ng w1th
another mo]ecu]e and therefore no ser1ous d1stort10n on
the 1on popu]at1on wou]d occur Mo]ecuTar fTow occurs“

'when the dwmens1ons of an or1f1ce are sma]]er than the

mean free path of the gas moTecu]e, that is, the average
‘;;;m~‘ d1stance a moTecuTettravels betWeen coTT1s1ons ‘The-“ -

mean free path A 15 g1ven by equat1on 2 48

L . S o k2

/?nd n

. . A ‘.‘. e g
P T

Apdhmwh&re oo “fsm the mo]ecu]ar d1ameter of the gas and n s”ff

~

the number den91ty of the gas The mean freeﬁpath of

A!mkmethane at a: pressure of 3 torr at 300 K is- ]L4 X" TO cmlr

cm X O T cm Therefore the f]ow through the 1on ex1t

o~

“-sT1t shoqu be near moTecuTar

Jhe conductance of an or1f1ce by moTecuTar°fTow

1s proport1ona] / TEM where T is the temperature and M
..9 ‘ .
: |

1s the moTecuTar we1ght of the moTecu e . in quest10n fhé”.'»

v1scous f]ow of a gaseous m1xture from the gas hand11ng‘

pTant to the i-on source does not fract1onate the gaseous
__m1xture As the gaseous mthure d1ffuses through the,
- 1on source ex1t sTrt by moTecuTar fTow the T1ghter gas

ffmo]ecu]es will escape faster and the 1on source will be"

enr1ched 1n the heav1er gas moTecuTes ,.To avo1d the

I e



- . LE o . - . .

-enr1chment of heav1er components in the gasmms m1xture,»

the ?on source was cont1nuous]y be1ng exhausted by a
mechanlcal pump through a cap1]]ary ‘In dovng §05 the

1on soyrce was rep]en1shed by a fresh un1form gaseous
9

m1xture at all t1mes The s1ze of the cap1]1ary was’ chosenw'

s0 that the f]ow through ‘the cap11]ary was -at least three L

t1mes faster than the f]ow through the 1on ex1t s11t

-

and the e]ectron gun entrance s]1t comb1ned The re]atwve

4 f]ow rates may be compared by mon1tor1ng the pressure drop

“with t1me in the man1fo1d of the gas- hand11ng p]ant after

1t is f11]ed w1th a gas at 10 torr and is open to the iOnf

. et L
h source Typ1ca] re]at1ve rates of pressurd'lrop fn Q
:norma] f]ow1nq system (s11ts and cap11ﬂary openf and
that through s]1ts on]y are: shown An’ F1qure 2 21 ) At a
| pressure of 3 torr the re]atlve rates of. pressure drop
'haw1th and w1thout the cap11]ary were in a. rat1o of 4. ]
Thws was enough’ to prevent the accumu]at1on of heav1er

components 1n the 1on source , As ‘the rate of pressure

drop 1s f1rst order w1th respect to the pressure P, in
;-

the 1on source for mo]ecu1ar f]ow and second order forv:“

o Jd

v1scous f]ow,rthe stra1ght 11ne 1n the p]ot of ]og P vs
, tlme 1n F1gure 2 2] 1nd1cated that the f]ow through the

5]1ts was 1ndeed near mo]eCu]ar

. ...' .
~ s B . . . N 4

-7 wC. don Removal . ¢ .. ; e

The pos1t1ve 1ons in the ion squrce may. be removed

by d1ffu51on to the wa]] or by ionfejectroh;recombination.

“ .
R Y

. . P N .
- o . t. : .- 1

el
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’The former 1s'a’f1rst ordeh ion 1osslmechanism and the

'1atter is a second order process Since'the ion-mole~
:‘? e -

cule react1ons stud1ed are pseudo f1rst order the

,?9»' : EERY- 2N

k1net1cs of the react1ons stud1ed w111 "be d1storted f ”‘“

.the second orde; Ton e]ectron recomb1nat1on was’

-

1mportant as an 1on 1035 mechan1sm

A

Treating the 1on—e1ectron recombination as a typica]

sécond order react1on “and assumlng that the 1n1t1a1

"

number density of the pos1t1ve ions and that/of the e]ec—

trons are the same, the half life of the react1on,-1

1/2 bl
'

15 given by equat1on 2.49

T, = Iane]'] . o . (2.49)

~wHere o 15 the recomb1nat1on rate coeff1c1ent and ne

is the number dens1ty of the electrons. The va]ues of o
- ‘L~
'depend on the ionic spec1es in quest1on but is usually in

“the order of 1Q° -6 cm3 molecules J sec™ ! For CH5 and
C2H5+'from methane, u has a va]ue'ot:4 2 x 10°% e’

.molécule—] sec_] (70)] The number. dens1ty of electrons

after each e]ectron pu]se is- d1ff1cu1t to determ1ne Since

the number densitids of e]ectrons and pos1t1ve ions are.

the same, ng may be estimated from the number of ions -
‘_generated 1n one e]ectron pu]se and the 1on1z1ng vo]ume

QE The number of pos1t1ve ions generated per pr1mary e]ectron

A 6 C Lo -



£ 120
in the ion source, Ip/Ie’ tS'givenfby equatton 2.50,
1 /1 = qon. - , . (2.50)

p e

;where o 1s the cross sect1on of 1on1zat1on of the gas .. .

¥ -r

mo]ecu]e £ 1is the e]ectron path length through the gas
and n js the number density of gas mo]ecu]es The ioniza-
mt1on cross-section of methane with 2KV electrén is

2 x 10 17 cm‘2 (71) The d1stance between the e]ectron
gun entrance s11t and- the e]ectron trap was about 1 cm.
-At a pressure of 3 torr, the ratio of I /I was about 2.
This 1mp]1e3“tha¢N2\12£§_were generated by every pr1maryv
h1gh energy e]ectron : For each p051t1ve 1on generated
secondary e]ectron 1s aTso formed The average energy
1mparted On a secondary e]ectron is about 70 eV (72)
Assuming each of these e1ectrons generated two extra 1ons
before 1t was degraded to ]ow energles (92), the number
of ions produced by every h1gh energy e]ectron which
entered the ion source Was about 4. With a trap current
of~015 WA, it may be ca]cu]ated that in a ]O usec e]ectron
'pu1se, dbout. 3 X 107 electrons entered the ion source
therefore,’about 1 x 108 1ons were formed.

The volume of the ion source ‘was about 1.5 cm3. How-
”aeyer; the 10ns were generated ma1nly along the e]ectron
path. Tak1ng 1nto cons1derat1on that. the electron beam
‘WOu]d spread on co]]tsjons with molecules once:jt entered

the ion source and the secondary e]ectrons m1ght be

~
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generated outside the electron beam, the 1onizatioh volume

may be approximated to be.0.]1 cm?. TheWinitia1‘density of__
the ion was then.about’1 x,jO9 cmms}{ Putt1ng the va]ues'

’

. of .o, and-n 1nto ~equation: 2.48, the ha]f 11fe of the,f;,

¢
ion-electron recomb1nat1on was about O 2 msec. S1nce thee
 ha]f life of the posvt1ve ion d1sappearance was abou% O 1
msec'(see F1gur532 14), one might su;petththat the jon-
mo1ecu1e reeombwnat1on was.a-stgnificant_loss*mechahism

in the system, \ A )
| A second look at. the rate of diffusion of elecitrons
woﬁ1d:$hoh]that the.average 11fet1me of e]ectrons aga1nst
;coltiston§HWithtthe walls of the ton source was’ extreme1y~'
short; The‘averqde_t1me, T, for a partic]e'to diffuse

. to the wall of a cohtdiner"is given by equatﬁoh'2.51 (68,

p.483), - - ‘ o AR

. | g2

T —
D

T(2.51)

7 where d is the distance from the wall and D is.the d1ffu—h
sion coefficient of the particle. The d1ffus1on co-
.efttcientoof e]eetroné.tn methane at 3 pressure.of.3 torr
s ebout 104 cm?.se -1 (68 p. 490) The distance hetweeh
the jon source exit slit and the p]ane of the e]ectron
beam was about 0.1 cm wh1ch may be»taken»as d. The
average 1ﬁfetﬁme of the_e]ettron was then ca]cuiated

to he 1 psec: fhis shows that the 1on—e]ectron,reeombin—
ation tould only be significent in the jnjta1.fewjmicro-,-

'seconds. ‘The -electron density dropped rwpidﬁy_within

© e & G



that per1od of " t1me by d1ffus1on to the wa]] As the aver—

Aaqe 11fet1me of the e]ectron aga]nst d]ffus1on ]oss was
i’shorter than the e]ectron pu]se wquh (~?O hséc),ﬂthe#ﬁfffgﬁl:ﬁ?:¥?r

\gx_ IR e 0% e
P N T © ; ,.sx;: L a_'&t“."?. -,

IR presence of ‘the second order 1on e]ectron recomb1nat1on

m‘-«—-

in the 7n1t1a] per1od wou]d not affect the k]net1cs of
other f1rst order processes after the electron puTse was |
off”” In a typ]ca1 exper1ment the k1net1cs and. the.
equ111br1um of a react1on were fo]]owed on]y some 20 usec
after the pu]se, and more often after some ]OO usec ;;*'h~ff"{#f”"
The average 11fet1me of the 1ons agalhst dlffus1on ‘
w"to the wa]] may be ca]cu]ated us1ng equatlon 2 49 Tak1ng “-C;

D.=.10 Cm/secvl (68, p. 490), a typ1ca1 d1ffu51on co—

@

.eff1c1ent'for ions. under these cond1t1ons, the average

11fet1me of 1ons 1h the 1on source was, about R msec P
In conc]us1on, the don d1ffus1on to the wa]] is thei;/xiv,‘
Aon}y major 1on loss nechan1sm in the present system As |
the ion d1ffus1on and the ion- mo1ecu]e react1on are . f1rst
order w1th respect to the ion 1ntens1ty, they Just have
' add1t1ona] kvnet1c effects ‘on’ each other Assuming - that
the rate of d1ffus1on 1s the same for a]] 1ons ~the effect
of ion d1ffus1on on the var1at1on of ion intensities cank_
be removed by norma]1zat1on as d1scussed in sect1on-2.]0;
“such that the k1net1cs of 1on-mo]ecuﬁe reaCtjons may then ~

be stud1ed

>
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PRESENTATION oF RESULTS THE GAS PHI\SE BASICITY
N :-'f'ff : LADDER AND THE PROTU'\J AFFLNITY SCALE .
Ll GHAPTE.R d11 o BT e B T
43 ""‘”’Ll;‘q-ﬂ o“"J“»‘ = "v"“c-"v 4 ". _":"';-‘Z_;“ ':‘\»;:q: S pc.:;t;., .'.;.»» N " @ e hd v.,‘ e . o 3 . . B
C31 The Gas- Phase Bas1c1ty Ladder . o “jf~~,;,.ﬁ;;j -

‘ TheVeQUilibrium_conStantstr‘theaproton transfer

“reaction 1. 13 1nvd1vtng"5m{ne§33substﬁtu$eq,behzenes,,

T . ) ~.

o - Coe T T . £ ,
"'e1cohols gtc. “qs beses B were determ1ned at 600 K. The" |
sh1gher react1on temperethre was chosen so ass towero1d i . 4
" &the 1nterference from the- format1on of protonatedAd1mers g
(Bj H These dimer“1onsucan become the maJor ions ;t
~]ower temperature 1f the pos1t1ve charge in BH ‘15 1oce
- .

;a11zedu1n afew hydrogens as in the case of NH4 or H3O
”S“Ch that”StrongfhdeOQenwbondingﬂresu1ts The' exper1-, fe\
menta1 resu]ts are’ 5ummar1zed in Tab]e 3 1 in which,a».' . »jf‘*

continuous AG ‘1adder of equilibria between water (Tow-"

est basicity) and 1,8- b1s(d]methy1am1no)naphtha]ene '_

a(h1ghest bas1c1ty) is shown The 1adder covers a span )
of some 70 kca]/mo]e baS1c1ty dlfference andﬁlnvo1ves' '
. some 50~bases.ﬁ The AGGOO va]ue for a g1ven pa1r of o ;'sﬂf” .

bases obta1ned by d1rect measurements is shown bes1de ;“ T
‘the arrow linking the two bases. An average of three g
_thermodynam1c cyc]es connect each compound to the

ladder . They are consistent towithin ~0.3 kca]/mo]e

123
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T TabYe 301 (Contirued) -

e = o

'BenZDic Acid
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3'2 @

*n-Propyl acetate )
R oL FUREERR
“Anisole 1%
',_Qjethy1\ether'.> 7 o2 1 ; : :
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025

Methyl acetate .
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B

09

{vo

P

39

0.2
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" Benzonitrile

05

24

36

“Phenol

o5

o5 |v6 3o | 355

14

. Naphpha]ené

lo.o

Isobutene .

t-Butanol

1.6

8.1

n-Propyl formate

" 9.2

9.5

. NitrobenZene

2-95 .

9.5

“Ethyl fomaié‘\'

23 -

10.0

Ethy1beﬁzene -

2.2

38|

150-Propaho]

Toluene

0.45

12.1

Methyl formate

J13.5

3

0-8

215

14.5

~.Acetonitrile

0% .

14.7

Ethanol

19

425

‘Acetaldehyde

Benzene

o

36

16.1

18.4

5.3

1.7
9.0

9.5.

12.9
13.3.

13.9

15.3 *

‘.
12.
13.

14.

16.

S



. N :
,gngeﬁg-A A _ - e 18.4 ° 17.3
Fluorobenzene _J;{f o . TR 192 182
R Yeny - o210 B I Lo L -
.chlorobenzgne — 1 - - 19.4° 7 N3 .
A : ) - N . w -
_ 03 - fo0.5 e ' , )
 }?§“62?1 < _ 19.7 8.6 i9.3
e R e cow foss o T T e ’
3 ~ - - - -+ 20.3 19.2
03 ,
20.7 - 19.7 . -
P . : v ' .
29|35 |.s3 o e
L — 23.6- = T 22,6 - 2.8
‘ itrite N fas ] - .
| Ha]ononltrlle A L 261 - 24.%
o e : 57 a4 ’ 6.2 . A - .
. fdrogemsulfide T[4 — - 3h8. . 28.7 27.8
i 0.9 . . .
1,1,1- Trlf]uoro— ‘ -
eihanol B ‘ 2.7 298
“lo2 es |29 , oL
/Tr1f1uoroacet1c L ' . L o -
acid. e —— : : 32.9 30.4 28.6
. 18 ‘
'~”?ter _ 3.7 3.8 . 314

A1 values in kcal/mole . ‘ m
b.  Values with suherscript (*) were done at 460°K, the rest at 600°K. -a6° values refer
to fhg reﬁction; B]ﬁ+ 4 82 = B] + 82H where B] is less basic (lower»in the column) .
than B,. v : § : - -
€. For the reaction NH4 + B = NH3 + BH Assume AG460 = a6? . _
From: (1) R. Yamdagn1 and P. Kebarle, :J. Am. Chem. Sac., 95, 3504 (1973), based on the
present value for methylamine. (2) R. Yamdagni and P. Kebarle, J. Am. Chem. Soc. 96,
1320 (1976). o ‘ A
€. Unless otherwise statéd,‘all vélues are from: (I) Tabulations py R. w.?Téft'in "Proton - <
v Transfer React1ons" E. F. Caldin and V. Gold Ed., Chapman and Hall, London, - 1975,
‘(2) J "Wolf, R, H. .Staley, 1. Koppel, M. Taagepéra R. T. Mclver, Jdr., J. 1. Beduthamp:
" and R.'W. Taft, J. Am. Chem. Soc. ». 99, 5417 (1977). N
f.* B. S. Fre1ser and J. L. Beauchamp, J. Am. Chem Sec., gg, 265 (]975&;
T g. From A6300 measured re]atvve to acetone. J. Vogt, A. D. wi]li§mson éhq(J. L. Beauchamp,
.. J. Am. Chem.. Soc:, 100, ‘3478 (1978). o \\
h. From AG350 measured relative to acefone. P. ‘Ausldos and S. G. Lias, Chem.\Phyé. Lett.,
51(1), 53 J1977 ‘ _ ‘
i. From AG300 measured relative to methy fonvate W. J. Hehre, R. T. Mclver, Jr., J. A.
Pople and P.v.R. *Schleyer, J. . Chem. Soc.', 96, 7162 (1974), .

4' 539



The data based on whwch the Tadder is constructed are tabu—_.

Tated in Tab]es 3 2 - 3 52 The partLaT pressures of B]
N

and 82 were var1ed in order to examine whether the equ11~ R

1br1um constant is 1ndependent of the concentrat1ons
Representat1ve pTots of . equ111br1um constants ys ion

source pressuresand equ111br1um constants vs concentrat1on
. ‘ :
rat1os of neutra] 8 /P . ‘are shown 1n F1gures ? T - 3.9

: 1 2 : S

“ . and - F1qures 3 TO 3 17, respect1ve1y The results 1ndicate

that the equilibrium constant is 1nvar1ant with the partial

-

pressures of the neutrals.
S1nce ammon1a 1s usuaTTy chosen as the reference

base in compar1ng gas phase bas1c1t1es, the 260 for

600
the react1on 3. T are given for different bases B in

h + : o ’ +. : . ' '
NH4 +‘4B.= NH3 + BH ‘ : (3])

TabTe 3. 1' ATso given in TabTe 3.1 are the AG%  values

600
-reported prev1ous]y from ‘this Taboratory (1-3) and the.
300 Ya]ues obta1ned from ICR*measurements (31 73 75)
'The present resu]ts,'where over]app1ng w1th ear11er |
measurements from our ]aboratory, are genera]]} in agree--
ment w1th1n ~0.5 kcal/mole.
‘The tendency of most of the protonated-henzenes toA

-form r1ng protonated d1mer 1ons s much Tower even at

Tower temperatures This. al]ows the exam1nat1on of the Y

N -
o ' .. d

Ttemperature dependence on the equ1T1br1um constants of

~the proton transfer reactton 1.73 between_benzene and

©
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" Table 3.2 Equilibrium Constants for- the Proton Transfer Reaction: .

L S ¢

o, U + :
H (water). + B, = water +.B,H' "\,

N

Ll | .; T . ,; - ... R Sago
Byt o8 Pp./P5, P o PB],z ?82§  R

R -—;—_____ 'KEQEfQ"flﬁtorf) (mtorr) o {kcal/mole) -

o owater trifluoro- 413 .70 53.2° 12.9° . 3.9
acidiciacids T S0 70,9 17% - 413

4.50  88.7  21.5 4.55

n

8.25 " 1.75 63.5  7.70- 3.7 e

e
4.84
4.52
5.04

2.80°  fo1.6- 12
340 1234 15,
3.60 - 130.6° 1s,
4.30 156.0 - ]8.

O 0 O w

o o Ave. 40 .75

N1, 1-tric 01447 245 . p.94. 6.5
fluoro- . . . ’ -

etharcy b3.20 3:84 .59
‘ 480 5.75°12.9
0.79 - 2.00 . 13.2 . 16.6

3060 23.8 29.9 .08

- 4.40 29.0  36.5 «  5.26

water 4
4
4
4
5
4.02: 1.70 _ 33.5 8.33 4.27
, _ , . )
4
4
5
5
5
5

.08
.28
31

72

. 3. 597 147 g7
3090 N\U76.8 191 4.97
7.9 175 \e3s5 795 34
: 2,80 101.6  12.7 5.0
3.40 v 1234 15.4 5.5
3.%60 30.6  16.4 .20
4.30 50.6 ° 19.5 -
| Ave.. 4.74 1.5

.69

-_—



P YA THRNE P By ,K G6oo BaR

‘;7;;!1 ‘_,“;;_*“' S ~;-_jﬁorr) gmtorr) gmtorr} gkcal/mo]e§

fzal -7A711;,"
.70 " e,

‘wéfer"',hydrogen :ZZOUv”'
‘ sulfide -~

1 8 588 100
\ 1 7 ©8.33 10,07 -
2.60 255 12,7 1.

| 3.50 - 3.3 7.2 1200 . -
400 100 a3y 0.8 10,0 7w
O eo 709 7.7 108 B

2,500 985 24.6 120

3.30 130:0. 32.5. . ‘12.0°

;Aye.slT;Ofll_?Z;BBv‘




' ~ Table 3.3 Eduiisbrium Cthtants‘Fbr ihe Protpq=Tfansfer:Reaction{

oy

"5,_H*(trif]boppaceficuacid) + 32_é.trifluo%daéetié’acid + 82'H+

I _~f _;&'ii;‘f‘ 3 j;orr mtorr} (mtbhr}v_v f_ (kcal/mole)

tr]f}uoro 1,1, 1-tri- 0. 968 | 1.75 _7.68° 7.9 1.5
- acetic f1uoro- Lt R _
3 acid’ . ethanol . 2.80 <12.30 1207 18
“ e 3.40 0 14.9° 154 1.16°
| 360 15.8 . 163 1.5
ot 4307 18,9 195 .13
| 2.9 . 2.90 27.3 812 1.7
350 " 329 - 1.0, 131
3.80  35.7° 1200 1.»3 |
o o Ave.1.220 (.24
* trifluoro- hydrogen 1,32 .35 2.7 0 9.4 2.54 |
acetic: - sulfide o o . ﬂ '
L.,gc1d DU 280 2206 1717 25
R L ET0 442 335 2.44
325 W50 420 1290 agp
e , C oo 2700 7506 23,3 ¢ 2.38
S350 980 30.2 246

- Ave. 247 1.08
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Table 3.4 .Equilfbrium=Consténts for the Proton Transfer Reacfion:
CHT(1,1,7-trifluoroethanol ) +-B, = 1,1,1-trifluoroethanot + B H"

:'BT;- B '_.P /P

(mtorr)

b

5

P.

-B:

2

(mtorr)

K.

1.1,1-tri- hydrogen 0.841
“fluoro- ,
ethanol = | ST

sulfide

0.846

8.58

-

i 1,1- tr1—: ma]one& 3% 8

ethanol~ -

.

S0 NN Ol W Ny

.20
.90 -
.40 -
.00
10
.00
.50
.60
.30
.30
.10
.90

.95
.70
.40
.50 -
.90
.10
.00
.00

1
14.
15,

=

-5
K9.

N

19.
7.
12.
16.
32.
52.

: 73,

96.
133.
167.

221.

44.

A
103.

147.

197.

o1

38

.8

Nl U1 H O ;Y —

[l

7.

11.
14,

18.

1

~ 140

S N
2
4

.23,
s,

15.
9.
R
s,
8.

B~ P NENT I

.532
.24~
77,
.37

‘Avé.

166.
_163.
- 149,

' . . € “
NN N N NN
... » . " .
o
w

T o

1
e
. »
w

174.

218,
189.
189,
182.4

179.3

4=-,. NN N W@

.(}caﬁ/molé)fil

0.90- .

!

RS
) .

¢.19

A



132

Table 3,5 Equﬁilbri,um Constants for t_Hé Pr‘otopf‘Transfer Reaction: |
s N e e
H+(hydrogen su]fide)v+ Bé =»hydr;gen‘§UTfjde + BéHf

By B;f PB]APgéZV-,PcH4_ ; PB1‘ P, K "AGgoo |
L . A .. _torr) + (mtorr) {mtorr) _ (kcal/mole)
_hydrogen malofo-  19.6 " 2.00 4 57.2 2.92  127.4
(sulfide nitrile ¢ 2.60  74.4 3.79  125.4
; : 3.00 . 85.8 4.38 .125.4.4
.3.20 91.5 4.67  117.6
v , 4.20 120.1 6.13 125.2
| 29.9 § 1.35  38.6 1.29  128.6
f.o- L 2.5 T o644 2:15 128.6
— [ 30 887 2.97 1386
— 4.20 12001 4,02 130.1
. 7.6 -.2.00 . 328.0  2.79 114.7
2.10°  344.4 2.93  M.7
3.10  508.4 4.32 113.1 )
4.00 = 556.0  .5.58 118.8
= 295.8 0 1200 4.05 125.9
0 1700 5.75 125.9
0 2300 7.78 -125.9
0 4000 13.5  128.6
Ave. 124.0  5.75
hydfogen formig 86.0. 1.50 223.5 2.60 1118
sulfide acid . 2.70  402.3 4.68 1161
2.70  402.3  4.68 120.
310 461.9 5.37 1161
3.85  573.7 6.67 1204
- 264.6 0 1600 6.05 1270
e B 0 2600 '9.87 .1283
03580 13.2 1270
- "0 4000 151 1297 -



v

B, By

hvdrogen formic 268.7
sulfide-. acid .
2]

533

P

CH4

OOOOOOOO’O

" Table 3.5 (continued)

133
) _': ) . | X 0
PBi PB2 K 86y
~ (mtorr) (mtorr) (kcal/mole)
1800 °6.70 1048
2600 9.68 1129
3780 13.8 . 1263
4700 - 17.5 1263
800 1.50 1066
1200 . 2.25 1066
1800 - 3.38 1066
3000 5.63 1119
4700  8.82 1173
Ave. 1]767

8.43



. Table 3.6 quilibrium Constants for the Proton Transfer Reaction:
. H+(m lononitrile) + B, * malononitrile + BZH+
By 812 PB]/RB‘z‘ P(CH,4) P ] 'PBzz K. _AGgOO.-
b - : (torr)  (mtorr) (mtorr) cha]/md]e)
~ malono-  formiq 0.905  1.40  -4.76  5.26 7.60
nitrile  acid TS0 544 6.01  8.33
2.00 6.80 7.51  7.96
2.40 8.16 9.02 7.87
3.50  11.9 13.2 7.9
~ 4.30  14.6 16.2  7.60
1.90 1.05 7.46  .3.92  7.79
~1.25 .. 8.88 4.67 7.79
o170 120 6.35 7.98
2.00  14.2 7.47 7.79
3.60  25.6 13.5 - 8.17 .
- : ' -Ave. 7.89: 2.46
malono- 1,3,5-tri- : \
nitrile . fluoro- = 6.04 3.10 .- 38.4 - 6.36 92.6
benzene 320 39.7 6.57 93.9
4.40 54,6 9.03 87.5
| 4,50  55.8 9.24 92.6
16.1 2.40 26.4  1.64 77.2
2.60  28.6 1.7884.0
3.00  33.0 2.05 80.6
4.00  44.0  -2.73 80.6
Ave. 86.1 5.31
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18.7

Table 3.7 .Equi"ﬁbr'*i‘um Constants for the P'roton'T.i”an’s'fzer‘Reac‘;tiuon:_
M (formic acid) + B, = formic acid + BH'
By 52 "8/Ps,  Fou, s Py f N -08g00 o
o L - (torr (mtorr) . (mtorr) (kcal/mole)

formic 1,3,5-tri- 9.1 1.60 1.50  0.16 - 10.6

acid Tluoro- 2.30 216 - 0.24 2.0 |
, . 2.60 . 2.48  0.27  12.0

3.70 3.48 -~ 0.38 0.2
3.80 3.57  0.39  11.0

‘ 3.80 3.57 0.39 . 10.8 _
36.2 ' 2.50-  39.8 1.100 125
‘ 3.60 57.2 1.58. 11.0
" 4.5  66.0 °© 1.82 11.6
CAve:  11.3 2.89 -~

formic m-difluoro- 2.61 2.50 © 85.8  32.9  21.7
acid  benzene T 300 1063 " 407 21.4
| : - |

| 3.60  123.5  47.3 21.7"
. 5.37  2.50  88.0 . 16.4  19.2
2.95  103.8 19.3 16.9
4,00  140.8 - 26.2  16.2

25.8  2.35 123.1 . 4.77 206
3.30 172.9 = 6.70 18.9
3.40 ~ 178.2 6.91 18.8
3.80 19901 . 7.72 - 18.0
52.4  2.75 . 144.1 2.75  17.4
3.60  188.6 3,60  16.5
3,90 204.4 3.90  16.1

.Av‘e.

- 3.49
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Table 3.8 Equilibrium Constants for the Proton Transfer Reaction:

N o
e e

- H+(1;3,5—trif]uorobenzéne) +'B, =-1,3,5}trif}uof6bepzehe + B H

2 @ 2
B, B, PBi/PBZ‘“PCH4- PB] PBZI“ K :-462004»
: (torr) {mtorr) (mtérr) (kcal/mole)
Hoatri- benrena 0T 0.33¢ . 2.50 147 435 1.35
benzene 3.70 21.7 64.3 1.30
| | 4.00 - 23.5  69.5 1.32
0.563 1.60 16.0  28.5 1.10
3.60  36.0  64.0. ‘1.16
3.85 38.6 68.5 1.17
3.98  2.00 33.4 8.39. 1.25
3.0 51.8  13.0 1.28
3.80  63.4°  15.9  1.23
N Ave: 1.24 0.26
1,3,5-tri- benzene  1.67  3.40  40.8 26,4 8.0
o paaoro- 3.70 444 26,6 7.74
oy | 4.00  48.0 - 28.7  7.04
3.49  2.20  19.5 5.60 6.78
1 3.85  34.2 9.80 6.95
3.90  34.6 9.92 6.96
420 37.3 107 6.59 )
411 3.00 ©25.5  6.20  6.69
| 3.40  28.9 7.03 6.58 .
© 420 35.7 8.69 6.69
Avé;fj;7}r .3.32
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Table 3.9 -Equilibrium Constants” for the Photon‘Tfahsfer‘Reaction%

',Hf(m—dif1uorobenzéqg)'+ B, = m-difluorobenzene + B H'

! 2
B &% Pe e Pa, o ey e, F -88g00
AR R ‘ ?tofr),.' (mtorr) - (mtorr) {kca]/md]e)"
m-difluoro- methanol 0.831 2.45 321 . 38.6  1.44
benzene . 3.00 393 47.3  1.50
3.70. . 48.5 58.3  1.49°
1.03 2,20 36.7  35.7 1.50
©3.60- . 60.1  58.4 1.63
. 3.8  63.5. 6.6 1.57
8.24  3.50  186.9 22.7 - 1.54
3600 © 192.2  23.2 159"
‘ 3.70 197.6° - 24.0  1.83
3.80  202.9  24.6  1.75

Ave:  1.58-  0.55
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Tab]e;j;TO Equilibkameonstants,of'thevProton Transfer Reaction:

H+(methanp1) + 82 = methano}‘+ BZH+'
B B "5,/%s, Pon, P, s, K 26500
"v - '/‘ L (torr) jm;orr)f,jmtorf)' ‘,KECal/md1e)
Methanol Chlorobenzene 0.250  2.60  8.32 = 33.3  1.38° |
T | 260 .32 333 1.49
' 3.0 9.92  39.7  1.23
4.00. 12.8 - 51.2° 1.22
470 1500 192 T p.98
1.25 3,10 49.6° . 39.7 1.4 )
L+ 4.00 4.0 51.2  1.18
2.51 2.00  6.40 2.55 1.49 ‘
| 3.30 10.6 421 1.3g
3.90 12.5 4.97 "1j§% ,
4.60 14.7 5.86 1.2 |
: Ave. 1.30 . 0.3
Methanol Fluorobenzene 0.232  2.30 7.36 317  1.61
i ) | 370 1.8 . 13.7 182
430 138 59.3 7152
0.465  2.70. 17.3  37.2  1.64
3.50 22.4  48.2  1.48
400 2.2 56.4  1.48
0.775  3.20 51.2 66.1 - 1.46
" 3.80 60.8°  78.5 1.40
o 4.20. 67.2 .  86.7  1.45
© 2320 2.40. 192 8.28 1.64
0 n700 296 12.8 .66
4.00° 32.0 13.8 - 150
| Ave. 1.51 0.50



W 139
Table 3.11-Equilibrium Constants of the Proton Trarisfer Reaction:
’ : H+"(‘ch]>orobenzene) + B, = chlorobehzene. + BZH+ S -
By LBy '31/?32 i ch4 s, "8, “ 'AGgoo
qur) (mtorr) . (mtorr) (kcal/mole)
chloro-  flyoro-  0.463 . - 2.10 . 13.4 28.9° 1,34
, ’benzene , ebenzene'_ 3.60. 23.0 - 49.6 1.'30
4.10 - 26.2.  56.5 1.28.
10.516 3.00  98.4 - 19] 1.27: q
| 4.00 131 254 . 1.12
T . 8.0 135 261 1.20
0.927 2.50 _-32.0 34.5 1.22
| 0 3.60  45.7 49.7 1.32
3.70 _.47.4 .iﬂgﬁ]‘] 1.30
410 52.5  ®s6.6 1.25 -
6.18 2.50 - 32.0 5.18 1.16 -
/0 L 2.60 333 5.39 1.28. . ;
| Y7330 4222 6.83 1.1
420 53.8 8.70 1.26
. Ave. 1.2% 0.25
N . X ~
chlorcbegzene benzene - 0.881 1,20 12.7 14.4  2.50
N | 2.50  22.7 25.74. 2.50
N 2.70  24.5 27.8  2.37
| 8.76 2.60  46.8  5.33 2.28
Lo 3.40  61.2 6.99 2.35
4.0 79.2 9.04 2.55
Ave. 2.40 -+ 1,04
. " -
. £ 0 o
oA ., <
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. CRraple 3,12‘5%q5$¢ibpium Cohstants for the Proton Transfer Reac%fon;'

= filuorobenzene + B,H |

H (f]uorobenzene) * B, )
’ ‘> ,"— . Ca L y
. B B ; > Pe ot Pori o RE
1 e Brw Bzv CH, By By
e - . (toﬁﬁ) (mtorr) (mtorr) ‘
fluorobenzene benzene . 0.945 2.40  5.94 . 6.29
' ' . 3.40 8. 42 8.91
| 2.05  10.05 10.6 . 1.9
. 958 160  31.8  3.32 1.82
' 3.55  70.6 7.36  1.92
, 4.0 - 81.5° 8.51  1.87
| 4.25  84:5. .8.82 1.79 |
’ Ave. 1.94 7 0.79
N
\\‘\
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“Table 3.1,3.;‘ Equilibrium Constants for.the Proton Transfer Réaction:b
‘ H‘f(benzene). + Bé = benzene + ‘BZ’HT . N
. N : ' — ‘ |
B, By PB]/PBZ PCH4 | PB] 'PBZ ok =AGgOO
- - + , {torr) (mtorr) - (mtorr) (kcal/mole)
_benzene acetaldehyde 2.)0 . 1.505;' 4,32 2.06 7.06 . ﬁ
' 2,50 6.75 3.21 7.54
/13,70 9.99 4.76 7.25
p 236 2.60 © 14.3 6.57 7.47
/// 3.60 , 19.8 9.10  7.10
IO 4:50  24:8 1.4 . 6.9]
: 2.33 2.40°  33.1 14.2  6.99
2.50 34.5 . 14.8 659
%0 s24 2.5 6.99
5.5 1.40 - 19.3 3.50  7.57
| 2.00  27.6 5.00 7.10
A 3.00 " 41.4 7.50  7.10
v C 370 51 9.25  7.10
- 1.4 1.80 © 24.8 2.18  7.40
250 34.5 3.03  7.30
| 3.80 52,4 . 4.60 7.40
19.3 2.00- - 38.5 1.78  7.61
| 2:70 . 46.4 2.41 7.96
3.70 63.5 3.30 7.78
CAve. 7.27 2.35
‘benzene acetonitrile 10.5°  1.70H0.7  1.02 34.9
| | 2.20  13.9 1.32 35.8
. 2,70 17.0 1.62 34.9 77—
| 3,60 2.7 2.16 31.5
23.1 2.30  15.0 0.647 36.4
i ‘ 2.80 18.2 0.788 36.4
" (continued........... )



~ benzene

A\

ethano]

¥
142°
| . / |
_'Table.3,1{(;ontinued);"
PB]/sz» .PCH4 - ~QE1 Py, K | ’+AGgDO‘
‘ (tohf) i@ﬁo?r) (mtorr) jk;a]/mo1e)
- 3.60 - 23 - 01 340 |
5.9 1.40 . 18Jo . 0.321- 38.1
C230 IO 0527 30
.30 b 0.755% 33.5
3,50<;//47;3 . 0.802  32.%
3.8 513 0.871 a5
/ ’ . [N
/. Ave. 34.8 . 4,25
4.39 . 7.60 9.44 215 0.5
/2500 148 346 290
| 4.00  23.5 5.38  20.1 ¢
134/ 2.00 13.8 1705 21,0
[o270 186 142 215
=280 79.3 1.47 210
400 27.6 211 210
26.0 - 1.80 11.7 0.450 18.9
| 2.80  18.2 0.700 20.6
3.50  22.8 0.875 .18.9
26.0  1.60 . 10.4 0.400 19.4
2.60 - 16.9 0.650 20.8
3.80  24.7 0.950 20.1
Ave. 20.4  3.60
{
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.Tab]é‘d,ld _._Equilibrium Constants for the“Proton.Transfer:Reactfon:

/ H'(acetaldehyde) + B,

acetaldehyde +8B

5 2

" aceto--
nitrile

ace@a]de—
hyde"_'

?

o

- 7.23.

Peu

=Y

—

PB'

| (mtokr)

tgrr)[';

H

..,.y G

0

600

(kcal/mole)

2,78

W N B W N - W N = W W N

.75
.80
.00 -
80
70
.80
.60
.80
60
.80
.50 -
.50
.90

19,1
30.5

-32;7&

8.4
4.25

.7.00°

9.00

M.7.
1679

ol s
029.3)

63.5
99.1

— .

- 20.
‘32.
35.

L
o+

W B O 0 o AR W

~ -

or RO -0 o

.54
41
21
.08
.88

.78

 Ave;
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Table 3.15. Equ]ibrium CQn§t§nts for thé’Protbn.TféhsfqriReaCtibh:“

N + . .' | —. ) . . : ‘ + ,.’( .
- H (ethano]).+ BZ 3 gthano);+ BZHA :

-

3 P P Tkl e T
TeH, By By | 600. -

‘1’(torr0 (mtorr) (mtorr) . (kéa]/mo]e)

- ethanol. L, methyl - - 60 672 319 2
c s .00 12.6 59.7 -3,

.60 ¥5.2 717 2 ‘

.50 23.6 . 22.2 3.33
50 39.3 . "37.0. 3
1 3
8 3

0.211

R

.00 . 47. 44.4
.00 62.8 59,3

W~ W W=

Ave. 3.06  1.35

.80 9.45 - 31.5
.00 .~ 10.5 ~ 35.0

ﬁ ?Fhanojl acetonTﬁ(;:e;;Qﬁ300‘~ 1
T : R B
.80 18. 20.8 1.42
- :
1

S .
| .§f3’93911

.50 26. 128.8
.10 32. 35.7

LW N = N —
;M W W O

A o © Ave. 1.37 - 0.40
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. "Table-3.16 Equitibrium’onstants for the -Proton Transfer Reaction:

. A;;H+(acetonjtr1]e)'+ BZJ='aceponitri1e + BéHfi o

. B g " ._b o i SR :
‘ 7 (torr)  (mtorr) (mtorr) 3 '(kgﬁl/m§1e)'

L Ca . .
— (S —_— .

600 -

acetonitrile methyl g 795 , g 2.9 o 3.7/ 1.91 -
g formate o - ‘ S b
e 2.90°-.13.3. - 45.2". i:gg
10 189 636 1.9
C0.591 - 60 24.5 . - 4114 1.99
; 250 383 64,7 1.99 T s
- 3.80 U5 Yogg, .09 L
119 2.0 0 387 ' o3 .00
3000 77,7 4.4 2.06
370 958 547 213

.....

Ave. 2.02  0.84

6.71
6.53
6.23° | -

T3,
© 45,

: aSé?bﬁiiriie toluene 1.1 2,00 23, 0
R T 290 33, 3
400 g6, 9

"4.05  1.80  s5, 3.7 6.19

2.40 74. 18.3" - 6.19

3.00. 9. 22.9" 5,95

0 5.35
2
5
9

NN o e o

T

420 130 3207 B35
408 2.70 g2 .99
_ 310 7. 66"
/- S 3.70 .85, 27
. *10.0 1.90 27, :99
2700 39,

N 76
T - 4.20 - 6O .64

15.
7.
' zo.f

O N - W -
~
o .

A S T, T RS

Lo o Ave. sl o
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Table 3,17 Equilibrium Constants for the Proton Transfer Reaction:

B,

methyl”

formate

A
methyl
formate

x7

H+(metﬁy1 formate) + B,

= methyT-formate + BHT

ethyl
“formate

toluene ‘

2
PB]/P,B2 ' PCH4 it P82 K ~86g g
(torr) (mtorr) (mtorr) (kcal/mole)
0.518 1.90°  16.0 30.8  24.3
" Y350 294 s6.8 3.8 ¥
5.14 2.40 56.4  11.0  24.5
4.00 94.0  18.3  25.2
10.4 1.60 27.7 - -2.66 20.7 =
2.30 39.8 - 3.83 22.3
3.70 ' 64.0 6.15 23.3
3.80 65.7  6.32 24.]
1.7 1.70 45.1 3.85  25.1 v
2.90 78.9 6.57 26.2 i
3.60 95.4  8.15 28.6
Ave. 24.4 3.81
1.01 1.80 26.5  26.2° 3.77
2.30 33.8  33.5  3.72 )
8.00  -58.8 58.2  3.66
3.45 1.80 47.3  13.7  3.45
3.00. 78.9 22.9  3.45
4.00 105 30.5  3.54
3.45 1.40  55.6  16.1  3.46
a 2.40 . 95.3  27.6 - 3.21
3.70 147 42,6  3.35
8.71 2.20 715 8.21 3.98
3.00 97.5 " 11.2  4.16
//’F“ 4.20 137 15.7  4.16 -
” Ave. 3.66 1.55
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Table 3.18. Equ1]1br1um Constants for the Proton Transfer Reactwn
H' (toluene) -+ 82 = to]uene + 82H
B, B, PB]/PBZ “Pen, VPBi , ‘E?z Ko ~86gng -
(torr)  (mtorr) (mtorr)  (kcal/mole)
toluene ethylbenzene 0.5713  2.50 4.3  °24.9 2.19
' - 350 20.0 34.9 2.25
1015 1.80 145 135 2.09
360, 30.9 26.9 1.74
5.77 2.50 6.0 ° 6.24 2.16-
3.00  43.2 . 7.49 "2.20
3.80  54.7 19.48 2.33
Q Ave..2.22 0.9
toluene ‘ethyl formate 1.53 _ 2;00 15.4 10.1  6.68
2.80 ©  21.6 4.1 6.98
: 3.90  30.0 19.6 7.64
' 7.59 2.50  51.8 6.82 5.58
' 2.80 . 58.0 7.64 5.26
3.000 62.] "8.18. 5.66
3.60 74.5 9.82 5.66
3.70 76.6 10.15.89
3.80 78.7 0.4 6.14,
18.4 1.60  35.2 1.91 5.45
. 2.80 . 61.6 3.35 6.2]
. 3.80  83.6 4.54 6.2
4.00 88.0 4.78 6.56

Ave. 6.37 2.723
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~ Jable 3.19 Equilibrium Constants for the Proton Tkar'Tsf‘er.R'eaction:

. S Ty
H+(1'sopropano] ) + BZ = isopropanot + BZH-

By~ B, fB]/P82 PGH4 . PB] P82~ Koo-m63 |
- . Ltorr)\ (mtorr) (mtorr) (kcal/mole) 4
isopro- nitro- 1.36° 1.90 . 30.4 22.7  8.58
panol - benzepe 2.10 33.6 . 25.1 8.42
2.90 46.4 34.6 ' 8.47
2.03 ° 1.75 25.0 12.3 9.39
| 2.40 34.3 1649 8.80
, 3.40 48.6 24.0.  8.67
13.6 1.65 47.7 3.51 12.4
210 60.7 4.46 111 N,
. 320 925 6.80 11.5 )
. SRR Ave: . 9.60 o230
isoproJ toluene 0.278 ~ 1.65 2.38 8.55  0.599 g
pa‘nol o ' 2.70‘ 3.89 .14.0 0.641
| 3.90 5.62  20.2  0.658
0.346  2.00.  6.40 18.5 0.532
2.9 9.28  26.8  0.535
3.5 11.0  "31.9  0.575
1.39  2.10 6.55 . 4.73  0.678
2.75  8.61 5.19 0.72) Cox
3.70 1.6 8.33  0.699 '
Ave:  0.633 -0;443b
- - B
@ at 511°k
b at 4750k



Table 3.20 'Equ_ﬂibm'um Constants for the Proton Transfer Reaction:

| Hf(ethy]benz,ene) + B, = ethylbenzene + B.H*

2 2
4
| - - a0
B 2 Ps/Ps, Pon, s, fp, K 80 |
L L (torr) ~ (mtorr) (mtorr) .  (kcal/mole) o
ethylbenzene ethyl  0.652  1.80 9:04  13.9 2.44°
formate 3.0 17.1  26.2  2.47
B 3.80  .19.1  29.3  2.29
 6.05 1.70 23.0 3.79 2.28 -
'3.10 . 41.9 6.92 2.28. ot

3.60  48.6 8.03 2.23
: Ave. 2.32 1.01
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Table 3.21  Equilibrium Constants for the Proton Transfer Reaction:

H+§ethy1 formate) + B, = ethyl,formaté + BZH+ - v
’ . * ) -
B B Pl /P, " P P p K 4 6o
. - ; _A
] P BBy TCHy By 32 . - "%s00
_ (torr) " (mtorr) (mtorr) (kcal/moTe)

ethyl nitrobenzene 0.503 2.75 ~ 11.8  23.5 1.58
formate | " 3.60 15.5  30.8 1.6
4.20 18.1  35.9°1.67
~5.18 3.60 . 21.6 4.17 1.65
L 4.00 - 24.0 4.63 1.51

Ave. .59 0=5§§-
ethyl phenol : <3.50 2.060 4.56 1.30 12.6
formate | 2.40 5.47  1.56 13.4
3.00: 6.84 1.95 13.9
4.15 9.46 2.70 11.9
.. 4,30 9.80 2.80 12.5
4.31 -+ 2,20 49.9 11.6 11.6
e U 3.600 - 81.7 19.0 13.5

T 3.9 T 89,7 20.8 11.5 -

29.4 - 3.70 196.1 6.67 11.1
. 4.00 '212.0 7.21 11.0

Ave. 11.8 2.95
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Tab1e 3.22' Equilibrium Constants for the Proton Transfer Reaction:

H+(nitrobenzene).+ B, =:pitrobénzene +'82H+

L A PC”&’ ;?&'vPB1 L 600 .
L {torr)  (mtorr)  (mtorr) (kcal/mole)
nitrobenzene acetone 3.59 .  2.70 537 15.0  13.0
: 410 81.6.  22.7  13.9
24.8 2.10 . 36.5 1.47 ° 11.9
5 3.55 6.6 2.49  13.9
4:50 ° 78.1°, 3.5 - 13.3 7
. © Ave. 13.2 3.08
nitrobenzene benzo- 1.50  2.30™  32.9 21,9 9.54
nitrite 330 . 4722 315 8.2
b 4.05 57.9 . 38.6  8.87
1001 1.85 . 30.0- 2.97  7.68 .
| 13.35  54.3 5.37  8.33
g 3.60 - . '58.3 5.77  1.86 !
o Ave. 8.22  2.51
X ST |
|
I)<
i
¢
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Table 3.22 . Equi]ibm’lum Constants for the Proton Transfer Réacti’on:

H+,(Q-propy1 'formate) +B ®

o = n-propyl formate + B_2H+

By " B, -PBi/PBz | PCH4 PB] PB2 K -AGgQO -
L ‘ ¢ . Qorr_) (mtorr) (mtorr) A Qca]/mo‘]e)
n-propyl isobutene 8.03 = 2.5 83.3 10.4 3.85 -
formate - 3.4 13 14.1 3.75
4.0 133 "16.6 3.68
0.896 - 2.8 - 37.3 41.6 4.14
3.2 42.6 47.5 4.18
3.8 50.6  56.5 4.13
" Ave. 3.9 1.64
n-propyl - acetone 30.25 2.0 54.8 1.81 13.1
formate : 3.6 98.6 - 3.26 13.9,
7.42 3.4 459 6.19.11.7
4.7 . *63.5 8.55 11.3
5.05 ' 2.4 132.9 6.51 13.3
3.9 534 10.6 13.2
4.3 58.9 11.7 13.8
3.03 3.5 48.0  15.8 12.9
: 4.2 575 19.0 12.9
' ‘ Ave. 12.9. 3.05
n-propyl . methy] 8.13 2.50 34.0° 4,18 28.3
formate  acetate ' 3.20 43.5 - 5.3530.6 ,
] 4.10 55,8 6.86 29.0
13.34 2.80 154 11.5 29.5 \
3.40 187 14.0 28.9
3.60 198 148 208
4.00 220 16.5 29.1
4 9 27.3

.10 226 . 16.



NP ]
B | Table 323 (continued) ' » S
\ [EEN s . ) . ‘ . .0
5 B ERCR "y P s, . K - 600-/€ﬁ
L ' \ (torr) - (mtorr) (mtorr) ..~ (kcal/mole)
- 8.29 \\g.10 142 1.72 28.6- . /
w240 142, 1.72 23.7
3.00 203 2.45 - 23.9
3.90 \. 264 3.18° 22.6
2.70 \\ 184 2.18  24.7
3.20. -\ 218 2.58  26.3
3.90 E@S" 3.15  23.7
. \\ - Ave.. 26.8- - 3.92
) \\ ?
, N
\

.
N L
w\ =N

183

€
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Table 3.24 Equilibrium 'COnSEQﬂtS for the Proton Transfer

H+(isobutene) + BZ'= isobutene + 82H+. v
4 l \ o . ol \\\
B] 82 PB]/sz vPCHa.{\ - PB] 5 PB2 K' -AGSOO'
o . B (vtofjr) \ gmtgrﬂ/ {mtorr) (kca]/hd]e)
isobutene acetone 107 1.40 'f\ 40.0 37.4 4.30
| “ 1.50  42.9 401 4.18
1.90 54.3, - 50.7  3.97
110 1.70 48.6 44.0 3.58
220 62.9 56.9  4.09
2.07 . 1.60 145.8 22.1 42 . p
0.552 . 1.90 27.2 49.2 . 4.00
0.74 10.6  19.2 4.05
R 0.45 6.44.  11.7 3.83
0.548  1.50 2.8 78.2° 3.54
& | | ' Ave. 3.97  .1.64
isobutene methyl  1.87 3.20 64.0 34.2  7.80
(e acetate 3.50  70.0 37.4  7.44
- 4.40 . 88.0 471 7.40°
| 2.80  2.60 . 52.0 ' 18.6 7.94
) 3.50 70,0 25.0 7.10
3.80 76,0 27.1 7.94
420 84.0 30.0 7.19
/’ 12.0 4 2.50 63.0 5.25 7.32
- S 430 18 9:03 709
e C Ave. 7.46  2.40
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%able 3.25 - Equilibrium Conétants.for the Proton Transfer Reaction:

\ H+( )+ B, = + B‘2H+ o | ' N @
\\ | A | . | R .
- o Temperature; 600°K- - 4
By B ?B??RBZ Pist e, Pa, KT -fGgy,
. ___; _  \§ _ _(torr) '(mtorr)‘h(mtOrr) ~ _k(cal/mole)
©© acetone O0\549  1.75 . 20.8  37.9 - 1.76 |
» ~ 2.80  .33.3 60.7 1.80
3.50 4.7 75.9 1.82
420 s50.00- 10 1.93 o
4.00 1.70 2. 5.53 1.6 "
. 70 © 3.1 8.78 1.78
' 39.0  9.75 1.78
5.66 40.8 7.21 " 1.64
' 52.7 9.31 1.64 <
Ave.f??ﬂ? 0.67,
0.228 1.06 28.8 0.508
1.60 .5.0.524
2.20 59.8 0.488
2.50 5 68.0 0.488
3.20 8 .0 0.472 |
4.00 .8 0.452 )
1.29 1.60 27.2 ' 0.490
2.40 40.8 . 0.503 .
“ 3.10 527 0.503"
,4.60 78.2 60.6 '0.478
N\ ) " Ave: 0M91  -0.85°
\ \\ . \‘»\
- A\
\ \
. . N o \
Ion source pressure \\ - ' X\
\‘\‘ \\

\ ‘ i . N
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Table 3.2¢ EqUiHbrium ’Co-s.t‘a.nts for the Proton Transfer Reacfioh:

| H+(phenol) + 82 ="pheno] + BZH+

BB "8,”%, Fon, s, P, K -abgg
;_ o . i . > (torr) (mtorr)  (mtorr) ‘kcano]e)
‘phenol  benzonitrile 0.132 . 2.50 - 4.0 ©30.3 1.06
| 3.70 5.92 - 4.9 r.o9 T
2.03 3.50 21,4 0.5 1.7 . B
. 3.0 23.8 1.7 . 1.4
4 | 117

4.05 . 247 12,5
' ‘ Ave:- 1.13 0.14

~phenol methy] 0.741 2.65  15.1 20.4  3.23
acetate 3.25  18.5 5.0 3.44
. 3.95 225  30.4 3,17
. 1.52 3.20 18.9 124 3.3
| 3.45 , 20.4 13.4  3.39
. 3.80 22.4 4.8 3.61
& 45 s 6.5 3.38
; > Ave. 3.35 1.45,”
pPhenol acetone 0.300?E 3.00 15.0 '50.0 1.40 -
| C 35 18 52.5  1.35.
4.25 21.3 '70.8  1.45°
, 0.640 T1.80. 19.3 301 1.77
1.90 20.3 31.8  1.92.
3.200  34.2 53.5  1.63
0.752 265 16.7 22.2 " 1.44
- 2.70 7.0 22.6 V.44 '
3.75 . 23.6 31.4 .44
4.00 252 335 1.3

y | ' Ave.”  1.53 0.5



benzo-
nitrile

benzo-
nitrile
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Table 3,27. Equi]ibridm~ConStants for the Rrotoanransfef Reaction:
| H+(ben20nitri]é)f+ BZ.=:bénzohjtri1e ¥i82H+"

PB]/PB. | FCHq Ygs B PB2 K ~86g0, -
o | (torr) '(mtorr) ‘kmtorr) {kcal/mole)
0.720  2.00 34.0 47.2 .59
’ 3.10  52.7  73.2  1.69

L 4.10 69.7 96.8 = }.52
364 1.95 38.4  10.6 . 1.5]
| 12,00 39.4 0.8 1.37 -

2.75. 54.2. 4.9 1.51 ..

_3.15 62.1 17.1 154

3.5 68.0¢  18.7° " 1.51 .
| 4.00 78.8 21.7 .48
7.21 2.60 47.8 7 8.43 1.70
o 2.95 53.1 7.36  1.49
3.60 64.8 '8.99  1.56

3,95 71 9.86 1.36

‘ ‘ , --Ave. 1.52  0.50

0.780 2.20 '+ "26.4 33.9 ° 3.44, ‘
3.00 36.0 46.2  3.22"
3.10 37.2 47.7 3.7
. 4.15 49.8 63.9.  3.18
4.30 . 51.6 66.2  3.59
1.17 1.70  23.8 20.3  2.98
3.20 44.8 38.3  2.98
3.50 . 49.0 1.9 2.86
4.20 58.8 50.3 . 3.03
4.67 2.50 “45.0 9.64 -3.32°
3200 576 12.3 3.4
3.50 . 63.0 13.5  3.45
4.25 76.5 ...16.4  3.14

acetone

methyl

,acetate




158 °

-

P o K .. -6
B ®600

e o ' {torr) ,=(m£or'r)\<.\jmt0r;) {kcal/miole)

12.2 2.30 50.6 . 4.15 3.34
| 3.75  82.5 6.76 3.39
CA20 0 924 Ty 757 321

Ave. 3.25 1.41
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'T_ab“Te 3.28 Equilibrium Constants for the. Proton Transfer Réaction:“ )
o, | e,
~ H (acetone) + B, = acetone ++B,H
| S i | \
B By P /P, P . p P X 860
L RLALS .§H4‘1 L B 600
o ' o {torr): " (mtorr) " (mtorr) (kcal/mole) . ™~
dcetoné.methyl  1.08 3.40 Feeet 74 235 o
T acetate 1.09° 2,40 28:.8 264  2.33
3.0 3600 330 2018,
3.20° © 38.4 | - 352  2.16
1.7 .. 1.40 255 14.9  2.50
| _2:80 51.0 29.8  2.44 -
10.8 . 2.90 7885 . 728 2.40 | '
3,700 Q0 9.28 2.42
. o 4.20 - 114° - 10.5  2.33
L 10.8 . 2.80 67.2 6.22 2.18
o 3.50 84.0 ' 7.78 . 2.37
3.60 ~ '.86.4 8.00 . 2.37 ‘
’ Ave. 2.34  1.01
. ‘D . “5‘ ‘ .
acetone benzoic , - 4.41 .70 3.29  0.75 2.42
acid: 1.60 7.52 V.71, 02,26
L 2.50 1.8 2.66° 2.50
W.7 % 2.90 278 2.60  2.30
~ .4.00  38.4 359 2.42 y
5.80: 48.0 4.49 - 2.42 |
, CAve. 2.39 1.4
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Table f3.29-.Equ111brium Constants of thé‘ProﬁOn.Transfer Reactions: -

B]H+ + ketene = Bi»+ (ketene)n"

By 2 /Py, Pom, g, 5, K 8800
. ) ‘ (torr) (mtorr) {mtorr) (kcal/mole)
acetone  ketene 0.251 - 2.50 8.35 33.3  .1,.26
T .3.50 11.7 -46.6  1.28
3.80 12,7 50.5 1.25
_ 460 5.4 61.2  1.20
Yt 0.35%  2.80 16.7 47.0 1.26 -
| 3,20 19.1 53.8  1.22
4.05 . 24.2 68.0 - 1.17
‘ 4.20 25.1 70.6 1.3
0.5  2.20 14.5 26.9- " 1.24
| 3.50  23.1 42.8 1.16
| 4.30 28.4 526 1.18
3.5 240 312 9.60 1.14
j 3.60 . 46.8 14.4 1.6
4.65  60.5 8.6 -1.08
3.70 © 2.80 - 55.9 15.1 1.4 .
, 3.20 63.9 17.3  1.22
13.50 69.9 18.9 1.27
2.60,  91.9 20.8 1.4
o Ave: 113 0.207
“isobutene ketene 0.790  2.20 . 6.T6  7.80 3.93
“ | © 340 952 12 3.8
4.20 - 11.8 . 14.9 3.99
.29 2.00 ~ 7.72 5.98 3.95
. 250 9.65 . 7.48- 4.10
U325 125 . 9.72 4.37
v 13,90« 150 117 3.9
| 8.25\\l~.2.]5 193 2.34 4.00



Tab]e,3.f§(contfnue6)
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Ave:

By 2 "8/P, Pon, g, Pa, K Mgy
L ‘ ﬂ(forr) vimtorr) (mtorr) (kcal/mole) -
3.20 28.7  3.49 4.23 }
4.35 39.0 4.74  4.39.
) Ave: 4.08 1.68
* ethyl ketene 4.60 2.30 41.4 9,00 22.3
formate - 3.60 64.8  14.1 21.4
4:30 774 16.8 18.1
5.64 2.70 81.0  14.4 " 20.7
3.60 - 108.0 19.2 18.9
4.30 129.0  22.9 18.9.
9.05  2.50 190.0 9.94. 22.7
| 3.40 122.4  13.5 19.5
4.20 151.2 © 16.7 18.6
32,2 2.90 123.0  3.82 21.8 ’
3.40 144.2°  4.48 21.2
4.55 . . 192.9 5.99 21.2
54.1 2.70 - 97.2 1.80 19.4
C 3700 1332 2.6 7.6
4.20 151.2 2.79 20.2 ;
4:45 7 160.2  2.96 19.0
\ Ave: 20.2 -  3.58
diethyl ketene . 0.0182 2.55 1.21  66.3 0.0493
ether | 3.5 1.54 845 0.0512
4.55 2.15° 118.3  0.0510
,0.0578  2.55 3.63  62.7. 0.0493 .
- C 3.0 4.41 ' 76.3  0.0458
. 4.40 - 6.26  108.2  0.0513
0.183 LB '7.08  38.7 0.0537
| ///;gf:g | 8.97 © 49.0 0.0512
¥ 400w 9.68 © 52.9 0.0520 - -
: | 0.0505  -3.56
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Table 3.30 . Equilibrium Constants for the Proton Tramsfer Reaction:

H+(methy1 acetate) + B, = methyl acetate + B TA

2 2
By 2 P8P8, o, "B, s, K ~BGegy
L . . : {torr) (mtorr)  (mtorr) '_ (kcal/mole)
methyl benzalde- 3.84  1.80,  31.3 8.16 .20
acetate hyde | 2.80  48.7 12.7  9.20
4.0 71.3 18.6  9.40
26.6  2.10 . 46.0. 1.73 . 9.08
2.70  59.1 2.22  9.24
3.85  84.3 3.17  9.39
. - Ave. 9.26  2.68
methyl anisole 1.37  2.70  40.5 29.6 14.4
, acetate | 315 47.3 . 34.5 -15.1
4& P 3.95  59.3 433 155
o 4.1 1.80  -31.1 7.58 13.4
| ’ | 2.80 48.4  11.8 13.6
, 3.90  64.5 16.4 141
27.1 1.95  56.6 2.09 15.1
2.60  75.4 2.78 14.6
- , 3.40 986 3:64 16.5
& 13.80  110.2 4.07 15.1
o Ave. 14.7 3.21
" methyl n-propyl 5.81  2.55 - 39.3° 6.76 20.6
| acetate acetate © 93,80 52.4 - 9.01 20.0
o . 3.90  60.1 . 10.3 20.0 S
13.2 2,40 50.2  3.80 20.6 - .
2.85  59.6 45 217,
3.80 79.4 6.02 20.9

o
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Table 3.30 (confinuéd)}
' ’ ) ’ ' -
B B P, /P P P_ P - Ko -AG .
j 1 2 B.I 82 : CH4 | B-I - 82 v | 600 |
L . {torr) = (mtorr) - (mtorr) - (kcal/mole)

1140 2.35 70.5  0.618 20.5
' 3.00 90.0 © 0.789 22.2
S 03.90 117.0 1.03  22.9

Ave. . 21.0 3.63

methyl  benzoic.  1.42  7.80 2.70 - 1.90 1.25
fcetate  acid 2.60 3.90  2.75 . 1.29
o . 3.00 450 3170 1.33

3.85 5.78. - 4.07 . 7.25

L5 102 136 120
L2.25 20,0 - 2.66 1.21

310 276 3.66. - 1.25

©3.35 29.8 © 3.95 " 1.24

4.00 356 . 472 1.28
4.0 '-36.5  4.84 . .25

420 C 3740 496 .33

Ave. 1.25  0.266
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Table 3.31° Equ%]kbri&m Constanfs for the Proton Traﬁsfér §eactionE

“benzoic
acid

H+(benzoic acid) + B, = benzoic acid + BZHf.

diethyl

. ether

PB1/PB PCHa PBj‘ | pBZ‘ K “ -45%00 E
(torr) (mtorr) (mtprr)_. (kcal/mole)
3.47  2.60 20.0 5.77  12.2
3.30 25.4 7.32 11.6
. PRTIREt: 9.10 11.4
6.21  2.00 2.40 0.39° 13.3
310 342 0.60 -14.1
*3.50 4.20 0.68 14.5
3.9 4.68 0.75 14.5
7.21  2.50 25.3 3.50 11.0
330 333 462 110 ,
3.50- 35.4 4.90 11.5. '
Ave.

12.5

3.00 .
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Téble 3.32 Equjiibrium Cbnsfaﬁts‘forlthe P}otoh TransferfReaction:

,VH+(bgbza1dehyde).4:82'= benzaldehyde + BZH+

' " v WP P K =AG A

(torr) :jmﬁbrr)' ihtorrj:j S’ (kcal/mole)

benzalde- anisole 0.267 1.80  6.48 24,3 1.16
hyde o o . 1.90 6.84 256 ,1.16
¥ T 3.0 0.8 405 1.5 )
: 3.80, 13.7  51.2  1.25
5.27  1.80 27.00 5.2 - 1.43 “
1.80 27.0. . 5.2 1.38
. 3.30 49.5 933 1.38
 3.90 - 58.5 ma 13|
1.07  1.90 ° 22.8 213 173
: 1 2.80 33.6 31.4. . 1.28
3.80 45.6 2.d 1o
) 14.00 . 48.0 4.9 121 e
' B Ave.. 1.28 0.29
/ ‘benzalde- diethyl 2.06 . 1.50 18.0 8.74. 1.32
o hyde oether ot 560 3.2 15.2 132 T
- | 3.50 , 42.0 20.4 " 1.28 3
6.31 2.40 37.2 5.90° 1.19
. 3.90  60.5 958 1.5
v N Ave. 1723 0.25
. 2
L3 ) .



|

‘ ,.'Tablé 3.33 .qui]ibﬁium anstants for the Proton Transfer Réaction:

H'(diethyl ether) + B, = diethyl ether + B MH"
B . B, .. P /P P PP K a6
1 %2 57, T, B B, 600
L _; (torr) = (mtorr) (mtorr) (kcal/mole)
t . . - . : ’
diethyl anisole 0.347  2.00  8.80 ~ 25.4 1.17
\ - ether | 3.00  13.2 - 38.0 1.20 .
S D 3.80 16.7 48.2 ' 1.20° - 1 |
{ 3.12 2.00  26.4 " * .8.46 1.13
3.00  '39.6 12.71.13 )
4.45 58,7 18.8  1.13
1 1 . ) . ‘ , D
" rooo e o Ave. 1.16  0.18
H ) | J
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. Table 3.34 'Equﬂibrium' 'Constants for the: Proton Transfér Reactio_n:

i
, H+'(an1'so]e') + B, = anisole + 82H+ !
B, B, P ,p P, p Po K ag®
b 2  By""B,  TCH, B, B, 600
L . o (torr) {mtorr) (mtorr) {kcal/mole)
anisole n-propyl 0.263 - 2.65 11.9 45.3 . 1.41 ‘
~ acetate 3.30 149 565 - 1.4
4.20 18.¢ . 71.9  1.43
, 1.05 2.60  '27.8 ' 26.5 1.35
3.0 364 347 1w .
. 350 - 37.5 0 35.7 1.4 ‘ .
2.1 2.65 39.7  18.8  1.3] '
3.45 51.7 24,5 1.35
410 61.4 291 1.25 |
Ave. 1.37 . 0.375
.
.Ie
.’.‘ -
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* Table 3.35 Equilibrium Constants for thE'Proton‘Transfer Reaction

Hf(g;propyT aceé%te) + 82 = n-propyl acetate +-82H+
B, PB.]/PBZ ,-4 PCH,4, | PB] | PB2 L -Aegqo
L L ' {torr)  (mtorr) (mtorr) (kcal/mole)
n-propyl” ammonia  3.24 210 447 13.8. 7.5
acetate . | 200 447 3.8 7.75
;‘ : 3.85  '82.00  25.3  7.00 ,
A 405 1,60 17.1 4.23 - 7.22
\ - v 230 . 246 6.08".  6.85
\\ | 280 257 6.34  6.85
\\ | 3.0 a7 103 _6.67
N\ : T Ave. 7.07  2.33
. 3 )
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‘Table 3.36

169

Equilibrium Constant for the‘Proton.\Iransfer Reaction:

« -
7

b

~ H (ammonia) +82 ‘='.a.mm0r"‘n'a + BZH+" .
B 2. PP, Py, s, "5, ~6g00
L —~ (torr) mtofr) imjtor'r) “\(kcal/mole)
ammonia aceto- 3.1 215 191 6.13 5.9 \?
- Phenone 2.60 - 23.0 7.41 6.15
3.25  28.8  '9.26 6.62 \\\\
3.60 3.9  10.3  6.38 \

4.82 1.70 4.61° 0.965 5.32

\ | 2.30 6.23  1.29 , 4.72

R ) 2.55 6.97  1.43 5.0

N 3.55 9.62 . 2.00 4.72 !
S .47 1 231 4.8
5 : S - 4200 1.4 2.36  5.09
o 218 ¢+ 195 0238 1.09 5.5
"\\ B 2.5 27.5  1.26  6.59
. S 2.40 - 29.3 .34 - 5,15 ,
X 3.00 - "36.6 1.68°  5.68 "\\\g
Y. 3.70- 452 2,07 . 5.00 >
\ o A | Ave. 5.49  2.03
N I < . ’
ammonia m-chloro- 2.26  1.40  10.0 4.42  22.8
- aniline ©2.200 157 695 2%
2.35) 16.8-- 7.42  22.2
13.00 2140 948 22.2
| 3.90 - 27.9  12.3  22.8
o 4130 3070 13.6  25.8  °
’ " Y0.98  2.10 146 133 188 L
| 572,60 180 1.5 195 .
L ,2.90 7202 1.84 .18.8 )
%2 3.400 237 216 18.8. :
3760 251 2.28% 17.6
470 327, 2.9 19.5 ',
| - Ave.20.8  3.62
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Table 3.37 \ Equ1]1br1um Constants for the Proton Transfer React1on

HgXacetophEnone) +'BZ4= acetophenone + BZH' .
B - B PB]/PBZd "o, P, s, K 'A,Ggoq‘ﬂ
. L ' . .Egtorrﬁ {mtorr) (mtorr) vy(kcaT/mo]é)‘s
aceto-  m-chloro- 0.899  2.20 13.2 - 14.7  3.85 ‘
phenone arfiline 2.80 16.8 - 18.7 3.9 3
3.0 18.6 20.7  3.58
0.900  1.35 3.86  4.13 4.05
s 200 7.2 8.58 4.19
=~ 3.50 0.0 1.1 419 o
- 4.30 12.3 39.1  4.27
°.902 - " 1.05 6.35  7.04 4.42
3.00 1 20,1 3.93
4.10 24.8°  27.5  4.35
a1 138 20.0-  2.47 '3.59
17350 200 2.47 .3.43
2.20° | 32.6  4.02 3.48
2.40 -~ 35.6 4.39 3.46
D305 467 5.76 3.7
- 3.45 51,20 6.31 3.63
S 3.63
L Ave. 37 1.6
aceto-  pyrrole 2.26 .40 . 1000 4.42 22.8 3
. Phone s ;220 157 .6.95 21.2 5
) 2.35 7.42 22.2 |
3.00 9.48 22.2
3:90 . 2.3 22.8
] 110 2.10 ©1.33 8.8
2.60 1.65 19,5
2.90 1.83 18.8
. 3.40° 2515 18.8. :
O - 4.70 12,97 19.5
“f&ig . : |  Ave. 207 3.61




s*’

Ry, T 171
o+ Table 337 (continued). |
. o . . ‘ ) : B » . 0
B B, P, /P p PP KL 862
1 2 B,/'B, CH, BB T TTew
. L (mtorr) (mtorr) --  (kcal/mole
 aceto~ aniline '15.3 1.70 . 182 1.19 - 70.1
 phenone 2.50  26.8 1.75  69.0
, .
: 2.75 . 29.4 1.92  73.4 .
3.60  38.5  -2.52 78.8 .
21.5 1.80 _ 38.7 . 1.80 81.6
2.3 50.5 235 87.7
©.3.70.  79.6 3.70 82.5 ©
ave  77.6 . 5.19
s .\ " c{;,
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Table 3.38 Equa]1br1um Constants for the Proton Transfer Reactions
o H+(m ch]oroan111ne) t By = m- ch]oroan1]1ne + 82H ¢
B, * B, - p_ /p Pei. Ph P K _ag®
1 2 "8ys,  on, B By eoo
_ " (torr) {mtorr) (mtorr) - (kcal/mole)

m-ch]oro pyrro]e O 658

298 > 76,02 9,15 4.¢]
an1]1ne '

1
3.0 < 9.57- 146 4.66
| 3.25 10.0° " 15.3 . 5.08
333 186 9.5 2,86 5.13
o 2000 na /ji:?i////gfss
~3.00. 15,9 777 5.65

3

4

3.0 19.1 - 573 5.69

| v 65 24,7 7.0 5.13
R S | .’ S Ave. 50 1,95
- Dechloro- aniline 8.64*  1.40 812 0.4 15.3
~aniline 2,00 11.6 - 1.3 157
2.25° 131 Y151 6.2 |
- 2.50 145 . 1.68 15.7 ~
T35 s 2.18 15,5+ o
, 410 23:8 . 2.75  16.0
8.87( 2.50 28.8 . 3.4 15.9
3.9 “44.9  5.06 15.9
tA0 472 532 agg
35.2 1.0 16.0  0.454 17.5
| '1.80 - 22.1 0.629 18.3
e 2.00 . 24.6 0.699 5.5
- T 260 .32.0 . 0.909 18.7 | S
_ ;30 as a9 6 L
“ 4.25 ~<52.3 - 1.49 1.
.. o o . Ave. 16.4,;', 3.34
¢ | . : ' o
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Tab]e 3. 39 Equ111br1um Constants for the Proton Transfer Reactlon

~ pyrrole

DMsQJ A

o (pyrro1e) °+ B,

B2 = pyrro]e +.B‘H-

: BZ» PBi/p

torr

2.

pyrrole aniline f'0§262 -1 0
R . . Z.30

, :f;jo
©2.80
.4.20

1..55

2,00 .
2,70
3.20.

3.50

150
- 2J30

3.30

. 4.10 -

a o |
E&]' PB2 | J‘K 'AGgoon
j¥torr jmtorr) (kcal/mole)
1.27, _ 4.84  2.85
©1.82° - 6.96 3.79
1.98 7.57  2.85
22,70 - 10.3  2.79
2.70 < 10.3 . 2.85.
3.25 2.4 2,95
11 0832 3.33
Ui 105 3.0 R
73 139 38 -
.97 1.48 3.8 . 5
1 6.25 4.70  3.18 L
13. 0" 2.76"3.33 ' o
;18 3 w7 ozm
: _Ave.3.06 . 1.33¢
B3 395 11.§§§§ -
20.2 6.?b 1.3 CC
30,3 9.5 1.5 .
13.2 . @4 972
7.0 vss . o ° :
22,9 /é 51 1006 .
27.2  J2.97 1.5
29.7 . 3.25.12.0. .
120,07 1.65 10.9%
©30.6° 2.53 1.1
~—43.9 3.63° 10.9
- 54.5 4.51 11.1 :
T : 2.87
“Ave.11.1 ‘



i B, 82 |
. - | " | ~

~pyrrole methy1
amine

35.8 -

- R P
-Téb]e‘3.39(continued) L.f'
3 o . -‘ : . ’ : . 0.
/Py P P P K -G
B, CCHy - TRy B, | - 7600
(torr) '(mtorf) (m;orr) . {kcal/mole)
0.5 ' 2.00  38.4  3.65 34.7 "
2.80 ' 53.8 - 5.12 .34.7 |
3.20  61.4 8 5.8 36.8
~4.00  76.8  7.31 36.8
©19.6 . 1,700 © 49.0 - 2.50 38.2
) 2.20 .63.4° 13.23 37.2
2.80 80.6 4.11 . 35¢3
3.30 95.0. - 4.85  35.3
4.30  123.8  6.32 33.3..
‘Ave. 4.27
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EER

. . 1/‘

{

\ - 3

WL

L HWi(aniline) + B, = aniline + BH'

- ‘(tbrﬁ) )

p '

o

_(mtqrr)‘ (mtorr),";

-’ 'Table 3.40 " Equilibrium Constants for the Protoh Transfer Reactiont/ = °

i
{

R R
. L.

C
o
600

=AG

‘aniline  ODMSO' . 0.787

aniline methyl- = 7.44 -

amide

20.5

22.1

1
2
2
2
3.30
4
1
1
2

©2.70
2.80

3.90 ¢
390
T 2.05
2:80

4.00 "

1.60
2.10

- 2.75

3.20

3.30

3.90
.55

2,30

.50
.60

.00
.55

.30

.90 -

9.
110;

17.
123.
- 30.
35,
36,
a2,
22.
33.
36.
38
48.
'58.
55,
67.
- 81,

84 . 12.5

2
2
2
.5
5
4

Y D O AN OO W W N W — Oy

RN

4.33
~ Ave.

3.10
. 4.07

\ 438
77

.78
-85
.35

.49
.05
.69

W W NN RN,

' A\./e.l'

10.2° ~  +13.0°
a2 |
14.
12
7.
28.4

S 1801 .
347
© 6.18
2.37

473

10
.64

.85 .

_ a v(kca]/mo]e:.)
3,95 -
B

.80 .

3.86

86

3
4
3
3.89
3
3
3

. 86

—
anaad
W O — o - = s DS B0 NN

L 1.63°



;-—¥3bﬁé 3;4T_, Equ1]1br1um Constints fon.the Proton Transfef React1on

e DMS,O"‘-'

-

.

Methylamine 0.804  0.85 '_'* 2.38"

o ’ . \%{40 LB.72

: ;" o T N\ - :

~H'(ons0) + 8, = puso _+'B*2H*.

e

| Cp g e BT o.}/
P /Py Poy o P P T AG
82 . -'CH4.2 By By " 600

R 2 < J by

S 76T

.........

Co2)96 318
.88 3.46 ..
.66 _ 3.66 -
36 3.98 .0
Lt 2.60e Twys .05‘.L334‘;‘”
SREC 300 0 BT (1008 - 3126 -
) 340 9sa% 1.8 342
S 33900 10,9 - 13.6 0 3.78
17300 1300 6100 3152 3.60
C 2.0 . 9.85. 5.69 ° 3.85
T2.700 T2 732 36
S 380 17,80 103 3060
S ada 2020 - Twyo st
+3.25 2.0 L9.85 3.03: 4,00
0 T3000 18 433 ca02

. "1.301 "7.3.92,
2,200 6.16

W 0N B

[ e ”20?4 h’7v}5f28,1 997_9’ '

, (torr jmterr) “(mtorb)' ;i jkca1/mo]e)



- Table:3.42 Equ1]1br1um Constant§ for_ the Proton Transfer React1on _if;f;e“
‘,‘,‘_ R i . . ‘.-"‘-,- R ~ :$: :
Ee H (methy]am1ne) 82 = methy]am1ne-+ B W ‘fﬁ'j;g_-sﬁu-_

2 v,('; SRR DA

/
o

L e / Temperature 60QjK«7 e

| - Bi« ..f Péé Cvekl -AGGOO )
e ﬁv5 o (torr):g-. mtorr | Lgﬁorn) < ‘£4§a1/m01e) ;fmp?
1.80. Q;“-‘12 8 2'25 4;07 o ik
zvo ;";192 guas R B
T L ANt t SR - S0 N SNty B R S
*i‘xg; ST asa 1.6 0% 336 o, 74 4J34“e"gjtj1 Ry
, S T ) !
3 4
3 4

\methy1- anls1-! 5, 68
‘sam1ne ' d1ne EIRIEE

2 60 - 3e75 4 ];i 1 66 ?.:; ,,,,,,,,

LB

T S TR
e @O Tt et e ;3
| o 350 25:0 2,38

3.70 . 26.4 251
5.00 - 35, 75.* '3.40 -
150 TS | 168
2,80 . 36.4:5 3064 23, 5 R
3.20 - 4li6 3'503;f23.1_4“]rﬁ;f;llfff“ﬁffﬁm@
470 61.1 1372600 0
S0 sT2 s 27,
. o ae0 0 sl ééﬁ."27J7flf'e77~-““*“f k.
R R T I 2 S f74/4 95 . 31.6
, e e
3
4
1
2
2
3
3

5.
1.
1
2 o
2.9 B9 329 325 e
3.0 . o 2 79,86 335 j{f e
R N N £ VR ,-' ase g T
L1800 135 215 o153 T
o 00 38 2.
2.40 382 2
3.40  540. 6 3
'];70 '¢v‘\588; LA

G

U’!
w
no
- "v .
W
U




9- .

Pe./Pp

:~Wﬁ€fﬁj*; rr)l

SM»"

P
AN 3
: (mtorr) (mtorr)

: 5

e ,if’uxg‘}fﬁicw‘f“”ﬁ‘v?1<. o
:fvﬂ;TabJej324Z(ﬁphtﬁnUEd) el

'?'ﬁ“"'

P

B,

2

” Kii?

Gsoo -

v‘(kcal/mole);

,f Lt /“é.,
methy]-f pyr1d1nei

TST? -
am1ne AT S

w0 Lo
Ion source preSsure

371 45
260 ]
330
e 10”

";,72 00,

"2, 50 TR
I:3~50 5

 ”453é;n¢
Lme
w2
‘_752;j '
1100{:A17
zooo;;,<
zsoo;;,,

3500{‘“

s
& 2,30 7
e
A5
1 0.97.
R 7? 
230
3.09"

‘ €;ﬂ.Avj

10665'a'i175ﬂh“"
65
'72g}ffgi
6,83 o
608

ot
30

S

609*“
*—----z-
541"

B S




; Tab]e 3 43 Equ1]1br1&m Constants for the Proton Transfer React1on

yo-an1s1- pyr1d1ne ,7;15;?e'2j5,;;

R »-,”'Af.iu;*akfzfvf e ~-’_, ae e

2 g e
- DR n"*" L 7 _' J 'S' )
Temperature GOQ, K "’ JE e B S N i’

H (o an1s1d1ne) + sz—\o an151d1ne 5 B. H -:3 o o e

SRR R T AG" NIy
g B B e TR0 g g
© o (mtorr). " (mtorr) ,_e;(kcal/m91e)“~', '

»~.

0 s 19 S R TI 1 S S
‘~7gj;zesdgf'f=16 1. _'_;297j_122j"ffjf_ 8
390 248 - 3.48 120, A
286 ﬂj,1;40§‘;]if7<5'gi”" .62 Tos 7. '

-]
d1ne 2
- 5
o i R

1

1

1

1

2

S 1?3;3Qf"5'41 6”11 g g 0 R T
Ce e sa0 s P945ﬂ»11917f;11~f:"f'1' Py
So40.8 0 210 525 - SR i
260 650
Sl 20 2y
o400 100 & |

297 114,
1,59 111 T
.78 me L L

.45 - 110,

1 —

f.”Avég_ 115 ;1. 5 o5¢

. .:‘YO .

w L T B R TR P
- Ion source pressure " . e PTE T U SRR AR
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T'abT"e 3."4,4 Equ1hbr1um Constants for‘f’the F’L%gn Transfer Reactmn o

s I ] . e '
R, ; L= +BH T
e u H () +B “ @0 . PR
(tbrrl mt$ i mtog?’ ' ('*‘CaVLmO‘e‘).

' . Sl .;.:'9" st

. 65, 31,93;,,¢-0¢80,’17 65 ;_5 L
A3 .95
AT T S
771700
04 ,:]8; 9
42 19.4

NHZ‘ ERT
' pyr1d1ne 2. ._ 8
R ?fﬁz 35 -“-;a 2.82
35T 26
190 0 135
20 V5.6
.eo:fV'fgls 5
7026
350 12,50
J0 ase

;éo.;fls 7
39 18,7

o—t
vl
(S, ]
oo 0w = R
PR L

-
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~-JTable 3,45 Equ111br1um Constants for ‘the Proton Transfer React1on .
o - - . . C ‘ ;_ /’

H (pyr1d1ne) ¥ B _- pyr1d1ne + 82H

- ’_Témperaturef 600°Kv'

2 Pl Pt - e, Py, LK -AGEOO
L :,;(toff) . “(mfbfr)‘”(mtorr)‘ij( (kca]/mo]e)
| - T ntorn)
pyFidine @Nﬁz‘ B2 275 ‘1 .47, 5, 33  :
Sy S - 3.50 ' 155 g .87 . 5.46
- L 825 189 %ag 5.55
146 1'gs 2.8 1.70. 5.49
230 28 1.93 " 5.49
2.5 395 271 g 13
3.55 476 ""3.26 5.1
385 - 516
3
2
]
5
2

o . - 3.58 6.24
Co%02 s g [03 575
Lo 270 4s. .59 5.75 .

340 6o, '

.00 . 6.55
4.00 719

2

1

1

2

3

3.5 6.37
3.90 . 523 3

1

1

2

2:36  6.55 .

R : ;
“Ion SOUrcefphessure,
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182

;Tab]e-i;46 :

. o

Ton source pressure /
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Temperature, 460°K and 600 K
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Equ1]1br1um Constants for the Proton Transfer React1on
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s Q-l}_' . H N Jﬂﬂz 2 f'f. : “2“ NH2 _:_. '  + o .ﬁ 3«{ o »", :f :»:v? , L
. H (- ) + 82 = ,_ ; ‘) + BZH R, PR ’.

e~

| Temperature: agock . - .yi.,

\ B] BZ. y 460

j_torr) jmtorj (kcal/m01e) -

4.64 ;?2 13 '{10 5
78 0 301 ]0 1
197409 101
38" 0.54.. 8] 69*ﬁ; S
.81 0.94 790 -
8174 820, -
25 . 0.0.88° 17 0 T
80 072 - 123
20 o 200
;47?53' ].2?1;ffj2!3""ﬁﬁf' j n
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;84 711~0.37f'“:11 9:{
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H (p1per1d1ne) + 82 = p1per1d1ne - 32H LSO
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Equ111br1um Constants for the Proton ﬂéfer Reactlon j,75f ”
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ERITE

% S Ky (NH (CH )NH ) 'Bz" N’” (C”z) ””2 -’ .- T

TR T T
PIS‘*_,' - RB‘]‘Z_T"_"-_J-.PB‘Z B AG450

_ | §torr} '{mtor“r'} ' T‘ﬁﬁt‘om‘?) e _(_ca]/mo]e)
N, (CH )SNH M"““'(5450 1. 8'0’_ 2.4 476  7 62  _'_ S
R L 2957 351 7ig0n 7.85 ..
| ; | a 3.90 g, 64'_; _10.3f | '7_.62'1 ST |
‘ IR .,4\9_0 ;5.8 1300 7.3t o

C1.61. - 140  -}-3_.30, . 205 648

B S Sme -}8 73 © 542 599 - S e
- 2.06 '1 '505 --'.4-8.0 o233 5,97
3.0 9. so-’.- 466 . 6.07
RN __3,..,.10".0.';_-; 9 92f . 482 5.70047.

=

UL L Aver 665 173

N NH (CH )5NH _;18,9; ol 5 60 . 030 703
| o270 as L0.67 5747
3.0 1400 074 a5 -
4.25  19.9° 105, 5380
L0 alsg ool 893
L8 eirs  " ;<0_1.47 834 ¢
“2.70 0 10.1 . 0.21 805
330 12.4 0.26< 863
1300 120 o a9
L 230 gig 019765
B T T 326 0.28 b4z .
"*’Ion‘ source pressure B esiia AR ’ 037—%

“Avel 721 6.01
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Table = 3.50 ,qtquilibrium ConStants forfthef?rofon Transfer Reaction:
N MQHN.':'NHMC } . MEHN’_ .NHME_
N L Vot
RS COREE: A GO ' + Bt
| | ‘.‘Temperature: 460°K o e
. * R \ . -
B B %P Pis s, s, K T
, . e - {torr) (mtorr) (mtorr) . f(kca]/moié)
My Brime o - 14030 0 1,800 4.28 030 76.7
e, . Y . )
NMQZ . 3.0 7,14 0.50  63.5
o : 3,10 7.38  -0.52  70.4 o
_ >4 ST
460 11.0 0.77 740 L e
. 36.3 2.25  6.55° - 0.18 78.2 ‘
A ' 3.15 9.14 0.25 75,5 .
14,15 41207 0.33° 59.4
415 12.1 0.33  66.1
5.00 14.6 0.40 . 62.1
7.00 20.4 0.56. ~ 58.0 .

Ave:  68.4

'Me“i‘“:,Mg”f""L V2807, 2.00 ,4.40 . 0.34 107,
AN 38.0 . 1.80 - 549 0.14 1200
. R | 1.80 549  0.14 128 .
3.50  10.7 0.28. 138
~ 3:50  10.7 0.28 13
4.90 15.0%,  0.39° 128 |
6.40 19.5 7 - 0.51 121 °
) .. 7640 19.5 o051 114
) 700 1.42 3.44 7 0.05 137
o . 1.72 . 406 0.06. 132
3 *_#Z* 3 | 2.35 569 0.08 127
roen 3.00 ~7.26.. _ 0.10 137
ron'sercé Préssufe 4.00  9.68 - 0114 127
’ . 570 13,8 0.20.° 123
3.2 1.60  4.717  0.06 119
2.80 8.24  0.11° 114
3.50  10.3  0.14 - 109 B
- Ave: 200 4.38
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! Table 3.5

B

e NMe
) .NMe;

-

-

Equilibrium Consténts for the Proton.Transfer Reaction:

e s e vt
"7 Temperature: 460°K . . -
B, .PB]/PBZ Pt PBi | PB2 K =nGggg
(torr) (mtorr) (mtorr) {kcal/mole)
< MepN  NHMe Tl . ‘. . '
QQ 0.6 1.80 0.51 4.36 1.42
- - 2.55 0.72 6.18 1.72
| 270 076 6.54 1.3
4,35 . 1.22 © 10.5  1.76
4.50 .26 10.9  1.36
0.345 2.10 1.05  3.04 1.9
2.20 1.0 3.19  1.55
3.40 1.70  4.93 1.62
. 3.5 175 5.07- 1.25
4.00 ©  2.00. -5.80 1.44
| 4.30. 2.5 6.23 1.69
' 1.33 .-1.30 3,00 - 3.08 1.31
130 4.0 . 3.08 1.77
2.30 7.25 . 5.47 1.3
2.35 7.40  © 5.57 1.83
3.55. . 1.2 841 1.90
3.65 1.5 8.64  1.40
g Ave:  1.47 0.35
. ,
- lon source pressure
o
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Table 3.52 Equ1]1br1um Constants for the Proton Transfnr React1on o

. Me2N NHMe ' MezN NHMe

"

~
. S o

cQ -+ B

Temperéturei 460°K
.- - | . ') _" ” . I‘ . "> | | .1 0 ‘
P, /P pIS* .'PB] PB wts K FAG460
Tgmtorr} _L_torr) __{kcal/mole)

" ‘Me2N NH Me Me2N NM% , S .
| ' 2140 7.20 0 38.5  1.80 195
800 427 2.00 23
00 © 42.2° 7 1.01 - 2085
00 . 528 1.26 ¢ 7902
00 633 1.51 2445
60255 0.60 2109 .
00 332 078 2276 N\ .
.60 42,1 :0.99 2387
00 169 [0.39 2114
0 22,5 0.53 2783
50 23.03 0.2 193

. ————
, .

BT' B

ot .
o
-3

13

~—

o

627

428

Noooﬁ\)m.t:-.cw_mb_oow

103

SN e 2100 7.0 -

* <
Ion source préessure
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- .. .Figure 3.1 -Eddi]ibriuhftbhétants !§n§gg'1
' ‘ ' “the reaction:
H+(Hydrogen Su]?idg) + B
-, (0) Bz malonitrile; (&) B-=
. 'TémPEfature 600°§'“ S

Ion“Source Pressure, (torr)

e
b v

on Source Pryssures for

= Hydrogen iylfide + BH'

Formic Acid;



S0 10 2.0 o 3.0 4.0 5.

- “Ion Source Pressure. (torr) .

Eiggggﬁiggi_fEdui]ibniQm’CdnﬁtantéixgtgggiyonfSourée" )
' R PressdresvarAthe;Reqction;
H}(méthénbf)'+‘B-= methahoJv+ BH+' p”
:(£>)ﬂ3’= f]UbfoBenzeﬁé; (O) Bﬁ;’ch]dro-i-
- benzene; temperature:A600°K._' § '

o
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react1on

- :_.( 35

-.aceta1dehyde, temperature

: ]VO = .

Ion Source Pressure

A (benzene) + B

aceton1tr11e, (E])

2 .0. R

V(terr),;

benzene * BH

ethano]
600°

4.0

( C)) B

'5}0

. F1gure 3 3 Equ1]1br1um Constants versus Ion Source Pressures for the } Eefff
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Ethbrwm Constants versus Ion Source Press.:res

for ‘the React1on ' '

| BH -+ ketene B + (ketene)H
(o) s
(0) B

ethy] :formate ( D ) B 1sobutene '

acetone;‘(xs)'B = diethy] ether

Témperéture} 606°k - ‘:A  ‘;. o -
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Ion Source Pressure (torr)

®

ST FIGURE 3 7 Epu111br1um Constants versus Ion Source Pressures for
| the Reaction: ' o e
oy N

(methy] acetate) +‘B'= methy] acetate +s BH

£])fB = n- propy1 acetate (<>7 B = anisole
(V) B'= benzaldehyde, (#) B = benzoic acid
SAA N . ‘ C -

/Temperature: 600°K. : R Tl
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FIGURE 3.8
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& Ion Source. Pressure (torr)

, " the. Reaction:,

1"ﬁHf(an111ne) + B‘=’an31ine'4fBH+

' ¥Temperature 600°K L

.(C]) B methylamlne (C))‘B ?‘DMS0_f;"§1'

&
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-Equ1]1br1um Constants versus IOn 50urce‘Pressur§s fOr  :.“1.
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FIGURE 3 9 Resu]ts show1ng the 1nvar1ance of equ111br1um constant

K w1th ion: source pressure for the react1on

'\' .

(B],B ) for

sf; ' Hy (] 8 d1am1nonaphtha]ene T 8 b1s(methy1am1no)naphtha]ene) . l?“;'ffif;

(1 8 b1s(methy1am1no)naphtha]ene ,
1 dlmethy]am1no 8 methy]am1nonaphtha1ene\
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FIGURE 3.13

H+(pheno1) + B = .phenol + BH+.:": §usv»:_i.;*

el e .

1 o | 2
P_pheﬁolmB ratio
Equilibrium Constants Versus Concentfation Ratios -Of

Neutrals for the:Reaction:

(.O)A_B_;__=....met_hy1_’A_agf,%t‘a_te_ ﬁ[]), B = _ac.efone, (a) B =

e L, e :--‘0 R T e e as ‘..,-.. . e . e ,‘V.b_':’..‘,,»'...‘.“'_-_ . .,
T benzdbnitrilé. = ‘Temperature:r 600°K. i e e oL
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_ Ht (methy] acetate) + B =
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Titwo monosubst1tuted benzenes, fTuorobenzene and chToro—;T
behzene, over a w1de range of temperature (30 C 330 C):
The resuTts show1ng the 1nvar1ance of equ111br1um con-'

E stants w1th the var1at10n of 1on source pressures and

concentrat1on rat1os okxyeutrals at a g1ven temperature B ,
' are shown in F1gures 3; 18- -3. 2T The van t Hoff pTots .f‘ i.'Thf”

for the two react1ons are used to obta1n the AH »and the

5 et m et .\.'."
R OV A = YT L?

B\
Vf?f* &Sv>ofqthe»react1ons They are shown In F1gure.3 22 The;

. O
VS Yy LR

f the van t Hoff pTots are summarlzed 1n TabTe

: v cea a,""'d<-.l

The expected entropy changes due to changes of

rotat1ona1 symmetry numbers, Asrot s‘ 1n these two
reactlons are aTso shown in Tab]e 3 53

T'3}2; Proton Aff1n1ty Sca]e"

The absoTute proton aff1n1t1es of var1ous compounds-f‘°~'

may be obta1ned from the reTat1ve bas1c1ty Tadder'(TabTe

3 T) 1f the proton aff1n1ty of one compound on the Tadder' c
s known | In prev1ous ‘work from th]s Taboratory, iso-
butene was chosen as. the externa] standard for two rea—-
sons F1rst 1sobutene has a: proton aff1n1ty wh1ch |
deﬂ cTose to that of ammonwa, and ammon1a 1s commonTy used ;TT E
Wff‘as ‘a- reference 1nﬂcompar1ng gas phase bas1c1t1es Second
t1on.of-reactants and products in. the reachon‘f'ifw ”ffkégf;;i}fﬁf
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- FIGURE 319

f]uorobenzene/Pbenzehe

Equ111br1um Constants verSUS Concentrat1on Rat1os of
Neutra]s at D1fferent Temperatures for the %eact1on

H (f1uorobenzene) ¥ benzene

ratio."

f]uorobenzene t H (bGHZene)* .

. -




: —_——
1. ey o PN .'
< S - .
L. . A B
! L. - .
R . 2
-~ e PETRa RNRE
—-— -t
8 qurNORLY .
e ' PR -
umdi
R ==
» o
AN
T— - = .
R o . -
L B SRR
Lel s
ot .
P
U n
—
! - a
- 1.0
.
e
a .
. —_—
e .

...........

P
—
R, > -

. wan. €

L. . ) .

PO T - .
- o

Ion Source Pressure (torr)

MFIGURE 3. 20 Equ111br1um Constants versus Ion Source Pressures at

D1fferent Temperatures for, the React1on-‘ : '; ,’

H' (ch]orobenzene) + benzene

o

[

chlorobenzene +. H (benieney

o

we e

R

D e

- o
P




PCh]01’0benZ(-.'ne/Pbenzene Ratjo s

fFIGURE'3.2j  Equ1]1br1um Constants versus Concentratlon Rat1os of

"tra1s at D1fferent Temperatures for. the React1on

dbehiene):ffbenzene;éﬁchIQEObenzene.+ H (benzene)

B T R T fee e e T



-0.1

. é o ' . ~
. i -
- vl.
. - B
L0000 .

. Y s

. . - . : -7

A T i

e

FIGURE 3 22

van 't Hoff type p]ots of. the equ111br1um constants for S
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the reactmn sy

( . ) B f]uorobenzene Y o ) ‘B = ch]orobenzene

(benzene) +'B~ = benzene + BH

..
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7T§5Té'3f53{ Summary of . exper1menta] thermodynam1c funct1ons_1

from the van t Hoff p]ots for. the react1on

. .
. ; ) O v -
¢ v SN X

H+(benzene) *! B = benzene_+ABH ’

/

s P i o - .5 ‘_a- o oa'.' - Ey Co
»BFQF#lon,thh . =bH ~AG 298 ﬁ:AS' S -ASrOt.S.a,b

;4,{B'Q§' o :. S (kca]/mo]e) (kcal/mole) f‘. (eu) ,Jf"' _f 1(eU)

 ¥ F1uor0benzene 1.29 + 0.06 0. 24 +.0.07 3.52°% 0, a5 3.56

. Chlorobenzene 1,99_§50;05j‘0;01;i'9,06 '3;411i o;azf C 356

;”_Stahdérdfstate ]‘aun:

PR
& -

(benzene) (;_B >= Rinff]-‘zzf)(']’)" :
BT, T

benzene
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"Where

k)

PA(isobutene)” = AH?(isobutene) + AH?(H+) - AH?(tert—buty1+)w (3.3)

ﬂhe acmnacy of the proton aff1n1ty va]ues obta1ned in th1s
way are u]t1mate]y based on the accuracy of ‘the thermo-
‘r'chem1ca] data used 1n ca]cu]at1ng the proton aff1n1ty of
.1sobutene As 1t is shown in equat1on 3.3, these 1nc1ude
~-AHf(1sobgtene),'AH?(h+) and AH?(ﬁ—butyj+). lThe literature
values offAH?C{soButene)='-4.04 kcal/mole (76) and |
,AH?(H+- | '
The ‘heat of formation of tert buty] cat1on may be derlved

from the heat of formatlon of tert buty] rad1ca1 and the

'1on1zat1on potent1a] of the tert=buty1 rad1ca1 ' A summary_

“of the ava11ab1e AHf and IP va]ues for tert- buty] rad1ca]
in the Titerature together w1th-the correspond1ng.ref4
erences are tabJ]Eted in Table 3. 54 . The va]ues of the
heat of formation of ‘Frt butyl rad1ca] are most]y due
to Tsang (78) from the studies of therma] decompos1t10n
~7of alkanes by the shock-tube method at- 1000-1200°K. Two
assumpt1ons were used. First, radical recqmbihation'has
zero activation energy; Second,»the heat capacitﬁes of
the alky]l radica]é are 1ntermed1ate‘betweeh those of
vthe corresponding a]kanes and a]kenes As at is shown

6

in Table 3.54, ‘the AHf(t buty17 wa]ues reported areu
.

cons1stent]y around 9 O kceﬁ/mole Ry A“E&cent ana]ysﬁs

by Tsang (79) suggested strong temperature dependence

o
) . R ' e s . . iy .
>~ : o - - . : g

~ . o N N

) =.367. Z'kca]/mo1e (77) are beiieved to be re11ab1erc

e

N
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'Tdbie>3i54 “TﬁeﬁmochEMTcaT;data'fof;fhé:eVaIUatidn_of’

’ . o = e -but ] e R :
- 5 OHet-butyl-) B
s CE g e DO e ay e e

W1f}éﬁfygng(tqgﬂr¥kﬁme"--.q«i L , References,

'e(kcé1/mole)'-’ — T e

e

6.8 ©J.A. Kerr, Chem. Rev1ew, 69, 125'(1969);
7.5 W, Tsang, J. Chem. Phys., 44, 4283 (1966) | _ ,
9.1 'R Tsang, Int. J. Chem. Kinet., 1, 245 (196;>\/
9.3 |

=

. Tsang, Int. J. Chem. Kinet.,-2, 311 (1970)

= .

124+ . Tsang, Int. J. Chem. Kinet., 10, 821 (1978)

preferred value AHf 300(t—buty1) = Q.O‘kce]/mole'

1

lE(t—buty]) D ~ References
(kcal/mole at 298°K) |

159.8 t F. P. Lossing and G. P. Seme1uk Can. J; Cbem.,
48, 143 (1972 ' '

154.5 7 .F. A. Houle and J. L. Beauchamp, J. Am "Chem.
> ' Soc., to be published

preferred value IP(t-butyl) = 154.5 keai7mo1e
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'of the A factor in the Arrhen1us rate constant express1on,

n -Eq/RT

k = Ae” . for the decomp051tuon reaction 3.4,

s .'hexamethylethane;

Q.

2 tebutyl - (3.4) |

Al

The ana]ysis»ﬁs,based on the'theoretica]'ca]cu]at{ons‘of

the entropy change for react1on 3 4,\and the exper1menta]

4

"rate constant express1ons for decompos1t1on,(kd) obtained
at ]OOO 1200 K and for- recomb1nat1on (kr) obtained by

»-Parkes and Qu1nn (80) at 300 600 K. Results of these

cons1derat1ons wou]d lead to a s11ght]y h1gher va]ue/of‘
Hf(t buty])_~-~12 kcal/mo]e Unt1] further 1dence is
obta1ned " the: more cons¢stent recommended va]ue of . ‘

AHf(t buty]) =9.0, kca]/mo]e shou]d be preferred The

1on1zat1on potent1a1 of . tert buty] radwca] was reported

‘ear11er by Loss1ng and Seme]uk (81) to be 159 -8 kca]/mo]e

A recent determ1nat1on by Beauchamp (82) suggested that

the prev1ous va]ue is s1lght1y h1gher and an IP(t buty])

‘va]ue of 154 5 kca]/mo]e was reported It 1s_be]jeved_‘

that the ]atter va]ue is more re]wab]e The preferred
‘value for the heat of format1on of tert- buty] cation is

therefore chosen to beléso+3kca1/mo1e as shown in tab]e

3, 55 ‘The PA(1sobutene) may - then be ca]cu]ated from equa-

: t1on 3.3 to be 198 2 kca]/mo]e It shou]d .be noted that the1

proton aff1n1ty resu]ts reported prev1ous1y from thTs_~

1aboratory (3,83) were ca11brated by the external .

S
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TABLE 3.55_ AH? of tertbﬁfyI.Cafioh and proton affinity'of_i§dbutene

T BH(t-buty1™)2-P

R T , K l‘.—;' « 4o .l . -‘.-, “ L + ‘ .m- . meA . :l-;.
. t-C4Mg — | ;fC4H9 rel (at 298°K)-
"-"‘/298f R ; 98 . |
C(tCH)dT R I A N T TR W
| Gttty SR b f[cp(t CqHg )+ C e JaT
. IP(t-C H_). S :
¥ . . 4 9 L : L + . " o o .
t-CoHy . — . el Hg e (at O,K)
- S 298
Hf 298(t C4H9 ). = AHf 298(th4H§) *IP(t-ChHg) + .[cp(t-c4ﬁg )
: . S 7o 3
Coe e (e - e (G ) JaT
. o S N
- T o oo -
::AHf’298(t-C4H9) + IP(thAngf*;/(kp(e')dT SRR
= [9.0.+154.5'+ 2R(298)] keal/mole
= :165.0 kcal/mole
HO(H')2 o o
E H = ~ W +e - (at 298%)
1/(_298 N .
: cp(ﬂ)dr 1o [c (H ):*Cp(e ) 1dT
° | ©IP(H). I 9_' {at 0°K)
B - H +e ,
' 298
0. Lt 0 +
19 aop ") = 0O LoaH) + Th() +/[cp(H )+ CpleT) - ¢ (H)TaT



b AHO(t

C

AN

;,Protpnqufinity_df'Isebutenéj

‘.Jgh'_‘ ;’v‘"v.f = 198.2 kcal/mole:
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~ TABLE 3.55 (continued)

S :;f:f?;?-?;
s =v367‘2_kcal[md]e i

*a

v

= [5§ A wa(zasol kc;al/rnole RSN Ay

- 'PA(isobutene)-'= AH?(isdbutene)i+tAH?(Hf) -fAH?(tmbutyif)'
= (-4.04 +367.2 - 165.0)  kcal/mole

o o Ly ) - ]
X PIEI . vt e - \ _

.

a Calculations based on two assumptions: (1) the e]ectron is an ideal
vicatations. oas | _ &

gas with heat capatitygcp = g%? (2) heat capac1t1es of the neutral

,f

M and the ionized species Mt are the same,,1 e. C (M) = C (M ).

P

»

_CEHQ) and IR(t—C Hg) va]ues from Tab]e'3 54

(H) and IP(H) values from JANAF thermochem1ca] tab]es,j Nat.

| Stand Ref. Data Ser . Nat Bur. Stand (U.S,) 37 (1971).

vv\;“e&._ . ‘ . ! ‘ . ) \



standard PA(1sobutene 194 kca]/mo]e)based on the work
h*p'of Loss1ng (8]) The present adgustment of the externa] ii&;i

standard PA(1sobutene) w111 result 1n h1gher va]ues for

i -m"-w".’io'-"., l’," B TR HRY o m",c"ﬁe LN .G‘ ""-“J. - 'fo LR T’ ,'4"'""’ tlrelie g g

proton aff1n1t1es prev1ous1y reported but 1t w11] not o

“0. .- 9 e

affect the re]at1ve bas1c1t1es among d1fferent compounds
The proton aff1n1t1es d* other compounds may be ca]—. f»;¥;
M'cu1ated from AH ?_AGO + TAS for the proton transTer ;<qr5
react1on 1 13 and 11nk1ng the re]at1ve proton aft1n1t1es,

AH;- to the standard RA( sobutene)"f‘The re]at1ve gas—‘“

. phase bas1c1ty, AG between two bases,%B; 1s determ1ned3,'“‘ ;f
'Texper1menta]]y 1n the equ1]1br1um measurements The".‘-fgf'ff““
;sby5”;?-mentrdpﬁ ohange For tWeAproton transfen«reﬁct1on 1. ]3 PP
. | B]H f Bz_f[BT:+ BZH<, _ .dﬂa (1 13) B

R T e R g LT T I R ST

is g1ven by the sum o? the contrtbut1ons from trans]at1on—¢/éﬁ%’f

_‘._‘.

Aal rotat1ona] and v1brat1ona1 entropy changes

“w

&0 .0 O h -7'0‘, ‘ f
" Each termjon\thevrtght hand side of equation'3-5 can be
evaTuatedeeparateTy' To a’ f1rst approx1mat1on thew

"contr1but1ons of AS and AS ib may be assumed to beﬂ"

} tra

zero because in both cases, the contr1but1ons from the ‘ﬁf/
bproducts and reactants tend to cance] each other vThe<)j'"
entropy change for a proton transfer react1on may then!

“be ascr1bed exc]us1ve1y to changes in rotat1ona1

/

entropy in going from reactants to products The




“Ql#eJated tb»1ts moments of 1nert1a and 1ts externa] rota-‘

brotatlona1 entropy contr1but1on may be evaluated by sp11t—1

6,

";t1ng the rotat1ona1 mot1on 1nto externa1 and 1nterna1 ro-».f

,;iftat1ons The externa] rotat1ona] entropy of a molecuTe

.
‘nr< -4
6.:9-» 0""“,"‘“"“"0-6 ve e e

‘jt1ona1 symmetry number Wh1ch i's the number of hoha1dent1--.

' ca]-but 1nd1st1ngu1shab]e pos1t1ons 1nto wh1ch a mo]ecu]e

‘“can be turned by s1mp]e comp]ete rotat1ons of the mo]ecu]e

Y

Ccan often be 1gnored Under these c1rcumstances,'the'

;number Th1s ]éads to the re]atwonshwp

- -
. -

The Tnterna] rotat1ona1 entropy i's a resu]t ofithe rota--'ﬂtfu5
eft1°” of 3 groupwarounn a bond w1th1n the molecu]e ;5Itsfytfg“
f’magn1tude depends not on1y on: the reduced moments of |

'i1nert1a and the 1nterna1 rotat1ona] symhetry number but
tf:a]so on the energy barr1er of the 1nterna1 rotat1on 51hc§f’“'

, 'w]n most proton transfer react1ons,'there 1s no add1t1on'~

dor remova] of unterna] rotat1on, the 1atter contr1but1on

4'.“

ﬁ*tota] entropy change can be determ1ned JUSt by C0”51der’

'1ng the contr1but1on from externa] rotat1on entrop1es

As the changes of moments of 1nert1a going from reactants'

-:%to products are usua]ly 1ns1gn1f1cant the externa]
'.trotat1ona1 entropy change can be est1mated Just by conQ

ﬁs1der1ng the change 1n externa] rotat1ona1 symmetry

R

U.AS; ~ ASext rot“‘ASrot S . IR

wh1ch ho]ds fa1r]y we]] for most proton transfer react1ons,

"The change in the symnetry. number is easy to pred1ct if



e

- - e

-f,fortunately, th1s is. not a]ways the case parttcu]arly

- .

htor the 1ons whose exact geometr1es are often uncerta1n

A ]arge entropy change 1s expected when mo]ecu]es of h1gh |

Ter

“g,; symmetry are 1hvo1ved wh1ch lose the1r~ symmetry 1n the Q

..a- ‘

. ‘

react1on In the case of benzene and 1ts der1vattves, - e

a ¥ & 2 e VT

the exper1menta1 resu]ts from the study of temperature

dependence of the proton transfer equ1]1br1a (see Tab]e

RN

3 53) showed that rotat1ona1 symmetry change 1s the 3,3:-w‘

on]y maJor contr1but1on to the entropy change However

there are except1ons where 1nterna1 rotat1on may p]ay a
s1gn1f1cant ro]e 1n determ1n1ng the rotat1ona1 entropy

change A pr1me examp]e 1s the convers1on of the methy]—,

ene group to a. methy] group in the protonat1on of iso-
butene The remova] of the double bond generates an'

add1t1ona] mode of re]at1ve]y "free 1nterna1 rotat1on-'

of the methy] group w1th respect tb the rest of the

o

mo]ecu]e upon protonat1on of 1sobutene to tert buty] 1onﬂf

S1nce 1sobutene was chosen as the externa] standard
t

for determ1n1ng the proton aff1n1ty of the reference

compound ammon1a and for ca11brat1ng the proton

aff1n1ty sca]e,‘1t is Just1f1ed to cons1der 1n more'
deta11 the rotat1ona] entropy change of the proton
transfer react1on 1nvo]v1ng 1sobutene and ammon1a

The eva]uat1on of the entropy change for the re-

.act1on 3 7 can be- sp]1f 1nto the ev&tuat}on of entropy

1LY

‘ - = ST TR e T Tele o ‘
Sow s DS - T .. N - - . MR NRIEN co R N :

uh@ twe geometr1es of the 1ons and neutra]s are known “;Uan':hhf

A"



- - - < o . -

R - ? o ¢

fg - 4 -, AR .
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- - B o - L o, B "-u,_; B . et R . . .
et Ao o T e T o - 283 e
. i B - L LU et L . . . > BT S SO N R PSR BRCA .
. . S E B i T R N T ST
-
° .

C(CHy)5eT Ny = (CH ) c= tHZ ER A P
*changeS'ot_two-ha1f-reathon§1 L o i" ‘,ft

o s ey, ey

K

, . L -" ’ ‘ . ‘.+ L. . o PR N . . |
B i T S S

~.In both caées, only the rotat1ona1 entropy changes are u

fioonéidered The entropy of a molecu]e may ‘be expressed:m
k' Ll g N

'3;by equat1on 3. TO frombstat1st1ca] thermodynam1qs (84) e e

50k Rz_nQ + R_T ding - S (-3.10)‘

mhere Q 1s the correspond1ng part1t1on funct1on of the
z_?molecu]e _ The externa] rotat1onaJ part1t1on funct1on

for a non- 11near po]yatom1c mo]ecu]e is: g1ven by equa—ﬁpmf
rat1on 3. ]1 (84) § : L
(85221 1 1172

Qext.rot. T _ —3 — (3.11)
; ‘ SRR oh A

.‘.' A: t
»lwhere I.; Iy, IZ are. the three moments of inertia about

'the three pr1nc1pa] axes: and o is the externa] rotat]ona]
symmetry number The externa] rotat]ona] entropy is'o
_7then g1ven:by;i

RQnQ

‘ext. rot + 3/2R (3.12)

o '§ éxt;rot;w;

<

'VWithin the framewOrkVof,this mode],.the_externa] rotational

- s : o . . S et



L e e n:’b,:’fﬁzﬁir5r“t-rffjfffi':hf;;‘“,ghn;.ﬁﬁ;’fv¢.f--v\m
. .,_.;.p. T
S
"entroov chanqe for the proton transfer reaction 3 8 may
" be s1mo11f1ed 1ntot<A t ‘ ,-h " . s
- BN S s o :%~f
o ASo ’ ' =°R2n’ (InyIz)1sobutene g,-(l {yI )NH4 .
;. ext.rot. (I I.1.) (1011 )NH
BRI X. y zt:Bu X'y'z""3
.'» "”ﬂ.'ll . o oy .-
Of p+ . 0 . o ”,(3,,-]3),
B T L. ) D
T OisobUtene ,ONH4f : -
The pr1nc1pa1 axes chosen for the ca]cu]at]ons of moments
M\

“of. 1nert1a for a]] spec1es~1nvo]ved ‘are shown in F1gure_,

2 3,23;. ‘The bond 1engths and bond ang]es used in the ca]—
 :eu1at1ons are. shown 1n T;ble 3. 56 together w1th the mom-
ents of inertia ca1cu1ated Tert buty] ion wa& takenv
*to be p1anar and, the ammon1um ion tetrahedra] ‘ The
‘:externa] symmetry number for tert- buty] 1on, 1sobutene,_tl

ammon1a and’ ammonlum 1onnts«6,'2; 3 and(JZ; respegt-

’1ve1y Th1s 1eads to the externa] rotétionat entropy

)
vthange.
BSext.rot. = Ren {710.738 x 1.84] X [Q x 3
- ‘ : _ e 2 202 ¢
~ - _» ] ] 6 3 ‘ ) .
= R&ln (].36)( —Z*Xﬁ) » ,
= 0.04 eu. - - (3.14)

The AS ext rot. ng]ue can be d1v1ded between the two |
half-reactions (3 8 and 3.9): "+158 eu. for the depro-,l

tonat10n of tert buty] ion: and“alsaheu. for the prOton—

. o - N o
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FIGURE 3.23 Pr1nc1pa1 Axes Chosen for the Ca1cu1at1ons of

Moments of Inert1a

3

(Y axis is mutually perpendicular torthe X and 7 axes’)



o ﬁIabTé,3;56’dMoments of 1nert1a bond dlstances and bond

ang1es for spec1es 1nvo]ved 1n the caLcuLat1on

(x 10° ;graﬁzyj*(xdo~0

tert-éutyi'ionf'.~.,103;5;,v-5'f} 7.87° ;'-,@, 107 9,

"2y i} 10 tmfZ.A;'

Isobutene A' 'ﬂ_,‘102€3f/ o os.25 »Uf'.}’ ; ;84.2,]f!51"'

'"H Ammon1on 1on

L Ammon1a f_f  ":(';Fni éd}g_f;_  2.7 'f_‘ ”}T}-Q;ZjZ- o

— T e ‘. .. - . -

Sy e

Bond ang]esf . Tetrahedral .jPlanér;'"‘;Anmonia'”'
(degree) R R o e e o
| o 109.5 -0 T T200 . evo7t T

Bondslength - C——H C—C - C==( Ny



";Aat1on of ammon1a

15

) L

-
T

0n1y 1nterna] rotatwons wh1ch wou]d change 1n

e

th

e .

o proton bransfer process were cons1dered

'T"buted from the other ha]f react1on 3 B

‘-g“around the C C bond 1n the

:-f’t1on of a hlgh]y restr1cted rotat1on of the methyiene'

S1nce nQ

,,

1nfer4

’na] rotat1on ex1sts 1n NH and NH

3 the on]y 1nterna1

:*rotat1ona1 entropy change for react1on 3 7 is. contna—

D\
-~ -

el

(cné)ic¥cm‘

3 _-]~.:;L “f t;;‘ f;;lil_ ;Q;,.
::'7§f :_(CH )5 Ci'o ‘(3"8). g

_The reTat1ve}y Wfree” 1nterna] rotat1on of a methy] group

'cert buty] ion wou]d d1sappear

'f“upon deprotonat1on It is on1y compensated by the qenera—f

kigqroup around the C - C pond 1n 1sobutene The entropy for o

\ "//

: free 1nterna] rotatnon for 1nd1V1duaP spec1es can be ca]—g

_cu1ated from the1r correspond1nq part1t1on functlons

-

e

' The part1t1on funct1on ﬁor the free 1nterna] rotat1on
.“1s g1ven by equat1on 3 15 (85) : R
| ~\6 N A =
) ) ~ . o r . R - .
BT £ _“T‘“h — (3.15_)
| where'n is5the 1nterna] symmetry number wh1ch is the ‘

Ll
.

o _number of 1nd1st1ngu1shab1e pos1t1ons per comp]ete rota-'

4

*t1on around the bond ;and I v1s the reduced moment of

_Jnertna. The reduced moment of 1nert1a is expressed as:
[ SRS SR

P [, o= ! 2 | (3116)

s Ltlp |

- where lT and7I2 are .the moments of inertia of the rotating -

.



dgroup and the rest of the r1g1d mo]ecu]e From equatwon
3. 10, the free 1nterna1 rotat1ona] entropy Sf 1s than ’

‘,”der1ved as §hown 1n‘kquat1on 3. 17
'f‘f' s = Rengss R (3 17)
v f SERRS 2 : Lo

o ' b
Since the 1nterna] rotat1ons cons1dered are not exact]y
']"free"vrotat1ons, there is a decrease in entropy from

'free rotat1on, (S?‘- S ), due to the presence of the

Tenergy barr1er 1n the rotat1on The 1nterna] rotat1ona1"

fentropy is thus g1ven by
0 Z}H-: ~o ) “o\;” o T
Sint;rot._ Sf (Sf s ) R "(3ﬁI3)
;The decrease 1n entropy,_v(,O - SQL Was eva]uated ustng
“the tab]e of. P1tzer (86) In the gab]e, the va]ue of
P S-) 13 tabu]ated as- a funct1on of ]/Qf and V/RT_
‘Where vV is the potent1a1 barrler ;n ‘the rotat1on It

g be p01nted out¢that the%table of Pitzer used in, =

the™ ca]Ch at1on of’entery ; ﬁ?f;;‘ L 1nterna] rota-
tion. is @a11d for rotat1on of&ﬁhxﬁmmetr1c top ‘abouta
.o l"“ .

. r1g1d Framework In/the tert buty] ion as: we%ﬂ as. 1so-
‘butene the rest of the mo]ecu]e is not r1gwd w1th<fe¢ L
,spect to the rotat1ng group. However it was shown
tvbva1tzer (87) that the table a]so has approXxmate’,.
va11d1ty for mo]ecu]es with non- r1q1d frameworks and’

<unsymmetr7c tops

The-potent1a1 barrier for the‘rotation of a“methy]
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. o . ' ) . r/ ‘ a [ . ‘“
group about the C-C bond in the tert-butyl ion was takep® - -

-

-

to be 3‘kca1/mo]e (88), same as that in ethane whereas
in 1§obutene, the m bond barrfer was assumed to be the ™ -

same as that in ethy]epe Li.e. 26akca]/mo]e (89)‘ Other

‘

parameters used 1in the eva]uat1on of the 1nterna] rotat1on—

al entropy forg terbbuty] 1on and 1sobutene are ‘tabulated *
in Tab]e 3.57. the 1nterna1 rotat1ona1 entropy for tert-
butyl ion_ and isobutene was. calcuTated to be 3.65 eu.
and 1.4?eu;,irespective1y. The dhterna] rotational
entropy chenge'feg;KeactionJ3f8;as we?l as reaction 3.7
s thereforé given by: - | |

« 0 _ 0 '_ ’ ." O.‘ } » +
_Asint.rot. - Sint.rot.(jSObUteﬂe) _S‘int.rot.(t—Bu )

-

=-2.2 eu. ‘ ;o (3.1%)

The overall enthﬁby change for the protbn'transfer reaction

- 3.7 s the sum of the rotational entropy changes:

0

AS® = aSY = © °

rot. ASext.rot.'+ ASint.rot

. : .'(3-20)

<2

(0.08 - 2.2) eu. = -2.2 eu.

The forego1ng estimate of the entropy change for
the proton transfer reaction involving isobutene and
ammehia. 1nd1cates that the- er‘ropy change of the re-
act1on is entirely due to changes in 1nterna1 rotatlnns

ER

from the deprotonat1on of tert-butyl ion to 1sobutene

1f the changes in 1nterna1 rotetepn “and moments of

N s



- Table 3.57 Parameters used for the ébaiuation.df internal

rotation entropies oﬁ”tembeuty1Aion.and 1505

butene.

W-'H

. |
‘,CQC(CH/) C&C(CH,)
1-4‘}-‘ 3 2 /€ 3_,2‘

H _
(M 2 ) (2
tertéButy] ion " Isobutene .
1 x 10%0 g;cﬁz
— - 1 ‘
: : , 0 %0
Il . I2 ' Ir n v 'Sfi Sint.rot.
(kcal/mole) (eu)'.
tert-Butyl * 5.26 104.6  5.00 3 3 . 4.23 3.5
Ccdone \ | - :
Isobutene = 2.96° 104.6- 2:88 2 - 60 - 4‘49‘i 1.4

)

. | v
(s int.rot;_ca]CU]ated,er temperature 600°K)

[ -
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1nert1a are 1gnored and on1y the change in symmetry num-

'bers is con§1dered the entropy change for the same re-__‘,f

. L 3x6 _
act1on wou]d be c}ose to zero, Asrot ¢ - R2 < > =

lzpi
-0.6 eu. The calculated resu]ts suggested that ifi'

entropy corrections are to be made for obta1n1ng proton

!
'aff1n1ty va]ues changes in modes of‘1nterna1 rotat1on,

if any, oannot be ignored.
A Aﬁgoojva1ue of -8.1 kcal/mole (see Table 3.1} was
determ1ned in the present work for the proton transfer

react1on 3. 7 from tert-butyl ion to ammonia. 'The

'AG3OO for the same reaction measured by ion cyclotron

resonance method ‘was reported to be -8.6 kca]/mo]ei(31).

W1th the ca]cu]ated AS = -2.2 eu., these- g1ve AHBOO =

-9, 4 kca]/mo]e and AHBOO = -9.3 kcal/mole. The good

agreement between the two enthalpy change va]ues suggests

that the 1nterna1 rotat10ns do make a. contr1but1on to-the

o entropy change of the react1on With the externa]l

standard of PA(1sobutene)'= 198.2. kca]/mo]e, the ammonla
wou]d have a proton aff1n1ty of 207,86 kca]/mo]e " This is
in agreement with the value, PA(NH3) = 207 kcal/mole,
reported'by Haney'and_franklin (53,90), a]thoogh their
value was obtained by non—equiTtorium‘appearance potential
measurements. | | .

Finally, it should be pointed out that in the

absenoe of changes in internal rotat1on the approx1ma—

0

X o _
tion aS- = Asrot.s.

-

does hold fa1r]y we]] for proton
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,‘transfer'reactiOns | This v1ewpo1nt isesuppOrted'by.the"d

fair agreement between the AH va]ues for proton transfer‘ﬁ

freactlons ca]cu]ated from AG6OO rom the present work

and from the correspond1ng AGBOO determ1ned by ICR spectro-

‘"“scopy as reported by Taft et a] (31),_us1ng ‘the re]at1on-p7
"sh1p AH ? AG2. + TAS . The est1mat1ons of ASO

T rot rot.s. ,
va]ues are va1uab]e as the exper1menta] determ1nat1ons of -

>

*\

'entropy changes 1n Pproton transfer react1ons by h1gh
pressure mass spectrometry are often h1ndered by the
'Vformat1on of protonated d1mers at lower temperatures
Prev1ous attempts hgve ‘been made in this ]aboratory tov' <
measure the entropy changes from-a temperature range of
?560 650° K for a few proton transfer react1ons such as
between HZO and H,S (3).- The resu]ts showed that alr

2
the exper1menta1]y measured AS are w1th1n +1 eu. but

conv1nc1ng agreement between AS and AS was -

ot.s.
obtained 1n systems w1th benzene and f]uoro- or ch1oro~M;

xpt

benzene (see Tab]e 3. 53) where measurements can be

carried out\over a larger. temperature range (300 - 600°K)
S

and ASO vis 1arge (~3. S5 eu.). In v1ew of the small

ot.s.
magnitude of ‘the AS value usually associated with proton—

'



kI

‘f,ia,’tran'sfer reaction- ASO< 2 eu. wh1ch w1H have a corwau-

B tton of <1.2 kcaT/moTe An convert1ng AG6OO to aH® it is fﬁf"

jPf.often_assumed'.;t-hat 6s° = o and AH = 4G° for proton-

transfer'reactioné;_ Prev1ous proton aff1n1ty data reported
Trom this Taboratory (2, 3) were based on th1s assumptwon |
:’The assumpt10n 13 Just1f1ed by the fact that the uncerta1n—l
ties 1mposed on the PA va]ues wou]d be small com;ared w1th
tthat in the present standard proton aff1n1ty of 1sobutene -
(~3 kcaT/moTe)v It 15 be11eved that the AS°

i

t1ons do prov1de va]uabTe 1nformat1on as Tong as the

correc-
rot.s.

Jvcorrect1ons are cons1stent No confus1on woqu arise ﬁf'
-the: symmetry numbers for ions and moTecu]es used are g1venb
and the correct1ons made are po1nted out Such, correct1ons
ijere made in the ca]cuTat1ons of the proton aff1n1t1es of -
“the monosubst1tuted benzenes and some se]ected compounds

They are caTculated from- the equat1on 3. 21
PA(B) = 207.6 - AHO(NH3‘toFa) kcal/mole (3.21)

where AHO(NH3eto.B) is the aH? for the reaction 3.1

w NH," + B = NH, + BH® - (3.1)

‘calculated from sH® = aG° + TaSO

a - '~ o .‘ .

bed rot.s The AG”. values are'

- from Table 3.7. These results are presented in Table 3. 58
S1m11ar calculations may be performed on all compounds on

the aG° ladder in Table 3.1. . -



- Table 3;58, Proton aff1n1t1es of monosubst1tuted benzenes -

and some se]ected compounds SRR  .':,;,‘* ’5;,
, 7 LA i
'Cbéydund (E) T "5 /6‘  ; 'AS° e
P -~ UBUBHY - Trotus.

from NH ) A ProtOn Aff1n1ty
(eu) . kca]/m01e§

(kca]/mo]e)

<%0

Anitine 128 BT 21208
Acetophengge o 28 o L0.3 . 207.9
‘Aniso]e;5~”' R P 3 So+a4 2032

Benzaldehyde 1 2. 447 2029

© o oo

Benzoic étﬁd 0 2. +7.4 o 200.2

Tiqignitrile‘ 1 2.8
Pl 1 2

- Nitrobenzene 1 2.

[00]

48,7 o 198.9
:N  +8.8  ,'\, 198.8
a2 1964
:Ethy]MNﬁehe S 2 og o 194.8
Toluene 1 R 2. "+1§;8- . u  .193.8 o

F]uorobénzehe' - B .' 2. +20.9 - "'~_.:18657_

o % o oo

.Chlorobenzené. 1 2. ~+21.1 I 186.5

Benzene 6 6.3 +22.2 . 185.4

Me’zN.».NM92 ) . ‘ ) .
ool S 2.8 -37.5 " 2451
Methylamine 1/3. 057 T . 9.7 ‘ 21703
oSO . 1. 28 . g8 2144
. B N - _ MR o |
Ammonia 3/12 0 : 0 . 207.6°¢
Acetone 2 - a4 49,0 198.6
'Isobqtene _ | o +9.4 s 198.2b

Ethanol - 1 2.8 +16.4 o912

‘f'Zéh Ev"“‘  
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.‘f'T5b1e‘3é58 (Conf{nuea)."
ACEta‘dehyde b2l 4178 9l .
Methanol 1 2.8 L1 jgs,

vevNater N Ve 2.0 '--A?.+35f91?17j_7f‘..

a . S - R L
0 . . - N +

. Asrot . and AH are for the.react1on NH4. B = Nﬂ3‘ijH

Rzn(%g)( B ); aHO = AGO " TAS

d7BHf‘}f

"ésrot;s t.s&.

b Externa] standard PA(1sobutene)'- 198 2 kca]/mo]e

Reference PA(NH ) = 707 6 kca]/mo]e, see text a]] other PA

- va]ues are based on. th1s value

"



GAS PHASE BASICITIES OF COMPOUNDS BETWEEN WATER AND METHYLfe_

- AMINE PROTON AFFINITIES OF L50- PROPANOL TERT—BUTANOL-AND o

R

'g%uAPTER;Ivv" E |

- . . . . i . . - .

- e

L4 'Gas Phase Bas1c1t1es of Compounds Between Water and

23

Methy]am1ne'

'The gas phase bas1c1t1es of var1ous compouuds between

vwater and‘methylam1ne have been determ1ned prev1ous1y by
;~equ111br1um measurements us1ng the hlgh pressure ‘mass

h pectrometer ( ,3) and the ICR techn1que (30 31);l.here
'over]app1ng,‘a compar1son of the present resu1ts with those
L reported in the 11terature can be made (See Tab1e 3. 1§%§
In thrs section, d1scuss1on w111 be 11m1ted to cases where’
'.'there are d1sagreements between the present resu]ts and
thos; from the 11terature ' The gas phase bas1c1t1es ‘of
lthe subst1tuted benzenes as- a c]ass w1]] be d1scussed in

a subsequent chapter - - o ﬂt> |

. T

A, Form1c Ac1d and Methano]

oA

"The" relat1ve gas- phase bas1c1t1es ot compounds bet~
ween ammonia and water have been reported from equ1]1br1um
measurements made w1th’a h1gh pressure pu]sed e]ectronT
beam mass spectrometer by Yamdagn1 et al. in this 1abora-
tory (3) and with 1ow pressure pulsed ion cyc]otron res-
onance by Taft et a] (31) . On the whole, t:§/agreement

between the results from the two comp]ete]y ifferent

s
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techn1ques 1sw£ood wher there iy oVerlappingv(seE»Table”
/.\‘ LT .

..
..,»

5§,1J; The major d1sagreement occurs in the 1nterva] between

ments reported a AG va1ue {

,,,4‘,,,] wh]'le the h1gh pressure mass srvectrometmc deter—.- '- _{““

ko

form1c ac1d and methanoT

1. (31) from ICR measure-_

300 e Cﬁ]/mpTe for bae¢1on

l\“

[T o " - ) ‘:."-.n
. . v ' yl . - .

T A |
n;(CH3OH)HT + HCOHH =_CH395_+.(Ht02H)H* ; ey -

b3

t

mtnationé~of equijibrium constants nesdﬁted in a AG609,va1ue‘.

_of 4.0 kca]/mo]e for the same: react1on The present 1nde-

t

b

pendent determ1nat1qns y1e1ded -a AG606‘va1ue of 3 9 kca]/

'mo]e for react1on 4.1, 1n comp]ete agreement w1th thev

prev1ous value reported ear11 r from th1s laboratory (3).-

'Appropr1ate entropy correct1on3 ‘can be made for compar1ng

oy

.AG6OO with AGBOO,tO agcount for the d1fference 1n the temu

perature of measurements Assum1ng that. changes in rota—

t1ona1 symmetry numbers, 0, are the on]y contr1but1ons to

._the entropy change in react1on 4.7, and CH3OH2 ion hae a

"This 1eads to a'AHzOO ya]ue of‘3 ] kca]/mo]e and a AH

-on- p]anar tr1gona1 pyram1d structure (91) the-entropy
change for" react1on 4 1 can be ca]%u]ated to be:

Ony o~y d o
CH3OH2_ HCOZH

.
. . AS z‘AS - = RSZ,n -_— X
Con : - rot.s o SOy +
: , IR CH30H * THCO,H,
' = Rep 1 X1 = -1.38 eu (4.2)
1 .x 2 : '

300
value Of.?d] kca]/mo]e for react1on 4.1, As the difference

in heat Capacities between products and reactants ACpJ

/

/

- N
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in‘afprbton'trahsfer reaction is negligible, from equatﬁbn_~
4.3, the entha1py,ehdngefmay:be'takeh'as.constant.%yer the
o N N T
; T T

. T2 _ ;
: ' 1

tempergture range betueen 300 - 6005K ‘fhe dtfterehce'bf t
.kca1/m01e‘in the AHQ value 15 h1gher than the exper1menta1
_uncerta1nt1es of: the two techn1ques wh1ch are around O 2 -
0.5 kca]/mo]e ' The d1screpanc1es between the resu]ts
dfrom the‘two types of measurements may be caused by un-
certa1nt1es assocmated_w1th the_measurements of neutra]
Cohcentra%ﬁbns-ahd detection of-ton signals. Sg@ce the
rpreeeht determination is cons1stent w1th the resu]ts of

other measurements in~the Tadder (Tab]e 3.1). and Taft's
.. value is consistentﬂwith'theirs, it is uncerta1n as to

- Qhat_are’thé §ource§”6ffthe difference. AssUming AHO is
eonstant over the temperature range- of - 300 —‘600°K' the
exper1menta1,AS may be calculated to be -4 7 eu from f

equation 4:4f <The'§A31xp£) is'much 1arder than is
0

AG - AG6OO

As© = 300

(4.4)

,egpected from changes in rotationai é}mmetr; numbers.of
specdes inVolved. Although the difference may JUSt be a
reflectioneof 1arger errors in the ICR measurements

with compounds having basicities between those of methanol

and formic acid, it may“a1so be due to some real effects.

:/ ,O0C_dT , : ’ (4.3)
T P Co
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:A Wargern—ASO va]ue for react1on 4 1 may resuﬂt from the
“ # o
restr1cted rotat1on in protonatedf

i

fqd due to the

preseﬂce of 1nterna1»hydrogen bond1ng in. structure TF

\\ t”
.
0
TN
H

.

':'The above structure of form1c ac1d has been suggested from

b'the resu1ts of NMR experlment5'1n wh1ch the two O-H pro--

et

tons ‘were 1dent1f1ed as non- equ1va1ent at- 1ow temperature

(92993) S1m11ar structure for protonated acet1c acid

'has a]so been suggested by Davidson et al in th1s 1ab—

oratory (94) - In their study of the hydratlon react1on'

of acety] cat1on, structure II was:proposed‘for the pro-.

an )

tonated acetic acid as in exp]anat1on for the observat1
that the measunEd‘—ASO va]ue for react1on 4 5 is -a few

,‘ R + . : +
T HZO | CH3C02H2 - o
o “»fiﬁ' ’ S . -
euJTarger'than the average ~aS% values for simi]aﬁ/associ—

ation reactions Since the present experimental entropy
B £ ® t.



'change for the proton transfer reactlon 4 1 1s based on
‘-measurements at on]y two temperatures w1th d1fferent meth—
.ods, more ref1ned entropy measurements have to be made

_-before any conCrete conc1u510n can be drawn

1

vB Hydrogen Su1f1de and Form1c Ac1d

A

S R ,_'&?A.,,‘-,“'.;J e ‘.
\f}?s ws

'-'L\ /- . S
é§0n exam1n1ng the resu]ts presented in tab]e 3.1, the PR

re]at1ve gas phase bas1c1t1es of compounds between Whter

e

7\and ammon1a determ1ned 1n the present study,‘where over~'

-lapp1ng, are’ 1n agreement (w1th1n “9.5" kcal/mo]e) with

vthose\reported ear]wer from’ th]s ]aboratory (3) eXCept

-8

_for the 1nterva1 between formlc ac1d and hydrogen su1f1de.
In the prev1ous study by Yamdagn1 (3) the gas phase\‘,5
'ba51c1ty d1fference between form1c ac1d and hydrogen su]—”'

f1de was determined\by d1rect measurements of the equ11a

‘1br1um Constant for react1on 4 6 ‘-The measured AGﬁOO

N,
i @

S N [~.' + A .
HyST HHCORH = HpS ¢ HCOQR,T  (4.6)

_va1ue for the reactlon was reported to be -6.1 kca]/mo]e
This was the only step 11nk1ng compounds hav1ng 1ower>

bas1c1t1es than that of hydrogen su1f1de to the overa]]

{3
\

':bas1c1ty 1adder The present remeasurements of equuT-*ufdﬁw

\

-1br1um constant for react1ons 4 6 gave\a AG va]ue of

’

-8.4 kca]/mo]

600
The equ111br1um constant\{n the present

determlnatl,:s was found to be. 1ndependent of the neutra]

concentrat1%n ratio {varied by a factor,of=6) and.the




1on source pressure (var1ed from ]-4 torr) w1th1n the

exper1menta1 error ( 10 20”) as shown in. F1gures 3 1 and
3 10 'IAf GGOb yalue oﬁ 8 4 corresponds t

an~equ1]1br1um“5

‘eif‘constant of 1174 at 600 K In order to brTng the ioﬁ_w-;7

'rat1os to w1th1n an. order of magn1tude s as to m1nim12eg

errors 1h the detect1on of 1on s1gna1s /ﬂarge neutra1;'

rat1os, [H S]/[Hco H] have to be used ~As .shown in

Tab]e 3 5 on]y runs w1th the 1owest neutra1 ratto wereé

done 1n the presence of CH4 as a th1r¢'gas, other'run5~if"
w1th h1gher neutral ratlos were made w1th on]y HZS and

u,jHCOZH in the 1on source. In the absence of “CH the =

4’,
jHéS+;1ons were produced by se]f protonat1on of HZS wh1ch

was present in large excess as shown 1n react]ons 4.7 andA'

4 8 ] Proton transfer reactlonwghB then proceeded . “_m,‘”
S TR -f = 4+ +' : 3
HZS + e ———-)»HZS M3 S etc. (4.7)
H,s® + st ———->H3S LOHSE (4.8)

:Jtowardsfeoui1jbrium . Pro&%p 5?ansfer react1ons w1th 1arge

‘magnitude“of~4AG va]uesasuch as react1ons 4. 6 are not

PG

overy. de51rab1e for/d1rect equ111br1um measurements The

strong exotherm1c1ty of the react1on always 1eads to
| products with large excess energy 1n;tda11y ‘ The therma1->‘7
1zat10n of products before enterlng the reverse reaction
depends'on‘the,quenchtng-of'the.excess energy-by co]]1s1onsl
with motecuies ih'the ion source.'.wtth a carrier gas such
as,CH4‘in'1argemekcess, thfrmatigatiOn.of ionS‘by'coll--d
'jsjohshwithvtheicarrier.gas'mo1ecu1es will 1tke1y be

i
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N
S~
[aN] -

jachieved; In the absence of a carr1er gas, co]11s1ons;of
t}the non therma11zed 1ons w1th react1ng mo]ecu]es may re-tft-~

‘,su1t 1n non equ111br1um cond1t10ns vahe 1nvar1ance of

-

"the equ111br1um constant measured for react1on 4 6 with
"and w1thout the add1t1on of a. th1rd carr1er gas 1nd1cates
that therma] equ111br1a were ach1eved 1n both casesf’

'”the present measurements

To check -on the re]1ab111ty of the present resu]ts,'

:the bas1c1ty of ma]onon1tr1]e wh1ch is 4in between those

.of formlc ac1d and- hydrogen su]fIde was determlned ' A]]

1
b

,rmeasurements were carr1ed out in the presence of CH4 in

Iarge excess Ag shown 1n tab]e 3. T, good agreement is

I3

: obtarned in d1fferent mu]tlple thermod%nam1c cyc]es

'giVing an averagefQAGGOO value of 8.2 kca]/mo]e for re—v~

actton 4.6. - It is- conc]uded that the prev1ousTy reported o

-

. HyS ’Snco H = H‘ZS + _HC'QZH+ . (4.6)
0 . . wi ) A .
-A6600 value of 6 1 kca]/mo]e is too Tow. It is inter-

ﬁestﬁng to note that Taft et a] (31) us1ng‘ICR method

determ1ned a -A 300 va]ue of 6.0 *ca]/mo]e for the. same

'reaction it is drff1cu1t to %xp]a]n the dxfference on

ba31s of entropy terms. By subst1tut1ng AG e_-8.a

600

;@kcal/mo]e and AG3OO -6.] kca]/mole into equatxon 4. 4

:ew1t 1eads to an experimenta] 25° _va]ue of 7.3 eu for

reaction 4.6. The entropy .thange of.- the reactwon due
o . N
to changes .in rotat1ona1 symmetry number 5, can be ca]- «

¢

culated, to be:



. 243.

AS = Rln 3 - 2

(o s+)loyco p)
rot.s. '

(OHZS)(OHCOZH;) S
==0.57 eu

L - | _ v %
As ‘suggested earlier in this section, the protonated formic

. . ) - . .
acid probably has a "tight" structure I resulted from the

internal hydrogqp bonding. The restricted;rotationS‘
v O ‘
AN
H-C vt H .
\\ ,I”' (I ) A‘.l
o b L
- H P "

associated with the prdtonated formic acid would result (
in a AS% value which is a few eu more negative than -0,57 -
Fl

eu for reaction 4.6, in disagreement with the experimental
.. 0 - » R * ’

AS™ value of 7.3 eu as obtained by equilibrium
measurements at the pwd different ‘temperatures. It is

uncertaih'as‘to why the discrepahcy occurs in the results,

obtained from the two different methods.

C. Water‘aﬁa Ammonia

' - 0
From table 3.1, a value of AG6OO

| = 34.7 kcal/mole is
obtained for the reaction 4.10. The/entha]py”change of

» + ' _ N + ‘ ) . '
| NH4 + HZO - NH; + HBO ‘ (4.10)

the reaction may be calculated by correcting for ns® due

to-rotational symmetry numbers:
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<(,ONH4+ )(O’HZOA)

0" 0 s

AS” = Asrot.s. = Rln g

(ogy Yoy A+) a
NH3 H,0 | )

| (4.11)

=, Rln l§—§¥§ 1.95 eu - “
o3 X 3, 0 | 0 o ‘
From the relationship AH” = AG™ + TAS”, the AH  for re-

action 4.10, or the proton’affihity»dtfference between
ammonia and Water, is determ1ned to be 35 9 kca]/mo1e
’ Th1s can be compared with the AH® a]ue of 33 . 0 kca]/mo]e

reported earlier from 1ndependent measurements. in thqs

Taboratory (3). The dlfference of 2.9. kca1/ma]e is mainiyvp-‘“”

due to the disagreement in the proton aff1n1ty d1fference
'_between formtc acid and hydrogen~$u1f1de¢'_The present
determination indicates.that the proton’affinfty differ;
" ‘ence in that interval is 2;17kca1/mo1e 1argerntnan&"

was reported earlier. Taft et al. (31) in a s1m11ar

study at 300°K us1ng the ICR method obta1ned a AH value

-

+

of 32 0 kca]/mo1e for reactlon 4.10. The major d1screp;
Sancy w1th-the present results 1s-a1so in the interva]I'
between formnc ac1d and hydrogen su]f1de

Us1ng PA(1sobutene) = ]98J2 + 3 kca]/mo]e‘as the
externa] standard (?9,80}, leads to PA(ammonia) =
'”507.6 kcal/mole as shown 1n'section;3.2. This combined
’with-the present results gives -PA(water5'= 171.7

kcal/mole.

Based on_tne proton affinity va}ues and the following
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AHE values: aH2(H®) = 367.2 kcal/mole (77), AHZ(NH,) =
-]1.02 kcaJ/mo1e.anddAH?(H20) = 557;é kca]/mo]e (79)’,i£m;

‘may be calculated that #HY(NH, +) = 148.6 *kcal/mole and
.‘pHo Hv0+) = 137.7 kca17mole A1though the ace>racy of

the present determ1nat1on on the abso]ute proton aff1n1t1es
of bases and the heats of format1on of the protonated
bases u]tlmately depends on the accuracy of ‘the heat of
formatlon of tert-butyl ion as ment1oned in section 3.2,
the uncerta1nt1es 1n results are minimized by the 1nterna1$ﬂ~‘
cons1stency in equilibrium measurements. L1terature

values on the estimated proton aff1n1t1es of ammon1a and
water by non- equ111br1um measurements are det a1Ways con-
SIStent with one a;zther, A summary of. the va]ues of‘
the proton aff1n1t1es of ammonia and watEr der1ved from

- [y

the ]1terature va]ues of AHf( 4 ) and AHf(H30 ) are

tabu]ated 1;Ntab1e 4']i The present PA(NHB) = 207.6
kcal/mole is'in,good.agreement w1th the best estimated
‘PA(NH3) = 207 kcal/mole by ' Haney and”Frankiin'(é3) while
"the. present PA(HZO)'=.]7].7 kcal/mole is higher than most
of the reported‘PA(HZO) obtained by non—ethlibrium
4measdrements. The proton aff1n1ty d1fference between

- ammonia and water as reported by Haney and Franklin (53)
was 42 + 4 kcal/mole which is about 6 kcal/mole higher
than the present va]ue of.3519 kcal/mole. " Their va1ues
were;ebtained by/using the appearance‘potential techndque

in which the excess translational energy of fragment ions

‘e
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B3

N : 7 . '
, o ‘ ) + 0 .
\ TabJe»4.1' A compar1soq of AHf(NH4 £ 3)7

. and PA(HZO) obtained from'equilibriUm measure-

), OH (H30+), PA(NH

ments and other'mﬁthods;

. NHy . | I o
0 + . o ' o
AHZ(NH, ") PA(NH,) . Method © Reference
£ S il bt
(kcal/mole) (kcal/mole) _ -
. . \\r . -
148.6 . 207.6 Present equilibrium measurements
148 - - 207 | Appearance potential, corrected
. ) o for kinetic energy of fragments
<158 >198 - Ion-riolecule reaction b
138 .’: - 218 | Crystal-lattice energy T C
148 ) | 208 o - Crystal-lattice energy (not
: - considering H-bonding). d
148 - 208 J Crystal-lattice energy (not )
! ‘ considering H-bonding) e
IT. HZO | |
AH?(H30+9 PA(HZO) o Methdd : - Reference
(kcal/molé) (kcal/mole)
137.7 -9 171.7 - . Present equilibrium measurements
' 143 ‘165 Appearance. potential corrected

L for kinetic energy of fragments

143 + 4 166 + 4 Ion-meleécule reaction f
f§148' . | - >161 a Photon—imbact on ethanol b

3 157 +3 :- 152 + 3 Electron-impact on several
- T - compounds g
| 136-145 ~ 173-164 Ion-molecule reaction :‘“ h

-

. 140-2_7\l\\\/, . 169 + 7 . Lrystat-Tattice energy T e
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Table 4.1 (continued)

A

183 ~ crystal-lattice ﬁggrgy (not
s : considering H-bo ng) d
U SR
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was determ1ned exper1menta1]y and used for correct1ng the
total energy of exc1tat1on 1n a sem1-emp1r1ca1 way. The

present resu]ts 1nd1cate that the1r measurements probab]y
. ) J '

_had a 1arger uncerta1nty than was quoted

Bohme gt al. (95) have,measured the relative proton
~affinities of H,0, H,S, HCN and H,CO by the flowing after-"
7lglow,method.'KTWe“proton affinity of HZO was assigned,to be

156}4'1 2.4wkca1/mo1e'using the external standard'of

et

Y>PA(forma1dehyde) = 172.1 + 0.7 kCal/mole " The proton
aff1n1ty of forma]dehydé was der1ved from the photo1on-
Jzat1on appearance potent1a1 of 11 67 + .0.03 eV fora
dAHZCOH from CH;0H as measured by Refaey and Chupka (51).
The proton’a?f1n1ty d1fference of 4 5 kca]/mo]e between
iH CO and HZO wa§ obta1ned from the measurement AG298 =
e—5 2 X T kca]/mo]e for reaction 4.12 after symmetry

number . correct10n

H oot 4+ - + '
30 * HpCO = HyCOHT 4 K0 . (4.12)

"The“PAtHZO) = i66.4.kca1/mo]e isf5.3 kca?}mo]e lower than
‘the value of 171.7 kcal/mole determined in this work.
Direct tomparison;df proton affintty vaTues is'not appro-
prfate in this case since different externa] standardsiare

used to ca11brate the proton affinity scale. It is

be]1eved that the d1fference is mainly due.to uncertain-

t1_es associated with the AHf m ) and AHf(CHZ.OH )
values used in the calcul; ioms OF standard proton

affinities of isoblutene and forma]dehyde. It should
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'te noted that ‘the appearance potent1a1 techn1que used‘in‘
determ1n1ng the AHC (CH OH ) does not a]ways g1ve the true -
‘thermodynam1c va]ue for the heat of format1on of "the cor-
'respond1ng ion. Very often, the presence of excess in;,
terna]'energy in the molecu]e pr thevprésence of excess.
energy in the ion fragment may ]ower or increase respect-
1ve1y the energy threshold for the appearance of the ion
in the mass spectrum. It is be11eved that-the“AHf(t—
buty]+) value which‘isvobtainedfrmnAH?(t-butyTJnand
”IP(t buty]) }s mdre reliab]e'and the difference in the'

PA(HZO) valdes 1s most]y assoc1ated w1th the uncerta1nty

in the AHC (CH on* ) value

D. Ammonia and Methylamine

The gas phase. bas1c1ty of methy]am1ne was pr!V1ously
reported to be 10 8 kcal/mole higher than that of, ammon1a
from- equilibrium measurements in this ]aboratory»(]),

“The resu]t was obtained by d1rect measurements of the

;proton transfer react1on 4.13. As ment1oned ear11er

+ _ - : A T )
NH4 + CH3NH2 = NH3 + CH3NH3 (4.]3)

in thisbsection, direct equilibrium measurement of such
strong exothermic reactioh‘is.not‘desirable becanse the
thermalization of the system may not‘be achieved.v'The
present results gave AGBOO = -10.0 kcal/mole for re-

action 4.13 (see tah]e 3.1). The value was obtained .



250

vfrom-the“average of'manyrmntjqwﬂes involving seyerél

proton transfer react1ons_ bf‘smaller exothermicity The
present value is- be11eved to be more. re]1ab1e than the-

'one previously reported. Taft et al. (30) reported
Asgoo = -9, kca]/mple. By considering only the rota- .

tional symmetry corrections, these values lead to AHBOO V=

-9.6 kcal/mole and BH3 g0 = -9 0 kcal/mole. The differ-

ence 1s s]1ght1y 1arger than the expected prec1s1on

(~0.5 kca]/mo}e) of the two technlques

7

4.2 Proton Aff1n1t1es of iso0- Propano] and tert Butano]

]

The gas- phase bas1 1t1es of iso- propan01 and tert-
:butanol,were determined e]at1ve'to other bases on the

AG° ladder in table 3.1. 'Due'to the*]atk‘of Stabi1ﬁty

of protonated iso- propano] and protonated tert butano1

no cond1t1on was found where direct equ111br1um measure-
ments of the proton transfer‘reactTOn_were not accompan-
fed\by ether competitive reactions. At 600°K, measure-
ments of prpton‘equilibria invq]ving ieoepropano} Were not
successful. The protonated iso;propanoltWas found to
rapidly decompOse to én ion of molecular weight less by
~two maSS'unitsf-zPrpbably the protonated iso-propanol"

ion is pyrQTysea'accordihQ'to reaetiqn 4.14 in the presence‘

HoOt + H, + M (4.14)

+
M = C4H,0 2

s-C3H7OH2
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"of a buffer molecule M, and the pr‘oduc't‘C3‘H7O+ is pro-

‘tonated acetone. The enthalpy change'ofireabtion 4.14 can
be calculated from the heats of.formqtionsvof~the species .
involved. By considering the heats of formation and the

proton affinities of acetone and isd~propano1;.it_was

~
v

‘ésf%mated that reactipn 4,14 is endothermft by some 9
kca1/mo1e; Reactions wi{Q such sma]]_endpthermicity can

occur at higher temperature. Since the conCéntration,of‘

-

: ‘ . . . . . . .
the buffer molecule is in large excess in the'ion source,

the rate of reaction 4.14 may be appreciable cpmpared‘to.

the rates of forward and reverse .proton transfer reaction
concerned. Under these conditions, direct equilibrium

'‘measurements. would not be ‘possible. It was obsefved-that
\\ E 4.' ’ .. ' ’ . . v i

at the lower tempefature 500°K, the C3H7O* ion was not

formed in a significant amouht‘and direct equilibrium

measurements of the proton transfer reactipn.4.15 were

on + BHY T (4.15)

s-C.H. OH.T + B = s-C ;

3Hy 01, H

3

possible. The bases, B, used in the above reaction were

nitrobenzene and toluéne. ~ During measurements at 500°K,

the clustering reaction 4.16 was observed to compete

OH = (s-C,H

' +
OH + s-C_H 3fy

s-C3H,0H, 3y

OH),H™ (4.16)
with tHe proton transfer reaction 4.15 at all times7 A
normalized temporal profile of ion intensities for a.

system involving iso-propanol and nitrobenzene is shown

in Figure 4.1. The invariance of all ion'intensitie%

A
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FIGURE 4.1. The Time‘Dependente of-Nofma]ized Ion Intensities:
Methane at 2.4 torr, iéopropano] at 34.3 mtorr,
nitrobenzene at 16.9 mtorr. Temperature: 511°K.
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o tab]e 3.1). W1th the reference PA(NH

‘\«4~5f€'"-f.2i}],“

after some 400 m1croseconds suggests that both react1ons

4 15 and 4.16 are at equ111br1um Resu]ts of equ111br1umv'

measurements 1nvo]v1ng iso- propano] are presented in
table 3.19 and Flgure 3. 4 f The present resu1ts when ine
corporated w1th other resu]ts in tab]e 3 1 Teads to a
AGSOO(NH3 to iso- propano1)_wa1ue of 11. 7 kca]/mo]e (see

3) 207 6 kca]/mo]e

ﬂthe proton aff1n1ty of iso- propano] was determ1ned to be - -~

‘A]94 2 kcal/mole after making rotatioral entropy correc-
;3ft1ons.

3 D1rect proton transfer equ111br1um measurements in n-
vo1v1ng tert butano1 were made with the reference bases,,
n1trobenzene and 1sobutene The tert butyT ion was
observed to be the maJor ion present din the system even
at 450 K An examp1e of - the temporal profile of norma]-
ized 1on 1ntens1t1es w1th tert- butano] n1trobenzene and
methane in the ion source 1s shown 1n fyspre 4.2. _ifhe‘
'1nvar1ance of 1ntens1t1es of the tert butyl ion, the_
protonated n1trobenzene and um protonated tert butano]h
with time from: some 300 usec after the e]ectron pdfse“‘
suggested that they were 1nterre1ated by some equilibrium
reactlons One may wonder whether the tert- buty] ion

"may be formed by the protonatton of 1sobutene whlch may

be formed by ac1d catalyzed dehydrat1on of tert butano]

(96) as in reactlon 4.17. However, ‘a s}mple ca]cu]at1on
t-CoHQOH —ee—m  (CH.).C=CH, + H.Q (4.17)
49 8s5-900¢ 32T e 2 -
. r.

&
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5t.§h0ws that this is not the*case' Isobutehe fsfmore basic théhf

-

nitrobenzene by 1. 4 kca]/mo]e (tab]e 3 1) In order to have"
an: equ111br1um rat1o of 15 for [t buty] ]/[H(n1trobenzene)]

w1th 55 7 mtory n1trobenzene 1n the 1on source as in the.run‘

'shown 1n,f1gure 4. 2 it would reqU}re 194 mtorr of isobitene .

Wh1ch is aboeut seven t14es “the tert butan01 pressure in

. ‘

" the ion source. The formatlon of tert buty?l 1on may be

'exp1a1ned by the dehydrat1on of the protonated tertr

butanof\ react1on 4.18, occurr1ng s1de by s1de w1th

;“‘v ) + i v ) .-7. . . .
»'.‘"_"?4”90”2 = t-C,H, " + W0 _(4.18)

the proton transfer reaction 4.19. Reaction'4,18.has been

t—§4H§QH2+t+-nitrobenzene i,t-C4H90H‘+ H+(nitrobenzene)
(4.19)

stUdfed'g; Hiraokaqggo.KeBHrTe (97)' A AHO % 11.2 kcaly

. e I
mo]e and a AS = 22 eu were determlned for react1on 4,18,
In the. absence of a substantla] amount of water the f

format1on of tert buty] ion from protonated tert butanol -

RE- very much favored at about 500°K.~ Tt shou]d be noted

that the observed stationary ion rat1o of [t- C4H9 ]/

[t- C H OH2 ] in figure 4.2 cannot be exp]a1ned by the

equilibrium reaction 4.18. In the present stud&, no

additional water wasrpresent in the ion.source except -

traces of background water concentration which is'always

L]
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present1in:thé mass spectrometer. 1t may be ca]culated '

e from AHbuand'AS values for react1on 4 18 that under the
icond1t1ons as shown in f1gure 4 2,.a water concentrat1on.m
_of 18 torr is requ1red to: produce the. observed Lt C4H9 ]/
[T\'C4 9OH } 1on ratlo' There must be other react1ons to.
channe] back thett C H .ion to tjC H OH ion; otherw1se
'*the1r 1on 1nten51ty ratio w111 .not - be constant One pos—

151b]e path 1s by the: proton transfer reactlon 4 20

o _flnftrobenzene' ‘ «H*(nitrobenzene)
t-C4H9v + o or = isobutene + R or e
' t- C HoOH o ' ‘ . t-C OH L
. 4T L Trlghg0Hy (4.20)

The PA(1sobutene) 1s h1gher than the PA(n1trobenzene) by
9. -8 kca]/mo]e (see tab]e 3. 57) ‘The tert -butano] is{'”

Festimated to have s1m11ar proton aff1n1ty as that of -

9

"}n1troberzene from the observed equ111br1um quot1ents

l [

_runs such as shown in figure 4 2 React1on 4.20 would

:be endotherm1c and 1s expected to be s]ower than the‘
proton transfer reactwon 4.19. If the rate of- dehydra~
rt]on of the t- C4H90H ion (react1on 4 ]8) is s]ow re]at1vef
to the rate of ‘its proton transfer_(reactionv4 19),
equ111br1um 4. ]9 can still occur ‘and d1rect measurements
of the equ1]1br1um constant is poss1b}e The resu]ts of o
the measurements on the proton transfer equ1l1br1um 4.19*

. are shown in figure 4. 3 It was seen from f1gure 4.3

that the measured equ111br1um COnstants vary by a factor,

of about 2 on vary1ng ‘the neutra1 concentrat1ons It s
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concTuded that the decompos1tlon of t c H90H (react1on.

g\

4 ]8) must be affect1ng the observed proton transfer

.equ111

br1um 4. 19 - The’ proton aff1n1ty of ‘tert- butano] may

on]y be- est1mated to be s1m11ar to that of n1trobenzene

w1th/n kcal/mole) from the above resu]ts

A s1m1]ar proton’ transfer reaction us1ng 1sobutene as

>

the reference base was also investlgated The react1ons

that bccurred in the-system 1nc1ude the proton transfer

reactnon 4. 21 and the dehydrat1on reactlon 4.18.

. 1 : it roa .

'1-C4H8~+ t- C4H90H2 —I—T> t C4H9 + t-C4H90H (4.2]);
+ K L+ Gl R

t-C,H,0H + CH4 = 2 ‘th4H +ﬂﬁzp”j'CH4 »(4.18)

479°", 9

Reaction. 4. 18 is assumed to be second order because its

reverse reactlon a c]usterlng react1on s usua]]y a

th1rd

stant

:equ111

ratio,

termo]ecu]ar react1on-(97) Hethane is takenias thev

body s1nce it is. prESent in 1&rge excess A con-

1on ratio of [t- C4H9 ]/[t C4H90H ] was observed

for every individual run-. The results of, measurements

are shown as pTots of equ111br1um constants versus ion

14

"source pressure in f1gure 4 4 It was observed that the -

br1um constant 1s 1nvar1ant w1th 1on source pres-
\'_sures for a flxéd neutra] ratio but varLes when'the .
¢ '( [N
neutral ratio 13 changed _ For runs at ‘the same tempera-

“ture and a constant. tert butano]/methane concentrat1on

the. observed equ111br1um constant tends to 1ncrease -

e
w
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A~ e =
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, with a decrease in 1sdbdteng/methane concentrat1on'rat1o.
‘Slnce react1ons 4. 21 and 4 ]8 comblned form- a chain re-
'act1on a k1net1c ana]ys1s may be done to obta1n some
e1nterest1ng 1nformat1on The rate of format1on df the
% C4H90H2 ‘and t- C4H9 ‘may be wr1iten for react1ons 4 Zt

“and 4.18. The backward ..... reactlon of 4. 18 is assumed to

t‘_A-be negllglble s1nce there was no.s1gn1f1cant concentra-

K _tion of water 1in the system As the concentrat1ons of

‘the neutra]s were much larger than ‘the concentrations

of lons at- a]] t1mes 311" second order react1ons may

be taken as pseudo f1rst or' . By 1ett1ng
ky' =k [i- ],- _;i.=,(;” Kk, LCH, ]

Lthe fo]]ow1ng rate express1ons may be wr1tten'
e e F e : ' .
— - ==k J[t-C OH2 ] + k [t C4H9 ] -k 2[t C4H OH -I:

, dt R .
o R | - . (. 22)

d[tC H ]

" k [t C4H90H ] - k! ][t C,H 4 J‘+ g 2[th4H90H2 ]
. o (4.23)

+  The appearance of cbnsf\nt Hqon’ rat1o of [t C4H9 ]/.
'[t—C4. OH2 ] dur1ng equ1]1br1um measurements 1mp11es.

that:

L ’ A |

d[t CaHg0H, "] dlt-c,n,*]

_ = (4.24)
dt gt T

Tt follows then:
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)[t o H, GOH, "1 + k' [t-CaHg D) =0

20-(k'y +
+ 1 1
[t-C,HgO0H, ] k' 4 k‘_L'
[t-C, ot kgDi-CuHgd kLol
4°9 - 1 4°8-. 4 . (4.25)

- Lt—C H OHin] -k_T[:5c4H90H] ok ][tT 4H90H]

-Mu}tip]yingjboth'sides of the equation 4.25 byg[t;C4H90H]/ )

[t-C,H,0H] [t<C'H 1 ok k., [CH*]- ‘
| LA i A e 2 (e 26)
[1-c4H8] - ‘. [t- C4H90H2 ] g_] _k__] .[.1-c ]
. f:Equat1on 4.26 may be s]mply wr1tten as: <
| | o NN SR
K = K (4.27)
obs. ‘true. - [1 CH ] _ R D
= 48 '
,:where Kobs . and Ky ue are the observed and the true -

thermodynamrc equ111br1um constants for reactlon 4 21
‘Equat1on 4.27 shows that Kirue i Kobs and the observed
equ111br1um constant wou1d 1ncrease w1th 1ncreas1ng
 neutra1 ratio of [CH ]/[1— 458].‘ This exp1a1ns the

5observat1ons that the observed equ111br1um constant the

| does not change w1th the ion, source pressure 1f the" ratio.

\,f[CH ]/[1-C ] 1s kept constant but 1ncreases when

"[CH ]/[1-C4H8] 1s 1ncreased Accord1ng to equat1on'
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4 27 a plot of K obs versus [CH ]/[1-C H ] wou]d y1e1d a.
stra1ght 11ne w1th an 1nfercept of Ktrue and a s]ope of
k /k i;. The average K bs vaTues measured wuth three
d1fferent [CH ]/[1-C ] ratios at 452 K are p]otted
f1gure 4.5, An lntercept of 3. 5 + 1. 9 and a s]ope of
0.031 + 0. 012 were g1ven by the least square ana]ys1s.
Th1s leads to -AG45?, ] 1 + 0. 6 kca]/mole for reactlon
4 21 If we assume the forward rate constant for the
»exothermIC proton transfer react1on 4 21 to be 10
fcm3.molecu1e -1 sec <1 (proceeds w1th ion- mo]ecule co]11s&on
'frequency W1th no act1vat1on energy) ;" one may obtaIn
'k_Tﬁ: K /K = 3 X 1O°]O cm3 mo]ecu]e 1 Sécf]Q The‘va1ue o
of k2 may be ca]cu]ated frqm the s]ope of f1gure 4.5 {: ‘
| (slope) X k i =9 x 10]? o3 mo]@cu]e ]:sec'l'at[452°K.
:The rates of. the proton transfer and the dehydrat1on at “;z
‘.452 °K may be compared by compar1ng ‘their correspond1ng;
treact1on frequenc1es v, For the proton transfer re-.
'{aCF10nsth = ky [1-C H ] W1th a pressure of 10 mtorr d.rw'h
of fsqbutene' dts number dens1ty is about 2 X 10]4 v

'_molecu]es'cm‘3°at 452¢ K : Th1s 7eads to a u] 2~x~105

1secf1t For the dehydrat1on of _the t- C4H90H2 .Tdﬂ,ar‘

f‘.vé': k [CH U. -With an 1on source pressure of 3 torr -

Coe . o

"fﬁﬁ "vzfs 5 X 105 _]43 The resu]ts show that the rate of de- |
. g?khydrat1on react1on 4, 18 1s actua]]y sllght]y faster - f' ~

‘ $£é§an the- rate of proton transfer reactlon 4.27. at 452 K

BRSO and“its 1nterference With d1rect equ111br1um measurements \&\\\
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- FIGURE 4. 5 Observed Equ111br1um Constadts versus [CH4]/[i§obutene] B
' Rat1osat 452°K for the Reaction :

Tsobutené + H'(tfbutanql) =jt-butylf +_t;bUtan01y

T
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of the proton transfer.reaction cannot be neg]ectedr
R - _ b N ‘1 .

The rate constant for the reverse reaction_4}]8 may - oy
ot s ch 2 ek e e e e
EoCqligOly v CHy = t‘cq g * Ha0 + CHy  (4.18)

. -2'

be_ca1cu1ated if the equ111br1um constant at 452°K is

known, Us1ng the va]ues of AH® = 11.2 kca]/mo]e»and
-2s% = 22 eu for react#bn~4 18 reported,by Hiraoka and
Kébarle (97), . a va]ue of AG = 1.25ckca1/mo1e is .
. : 452 A % .
18

~obtained. This leads to K = 187.7 torr or 3.8 x 10

_2,‘0neN 
“may calculate that k_, = 2 x‘10-3q_cm6~molecu1e-2_sec']'

“molecule cﬁ3'at 452°k, By equat1ng K = k /k

at 452°K. The rate constant-for4the‘hydration of tert- -
botyl ion, 2, can be compared w1th that for the

hydratlon of sec- propy1 1on, reactlon 4. 28

~ P, - 'I+_ | , .

Hiraoka and Kebarle (97)'reported a value of k = 5 X 10*28

cm® molecule-?'sec;] at .303°K, assumlng it is th1rd—>

Order.’ The present resu]t 1nd1cates that the rate:

'constant for the hydrat]on of tert buty] 1on is much
'sma]]er a]though At 1s.expected that the th1rd order
rate constants for termo]ecu]ar reactlons such as k 2'»
"would increase w1th decreas1ng temperature It is |

v

o

"f1nterest1ng ‘to note that the assumpt1on of a third- body »

.dependence on the rate of hydrat1on of the t- C4 g -1on

“15 Justrfﬁed by the present exper1menta1 observat1on



Accordiﬁg to equatfon‘4 27'the K obs 1ncreases w1th the rat1o

.[CH ]/[1—C4H8] 0n1y 1f the hydrat1on reactlon is thlrd-

grder. If 1t is seconfd o der,,Koé ‘would decrease w1th in-
crease of [1—C4H8] .Kobs weu]d be expected to decreass

with an increase in the ion source pressure under ‘the pre-
sent cpnd1t1ons,f This was not‘observed in the experiments.
The measured 26° value for ¢he protan trensfer‘reacfion
4;2]vis rftted into the'thermedynamie‘ ladder es.shown fn‘
teb1e 3.1. After meking.the rotatibna] symmefryieerreefions_f‘
for the entropy term, the proton affinjty of tert-butanol

is deﬁermined to be 196.7 kca]/mo]e'based oniPA(NH3) -

207.6 kcal/mole..
A comparison mey'be,que'with the AHO.V\ﬂues for the

following reactions:

. | | B _ . . ‘\ :+, o;-‘, §}§' o
t-C4H9‘ &5L«C;H90H— j-C3H8 + _t-C4H90H2 AHT = 1.5 kca1/  Te
| o (a.21)
o A b ‘
.t;C4 OH, = t-C, Hg + H20 _ ARH” =-11.2 kci?/m?le‘
(4.18) o
A ' o » . . . 'b‘A—I
‘F—F4H9OH = 1—C1H8 +.H20A' f AH = 12 7 kca1+m91e‘
y (4.29)

>

-

The AH® fdrereactioh‘4.21;is'6bt&1ned from PA(isobutene) -

PA(t-butanol). The AH® for reaction 4.18 is from Hiraoka

}

- (97). " The aH® =" 12.7 kcal/mole for reactiop-4.29 is in

'900dlagreemeht“with_the5valde 13.]'ké51/M'1e calculated
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from the foTTow1ng heat of format1on vaTues ) AHC (H 0).

2 f( 2
.~57 8 kcaT/moTe (76), AH?(]sobutene) = 4,04 kcaT/moTe
(76); dHG(t- C4H90H) = -74. 9-kcaT/moTe'(98) . The chain

treact1ons Shown above may be regarded as an interesting
case of “1on—cataTyzed” ded&drat1on of tert butanoT

It can be shown to be occurr1ng spontaneously 1n the pre-
" sent system at 452 K. . The AG452 value for react1on 4,29
is caTcuTated to be 2.4 kcaT/moTe Th1s corresponds to |
h 5 3 x 104 mtorr. If one expressesn

L] 9tHZOJ

9 - 5.3 x 10" mtorr . (4.30)
[t c H OH] | ‘ ‘

[}

-

fand assu ies [1 C4H8] [H 0] 3 where the subscr1pt eq
-refers t fequ1T1br1um co\pentrat1on, a vaTue of‘ n
, &.[t C4 9OH] = TO mtorr woqu y1e]d [1-C4H8] [H O]
'74 mtorr : S1nce the res1dence t1me of the gases 1n the'
1on source is short ( m1]11seconds), react1on 4~;9 prob-

abTy w1TT not(affect the neutraT concent#at1ons in the

B

»present measurements
oo

The present resuTts,'coupTed w1th those 1n tabTe

:3ﬂ57,;show that ‘in the aTcohoT ser1es_ROH_'w1th R_f'CH3,’

CZHS? t¥C3h7 and t- CQ 9,_the proton afftn1t1es are 186 2“
T9T,2;"T94.2:and 196,7 kcad/mole' The success1ve dtf-

ferences ‘on additTonaT‘methyT subst1t1t1ons are 5 gvand?d:
'.2.5 kcaT/nOTe;[;Taft and'to—workers-(99) havegreported
sueceSSTve differences of_3i9,T§:8'ande3ﬁ$-for‘this séréégi

R
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>

_exper1menta1 resu]ts are more 1n 11ne ﬁ1th the expectatwon
that the charge stab111z1ng power of the methy] group
-attenuates with succe551ve methy] subst1t1t1ons

The - heats of format1on of s- C H OH * and t- C4H90H2

may be. ca]cu]ated from the correspond1ng proton aff1n1t1es

by the fo1]0w1ng expre551ons K

a0 SETER I , :
, Hf(s C3H7OH2 ) = AHf(s-C3H7OH) +‘AHf(H ) - PA(S—C3H7OH)_‘ (4.3]).
T DI _ o:f,_ .
AH (t C H OH2 ) = AHf(t C4H90H):f AHf(H ) PA(t C HQOH) (4.32)»
The present exper1menta] results. y1e1d PA457C3H7OH) =

” . 90H) = 196.7 kcal/mole. Com-

blnlng these values with K (nt ) = 367.7 kéai/mone (77),

AH °(s-c OH) =,-65.4 kca]/mo]e and AH (t C4H OH) = _74.9.

kca1/mo]e (98) one’ obta1ns AHf(s C3H}OH ]07 6 kcaﬁ/

o ") =

g/mole %nd AHf(t C4 9OH2 ) = 95;6 kca]/mo]e A compar1son

‘ r"’s'

a gfor the hydrat1on reaction 4 33. Usnm the va]ues

by ab 1n1t1o ca]cu1at10ns at the 4 316 level. - The present'

cak be made Wfth the aK° va]ues for the hydrat1on of the |

conré%pond1ng carbon1um 1ons For the tert buty] ion,

H12§02a and Kebar]e (97)‘reported a AH -.-1] 2 Tca]/mo]e B

of

“1;c4_9 + ﬁ o t,cqﬁ on,* “AH =, 2 kca]/mol

H (mkﬁ H9 ) g65 0 kca]/mo]e by Beauchamp, and1Tsang

(see table 3 55)5‘and AHf(HZO) =a-57 8 kca]/mo]e;(Ts)
the AHO (t C4H90H2 4 .3 caléllated to ge 96.0 kCﬂ1/mo]e

The exce]]ent agreemen,?1n ‘AH

AHE(£-C g

- - =y

5;(4;33); :

-

t-C,H OH2 ) values indicates
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' that the monohydrate of tert-butyl ion- has the same_;}v
' structure of the protonated tert butano] It shou]d be ,;”

noted that the good 1nterna1 conSIStency of both

B

.'-AH (t C4H90H2 ) va]pes 15 not affected by the uncerta1nt1es

.of the AHf(t C H ) value s1nce they both depend. on the .

AH (t C4H9 ) va]ue to the same extent B ,
The hydratlon of S - C3H7 1on was stud1ed by Beggs and
Field (100) A AHO = -17 6 kca]/mo]e was reported for

react1on 4 28. W1th11terature values of AH sV£3 7 =

4 0

s'-C3H7 ’f'HZOQZ s—C 7OH AH™ = -17.6 kca]/mo]e
v : ' . _ ‘
m B ' ' (4 28)v'

Lo s : 3
-.188.8 kcaﬂfmole.from BeaUchamp‘(82)‘and AHf(H O) -—57

t'kcal/mole (76), one obtains AH £(s- C3 7 2 Ty 113 'y kca]/

"'moTe. Th1s va]ue is 5.8 kcaﬂ/mo]e h1gher than ‘that, _ﬂ—w

RN
obta}ned from the present proton aff1n1ty determ1nat1on B

As there 1s no reasonab]e a]ternate C3H8O “isomer w1th a |

heat of‘format1on so c]ose to that of protonated iso--

~

’ﬂpropanol we may assume that the condensat1on product of
react1pn 4 28 is the protonated iso- propano1 A]though_

some uncerta1nt1es may ‘be present in the AH_(t-C,H

f( 49 )
and AHf(s C4H9 ) va]uesr they are not expected to . cause

'.such a big d1fference in the tw0'qu(s C H90H2 ) va]ues;

It s be11eved that ‘the 5. 8 kCa]/mo1e dxfference 1s,d_ue;"'“"W'~

‘maln]y to the exper1menta] errors 1n Field' s.equt]ibrium

'1 ]

measurements on reaction 4.2§,

+
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‘@gwform1ng hydrogen bond1ng Its proton aff1n1ty»was déter-

‘h;ference is ma1n1y due to the d1fferent1a1 cat1on1c so1va-

269

4.3 -Proton Aff1n1ty of D1methyJ Su]fox1de DMSOTﬂ

DMSO is a common d1po1ar aprot1c mo]ecu1e whlch has

“a

a large permanent d1po]e but no acidic hydrogen capab1e of

mlned 1n“t_e present work to.be. 214 4 kcal/mole (tables 3.T‘

e
and 3.57) ComparTng w1th the proton aff1n1ty of water,

,PA(HZO)'= 171.7 kca]/mo]e'(tables 3.1 and 3. 57)5 thé-_

'proton af‘1n1ty of DMSO 1s h1gher than that of water by

42.7_kca1/m01e In aqueous so]ut1on the pK values -
for H30 and DMSOH are -1 and--] 54-(102)1re?

spectiye1y ~This- corresponds to a s]1ght]y h1gher aqueous

~bas1c1ty (0 2 kca]/mo]g%.for H20 than DMSO The d1f— S

14

"tlon wh1ch heav11y favors the hydrat1on of the H30

‘7fbecausg%of ‘the (arger number of poss1b1e H- bond1ng sites

1n the cat1on The fo]]ow1ng thermodynam1c cyc]e mqy be

bv'used to eva]uate the dlfference in standard free energy

~change of hydrat1on AG h bgtween H30 ‘and DMSOH

H30+(g) S DMSO(”) = H,00g) 0+ omsontEg) < a6°(g)
(0% | 56° (oM50) @‘AG%(HZO) | 862 (DNSORT):
X e Y Y 0 ot
H30 (.aq) ‘. +—vDr-fso(aq) :="H,0(aq) + DMSOH {aq) AG” (aq)
LT ' ST T
(4.34)

V'f

Yd ' '
It is ev1dent from the thermodynam1c Cyc1e that equatlon

4. 35 ho]ds The re]at1ve aqueous bas1c1ty of the react1on

~

.
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.

v_?;- :

26%(g ) = a° (aq) - [Ae ( 130") -Aeﬁ(om,s’%*ﬁ]'—tm (H o> - Aehmahso)]'?
26%(ag), given byzse°(aq)£-2 303 RT[pK, (DMSbH+) -7bK'(H 0. )] 2,

vaiueebf 0. 2. kca]/mo]e at 298 K. The corresponding 26°(g)
va]ue of -42 9 kca]/mo]e was obtalned from the present
resu]ts aft?r correct1ng for temperature d1fference by

us1ng AS U51ng the va]ues 1n Arnett ‘3 tabulat1on"

rot s

(103), AGh(H 0) ;. DMSO) 3.7 kd%]/mo]e at 298°K.

h(
From equ t]on g, 35 1t is ca]cau]ted’that the d1fference

. in stanqgrd free energy of hydrat1on bet ee 'H anh

/
DMSOH AG (H O ) - AG

h h(DMSOH yy
’v'.mo1e;a_ 298°K. Snp1Ja~' : :may be vtx'
Zused‘te“oa]culatifd . ehence 1n enthalby.change ot‘f-:§qv
hydratgon ax®, 8 f_ 50" and DMSOH A With the Titerasl
turi BT aee: AR ,;10 51&a1/m01e (104); h(omso) P

2. 2 kca?/mo]e (103) and'

‘the'pnesgnt} xper1menta1 value of AH® (g) ’4217vk.a]/1”
‘mole, it fo1]ows that | o

/.

.AHﬁ(HQOf) ;:Anﬁ(unson)n;’[Auéxgjye aH§k$a)].f[gng(HQO)/f/aHﬁ(pmsd)]

ot o R g ./”, ; ‘
= -38L3vk§a]4m61eﬁ S f'(4,35),
Resu]ts from the above ca]cu1at1ons verlfy the prev1ous

statement that the d1fference 1n the gas phase and aqueous

ba51c1tles of DMSO and H 0 (43 kca]/mo]e) 1svacpounted for

2

Lo

N .
| o . . |
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\predom1nant1y by the d1f erence 1n ion so1vat1on energles.,:

(39 kca]/mo]e) ’ W1th th bava11ab111ty of gas phase data

the ion so]vat1on energ1ep in d1fferent so1vents may be

'assessed. Th1s will prov1de va]uab1e 1nformat1on in the.

understand1ng\of so]vat1on effects in so1ut1on chem1stry

@ "

[
w*?“'?:’r? .

L



THE PROTON: AFFINITY OF KETENE AND_ THE HEAT»QF-FORMA#JON OF .

[ : M . i
. . '

" 'CHAPTER 'V 1
: . b

S

|

5.1 Introduction

Ketene is an 1nterest1ng mo]ecu]e wh1ch is commonly

»
used as a source of methy]ene 1n organ1c react1ons Its,k

_congugated ac1d, £H3CO is a very 1mportant Hjon as ev1dent_

/.

by the presence ofnm/e = 43 peak in the mass spectra of
many organ1c compounds“ It has been suggested (106) that
ketene be used as a reference for . proton aff1n1ty deter—
-m1nat1ons However an exam1nat1on on the thermochem1ca]
'data from the 11terature shows that there are 1nterna1-in-p-'
cons1stenc1es in the heat of format1on of the CH3CO ion -
'as"we11 as - the proton aff1n1ty of ketene

Prev1ous determlnat1ons of AH_(CH C0+) were based

f( 3 N
<on appearance potent1als determ1nei by photo1on1zat1on

‘measurements (107,108) The recommended ‘value AHD(CH CO+)#

f( 3
. 152%kca1/mole‘(76) was based on the appearance potenfha1

.Ab(CH3CO+, CH3tOCH3) from the - 1onJ2at1on etficiency

curve for acetone (107, 108) It was noted that the
appearance potentia] of CH3CO ¥ From aceta]dehyde (108)

leads to a higher value of AH?(CH3CO+) = 158 kcal/mole.

Recent redeterminations of the above phototonization
potentta1s by Beauchamp (109) reproduced similar results
Which lead to AH?(CH3CO+) values of 153.1 kcal/mole and

~;2?

157.8 kca]/mo]e der1ved from acetone and aceta]dehyde

2 7'2



'

'__respectlveWy ' Uhe(dtsagreement‘in the‘aopeétahce potentia@-

.".;"f" ;

COU]d Y%SU]t from th};ma] shift (the bresence'of excess in-,.

terna] energy 1n'the o]ecu]e gnv1ng rlse to a ]ower d1s-,

A

’sociation and 1on1zat1on thresho]d) im the case of acetone '

'or from k1net1c sh]ft (the excess energy requ1red to cause'e

d1ssoc1at1on w1th1n the t1me of observat1on in-the mass'
spectrometer) 1n the case of acetaldehyde From the study
of re]at1ve stab111tes of d1fferent carbon1um ions by fon-

mo]ecu]e react\qns Beauchamp and coworkers (109) se]ected:

N

othe hagher va]ue for the heat of forMat1on of CH3CO

AH (CH C@ ) 157.8 kca]/mg1e. The1r argument was based:

Q

i - v
on~the;observetibn that»the_brom1de transfer reactlonLS;l

(CHy)5CBr + CH,COT = (TH,),CY ¢ CHiCOBr | (5.1)

3 . 3)3_ _
- ( o ] B ) A‘». ’ . ) . R . .." » ‘~
"H, : B
prbceeds to the r1ght towards comp]et1on, 1nd1cat1ng that
‘sL‘ .‘

4react10n-5 1%is exothermlc : Therefore, the‘fol1ow1ng

~

*1nequa11ty shoU]d ho]d

‘Adoptihg'the earlier value of AH

,f.\-‘
(CH cot ) + AH (t-bpty] Br) > AH

4

e

f(t-puty1*) + "2 (acetyl Br) (5.2)

>

With the literature values (110) of AH?(t—butyT-Br) -
-31.9 kcal/mole and AH?(acety1ka) = —Q5;6°kca1/mote,'tt
implies that: |
“_'~  ’ A ' ' o
BHZ(t-butyl™) - aH2(CH,C0T) < 13.7 kcal/mole  (5.3)

?(t—buty]) =,16§fkce1/mote-v
from the work of Lossing (81) and Tsang (78),'eqoation

-



' f1nterest1ng to note that w1th tbe rev1sed value of T
. AH f(t buty] ):-165 O kca]#mo1e by‘ﬁeauchamp ?@2 the?fﬁfiﬁ
observat1on of react1on 5 1 1eads to AH (CH CO % 151 3

d,vkcal/mo1ev Consequent]y, the argument used by Beauchamp

Using AHC

- kca]/mo]e (]11)'and the h1gher va]ue AH

"with occurrence nonoccurrence" method reported

"observat1oh of the.proton_transfer reacttonvS.Sv ------- -

-therm1c and the proton aff1n1ty of ketene 1s 1owe{ than

) ‘.," . . L : N ,:‘ 5 \ - ) ."."e
, v - . el W e
4 S o 'u@fj' ¢ 274, s

5 3 requ1res that AH (CH CO ) > 155 3 kcal/mole It 1s AR
o - e N

&

1

. A’
1n régect1ng the 1ower va]ue of AH CH CO ) LS no. 1t

( ngerw
f: &

.va11d Other compar1sons have to be made as to determ1ne R

"wh1ch appearance potent1a1 '1f any,,does refer to th ﬁt 5%;

,true thermodynam1c ua]ue of CH CO ‘- :7;'°3jq,‘§; Le}é: ,

. R S vt
The proton aff1n1ty of ketene can be” caTcu]ate ~'£; .

. . X 2
N U . A : : . .
respond1ngllons as shown 1n equat1on 5 4 weE 2% ey
_ R : ._3 ) . . '. } ‘; ; ) L : \.‘f e SRR

gy f»f oﬁ*f T PATEL SR

H') = 367.2 kca1/mo1e (77)-9AH

|
1
el
—
ey
s

0 e K SR
ic(CHZCO) BERLERE
f(CH co ) '158 U

. -,,17 h"_“_.';{ ;

kca]/mo]e,.the proton aff1n1ty of ketene wou]d be caTcu- TR

lated to be 198 kca]/mo1e On the other haﬁd the 1ower;

g (A

: va]ue AHf(CH3CO )<= 152 kca]/mo]e 1eads to PA(ketene)gﬂ

g

4

An early 1nvestlgat1on by Long and Munson.(lﬁ%)ﬁéf,

the . 7

con® ' (5.5)

A‘\ '.fLJ S

Frondthis, it was conc]uded that react1on 5 5 is exo-

+ N e SR
CH3CO + (CHy),C0 = CHZCO f,(cn3)2

[y



'_.,“ ' s S : I".‘.. o el

R S DR
:@ﬁwt that of acetone (Pﬁ(acetone) —198 6 k&aT/mo1eifromfpre;“

,rr
L

'Qﬁsent reSu]ts,‘see Tab]e 3 57) However, recent equ111br1um.1"'
"hlgdeterm1nat1ons‘gg Ah§1oos and g1as (112), and by Beauchamp

';j/fvet a (113)1ndumted (that react1on 5 5 has a negat1ve

i
, - mN

WA ‘,

' 'ﬁvdb va]ue 1nd1cat1ng that ketene is ﬁore bas1c than ace-ﬁfwu
o R B S SR S
P temen o o (}fx* : ‘*»f PR

o . T .

"fﬁf«> Th% gas phase bas1w1ty of ketene\re1at1ve to the
'fcompounds prev1ous]y studled was determyned w1th a h1gh *

v A .
'".pressure méss spectrometer 1n the present work Thls ';Eﬂj

- v

-;]eads to ‘a- ppﬁtendaff1n1ty of ketene Yhe heat of forma- -

,, "3

‘__..

'\;

nt1on 6f the acyl Aon CH3C01 der1veg’from the PA(ketene)
L Qva]ue 1s compmred w1th the two AR (CH3CO ) va]uestavall- 7f_ﬂj
ERE et » "“ : 9»':. 3

uab?e 1n the 11terature as we]] as to the AHf(CH3£O )

:va1ue obta1ned from the dehydrat1on entha]py of the pro-»~-%ﬁ“'

”tonated acet1c ac1d determlned by 5av1dson 1n th1s

‘c’1aboratory (94) ‘hZJA“l.lﬁii.quﬁ';‘ﬁ;7‘;&[{;;;'

L '.‘:_

"‘"'\” . ) B

Pt C*'H_z_@@», som L (sey

-

'z‘:of agetone vapor 1s«shown %n Flgure 5 1 The-apparatus

¥ iyas made-of Pyrem g]ass ~ Aceton%31n flask A was ref1uxed°

. . - W'

?bnt]y thﬂOUQhout t%; preparat1on, The f1]ament was made;

)

. : . L [ N a T
- i)

Jg'« - RECE "‘. - / o ".‘ X 4‘ 4 A\ ¥ .

e
'~.s‘,‘ .
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i;from the apparatus and transferred t

R o IR o

L y R
M ¢ T o

1a

(an a1lpy of 80 nk;ke] and 20% -
{ e .,’

..chmom1um) ' The two ends of tme f11ament werg connefted to

8

n;an ac. power source through a Var$ac transformer Dur1ng

"pyrotys1s, the f1]ament was heated to a du]] red\vlow

Pr W o
Eﬁtemperature about 700 750° C) Unreacted acetone pass1ng
. .)S“/c ) "q.{ o . Aéa S .
through the condensers was removed by the flfst trap
PR

]mmersed 1n a d&q ice- 50 50 CCha/CHN3 hath ( 80 C) Ketene'

anﬂ methane Were co]]ected 1n the second trap coo1ed w1th

11qu1d n1trogen & 196 C)“’ At the end of the run, tﬁel

ﬁﬁsource of the heat was removed from f]ask A and the fl]a-

'-ment current ‘Was- turned off The second trap was removed

v A\ ‘.:.

; vacuum rack

'hfequ1pped w1th four co]d traps Methane wastremoved and

- dd1st1]1at1ons Ana]ys1s of the ketene samp]e by mass

N

ketene was further pur1f1ed by seVera] trap to trap ,
: . & L4 \'. \

1spectrometr1c methods us1ng the electron-1mpact 1ow-'

”»,pressure 1on source revea]ed no- d1scern1b]e 1mpur1t1es A

sma]] amount of ketene d1mer was detected on the mass
: RS _ .

A:spechmm of ketene samp]e after 1t was stored for several

.days Because of th1s reason, the pur1ty of ketene was
checked evem/day ‘by:mass spectrometr1c methods before it;

N\
was used and fresh ketene was prepared every three or-

four days. i



5.3 D1scuss1on o - ;yufv

The proton aff1n1ty of ketene 1s best eva1uated by

-compar1ng the bas1c1ty of ketene w1th that of isobutgne-as
shown Jn-react1on 5.7. o ”: - :
N _. : ' . . ° ’ *

(cHy) ¢t + tHécb_= (CH:

N

3),CCH, &“CH3CO+ | (5.7)

' The 1ncrease.in 1nterna1 rotat{ons for the protonation‘df
.‘ketene is cance]]ed by the s1m1]&v decrease in 1nterna1
rotatwon for the deprotonat1on of the tert buty1 cat1on
JTherefore, it 15 reasonable to assume that the entropy

change for: react1on;5 7.is due ent1re1y to changes in ex-

terna] otatxona] éymmetry number, o of spec1es 1nvo1ved

C U e L 0 o - v
?n the‘react1pn (1.e.‘AS‘ —~Asrot.s) R :
' ‘ s . o ‘
B O N L
» SR ST ~isobuténe CH3C0+ .
' : S : N {5.8)
-/ (B = 1. e |
VIR
hA value Oftﬁrots = 1 .4 eu'1eads to an estimatedjTASOd=0¥8

kcal/mole at 600°K for react1on é 7. As shoWn'in Table ™

3.1 the free energy change-for the proton transfer re-
action 5.7 was measured to be -1.8 kcal/mo1e ‘From the

relationship AH® = aG°

+-TAS s the‘AH for react1on 5. 7‘
is calculated to‘be -1 O'kCa1/mo1e- Since 1sobutene
iwh1ch was chosen as the externa] standard has a proton

affinity of198 2 kca]/mo1e (see section 3.2), the pro—

ton aff1n1ty of ketene may. then be" ca]cu]ated to be

A ]
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. .199.2 kcal/mole. -

.\.'

'Beauoham f;t'«l. (T13) dnoa- recent 1nvest1gat1on-
by the ICR" method reported a proton aff1n1ty for ketene
fPA(ketene) = 1 5 9 +. 2 kca]/mo]e re]at1ve to PA(1sobutene) =
J94 0 + 2 kca1/mo1e A similar study by Xus1oos.and L1asc

‘f(1]2) reaﬂted in PA(ketene)~$ 189 5 kca]/mo]e Aredat1ve
to PA(isobutene) 189+ 2 kca]/mo]e ' If\correeted to,

f_the present]y preferred va]ue of PA(1sobutene) 198-2
kca]/mo]e, the former gives PA(ketenel 2 9OO] +2 kca]/mo1e
and the 1atter y1e1ds PA(ketene) 1987 + 2 kgal/mole
Both are 1n‘agreeme>t w1th the present resu1ts The
2resent resu]ts also 1mp1y that the PA(ketene) is s11ght1y
h1gher than the PA(acetone) = ]98 6kca1/mo1e, 1ndqcat1ng;
that the proton transfer from CH3CO to»acetone ts‘endo{
therm1c 1n dlsagreement w1th the cono]us1on drawn hy
Long ‘and Munson.(]OG) | - h

The heat of format1on of acety] cation,‘CH3COf, mayf

be eva]uated from PA(ketene), A f(H ) and. H?(tetene).
" From the" deproton’tion-reactdon 5.9, aH?(CHgCOf) is given
s 0 i
= CHZCQ + H ANH =‘PA(ketene) - (5.9)
by equatioAa
H?(CHécof) = AHY(CH,CO) + AH?(H*j - PA(ketene). (5.10)

2
The present'va1ue of PA(ketene) = ]99.? kcal/mole when com- 4
" bined wjth'AHfo(CHgCO) = -11.4 kcal/mole (1}])'and_AHfO(H+)'=y

367.2 kcal/mole (77) Teads to AH.°(CH3C0") = 156.6 kcal/



4 s g0l

moTes As ment1oned 1n the 1ntroduct1on, from appearance SR
‘ potent1aT measurements AHfO(CH3CO ) vaTues of TSO kcaT/

'1nmoTe (from acetone),and 158 kcaT/moTe (from aceta]dehyde) t"
= were obta1ned (107 TO9) f‘It 1s noted that these AHfO
va]ues are obta1ned us1ng the usuaT mass spectrometr1st S

'.?assumpt}on th be 1ntegrated heat capac1ty of the eTect—

ron WS’zero e resuTts in th1s work are caTcuTated N

~g;assum1ng that the eTectron s an 1deaT gas w1th a heat
5capac1ty of R (see page 218) In order to compare these

numbers wwth the present vaTue, one needs tog@dd 1. 5 kcaT/
(%R(298) see page‘218) to the values of AHf from the"

‘T1teraturé : The corrected T1terature vaTues of AHf (CH CO )

mole

'.,are then 153 5 kcaT/moTe (from acetone) and 159 5 kcaT/moTe

(from acetaTdehyde) . The present vaTue of 156 6 kcaT/moTe~,d':

is 3. T kcaT/moTe h1gher than the former’vaTue and 2.9 kcaT/
- mole Tower than the Tatter vaTue It 1s very posswb]e that‘
both /_\,Hf (CH CO ) vaTues obta1ned from appearance potent1a11'

'gimeasurements do- not represeq& the true thermodynam1c vaTue

The AHf(CH co’ ) has aTso been evaTuated from a‘.ﬂ'
= study of the assoc1at1on react1on 5 ]T 1nvoTv1ng -acetyl

fcat1on and water by Dav1dson i th]s ]aboratory (94)
us1ng a h1gh pressure mass spectrdmetert.v S i
2QH3CO +zH2Qy:,CH C(OH)2 -~ ‘;In;p: (5 ]T)

The enthany change of the react1on was determ1ned to

“;be -24 6 kcaT/moTe S1nce the product of react1on 5. TT"



'hTCorrect1ng for AS

B e BRI IR 1S

"'Js the protonated acetlc aczd whose heat of format1on can'
' g L S
',be eva]uated from 1ts proton aff1n1ty, the AHf(CH3C0 ) may-’

7fbe ca]cu1ated from the AH of the reactlon 5.11, PA(acet1c

JaCId),,AHf(H Y and the heats of format1on of neutra]s.1n-_:’r

~volved. The AGGOO for: the react1on 5 T2 was determ1ned +

St cn'cn,H %~N”

4 »3 2 13 + \CH'3.C('O.!‘.’)'-2 o (5:‘2)

Do ky-"‘ ‘. S o . ‘_. ‘
Afﬁprev1ously to be: ]4 5 kca]/mo]e 1n th1s Taboratory (115)

tle' 1eads to the va]ue of AH = 16 2
"hkca1/mo1e N]th EA( ,f:-2076kca1/mo1e as reference,f
PA(acet1C aC1d) 191 4 kCa1/mo1e By comb1n1ng the =

vappropr1ate react1ons 5 13 and 5. 11 rea;tjon.5.14 resh]té'.

0.
1K

CH3C(0H)2 | fH‘3+ CH3CO,H fAHP ,-1g1,4fkca1/mqjef(5:}3)v<

RS
Lcugco -_ .._(:H_3‘c(o~H)2

it

0

-24.§hkeaj/hele;'(5;1],ﬁﬁ

R

ne
Y]

t;cH3cof +H30 = Y 4 CHiCOH AHO = 166.8 kcal/mole (5.14)

S wh1ch 1eads to an express1on for AHf(CH3¢O*) as shown

in equat1on 5 15

SECHE) < IR+ eno ) - 500 - 1658 Kverte
A B . | . | : l> . . Sat . : . T " ) h (5 ]5
:e<w1th the fo]]ow1ng 11teratur§i&a]ués’ AHS (H ) = 367 2. kca]/mo1e (77)

AH CH CO H) = -]03 3 kcaT]mole (76) and AH O) =:—57 8

f( '2 172
+

kca]/mo]e‘(76) the “heat of format1on of CH3CO was ca]-'

(H
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: CU1ated to*ge 154 7 kca]/mo]e.» Th1s is in. reasonab]y good

h;agreement w1th ‘the present vaIue &# AH (CH CO Ty 156 6

f 3
kcaI/moIe, cons1der1ng the nuﬁber of thermodynam1c data

.;fused 1n the der1vat1on It shou]d be po1nted out that thej;f_;k,

itgabove agreement 1n AH (CH CO ) obta1ned 1s lndependent\offk

the uncerta1nty 1n AHf(t buty] ) son wh1ch both vaIuesﬁ}jﬁ, B

Hdepend to the same extent therefore it cannot ‘be used B

'to Judge the accuracy of the A\D(CH CO )»vaIue However
. f1er30

"Ithe agreement does show the 1nterna1 con51stency between
.the resu]ts from proton transfer measurements and those_“

,from assoc1at1on react1ons measured in. our Iaboratory

F1na1]y, 1t is noted

b.1somers for the CH CO 1on (structures I III) _ _:_;dm;c~
: 'ﬁ\\p~——C———O \%E==C===O;cgn\hfffcwﬁgf. g
i TN TN ,
R H ~HH O
R RS ¢ S S

'Theoret1ca1 ca]cu]at1ons on the energ1es of'the three
flsomers by Hopk1nson (IIG),’and by Yarkany and Schaefer='”'u
.(117) show that isomer I (acety] cat1on) 1s the most ’;N :
;‘.1 stabIe structure " Isomers II and III are respect1ver
:3~35 kcaI/moIe and 65 kcaI/mo]e Iess stab]e than the
”acetyI catlon ' The Iarge energy d1{ference echuded thef
\\\poss1b111ty of any other 1somer1c contr1but1on to . the |

kcetyl cat1on in the gas phase equ1]1br1um measurements‘

\ o R o S

N e

v'hat there are three. poss1b1e Sl
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Fhe resu]ts from NMQ stud1es by O]ah et a1 (118) showed

r

"W,that ketene in. solutlon s a]so protonated c1ean1y on the

y-

f,methy]ene carbon to form the acety] c\t1on From the.  V

resu]ts of the LCAO MO- SCF ca]cu]at1ons on the energ1es'

_uof the acety}»cat1on and ketene; Hopklnson (]16) est1mated

‘§  that PA(ketenéT/ 2]7 kca]/mo]@ _ ThTS 1s somewhat h1gher

<
[

than the present experlmenta1 va]ue :,\3_]5

sy



SUBSTITUENT EFFECTS  ON ‘THE INTRINSTE BASICITY OF BENZENE
CHAPTER VI

6.1 Introduction

The subst1tuent effects on equ111br1a and react1on
rates have {ong been an 1mportant subJect in phys1ca],n‘
organlc chemlstryf Their corre]atlons in aromatic:systemst
"'haye'been studied in great“detafi'in so]ution (T]Q)u Re-
centﬂy; there has beensconsiderabTe 1nterest 1n exam1n1ng
the 1ntr1ns1c subst1tuént effects on the gas- phase bas1—
c1ty of benzene The 1nterest is 3ust1f1ed by the fact
"that ring protonat1on of benzene represents a prototype
of e]ectroph111c attack on: the benzene r1ng and is c]ose]y
re]ated tao the Hammett type 11near free :energy re]at1on—‘
sh1ps (120) The 1ntr1ns1c bas1c1ty stud1ed in the gas
‘phase is 1ndependent of so]Vent and is 1nd1spensab1e wn_ 
separating the structura] effects from the so]vent
effects of the subst1tuents

The protonation of a- monosubst1tuted benzene may
';;occur at the r1ng or at theysubstltuent , ’

Q ‘ O - (60)
X

" The questaon of the preferred site of protonat1on in the
dilute gas phase has aroused considerabTe 1nterest among'
differentAworkers (83,. ]2]-]23) In so]ut1on whether

',protonat1on occurs preferent1a11y at the ring or at the

284
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subst1tuent often depends on env1ronmenta1 cond1t1ons,

'h..”name1y, the type of so]vent and temperature For example,

9

the NMR- spectrum of a so]ut1on of an1so1e in HF saturated
w1th BF3vshows the presence of r1ng protonated and oxygen—
jprotonated isomers in a 3:2 ratio at -83°C. ‘W1th-in—
creasinoitemperature,‘the equi]ibrium shifts in favor of
l;ringfprotonatton" At.a temperature of -8°C, the fraction
of. oxygen protonated'1somer drops to about 2% in the Qéﬁé-"
-so]ut1on5 (124). In HFSO3, only the ring- protonated ion
is detected for an1so1e over the Ssimilar temperature
range (125) - These observat1ons may be exp1a1ned on the
bas1s of spec1f1c so]vent effects on the oxygen subst1tu~
ents. Another 1nterest1ng observat1on is on the protona;‘
tion of amlnobenzenes A]though aniline is a we]]—known
'n1trogen base 1n so]ut1on the protonat1on of 1 3,5—tr1—
aminobenzene and its derivatrves in aqueous solutions . ;"
occurs at the ring in greference to the amlno groups: (126).
'“Th1s 1nd1cates that the comb1ned strong e]ectron re]eas1ng
effects of the three amino groups at the 1-, 3- and 5—”
pos1t1ons 1n benzene .are SO enormous that the ba51c1ty
of the benzene r1ng is h1gher than that of the amino
group. "Slnce the 1nterpretat1on of so]ut1on phase ba51—
'c1t1es is a]ways comp?1cated by the presence of so]vent
.1t 1s hoped that the gas phase basicities of subst1tuted

benzenes wh1ch ref]ect the . pure e]ectron1c effects of

-the substituents wou]dvprov1de thelanswer for thepreﬂwré¢‘

’
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5176‘ f protonat1on 9n. subst1tuted benzenes in. the absence
of - so]vent In th1s Chapter 11near free energy re]at1on-
‘:sh1ps are used to correlate the substituent effects on the

equ111br1um constants of the proton-transfer react1on 6 2

‘ ‘ @ ‘oa‘ ‘,(62)

X - sub:h'uen'

. .The correlations .of the measured proton aff1n1t1es w1th the -
:>STO BG ca]cu]ated resu]ts -and with the core e]ectron blnd—

1ng energ1es will also be presented.

6.2 The Hammett Type L1near Free Energy Re]at1onsh1ps

The effects of subst1tuents on equ111br1um constants
or rate constants of a reaction dépen¢ on the e1ec1;on—
'donat1ng or e1ectron w1thdraw1ng nature of subst1tuents
With hydrogen as the reference substjtuent, substituents
which encourage the‘deve{opmentrof positiVe charges and
»dlscourage the deve]opment of. negatlve charges at the
react1on center are known as e]ectron donat1ng subst1tu—
4_ents Subst1tuents wh1ch have the opposite effects are -
known as the e}ectron w1thdraw1ng subst1tuents ' The
'stab11lzat1on.of pos1ttve or negative charges‘at the re-
action center is due towa'combination of tndoctive and -
resonance effects. It was observed. that the eleCtronl

donat1ng or, e]ectron w1thdraw1ng nature is character-

istic of the particular subst1tuents and 1s 1ndependent



of the-type-of reaCttons...The'regu1arities;ﬁh‘substitm—tx
' ehtheffects'are.ohserted~m€st.cehmOhTinith erematic |
compounds. With thejfdniéationkof’benzefc'acid'ashthefl

V reference reaction Hammett (127) erpressed the:suh~4'

st1tuent effects on the eq%j11br1um constants of aromat1c'

, reactrons as fo]lows
K X
1og<?£> : - = p 1og<ii> - . (€.3)
H react1on» H/reference -
x/ K is the ratio of eqﬁilibrium'constantsffor

“an arometic reaction with'andfwithont the substituent X

»(K H)reacfion

is the ratio of

in the aromat}cerlng (K /KH ‘reference

equi]ibriumféonstant‘for then1on1zat1on:bf\the substﬁtuted
and~unsubstituted“benzoic acid in_water at 25°C, the
subst1tuent X, beihg tdentica]”and at the same_position

in the r1ng re]at1ve to the react1on centers in both.

cases.  0.15 a propor 1ona11ty constant. By defining

a_fixedlconstant fo‘.a given® sub t1tuent as in equat1on

‘6.4; the ord1nary form of the Hammett equat1on (equat1on
. : o
. Ky
o, © 109 T - {(6.4)
‘ H reference R , -

" Yog | v = po L - (6.5)
v _ Ky reaction X A .

6.5) is obtained. Accordlng to equat1on 6.4 »Oy has a

¢

negative value for eJectronfdonat1ng subst1tuents and
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1t 1s pos1t1ve for e]ectron w1thdraw1ng subst1tuents The ’

'more negat1ve (pos1t1ve) the o value is, the 1arger Ts

the e]ectron donat1ng (e]ectron w1thdraw1ng) effect of

the subst1tuent re]atlve to’ hydrogen pfi1s a constant and:

.depends ‘on- the nature of the react1on (1nc1ud1ng the re-ﬂ_fh

act1on temperature and so]vent 1n the system) For a.
creact10n ‘which is fac1]1tated by the presence of a{/

_e]ectron donat1ng group, p has a negat1ve va]ue and v1ce

versa 4 The ionization of benzo1c ac1d wh1ch is the ref—_

7erence react1on has a p'v51ue of 1 ' Slnce e]ectroph111c'

'react1ons 1nvo1ve the attack of an: e]ectron r1ch"
react1on site, they are fac111tated by the presence of
.electron donat1ng groups Consequent]y, they w111-have
negatnve va]ues of p. o |

>w Cons1der1ng the r1ng protonat1on react1on of ben—

Zenes. e be1ng the equ111br1um constant)

“ + Wt = - / K '(5‘;7‘"'_)_
Y R G -

The ratio ofz(K‘/K:) can be obta]ned by study]ng the

'proton transfer react1on 6. 8

Sro-"0-8

Singe there is a ]1near re]at1onsh1p between the 1ogar-

ithms of equ111br1um constant and- the standard free



: ‘_". . . Lo - .‘:."‘. A‘; .‘ . " i | -»l N 3 ot K
] v Al )

energyachangé .'Gog-equat1on'6 5 may be reWr1tten for

'”:_ythe proton transfer react’on:6 8 as. fol]oWS“‘

=867 = 2.303RTTogK

AU

n(26303R#p)d;"3\

o

tmat there are Six: equ1va1ent s1tes for the protonatlon

fof benzene whereas there 1s on]y one reactlon slte for
\_ ) tb C

. the protonat on of monosub t]tuted benZene w1th the SUb—u3

P

’“;Jst1tuen+'para to the s1te of protonat1on For pure 'é&fg*

- . N .

sfat1st1ca1 reasons,_-KH w1]1 be 51x t1mes 1arger than it,o7x'

"should be 1f protonat’on was to oc;ur at orie part1cu1ar
is1te ln benzene S1nce the structura] effects en equ1]-
"vwbr1um constants have noth1ng to do w1th the symmetry of
,hthe mo]ecu]es symmetry correctwons have to be made on.'

:the equ111br1um constants " The fo]]ow1ng treatment may

be used. For ‘the . react1on
A+B = € + D S (6.10) . .

.the_equ1]1br1um constant may be expressed in terms of .

the partltlon functlons, Q, of the spec1es invo}ved fn.

'the‘eq“’]‘br1“m (g ‘P-1) as in equation 6.11. L
‘. QcQ AEO /RT an : o o
T € (6.11)

ITherpartitiQn quCtiOnva;.fO}_a 91ven Spec1es is taken as .

"the product of jts translationaT; rotat1ona1 vibrattbna],

e, LN . PE . ‘ N
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T
[
‘\'

electronlc and nuc]ear sp1n components 'AE5° fs‘the change
1n energy for the react1on at abso] te zero Since on]y

ke

the rotat1ona] part1t1on funct1on conta1ns 1ts denom1n—'

ator the term of symmetry number g, aihe contr1but1on from

the symmetry of the mo‘ecule can be separated from the

'_rest of the partltlon functlon The equ111br1um constant

“1br1um constant and K

"-Q’- —O' B S (6 12)
can then be rewr1tten as 1n equat1ons 6 13 and 6. 14
_ 0
| opag o'-o".-‘ o ’RT S
- ASB o XocY p. _ A e,
Y %o\ VAl ,’ R R
Sk (6.14).

: rot;s;igchem.

where K ot. 5. 1s the symmetry;contributionsFto_the'éQut1¥f”
- i ﬂ" _ . "

Kchen is thev chem1ca1 equ111br1um

constant of the react1on In compar1ng the structura]

»effects on equ111br1um constants, Kchem shou]d be used

1nstead of K. . The symmetry correct1on on the standard

 \fre°'energy change is a correctlon 1n the entropy."

,hange AS 5 0of the react1on An express1on ana]ogous to

equat1on 6 14 may be. wr1tten for the entropy change of

u

a reactlon égquatlon 6. 15); where AS hemhls the B .';:Tf T,
NN L4 AgO
. AS‘,‘ e ASY’.OI:S lA S ., C h Em . ’;‘_f;:
"»:. ”‘w;. R f‘?;: TR "%"'? ' ' 4 *hﬁf? q" i BN 7!" o orst
“chemicaT“ entropy change of react1on %0 v

ot s .1s “£he

enfropy ?%aﬁ@e ﬂve td‘the change 1n rotat1onaL symmetry A



In react1ons such as. proton transfer react1ons in which there”

29] .

. numberS'QOing“frOm reactants.to products, and itfis'giyendby;~

AS o= R]n P——“-- e - (6.16)
rot.s. o A B _ C RS

1s no change 1n the number of mo]ecu]es between products and

Areactants, AS”

1t may be wr1tten

0

. =AH

Vd

. or.in a simpler form:”

chem.-

.5 0. The symmetry correctlon 1s the on]y

. maJor contr1but1on to the standard entropy change -Us1ng

0

. the we]]-known thermodynam1c equat1on, AG° =yAHY‘-_TASO

o _ ;'d _TAcO
AGT - T/\smt .

o ern K+ WF1U Kl“’

(6.17)
rot S . R

—AHOH"= ('6.]8)

-

(2.303RT)TogK | 0

;nhere AHO.is”thé_standardightha1py Change of the reaction
‘{hasﬁuming'the~Changes in~r®tat10na1 symmetry number 1s the

' on]y contr1but1on to the. standard entropy change of the

react1on . The above der1vat10ns when app11ed to the

proton transfer react1on 6. 8 1mp1y that the subst1tuent =

PR URS 4

- syhstituent:

‘relationship:

TN

‘ifnprotonation_is-to occur'at‘therﬁng: The]wnem*relatunmhxp

~would not be foTlowqdjjf.prOtonatjon is to occur at the

‘effects on!protonat1on of benzenes’should fo]]ow_the

/

K% = (2.303RTp)o, (6.19)-

[N

Copee sl

4



“efor the react1on 6. 2 are -shown in tab]e-6 1 These. ZAG

6.3 Genera] Discussion'

The monosubst1tuted benzenes examrned in the resent
dstudy 1nc1yde an111ne, acetophenone, an1so]e benza]de yde,

‘enzb1crac1d benzon1tr11e, pheno] n1trobenzene, ethy]-/
'ﬁénzéjé* toﬂuene f]uorobenzene and ch]orobenzene Theirhf

B 4

ba51c1t1es re]at1ve to that of benzene expressed as -AGzod;
f ‘ 4

,‘6_09‘
‘ ‘ ‘ + ‘“ ‘ o (s.é“)"'

values are, extracted frgp table 3.1. Resu1ts from NMR
.studtes of benzenium 1on and monoa]ky]benzen1um 1ons'Tnh’
‘_superao)d med1a (HF-SbF5-502C1F SOZFZ) by 0Olah and co—'
.workers (128) 1nd1cated that the monoa]kylbenzenes are
'*protonated preferent1a11y para to the subst1tuent Hehrez
and co—worker§<(75) also reported that the exper1menta1]y
aobtamed proton aff1n1ty d1fferences between var1ous
monoalkylbenzenes and methy]benzene are ln_good aoreement“
vw1th the resu]ts from~theetheoret1¢a1 STOf3G_ta1cu1ationSf
by assoming para;protonation"in a&]-mdnoa]ky]benienesf
It‘is-assumed that if a monosubstitnted;benzene‘js ringf
protonated, para—protonation will resu]b;inhthe most
stable ion, .dn order to compare'the sobstituent‘e%fects
on the 1ntr1ns1c bas1c1ty of benzene, symmetry correc—

tions have to be. made on the equ1]1br1um constants and

- the AG for react}on 6.2. The symmetry‘correct1on invl

[ N
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Table 6.7 'Ré]ativé Bésicitiés of MONOsubsztutédeenzéneS;‘

COmpOUnd

(8)

A

~AGgpplkcal/moTe) g/ gy Srot.s. ~OH (keal/mole f -~

Benzene to B . ' ~ (kcal/mole) '5Bengeﬁe to B

090

0O
X
o -

1]

0
CzZ

zZ .
0
N

0 ©

[a}
pe
(84

]
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ﬂ%

' 25.3 " «i;; ‘1 e C2a f" f¢._v _'é;f4 :
i5.7 __. ui = i'_ 'j,;‘  2.1 B J?.;? ;
s '-h_;i. | . - ‘ 17_5.7

A7 R T

. . @

N S 2 5

LR R REN R

73 L2 gy

6.3 -y 21 g

- -0.8 R o 1.3
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. Footnotes to Table 6.1 *

Free energy change at 600 K for the react1on

‘\H (benzene) + B benzene + BH

, T
; >
-l .

.'fRetjd'ofirotatiohalf§ymmetryjhﬁmheré36? B thBH+
{'nAsgdt . represents entropy change due to changes of
'ithe rotat1ona1 symmetrx o number Asoot.; =

< -R]n(oB/oBH+)(1/6) Th1s 1s be11eved to. be the
VmaJor contr1but1on to the tota] entropy change of

"reaction S BT '4'. 3

0 _f"o
AlevaG>v+ TASrot s



ffthat the assumptlon AS
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fwvAGO is a correct1on 1n the entropy change of reaction as
'd1scussed 1n sect1on 6.2. Exper1menta1 resu]ts on proton
,Atransfer react10n 6 2 w1th F and C] as’ the subst1tuent gave

ASQ of~-3 5 ﬁ 0 2 eu and —3 4 + O 2 eu respect1ve1y (see

“‘pftable 3 53) h Th1s 1s 1n good agreement w1th the ca]culated%ff'”

(rotat1ona] symmetry) entropy change assuming para proton- R

at1on 1n both react1ons,"ASo

rot s "3 56 eu The c1ose-;h:¢

:;ness of ther exper1menta] AS and AS ' va]ues suggests

rot. s.
0

0 1ead1ng to AS ;-ASrot s.

chem‘

is. va11d for these two and probab]y most other subst1tuents.d
'hThe AH for the proton transfer react1ons shownY1n tab]e |
116 1 were obta1ned from the measured AG va]ues and equatlon-
tho =*AH9'- Tas®. It was assumed that the ca]cu]ated AS

.due to rotat1ona1 symmetry changes 1s equa] to the tota]

T Asq for the react1on The resu]ts 1n tab]e 6 1 show that -

'the Jnjfams1c bas1c1ty of benzene is enhanced to a greater 'lgu”

‘ﬂi"or lesder extent by the 1ntroduct1on of any one of the

;Qisubst1tuents stud1ed It does not matter whether the
ibsubstituent 1s e1ectron donat1ng or e]ectron w1thdraw1ng
An electron donat1ng subst1tuent may re1ease e]ectrons,v.A
',V1a 1ts 1nduct1ve effect or resonance to the benzene rlhg;f
-thus stab111z1ng the resu1t1ng substatuted benzen1um on-”

re]atlve to the unswbst1tuted benzenlum 1on The effect?-f'

ent i Consequent1y, benzenes carrylng e]ectron donating

substwtuents wou]d be expected to have enhanced ba51c1t1es

lvs strongest if the proton attack is para to: the subst1tu- fi¥55:

’ fw



Ea
2

. ;jégswjrg

trelat1ve to that of benzene The prOtonated thuene

'(monomethy1benzen1um 1on) prov1des an 111ustrat1on tolf;- .

P4

’”the stab111zat1on of benzen1um 1on by 1nduct1ve effect

iﬁof an electron donatlng subst1tuent Para protonatlon o

‘::of toluene resu]ts 1n an 1on,wh1ch is a hybr1d of the

O
_ , . L
o L
e L
=
w‘ Sy

-

":fo11ow1ng structures

r 43[;6?5 1T '~,» TR 7’;
A]though -CH;

3§re1eases e]ectrons tq all pos1t1ons 1n the
‘,rJng, 1t does So most strong]y to the carbon nearest to
it The most stab]e structure,~II, RIS prlmar11y respon-_'

- S]ble for the 1ncreased stab111ty of p methy]benzen1um

*p@non‘over the benzen1um ion,ﬁ The assumpt1on that the

lijpos1t1on para to the subst1tuent 15 the preferred s1te.

":fof protonat1oJ may be: JUStJfTEd by exam1n1ng the hybrld

fstructures of 1ts meta-;and\ortho-1somers R Meta pro—
ftftonat1on of.. to]uene resu]ts in an 1on whlch has hybr1d‘
”fustructures of b \‘ |
’ ' CHy ’ \
AER SRRV § SR III “:f’ﬂ‘f"3v'i"5'2L%fﬂffdv

o'S1nte.no hybr1d structure ntth charge on the carbon
vcarrylng the eﬁbstwtuent ex1sts, the stab111z1ng effect”
fby an e]ectron donatang group meta tO'the s1te\of pro— -
G .h;, - I
tonat1on 1s 1ess than that of para protonat1on iF?r'

[
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[T C . . A -
o . «© )
~ . :

~protonat1on at the ortho pos1t1on of to]uene, thezfollow- -

e

'4:71ng hybr1d structures are pOSSllﬂe U;':s‘ : g

-(6.2é’)

;Thenuresencesof structure 1 1nd1cates that 0~ methy]benQ
tzentum ion would be more ;table than 1ts meta-1somer ff
everyth1ng being equ?] the ortho-.and para-1somers wou]dq_
have the same stab111ty Because of the close v1c1n1ty
-between the subst]tuent and the ortho pos1t1on ortho-‘
protonated 1ons are Very ]1ab]e to ster1c h1ndrance It{
1s therefore not surpr1s1ng that resu]ts in the. .gas .
' phase. (75) as we]] as 1n superac1dJso1ut1on (128) 1nd1- -h
;cate that to]uene protonates preferentwa]ly para to the‘
subst1tuent ‘ "' . » h; « 'h_ " ,3. ‘ i,AH- sf[

The stab111zat1on of the benzen1um 1on by e]ectron

erelease v1a resonance may b% demonstrated by the add1t1on

Sy

di?rof a. methoxy group in the benzenium 1on The p- methoxy—

benzen1um 1on is a hybr1d of the’ fo]]ow1ng structures

(6.23)

Because of the presence of 1one pavr e]ectrons in oxygen
'the resu]t1ng ion, }s not JUSt a hybr]d of structures I—
Ilr,. but also structure 1V 1n wh1ch the pos1t1ve charge\

1s carr1ed by oxygen © The- structure IV is especwal]y
z \ . )

i
[
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stable since every carbon and oxygen -atom has a comp]ete
octet of e]ectrons and each hydrogen atom has a fully
f111ed outeﬁ va]ent she]] as. well. The presence of

,structure IV enhances the stab1P1ty of the. benzen1um ion

to"a great extent Prev1ous arguments that the meta- and

Zprobab1y a]so the: ortho—1somers are not. as stable as
paraeprotonated 1somer may be applied here.
The introduttion of ‘an e]ectron-—withdrawﬁhg groUp

in benzene should lower the basicity of benzene for ring

pfetonatioh. ‘This is because the presence of the elect—’

roh—withehaWing;group a]ways‘destabilizes.the'bosftive
charée ih‘the benzenium.ion and the destabi]izihg effect
s.stronger'When the protonat?oh decuhe para and ortho
. \ . ,
to the éubstituent. The addition of a nitro group in the

benzenium ion is a good example:

. NO, .  No, - No,
.o+ o g + .
H . AT . H ¥y o, ,(,6'24)

I ) 1T IT11.

Structure I1I is especially unstable because the electron-

withdeawing substituent withdraws electrons most effici-.

LS

ent]y om the carbon atonm nearest to it, thus makinq
the arbdn atom positive. CohseqUent]y, it has Tittle
<tendehcy to accmmmﬂate the positive charge. The ortho

Tsomer has a hybr1d structure 51m11ar to structure 1I.

g
P

Therefpre the deﬂtab111z1ng effect of the orUm n1Um grou

15 Simidar to thaet@f~hhe panawneqperé.vA1th0ugh-the

N
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presence of an electron-withdrawing group in the meta

position relative to_the site of protonation would have,

_— -

- a Tess:destabilizing effect than that in ortho orvhara‘
posiridhﬁ“heVerfhe1ess, ﬁhlwpu]d’be expec;ed'ﬁhat~theT”v-
resu1t1ng subst1tuted benzen1um jon wdu]d be-]éssvsﬁab1e,
than the unsubst1tuted benzenlum ion. This is expected "3
‘because the electron-withdrawing group withdraws elect-

~ron from a1T posations in the rihg‘and thus}desfabi]fzes
~;the posifive charge. The preeenf erperfmenfai results

‘which show that strbng‘e1ectron—wfthdrawihg substituents
(e.g. -COCH;, -CHO," -CO,H, Y and -NO,)

basicity of benzene'by 11-22.5 kcal/moTé .can be ‘explained

enhance. the .

if one assumes these substwtuents themse1ves have higher'

bas1c sites than the carbons in the ring. ‘,Substituent=

ﬂprotonatxon is therefore preferred for,acetophenone;-
benzaldehyde, benzoic acid, benzomitrile and nitroben- -

zene.

EA
«

R T R

seTa e Lo me T m w W T

6.4 The Preferred Site of Protonat1on for*Monosub9t15_«j@ﬁifw{-

o

5

1;?W *“Tdted*ﬂemzeme& »»Cenre1atnon QJ Themr Intr1n31c

-~ - -

§‘Bas1c1t1es w1th the STO BG Ca]cu]ated Resu]ts and‘

Aromat1c Subst1tyeﬂf’Constants

Hehre and co—workers (129) have ca]cu]ated the
internal energy changes, AE,;Jf the 1sodesm1c proton

- ) .
~transfer reaction 6.8 for various substituents using the

‘ ‘ ‘ L)



m1n1ma1 bas1s set STO 36 method Reaction 6. 8'is ca]]edvﬁ -

~an 1sodesm1c process because the number of a given type

of bonds is- preserved in ‘the process and there is: oh1y p'

a - change in the1r re1at1onsh1p to one another (130) -

Their ca]cu]ateoﬂAE~vaIues together w1th the present core

respondﬁng expertnénta1 entha]py change, aH?, {obtained
7 y

° Y for react1on 6.8 are tabu]ated

by assuming AST = AS o, o

"in'tab]e 6.2. Figure 6.1 gives a plot shDWing the cor-
reTation between AE and AHO w1th the stra1ght line cor-
responding to the perfect corre]at1on .Strongrelect-,:t

ron- w1thdraw1ng subst1tuents such as NO2 and CN are

not.shown in the fjgure- Themriconnelationsfare way -

off_indicatjnguthese;substjtutedhbenZenes are not prbf )
“ﬂtonated at the ring ”The“good'agreement~betueensAH°“
- and AE va]ue in f1gure 6. 1 suggests that for benzene

Awlth the subst1tuent NHZ’ OCH3, OH, C2H5, CH3'or F,

N Sy e e = b . oo

protonat1ons do occur at the r1ng para to the sub- T

w .
3 ¥
D - A

st1tuent;_ It 1s not c]ear as to why dev1at1ons 0ccwr"‘:?*"~~'~

RN o e .

'lﬁaéfﬁééﬁ Ah anﬁ AE resuﬂts for OH and” OCH substﬁtuents
: n6;99qp?§?§pp‘cou1pipe made for C1/ subst1tuent as no
.;corcespon¢inngEhvatuey1s ava1]ab]e.3‘:“ -
| ‘It'was~mentioned in section 6.2 that for_ the iso;
desm1c proton transfer process 6. 8 the effects ot ;
substltuents are expected to. fo]low-the Hammett t/pe

P R Py e e g om ags

11near free energy relat1onsh1p 6*19 wherévﬁﬂv ns_thQ:ﬂn“

. -

(PR,

\,v‘
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Exper1menta1 Entha]py Changes and Ca]culated

Table 6.2.

Energy D]fferences for the React10n

0- 0«
/H":"'v'x_' o

)

MY
: Sub;tituent;.- {-AH9(kca17m§1é)a “’-AE(gca1/mqle)b ot c
JX(§= e-X) , QpnzeneJto B - Benzene to B |
NH, 27.4 - 27.2 1.3
~COCH, 22,5 £ 0.489
79CH3 17.8 15.7 -0.778
~ =CHO' 17.5. 0.44°
'u..-COZHj' 6.8 | - 0.421
-on 13.5. ' -[§j3;87" 0.66
-0H 13.4 16,0 20.91
;Noé;4 ) o220 079
~CoHe 9.4 © 9.7 ~0.295
CeHy L g g 0311
H L o 0 e f;b;' N
F '_j-._'l_"'t-.;-‘-‘ 37 -0. 073
T A ST S 0.114
fafffExpérﬁméﬁféizénthaiﬁylChahgéAthtﬁ]aféd froﬁ AHO.EAAG + TASr )

Tew

"fdf the reaction H+(b6nzene) + B =

'f substTtuehf

0mE). N

: react1ons as in (a)

benzene + HB+

. .Theoret1ca1 resu]ts LCAOD-MO, STO 3G obtained by Hehre for same

but assumlng r1ng protonat1on para to. the

R M.SMcKelvey, S ATexandratos A;_StreifQTeserlp

o <
-

J L M Abboud and w J Hehre

6

i J. Am. Chem. Soc. 98, 244



Okanoto, 0. Am. Chén. Soc., 80 4979 (1958) '{'22:3”< e

23, 420 (1958).
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: Footnotes.to TébTe'G.ZJcbntinded

' Un1ess otherw1se stateﬂf va]ues are from H C. Brown and Y

.>‘J E. Leff]er and E. Grunwa]d "Rates and Equ111br1a in Organlcv”

Chem1stry", W11ey, New York N.Y. 1963 p. 204 :

;ob values from .D. H. McDanie] andgH;<C. Bhown,‘J;}Org. €hem.,

[N
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entha)py change for react1on 6 8 p(;y'7s the Hammett 5
para subst1tuent constant for substxtuent x 15 the

'vreact1on constant depend}hg on the nature of the react1onj::¢f'”

L S

beVand the cond1t1ons under whlch 1t ﬂs stud1ed A]though S e T

S ....

el a0 v

'the Hammett substxtuent constants have prov1ded sat1s<‘

factory descr1pt1on of the subst1tuent effects ona

T..-‘l"*""‘.‘q« »,v..u.—\yo b 4 Va.quf.av« 7 .y A

'“Vo]v1hg ‘benzene der1vat1ves :1t

;.o_.‘..a.q,.;

'Tvaraety ef*react1onsf

i?fwas observed that

.moyreactqons when stnonn Q;L
t;resonance 1nteract1ons ogcur.between e]ecthon supp]ytng “
.subst1tuents and the e]ectron def1c1ent centers of - the"”.
react1ng system, the Hammett subst1tuent constants o,.
‘do not prov1de a sat1sfactory 11near free energy’ re1a-; | _h“
‘t1onsh1p (131 132) o Th1s 1s the case for’ react1ons in- |
'v01v1ng the format1on of a fu]]y or part1a11y formed o .
'carbon1um 1on when strong]y e]ectron re]eas1ng sub—; |
'st1tuents such as-. NH2 and OCH are 1n a pos1t1on a]]ou—

ing con3ugat1on w1th the resu1t1ng carbonlum on. Because

of . the above reason another set of subst1tuent constants

o+ ’
o, was der1ved by Brown and Okamoto Ijl 133) from the

-

study of so]vo]ys1s of subst]tuted phenyld]methy1car-

b1ny1 ch]orlde (t cumv] ch10r1de),a react1on wh1ch pro-

R ',, ,‘: ,ngun tﬁr
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R react1ons tnvo1v1ng the format1on of carbon1um 1ons

The 0p+,va1ues (b ' para) for d1fferent subst1tuents are
tabu]ated 1n tab]e 6 2. A]thOugﬁso f va]des ‘mfé meta)

7”]‘shou1d proper]y be- used for e]ectron.w1thdrawers.for r1ng

| protonat1on,-the1r op+ va]ues shou]d haVe some va11d1ty

Th1s is because the 0m+ va]ue for an e1ectron w1thdrawer {é

1n genera] on]y sma]]er.than 1ts op+ value by ]ess than S

. + T
e 052 unit. The corre]at1on between AH® and‘op JS' shown

fﬁ;f;ifnﬁfﬁdure'ﬁfz. A]so shown 1n f1gure 6 2 are ‘the theoret1—

[P .

”?’ a1 sE . va1Ues : A good corre]at1on 1s obtazned between“AH

Hhand the Brown para subst1tuent constants Gp ;”except for, 7f‘
acetophenone, benzaldehyde, benzo1c ac1d benzon1tr1]e
and”n1trobenzene, wh1ch are way out N EV1dent1y, protonatton;.
for these ffce—zompounds occurs not on the r1ng but on the’
subst1tuent : A11 these strong]y e]ectron w1thdraw1ng sub—.
st1uents wh1ch destab1]1ze the r1ng protonated 1on have

s e

1one pa1rs to accommodate the proton . Therefore, 1t

- not - surpr1s1ng that subst1tuent protonat1on s preferred
By compar1ng the exper1menta1 AH and ca]cu]ated AE values,j
it may be est1mated that for benzonwtr1]e and n1trobenzene,‘
substltuent protonat1on is energet1ca]1y more favorab1e

than r1ng protonatwon by 27.3 and 33.1 kcaT/mo]e

_respect1ve]y.

h The good agreement o the resu]ts in f1gure 6.2

U”syggests that~r1ng protonatwon para to the substttuent

» ﬁj_,can be occurr1ng for ch]oro- and f]uorobenzene,'methy1- s

LD

._,,\

and ethy]henzene pheno] an1sole and an111ne R1ng

%"

protonat1on for f]uoro— and chlorobenzene s not ‘WA“MA"~w”

T S S t_.‘:.,, -

. : "“q. e . .
R . Y. e /
' w . : ' . el
v - e
ro- . EEEPIEN
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l surprrs1ng A]though the/ha]o group destab111zes the

'"fseffect Prev1ous resu]ts (3) fro

: to f]uorobenzene lowers 1ts bas1c1ty SUC

'!fneffect n;

LY . N .- e - e
B . . . .

ahprotonated base by g w1thdrawa} (1nduct1ve effect) it;g“~w

a]so has;an oppos1ng tendencw to stab111ze the resu1t1ng

‘benZen1um ion by T donatlon (resonance effect) when ftv'
i para to the react1on center The, present exper1menta1

’i.resu1ts show that the presenCe~of a p hado'group5slaght}y

‘-‘c"""
._-ﬁﬂ.\

':5Tenhances the bas1c1ty of benzene 1nd1cat1ng the n donat—~

ing effect is s]1ght1y greater thﬂn .the. o. wrthdrawal ;ngq

a4

R

our. 1aboratory showed

~

uthat the 1ntroduct1on of a second a d the th1rd f]uorlne

Therefore, m- d1f1uorobenzene and benzene have s1md}

_1c1ty and 1 3 y D= tr1f1uorobenzene is less bas1c than

benzene. This 1s in agreement w1th the fact that the ﬂ

~— ) peogr woovoTL

y1t1p]e subst1tut10n “'”'],“ '"}-wf-ffﬁf: 'A?”'

, ,..w‘_ P
¢ . PR

' R1ng protonat1on in. toluene and ethy]benzene 1s in

': agreement wwth the ICR resu]ts (75) and STO 3G ca]cu—'-b

1at10ns reported by Hehre et (]29) “The present

result that ethy]benzene is more bas than tolu, is

cons1stent w1th the]r f]ndlngs that the stab11121ng

'effects of a1kyT substltuents 1ncrease in the” order of

-

~Me < Et < 1-Pr <t Bu —By-contrast the reverse order

(Baker Nathan order‘hMe Et >V1~Pr > t Bu) s observed

in solut1on;- For examp]e the heat of protonat1on of

toluené s 2.74 kca]/mo]e greater than that of ethy]-




S

'sma11er 1ons hav1ng more exotherm1c so]vat1on energ1es

—— e E P . D

1.‘.-.. % S N 2 - o J .o B L . . . . - @ar te . e
. . S -k as - - ‘ g L.

v ¢

benzene 1n superac1d so]ut1on (1341 but 1n the gas phase

the order1ng 1s reversed and the'proton affin1ty of -

SRy - o ,_._&5._ ',_...um

ethy]benzene 1s h1gher tban that of to1uene b/ 1 2 Lca]/

'mo1e ) The c0mpar1son 1s a man1festat1on that the Baker—'

'_Nathan order1ng of a]ky1 subst1tuent effects1n so]ut1on‘

',1s a: resu]t of d1ffereﬂtta1 so]vat1on effects, w1th the

;:a(.a-

' Thls seems to support the not1on that ster1c effects

s g VB S B AR

A-cause 1ncreased sh1e1d1ng to so]vatlon for the bu1ky sub-

st1tuent,and thus‘resu]t 1n a: reductlon 1n so]vat1on

i eneﬁgiesf(135)° The sequence of 1ntr1nsic stab1lnzat1on

-

of protonated benzene by para postt1oned alky] group is.

:ma1n1y due to the po]arlzat1on effect w1th the bu1k1er

v

"f:1zab]e group separat1ng at a dlstance r may be

group*havang “a’ h1gher po]ar1zab111ty and thus can v

accommodate a charge more comfortably Ihe energy of

.

] “T Ce e

.
P - -

s

- ol .

‘frexpressed as 1n equat1on 6-25 (}36), wherevagns‘thehig;;
B e T
‘ E~=-—3—Ee e (6,25) ‘
' 2€r, o o '

-

po]ar1zab1]1ty of the grouo and € is. the effect1ve d1- N
, electr1c constant of the med1um , It is ev1dent from ;

"fequat1on 6 25 that the energy of 1nteract1on does not

depend on the s1gn of the charge It 1s expected that

's1m11ar stab111zat1on effects of a]ky]'groupS‘would,d

» .
,,,,,

'

- Y

'T'act1on E between a po1nt charge, q,vand g poﬁar-V 'f?tmd;
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7l{f Thus both the 1ntr1ns1c bas1c1t1es and 1ntr1ns1c ac1d1t1es%ﬁ o
: (]37) of a1coho]s 1ncrease 1n the same order of H20 < HeOH <

S EtOH but 1s not SO in so]ut1on The above reason1ng
‘ -

:da1so exp]a1ns the observat1on that ethy]benzene is. s11ght1y .

e W
TR

A-«{;ffﬁdev1ated-from»the’correlatlon betWeequ* oT AE w1th'

o L0 -,\.»‘; p L { "

',.'“j'_m _.f19ure 6.2. It has been shown by H~ehr et 1 (129)

that there 1s a progress1ve dev1at10n of a]ky] groups_
:_other than methy] in such a corre]at1on, w1th the bu1k1er
"ffalky] groups hav1ng 1arger dev1at1ons These observat1ons.
and1cate that o va]ues do. not g1ve a complete descr1pt1on'n':

ngof the subst1tuent effeCtS for 1S°]ated mO]ECU]eS’ and

P "
- 3 - ». Ov‘.’_ PR r&; o

;ﬁig.ﬁlcgre mustﬂbe exerc:sed“ﬂn coﬁparing sn]ut1on data w1th
o R R )

a*f;'ﬂd11ute gas Phase dafa _ L h;‘ ;"‘f' _ ,f- "f - t}v'-ff?
Rxng protonat1on for hydroxy and methoxy groups ;ﬂifg}{ffl

R S - o e BT -'«.;.;v ,‘L,,;c ‘ S e v v lv :',._ - -."‘:

e ”ﬁmay be exp1a1ped by the strong,resonance 1nteract1ons -73w~F~"'

5betwéen the e]ectron 16ne". pa1rs on’ oxygen and the ben~’

% 'Tzenwum o; .The. e1ectron~reTeas;ng effetts by resonance T
f#‘ 'ttstrong1y stablllze the" benzen1um tf: On the other hand
nfthe 1nduct1ve e]ectron w1thdraw1ng effects of the phenyl\‘ -
.;group destab111ze subst1tuent protonat1on Thus the vf ‘l-'\?c

2

-protonat1on occurs at the r1ng to- take advantage of the

-

o 'stab11121ng effect of’ the subst1tuent ‘ Figure 6.2 shows’

~'fcons1derab1e dev1at1on for hydroxy group in the o+‘corr»7f¢f‘“*f’

“re]atlon suggest1ng that hydroxy group\1s not ‘as effec—_ o
'f't1ve in. stab111z1ng a pos1t1ve1y charged center as inf"w g_:'

f:dwcated by 1ts o+ ya]ue. It has been'p01nted out.that
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T;ch apparent" h1gher stab1]121ng effect in so]ut1on'3sv

ES due to the hydrogen bond1ng of the hydroxy subst1tuent

W,

to the so]vent s’ as. in structure I (138,]75);, Ingther

14

”Afbabsence of a so]vent as in the d1]ute gas phase, the

' stab1]121ng power of the hydroxy group s smaTjer~:lNogj

such hydrogen bond1ng 1s poss1b]e for the methoxy group

Consequent]y, 1ts effect on the 1ntr1ns1c bas1c1ty of

ey
fo - o

benzene fo]]ows the o corre?at1on

Fa*““) )

City of the r1ng is comparab]e w1th that of the amino

The corre]at1on wh1ch 1nd1cates ‘that an1]1ne is .;ag_s.ﬂu

’ﬂ’a]so r1ng protonated 1s rather unexpected Am1nes and

an1T1ne are weT]—known n1trogen bases 1n so]ut1ons be--Q

P

¢a se d% the strong]y bas1c 1one palr.1n n]trogen whlch:;ff

r"

can read11y accommodate the proton (139) o The present
AL L
results show that the presence of an am1no group 1n the

benzene r1ng stab111zes theébenzen1um 10n through res-

L

onance to such a great extent that the 1ntr1n51c bas1<

I

group. In quutlons the protonatlon of the am1no
grOUp tn an111ne 1s preferred exc1us1ve]y because the'
loca1lzed pos1t1ve charge on - the hydrogens in the -NH
group favors hydrogen bond1ng format1on w1th so]vent g
Amo]ecu]es and thus further stab1llzes the resu1t1ng

an111n1um ion. R1ng protonat1on of an1]1ne resu]ts
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o 4

‘an: 1on w1th the pos1t1ve charge de1oca112ed in the ring,

d1t1on that ts not favorab]e for hydrogen bondlng

.solvent mo]ecu]es ,In the absence of so]vat1on,

effpcts, it is shown that r1ng protonat1on of an111nelis

compat1b]e as subst1tuent protonat1on if 1t is not

nerget1ca]1y more- favorab]e, since 1ts .gas. phase

s1cgty fo]]ows the o corre]at1on ‘
Recent theoret1ca1 STO 3G ca]cu]at1ons on: the two

1sodesm1c processes 6.26 and 6. 27 by Hehre et a] (140)

show that n1trogén protonat1on s energet1ca11y more‘

"f ‘f“*_'af."‘ MMy e |
v. . " +
+- CHaNHz — ‘ + o aNH3 AE ——2 5. kcat/mo'le ’6 26)
NH.‘ CH3* : CHy’

- N

H - H-

@ ._> ,AE- 19.9 kca"l/mo]e (6 27)

.favorabk@ than r1ng protonat1on in an111ne They cqn—
et
5 )
c]uded that protonatlon on- the aromat1c r1ng is some
1-3 kca]/mo]e 1ess«favorah]e than on the N substftuent

The fattothat thevtwo 1somers are so c1ose in bas1c1t1es

s din agreement w1th our observat1ons and the observed

protonated an111ne 1on probab1y cons1sts of ‘an equ111b~

rium d1str1bﬁt10n.of the two isomers accord1ng to the1r

AR ¥

energy difference. The energildifferEnte is too small’

‘to show up in the o correlation.: It should ‘also be

| notédithat the‘possibi]ity.of_hydrogen‘bonding'of'the

o,
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amino group to the sd]yent may havé-ihfluenced its
L : . + '
empirical solution o value.
From the 1east square analysis of the corre]at1on

'1n f1gure 6.2, “the re]atwonsh1g: ~aH? = (-20.21 i.

.26)op‘ 4+ (1.43 +0.80), is'ob-tained The“ana1ysis
does not ‘include the OH and C H “droups whose op+ va]ues
are probably 1nf1uenced by Hydrogen bond1ng and ster1c>

_ —
~ sh1e1d1ng of ion sﬁ1vat10n respept1ye1y S1nce the

4
slope of the'corrETat1on is equal to (2 303RTo) from

equation 6.19, it corresponds to d& value of the reaction -

/

constant, p, of -15 at 25°C for the r1ng protonat10n of

N

Abenzehe react1on 6.6. -Comparing w1th the p values for
narmal electroph111c aromatic substntutlons in so]ut1on'
which range from -6 to —12 (131), 'the present p value

is s]1ght1y h1gher.u The difference may be parf]y due to
solvation effects and partly due to the fact that in
protonat‘lonireactmns, the pos1t1ve1y charged species are

the final products whereas in e]ectrophi]ic substitufion

reactions,.the'positively charged species only occur in .
the transition state, and the substituent effects on the'

transient ions may not be fully developed.

it
s T

In summary, 1t is noted that d1rect compar1son«#
.- }5.4.. Ta

"‘.'

be

between opf values and gas phase data shou]d onl
~made if the so]vat1on e;fects for d1fferent specis
vo]ved'are.s1mylar Th]sipg“mgcause the op+ Va; a?g are -

for solution, and they'do not separate'the solvat#on

-
v e g

- . e
N : . Ry,



‘was proposed -by Marti

an

effects from_the;efectﬁbnié effects of the substituents.:

Y

. ' ’ i & ' ..w»‘ ‘» - . _ s . - : .
6.5 = The Confirmation of Protonation Site from Correlation

Qﬁ,of”Protbﬁ Afff}ifﬁéS ﬁ?%h'%%%ef?ﬂétﬁkdh«&fn&fggiy

B A 1inear-cdrfe1ation (equation:6.28) between proton

affinities;‘PA, and core electron binding energieé, EB(X15)’

&

n and Shirley (141) for alcohol (X =
0) and aminés (X = N):

4

PA = -E_(X 5 + constant ‘ (6.28)

B
The corfejation is based om the fact that %Bth the protona-

1s

_tion reaction 6.29:

A+ H =R AR = -PA(A) (6.29)"

and the core-level "ionization prOCESS\6I30:

A ——ﬂD»A+(core—1eve1 hole) + e AHC = BE(Xis)

(6.30)’

result ip the formation of a positive ion, and theuenergx
involvedkﬁh both processes is composed of two terms: one

related to the electron dehsity in fhe orbita] where ion-

jzation occurs (induc¢tive effects in the inttial stage);

and the other related to the stabilization of the charge
. b‘ q ,‘ ' ) ." ) : ) N

fq1]owing ionization (polarization effectgh$w the. final

5tate). The change of substituents in a given'clasé

of compounds may alter the energy involved in both
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pfocesses by affecting the first term (inductive efféct)
and/or the second term (polacization effect). Since the

overall po]ar12at1on effect, namely, the relaxat/yn of

'f;.edectronxc charge to,sh1eJd the - excass1ye pos itivewcharge

on or near the site of ionization is. s1m11ar in the two
_modes of 1on1zat1on, ‘a 11near re]at1onsh1p between ‘PA

and eEB(X]S)"WJth1n a ngen class of compounds 1mpl1esv
"that the.po1ar1zat1on effects,dominate the -energy change
' due.to variations of substituents in both modes of ioniza-

tfon. .Unden such conditions,it may be expected that the

/‘re1ationsh1p APA ; - AE

d- EE

| B(XTS).wou]d ho 1 d for a given class
¢Jof compounds with the- protonat1on occurs at the atom X.
The above correlation is very usefu] in pred1ct1ng
va]ues of proton affinity as we]l as cOnfifmingrsites of
protonat1on Benoit and Harr]son'(Q§2) recent]j.studied
fthe correlation ot oxygen.Ts core_e]ectron energies with,
proton affinities of oxygenated molecu1es. From their
'corre1ations involving various'a1coh015, esters, acids,
ketones and aldehydes, they:reported‘prediCted vaTues
otvPA(benzaldehyde) = 205.67kca1/mo1e and’PA(anisoIe) =
.fBQ.S kca]}mo]e-(based‘on ptesent PA(NH3) = 207.6 kcal/
mole) assuming both are protonated at the oxygen. The
,/present exper1menta1 fesu1ts of-PA(benza1dehyde) = 202.9,
kca1/mo]e is in agreenent with the‘ppedicted value indi-
cating benza]debyde is indeed oxygen protonated. Thei~
measured~PA(aniso1e) = 203.2 kcal/mole is about 14 kcal/

~

mole higher than the predicted value, indicating that the

[ 4
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r1ng protonated form is more stable for an1soTe, 1n agree-

ment w1th our prev1ous “conclusion. S1m11ar corre]at1on I

with nitrogen 1s core electron energ1es 1nvo]v1ng amines

“and anrides was %ep'o‘ﬁtefd”u.by;‘ae?a"v el and Allison (123). Their,

_corre]at1on suggested ‘that. an111ne'is nitrogen-protonated.
This is not in direct conf11ct with our conclusion that

n?no protonat1on occurs ?n'anTTine as the'ca]culated pro-:
ton affinities for r1ng and n1trogen sites are within 1-3

kca]/mo1en(140), therefore,an1]1ne may offer two equa11y

probable protonation”sftes.

6.6 Chemica]'lonization Mass Spectrometric'Studies for

Pred1ct1nq Protonat1qn Site in Substituted Benzenes

Two types of react1ons which occur, under chem1ca1

jonization cond1t1ons have‘been ut111zed in determining the

. ; : [
“site of protonation in substituted benzenes.

A. Deuterium Exehange Reactions

Deuter1um exchange has been used in mass spectroﬁ-_
~metric studies to determ1ne the number of ac1d1c hydrogens
(e.g. O-H, N—H, S-H and CO00-H) present in. the mo]ecu]e
Hunt and co—workers (143) have»developed a‘procedure'
utitizing chemical fonizatjon mass spettromefry with

DQO as reaciant gas for the oartieu1er’ana]ysis."lt‘was
observed that hydrogen bonded to heteroatoms in a]cohols,'

phenols, carboxylic acﬁds; amines, amldes and mercaptans'

~undergo essentially complete deuterium exchange prdor~to_“hw

/

il
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' 4the»protonation'by'the reactant ion,'D

> 5

30+;- In add1t1on

they reported that theé extent of exchange is- reTat1ve1y

sma'l] (<]5°/) in ketones a1dehydes and esters 'NO 'd'e'ut'er'i’um' :

¢ n weue .-
. adh-'-(h ©v @ AR
% » e .o ¥

\
. . L4
PO Co 0% w vagt ;-_-;‘aA *a

'such s benzene st11bene and 3 3 d]methy]-]-butene

@ 0T,

S8 k&hang@ was observed B%tween D b ahd unsaturated compounds
3 ‘ .

A recent 1on cyc]otron resonance spectroscop1c study

hd L.

;'of react1ons of - protonated benzenes w1th DZU by Beauchamp

t ] (121) showed that a number of - protonated aromatlc

compounds formed by chem1ca1 1on1zat10n us1ng D O as the

reactant ~gas+do undergo sequent1a1 deuter1um exchange w1th !3

- -Déo, 1ead1ng to" var1ous degrees of r1ng deuterat1on For

of'C6H6D by the fo]]ow1ng reactlons was . observed

"example w1th a mlxtyre of_benzene and D q6)8 the format1on

oo+ L ‘ =, ' e o
-_DZ-O * CgHe > C6H6D’ + OD . - (6.31) .
+ - ' '+ T
D,0  + C_H —-4>~C‘H D.+D,0 . (6.32)

3 6 6 6767 - T2,
It was fo]]owed by stepw1se exchange of H for D as in.
react1on 6.33. Reactton 6. 33 1s probab]y s]1ght1y endo-
Cy D"+ 020 m»cs% WDoet v HDO (6.33)
o S (nn= 1-6).

thermic as the heavy isotope in generq1»unﬂd favor the”

"stronger_bond at-equiW%brTUm. “In the presence of- excess

DZO’ reaction 6.33 is Stil1 poss1b1e even 1f 1t,1s

s]jghtﬂy endothermic;"~Using the double‘resonance tech-

.

nique, ‘it was'observedfthat the'producf‘ionfoftreaction

e

R S
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'”“1ess mass un1t (121) Th1s showed that onqy one deuter1um

.

was. exchanged per react1on A The mechan1sm of exchange re—

e - 3n me = . we - e o, ».»_ - ° I

o . % = @

*act1oh %’33 probabﬁy 1nVOTves the formaflon of ah act1Vateﬁ

comp]ex of the protonated benzene w1th D O wh1ch d]ssoc1-

2
ates to form the 1sotop1ca11y exchanged spec1es It 1s not

« . v e L4 ..,,,,

.‘very c]ear as to why the exchange react1on & 33 was not

BN

'gobserved under Hunt - chem1ca1 qon1zat1on cond1t1ons It

2 <. D 17N SHa ST T

--probab]y 11es on: the fact that react1on 6 33 is endotherm1c'

and therefore s]ow If a strong 1on repe11er voltage IS‘w':t}

»

used in the ion source, the 10n res1dence t1me in the on .

e s ten EITaNN Y(V \ " ._'._:' S
actlon 6 33. Under such cond1t1ons the exchange react1on
,5 33 w111 not be observed From the resu]ts of Hunt and

LBeauchamp,'1t may be conc]uded that the benzene mo]ecu]e

;"source w111 be short compared w1th the ha]f 11fe of re-

w111 not undergo deuter1um exchange w1th DZO whereas the

S yee .

benzen1um ion w111 S ' S L o

It was shown by Beauchamp et al. (121) that alil

subst1tuted benzenes wh1ch undergo var1ous degree of

-

'deuter1um exchange reaction 6. 33 a]so undergo the. sym—;.”

metrical thermoneutra] proton transfer react1on 6.34 ., .. 7 -

x+ cest — H. X+CGHDX R o
‘ S (6.34)

= subsmuem

Thefappearance of‘nonadeuterated benzenium ion from the

reaction'can only be explained by rtng;protonationdof the

substituted benzene. If substituent-protonatton occurs ,

e

° 4.



!products 1dent1ca1 to reactants wou]d resu1t 1n the

symmetr1ca1 proton transfer react1on 6 35 In the absence4

L T e e
...... = AP Cotgxe - e G35
e g ‘:-_A“ - S B ! ) x . : . AT -"‘xggu‘b;),"u;n' ceem L leles d e e -
L . RS V,"oa - : . : o ’
. PRI T wn e, o - ""‘D - -~ PO . " . N oo . .
NS J *,,&N_ Cre e te e w v R
of deuterated subst1 ed behzene molecu1e CBHhDX-Jn tﬁe e e

- ion source, the occurrence of react1on 6.34 toward comp]e—

ﬁt1on 1nd1cates r1ng protonat1on S1m11ar argument was

- <

xalso used in the observat1on of the proton transfer re-:,”

\

“act1onwﬁ 36 to a stronger base vB; vThevformat1ongof BH o

. LB+ CoHX

6°5’ ;
-bes1de BD scerta1ns r1ng protonat1on of the subst1tuted
benzene ‘ Based on these observat1ons, Beauchamp and co-
hworkers (121) conc]uded that r1ng protonat1op wh1ch re-
sults in de]ocallzatlon of the pos1t1ve charge in the
ring" 1s a necessary cond1t1on for deuter1um exchange to
n\occur under chem1ca1 ionization c0ndtiﬂons *The e authors
,_were qu1ck to p01nt out that 1t is not always a suf¥3c1ent

»cond1t1on as the protonated an1so1e fa11ed to. undergo P

'deuter1um exchange but d1d undergo react1on 6. 34 1nd1cat—

3
LN

- 1ng is r1ng-protonated “The]r flnd1ngs that benzene : -

ffuorobenzene, to]uene and anlso1e are- r1ng protonated

while benzonitrile, benza]dehyde and acetophenone are

/‘\\v
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subst1tuent protonated aré’. ‘in. agreement w1th the present
resu1ts .‘ e o .f‘u

S1m11ar observat1ons on deuterlum exchange of the
f

u’protonated subst1tuted benzenes under 020 chem1ca1 1on-'_'

L.

‘1zat1on were reported by Mart1nson and Buttr111 (122) Theyjij

dwz'suggested oxygen P, tonat1on for pheno] and anisole based'
) 2 |

-

on the absence of deuter1um;exchangeﬁ'gTthh ;s.ln;drsf

‘ﬂagreement w1th our present results. Their conc1usion is

'"rtbab]y“wn error .as 1t was po1nted out by Beauchamp (121)

o
that r1ng protonat1on does not necessar11y guarantee the

occurrence of the deuter1um exchange although r1ng protona--

~ut10n 1s guaranteed 1f deuter1um exchange is observed.

ﬂ”_B; Format1on of .Water C]usters with Subst1tuent—

‘Protonated Benzenes

Under‘normal chem1ca1 1on1zat1on cond1t1ons where

,,the 1on source is at re]at1ve]y high pressure (~0, i to

0.4 torr) and>at room temperature c]usterwng react1ons

‘between ions and neutra]s are poss1b]e if strong hydrogen

bonds can be formed between them Us1ng HZO as the re-

actant gas and subst1tuted benzenes as- M, it may be
sexpected that the protonated molecu]e, MH formedfby
‘chem1ca1 1on1zat1on will form hydrogen bonded c]usters
,:w1th ‘one or more water mo]ecu]es if the proton 1n MH

Vres1des on a heteroatom,.ﬂlke n1trogen or oxygen, of

the subst1tuent The format1on of these c]usters will

Ll

D R
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=
o oy
+
=X
o
]

MH+(H20) o (6.37)

1}

MHLR0), 4 0 = T (hy0) (5:38)

' be un]ike1y 1f the benzene r1ng is protonated The'charge"

!1n the benzenlum ion bewng Strongly deloca11zed "“no stabfe_“~"

:-vabonds wqth HZO are to be expected Buttri1] and CO-.

e e

worker (]22) stud1ed theLHZO chem1ca1 ion1zat1on spectra of

d1fferent subst1tuted benzenes They reported that for
_\éoMpounds wh]ch they found to undergo r1ng hydrogen deutew"”
tium, exchange (react1on 6 33), no water- c]ustered jon,

MH (H D) > Was observed whereas aromat1c compounds inw
“wh1ch r1ng hydrogen deuter1um exchange was absent a]ways

formed water- c]ustered ions, MH*t (HZO)’ MA* (H 0)2, etc. in

norma]" amounts The conc]us1on reached was- .that the

observat1on of the protonated mo]ecu]ar 1on c]dstered“

with HZO under HZO chemical 1on1zation conditions indicates =
~that: the proton js lTocated on the substituent and not on

v

the ring . N - L

!
Based on the observatlon that hydrates were formed

with protonated phenol, anisole, benza1dehyde, nitroben}ene

. and aniline whi]e no hydrates were formed for protonated

. benzene ‘and alkyibenzenes, Buttrill et 1, (122) concluded

that the' first group is protonated on-the subst1tuent where-
“as the second group 15 r]ng protonated " This s in agree--
ment with our f1nd1ngs except for an111ne anisole and

phenol. As 1t was discussed Previously, the basicities of

°
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5ringscarbon and’nitrogen in an111ne are, s1m1]ar an111ne

d

is probab]y brotonated both on the r1ng as we]] as on the

.substltuent However, our resu]ts together w1th resu]ts

ffroh the deuter]um exchange study by Beauchamp (121) and

the oxygen 1s core electron - venergy study by Harr1son (142)
aT],1nd1cate that an1so1e and pheno] are rfng protonated..
' |

Neverthe]ess our conc]us1on does not - necessﬁr11y 1nva11—"
A - R .

‘datenButtri]]'s observat1on that protonation occurred at

the oxygen of pheno] and anisole in h]S system' Our re-.

sult 1nd1cated that ring- protonated anlsole and” pheno]

are energetlca]]y more stab]e than the1r correspondlng sub-
'st1tuent protonated isomers, : Accord1ng to the corre]at1on.
-of core e]ectron energ1es w1th proton aff1n1t1es the

»est1mated proton aff1n1ty for oxygen protonat1on of

anlsole is about 14 kcal/mo]e 1ower than for ring proton- =~ .
atlon of an1so]e (142). But with suff1c1ent1y ac1d1c : : ot
donors such as H30 react1ng w1th an1so1e protonat1on

w111 occur on both ‘the r1ng and the roxygen of’ an1so]e <

vTh1s is because the oxygen proton aff1n1ty of anisole

S

(~189 kca]/mo]e) is also cons1derab]y h1gher than that
of water, PA(H O) = 771 7 }ca]/mo]e (see table &.57).
Therefore, under the non- equ111br1um chemical ionization.
cond1t1ons where the system is probab]y’under'kinetic‘

contro] rather . than thermodynamlc control,, it is not

-

hecessar11y that the most stab]e ion prevails in .the
System. Consequently, protonation may well occur pre-

e



' occur under the norma]

-‘ferent1a11y at any of the two poss1b]e
.poss1b1e that the energy d1fference of
hween the two protonated 1somers may be

.therm1c1ty of the c]uster1ng react1ons

formatlon of strong hydrogen bonds between oxygen protonated

an1so]e and water mo]ecu]es
,Mshows that there is not enouthdr1v1ng
chem1ca1

react1on 6.39 which 15 of 1nterest can

+

reaCt1ons,.react10ns 6.40 and 6.47,

«

- oH,Y

mon1zat1on cond1t1ons-

s1tes -It~is 3156
~14 koa]/mo1eibet-
ostei by the exo-.

resu]t1ng from the

But the fo]]ow1ng ca1cu1at1on

force for th1s to
& -
The

be sp11t 1nto two

H2O

4(6.3§);

°~ 14 koal/mole(6_40)

R

(6. 41)'

oW . - o, ¥
D s ©
HbHZi’ “ OH;’-
+ o = | |0
: o
The AH” of Féaction 6 41 may be rough]y est1mated to be

-24 kca]/mo1e,

system as measured by Sensharma and Kebar]e

orabory (41). This Teads to AHC =

action 6.39. Thé'ASo

be' 25 eu,

(41). From the re1at10nsh1ps AG ,5

be estlmated that react1on

Tt may.

AH

similar to ‘that of protonated ethanol- water

in th1s 1ab-

-10 kca]/mo]e for re-
for react1on 6.39 may be taken to

an average value for similar c]uster1ng reaction

TAS = -RT1nK

6. 39 has va]ues of
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'AGggg = ;2‘65kca1/mole anduK 2 O 1 torr 1fat'298°K. 'wfth‘

a HZO pressure of 0. 5 “torr.in the 1on sourCe ‘the equ11-
;1br1um 1on ratlo of [H (pheno])(H O)J/LH (pﬁ%no])]

on]y of. the order of 5 x10 2: Therefore the sh1ft1ng

dof the protonatlon s1te due to so1vatlon effect 1s not

‘very favorab]e w1th such a sma]] water concentrat1on .HOW-aw
ever, it wou I-d become more and more. favorab]e as the water
'concentratlon 1ncre\ses ' It may be expected that the

-above ment1oned sh1ft1ng of the protonat1on 51te wou]d be.:-‘

comp]ete]y favored 1n 11qu1d water.

!

| _ , , e
6.7 - Comparlson of. Cat1on1c Stab1]1ty by Po1ar1zat1on :

Effect of Pheny] Group and Methyl Group

The gas phase bas1c1t1es of the subst1tuent pro-
‘{'tonated benzenes PhX are found to be higher than fhose of
the correspond1ng methy] compounds MeX Th1s is i]]ustrated
.be the. negatlve AG va]ues for the react1on 6 42 nfth
- MeXH+V+‘PhX = MeX + PhXH*, o f‘“' 1 (6.425%

X_= éN~ COCH . COZH ‘and .CHO (see tab]e 3. 1) : The observa—
t1on may ‘be explained by the fact that .the pheny] group,
be1ngbuﬂner‘ than the methy] group, has a h1gher po]ar—-
1zab1]1ty and thus can d1sperse and stabilize the charge'
on PhXH more eff1c1ent1y than the methy] ;roup can on - .

MeXH+., The po]ar12at1on effect is 1arger than the oppos—

ing 1nduct1ve and resonance effects Qy wh1ch the stab111th—{
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,.,_iohzof MeXH™ ‘and the free aromat1c base PhK ‘are favored

' 'respectively The overr1d1ng po]ar1zat1on effect results

'fln h1gher gas phase bas1c1ty for “the phenyl substwtuted

h'bases than the1r correspond1ng methy] subst1tuted counter—-

1y

o~

8

Parts R "’5“-A o S S -_~i_'y R

The re]at1ve gas phase bas1c1t1es and aqueous
bas1c1t1es of four pa1rs of compounds benzon1tr11e and
.acetqp1tr1]e acetophenone andracetone benzo1c ac1d and
iéCEtJF~aC*d benza]dehyde and aceta]dehyde are g1ven in

'tabie 6.3. It is ev1dent from the tab]e that the aqueous

"ba31c1ty fow a g1ven pa1r changes 11tt1e in rep]ac1ng the,,

'-methy1 group by the pheny] group, whereas the gas phase‘7
: ﬂbas1c1ty 1ncreases by rough1y 9 kca]/mote go1ng from4
;methy] to pheny1 subst1tut10n The d1fference s ma1n]y

_due to the d1fference in hydrat]on energ1es of the pro—"'

-__.tonated cat1ons PhXH and MeXH » and it may be used to-

‘-eva]uate approx1mate1y ‘the d1fference in po]ar1zat1on
stab111z ng effect between the pheny] group and the
methyl: group As ment1oned ear]1er the re]at1ve gas;
'phase basxc1ty between PhX and MeX g1ven as- AG° (g) forb
react1on 6.42 depends on the sum of the contr1but1ons
.from the d1fference an stab111zat1on by 1nduct1ve effects
resonance effects and po]ar1zat1on effects f It may be
'”“expected that fdrﬂfpggen and n1trogen bases, stab111za-

/

t1on by po]ar1zat10n effects of the pheny] or methy]
@.

“«

group on the protonated bases would not be 1mportant'ih

)
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N

Table 6.3 ,»Re]at1ve Ba51c1t1es in the Gas Phase and the

Q

4::}<:—>,‘. :'* IC': .'

© Q.

b. 86°(aq) = -2. 303(R)
2

e

c.

‘Acetic acia is 14 5 kca]/no?e ]ess bas1c Ehan ammonium by AG

'fﬁgyeous Phase from the React1on

JHY 4 B, = Bems B, H

2 86%Ga)°  a6%(0)®  [46%(g)- 40%(aq)]
‘(kcal/mo]e) (kcal/mole) (ktal/mole)
. B l v i N

0 -10.45 CHON 2103 -0 75 ¢ 7.4
pCOCHy et . ' i L
o 6.3, CHCOCH, 7.2 1.2 8.5 7.3

COOH Co L _ ) c -
-7.2 CHiCOOH -6.1 ) -5 = 9o 10.5

/
CHO - _ B / ’ ) , .
7.1 cHgCHo f‘ﬁ - 1.5 ~J0s5
S S / _
pK va]ues for the conjugﬁteq)acids BH' of'bases ' B;

[
pK values from E. M Arpett in Progress in Phys1ca1 Organic

Chem1stry, S. G Cohen gﬁ_gl} .5 vol. 1. Intersc1ence Pub]tsher,

'I 963 . ) v :':—A; . - . . "’,e‘.\:“.. . A

‘-

B 35? - pKa(é1H+)‘f9r tne reaction at

? 3":_'
298°K, ‘4G° (g) at 600° f§§nkp

47.‘

.

600" -

"measurements in this 1aboratory (comb1nat1on of present resu]ts -

/

«

in table 3.1 and that in reference 3)
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aqueous solution, because more efficient%charge.dispersa1

y
“ .
M .

to bulk solvent results from the attathment of water mole-"
cu]es to the protonated. bases by hydrogen bond1ng 'The
badlk ;olvent would therefore eake over in 1arge part‘the
role played by the po]ar12a§1e subst1tuent in stab111z1ng

the fion. Assum1ng similar externa] stab1112at1on by bu]k
solvent for PhXH® and ifexh? (since hoth have the same'”
nomber of possih1e H-bonding sites), the relative eoueou$
Bao{city between PhX and MeX giren‘as AGo(aq) for reaction
6.42 Qould-onJ}idepend on the fnductive effects and‘resoni
ance effeet§. The‘d{fkerence oh [AGO(Q) - AGO(aqf]:is |
then, an.approximate, but quan;itative measure of the dif-
‘ference in stabi]iiafioh energyﬁby polarization effect
between a phenyl group end a methyl group.

As shown in/tab]e 6.3, the_comparfsons ofubasiqities
1n the ew&iphases for the four pairs of compounds p]ace
‘the catoon1c stab111ty by po]ar1zat1on of the phenyl group
as about 9 + 2 kca]/mo]e greater than that of a methyl
group. S1m11ar examinations on amines by Taft (30) showed
that the stabilizing effect by po]arization'of a phen}]
group is greater than that of a methyl group by about 7"

kca]/ho]e.

;

- /

6.8 Summary ' ; : /

< (a) The intrinsic basicities of all monosubstituted
benzenes are higher than that of  benzene. Their proton

] : ’
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affinities decrease in the order of aniline > acetophenone >
- x . . . o . . . ’
anisole > benzaldehyde > benzoic acid > benzonitrile >

;phqpof > nitrobenzene > ethylbenzene > toluene > fluoro-

benzene > chlorobenzene > benzene.

(b) From the correlation of relative bésicities’with Op+
substituent constants and STO-3G calculated resu]ts, it f&
Suggested that ring-protonétion ocgurs in aniline, anisole,
phenq], ethy]beniene, toluene, fluorobenzene, chloroben-
zene and‘benzene. Acetophenongp benza]dehyde; benzoic écid,

-benzonitrile, nitrobenzene are substituent-protonated.

(cy - The abové.conc1qsioh agrees with . the résu]ts from
studies of Is core electron binding enéfgies and deuterium
éxchangg with the exqutibn of aniline. ST0-3G ca]cu]a—x
tions indicates that nitrogen protonétion is about 1-3
kca]/moTe‘energetféa]]y more favorable than ring protona-

tfon in aniline. The small energy difference may result

in two pfoBab]e sites of pgotonation for aniline.

(d) For the monﬁsubst%tuted benzenes which protonate at
the substituent, the rep]acemeﬁf of the phenyl group by a
meﬁhy? group reduces their intrigkic basicities byvébout
9.kca1/mo1e. By comparing the'basigities'Of these com-
pound§ in fhe gas phase and in the aqerus‘phase, it s
suggested that the cationic sﬁabi]izing ef%ect by polariza-
tion of'a pheny] group~is about 9 kcal/mole over that of

a methyl group.
' <



Y'G‘AS«-:P»HASE'BASICJ-TIES oF N—METHYL SUBSTITUTED 1,8-DIAMING-

NAPHTHALENES AND RELATED COHPOUNDS

~ ; e

CHAPTER VII
—_——

7,1 Introduction

The aqueous basicities of. a ser1es of N- methy] sub-
stltuted 1,8- d1am1nonaphtha1enes have been determ1ned by
A]der and co- workers (144) The remarkably high basfcity
of 1,8- b1s(d1methy1am1no)naphtha]ene in aqueous so]ut1on
reported was attributed to the steric strain present 1n the
neutral molecule whose strain js effectively. removed on
protonation ( T{& ' S1nce ster1c effects are 1ntr1ns1c
molecular Properties which should not be much affected”bxwm/n

so1vat1on it may be eéxpected that the tetramethy] compound

L}

,'shou]d show a similarly high ba51C1ty in the gas phase. A

. enables one to test th1s expectat1on and to assess the

effect of the solvent. It js also desired that these com-
pounds be connected to the gas- phase ba31c1ty Tadder
.established in the present work so that a continuous gas-
phase basicity scale from water (lowest basicity) to 1,8-
bis(dimethy]amino)naphtha]ene (higheSt hasicity) could pe
obta?ned.vn

The poss1b1e sites of protonat1on for the amino-
subst1tuted aromatic compounds in the gas phase are not
a pr1or1 known. . In aqueous so]utions N Protonation occurs

.
exc]us1ve]y s1nce the resu1t1ng ammonium ions are
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stab111zed by strong hydnogen bond1ng to the solvent ~In
the gas phase th1s stab111zat10n does not exist and- r1ng
protonat1on sometimes can lead to more stab}e ions. In‘
order to exam1ne these poss1b1]1t1es the bas1c1t1es of |
‘naphtha]ene and 1-am1nonaphtha1ene were also determ1ned.
~.It wi11 be shown that by COmparlsons of the gas phase‘

basicities of different am1no substltuted aromat1c com-

pounds one can determ1ne the site of protonation.

7.2  Experimental

The measurements of the-eddi]ibrium constants for
the proton transfer reactionswere carried ouf in,a.manhe;
similar to thai described in chapter II. . However, some
changes in the samp1e preparat1on were necessary for the
measurements involving the diaminonaphthalenes. The
gaseous samp]es.were generéliy prepared by injecting a
solution of the two bases in CHCI, into the 5 liter sample
" bulb Containing 120 torr of a major gas at 170°C. Only
120 torr dnstead of the usual 700 torr of the major~gas
was used in order to obtainl]arger,re1ative concentrations
of the bases as compared to the major gas, while stil] /
ma1nta1n1ng ‘the preSsure of the naphtha]enes in the bulb
below the1r saturat10n vapor pressuresat 170 C. The
diaminonaphthalenes are relatively nonvolatile and their

vapor pressures are not known. Although the partial

pressure of given bases in the bulb were always.below 1
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torr, %Qé\s were made to ascerta1n that the samples were

'e?j_compTevﬁ1& evaporated ThlS was d0ne by adm1tt1ng samp]es

of d1aM1ﬂQnaphtha1enes d1rect]y 1nto the bu]b thPough a

'sol1d ﬂjat port and observing whether comp]ete evapora-
N\

”t1on ov@uhred at 170° C

tﬁ Nrevijous meaSurements, methane ‘was used as a major

gas. Y“e final ions obtained on e]ectron bombardment of.
- pure.. myﬂhdﬂe are CH5 and CZHS in a ratio of 6:5. Both
'CHS and C are strOnger ac1ds than theconJugate acids -

‘of the Uasgs 1nvest1gated and can protonate most bases B.

' Howeven, for the d1am1nonaphtha1enes methane proved to be
unsu1tgb1e as the major gas since with methane in addition ’
: to-BH th@ production of the parent ion Bt , Was also o
obseerd " The 1ntens1ty of gt was §omewhattsma11er but

" nearly eq I o that of BHY.  This suggested that C,H "

5
‘insteaq Df engaging in the protonation reaction 7.1 was

+ C +

C2H5 + B = 'C,H, + BH R (7.1)
\
involved figstly in the charge transfer reaction 7.2. . e
+ _ + .
CZH5 +B = C,H, + 8B (7.2)-

The jonixdpion potential of the ethyi.radical is 8.38 eV |
(81)._ INe ionization potentiais-of the dtaminonaphthalenes
_are not’kﬂgwn. HOWever,'IP(ani1ine) = 7.69 eV (]45).‘The
aminonayhfgalenes are expected to have even 10Wereioniza;
“tion pogAftials becCause of their extended aromatic struc-

tures. . }ﬂgreforé; the charge transfer reaction 7.2 is
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quﬁte suffieient'to separate‘the two. adgacent ions com-
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strong]y exotherm1c and its occurrence is very probab1e

Since both BH and 5' are of h1gh mass (~ 200), where the

reso]ut1on of our quadrupo1e mass spectrometer m@s not

>

pletely, the presence of B was undes1rab1e ~ The BH+

-2

could be produced c]ean]y by u51ng t- C4H9 as the reactant

1&#?; The 1on1zat1on potent1a1 of tert- buty] radical ?s

6)7 eV (82);“ This is probab]y 1ower than IP(B) so that

charge trangfer'ﬁs endotherm?c and therefore slow. The

S tert- buty! cation 15 essentially the only final-ion in |

electron lfradiated isobutane (146) It was shown by F1e1d

et al. (1477 that tme‘F-C;H9+_1on is formed by, hydr1de-

transfer (PeaCtion 7.3) from isobutane to the C.H ~don

3 7

which 1is the major primary %on from isobutane onwe1ectron

(?'3.H;7 +NO = t-C‘4H.9, + CyMg (7.%3)

impact We have found that:isobutene also produces th4H9+

as the major ion, the on]y other ion being C,Hg. C4H8+
Equ111br1um meaSUrements with 1sobutane or 1sobutene as the
major gas Were performed and the results were 1dent1ca] |
Therefore, e1ther 1sobutane or 1sobutene was used as a
major ggs 1n‘tﬁg measurements. A1though t- C4H9 is a
weaker acid than CH5¥ or C2H5+, it is st111 much.stronger
than the Conjugate acids of the diaminonaphtha1enes_ahd

therefore can protonate the d1am1nonaphthalenes. B, by

the reactign 7.4. With t—Cqu+ as.the‘reactant jon,
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.vt'_bc HY 4 B = 1‘.-C4H -+ BH- . o (7..4)

oply the format1on of BH was.o erved in most cases. The

parent’ion, Bf, 1f present was.fo ed oh]} inlaryery,in-d
significant amounts. ' | |
Some problems were encountered in taining a good
<tota] ion: 1ntens1ty when the d1am1nonaphtha‘enes were ‘used
at -600°K. It was found that by lowering the'ﬁOn source
temperature,-a 1arge improvement i totaT ‘ion vntenshty was

‘v P
thained. The prob1em at h1gher temperatures maﬁ be caused S

N o
by the deposit of. some pyro]ysed product in: the'f\n\source '
ThlS depos1t could be generat1ng a non- un1form electric
Cfield in the ion source Tests showed that this d1fchulty y
dlsappeared at the 1ower temperatures vConsequent]y, '

measurements w1th d1am1nonaphtha1enes were carr1ed out at

460 K.

.

7.3 Bas1c1t17$ca]e from Methylamwne to 1 8 B1s(d1methy’

am1no)naphtha1ene

Sidce the d1am1nonaphtha1enes have very h1gh bas1c1t1es,;
tsevera] bases of gradua]]y d1m1n1sh1ng basicities - had to be A
used in order to connect the-d1am1nonaphtha1enes to methng
amine which has the h1ghest bas1c1ty S0 far determ1ned in
the present work. The resu]ts are shown 1n table 7.1
wh1ch 1s_extracted from the complete ladder shown in ‘table
3.Hr“ The;relative basicities of different bases B with

L)

respect to -ammonia are given in table 7.1 as the AGO(NH to

.3
B) values, corresponding to the 2G° of reaction 3.1.
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Table 7.1 'FrééaEnérgy Changeé of-Proton"hansféf,Reactions
Compound Directiy.Measured ' -V‘AGO(NH3-to B)
_ -pgld : :

. b
‘This work: ~ Previous

.ru‘, . - — . ”A 7 /‘ -39.2 -' - | ’wo;rk
B ‘0,5. v T a — B T ]' ' . _32.2'._‘ - | _—
; : -31.8 . A -

mi‘;q‘ ‘ K | [’: . '_27-9 L .

~26.2

kR ¥4 ~ . '. -
Powria” : - //-' - -23.1. —23.7q; =21 2
: sé| | . : P d
(6"5"‘:":”:2"VL~; e ' : " —23 .5 :
fory o ' 1 . _ ' - =22.5%, _20.6

(o) T . - -2l %

CgrgNiCh,), L ’ a i R ' ' ° "20.9d, ']8.6

(‘5; ' S I T O o -19.7 .

. I - d
S ST - -18.9%, -16.4
. 176 17.8%, 16,6
E"‘s-"z"s — : ‘ ¢ ‘ ! 2 ) ! PR c T ‘-] 7 - 7d

o0 35 v«z'.s R . - | ' | - _]7.5d’ -16.0

S Y I A S -14.3¢
'_ '_l X S ’su L ] -14.0 B
- ~hnisiding | N ) o ) : ‘ ‘1] -8 B _]4-3d
17 ] X ‘ ' ] ‘ : —']O.OC ‘ ' ) '9-28 :

Rethy lamine

S SR N X
. ' 0

- v X * N N A__’__‘."_— C :
, 7.2 e

18.3°

(a) A]]’Qaluesfin'kéaT/moTé."Va]ues with superscripgi(a) were done
‘ _ e | .
at 460°K, the rest,at 500°K. -AG° values refer to the reaction:

: B]Hf +.Bé.= By + 82H+ where 81 is ‘less basic (lower.in the



(b)

| . (e)

_results from th1s 1@bo€§%9ry

Footnote5~fo,Tab1e 7>l.eontjnueg 334

T

« . e R R .. ;
T Mg ik /__{x\ : K1 ,

. co]umn) than 824\\Doub1e arrows correspond to present measure-

—_—

ments N s1ng1e arrows on the r1qht s1de correspond to prev1ous

. B
. \ % : e - ., “- =
For reaction: NH," + B = NH, +.8H". Assume ac%. = 0 ~m%b£' ‘%a‘,:;q
For reaction: NH, - + 3t A 460 = “BegoHenm T
above measurements. . h . % \“&
See table 3.1.
in

R. Yamdagni and P. Kebarle, J. Am. Chem. Soc. 95, 3504 (]973).A

Based on present value. for methylamine.

Values at 300°K. Taft, R. W., "Proton Transfer Reactions" E. F.

Caldin and V. Gold Ed., Chapaman and Hall, London, 1975.
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~NH + B = NH, + BH | (3.1)

. B a ., i <

‘Phevious_results from .this laboratory (1,2) on compounds

/

having bas1c1t1es higher than that of methy]am1nes are

also shown in tab]e‘7.1. They are all based on the pre-
sent value of'AGO(NH3~to CH3NH,) = -10.0 kcal/mole (600°K)
.since the ‘earlier result (1) of AGO(NH3 to-CH3NH2) = -10.8

kcal/mole (600°K)lis considered-te”be less accurate (see
section 4.1). The*baéici;ies of/piperidine and pyridihe
were determined.in .both inQestiggtions The agreement

w1th the present resu]ts is w1th1n 0. 6 kca]/mo]e for p1per1-

dine and 0.2 kca]/mo]e for pyridine. Inc1uded in tab]e 7. lv @

o"

¥ are the determ1nat1ons from Beauchamp_ﬁiand Taft' s (30);-,

1aborator1es whenever ava11ab1eu_ On the who]e, their

,AGOTNHB to B).va]ues are about 2'kca1/mole'1ower than the

va]ues from’ th]s 1aborat0ry Part of the d1fference must |

be due to the d1fferent temperatures used. Taft's deter- .
minations are at 300°K wh11e resu]ts from th1s 1aboratory
are for 460 K and more often for 600 K More appropr1a§e

comparison can be made after the entropy corrections. For

B

example, by only considering the changes in rotational
symmetry numbers g, the entropy change for reaction 3. ],

can be wr1tten as 05° = Rin(o NH4+OB/ONH3 BH+)

R1n(4 x oB/o With pyridine as the base, ¢ /

gut)- "Tput

This leads to a aS° = 2.7rcaj/degmo1ef For a temperature

difference of AT = 3005K, a corresponding 286° = -0.8

LY
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’kcaT/mo]e may‘be ca]culated. Thus the‘AGO(NH to pyridine) =

‘ -16 6 kca1/mole i300 X) observed by Taft when corrected to u
[1600 K becomes -17. 4 kca]/mo]e wh1ch is very c]ose to the
:3hva1ue of -17.5 kca]/mo]e obta1ned 1n the present work
| The entha]py change for: the proton transfer react1on
3.0 may he ‘obtained after'mak1ng the approorjate entropy

, O

corrections, AH = rG°

+ TASO-' The proton afftnities/of .
.compounds 1n table 7 may then be ca]cu]ated by us1ngﬂ;hguwhm““
reference PA(NH ) = 207.6 kca]/mo]e (section 3.2). Approxu~

mate proton aff1n1t1es can be obta1ned by neglecting the TAS
term, wh1ch is probab]y in the 1-2 kca1/mo1elrenge. For
exemole, 1,8-bis(dimethylamino)naphthalene has a AGO(NQ3.to

B) value of -39.é kcal/mole. Thus, PA(],S-bistimethyl-

am no)naphtha]éne);& 207-5‘+,39-?b= 246.8 kcal/mole. Thts

g:fthe highest proton affinitylfor a- neutral organic base

~

reported so far.

s

7.4 Sites of Protonat1on of Some Am1no ‘Substituted

Aromatic Compounds

The possible sites of protonation of the diamino-
naphthalenes sh>uld be considered before discussing their
re]at1ve gas-phase bas1c1t1es In the'study of the sub-
st1tuent effects on the gas-phase bas1c1ty of benzene
".(chapter 6), the correlation bétween the relative proton
hafftnity‘of para-substituted benzenes with the corres-

ponding . substituent constants, based on solution ex-

periments, indicated that the proton affinity of aniline



. for r1nq Drotonat1on D@ra to NH2 must bevsimi]ar’to that |
'for protonat1nn on the n1troqen Th1s sugqests that amino-
subst?tuted aromat1c comuounds cou]d be rlng protonated
bor nltrogen protonated 1n ‘the gas phase, ‘Taft Hehre et
al. (]40) reported the STO- 3G ca]cu]at1on of AE the energy

:.change in 1sodesm1c proton transfer react1ons 1nv01v1ng .

-'_aniltne They showed that the proton aff1n1t1es for nitro- .

ger and r1ng protonat1on were the same w1;h1n the error of

the est1mate Subsequent tonswderat1ons on the relative
gas-phase bas1cvt1es inv 1v1ng a second sub?tituent ]ed

these authors ({400 to conclude that the proton aff1n1ty for“

'nitrogen proto ation is }-3 kca]/mo]e h1gher than that for
ring protonat on. If one accepts that N- protonated an1]1ne

1s 2 kca]/mo e more stable than the - ring-protonated anil-_ ...

ine, onevma' obta1n'the:jnergetics fdr the’foTTowfng re-

actions b assuming_AG I from table 3.1 (the:assump-
tion will be used throughout th1s section):
AP i 1
| +
|

NH3

_6;9 kca]/me1e(7_4)

r4
I
IS + .
+
O
roI
I
- Z .
X
w
+
>
= at
o
1]

V—4;?.kca1/mole
l e o (1.s)

z
S+
+
O
. X
N
Z
X
w
+
>
p o
o
H

tonat1on for 1- am1nonaphtha1ene

The possible sites of pro
can now be considered., ~The re]at1ve gas- phase bas1c1t1es
of naph sthalene and 1-am1nonaphtha]ene are shown in table

-

)ieact1on 7.4 shows that the substitution of a pheny]

growp for hydrogen increases the proton affinity by 6.9

LR



’kcal/mo1e ‘ Th1s is mést]y due to charge stab1l1zat1on of

- the ion: by the po]arizab111ty prov1ded by the phenyT group

hIt s expected that further expans1on of the aromatlc sys-

htem as 1n the react1on 7.6 should have a sma11er effect

S + ‘t ‘t o

i.e. the exotherm1c1ty of react1on 7.6 shou]d be cons1derab1y

smaller: than that of react1on 7 4., An exper1menta1 value .
: of.AH = 7.1 kca1/mo]e was obta1ned for the react1on 7. 7_;

NH i

“ @H*“ on

(see table 7.1)rwhfch is‘eten'more‘exdthermic than reactian

7.4, Th1s "d1screpancy '1nd1cates that N- protonatﬁon of

the naphthylam1ne is no%”the favored process and that

stead r1ng protonat1on occurs Theoret1ca1 calculations _
_Jw1th the MINDO/3 methods were performed by Mesa “Hojer from:*'?

mqhth1s laboratory %éB?ﬁpn the heats of formation of all

:reactants enter1ng%teact1on 7.7. The results on the

heats of format1on obtawned were: ani]ine 18.1 kcal/mole,

N protonated an11¢ne 165. 7 kca]/mo]e, ring- protonated 4

an111ne 162 O kca]/mo1e d- aanonaphtha]enB 47 .9 kca]/mo]e

N- protonated 1—am1nonaphtha1ene 191 1 kcal/mole, and

'r1ng protonated 1—am1nonaphtha1ene 181.0 kcal/mole.

"Evaluations of the AH values for the following isodesmic
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‘reactions could be made from these calculated AHo'ua1uesd

. f
+ . : : +

'0 5 - & ef

| 'y . | L‘ v_' | | | - ., ot
\\\v NH, NH2

)

less exotherm1c than AH for react1on 7.4 (6.9 kca]/mo]e)
is in 11ne with the expected stab1hzat1on effects by the
further expansion of the: aromat1c r1ng.. The aH® for.

v
observed react1on 7 7

reactlon 7.8 may be compared with that of the exper1menta11

NH2

T s

By considering . reaction 7.7 together with react1on 7. 9 one

@ @ @ HO=-2 keal/mole .
ﬁ.‘ est1mated (140))

Al 3 'AH°='-‘4:4‘ gca]/:ﬁo]é"'

. NH2 )
. “ , “ AH --10 8 kcal/mole
+. @ = (MINDO/3) (7 g
| @x 2= - (7.8)
d-H : »
A ' - L .
. The resu]t that AH = -4 4 kca]/mole for reactlon 7. 6 is

=

Yy

v | AH __71 ll-<ca;1./mc217e 7 ).

TN

(7.9) .

obtains awalue-of AH® = -9.1 kcalfmole for reaction 7.8,

fin‘agreement with the MINDO/3 calculated aH® = -10.8

ﬁkéa]/mo]e; This supports the conclusddn thatﬁthe observed

-protonated ]-am1nonaphtha1ene has indeed the r1ng proton—
'ﬂ;ated structure By compar1ng the energetlcs for the re-.’

uact1ons 7. 6 and 7.7 one can- est1mate that the ring-

o
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protonated T-aminonaphthalene 15 about 3-4 kcal/mole more

stable than its NQprotonated ion. The MINDO/3 calculated

heat of formation for‘um ring-protohated,]—aminonaphthaiene

is 10 kca]/mo]evTower than that of its'nitrogen-protonetedl
ion. It is believed that direct comparisons of the MINDO/3
calculated AH? values®are not as accurate as the AH® value
defived through isodesmic processes 7 6 and 7. 7 This is
because the uncerta1nt1es in goemetry opt1m1zat1ons for C e
speciégs in an 1$odesmiC’reaction tend to cancel each other;
whereas.1n comparlng séec1es of d1fferent geometric struc-‘
tures, the uncerta1nt1es may be additive. The" subst1tuenf ‘
effectsof the am1no group on r1ng protonation in benzene
and naphtha]ene can be determ1ned from the following re-
actions (AH0 values from table 7.1)3

¢

NH

=

2 | 2 -
_ * - ‘ * @ | AHO :-53522k:a$/m01e o
. . " (7.10)
‘ ”'“2 ‘ | - NH, S
00 60~ 0O - @y *
L L | | H H (7.11)

o

The exothermicfty of reection 7.11 is similar but slightly
smaller than that of reaction 7.10. This is the expected
result as the chakge stabilization through resonance in .
protonated naphthalene is better then thet in protohated

benzene. Further addition of an amino group would have a
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slightly less re;onance‘stabi]fzing effect inpfotonated.
naphtha]énevthah'in-é%otonated beniené. As the aromatic
structure grows bigger, the émino group substitient e?fett;?»
‘fbr ring protonation would decrease. o

Thelap0vesconc1usions that'ani]jne {s N-protonated and
'1-aminonaphtha1ené is riné—prétongted in the gas phase 1ead
to the question as to whether 1,85d1aminonéphtha1ené is
ring protonated or'N;protonated. An.exberimenta] 2G° value

of =7.1 kcal/mole was determined for the following proton

transfer react1on (from table. 7. 1):

w }2+H+ | H’(‘ ),

A% = 171 kcal/mole

If the 1,8-diaminonaphthalene is ring-protonated; reaction

7.12 could .be written as:

L4

H H .)«

Reaction 7.13 is expected:to be exothermic. The magnitude

of its AG° value would depend on‘ﬁhe substitutent effectsof

the second amino group introduced in the 8-position of the

naphthalene ring. The expected AG° value for reaction 7.13
0

would be much less than that of reaction 7.11 (a6 = -21.2

kCaT/mo1e)in which the first amino group is introduced to

N
\
~
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the 1-positionvfn thernaphthaTeee ring,. This follows from
the genera] observat1ons of subst1tuent effects in napth-
a]ene When a w 1nteract1ng subst1tuent goes on the r1ng
not carry1ng the functional group, its effect is very ‘small
(149, p.1047).‘ For example, with te\>r1ng protonated 1,8-

diaminonaphthalene, the following resonance structures are

possible: .
I I , Il I ‘
H2N NH, HZN NH2 HzN ’I\‘Hg
H H 'H H . HH i
+
HN  NH, H,N NH, HoN NH,
. H H b H H ‘ L
Iv " co VI

Protonation at the 4-posi£ipn is preferred because it is

much mbrgﬁstab1e than pretdndtion at the 3-position which

does not have the more stable resonfnce structure similar

. \ v
to IIl. It is also more stable 'than protonation at the 2-
-position because of less'sterfc‘hindrance "The resonance

structure III is the most stab]e one among all six poss1b]e

structures. Structures I-III have one completely intact

aromatic ring while structures IV-VI have both a}omatig

rings disturbed.. Therefore, the contribution of the latter
resonance structures are small compared with that of the -

former structures, I-111. ‘Consequently, the substituent

effects of the amino group on the ring not being attacked

L] \ -
by the proton would be very small. Dewar and Grisdale (150),
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in a study of the substituent effects on tﬁe ionization of
]-naphthoic acid determined the Hammett substituent constant
values, o, = -0.72 and»&s'é —0.13; for the effect of anv
amino group in the 4 or 5 pos1tion.l Although thesevva1ues‘
were obtained in aqueous solution, they should have sohe-
validity in the gas phase since linear selationship betWeen~
gas-phase and aqueous propert1es in. s1m11ar systems has -
.been obtained for substituted bqnzene (section 6.4)‘aﬁd"
subst1tuted aniline (151). Using the experimentaf.valhe

of AGY =-21.1 kcal/mole for reaction 7. 11 and assuming

that the o va1ues are additive for doub]e subst1tutlon one
0

obtains an estimate of AG for reaction 7.13, AG = -21.1 x

05/04 = -3,8 kcal/mole. This value is much smaller than
>

the value of -7.1 kcal/mole, which is the experimental

proton affinity difference between l-aminonaphthaleﬁé and .

],8;diaminonaphtha1eﬁe. The result is that substituent

protonation as in reaction 7.14 occurs. C ‘

” “NH? + N“ (7.14.)

The occurrence of this protonation is further supported by

the following argument. The two amino groups in the 1,8-

LA 4

diaminonaphtha]ene are at a distance which is fairly Suit-
ab]é for N-H'---N hydrogen bonding involving the proton

and the two nitrogen lone pairs (see structure I in re-

s
-
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action 7.14). Thus the distance befween-N-N’centers fn I;Bf'
diaminonaphthalene is about 2.5 A as_reporteh by Einspahr

t al. (152) in their X-ray crystallographic study. This

‘distance can be compared with 2.7 A for the distance between

“the nitrogens in the N-H'-—-N bond in HBNHNH3+ obtained
from SCF-MO calculdtions by Peyerimhoff et'al. (153). The
bond enetgy_D(NH4+ ;.NH3).= 25 kcaT/moTé-was,previou§1y.
measured bvaayzant El-il' in this 1aborat6ry (46). The
’ 1dqe qurs oqlthe amiho g;oups in 1,8-diaminonaphthalene
- are nbt proper]y.orientated inva straight 1ine. Therefore,
the'N-H+é-—H bond in fhe protonated diaminonaphthalene
species cannot be linear and is expec&Fd to be weéker.

. Assuming that the strain réduces thé bond energy ‘to 50-709%"
of the energy of a 1inear.bond and taking D(NH4+-NH3)>;

25 kcal/mole as a representative for.such 1inearvbond, one
obtains 10-15 kcé1/m61e qg the sfabj]izat%dn energy due
"to the formation of'H-bondingfﬁh?étfhcfure It "In consider-
ing the standard free energy'éﬁéﬁééﬁin fhe proton transfer
reaction 7.14, one must inc]uée,not oniy'the favorable
stabi]ization“energy, but a1so-the{enefgy required to

move the proton from the ring to the N-protonated position
and some adQerse TAS change due to thév1o§s of restricted
internal rotqtions of the amino groups bn N-protonat%on.
‘It was estimated earlier }n this section.that ring-proton-
ation is more stable than N-proton;tion byA3—4 kcal/mole

in 1-aminonaphthalene. This energy will be lost in

moving the proton from the ring to the\Néprotonated posi-

~
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,tione The TAS 1055.due to the freezing-of'the restricted.
. interna] rotatlon of the am1no group may be expected to bhe
a few k1]oca10r1es per mole. Therefore the 4G6° for- re-
action 7. 14 shoqu probab]y amount to Tess than -TO kca]/
'mole The exper1menta1 va]ue of AG = -7 A kcaT/moTe for

o

‘reaction 7.14 'is thus of the expected magnitude. It is con-

c]uded that 1,8- d1am1nonaphtha1ene is n1trogen protonated .

and 1ts Kigher proton aff1n1ty 1s due to the hydrogen-

bond br1dged structure I. By comparing the exper1menta1
AG° = -7.1 kca]/mo]e for react1on 7.74 and the estimated
26° = -3.8 kca]/mo]e for react1on 7.13, one can estimate

that N- protonated 1,8- d1am1nonaphtha1ene is more stab]e;
than its ring- protonatedcountmmmrt by 3.3 kcal/mole.

The conclusion that 1,8361am1nqnaphtha1ene is nitro-
gen protenated imbTies that the other N- methy]eted diemino-
-naphtha]enes are also nltrogen protonated, since the N-
methyl substituents will have larger enhancing effect '
on the nitrogen basicity then on the aromatic ring
~ basicity.

.The hasicity of o-phenylenediamine was considered
of interest tor'the pﬁrpose of comparing tt with the
basicity of 1,8—dfeminonaphtha1ene. ~Therefore, attempts
were made to determine the gas-phase basTcities of o-, m-
and p—pheny]enediamine Unfortunate]y, the measurements
of proton- transfer equilibria involving o- and p-ﬁheny]ene—

diamine were not successful. The protonated diamines
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»’

were found to rapidly decompose to an ion of molecular weight
. » . ' & ’ )

_tWwo mass units less than that of the protonated ion. (Con-

sequently, no equilibrium was reached No decomp051t1on

prbblem‘was encountered 1n the determ1nat1ons 1nvo1v1ng m-

pheny}enediamfhe, The resu?ts of the measurements are shown
in\tab]e 7.1. The basicity of m-pheny]enediamtne’in'itse]f
is interesting In a study of possible 51tes of protonat1on

for subst1tuted an111nes by comparing the gas-phase and

agueous bas1c1t1es Taft Hehhe,et 1. (151) concluded

3

that in the gas phase ring protonatioh is favored ouer N-
protogat1on whenever an electron- donat1ng group such as
CH3, OCH3 or NH ‘is k%’roduced to the ‘meta pos1t10n of the
aniline a]though N- protonat1on is more favorable for aniline.
As pointed out by these authors (151); the dif}erehce in |
stabilities between the ring-protonated and N-protonated

ions would be very 1arge in m- pheny]endlam1ne Their

attempts to determine the proton affinity of m- phenylene-
diamineé by ICR measured proton transfer eqUi1ibria had

been uhsuccessfu], but thEyihad eetimated‘froh the results
-0f the theoretical STO0-36G ca]cu]at1ons that carbon proton
aff1n1ty of m- phenylend1am1ne is some 17 kcal/mole higher
than that of nitrogen'(ISI) Unfortunate]y, Taft and Hehre
(151) d1d not report the actual STQ- 3G deduced protan
'aff1ndty for ring and N- protonated m- pheny]ened1am1ne
Therefore, no direct comparison with the present results

~

can be made. .Indirect estimates on the nitrogen proton

P
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aff1n1ty of m- phenylend1am1ne can be made by using the 11n-
ear re]at1onsh1p estab11shed by Taft, Hehre et a1 (151) bet-
ween aqueous ba51c1t1es and gas-phase proton aff1n1t1es of
N-protonated subst1tuted an111nes With the 11terature
agyeous-bas1c1tyvvajues (154) for aniline (pka = ﬁ.@) and
m-phenylenediamine (pKa = 4.9); one could predict a proton
affinity for N-protonated m-phenylenediamine which is about
2.1 kca]/mo]e higher than that of aniline. The present ex-
perimenta] resu]ts show that the proton aff1n1ty of m- pheny]—
ened1am1ne is 12.8 kca]/mo]e h1gher than that of. an111ne (see
table 7.1). This shows.that m—phenylenediamine is indeed
ring-protonated in the gas phase, and the estﬁmated.proton
affinity difference between ring-protonation and N-protonation
in m-phenylenediamine is 21.8 - 2.1 = 10. 7 kcal/mole. This
'va1ue is somewhat smaller than the STO 3G calculated differ-

ence of 17 kca]/mo1e but still of s1m1]ar magn1tude The

o >

fact that m-pheny]enediamine is-a nitrogen base in aqueous
solution even though its carboh'photon affinity is some 10
kcal/mole higher than its nitrogen proton affinity illustrates
the much poorer solvation of the charge-dercalized benzenium

ion as'tompared to the anilinium ion which is capable of form-

ing strong hydhogen bonding with the solvent.

7.5 Gas - Phase and Aqueous Basicities of N- Methyl Sub-

stituted 1,8- Dvam1nonaphtha1enes

The gas-phase basicities of a series of N-methylated

1,8-diahinonaphtha]enes were determined in the present
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study (see table 7.1). Their corresponding aqueous basici-
ties had b eported by Alder et al (144). These are sum-
marfZed in table 7.2. The discussion on the gas—pﬁase"and

.aqueous basicities of N-methy]ated T,B-diaminonaphtha]enes

should include a comparison with the methy1 subs;ituent
effects on the basicities of ammonia and anildne.  There-
fore, the standard free energy changes for proton fransfer

in the gas' phase and in aqueous solution for the Xwo series

t

are also given in table 7.2. !

In the ammonia seriés, methyl substitution ihcreases
the gas- phase basicity substant1a1ky 1n a regu]ar pattern

The 1ncrease in gas phase basic1ty is due to the e]ectron—

Adomat1ng effect and Migher polarizability of the methyl

[y

gfoup reTative to that of hydrogen. The ohbhserved gas-

phase basicify_of amines increases in the order of NH3 <

MeNH2 < MeZNH‘< Me3N. The enhancing effect‘of the methyl

Al

substituent on the gas-phase basicity attenuates on suc-
cessive methy]l substitution with a regular fall-off factor

of around 70% (see table 7.2).‘ Fpr example, MeNH, is more

2

" ‘basic than NH by 10 kcal/mole, while Me,NH is more basic

| than MeNH2 by 7.5 kcal/mole = 10 kcal/mole x 70%. No

such order]y'pattern is observed in aqueous solution. It may:

be seen in table 7.2 that the methyl substituent effect is

" much smaller in aqueous solution and the effect even be-

comes reversed on progressive substitution.. This results

in the anoma]obs order of the aqueous basicity for amines;

ﬁ



a) A1l values in kcal/mole.
ton transfer reaction B‘H

460°K or 600%K

not B, =

(see table 7.1), A

Table 7.2 Standard Free Energy Changes for Proton Transfer
Reactions.? (Increas1ng negative value 1nd1cates in-
Creasing base strength) .

H2NA NH,, ‘MeHN ‘NHMe : - MeoN NH Me MeoN NMe, 2’
— — @O —
I 11 Iv v

A'O ' .
AG™(g) -6.8 -4 .3 ‘ -7.0
26°(aq)  -1.4 -1 -8.1
»
NH ———  NH,Me — »  NHMe . NMe
3 2 2 . 3
26°(q) 10.0 7.5 -5.0
A6%(aq) - 1.9 -0.2 ) +1.3
NH2 NHMe NMe, l *
© — — |
0 )
AG (g) -7.4 . -6.6
A6°(ag) - - 0.4 -0.3

AG° for B, » 82 corresponds to thetpro—

+ BZH . 86° (g) values at

(aq) values at 298°K. AG° (aq)

values for ammonia and aniline series are from tabulations by

Taft and Arnett in "Proton Transfer Reactions", E.

F. Caldin and

V. Go]d Ed., Chapmgn and Hall, London, 1975, p.40 and p.84.

Since the temperature dependenée for AG°

small, it may be assumed that AG®

s/

in these reactions are

T 08¢ 00-
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NH3 < Me3N < MeNH <(Me2NH. The.anegularity in the aqueous

basicity order is due mainly to the progre551Ve1y worsening

solvation of the ammonium ions with successive replacement

of-hydrogen by the methyl group (155). The methy] subst1tu-,>

.ents decrease the so]vat1on stability of the ammon1um ion
-not Just by remov1ng ﬁhe poss1b1e H- bond1ng positions, bu£
also by reduc1ng the §trength of 1nteract1ons between the
'remaining H-bonding positions.and ‘water molecules. The
weakening of mhe strength_of'fhe specific hydfogen-bOnnjng
solvation on methy] substitution,fs‘due_to the better de-»
localization of the charge fniihe-methyT subst%tnted'
ammonium ion. Consequently, the charge dens1ty on the re-
ma1n1ng acidic hydrogen becomes less. )

'Turn1ng to the aniline ser1es,.1t may be seen in
tab]e 7. 2 that methy] substitution also increases the gas~
'phase basicity of aniline substantially. The effect of |
‘fhe second methyl substituent does not attenuate as much 4s
in the aliphatic amines, fndicﬂ’ing that it has a larger
effect'in the nitrdgen-ring conjugation~s;stem._ The effect
of methyl subStitution on the aqueous'basicity'of aniline
s very much attenuated, g]tnﬁhgh the aqueous basicit§ of
aniline does increase progressively on snccessive‘methyl
'substitution. '

Based on the above obserVations, it would be expected
that Nimethyl substitutions would increase the gas-phase

!

basicity of 1,8-diaminonaphtha1ene, and their effects on

v
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the corresponding aqneous.basicityzwouId be much smal]et;.

The experimental va]ues~off6t8;kéa1/mole tor gas-pha§e 

- NH MeHN NH2 MeHN NHMc e N NHMe
’ o 111

'bas1c1ty difference and 1 4 kcal/mole for the aqueous bas1—
.c1ty d1fference between ] 8 d1am1nonaphtha]ene (1) and-N,N'-
d1methyl-1 8- d1am1nonaphtha1ene (III) are in accord w1th
thevpr$d1ct1on. Unfortunate]y, the N- methyI 1 8 d1am1no-
naphthaIene (II) was not ava1]ab1e and the effect of a f.
;ingle methyl substjtution was n;} measured directly.”dIti,
is fair to presome'that the 678ikea1/Mole difference_in-
gas- phase bas1c1{y between the unsubst1tuted and the N,N'-
d1methyl subst1tuted 8-d1am1nonaphthalenes should be split-
uneven]y,,say 5 kca]/mo]e and 1.8 kca]/moIe for-the first
and second methyl subst1tut1on on d1fferent nitrogen atoms.
respett1ver.' The first methyl subst1tuent is expected to =
have the usual. enhanc1ng effect But for going from (II)H —
III — 1 +(IIIH1, one wguld expect the effect of" the

second methyl group on the other n1trogen to be much

¢
I4

smaller. Presumably the-proton in (II)H is bouna ma1n1y

to the nitrogen bearing the methy] group, and the other
R
,n1trogen is only acting as a.H- bond acceptor. The lntto—

duction of the second methyl group: on. the other n1trogen

-

thus only acts to increase the H-bond interaction. "The

differential methyl substitution effects may be eprained

4 ~
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in anangy with the caIcuIat1ons by Peyerimhoff II53) that"
there is a doub]e an1mum in. the potential energy for the

proton mot1on between the two nitrogens in the case of v
H3NH NH3 | The protonated 1,8~ d1am1nonaphtha1ene is expected‘
to have a s1m1Iar double minimum in potent1a1 energy Ihe qg
NH NH

'energy barrler between the two minima in H when the

2 3’
two nltrogens are kept at the equ111br1um positions, was
. A

e

ca]cu]ated to be 3. 5 kca]/mole (153) Similar or even.
sl1ght1y larger barr1er may be assumed for the protonated
s 8- d1am1nonaphthalene wh1ch has & bent H-bond s1nce the
lone pa1rs on the n1trogens are not properIy or1ented
Because of the presence of the energy barr1er one wouId
expect the second methyl substituent wouId not 1nteract
.as a direct subst1tuent but onIy as a substituent to in-

crease the H-bond tnteract1on The estimated magn1tude bf

5 kca]/mo]e for the first methyl subst1tut1on is arr1ved

at from th&\fbsermat1on that the proton aff1n1ty difference
lbetween the N-methyl- N'-d1methy]-l 8- d1am1nonaphthalene (Iv)
and the N,N' -d1methyI 1,8- dlamlnonaphthalene (III) is- 4 3
kcal/moIe : For th1s case, the new methyl subst1tut1on is
on.the n1trogen with which the proton is assoc1ated It .‘
"i1s expected that the introduction of the f1rst methy] group
to a n1trogen atom would enhance the gas-phase basicity

of 1,8-diaminonaphthalene to a similar,or eveyp inghtly

larger extent.

“Everything being equail, the above argument leads

o
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-~ .to the genera11aat1on that in 1 8-diaminonaphthalene, each
(//’~\\\h9thy1 subst1tut1on on the n1trogen wh1ch 15 go1ng to bear
the proton wou]d 1ncrease 1ts gas phase basic1ty by about
4-5 kca]/mo]e whereas each methy1 subst1tut1on on. the
;_ n1trogen oppos1te to that would on1y 1ncrease its gas-
| phase bas1c1ty by about 1-2 kca]/mole ]his genera11zat10n
is in complete- d1sagreement with the exper1menta1 results
when the gas-phase basicities of tr1methy1am1nonaphthalene
(1v) and tetramethylam1nonaphthalene (V)-are compared
Go1ng from (IV)H + V — IV + (V)H the add1t10n of the
last methy] grQyp 1s to be associated with the n1trogen\
'not b01d1ng the proton therefore, .the predicted protonr
aff1n1ty dIfference betwéen v and IV would be JUSt some
1-2 kca}/mo1e However, an experimental va]ue of 7.0
kca]/mo]e was observed (see tab1e 7.2). "% The remarkab]y
high gas- phase ba51c1ty of the 1 8- b1s(d1methy]amqno)—
naphtha]ene (V)-is in accord with the explanation offered
by Alder et al (144) on the unexpected]y high aqueous
- . basicjtyvdf V. The high ba51c1ty of compound V is due:
‘mostly to the destab111zatjon of the neutral base.‘AIder
et al. (144) oointed out that- the tetnamethy{amino—
_naphtha]ene (Y) is a h1gh1y stra1ned mo]ecu1e due to
sterlc and coulomb1c repu]s1ons among the four methy]
Qroups and the two lone pa1rs on the n1trogen atoms

The tremendous strain on th1s compound is best apprev

hended by conS]derlng 1ts~X-ray<crysta1 structure, as

LS
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‘reported by Efnspahr et al. (152), which showed that the

naphthalene rfng is twisted at carbons 9 and 10 o allow an
. 3}"’“)
increase in distance between the two oppos1ng methy]am1no

grou,psv..' | L | ' . B Me N/ME

I : i "A’ nn /'l\nnia

As a re;u1t, the 1,8Lbis(dimethylamihS)naphthe1ene (v) is .
with a"conformatioh in which thehe is an out:of-plane dis—.
tortien of the naphthalene ring. The two nitrogens are
not in.the plane of the naphthalene ring. There'areaalso
smali_distort%pns of bond ang]es‘aﬁd bond stretehings as
compared to I. The N---N d1stance 1s ftncreased from 2.5 A
"to 2.8 Z Protonat1on a]]ows ‘the two nitrogen lone pa1rs
,'to align and the naphtha]ene ring to become p]anar thus
effect1ve1y removes the stra1n The effectlveness of
strain remova] on protonat1ﬁn of V was conf1rmed by the
crystal structures of the complex Cu(II) sa]t and comp]ex
< Mg salts of monoprotonated 1 8- b1s(d1methy1am1no)naphfhal—’
lehe The resu]ts of the X ray, crysta]lograph1c stud1es by

*Truter and V1ckery (156) showed that 1n the catjon;~a]l
- )

w7 »

atoms are dpprdximate]y coplanar except for the'methyl

[

- carbon atoms and the hydrogen atoms 1n these groups The
N---N dlstance is 2 6 A wh1 can be compared w1th the.

~

N--—Nd1stance of 2.7 A 1n H3NH NH - The bond ang]e
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&\"

N-HT-N is about 170° so the N-HTQ--N bohd formed is just
slightly,bent. The'contqtmat1on of the protonated 1,8-
bis(dimethylamino)naphthalene therefore does not have the
strain that is present in the neutral base. The relieved
lstrain energy thus shows up as an increase of u[dton'
affinfty. | | \

One might ask oneself whether sjmtlar.strain is also
present in the thimethylaminohaphtha]ene (1v), causing-it
to have a higher basicitytthan norma]. It is expected
that such strain, if btesent, must be to a much lesser
extent, since compdund'(IV) may be stabi]izedAby intra-
molecular hydrogen bonding between the’]one'pair-om'the

nitrogen and the available hydrogen as in compound 1I.
N\ Me . P

1y

Simi\ar.stabi1ization is, of course, not possible with

v

the tetramethylaminonaphthalene.

Turning to thézbasicitiee of‘these_compounds in
aqueous so]ut1on, it can be seen in table 7.3 that the
effect of methyl subst1tut1onals much strong]y attenuated
when compared with that in the gas MEse up to tr1methy1-
- am1nonaphtha1ene (1V). The attenuation should have the»
ASame(Cause as that in the ammon1a and the an111ne ser1es.

’

It shou]d be recalled that the’ aqueous basicity of a base

@

1s a combined effects of its 1ntrins1c basic1ty

*
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-between compounds V and IV,-AGO(aq),for reactf
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and qﬁe solvation stability o6f the'protonated fon. Methyl

<substitution while Hmreasn@ the 1ntr1ns1c bas1c1ty by

stab111z1ng the protonated 1on on one hand, also reduces
the so]vat1on stab111ty of the ion by decreaSingrthe num-
ber of H bond forming pos1t1ons and weakening the remain-
ing H- bond 1nteract1ons The d1fferent1a1 so]vatlon of

the cat1ons results in a. strong attenuat1on on the effect

”of the methyl. subst1tut1on on the aqueous basicities of

the N- methylated d1am1nonaphtha1enes

| The most 1nterest1ng po1nt in the aqueous basicities
of th1s series is the 1arge incréase 1n aqueoué basici-
tres from tr1methy1am1nonaphthalene (IV) to tetramethyl—'Hf
am1nonaphtha1ene (V)-; The’ aqueous bas1c;ty.d1fference |

/.15, had

-l'
M.HN *N MezN MeHN - Mez Me2

“ “ '. ‘(7_]‘5)'.

been megsured ‘by Alder (]44) to be 8 1 kcal/mole. This

va]ue is as ]arge as (actua]]y slightly larger than) the
correspond1ng:-AG (g)’va1uef(710:kca]/mole)vmeasured:in

the present.sfudy. 'Since:the main drivfng-force for

-

reaction 7.15, 15 the re11ef of strain energy in V and

the strain remova] does not affect the so]vat1on of the

'prqtonated 1on, the ba51c1ty change in. aqueous so]ut1on

and in gas phase should be $1mi1ar. ~This is indeed what
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uas observed experimenta11y' It is noted that the proton-
’ated IV has .one more possible hydrogen bond1ng pos1t1on
than the protonated v, and one would expect the former |

is more favorab]y solvated than ‘the latter. If that is.

the caSe, the gas- phase bas1c1ty change from IV to Vv shou]d
be s]1ght]y 1arger than the aqueous basicity change It

is not clear why exper;menta] measurement§ give“the reverse
result. However, the caUse of the'small difference is

‘ probably unimportantt It s ;also fair to conclude that
both protonated 1ons of IV and V are poorly so]vated due

-to the ster1c hindrance of the. p sible H- bond1ng s1tes

As a resu]t thereeii,-:;} 11tt1e d1fferent1a] catlon1c :.H

so]vat1on between thiﬁ‘7'“ fﬁi‘ ateo lons | .
The gas- phase bas1c1ty of o dimethy]am1nobenzene {v1)

was a]so determ1ned as . shown in table’ 7. 1 The basicity

can be compared w1th that of tetramethy]aminonaphtha]ene (V)r

- o e
NMe2 : N, +
" H
NMeZ o @ IN-\- .
\ Me
VI S HY(vI)
. u+

M.'zN_ T NiMey Me N~ Ne,

N . y . » . H (V) .

Steric mode]s show that the amino groups tn VI are much
'1ess constralned than those in' V. Consequent]y, there
is not mych re11ef of stra1n energy on protonat1on of
VI.- The protonated VI is stab11ized by a similar H- bond

bridged structure as in the protonated V. 0ne7wou1d ex-
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pect that the.gas-phase basicity of VI is Tower than thatv
of V by approx1mate]y the amount of the strain energy re-
lieved on the protonation of Vi, d.e, about 6 kcal/mole.
Exper1menta1 resu]ts show that the gas phase. basicity of
tetramethy]am1nobenzene (VI) is lower than that.of'l,B—b1s-
(dimethy]amino)naphtha]ene>(V) by 7.4 kcal/mole, which is
in Tlne with the above predictiFn.' The s]iéht]y higher’
experihenta] value (7.4 kca]/mo]e) than the pred1cted
value ( 6 kca]/md]e) probab]y ref1ects a dtcrease in thev
etabi]1ty of thelprotonated VI 10n‘re1at1vevto the pro-
'tonated V ion due to the more highTy bent' H-bond in the
vprotonated VI and tme diffenence between'thetbenzene and
the naphtha]ene ring. :‘ _ : B N

The hydrat1on of the protonated tr1methy1%m1no—.
naphtha]ene (IV) and the p?é%onated tetramethy]amjno%,"
naphthalene (V) in which ‘the prdton is sterica]]y hindered'
may be compared w1th the’ hydrat1on of other _poorly 501-
vated protonated jons due to the absence of the exposed
atomic sites with‘appreciab1eppositive charge. .Becausee
of the lack of‘suitabte sites for proper spetific H-bond-
ing'With_the aolvent these systems would only experience
"phySica1 solvation- Tf they are of rough]y 51m113r 51ze,
‘thelr hydrat1on energles wou1d ‘be - s1m11ar In other

words, essent1a]1y no so1VQnt effect wou]d be observed

for these bases,‘B; in the proton transfer reaction 1.13,

GHT 4By = By o+ BT S ()
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and therefore AG°(g) = AGo(aq),-forithe reaction. Using:
ammonia'aé the referghce base, Taft et al. (757) have -

determined the standard free energy chahges in the gas

phase for the proton transfer reaction 3.1 . from the

. : i N
ammonium ion to bases B, which-on protonation, leads to

the formation_of'BHE ions_of the above type. A comparison
. | ‘. O ‘ . ’ ) 9 . :
. R + = N o , ' 1y
. &RryNH4W + B NH3 + BH | (3.1)4

of the AGO( ) va]ues with the corresponding AG (aq) va]oes

ofor reaction 3.1 indicates a nearly constant d1fference Ay -

of AG (aq) - AGO(g) x 35 + ] kca]/mo]e for these systems. ‘
Some examp]es of the bases B, which fit 1hto this reta-.
tionship are: 2,6-di-te?tebuty1pyridine (A = 34 (Ca]/

7_m.'o_1.e).,< heX'ameth'yibenze‘ne (o= 35?2 kcal/mole) and 1,1,-di-
pheny1ethy1ene.(£x= 34'7'hcai)mo]e) As po1nted qutsby Taft
(157), the tert- buty] groups in the first examp]e are ex-

» v

'pected to have comp]ete]y b]ocked out ‘the possible spec1f1c &

“‘ihydrogen bond1ng s1tes of the NH group in BH' “and the N:

'_atom in B a situation s1m1}ar to the case- w1th\tr1methy1—

- .
am1nonaphtha1ené (IV) and tetramethy]am1nbnaphtha1ene (V)
In‘the last’ two examp]es, the extens1ve d&]oca]1zat1on of
the pos1t1ve charge throughout the re]at1ve1y large cat1on
'g1ves the reéu1t1ng protonated 1ons a very poor so]vat1ng

ab111ty S]nce the 1on hydrat1on energy ise the domwnant

term in A, a large positive A va]ye reflects that the NH4a

- is much better solvated than BH'. A nearly constant A f

‘.
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diffefent bases‘B imthesv that the ionic solvation for
different BH* is similar, S1m1]ar A values can be - ca]cu;
dated for compounds IV.and V. The G (g) values for re-
. action 3.1 were determ1ned to be}-39.2 kca]/mo1e w1th ‘tetra-
‘methylam1nonaphtha1ene (V) and -3\.8 kca]/mo]e with tri-
methylaminonaphthalene (iV) a&s the base B (see tdble 7.1).
The AGO(aQ) for reaction 3.1 may be ca]cuiateo from the

relationship-

‘/) «286%(ag) = -2.303 RT[pKa(BH+) - pKa(NH4+)] (?,16)

With the fo]1ow1ng 11terature pK Va1oes for the cohjugate
acids BH of bases, B: ammonia, 9m24 (158); trimethy]amino-
| naphtha]éne (Iy), 6.43; ‘and tetramethy]amlnonaphthalene (V)
12. 34 (144), the AG (aq) va]ues for reactlon 3.1 at 298 K
are ca]cu]ated to be +3 83 kca]/mo]e and -4, 23 kca]/mo]e
for compounds IV and V respect1ve1y Neg]eot1ng the tem-
perature effect on the A6° va1ues (whjch Should be_withine
h 1 kca]/mo]e) the calculated A (AGo(ao)“— AGO(g))for di-
;‘.am1nonaphtha1enes (IV) and (V) are 35.6 kcal/mo]e and
| '35 O:kca1/mo5e The fact that compounds 1V and V also
flb into the above ment1oned re]at1onsh1p suggests that
the1r protonated 1ons are. poor]y so]vated and their
.ionie nydrat1on energ1es are simi]ar to thoses BH wh1£h'

"~

do not have favorable specific H bond1ng sites available

.

B for so]vat1on Th1s is in agreement with the conc]us1ons

drawn previous]y



10N EQUILIBRIA STUDIES OF THE SOLVATION OF THE PROTON BY

DIMETHYL SULFOXIDE (DMSO) AND ACETONE IN THE GAS PHASE .

’.
CHAPTER VIII =

8.1 Introduction

In the determination of the proton affinity of di-
‘methyl sulfoxide (DMSO), it was observed that even at -

600°K and with DMSO partia} pressure of 1 mtorr in the
ion source, the formation of the protonated DMSO dimer

-

- was still signifjcént.‘.The strong tendency to form the
Abrotonated_dimérs even at such high temperat&ke was only
observed with molecules like water where thé protqnated‘
speciés can -form a strong hydrogen bond with another
neutral molecule. Itlwas decided that it would be fntér:b

'ésting to study the solvation of the proton by”DMSO in

H¥ (DMsO)

L K
aoy * DMSO = H(DMSO) L (8]

i/
-

. the gas phase. The determihation'of equilibrium constants,

K for reaction 8.1 at different temperatures allows

n-1,n

“the evaluation of the thermodynamic quahtities 4G°

n-1,n’

° ~and AS®

AHn—],n n-T.n for different n. With n = 1, reaction

s

8.1 refers to the definition of the proton affinity.

-

+.

COWT 4 DMSO = HT(DMSO) . aHD | (8.2)
,Therefdre,;AHg 1 ° -PA(DMSO) . In,thé present study, re-

7actibn 8.1 was studﬁéd for n™= 2 and 3. High pressure  _

. , . o .
mass spectrometry has proven to be a‘veiy\igiiiile'method

361
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fok-the'stﬁdy of gas-phase solvation (41).‘ Reaction 8.T;
is‘exgtﬁermic and requires a third-pody fqr therma]izat{on.
At pressure below ~19 torr, c]ustering.reactioné'1ike 8;1
arﬁgusua11y hir order (41). Cohsequent]y, the forward
and reverse ne ction rates are usuaf]j too s%dw ana do not
lead to equilibrium wHen fechnfques such as IgR are used
~in which the total pressu}evis oh]y around 1078 torr. The

_solvation of the hydrpgen ion by water, methanol and dij-

»

methyl ether inthe}gas‘phase'was studied by>Grimsrud and
. '
Kebarle (47) in this 1aboratpry some time ago. The marked

of, th.on.*

difference in the solvation of the protonated H 30H,

3
. and (CH3)20H+ by respective molecules was shown to be

mostly due to the blocking of hydrogen 'bonding ‘sites in
the prdtonated ion by successively\rep1acing the‘hydrogew
atom with the methyl group. By comparing the solvation

of the hydrogen ion by DMSO with that by H,0 afMd (CH.).0

2 3)2 >
-One could determine whether or nbt hydrogen bonding is
the only important factor in the association of DMSO
m%Jecu1es with the proton. o o 4\

The solvation of the hydrogen ion by'acetone was

L]

also 1nvestqufed. Acetone has'a mb]ecu]ar-stngcture
‘}fhit_bearsvsomé resemblamce to that of DMSO. ' The -
equilibrium 8.3 was studied for n = 2 and 3. These

H+jace£9ne)n_] + acetone = H+(aceton'e)n (8.3)

~

»

“resultd will also be presented .i is chapter.
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~8.2 Experimental -

The equilibrium constant, Kn—] ns for the reaction:

J

*(DMsSO) + DMSO = H'(DMSO) o (8.1)
n-.l : ) : n .

was calculated from\the expression
¢ - I 1 -
. K = DX — B (8.4)

PoMso , -

where I /1 . is the equilibrium jon intensity ratio for
the protonated DMSO clusters and.PDMSO is the pressure of

DMS0O in tHe ion source. ' The hand]ing and admission of gas

mlxture to the ion source was very s1m11ar to that described

.

' prev1ous]y in Chapter I1. Sﬁyples were prepared by inject-

1ng an appropr1ate amount of DMSO 1nto the 5 liter glass
ulb at 100°C fr\]ed w1th-] atmosphere of methane buffer
as. The thorough]y mixed gas samp]e was passed continu-

ous]y through the thermostated ion source and removed by

‘an exhaust pump. The DMSO concentration (1 150 mtorr)

'ﬁn the'iOn;sourcefwas varied by yaryingd;he ion sqorce
pressdre (ZfS torr) end by varying the partia]fpressure%
of'DMSO in the‘S‘limer.samp1e bulb. VThevequiiibrium‘ion
rafio,'ln/In_1,'was eVa1uated in the same way‘es des-

“cribed in Chapter I1. With the known P in -the ion

DHSO

source, Kn;]" can be ca]cu]ated In aI] measurements,
‘conditions Were cho§en so that the observed ion7ratjo
I,/1,_y is less than 0.2 if possible. This is to mini-

mize the uncertainties that may result from the possible

.
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.. decomposition of the higher cluster H+(DMSO)n. into the

lower cluster H‘t(D."ISO)n_1 and DMSO molecule outside the

ion source. For example, with aoIﬁ/I ratio of 10,

n-1

10% decomoosftion of the highg% cluster would resulf'in"

~a 55% error in the I,/1,_y ratio, whereas for a I/ 1n 4

ratio of 0.2, 10% decomposition wou]d only-result in

12% error in the observed In/In;1 ratio. For the equil-t

ioriom constant'K] o correspondingqto the association .
reactionf '

s, .
H(DMs0) + pMso = W (DMso), - (8.5)

the value of K] 2 is very large (~2 x 103 torr" ) even at

600°K. Consequent]y, the cr1ter1a that the equ111br1um.

I /I ratio <O 2 codﬁd not be fu1f111ed even w1th a

.n-1

0“50 Pressure as low as 1 x 10° -3 torr (which gave In /T,

2). Of course, on principle this ratto-could be obtained

at temperatures apove 600°K. However, genera]Ty work at
+ .

such high temperature is d1ff1cu]t as comp11cat1ons often
ar1se from thermal decompos1t1on of the neutra] compounds.
Therefore the prob]em was overcome by effect1ve1y splitt-

k]
1ng react1on 8.5 into two steps,

v_KD,A- '

H+(DMSO)(acetone) + DMSO = Hf(DMSO)2'+-acetohef

H+(DMSO) + acetone ='H+(DMSO)(aceto'e)

,, . S _KDD, | .(87)

S o 5 | o
and thé”iwg%reactions were studied separately. The

-‘( -8
. y K—"\/ :
PURS ; .
K L - .
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‘equ1l1br1um constant K] Y for react1on 8. 5 may then be

ca]cu]ated from the expression K];Z = KDAKDD'~ React1on g :‘

8. 6 is the association react1on of H+(DMSO) w1th acetone

The proton affinity of . DMSO is 14.9 kca1/mo]e higher than

that of acetone (see table 3.57). S1nce-the stab111ty'of

s

a given positive onium”ion_such as H30 and NH4 c]uster—
ving with different baées B deCrease;K;ith deCreasTng
'proton affinity_of the bases, it could be expected that
H+(DMSO)(acetone) would be less stable than H' (DMS0),

Therefore, reaction 8.6 would be 1ess exotherm1c than re—v

act1qn 8.5 and K ls sma]]er than K for DMSO at the

DA 1, 2
W
-same_temperature. It shou]d be ‘noted that the equ111br1um

constants k do not depend on the part1a1 pressure of N

".DMSD .. Kpp were measured w1th traces of DMSO together _
B . \ . \

With 1-]50°mtorr acetone and 2:-5 torr methane buffer gat
in the ion source. 'Under -such cond1t1ons the criteria of
I

”f(DMSO)(aéetone)/IH*(Dmsb) < 0.2 was satisfied. Reaéti°"
v8.7 is an exchange reaction measur1ng the re]at1ve stab- .
-1I1ty of the nwt (DMSO)(acetone) 1on,anﬁwthe H',_(‘DMSO)2 inn.“
'Its equi]ibriqm cdnstants, KDD’ were_determined in a way
tanalogousyto that in proton transfer reactions. S1nce KDD
nere'fairly large ( ]03), 1arge rat1os of [acetone]/[DMSO]
were used 1in order to m1n1maze the uncerta1nty in. the'
measurements of the correﬁpond1ng ion 1ntens1ty rat1os #
‘tTh1s was ach1eved by e11m1nat1ng the use of methane buffer,

1
when acetone is used as the majdr gas, the primary iona:

ot
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formed bylelectron impact are CH,C0" and CHycOCH,*. These
react w1th acetone to give HY (CH3COCH3) as shown in-re-

P

<

act1ons 8.8 and 8.9. . o - ' P L
. + . - . : ‘ + ‘ - N
CHyco” 4 CH3cqu3-———>r1;CH3COCH3) + CH,CO  (8.8)
o - + DU ’ ,
CHCOCH, + CHoCOcH, —~ M LGH3C0CHS) + CoH 0 (8.9)

3
The équiiibriuh constants'fdr the reaction:

ut (DMSO)2+ DMSO = K™ (DMSO) (8.10)

3

,were_smaT1er and therefore thése‘equi]ibria/igglg;be*deter_‘

mined diréct]y, iX. ‘th0ut'thé.médiation of acetone.

8.3 Presentat1on of Resu1ts

s

The equ111br1um constants at d1fferent tedperatures

were determ1ned for the fo]lowlng react1ons

¢ ﬂ+(DMSO) + acetone = ‘H'(DMSO) (acétone) (8.6)

H'(DMS0) (acetone) + DNSO = H'(DMS®), + acetone (8.7)

H'(DMS0), +.0MSD = H+GDH5693 « . (8.10)
) , |

'Hf(acetone) + acetone gt (acetone)2 ‘(8.1])

H (acetone)2 + DMSO =yt (DMSO)(acetone) + acetone (8.12)-

The results shdw@ﬂg the inVariance pf equilibrium constants
N - . .. . “"s' o - . -
with the corresponding neutral concentrations-are shown in
o T ”

~ figures 8.1 - 8.4 for reaction 8.6; in<table 8.1 for re-

action 8.75%in figures 8.5 - 8.7 for reaction 8.10; in
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'ffjguresNB.BfL 8. 9. for react1on 8 TT and for .

reaction'B;Té. The temperature depeqdenc of the équv11b-_
:i:rfum:consfant.K,.Js Aibwn by pTottlng the Togarathms of K-
_as a“functTOn.of'T/T ' Such van "t Hoff plots for/react1ons
vﬂ8 6, 8 7 and 8. TO are. shown in f1gure 8 10. ATso shown ‘
.1n f1gure 8, TO 1s the temperature dependence &? the equ11-

'1br1um constant‘fon;react1on 8:53wh1ch is caTquated.from

: L . +,\‘ . - ) . | . " | ) . "‘ . g
g - ¥ H-(DMSO) + DMSO =H (DMSO)2 o 4g.5)
Jthe eqoi]ﬁbridm constants of‘reactions'&.6 and‘S 75 .iThe._
A\ ] .\. . o . .
_,van‘t Hoff*p]ots~for reactionsg8.11 and’8 I2 are shown in

.f1ggres 8. TT and 8 iz, respeCtTVeTy : The standard entha]py

change, AH s and the standard entropy change as®, fo or
these react1ons were obta1ned respect1ve]y from the sTope
iand the 1ntercept of\the correspond1ng van t Ho ff. pTot
’:The.AH and. AS va]ues der1ved from the Teast squarei
ana]ys1s of the, data are summar1zed 1n tabTe 8.3 together"k
with thetr correspond1ng standard dev1at1ons The AG298

values for.1nd1v1dua1 react1ons obta1ned by extrapo]atlon

are also shown in table 8. 3 : ,_: o 'ff

8.4 So]vat1on of the Hydrogen Ion by DMSO in the Gas Phase

Compar1son w1th S1m1lar So]vat1on Processes InvoTv1ng

Water, D1methyT Ether and Aceton1tr11e

The solvatlon of the hydrogen ion by DMSO is best dis-

Cussed in. comparlson with that by othef prottc and aprot1c
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Tab]e 8 z

: Equ1]1br1um Constan

N ARLO N .
e

Exchange React1on

!s at D1fferent Te@beratures for the

ef', H*(acetone)2 + DMSO = H (acetone)(DMSO) + acetone f;f Cle

L Temp. " Pacetone

’tif71_ﬁorr)
0.90°
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13100
- 3.35
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346 5°C
o (619 5°K)
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2.75.
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235°C -
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204°C
(477°K)
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Table 8.2 (continued) .
Paceto_rje PQMSO 'Pion~-:'“" ©oK v-'AGO
(mtorr)iaz (mtprr0 ;i;gg:je '(kﬁal/mq1é)'
. _ S (kcal/mole)
19 x 10° % 5.8~ 4.20 5.01 x 107
00 x 10° . 0.50 .00 5.17 x 10*
90 x 100 9,95 1.90 5.33 x 10%
.30 x 10° 1.15 2.30 5.06 x 10%
.10 x 10° 1.55 3.10 5.33 x 10%
.50 x 10% 1.75 3.50 - 5.33% 10%
.30 x 10° 2.15 430 5.28 x 10% |
B q Ave: 5.12 x 10% 11.44
.80 10° £0.90 1.80°  7.83.x 10°
40 x 10° 1.20 2.40  7.99 x 10% '
.50 x 10° .25~ 2.50  7.89 x 10°
.30 x 10° 1.65 3.30° © 8.05x 10°
.00 x 10° 2.00 4.00  7.99 x 10%
.70 x 10° 0.35 . 1.70 7.98 x 10%
.30.x.10° -0.48. © 2.30 9.2 x 10%
.80 x 10° - 0.58 - 2.80 8.88 x 10%
.55 x 10° 0.73 3.55 9.12 x 10% .
Ave: 8.33 x-107 11.44
. , \
.30 x 10° 4.62 - 3.30.  13.5 x'10%
.99 x 10° 5060 4.00 ' 14.6 x 10°
19 x 10° 5.88 420 141 x 10°
30x10° 15 230 TR x 108 :
J0x 100 185 3.10 ',w—TZT?\\§ 104
30x 100 1.65 3.30 181 x 10+ ;
20x 100 2,10 420 17.3 x 100 |
caver 16 x 10t 1136
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FIGURE 8.11 van't Hoff Plot for the Reaction:

H {acetone) + acetone = H_(acetone)é
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o

.mOieéuTess Prpt1c mo]ecu]es 11ke HZO have one or more

ac1dtc hydrogen capab]e of hydrogen bondlng with mo]ec?]es,;

which are e]ectron donors. Mo]ecu]es 11ke (CHJ)ZO,p_hyi.foV

(CH3)250 and CH CN WhICh do not have any eas1]y d1ssoc%;’”'

ab]e acld‘c hydrogen are c]assifled as aprot1v mo]ecu]es

Due to the presence of large permanent d1polef mo]e-""

_i'
cules 11ke (CH3)250 and CH3CN "these mo1ecu1es are ca]]ed %’

d1p01ar aprot1c mo]ecu]es in d1st1nct1on from other aprotlc

| molecuﬁes ]1ke (CH3) O wh1ch have smal]er permanent d1po]es ;«

'thls 1aboratory Recent]yq a 51m1]ar study w1th aceto-

'-‘The so]vatlon of the hydrogen ion by water and d1methy1

'“,:ether has been stud1ed by Grlmsrud and Kebar]e (47) from

¥
By

: n1tr1le has been reported‘by Meot- Ner (159) f A compar1son

of theethﬁrmodynam1c, data obta1ned from these stud1e5»j’

‘.dﬂth the present resu]ts obta1ned w1th DMSO is g1ven in

.table 8.4. Comparatlve van't Hoff p]ots of these results

are. 111ustrated 1n f1gure 8 13

The-AH of the g,1 1nteract1ons for the solvat10n

“'react1on refers to the protoh aff1n1t1es of d1fferent sol-

,fH*"(' )n LR H (M) (n}-‘]_,n):" (8".’1_3')"""“

\ventfmolecuTeg’M ' It may be seen.in'table'8}4 that a1th0ughd.

.the proton aff1nity¢va]ues d1ffer by as much as 42 7 kcal/

mole (PA d]fference between DMSO and H O) the-AH of’ the

1,2 interactlons for these mo]ecu]es are very sim11ar fse,

~30 5. kca]/mo]e (see tab]e 8 4)
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"'FIGURE 8.13 vap 't Hoff P]ots for Gas- Phase Equ111br1a

4 + .
,H'ﬁM)hal i M= H (M)n,wjth n_—-2 3 and

S R X (CHy),0, CHyeN, (CH3)250 and
S \(CL3)2CO.' ER
-‘ (2-=-) M= H)0;
N (=) M = CHiON;
‘ (steene) M = (CHy) ,C0

R . i
L AL . P I
' | 50

(CH3)3

;

(The 2 3 p]ot for acetone 15 shown from est1mate only, it is -
probab]y 1naccurate The error bars 1nd1cate the var1at1ons

— h-;7f.{ observed in the EXper1ments, ige section 8, 7)

O
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- Ifone exam1nes the structures of the f01]OWLng brotonatedgff

o

one wou]d see that al] four protonated d1mers are stab1l1zed s

by hydrogen bond1ngt The observat1on that the 1 y 2 1nter-

. actions are simi]ar for water, d1methy] ether DMSO and

aceton1tr11e may be exp]a1ned by say1ng that the’ strength
of hydrogen bondlng 1n these protonated c]usters are . 51m11ar
S1nce ‘the strength of the 1on1c hydrogen bond depends on,
tha part1a1 pos1t1ve charge of the part1c1patang hydrogen*
on the 1on and the ava11ab111ty of the lone pair e]ectron
from the add1t1ona1 mo]ecu]e one may hasten to'draw the‘
: conc]us1on that the partial positive charges on the hydro—
gens in a}1 four protonated monomers are s1m11ar ; Th]S_
’1s not necessar11y so, ‘the dipole moments (160) ‘of DMSO.
(3.96D) and ﬂcetonitriTé (3 92D) are much 1arger than ‘
'those of water (1 850) and d1methy1 ether (1.30D). .The
resu]tlng 1on1c ‘hydrogen bonds wWithin the Y (DHSO)2 and

H (CH CN) c]usters are strengthened more by the 1on-‘

dfpo}ar jnteract1ons. This effect may be yisua]iZed as the

’

c]usters resu1t1ng from: the 1,2 1nteractﬂon f,"' d'7‘ df ',f”
\O-/ - | -\0/ ~CHy 0 sy .
Yo _ REE NGV AN N o '
. [ T S st | owg
M K - [ "CHCNHNCCF*
L . Tk B T DR ?’b
°\ N /0 B e
) - ] ‘ ‘ .0‘ .V\ A N L
H+(H 0) COUHNEH),0),  HY((CH.).50). H(CHLON),
AH00, d 3/20); JHUERg,S0), o MCHEN),
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'better ava11ab1t1ty of the e]ectron lone- palr from the oxyé'”

gen of DMSO and ‘the n1trogen of aceton1tr1]e, s1nce a 1arge o

~

fract1on of the permanent dlpoles of DMSO and aceton1tr11e

'are located in the SO and CN group, respect1ve1y Th1s may

d'suggest that wh11e the part1a1 gos1t1ve charge on the hydro-kv

‘1

gen is 51m11ar 1n the protonated Water and the protonated

d1methy1 ether 1t°1s probab]y 1ess 1n the protonated DMSO

"'_and the protonated acet0n1tr11e It may be 1nterest1ng to_;

p01nt out here that from the resu]ts ‘of stud1es by Yamdagn1

fand Kebarle (2), the strength of bond1ng in the n1trogen'

: bases R3N---H ---NR3 does not depend much on the subst1tu¥t

vnts R and 1t 1s 1ower than that of the RZO---H ----OR2

system Thus the nature of the basic atom 0 or N 1n the

N

ey

- bases seems. dec151ve in determ1n1ng the stab111t1es of . s

R

-

“5the protonated symmetr1c d1mers
l° Very drast1c d)fferences are observed among the
: 2 3 1nteract1ons for water, d1methy1 ether, DM&D and~
aceton1tr11e The AH2 3 va1ues for the four so]vent mo]e?

cu1es may be rough]y d1v1ded 1nto two groups HZO and*

rxDMSO have hﬂgher -AH2 3 va1ues ( 20 kca1/mo]e) 1nd1cat1ngf'd,

_;the presence of stronger exterha] stab111zat1on The,j‘:
AH2‘3 for d1methy1 ether and aceton1tr11e are 1ower and

'of s1m1]ar magn1tude (~10° kca]/mo]e) - The exp]anat1on

thffered by Kebar]e (47) for ‘the d]fference 1n ~AHg 3f.f'

dva]ues for. water and d1methy1 ether is the absence of

hydrogen bondlng in the 2 37 1nteract1on for d1methy1~“'

4 -~



ether Th1s 1s very reasonab]e 1f one exam1nes the strucfz'""'

- tures of the fo]]ow1ng protonated c]usters

a0 J0-H o R
NS e T NG
Lo ] s '_r:tngf: ‘)/ggHg
R o R A :_0'\-'.
(:) . . — o L (:) . ,..\. CHJ
/ \ ' ‘?a‘ / \ . '
, . CHy CH, ‘
H“+(H-’;‘0) (‘ CH-) 0)
R0, (CH3), 3
The add1t1on of the thlrd HZO mo]ecu]e to the H {H O)2

‘1on can stlﬂ be stab1]1zed by a strongahydrogen bond a]-t

though the strength of the H bond wou]d be a J}tt]e weaker e

L than the f1rst one . because the part1a1 pos1t1ve charge

.on th@ hydrogen of the H {H O)2 ls 1ess than that df

H3O But “for H (CH3OCH3)2, due to the comp]ete b]ockage. .

‘:"of ‘H- bond1ng s1tes by the methy1 groups the on]y stab11-l‘

'12at10n for a further add1t1on of (CH3)20 mo]ecu]e is

may. be 111ustrated by the resu1t§ that —AH2 é'va1ue for -

.water 1s h1gher than that for d1methy1 ether by 9.4 tfﬁ'::iV

,ikca]/mo]e ‘The same reason1ng was used by Meot Ner'

'T(159) 1n exp1a1n1ng thew]ower_—AH2 3 va]ue for CH CN

3
‘.V;re]at1ve to tba\\for H,0, 51nce on]y 1on d1po]ar forces -
T <

*. are operatlve 1n the assoc1at1on of H (CH CN)2 w1th the

Y

392

"the 1on d1po1ar 1nteract1ons The s1gn1?1ca of hydro— J_‘ u
beng bond1ng 1n the stab1]1ty of the protqygf:?\c1usters
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'third CH CN mo]ecu]e
Accordlng to the reason1ng g1ven above 1t wou]d beig*f'
'Nexpected that the é#é;&gteract1on for DMSO shou]d be sim-

'ﬂ-‘_11ar td those of d1methy] ether and acetbn1tr11e B The's?'

n‘1nnerssolvat1dn she]]"'of H _1s comp]etely f111ed by

the add1t1on of two DMSO molecu]es Further add1t1on of'
-

‘ea DMSO mo1ecu1e 1f 1t goes to the next so1vat1on she]l" _5

:_of the nt lon, would be stab1112ed JUSt by - "phys1ca]"»‘f{

'fsolvat1on between the 1on and the neutra] mo]ecu]e the B

) K'gsame a’s 1n the'case of d1methy] ether and aceton1tr11e

o

.The present resu]ts (see tab]e 8 4) show that the H2 3 fjf;ﬁ

'."va1ue for DMSO 1s 21 .3, kca]/mo]e much h1gher than those-

1

',_afor d1methy1 ether and aceton1tr11e ( 10 kca]/mo]e)

fThis suggests that the stab1]1zat1on forces for the_ o

| piH (DMSO)3 c]uster are d1f;ereht from those for the s

;i¥H (CH OCH }3 and the Ht (CH CN)3 c]usters . Since H bond1ng
is not poss1b1e 1n the 2 3 1nteract1ons for a]] three
_cases the h1gher -AH2 3 value for*ﬁMSO probab]y comes |

'rlrfrom h1gher ion- d1po]ar stabi]1zat1on The- h1gher 1on-nh'

R e )’»1]. ‘
:779‘d1p01ar stab111zat1on cannot_ be exp]ained 51mp1y on. the,*
'"*:;bas1s that DMSO has a 1arge pmmmnent dupole 1" the 50
“'egroup' If the Permbnent d1p01e of the so1vent moleculef‘*‘ E

tis the on]y govern1ng factor the 2, 3 1nteract1ons for-

DMSO and acetonltrlle would e s1m11ar ‘since the d1po]e 5$7?“';"

'moment of aceton1tr11e (3. 920) istas ]arge as that of _ ii

DMSO (3 960) Th]S 1eads to the suggest1on that the
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hlgher 1on d1po]ar 1nteractlons between H (DMSO)Z'and DMSO

' '*\15 a resu]t of the a]]gnment of the permanent d1po1e 1n

o DMSO w1th a spec1?1c s:te 1n the H (DMSO)2 lon wh1ch carrles:'*

[
ta’ large part1a1 p051t1ve charge It may be expected that

con51derab1e part1a1 pos1t1ve charge wou]d 1ocate in the L
su]fur atom in the protonated DMSDZ As DMSO has a pyram1d-j‘

'_a;al structure I(lﬁl) thea]1mmwntfbr Such Ton, d1po1ar inter-

- . 'A:"\‘. 3

) : . /y. ‘_ e ’ o
SR - A3
)

. s
X

: actlon resu]t1ng in a cha1n Fike’ structure 11 for. " (DMSO)3_f1i:
has 11tt1e ster1c h1ndrance
R

| ;;_ Jﬁ;gf‘t " ‘ .Ch . cué tﬁf" ‘.;W
o .;a§°0ff’* '// \\\CH .; (11)
_k<§:cu3*

CH3
_ The reason for the weaker z 3 1nteract1ons 1n aceto-f-;
. n1tr1]e even though it has a 1arge permanent d1po]e Br”b— t;fnn
_ab]y}11es in the fact that . no strong part1a1 posltIVEip .
-charge is 1oca11zed on the unsaturated carbon atom in the
protonated aceton1tr11e ' Th1s results in much weaker jon;l

L Vs

d1polar 1nteractlon s1m1]ar to ‘the case of H (CH3OC-'H3)3
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The above explanation is supported by the experimental
As? value for DMSO. In~compar{ng the AS° . values for
2',3 _ . . S . n-1,n . . .
HZO,.(CH3)20, (CH3)250 epd CH3CN.in table 8.4, it is

abserved that there is. a steady decrease going from —AS? 2

to‘- S? 3 (A = -AS?,2»+ ASS,B) in“water‘(A = IZ.QVeu),

‘d1methy1 ether (A = 2.0 eu) and acetohitrile (A =10 eu),

 but for DMSO, the 52 3 s much higher than -4s? A=

1,27

-12 eu. The" decrease 1n “the entropy change probab]y re-
flects the tightening of ‘the The (DMSO)3 cluster through the
alignment of all three DMSO mo]ecules around the proton

I
-&be entropy change of a c1uster1ng reaction such as reactlon

8.10 may be represented as the sum of contributions from

~

H'(DMS0), + DMSO - H' (DMs0) (8.10)

trans]atfona],grbtationa]vand'vibrational entropy changes:
) v

0
. +
trans ASrot

o

AS® = as 0

+ Asvib (8.14)

The contr1but1on of Astra is the predominant term and is

4

always negat]ve in magnitude due to the loss of freedem

in assoc1at1ng a mo]ecu]e to the growing cluster. The e

sum of AS ol and AS ib fs'usua11y much_smaller and it tends

to be positive due to the increase of the moments of in-
-ertia and the increask of vibrational modes in the 1arger

€1ustEr ;Therefore '~AStraﬁs.may be used as. the maximum

e, Nt @ N . -

_,‘E, . B T

fﬁf “11m1t of -AS for compar1ng w1th the experrmenta1L-AS for.

]

c]uster1ng reaCt]on © The Qrmnshat1oaa1~en§rqpx_of_a'
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molecule with molecular weight M is given by the Sackur-
Tetrode edﬁation’(l62):.

" 5

trans = 3/2RInM + 3RInT - 2.371 - (8.15)

2

It follows that for the association reaction 8.10, the

‘tf&hs]ationa1 entropy change could be written as:

o3 Mt(omso), . S f
AS = 2RIn , —. - = RInT + 2.311 . (8.16)
trans = 2" Moy M 2 ~ R
i H+(DMSO)2 DMSO

where M are the cofrespondfng‘mo1ecu1ar weights. EQUation
8.16 gives a value of AS® _  (298°K) = -37.8 cal °K_]

_ . trans
‘mo1e—T. Comparing with the experiménta1 Aas® = <34.9 cal
°K_] mole_1,‘the increase in rotational and vibrational
entropigs of-thé 2,3 interaction forfDMSO is just'2.93ca1
1. Similar calculation for dimethyl ether

° ° = E . o -1 —] .
trans(298 K) = -36.3 cal °K " mole - Comp;rjng
1

<4 : » -
with the corresponding experimenta]jASp,3_;27Mg_ggJ;?K, .

- T The veral T

ok~ mole”

yields AS

mo]e-], the difference is 8.9 cal °K mole

- e O

- tively-small-increase in retational "and" vibrational entro-- .

bieé“1;Qéxpédtedfde réath6h"8}T0; %incégfhé’propdsed5
“}igﬁa:stfutthre'of'H+(DM50)3gis,more_tjgh¢1y,bopnd~thqn‘v.u.]

the corresponding H+(CH3OCH3)3'ion:
It is interesting to note that the -AHg 3

value for
DMSO (21.3 kcal/mole) is even slightly higher than that

o fpr,ﬂzp g19.5_kga1/mole). It shows that under favorable
- tbﬁdi;fqhsj'thé ioﬁAdprTar’intprattiOnS-;an be as effec-
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t1ve as. hydrogen bond1ng in the stab1]1zat1on of the pro—'

‘tonated: clusters. In pa551ng, it should a]so be mentioned

"that in so]ution the strong mo]ecu]ar assoc1at1on of DMSO'

by dipoleg d1po1e 1nteract1ons is also. comparable with

that of water which owes its highTy assoc1at1ve propert1es

to strong hydrogen bonding. ‘This is evident fr,om the

AHevap values "’ (163) of DMSQJ(12;6 kcal/mole) and HZO

Ry

{10.5 kcal/mole).

,8.5 S1ng]e Ion So]vat1on in the Gas Phase and in the

3
PR

L1qu1d Phase

The so]vat1on of the hyd?bgenitgn“by-DMSOJin‘the7"

qas phase and the 11qu1d phase may be conSJdered in the U

fo]low1ng manner, The “‘enthalpy of jon’ soTvat1on measured'

in the gas phase,_AH°' » as shown in reaction 8.17, can

O"n e e L.
o HT(OMS0) - .+lpMsO. - Hitomse) - AH° e W (8.7 )
: n=1 T e T AR
' - ‘n‘.’ ‘ T R
L TAD DL AP H RO £8.18)
cenie e 5 : - T
;i*be expressed. tn~tenms'bfa§uteéssivé'vé]ueé-of AHn-T;n"'*

. The enthalpy of- 1on so]vat1on in the 11qu1d phase,
Ahtrgf?MSO(__),_1s‘gonvent1ona1ly expressed as that cor- -
responding to putt]ng the ion into the bulk 11qu1d as
111ustrated in f1gure 8. 14A } dyiéﬂta1s d1pped31nto - f'?
11qu1d DMSO) An alternate process‘1eadtn; to R

trg+DMSO(H ) ou]d be to evaporate’dMSO mo]ecu]es from

AH

o



e

DMSO

*
ASSOMSO (it

P
-
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.o
T

ConventionaifRepresentafion '

| bmso

Ton is d1pped into" the
]1qu1d ‘

- ' B + | S :
. na s __&JDMSO) ‘ . ..qu1va1ent Representat1on
5 — .1 C ‘
.F_\\ilj__ , —d— T DMSO mo]ecu]es are ,
, : 1. | : ' evaporated from - 11qu1d
1 - o 1o —~DMS0 ‘and added to the ’
\\Q{E? N f‘i é&so ‘ngn’ the~proeessh1s -
) 1. 0. ' . .continued until-all -DMSO
- Cen AR ” e nfmo1ecu1es‘in“the‘buTk .
- T ) ) : R P ~ liquid have been trans—
’ '.7: - .fA_ Cn '"”lf;eﬁferred to the fon: |
g"DMSO ! o ol Z o : . +
‘ AHtr R AH n;nL3<DM30)h K ;AHDFT,H(H (DMSO)n)
- - . ~h,’, _.7.. « i . '. ~ .~ ’. "'] . . - : - e LR
B E oH ) DMSO) - E M, (H7(DMSO) )
1 :
 FIGURE 8.14  Single IonSolvation in Liquid



'11qu1d DMSO and
DMSO mo]ecu]es
to the on. Th

n“f1gure 8. 14B.

ion so]vat1on e
(H ), may be ex
~summation of th
1ng one DMSO mo
(DMSO) (b) th

' stepw1se add1t1

‘f,la - E: AHn ]

c -+D +
.‘AHtfgi-MSO(H~)

_The”firSt term

."The’ va]uerof AH

~;vaporat10n of D

;Targe (DMSO . a

©aHD h_i(szd)

from the fact t

add-t‘em to - the hydrogen>1on\“nt1] aly
in the‘b41k 11qu1d have been tra:sferre

is process is p1ctorialr“/1]1ustrated {n
Based on the\latter representat1on
ntha]py in the 1iquid phase, AH

pressed as the\sum of two terms (

e entha1py chang correspond1ng to sp11tt

1ecu1e from n DMSO mo1ecu1es }lAH n-1:n

e summatlon of the entha]py changes of
ons of DMSO mo]ecu]es to the hydrogene
(* (DMSO) 0. :
n

=“Z:AH°
5

n,n-1 DMSO) EIAH nina (DMSO) ) (8.19)

1n equat1on 8.19 deserves some.comments
n- ](DMSO) is equal to-the'heat of

MSO, AH (DMSO),oon]y when n.is very

s bolk-11qu1d). Whenvn is sma11

< AH (D O), Th1s may be v1sua11zed

vap .
hat it is muXh ‘easier to separate one

DMSO_no]ecuTe ffoq;fwo:DMSO no ecu]es than ffdm a»large

Number of DMSO

ralways holds

}‘EAH

n,

mo]ecu]es Therkfore, equat1on 8 20

On exam1n1ng the two components in the -

>

.,3,99“ o

(Dmso) < (n 1) Aﬂo d“%o (8,?0).,T‘

n- 1 vap
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400

1r1ght hand- s1de of. eQUat1on 8. 19 1t}ﬁs noted that‘ when

0

n s small, AR ne 1(H (DMSO) ) is, much greater than ,

S0
AHn n-=1

;H (DMSO) ;ex1st as a 1arge 11qu1d drop]et), both

(DMSO) When n 1s very 1arge'i1 e. (DMSO)

| Ang n_](DMSO) and aH> (H (omso) ) approach the va]ue,_fgagf

of AHsap(DMSO),:'Thﬁs'1s becaose asvn_1ncreases‘to a
very 1arge'number‘theion1c charge 5n-the resUJting c]uSter"
aH+(DMSO) is sh1e1ded ‘more and more by the DMSO ﬁg1e- |
‘_cu1es Eventua]]y, the c]us&er H* (DMSO) wou]d approach

.a large 11qu1d drop]et and the presence of the ionic.
'vcharge has m1n1ma1 effects on the remova] or the add1a
“tion of one’ DMSO mo]ecu]e from-or to the DMSO ]1qu1d,:
‘drop1et (164) , Thus,hfurther add1t1on of DMSO mo]ecu1e

g has 11tt1e effect on the AH H )va]ue and:mt

tr
'becomes constant theoret1ca11y when n'='w;‘

The so]vat1on energy of hydrogen 1on 1n 11qu1d

'DMSO was stud1ed by Beno1t (165). A va]ue AH g+DMSO
(H+) = -276 1 kca]ﬂmo]e was reported _'D]rect‘qdant1ta<
t1ve compar1sons betweenAHtrg+DMso( ) and AHO n(Hfﬁ

(DMSO) ) in th1s case are not poss1b]e ' Th]s is be-

cause the AHn n-l(H (DMSO) ) values were on]y deter—

]

‘ mined}up to n % 3 in the present study The don. trans-,‘(t._ (P
m1ss1on eff1c1ency of the present quadrupo]e mass

. spectrometer starts to drop tremendous]y for 1ons ﬁath’”

1qurés 2 10 and 2 11) vJead1ng to~v§<ﬁffﬁiﬁ*;ﬁJﬂf?i




‘n7;?with h1qher masses'(m/e for H (DMSO) 313) 3 But ua]-;,_nl..~b:
L 4 » 8 IR

-_'1tat1ve compar1son can be made by observ1nq that the

'”T)fh,second term 1n equat1on 8 19 Js'the dom1nat1nq term re1-¥

u

;‘at1ve to the f1rst %erm ( ¥ AHvap(DM505 12 6 kca]/

' ey - ..3 R SO

,mole :163)) By COmpar1nq the present va]ue Z: A”Qh'h;1

’ " net o ’}1'. .
the:

o .\ i .."i,.v_m:y

(‘H*(DMSO) ) —-266 5. kca]/m.o]e (tab1e 8. 4) with

va]ue AH rq*DMSO(Hv)ﬂée
a

i_;f1ed to say that“

'1ahqe part of.AH‘ ‘:

‘ accounted for by the assoc1at1on of the hydquen"dpn?"hi&fﬁhﬁla;»
'w1th a few DMSO molecu]es It may be expected that the'

so1vat1ontof an 1on by ]1qu1d so]vent can be qua11tat-.

4

dve]y stud1ed w1th mode]s based on the 1nteract1ons

of the 1on,w1th on1y a few so]vent mo]ecu]es

..e
L3 -
R :

"\816‘ Proton Aff1n1ty D1fference Between DMSO and

UaAcetone S }
T.The gas phase bas1c1ty d1fference between DMSO
g and acetone has been determ1ned ear11er from the multi- -
cyc1es of proton tﬁansfer react1ons (see table 3 1). o b . ‘
»,‘A_value of -AGGOO . 15 0. kca]/mo]é was obta1ned for

_ theffeaction'8{21. The entha]py change of the reactlon'
o 4.5_

' tacetone) t"_D‘Mso C=Cacetong i it

- PR . NN
s A e AN et Lt -
~ PR "‘ . .
WL R ,‘) : A

'bfmay&be caqu]ated

a-_}-. B

y‘cdh

o changes

-~ .
RO N -o-...-_,‘,.

s CiL e
1n rotatlona1 symmetry number for react1on 8 21 RTINS

. o - T AT U . L L
. T. . R B I RS T I et e . .
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'”This ]eads to Aﬁb{= 15.8 kca]/mo]e for the reiction,f'f
) the proton aff1n1ty d1fference between DMSO and
Hdacetone 1s ]5 8 kca)/mo]e B .
a The proton aff1n1ty dHfference between DMSO andeh

;_acetone may a]so be obtained 1nd1rect]y from the re- -

f r-su]ts of present determ1nat1ons through the fo]]ow1ng "
] ;Lbf:thermodynamtc cycle | ) ; ' ' 2
o 4 ¥ , PV S «j .',... o LR TN . A‘- B N
111&{f°j; H (acetone) + acetone =_H (acetone)2 f”a }??7"(8;11X
T ;:.j:l Y 2 i ) = o | o
,__'H (acetone)2 + DMSO = H (acetone)(DMSOJ:+1aCetone (8.12) e
“';g;@f,ﬁ:ﬁ* H (acetone)(DMso) = 'HT(DMS0) + acetone | (8.6) -
"H+(acetone) + DMSO = acetone + H' (DMSO) S (8.21)
S ,“-4<_,{ o f N

~_The thermodynamlc data for react1ons 8 11 8 12 and 8. 6
hwere tabulated in tab]e 8.3 and are 11]ustrated in
f1gure 8.15." The resu]ts\of the above thermodynam1c
"{cyc1e .lead to the values of -AH = 17.0 + 1.7 kca][moTe,
AGZQB 15, 5 +1.3 kca]/mo1e and —A$0>;:§;1 +1.8 eu
vfor react1on 8. 21 The good agreement 1n the proton
E aff1n1ty d1fference between DMSO and acetone as deter-.

',;t:mtned from so]vat!on study (17 O 3t J ] kca]/mo1e)and by

rect ProtQﬁftransfér react1ons (15 3 +.0. 2 kca]/mo1e)

- &

maw lase o e e

~~;may be taken as a proof of the thermodynamnc cons1stency

f}of Ehe resuTts obta1ned from stud1es of: 1on?moTecu1e 'dabi:f

R
o
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. FIGURE 8 15 - Thermodynam1c Data for Add1t1on and Exchange React1ons

of Protonated C]usters Invo]v1ng DMSO and Acetone a

Entha]py Changes ;v(;AHQ are shown)

Entropy Changes (fASO are shown) ,1""' o 'sf' Cod

34.9 ¢

;A3='acetbne ‘D= DMSO’ftne:pfoton is'Omitted from the»c1ustef§.9.

Examp]e A s A2 refers to the reactqon H ( j + A = H (A)2
s AG- and AHQ va]ues are(1n EcaT/mo1e ASo in eu, standard

“ . : - . I ‘b- tde

. N e !
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'"that est1mated from rotat10na1 symmetfy number%,fAS

o tPJJs»;;f v 404

7 B - . . S s K R

- N o T
W e o . .-,“’ . & -
P

vreact1on 8. 24 fas obta1ned from the fhermodynam1c cycte

a

0
—5 1 + 1 8" eu) ds. somewhat more-negat1ve than

rot

-1. 4 eu) Part of the thfermme"must be due to thelarger

‘uncertainty 1mparted on the va\ues oﬂ AS for the c]ust—

iLger1ng react1ons Very often the extrapoiat1ons~from‘Z‘“p;w.‘

a,’-o«*‘

narrow temperature ranqes in the van t Hoff p]ots 11m1t

.the accuracy of the exper1menta1 AS va]ues , Further'.

- - - -~ av.-:.

“the AS for react1on 8.21 obta1ned from the thermodynam1c -

'“cycle'(reactions 8\10 8. 12~and 8 6) may inc]udeocumu1af

t1ve errors of- the exper]menta] determ1nat1ons There;"

fore, the AS_ =7 —5 1 eu for react1on 8.21 from the

cycle needs not be more-accurate'thanvthe estimated value

¢ -

based o_h rotational e_ntro"py changes alone. - ' "
T et T T
8.7 . The Eldimination of MWater from H-(Acetone)y ., -

. B ~ LA L e
P T AT R
e o

| Theé 2;3finteraetion for'acetone_reTatihgjtofthef
equilibrium; ;

+ . . + : o . j“”;a"
H.(acetone.)2 + acetone = H (acetone)3 (8.22)

S was also inVestigated -Unfortunétely, attempts‘to
'measure the equ111br1um constants for react1on 8 22 were -
Qnot sdccessfu] The system Was: stud1ed in the temperatUre

range of 30°C- 140 C with the appropr1ate .acetone oon-_-a_

AN ® %0

centrat1ons(40 X 10 -3 torr. 3 torr) necessary for an

.observed equ111br1um 1on rat1o of [H (acetone):]/

[H (a;etone)zj < 0.2 It was observed that a]though \

\»



-

- vfequ111br1um constants ca1culatednfrom these 1on ratlos

‘ -decreased w1th an 1ncrease of 1on source pressure -In-

VQJ:creased by a factor of about 3 when the 1on source ;-~g -

e -0 - -

apparent" stat1onary ion. ratlos of [H (acetone) ]/ L ﬁuf~" r
wi[Hsjacetone) F were obta1ned in 1nd1v1dua1 runs& the

.
Y am

'.some“cases the c¥]cu]ated equ1]1br1um constants de—

e T B O

“ P

‘;pressure Was’ 1ncreased from 1 torr to 4 torr A summary
N :
of. the resu]ts are preseﬂted in ar ‘van! t Hoff p]ot in - o o

f19ure 8. 13 A AH2 3 ; ~12 kca]/mo]e was estumated _~d}&;jp

;for react1on 8 22 ' The results probab]y are 1naccurate

_and it 1s presented on]y for. the purpose of show1ng f t%.gf'

et

where the equ111br1um constants at deferent temperatures_;j_tﬂ;

—

v‘are approx1mateﬂy Jocaied rt was a]so noted that N

"funder the cond1t1ons of the present exper]ments 10ns>3

'epof m/e ratlo enua1’to'157 and L31 were presented 1n 'Uf{fﬂffia"‘L

e

51qn1f1cant amounts bes1des the two magor 1ons of

'hllnterest H*(acetone)3. m/e ]75 and H (acetone)2 m/e =\

St g ma

—'117. The ion of-m/e'; 157 probab1y corresponds to the

‘1on formed by the e]tm1nat1on of a water mo]ecu]e from‘: S \g
nt (acetone)3, wh11e m/evﬁ 131 may be’ due to » |
CH3+(aceton-e.)2§~ Futre]] and MacNe1] (166) in the studyf;

of the 1on mo1ecu]e reactlons of gaseous acetone, rej

& s

iported the format1on of H (CH COCH ) 3 (CH3COCH3)

- CH, co (CH COCH3) Cand WY (CH cocn3) .-Hzo as second- order

3

or h1gher order 1ons formed w1th an.’ 1on.sourC6.pte$sure
: . . ) T

of 1072 torr - O.6_torrracetdne. Unfdrtuhate]y, little

Y
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“t‘stéggt_}37?Prdfoﬁaiionfof»acetdhe PRI S O

infommatqon was g1ven regard1ng to the format1on of these

x‘ B
Y

il spec1es R '

I »5 1nterest1ng to note that under the present

hwgh 1on source pressure cond1tlons the water e]1m1na—

' t1on frnm H Xacetone}2 was not observed 1n“any s1gn1ficant V

. <
P S

< .

) extent even though the equ1]1br1um 8 ]1 was stud?ed at

','ﬁ*(acetone) +_acetone,=rH+(acét0ne)é “'<i (8.1])7.

: '
d

~a Kigher temperaturel‘ The observat1on of the e11m1nat1on

‘of'water,from-Hf(acetone)3 as.in. reactton 8 23 Suggests

B F Ao

1n the d11ute gas

‘ >e11m1nat1on~
phase In aqueous so1ut10n s1m1]ar deHydrat1on react1onA”

f;‘1s known to occur f011ow1ng the ac1d cata]yZed aJdol

:; condenSat1on react1on 1nvo]v1ng two acetone molecu1e5
A mechanlsm for the dehydrat1on of protonated acetone
'c1usters 1n the. gas phase ana]ogous to. that in so]ution
glven by Stre1tw1eser and Heathcock (149,,9,553){nay

be wrltten ‘as fo1lows

' | TIPS
GH3=C-CHy + WY 2. CH3-C CH o~ CH

C

to



Step 2 ©

_ Step 5

1y ) o ) C.‘H3

”4o7I-

Proton transfer to another acetone (ac1d cata—,’

Iyzed format1on of enoI from keto form)

W

Add1t1on of acetone 1n eno] form to another

protonated acetone

oy

h : . - ‘(;Huw_ o o

o ,A y.‘:“., . - . _. ‘ r ',.V‘» 3 ._. (I‘ ) F.,_ ERA .

e

Abstract of the proton by 2 BASE to g1ve th?, ,:?ﬂ;;;

fenoI form of d1acetone alcoho]

‘ - :‘, ’,‘.' - . a . ',' ‘ + . I. . 1
\CHZ’é{cH3F»-*’ff CH3-C CH—C CH + Hﬂ’ | I8.27):

| Sy ’

E) L - ,V(IAI-).'

Protonat1on of the tert OH group fo]]owed by
water e11m1nat1on resu1t1ng in an.oxonium ion

(III) wh1ch BET resonance stab111zed l

%\_

- n ST
3 ° CH3-—-c CH -c CH3 e“o(otzs)
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-

R e TR P
CHomCoCHo CH - w wt e - 5_( S
, H3'['CH;CfCH3‘+-H = FH3i|—C C-CHy )
CH3_‘ ; CH3 | |
Ay o 1"‘ _(111)“1
| | fow |
- cHy-c=ch-CcH, 4 g B <
. . 3-' 3‘ 2 .
u.: ‘_' ' “ ‘.'.> -- . | | CH3 . v.-( 4_ “, »v [“ . N )
2 (IV) ) o
: The format]on of the protonated aldd COndensat1on o b

ﬂﬁproduct (strUcture I) lnvolves the add1t1on of the enoI -
'-form of acetone to another protona‘ted \acetone (step 3) .j
.*It is 1nterest1ng to note that in this cIass1caI '
's:?phy51ca1 organ1c,mechan1sm the e11m1nat1on of water 1s"7.,o;%
ach1eved by havxng a base B as an- 1ntermed1ate 1n stepslh I
4 and 5. ﬁhe base B abstracts the proton from the B b""
methylene gr0up of I in step 4, form1ng BH and II Inv |
step 5, BH* protonates the tertlary OH - grOUp of 11
.forhfng III | It is foI]owed by the dehydrat1on of III
y1e1d1ng the 1on IV wh\ch is, resonance stab1]1zed In-:
'ssolut1on HEO serves as the base. B for ‘the above re-
. act1ons‘v In the dl]ute gas phase where the so]vent Is;
' absent,‘a th1rd aceIone ”buffer" mo]ecu]e serv1ng as
'a the base Bsm1ght be. necessary for the eI1m1na§ﬁon of
“water mo]ecu&% from the protonated acetone c]usters

>

‘ . Anotner poss1b]e exp]anat1on for the<~bsence of_

-

' Vdehydratlon from the protonated acetone d1mer in the

3
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gas phase is that HY (acetone)2 probably has the structure

V rather than I in the absence of so]vat1on effects,

. Y ' .
CH3\\ /{(CH3

€=0---H'---0=c

CHy o

. o (v )
‘taking the adyantages of the strong hydrogen bonds thué
formed; As fok'H+(acetone)3, since there is no add1t1ona1"e
H- bondlng site for the th1rd’1ncom1ng acetone mo]ecu]e

the stab111zat1on of the 2,3 interaction may be by “phys1—
cal” ion- d1po1ar so1vat1on or the interaction between the
th1rd acetore molecule with the acidic hydrdgens of a

methy1 group in Hw(acefone)zu The obserya;ion_of the -
dehydration of H+(acetone)3 éudqests the latter ﬁnter-

action is probably operative:

gicetone) o 4 {acetone)
¥ | .
CH, e ,,,} \ (/ g\0
\ .o e \
3

CH H - 3




" fo e, - PO - - PN . Lo ~ - - LRRTH -

-The resu1t1ng H (acetone)j w1th structure VI in analoqy

hto I is capab]e of underq01nq dehydratlon 51nce ‘a ”buffer”

&

vacetone would be higher than that for CH30CH:

B ) K e

acetone molecu1e withins the 1on can serve as the 1nter-

' L f} g D R RS oo g

med1ate base requ1red 1n step 4 of the proposed mechan1sm

T PG 4 5T .‘h’"

(reaction 8. 27). E  K ;"Ej»
The interaction with the acidicﬁhyoroqens (reaction
8.29) has to be enerqetically more favorable than the
ion- d1po]ar interaction in H (acetone)3 in order for it
to occur. It may then be expected that the -aH® for

2,3

3 (- AHz 3 7

10.1 kcal/mole) and for CH3CN (- AH2 3°F 9.3 _kcal/mole)
where 1on—dipolar interaction was thouqht to be pre-
dominant. The present estimate of -AH 2 3 % 12 kca]/mo]e
may be 1in 11ne with ‘the above reasoning. Since the un-

certaint1es in the present estimate are 1arqe a firm

conclusion can only be drawn after a more accurate

. AH 2 3 value is determ1ned for acetone. ,

In order to be able to measure the equilibrium

constant for reaction 8.22 directly, the rates of other

\H+(acetone)2 + acetone = H+(ac_etone)3 J(8.22)_

~ Competitive reactions have to be slow relative to those

of the forward and reverse reqction'B;ZO. Reaction 8.23

H* (cn COCH. 33 9H”o; + H,0 (8.23) -

~

leading to the elimination of water from H+(acetone)3

-



a1

probab]y requ1res some act1vat1on enerq1es since scramb-
11nq of atoms w1th1n the comp]ex is requ1red If the
free enerqy of act1vat1on of the decompos1t1on react1on'

'vis 1arqer than that of” thé reverse react1on 8 22 fh1s
could probably be ach1eved by lowering the temperature
quortunate]y, the present ion source'does not havthhe
provisions'tpr lower1nq its temperature be]ow room tem-
perature.lvlt isvpossible,that with avlow—temperature
“ion source whose temperature can. -be regu]ated by a
’c1rcu1at1nq cooTant the equ111prrum 8.22 cqu]d~be

stu¢iegﬁyjthout‘the_interference'bf the decomposition

reaction. i

A



SUGGESTIONS. FOR' FURTHER WORK

CHAPTER TX

-¢~MostﬁQT'thé”presenttequi1ioriumdmeasUrements”for"
~proton transfer: react1ons were carr1ed out at a s1ng]e
temperature (600 K). Th1s a]]owed the tabu]at1on of a-

N

re]at1ve gas- phase bas1c1ty sca]e as expressed by the

200 va]ues of the proton transfer react1ons‘(see

AG
tab]e 3.1). - The proton aff1n1t1es of different compound&r
were obtained by choos1ng the externa1 standard o8 (;/“'
PA(1sobutane) = 198.2 kca]/mo]e (see tab]e\3 55) and '
’*fonyerting:AGO'to AH® wWith ‘the assumpt1on that 5s° for
proton transfer react1on can be est1mated ent1re1y on
the bas1s of - rotat1ona1 symmetry numbers Recent]y, it
“was sugqested by Lias and Aus]oos (167 171) that a more
accurate estfmat1on of the entropy change for ion-
mo]ecu]e equ111br1a shou]d also. take 1nto account the
effect of 1ntermo]ecu1ar forces exper1enced by the ions -
and mo]ecu]es wh1ch -undergo react1on Lias and Aus]oos
‘,(]67 171) showed that the intermoTecular contr1but1on

to entropy change, As may be.estjmated

1ntermo]ecu1ar‘
from*fhe expression: ‘
. i T R . ( o

‘ | ASintermolecular R]an/Zr : N (9.7)

where Z and'Zr are. the forward and reverse ion-molecule

f N \

co

T 412
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‘co1lision rate.constants" For non- po]ar mo]ecu]es theflw

fon- mo]ecu]e co]]1s1on rate constant Z. may be estwmated

......
EIR
“--q 2
,37.;

t1on 1. (13{, where q 1s the charge on the eTectron

-mass of the colliding pa1r For react1ons 1nvo1v1nq
_Amo1ecu1es hav1ng a permanent d1pole moment . UD’ an estl-'
h“ mate of Z may be obta1ned from he Average Dlpo1e Or1enta— £

:t10n1(ADO) theory der1ved d by Bower and Su (172).,

[ -
I
!

i 31—q[a +'ou'

pl Ef;)-%] . "(9.2),"

where c s 3 parameter havlng va]ues between 0 and 1
which is a functlon_of:uD/(q)z, Although it‘has been

pointed out by Ausloss and Lias. (167) that thei ’

) -
1ntermo]ecu1ar term,1s usua]]y sma]} (<3 eu) for.

Proton transfer react1ons 1t wou]d be 1nt&rest1ng to
. 3 .
- find out 1f the inclusion of AS 1ntermo]ecu1ar in the
entropy correct1on as 1n_equation 9.3'wou1d.giye a more
. . l .

o o o . 0 \+ as© | |
AS®(proton transfer) = A57 ot s, N A4S 1ntermo]ecu1ar ,(9'3)

accurate pred1rt1on of the exper1menta1 rs® for proton o
), - . .

transfer reactlons At present, most-of the support-

ing experimenta] AS resu]ts’yere determ1ned w1th1n a

"smh]1 temperature range ( 300-400° K).by ICR method

(171) As ment1oned in chapter II1I, "the. experi-

approx1mate1yoby ihe Langev1n—trpﬁousn5¢$ieven5pn Torma- 3”""'""



menta1 determ1nat1ons of sma]] AS va]ues over i ]1m1ted
temperature range may have 1arge uncertaint1es Unfor--'
tunate1y, measurements of proton transfer equ111br1a by

,‘..';__".,, ,u’~ . o "...34,. "q.’.rq’,.‘ M “run, Q'_, '..;,_c. @, b . '~’4..$-:°_,4" .

',h1gh pressure mass spectrometers at lower tem

were often hindered by the format' -of protonated d1mers

S1nce the stab111t1es of these'protonated d1mers are most1y

. -

:due to the format1on af strong hydrogen bonds w1th1n .the-,

-7 .. - -\-4.,v

N C b
protonated c]usters_(e;g. (H 0) ) '1t may be expected

nEa <\

that for proton transFer feact1ons mnvo1vfng compounds’

‘- x noooe oE > © - i .
. B ) e
“ i AT

whose protOnated d1mers do not a]]ow the format1on of f;
.strong hydrogen bond ~the eqU111br1um measurements may
'gf be canr1ed out*w1th migh pressure mass spectrometers e
even at IOWer temperatures‘( 300 K) w1thout the 1nter—;- :
ference from the format1on of the protonated d1mers |

L N B 45& o o y»

The present study of the temperature dependence of

'vequ111br1um constants 1nvo1v1ng benzene and ha]obenzenes'
i's a prime example: (tab]e 3. 53) . Two other classes of 7
compounds which may be Studied over a.]arge'temperature -
'.rangé are the sulfides and phosphfnes.' Due- to the 1ow
e1ectro?egativities ot the- su1fur and phosphorous atoms
the parﬂ1a1 p051t1ve charge on the hydrogens of the a .>;:“:—m
protonated sulfides RZSH and- protonated phosph1nes | |
"_dR3PH -is éxpected to be much sma]]er than that on the
bhydrogen of the’ protonated oxygen - or n1trogen—conf

‘taining compounds 1nvolved in the present study. For

example, Meot-Ner and Field (173) have calculated the



part1a1 pos1t1ve charge on the hydrogens of H O 1";gi_"i;“°

H3S and PH4
1ve1y As a result on]y re]at1Ve1y Weak hydrogen bond- g ‘

ﬂg-nng W uﬂd“be«operataye An the (R S) HT and (R ) +‘
o 2 2 . 3\

n’».\o@.

to be 0 25 18 0 004" and O 0 respect-

- - . .
'-’lnv'ﬁ-:‘.‘teov‘l - -

~c]usters and the tendency to form such dwmers Woutd not

vbe h1gh even~at 1ower temperatures . The determ1nat1on

v

of equ111br1um constants Qver a temperature range 6005

. 2

! 300 K for the react1ons 9, 4 and 9 5 shou]d enab]e att R

s

o R r__“flf~; SR ffi”R}R}- H or a]ky1 é&%

s : . . - . ¢ L o

v
13

SRR (RgTPIRT
C CLURLRY: Hoorialky) (9.5)

'd1rect compar1son of the experiménta].AS?‘wdth:thelcaT--

culated 8s° . since aS?

1ntermolécu1ar rbt:s:'i-0=f°r'b°th

-*react1ons 9.4 and 9.5, : L --vt

If the AS 1ntermo]ecu1ar does prove to. be a va11d en-
: ’tropy corréct1on for proton transfer reactwdns 1t wou]d
be uséfu] in 1mprOV1ng ‘the qua11ty of the proton aff1n1ty

. meovalues. and the AHf values of: the proﬁonated ions.  Un-

. ):\ . ‘ o -~
'fortunate1y,,at the twme bf wr1t1ng, &he error 11m1t
o e . “
'fassoc1ated w1th these abuﬂuteva]um;frmnthe externa] standard

wth

'PA(1sobutene) is re]at1ve1y ]arge (~ 3 kca]/mo?e) compared

with the-magn1tudes-of the ¢ rre tions. Nevertheless,
the internal accuracy and précisi nﬂot the relative

<

W .
»«2 A e e o ® PO



'flthat the ava11ab111ty of better exper1menta1 AS va]ues

rect1ons 1n a]] equ1]1br1um measurements It is hoped o
f

4‘wou]d 1ead to. better theoretlca] cons1derat10ns on- the'

. AS®, fom proton transfer equ111br1a v”'j"'i“'“”" 'QKLFH'”
The present gas phase bas1c1ty ladder (tabJe 3.1 cou]d
»be further extended to 1nc1ude compounds with bas1c1t1es

2

nlower than that of water (PA(H 0) = 171 7 kca]/moﬁ; from
_table 3 57) The relat1ve prgton aff1n1t1es of s+

p]eﬂvﬂ
-mo]ecu]es such as H N

,O 2, rare gases CH4'and C2H6

2° 72>
yhave been determ1ned by Bohme and éo- -workers us1ng the
1.f]ow1ng afterg]ow techn1que (33, 40) | W1th the externa]

4standard PA(HZ) 101 kca]/mo]e wh1ch is based- on a i‘
theoret1ca] ca]cu]at1on of the tota1 energy of H3 byu_
.'Duben and Lowe (174) PA(CH ) = 128, 2 kca]/mo]e and

'PA(C ) = 140 4 kca]/mo]e were reported (40) ' Three
"groups of compounds wh1ch have proton aff1n1t1es between
those of C2H6 and H20 are the hydrogen ha11des the
a]ky] ha11des and the paraff1ns The pnoton affinities
of a]kanes hlgher than ethane have not been determlnedL¥
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based on the "occurfente- nonoccUrreﬁce“'technique«or

s
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";The resu]ts from such stud1es wou1d a]so enable the;

the appearance pqient1a1 method can be found in the tabu-

1at1ons by Beauchamp 175 f&e It would be useful

B

.7determ1ne the re]at1ve proton aff1n1t1es of hydrogen hal- .

ides-and alky?l ha11des by equ1]1br1um measurements so as to~
e

fonnect the.gas-phase bas1c1ty gap betweEn C2H6 and HZO

o
v

';determ1nat1onoof more accurate AHf va]ues for the cor—,

respond1ng protona@ed ions. This is Jmportant,in.the;

>
»

'1nvest1gat1ons of gﬁs-pha;e iohJchemjs;rx‘of,a?ky}.halides;?'
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