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. 1.1 ‘ghe 'Presgnt §‘tudg N S g
R The present work may“‘be broken dc5wn into two distinct o
'areas' . first, the ges phase solvation of alkali metel | )
-'ions by acetonitrile and secondly, the relative solvstion
~ strengths of various amines using. the potassium i as a
gas phase solute, . /-\ | R " 02
‘ The solvation of slkali ions by acetonitrile is a

| follow-up on three studies performed in this leboratory

7'(1 ~ 4). The first two studies dealt with the solvation of
»»halide ‘ions by water and acetonitrile, and the third dealt ¥
“with the solvation of alkali metal ions by wster.v The g
4results of the present study can be' compared with the o
.._"previous results to gain some \understsnding of the solvation
differences between protic and ap‘rotic solvents. Solvation
| themodynamic functions for resctions l 1 = 1 3 were deter- ._
*mined from a va;iation of equilibrium constants as a functi@n o

'jof tﬁnperature. o : S ' CEEe

PRTTELNENE

n(cscn) - e e : u"'(cucm S

ot '..M (&3CN)
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: where M represeﬁts the alkali metal ions, Na . K , Rb,

\
[l i

and Cs ; ' s

The relative solvating strength of various amines is

the foundation of a systematic study of the Lewis basicity

- .of -both- amines aqd ethers; ----- The- gas‘phase‘néﬁis'besicity ;

scale can be easily compared to gas phase Bronsted basicity '
scales as well as to liquid phase basicity scales. '
Multidentate ligands such as ethylenediamine and

dimethOfxgthane were also used to: solvate the potasliuu ioa. o

.2 Related’ . o
Only two types of ion-molecule reactions are significant

.in the present study. These can be classified as clusterinq‘

or attachment reactions and ligand- interchange or switchinq

reactions. Due to the low ionization potentials of the

alkali metal ions, charge transfer reactions‘between the ions' v

'and the solvating molecules will not occur unless the excess 'f; i

translational energy of the ion is significant. Consider‘the’
reaction 1. 4- B Af- o AT ‘ .

[ 4

Y

= For this reaction to be exothermic,requires that the ioniza,,ﬁﬁ£1:€

tion potential of S, the solvating.neutral molecﬁie, be “essi:f
than that of sodium, i.e. less than 5.1 ev. Acetonitri a,‘W',




[ R4 :w( .,

.therefore, the excess energy—needed would he 7 l eV.' Such

energy is not provided and charge transfer reections\do not

occur .

~Clustering reactions, demonstrated by 1 5, were the |

major type of reaction undertaken in this study, o ____n_mm;il;i
M**(s) e, T s
» ’\\ . ) ) . ‘ ‘Sﬂ o . .
\\
They are‘anxgttachment reaction, in which a molecule is -

bound to anrron by essentially electrosteticiforces.‘ The'

major. attrective forces are thpse of ionhdipole and ion—.‘

1

‘ polarizability interactions. Such reactions .are. usually
third body stabilized. the thirdﬂbody being required to

B VY

"remove the" excess energy’due to the exothermicity of the

'reaction. When an ion end a neutral react an excited

. intermediate is formed (5)'

M+ Sug—bf»[M,S]-‘¢~=-“-;j;gf[°°Wb?9§Fi°n-‘1?5=fi*f“

.Without a third body collision or collisions to‘deactivate E
this excited complex’ _-u; Will Simply dissociate. L



—* I M S S -2 '—[ M*g] ""‘*N"' [ T — _'M_.--;“'_ TR ‘12.'9‘ | >
. d ‘ B .

",are in the range kf ﬁ 10-2‘8
.(6). o R

. T T I
‘ . ~ ‘ W ‘ ‘ o . " . .vf . | ‘ ', ) .“v.'lj. - . . h.‘;.
C e Ky o e
s8] +a 2 Ms+a . stabilization 1.8

s ‘_ ) _ ' ' ' . . -‘ ‘ ‘ : .
. "{ ‘ - o ! : ‘:‘.A f . Lt
The gverall reaction may then.be written: ,
. o . R . I ‘ ,'

\ k

8 : R ‘ Co-
. . . P ..
. . . v .

o

* ’ . .,‘ A

Under steady state conditions and at low pressure where tha ,
rate of decomposition is faster than the rate of daactivation, o
the forward rate constanm a clusterinq reaction, X, ,' ‘

becomes o -,j.,;t-

B [ L w oo A . o . AN AY
B y . . . r N
. . s s " o : o ' s . . .
TN e . S PR . . \ v s
s oo, P . -
. : ¢

'rypical measured rate constants for clustering reactions"'
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x _[|5;anb d CS. For alkali ion'érusters,;the interaction is
o  '; mainly elect:ostatic and it 1' expa

cgga that there is;.
. charge transfe:.‘ Thus the‘bra keta areLélaced anound the
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A 46° v J= _rp InK '- 1.20
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Prom tha wé{l known thermodynamic relationsnip

/7 . —

- Q

‘/o' L . . . ) /\

and equation l 20 the Van't ﬁoff equation, 1. 21, is obtained _

» which allows one to determine AH n-1.n and ASUh 1.n
AT Cq .0 coee
: AH 1y, AS
. “\ ' ‘ C. . : o :

Thus ﬂp varying the temperature and m

L - , .
Suring the corresponding °

equilibrium cohstants, values may be ' ;ained for the enthalpy

-’

and entropy of reaction 1. 18. e . e

1 4 The Nature of Solvation

e l" The solvation of. an’ ion in a liquid solution is‘a
complex matter.- Many models have bEEEfused to explain

(,solvation, bu/)none have been able to de3cribe all the

' phenomena which take place in solution. Most of these models
deal with hydration, but some can ‘be expanded to |
other polar SOLVents.', g

e > -

.v' In general, all the acceptable models agree upon the

idea that there are two types of solvation occurring when a
‘ gaseous ion is dissolvgg in a solvent The first can be
referred to ap primary solvation." This is an 1nteraction .

between the ion -and the polar solvent molecules which are in ik
. B ;_ » : . . X Lo P - E

*



A

iconstant,}D (12)

<

- contact 'wi'th it These molecules will be imnobilized and

move as an entity with the ion. Naturally, the stronger the

.interactions, the larger the number of solvent molecules

which are immobilized- by the ion. One relationship predicting

the size of this’ "s°1"ati°n Shell" is given by the Stokes-

Einstein equation (10):

> . :'m , ,: - B S
r_ = 0.819/hon ) e

i f

'The radius ry is referred to as the Stokes radius of the ion,.

‘A is- the mobility of the ion in solution,,and 1118 the

viscosity of the solvent. For example, the Stpkes radius

hfof Nat in tetrahydrofuren is 4 2 a° compared to a "here” o
'radius of ~ 1’2 a° ’ whereas Cs has a Stokes radius of 2.4 A°
vwith a correspondlng "baré" radius of ‘Vl 9 A | Erdm this
1t has been’ concluded that the sodium ion ip solvated by |
ftetrahydrofuran, but the cesium ion is not (ll).;

The second type of solvation can be' referred to as
secondary or distant solvation.w This refers to the inter-,gh‘7)\

actions between the ion with its intimate solvation shell

cand the bulk of the solvent. The Born equation, l 22, is -ffaséf

a classical electrostatic relationship, which predicts the
free energy change of immersing an ion of charge Ze with

»

radius, r, from a vacuum 1nto a.- solvent of dielectric-:¢

-86"% 2%?2rqom) T e LB,220 .




te

replacinq the radiut of the 1on with the radius‘of the first o
solvation shell. Thase twb typea of aolvﬁtion. i.e..j "ﬁ I‘.'ff
primary and secondary. J.ead t.o the "sphere .'l.n qontinuun"

moaéI of solvation ﬂ3). . T g .'. L f

o R “"“

One of the first useful sylvation model.s was that of ,'
Bernal and Fowler (14) as*mdiﬂed by Eley and Evans (15). ‘
In this model, the monovalent alkali cations nre a11 four-;-




"5 solvent molecules . tetra coordinated

separated and ion in 1~-.-,.2!L;.ﬁv ion and one water = |, .

1 ' et D] _,_ ] _.__Jliol'ecnié___‘__,_‘,'.,,,.,_,_,'__.“_.A—,,,‘__,.._. __..:.;__;_;-____
| the gas phage oo ‘ e
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| o eclusteroreive | | e in soluticn and
| solvégt molecules in- | N .

"ohe-ﬁhtgr‘moiecule «

the gasphaseana . [ [ o ol
o B e 1 4in the gas '1j§l_la,se- C
lon in the gas phase ' | S ,

[ touiin the gas 2

and 1iquid solvent -

%

Tonte Soiva

and Evans Model of
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'_wé*i"e neglected.; ‘The eqe‘z‘-.gyft‘t,e;jm, | w_,'

By N4 . . . y - . L e e ER .
to ' . - B o N 0 . .-‘\ b U /

e

.—""“"

,between water molecules were alsc cos{eidered negllgible end
e ,A‘D f \

}wae then said to be-

- Ca . . . L e

L m

= 4 x tzeag - . 0 2\3

"."""""“"""“."-"_"""“ T o - ’ - _" - T " oS

where Ze is the charge on the‘ :Lcn and ' ae :Ls the fractional
charge on the ind:l.vidual atoms of ’the solvent molecule. ‘I

| The term B was calculated :I.n exactly the sanw way as. 1r,
except a wa er molecule, and not an :Lon, wae the centre ok\
the tetrahedf\on. R ‘ ' e ‘
' ﬁ',s ,“A"and Rt were detemined as an entity by

-«"- L :7 o

I
\

| 'l‘he

setting the difference A Y equal to the smn of.a structure;;v :




L

fsoluﬁioh. The so;vant molecules, in this«case water moleculua,

of the electric field produced by the,ion and foxces present

ety

in the normal liqnid structure. ,3;ﬂ*r ;[i”fﬁ'“

"

vf One of the most racent models of 1onysolvation if due

to nockriyand Reddy (17) P In‘ thia model, the solvaéion
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-"”positive charge and ls suitahle for the formation of fairly'W*

Protic solvents,'such as water, methanol, formamide, e

ahd hydrogen fluoride have a hydrogen atom which has partial.-'

strong hydrogen bonds. Dipolar aprotic solvents, such as ;o

A

‘ acetonitrile, acetone. dimethylformamide, ﬂimethylsulphoxide,fvw'-

"and propylene carbonete, are defined as such since they have,-i‘.

. polar hydrogen atoms capable of engaging in stron? hydrogen L

a dielectric oonstant greater than 15; as well as 1acking - L;:” '

a

In a review article, Parker (19) has discussed at length

how anions. especially those which form the strongést hydrogen

:f;; rbonds; are much less solvated‘in dipol?r aprotic BOlVBntS

J@wi';:'““; RN
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' The total sdlvation of a pair of ions like Na and CI - can

| 1. 6 Relate Solv tio Studies

partlcular ion remains equally as abstract. : In this section,
o the various methods*hsed in determining the alkali metal 5143 i

oxygen atom with a 1one pair or paira of electrona.v This

'?'means that there is a: more distinct centre of the negative,;

-—w—-\
dipole and one would expect that cQtiona ﬁ%urd eolvate better o

ilithan anions in a given aprotic solvent.' Thus, it is generally.'
‘believed that dipolar aprotic solvent solyate negative ione‘*~.

'poorly, but are fairly effective in poeitive ion solvation.?"

’be readily determined,_hqwever, the individual or single

_ ion solvation energies are far more difficult to obtain.,

Some attempts to do so are desc ibed in the next section.
. " . / . . «

A

4n Liquid Acetenitrile

The evaluation of the thermodynamic functions involvedlfvfaa‘,

in solvating a single ion (whether a cation or anion) in

y solution, remains one of the classical problems in 4 »

.solution chemistry (23). Likewise, the determination of “I

| nthe change in these functions with a change in solvent for al




o :cm i

B T

LR

‘where e,° (an) is the standara free energy of the ‘solute. in-A

acetonitrile, ~and a, (an) :Ls the activity of the eolutevin

acetonitrile. For' water .as a solvent, the partial\mplel

. f ree»., energyu, w,il]_ be__ e e . ,A-,,_,:_._H_,_‘.-i : - _ R _...‘..L:_...,__
6y = 6,%(w) + RT ln'\a'i(‘w? S o L L2
¥ | o -
The difference between the standard free energiee of the EEE
,solute in water and ecetonitrile, which is defined ae the c

free energy 'of transfer, AG,, from wet-er to ,acet‘,,on_itrile,
then becomes: - B | S 3 o

Bl

? L ai (w)

AG ==Gi (an)—G (w)r-'n'l‘ln

a; (en) ,l",_z"l -
-\ . : — L

At infinite dilution:

0 . o s . B - Lo s o . I
. . . - : - ) N o . ._,g_-},"‘

ai(w) ”-, " Yy lw) =Y ST R R 0y - R
N ““‘""ai(an) (@ yi;(anj") B N

is referred to as the medium ef‘fect (24) or the solvent

activity coefflcient (19).: The medium effect, 7rathe

to transform 'y i into AGt



the vicinity of the ion remains the seme as in the hulk. _"

| electrostatic contributions to the solvation ehergy*Of_an -

: whete R and R are

‘fwi'anion crystallographf;;

estimatinq the so Vation energy of an ion (12). The free

energy ahanges AG, represents the difference hetween the

'N~electrostatic~free-energy of-a- qpherical ionmin—vacuo (Bnié-ma—-*\
, and the energy in a continuum of uniform,dielectric. .The S ”-(z

Born eqnation (1. 22) has many drewbacks. The parameters' .' L

3 usually used are the crystﬁllographic redius of the ion end

the bulk dielectric constant of the solvsnt. This meens
-that it unreasonably assumes that the ionic redius is not

affected by solvation and that the dielectric constsnt in. ;"hhﬂ,

Also, it ignores the short range electrostatio interactions 94,-5

" between the ion snd solvent molecules. ‘a8 weil ap all non-._ s

. - . e .
~< S s \ Sty a e T e e e

radit,
Using this»method;ﬁ _‘“TJ_: 3 hi
determined a correction term R of

ecetonitrile3?1This 1ed to a Value o:
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The mcst commonly used end most widely acceptcd extra-
theﬁﬁcdynamic mech;d of determining single ion solvation .

energies (via free enetgies‘of trenafer) is the;use of a ;gJQQ*HQQ

, .

reference electrolyte, in which the cetidn and aniOn ?ff'

] x

supposedly have eqnal'medium effects. This method neqnites iﬂ}“

that the cation and anion have similar aize end structure
and that the atom whtch has the cherge be “buried" under

"similar groups‘ Cammon reference electrolytes ere tetra-;-ff

"
R
.
v
Y
A
Al
A
) :
s
'
]
.
BN




22,

&

"‘-

v i A ,
vwithout any assumptions about the dimensions of the ions
.aqe those based on the measurement of the Volta potentiaf/

between an electrolyte solution and another surface separated

‘frOm the solution by a vacuum ot inert gas 135). Randles (36)
has applied this method to the determination of . the absolute
energy of hydration of alkafi and halide ions. |

’W

,_f The experimental setup used by Randles consists of
1'(\

a~glass~tube—through*thé”éntre of which flows a small jet

;l3of mercury. A solution of KCl flows along the inner

r surface of the glass tube An inert gas such as nitrogen-
or argon- insulates the solution and the mercury jet. 'If

o the outer, or Volta potentials, of the two liquids are-

different, an electric fiqﬁd is created in‘ the gap. However,

“the charge on. the surface of the mercury is carrf@d away . g
4 N ,

when the jet breaks up into droplets. Eventually, the Jet e T

‘will reach a state of equilibrium’when the outer potentials N

o of theagwo liquids are equal Angf,f/£’9f the cell°

~ @}‘." !

' Hg jetIN ]KCl(a = 1)1Hg2012]Hg

- B
v . e/

B )

P e
]

. which can be called FY R corresponds to the first reaction -

/s N . . ’ ' .. - T e

’ given below. 77j">f- 3 B []' : ,;2-' ' R e

"“‘. N t




‘ 23. ¢
. - n S 0
1) fwa'gh+ C1, aq»_‘l.;ngzclz(s) + g | Fv
. ' N . . ' ' | ¢ . . ‘7 |
2)1"eHg " % R - W -
. 3) .Ks + %HgZCIZ(s) -»'vK. aq+cl ag + Hg . FE‘.C1
4) K +e ek o -'u;s v
X S« g s - . R : subl '
. , SR t"g o iogiz.!' S
. R co = J_ | ; |
-5 Kg,f'Kaqv' | SR R ‘hn(x )

By con51dering the cell Kng|H92C12|KC1(a ::1)|x along with

the\electron work function of" mercury W and the sublimation ‘

and 1onization energies of solidnpotassium, the free energy

of solvation of K ‘is obtained following the above sequence ‘

- poge

of equations.

From Randles' value of the absolute free energy of

hydration of the potaSSium ion and available thermodynamic ‘

data, an_gbsolute scale of free energies of hydration—can :

a‘” there ore be' set up.

Case and Parsons (37) determined the value AGAg+

(acetonitrile) by measuring the difference in the free ;afnx_,w,,

enengy of solvation of the silver ion in acetonitri1e{and ;;;;f?.
water (i‘e" the free energy of transfer), bY the Vbi:vﬁffifyéirlw
pOQential téChnlque-_ Since the free energy of silver ion'nif#
hydration was known from Randles, the free energy in '
S

acetonitrile could be obtained from the free energy of ._

transfer.'f IR i“EV »a'gjjfLé




‘of the tu‘be in a straam of nitrogen. The "compensation - o

S ”‘upoteﬂntial, E,. af the system L Co B e
I o T R R ;
) _ Aglmuo (M) ]N2|Agno (M')IM o |
C I ) water - acetonitrile l;"‘;f-'~'f" S « A

IR R S

was measured h (M) is the molarity' of AgNO in aqueous




”J-conditions, and the temperature dependenc ofg

L

-

'.values for the ion-solvent interactions in- the solvation
- shell can then be obtained experimentally. A general 'l‘

| history of ion-molecule clustering reactions is given by

Dzidic (39) and will not be dealt with here.l;;ngpi'u_;

In the past. few years, the following ion-molecule‘

‘A‘asolvation reactions have been carried out in this lahoratory.

~ ’ .

H* (H20) o '-3i ;ﬂ.;. p.p:.:wgé:wprQiap

~'

The H.(HZORlsystem has been extensively studied in thisft_
4laboratory._ Equilibrium constants and thermodynamic relation-‘;pl
ships were determined up to n= 8 (40) for the reaction. rl'

- '_;‘,53°~‘329?n71Aﬁ,HZQ;i?FBQTﬁyzpin;w;1u_q%j;-‘A;u4;31:,;;5‘
and the values obtained (to n 4) were reproduced more

_*recent%y (41) within experimental error using a slightly

'fdifferent experimental technique.w.;a;‘:fpﬁﬂgv“i‘”
. | The kinetics of the above reaction have alerbeen
~studied extensively (42, 43) under various_ experimenﬁ‘*

_and reverse reactions have been determined

i”at_z'?;" e



\ NH (NH ) NH4+(H?‘0) and Mixed Clu‘sters

w

\ As was the case with the H (HZO) : system, the NH4 (NHB)

system has undergone a great deal of rasearch in this

"‘_"_""“' ‘laboratory t43 '“46) : ‘{,‘Thamdynmic vafhresior the—-reacttow

ES

n

e T (ms)n-l * NH3

have ‘been determined for va].ues of n up ﬁo 5. |

BY using a large water to amnonia ratio, it was ‘P°581h1e

)
»
. Te
3 .
|
i
!
B
o
P
\
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.uThe protonated water ana methanol species easily farmed

‘ clusters containing more.than two ligands.; However, the

‘5dimethy1 ether clustera with n equal to or greater than 3

;were very unstable. This is thought to he due to the lack '_};

; f.clusters. This study again showed thmjimportance of




L,

‘_)_-\v.,.v.

The temperature depehdence on the equilibrium constant

of the reaction- “~~"'

e - U AN L

| x (CH CN) + (ca cn) S x (cn3cm 1. 393”.'

i .
.."

ugku has been studied for values of n from 1 to 4 ‘or 5 in this .

laboratory, where x is a halide negative ion. The thermo-‘r'ri

dynamic quantitiee so obtained have also been compared to -

| The data obtained frOm this so#vation seqnence provide an |
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fyllé‘ Acid—ggse Intergction ""afe3”‘:dtn‘“' ni . “ff L

o The second part of the present study is concerned with i
(.the gas phase basicity of some amines and ethers, ueing K |
“"fae a reference Lewis acid.‘ G. ‘Ni- Lewis has postulated (51) _}if
'ﬂ;that all chemicalicomplexing reactions can be attributed to |
;<-acid—base interactions., In his definition, an acid i any

ispecies which can accept electrons, whereas a base

fspecies which can donate electrons. To avoid confu on
ffwith Bronsted acids, which are defined as proton d‘nors.;‘
”these generalized acids are usually referred to as Lewis
'acids, 6k electron acceptors. Bronsted bases are defined
;as proton acceptors and Lewis bases as electron donors. w”d;]gk
All metal atoms"and ions ar?fLewis acids.a However,' e

5' it has been demonstrat*.u(SZ) that they interac B

hdifferent bases in diﬁferent
.U.may interact Str°ngly'witﬁﬁa%f»&~'“‘

| fanother acid, whereas a sec:n

"In this theory all Lewisﬁacids'"

ifas "hard“ “soft“; or "borderline"

4
\



.......

R o - -t
: '-v.,.u_

- \"soft" acids are large in size, of 1ow positive cherqe and
B often contain pairs of d or p electrons in their valence ]:1f~V
shell._ "Hard" bases have 1n general a. donor;atom of high - ‘t' |
electronegativity and—iow~polerizebt11ty'eueh aa F; O, or“N“”"%“k
: The term "hard” deacribes how the donor atoms hdld on to _‘;qf
their electrons tightly.- Donor atome*which hold on to their f
» e}ectrons 1oose1y due to low electronegativity and high £

Polarizability are thus referred to as "aoft" ha868. EfﬂJ:ﬁurt}R

:The presence of an aromatic ring tends to "soften" the aonor

'atom and compounds such as aniline and pyridine ere thus

-~

'placed in’ the borderline category"

y . dons, ni¥; Na v and x have been classified by Peérson as
“i”hard“ acids (53) with the degree of hardne's;decreeaing

'n-donors._ Onium donors are:described,a osystems conta




3fi~ﬁ;2,

"Wlf vaacceptors contain both haxd“ ina ”aoftF Lcwia acids, eince
. thare is no criterion £or polarizahdlity in his clasaification. |
T;{ “,'f According to Mulliken, n-donors aﬂa vuacceptora should form  "f
| : fairly stable n+v. compigxns~(56), tha dgg:ga“gfﬂinneraction_;mg;-
A  ' being related to the donating and accqptipg powers o£ the,~-*»"

: ' 0 In the pieeent study, the potassium ion is used as a L
. reference Lewis Acid.' It g classified épj' "hard" ‘acid
\f‘1{7" and V&acceptot and thus it is expedted to 1nte;§$t mainly

f" with “hard" b4aes and n~donors. From studyinéefﬁé\standard‘

free energy or enthalpy. of a series o;E reactions. o ::

B B B

Y

ethers. The relati‘ve\proxol

i i such as!- -a(cn
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1imeponds

3 PRRD

SRR o na . oy
omh t
AR




' orbital acceptor.; In these respects 1t ia very similar to ," o
,Wéhe po%assium ion, in that?:he pot‘ssinm 10n~is aupposedly
nearly "borderlina" | although class:uﬁ:l.ed "hata“ ' and 1t too

‘the same base., Whereas K 1s charge&'and qpherical,
Mis a neutral acid and interaction‘wit_ a hase woul'?be

”borderline" I-'ewis acid,v and by' Mulliken (55) an a vacant

is a vacant orbital acceptor.» Hdwever, the interaction

.between trimethyl boron and a hase cannot be expected to»be;ﬁfﬁ‘i
:simiLar to the ﬂhteraction betwean the potassium ioﬁ and |
B(CH3)




o, \{1 "

V(72) From this data, ab

-ethe reference acid ‘can easily—be set up, “and” compared to the

, : . N .
. . P .
| : . ) .
n a \ . . .
., . . -
. @ t &

‘o

'(67 - 71). The data obtainedgp this group was summarized \

in a centenary lecture del

;Ze ka by Rrown and later publishedw'

icit; scale using B(CH ) as.-

*

scales using K qr H as the reference acids.



 CHAPTER 2 ', -

SRR EXPERIMENTAL . .

For the study of alkali ion~molecule reactions at high
pressure, cﬂnSiderable modifications to a conventional mass .

spectrometer must be made. The primary alkali ions ame

-generated by thermionic emission frOm a platinum gauze

1

:filament, coated with an appropriate alkali-alumina-Silicate.

2An electric drift field is applied between thf filament a@d

the field free equilibrium chamber.‘ The ions undergo

'several collisions with the neutrel gas and equilibrium is

'“achieved The thermalized ions diffuse and many escape

fmm the reactiOn chamber thmugh a low oonductance slit

A. pressure differential is maintained between the high

pressure ion source and the vacuum chamber by a high capacity

"pumping system.‘ The pressure in- the vacuum chambem is kept

'belOW~10 4 torr in order that the mean free'path be greater

.than the dimensions of the apparatus. i

The ions are. accelerated and ¥ocussed¢by a modified "

Nier type electrode system and mass separated by a 15 cm

radius, 60° magnetic sector mass analyzer. A Bendix

'*‘?‘j":;,'-‘v'.« . .

4

'spiraltron electron muLtiplier is used as a detector with the

’output Signal being £ed into an electrometer or ratemeter.-dfi

/

'The apparétus can ‘be’ opera‘“"
¢/ _ o B A

:mode. //‘ - wa e
e ' .

The ‘mass. spectrometer was: designed and assembled by -

in a pulsed beam or static ‘ﬁ
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K
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58.;"‘

.J G. Collins (73) and modified for the study of gas phase

hydration of alkali ions by S. K, \Searles (74). Further

modifications and features of the instrument of particular

‘.importance to gas phasg solvation work are. described in the

fsubsequent sections of this chapter.

o

A schematic diagram of the ozgrati mass spectrometer is

A_'shown in Figure 3. The basic apparatus was built by the .
) g'University of Alberta Machine Shops and assembled by

six-inch diameter tube supporting~four ports at right angles

" to each other.f One port in the plane of Figure 3 carries'

-

the ion source and the ion acceleration system, while the’<_3"

other-is used’ for removal of the ion source from the

'vacuum chamber The ports at right angles to the plane of

the diagram carry various elﬁctrical feedthroughs, gas inlet

}and outlet tubes, as well as coolant tubes f%r temperature

»

s

7f-control of the ion soura!t

The vacuum system of the mass spectromeger consists

of a 1400 l/sec 6" difquion pump backed by a 425 liter/

' second forepump. Above the diffusion pump,is mounted a 6" :

s,

USing ammonia, Searles (74) méasured the pumping speed as

1900 I/sec when liquid nitrogen was added to the baffle.
This- difference was due to condensation of ammonia on the *ﬁmfi

baffle. The pumping speed was calculated from the pressure ;'"

o J G. Collins (73). The mdin vacuum chamber c0nsists of a

%

. diameter gate Valve and a 6" 1iquid nitrogen cooled baffle..'

AT

350 l/sec with the liquid nitrogen baffle uncooled and as
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drOp in the gas handling plant reservoir with respect to

.time and from the pressure in the vacuwm housing measured

W

Uby an ionih“tion gauge.'»jv 5f"“

u{x.._'

The mass"‘ ctrcmeter tube and electrcn multiplier

l'housing were not ,ifferentially pumped.A The pressure in the

R

5, tube was t?pically 10 -5 torr for water at an ion source

,‘pressure of one torr, Ultimate vacuum in the system‘was e

,: . . . -
“h % .. . . PEUE
. . f .

'rn24K310.7 torr. \A -'h\nguzﬁ:a R T i R 'jj‘f“““V
St ..\g'n_ Rk AT A P AT S
2 3 The Ion SOurce ‘“"-Zgﬁi g””!l',ﬁ]fﬁii*fq'f l»f’f% R

For the study of the solvation of alkali ions inf . _
acetonitrile, a new ion source was designed and constructed

(Figure 4) The major reason for changing from the source

R . K

'used by Searles (74) and Dzidic (3‘) was the accurate

tdetermination\gf ion*source pressur ; In the:SearlespD idir_:ﬂﬁi
‘ _chamber by a ceramic insulator. Although this insulatorg)["
was a tight Fit between the housing and the reaction ch“ﬁgf

Uit certainly was a source of gas leakage to the vacuum Chgf,,f

h*In the new ‘ion- source, gas canlonly 1eak out through the i{ﬁfp;

........

f;.exit slit.bﬁit“_uii" Coa 5 SR
‘ _The” ion source consists cf a heavy;walr'd cylindef“f7i

L 5

"Ifstainless steel.; A.plate. wh}chnholds the:filament and;two

;i'ielectrodes is ‘bolted to the top of the ion s°urc& and
'"u¢another plate holding the exit slit.is screwed onto the
; bottom of: tite cyl{nder- - Two tiny < ang;ls wer'"‘,'f[ ,bor'

. -r,, t

Ti?the cylinder to allow the reactant gas to- enter the on‘source
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e
l} and to measure the iOn source pressure. These two channels ﬂ
\ L
,-end in flanges which can be bolted to the exterior gas and

. manometer lines. To ensure that there will be no gas 1eakage

'“?:fto the vacuum chamber, except throudh the exit Sllt: 9°1d

""0" rings are placed around the plates and flanges.v,l‘ffil'*if;‘

&g”‘ The plaie which houses the filament contains four

f._electrical feedthroughs - two for the filament and one for

'iieach of the elec des. Two nichrome studs, 3/32" in diametgr li“’
‘jfape Silver soldered to the filament feedthroughs. These : ;
ﬂvstuds were made as wide as possible to cut down ‘on’ their |

. .;resistance and prevent them from adding to the heat of the .,

ﬁgsystem.~ The filament consists of a. strip of platinum

O gauze coated‘with ap alkali—alumina—silicate spotwelded

'l'between the studs. Typical filament dimenSions were 7 mm by

J"2 mm.; The filament was normally kept at a current bf

‘l,S amps, with a 2 volt RMS drop across it The wattage g*j‘f“

” ,.'_1 . PR we Doy

frequirement of the filament was then lO watts (compared to

"120 1n the Searles-Dzidic system).»‘?_V&ffgw,ffﬁ‘*fj “wl”;;'._ 4
Two cylindrical electrodes are also attached to the ";}1;35?

pfplate. They are isolated from one another a

dﬁthe ion source ffﬂf
'rby 3 ceramic block, which is bolted to the'plate. The ‘

f}ffeIECtrbdes not only can be used to focus the alkali 1on

o beam lnto the-reaction chamber. but also cut down on the ;Lffﬂ;4~"“

'direct radiationiof the reaction chamber by the filament.i;v:"

. } 5 B T
' aThree m, holes were bored into the top ofi”ach of the
. o Rl

'electrodes 1n order that the direct heat of the filament be

L kept away'from the reaction chamber. The electrodes are




Lot TR A v
; PR et v

b3
evenly spaced:ﬁ the first being 75 cm from.the second, andyg

'“"Qj 1. 5 cm from the reaction chamber.'ld LR
s ."‘ ' The reaction chamber is approximately 9 mm in depth.-
;;rwigi -Ions' enter*the chamber through a 2 mm hole.; To ensura thatitl‘f_
‘it is & field free regfon, it 15 snugly fitted to the inside
| of the ion source cylinder.‘ Two ports were bored into the
chamber to allow the reactant gas to enter and to allow the:h

pre ure of the gas to ‘be measured.- The exit slit consists

1‘,“'; }v o 1two parallel raZOr blades spotwelded over a'l mm hole in

| “the exit slit plate. The slits used in the aCetonitrile and

l“f amine experiments were lO to 15 microns in width.-w‘ R
All metal pnrts of the ion source were constructed of ",f_;{'

stainless steel | p-,"i;f:a};;!f;“kglt fﬁf{n~ |
‘ : The reaction chamber and ion source block are kept at _
" a constant voltage of 2000 volts._ To focus thetalkali ion

e beam into the ion source, the filament and the two electrodes o

e : .
v e, .
~ \—‘\_\_.___.__

Hw are kept at a more p081tive voltage. The filament is p}”_yf,f*»f
o normally kept at 2200 volts, the additional voltage being
supplied from a 0-400 vblt~xegulated power supply. The

'{,‘y o voltages on the two electrodes are varied uSing potentiometers

until a maximum signal is recorded.nfCommon operating voltages fﬁfﬁ

are shown 1n Figure 5._ Different filaments required slightly

different voltages.

The 1ntensity of the ion beam at various electrodes can"fi 3

be‘measured by attaching a vacuum<tube voltmeter to the ';i:?.zu.,.

electrodes. This w s done 1n zacuum and with one torr water
'y

1ﬁ{ pressure to. determine the efficiency of the electrode system ;3p¢~ \

o
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2. 4 The Thermionic Source fﬁffxf:;f ;ﬁf“*,,f*’ffi;jphﬁgQerffo*.}
g IERTDE : SRR '~szu1,; e

gfof alkali ions haS/many advantages over the Kunsman source:

'.of water cooled the filament and more power was required to f?-
'obtarn the same ion |

‘u.measured at the entrance to ‘the reaction chamber and after ;;;;¥fi

"previously used for alkali ion-water solvation studies. -
~vBecause the firament 1S enclosed in the same housing as the
'reaction chamber, it tends to heat he chamber. ‘Thevalumina-
‘fs1licate filament can be operated at\lower wattagesmthan "‘

f7the Kunsman source and this heating effect can then be

border'that the temperature of the»reaction chamber-reach

. . ‘e . i X Lo L .. v .“' “ Lo SR o . o . r‘. . N - :.‘
T o T Tea e . oty A BORPEE X t . ," o S e
K . o Ve ' N '. s c ", T e

L "'. ‘ .S;.. .

and the effect of reactant gases ‘on the ion beam., The addition

demission., Table 1 shows the currents

t

”'the exit slit for both the”vacuum case and with one torxy

‘-water. When the current was being measured on the first e

acceleration plate, the focus plates (Fiﬁure 5) were kept at

‘a more positive voltage in order that ions did riot peneerateA: |
. the first plate.' Table 1 demonstrates that the loss of ion 3ri
'_signal in the field free region is a factor of 5 X lO6 with eﬁ. :

jone torr Water pressure compared to a factOr -of 300 in

vaouum where there is no diffusion but just spreading of the [_

- beam. Geometrically, the area pf the entrance hole to the
: field free region is 3 14 mm2 and the area of the slit is
Q.»l 5 x 10™ 2 mmz, the ratio of the two being a factor of 200

The alkali-alumina-silicate filament used as a source

\

‘reduced Also, it was found that the filament would have ﬁ?»“vt:'

‘to ‘be. turned on several hours before %n experimental run 1n:"’"*d

equilibrium. In order to make more than’one run a,day. it
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| was kqpi much cleaneni?“

e T S T R SO
o oo S 3t
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. !Wr"-f“ :

h was necessary to leave the filament on continuously.‘ The

f'.xunsman fi.].ament has an effective ufetima of 1oo hours (75), N ‘

b,

E'wherQas the alkali-alumina—silicate filament ‘ a.a lifetime

”of over 300 hours in most cases.A This meanlltheAfilament

*had to be changed 1esa often. In the Knnsman case, the

&cgre, since the melting point: of the salt m:l.xture is just

below that of platirium. 'I'he filament then
in hydrogen, which made the whole procedu¥ _
The" mﬁnufacturing of the alumina—silicateffi

| much more simple process.w 1n this case, ;heialkali'alumina-c"uﬁMfff

base.n It was also £ound ha

~.




- ‘/
/o

: as a" source of heat. With a Kunsman filament. the reaction &

—-a PR P — PN P GGV U U

. ‘chamber heated up to about 130° ”k oo
= o SN -;l bht SRR B ‘
.25 The Gas._ Handling glan R _
| 1ah The gas handlihg plant used in this worﬁ was re-designed
in order t@at it could ‘be baked out The new plant 4s shpwn
in figure 6. It consists ofgan inlet to which a needle valve
| is attached.to control the pressure of reactant gas, a two-
liter bulb which can be used to stabitize pressures, a cold
finger, vacuum lines, lines to the XOn source and the manoneter,.
and various Hoke valves which can valve.off certain sections h
‘ : of the plant when not in use. All these are contained inra
vﬂz'e marinite box which can be heated to 150 c for the purpose
T | of baking out. The 1ines to the manometer.and to the iOn

L source ate covefed with heating tape%%ﬁ they'can also be @

ER .“. 2

baked‘out.‘

. Studies‘ : It "’és cﬁlibrated by using a dlmtyl-phthalatf;“'_i'
BN RTINS e e

T<~man?meter and a catheometer._ The calibration wa Echecked

S : \‘ '; ': -

e measurement, The reference side oﬁlthe manometer is attached

T

é%v‘ to thé\vacuum line and continuously pumped through a mercury
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kept very low (20 - 150 microns) 1n ‘order that the "stripping"
phendmenon (section 2. 8) did not affect the results. KSé:"

'required a special gas 1nlet system. - W ,j‘;.f/ﬁ
The pressure was controlled by heating (or coollng) i / - ‘\
"\\—\___ —.-\u-—"? ‘

a bulb containing ethylenediamine by means of a thermostatic
batH’ The bulb was separated from the ion. source'by a’

'stainless steel capillary, 6/100" Ln diameter and lO cm in )
length.' The capillary, ‘and the'%dbing between the capillary“ ‘

and%ihe bath were heated to about 70 degrees C to prevent 7";

condensation of the, vapors when the temperature of the bulb T

. ‘3{." . : /
- was greater than room temperature. o ,

The flow through the capillary was v1scous., This was
~shown by’ expanding alr thrpugh the capillary from a known

volume into another volume., In viscous flow, the number

/ —
of moles flowing through a tube is (77) an
: ’ /’ : . /// . - & 3 ]
€4 . , . .
o ) -~ N 2 2 '/ R
v ny = _1 a_4. x P2 =B | ;

/ e ) 2

i second, ﬂT 1s the VlSCOSlty of the gas at temperacu

\’Ta 1s the radius?of the capillary in- centimeter l is fy

length of the %ube rp centimeters, P2 and P are the pressures

‘high pressures of

at the two ends of the“tube.

S
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. . - gt_ "/.v
Since P2 will change neqligibly, the pressure gb the second ‘ v“
bulb () willwbe: i s
. i*
PpECxt N 2,3
‘ S . SRV
where C is a constant taking into account thﬂﬁph si&ai /;7
\" .1-’

dimensions of the capillary. viscosity of air, tdhperature féugffig,:

and the initial value df’P ' That the above relatiGnship
]

holds for the capillary can, bq shown by measuring the pressure ‘N;}}f

.in gee sedond buldb as a function qf tImeignd obtaﬂﬂ%ng a -
straight 1ine. iﬁr the apillary in question, this is : '-:'_ R

and;'»

i ' B v

v -
BN

"d%rious temperatures ff'the bathﬂ TB’ the pressure of.en in L
h the_ion source, P(en) Wlll then be. ff" & o

[exp(-A8¢7RT;)] - “,_%'4h. jﬁl}iﬂ;

VThe propggtionality constant was determined at high values R i
. A rc«‘ " - '_ v" R
- of P(en) which coulé be read directly from the capacitance L
K5 i ,
manometer.d FigurefB gives khe variation of P(en) with- the -

temperature of the bath R SRR % R
arrier s

Ih order that equilibrium be achieved the

(N ) was maintained at 2 pressure of two torr.'“Theieffact D '
- Y SRR
of the pressure of the third bodx is deménstrated in Figure e

5 4, Voo

- 9.byThe pressure of ethylenediamine (20 7u) was as low as :_\'- y

4 usually used, so 2. tcrr waé‘conside d an %dequate total , AR
. : ® i . :"., ; ' -

:.‘t-f_ (.
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T 26 W - G | e e
':f@:". The reaction chamber temperatures above 100° C are kr :u o
"”ﬁﬁfé wﬁgchieved bY using‘a séainless steel heat cylinder which fits;ﬂf“d
'. 'ﬂaround the iOn source (Figure 4)- 'The ciiiﬂdé¥ ¢bntainé1:.
12 holes and into each a two-holed‘cerami_}r;é is placed SN
1,}1Molyhdenum wire. o 010 inches in diameter is.threaded /lfﬁf*u
:'_through the rods with care hﬁing taken to aSsure that the“;&{_ﬁf:
. 'i}i,” wire is ‘not’ in contact*with the ionlgggrce. With this system. vfd
'"‘ | 5T'itemperatures up to 450° C can be obtained with little |
e difficulty. Above 450 alkali ions, _mostly K ¥ aré fomed
| o from soufces other tha&'the filament. ‘ ProbablY “hiﬁﬂ is"due
:_»to direct emission from the ion source intq the vacuum . :'f ‘
“:}»"f'f-region. Ions created in vacuo and near the accelerating e |

. ‘_,electrodes (Figure 4) are collected with_greater efficiency_g{_.,-f Ll

,,“.Therefore. even though the extx:aneous ‘emission might be low,j

’ -its effect is large and ﬂpsets equilibrium measurements.

\

e o For reaction chamber temperatures below 100 c, the

heating cylinder is replaced with .'.a copper/brass cooling W

"'-‘f-.»__:system. The coolant, either water orimethanol, c" ulates

:uniformly ﬁhrough the cylinder Zby a network of \€u_1_j_sbored L
into the bnock For temperature regulation and circulation,ﬂ}‘_-',.""T'-v,‘_‘

T a Cal;pra-Ultra-—Thermostat f:ath is used '» To achieve £ S

temperatures from 30 - 100 2 water is used as the coolant

- B and for reaction chamber temperatures below 30 degrees,

the bath is filled with meth?noleand cooled with a ‘4-liter




st

‘stainless steel beaker filled with dry ice. The greatest

- depth of beaker immersion in the bath allowed reactipn

ijchamber temperatures as 1ow_§s -23' C.r Because the filament :
always acts as a source of heat, the temperature of the

: reaction chamber is always greater than the temperature of !

| the bathif For example, at a bath temperature»of -53 + the

l$coolest temperature which could be obtained by‘thiﬁ method ﬂ?
~was -23 degrees.; This difference becomes Less as the
;temperature of the bath 1s raised. ' -

"The temperature of the reaction chamber is measured"

with an’ iron-constantan thermocouple. Since it was felt

- 4§5hat one of the greatest experimental erﬁbrs would be in

: \»l : . . '
great care was taken in the cona,.fﬁuij

itemperature measuremdﬁtﬁ

[ AN ".-

'struction of the thermocouple assembly.» A 2 mm hole was ;.,‘ E

TLﬂdrilied through the ion source and the inner part of the
'hole was. plugged with silver to give the best possible_ff"

.ﬂfkthermal<conduction.z The thermocouple is made out of very o gu”)
) g . . : t‘. ".4. L

fine wires,‘in‘order‘that_there be no- conductance of heat

eh'along the wires, and.is threadéiﬁthrough a ceramic rod. o
| The junction is sandwiched between the silver plug and a&u

v511ver cap at: the end of the tube holding the ceramic rod-’*
.A swagelok—type fitting can. be hand—turned to make sure 'Q;.fgﬁrﬁ-
\\//that the thermocouple is tightly sandw1ched. The assemblyt;;:'“’33

is shown in Figure 10
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.1were made by Varying the field str‘ngth and seeing ‘,‘;uh,t«5;'

,,‘shcws the result of such a. check fo

4_The equilibriumfj

‘f_ on the equilibrium at these pressures. 75f@3:g.;,v

C constant of the reaction.5

"demonstrates this for pressure of ethjlihediamine of 30

B After having heen ejected from the filament, the ions

r-ceme under the influence of an electric field uhich acﬁelerates

“and " focusses thenuinto the reaction chamber. It was found in
| iidoing the drift studies that at the high elecaric field ‘
) ffstrength used between the Silam:?t and the reactidn chamber
;_(up to 200 vottf/cm), most of thedions entering the reaction
: chamber are unclustered.‘ The' tranﬁletional energy of these
. ions increases as the voltage increases,-and in order to '%_@j‘a

"assure that this does not affect the equilibrium, checks ijlﬁlf

whether this affected the equilibr um constant.- Figure 11

..-g

ke

1,97 terr water presss
istant remains constant over the total

: range and it therefore appears tha; there is no field effect

"4;..

However,‘when‘equilibriumn1s not heing achTA"edﬁ'the

v-field strength does ha e an effect. For exampleb at very
‘,alow pressuges of ethyl ediamine (en), the equilibrium o

R em teny Klen),

. -_l" . : )
B SR

is very dependent on the,field or morGfaccurately, on the i{iiﬁ‘

B ifield strength diVided bg the preSsure (E[p).; Figure 12
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. Volta.ge filament to reactlon chamber = ’

.' 7"_‘-200

z;gg_ng___ Effect of Field strength on Equilibrium a.t Verymow = LT
.~ Pressures’ for the Rea.ction. : R P
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fﬁ}t In such cases, Ehe field strength was 1owered or the o
"total pressure raise until a constant ratio of ions occurred.

A',If equilibrium was in doubt a temporal study (Secbion 2Ji)of f

'?fsthe reaction was" made. The total pressure was: maintainv §r~

fuat ahout 2 torr.,irf | . L e
| o When doing ‘the experiments with acetonitrile, preséures' o

jas 1ow‘as 0 2 torr were often ueed.» In these 1ow pressure i-- -
anses, the danger of field/strength upsetting the equilibrium :'M

rium constant did not appear’to be

of the fielda This is shown in

" Figure 13 for the'ij-acetonitrﬁie l 2-reaction.l-HOWever, vf

v,when low pressures of any reactant gas were used, such a'” .
check was alw@%s made and in certain cases'the field ﬁ'?"z
strength had to be lowered at 1ow pressures to egtend the

~Mpressure rgnge at which equilibrium could be measured fﬁ;ﬁ

| | . | e IR . st ‘v Q
",.2 8 Eguilibrium Constants‘Versus Pressure .ftﬂ'igfj;ﬁ;fh_ -
" If ‘the’ reaction beingistudied is at: equilibrium a~"v:
tchange in pressure shouid not affect the equilibrium °°nS§?Q;€‘ Q_
' At every temperature at which a reaction was studied, tﬁe T

'fpressure'was varied and it was found to be constant over a
| certain pressure range. Acetonitrile was found to cluster Ft'*ﬁ

: quite readily and fog the K1 2, K2, 5, etc., equilibrium .

'was achieved at pressures as low as 0 16 torr.-,Pressures AR
A
Sy

uvhélbw this were difficult to determine\accurately. Forgﬁ;;aj*»

the KO 1 reactions, the lowest pressures at which equilibrium

v :«r-—n e ,
i B

appeared to be achieved was O 3 torr.: As the pressures

hecame larger, however, the equiiibrium constants began to | iffjfg

] -
' ﬁf L : . v : LT e i r
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Tdrop'off quite. rapidly. This hed also been the case in the -
u_ i

water—alkali ion studies, but the drOp occurred at higher

reaction chamber pressures and was nct ‘as rapid Figure 14 f

“”shows the variation of the equilibrium constant uith pressuref |
N bey0nd the range used to determine the "true” equilihriym

) _constant for, the reaction.: -

’5\‘9‘*3?‘?’1 + c“ac"i KiGHgeN), o w26

: the rate of drop off" varied widely, depending upon the

, reactant gas.;_ ';j.- a"‘ l'f "‘Ng__.“l - U;,”: o 45.,*'

R O @

It was thought that this decrease was’ due to collisions

'taking place outside the reaction chamber in the area arbund

’;slit, since‘éo shift in the peak location was noted, end the

l peak did nof'appear to be skewed to one side., This would

occur Aif the collision took place in the acceleration region,l Cee

h,vsince the loWer mass ions would have vary;ng energies.- ‘L’V

(Metastable peaks were ncticed) but their intensihies Were‘

much too: small to accoun£ for the difference.);;

. 5 .\‘4 K

If such a phenomenon is occuring, the_equilibrium

constant measured, K', will be.H; S Vfinfp_’ ‘“h§wf'p
. Kl fanz.‘x _]; . 4 2.7 7
o + BT v
\. '9623‘ R? i

the number of ions of lower mass,;2 the
« ’

I

number of ions at highezﬁﬁass, p the pressure in the ;Eaction

' _All the clustering reactions studied showed this effect tmt '

e

i ..' v,”_

"‘the exit slit. It would have to occur quite elose tc the Hr,’-‘l'
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v Zéchamber and o is the ffﬁctﬁfn ofﬁghe higher mass<species N
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'which dissociates. {;gﬁi. v*g“._ "'u' R A A AN

. .'/ | . . ; | M' T “‘., ; "J‘." S
R : be shown ‘that o is pfoportional to gress&re.ﬂsaj oo
“ N ' f,\f}',".»_ . . o a. .

P i

yonabie“since the mean free(path of the ion will 'f;i Eza

be proportional to the pressure. This is done by using i
J_equation 2.7 and substiguting the true equilibrium constant,'ﬁ;f f

' K. intb 1t. Thus, replacmng n. with'nlxp. R “";. '~‘ep':hﬂJ%¥
R K %”flxp (1'f “’w

.
o,

q

,'\‘ .v._-_

A 'l.; ,:" 1A°’! (1 v. e
7, ¢ LS h’ﬂ v . ," | - _ﬁ S .,',:
w A ' 1. : <3 ) :
"5,f Setting ‘@ equal 0 8 .x ps where 5 is the "s@%ipping coeffi—
'J el T \ . ‘ L ,6"' o ‘ ; "." - .". .
- - Ci t"' Y . : o Lol T ER ;,?_ 'E;*w o
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. ) f | / Kp + Kk' 2i . L dx 5
J, . * ; L N ) . — \‘. _
' U31ng the Qata in Figure 14, and assuming K to be the -~

o e uvalue shown by the low pressure data,_l e. 3 6 Xss = l‘torr).

'7¢i”the values of at hagher pressures\may be determinedy \These~3

. 'z, . K
EERSET are shown in Figure 15 as a function of pressure. There is,‘i.?»”
Lo :

: a bit of scatter, but to a first approxihatlon 1t would ‘\”T ﬁ'“

_\"appear that a‘wlll 1ndeed be proportlonal to pressurew. Thé
?coefficient S, Which in this case has the value 0 136~ tdrr %, 4C‘
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v‘is a function of such things as collision cross sections, ,ﬁ
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- Unfortunately, the 1on intens).ties in the present stt,l_dy._were

‘. ’ . ] ' ‘ . ‘y ; M .17 * : .’ 4{""0""" K L3 N '6". ) ..

T ' . ‘ Ay ‘*"m » ’ gi.'r

PR -+

v If a*is proportiohal to pressuﬁ? the lower the pressure
the srnaller the fraction of the higher mass ion lost. This |

coupled with the layer .re ative intensit of the upper mass
| %E 4

at lower pressures means that the measured equilibrium
constant wzJ.l be close to. tne true cqnstants. - However, | ; ° s

even these low pressure readings will be in error at higl;
i ;@of K, or more precisely, at high n2/n For example,
LY

)

.29 torr point in Fn,gure 14 1f corrected by the .

determining the number o electro‘ns striking :Lt”w‘hen no

voltage 1s applled, and comparlng that value to . the numbér c

R

.© of ions counted when voltage is applled across the multlplier.

too 1ow to mﬂure w1th;‘}3o:/{:\ﬂtiplicatlon and such a comparison

e dstermined Viue oS, . w »be im error bY 9%~ o "i".' L | T
'i*:’ w° V_ L, , .ﬁé.‘w;' _,.»_J.A!\' T . ff'_"" Q ‘ ‘ ‘-‘""” . Kt
mv@ ﬁfg‘_Ghef:‘ia)etecti::m le stem X R o \’”‘ & g' ‘ "
. a ‘ The Jgns, after mass analy51s, %e detectEd ,by e ‘ h i
A 'h_,r‘ Bendix Spiraltron Elqctr?i Multipiieb. The J.? stage copper..' ‘. l'“'b ._
beryilliurm seé‘bndary ele%n mul,[:iplierg used in the water " : @f;‘
,, sta.ﬁlies was, repla,céd for three réaSOns- —_ P e . &;
. . 1). to allow the system‘ to, be pulsed, T _' ," | |
v - A2)‘.-\'.to increase intensity due9 go, the b‘higher multlplication ]
of the Spiraltron,:‘ ST o é
Q | . 3)‘_’, the S’piraltron is nc>t affected h]g air;_ as was the _‘j \ .
! L 17 stage multiplier and thhs when replacing the R d ‘
. 5 | filament,’ the multlpllcation capability, of the. e AR .
- B & "._'electrOn multiplie},r is not affected = * d
e | The effioiency of the~multiplier can be measured by | "°,_




_‘is'.

o N The pulse amplifier is, & EG&G model ANZOl/N quad

.':-,;;»‘ 4.,. , ..‘. . , ‘.‘,,‘:6 . ' : 68. .“-' S

v “-. " ’ -’ o 1‘ : ! - zw _.‘ﬁ .. “»-..,. ’f'l. 4

:_gsuxa not be made. However, Potter'and Meuersberger (78)

4fid such a studgphitg'the Spiraltron ele@tron multiplier'

: :and found that the efficienoys aSymtotically approaches

[;90% above a m/e of 40 (Figure 16).; This means that in.

| -the prBSent studyy mass discrimination due to the electron

"multiplier was negligiblelzgnce the ldwest mass studied was ff""T
- - . o ke

(In/e = 39) ’ ) e ) 4 A ’ g'. R

' f}k T &

Y
;n The electron multiplier_isnno ally operated at -3000

;yol 8 according to the manufadt&rer's specifications. ,5;*54M,
AE b ,/a .
ufﬁhther increase in th?p’voltj?e does not affect the

Aﬁpf counts recorded,§a5‘shown
Spiraltron h:eomes.older, the voltage,has to be increaﬁﬁd _:ﬁi'
to keep 1t in a plateaudglgidn.“ Whan‘aﬂvoltage of‘-4000
was;;ppligd and ho plateau was’ re;ched, the ‘electron ”fw

;g-

multiplier was replaced with a new One. 'Z“' hif.“dly »_-;

-

anplifler which amplifies the negative output pnlses of the Q»f
electron muItlplier by 64 The: amplified signal is fed
,into an EG&G model TlOl discriminator which rejects low

1evel ndise Signals.g The threshold of thﬁ discriminator is,iff;-ﬁ

varied untilxthe maximum signal to nois _ratio is aChieved.f_‘;

arled but was usually around l to S couhts per second

f % The discriminated pulses are then fed into an Ortec.model

441 ratemeter and aodel 431 scaler whene they ean he-counted-s"itﬁff

The scaler g;;Of tremendous value, since it allows small

-,

-

Figure 17.‘ However, asrthe $‘~.37

normally set aﬁ -zoo to -3oo millivolts f Tﬁe noise leVeI_”:f?n,h\,,f
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signals to be counted for long periods o \The‘%bise
level, 1f 31gnificant, is always subtracted f om - the total

'_‘ numbem of counts. SR L ) |
o - { 3.? . e R |
- 2. 10 C @parison with PreV1ous Data o
BT The equilibrium constant for the reaction. ' ;;5‘,
a8 LT L. I L . 2 o |F‘v'-

i : "*:5 i . v f’ . . o = -

& -‘.0 n i R A ET . - ' B
Cee e g # H,.0 K L 2.2
T k'a:i*(ébf (H‘D) I s

-

T .o "57

f ;‘was measured at various temperatures tq;seeahow bhe new ion.
ah ity i ()
y,t

ce performedurelatLVe éé the one used by Searles (74)

- \e‘h 8

B DZldlC (39);3 Flgure 18 is a compariSon of the Van't

plot obtained w1th the new ion sourtﬁ?compared to that _
of.Searles.m'The thermodynamic properties are compared in o
- Tao%e 2. Theoretic;?'calculatlons by Kistenmacher, Pdpkie,

and Clement1 (79) give the AH,0 1 for the pétass1um water ’
’

- % . reaction as —15 7 kcal/mole. o a_ff;

AR

When the cooling Jacket was placed around the ion source,
~another comparison was made at lower temperatures.; Only _

v,twd val!é% were determined and they agreed w1thin\experimental

error With the K3'4's obtained by’ Searles (Figure 19). I

.'!'

- 2 ll Time Dependent Studigs _
. BN N ‘- k3

In order to ascertain whether or not two &ons.are 1n e

v

=

. A PO R
: P .

= ' . R H " . L oL
B k, :_ B ey " ,

“equllibrlum, time dependent studies qf-a pulsed ionvbeam.canqs'"\
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.& Pul ge Network

Either of the two electrodes in the ion source can be LR

pulsed to ach:n.eve a pulsed ion beam. In genenal, the
| ; electrode closest to the. filament was- pulsed so ;t*-:admore o =

h unifbrm field would be se‘_t.g.;p in the "pff" mode. ' igurezo

" shows the "o;x" and "off" voltages on the VathU‘

;". in the 1on sgt;rce. The efl.ectrode was pulsed f"‘, fl? to 140. _:_"\.
| microse;:Q {s with a repetltion time of from 1. 37,*.0 3 mllli— ",.
‘ secondsfx@ most studies, the ion intensities ;iere\ so s/mall | .
- Baw e 5;140 micx;oseconds) had. t-o,be used. . ,,’“h

. ’e was :J;ncreased to a maxn.mum' galue

| ‘" . 2 ;! ‘\rl‘)ulse' was seﬁ@ off very soon after_ th.e; " '\.' -
~ ~‘ ion signal of the former pulse had decayed to a low value. r\
. ; Afterj:nass ~ysis 'and detection, the output signal .
. was _,:‘fed" Lntp:_e./‘;, tfchannelsca;erwhere a t‘ime:depehdeht - X Q

. prof’ile‘\a" '”eared-" "If twps ions “were ih equilibrlum J.n the

| nonpulsed mode, the raé:a,o of the1r intensities at all times "'-;'.‘;;.?’

in the .pulsed mode shoulad remain the same, or the logs of

tﬁelr intensit:.es Should be paral;l.el.‘ FiQure 21 shows a « ~ M

~ e

case %n whlch the two ions are at aJ.l \times in el;uilibrium

Ty

I for the reﬁ’ctlon-

’

k/ -_.-.'ﬁ*x*‘(cn3-c1~i) + CH3CN *

'.‘é . ’ B RS . 0 . \ W’ /‘. '

-

Coe Flgure 22 showS a cas‘e J.n ‘th.ch ions reachq Txlllbmum only n /)
’ ’ ) . ‘ o - e Lt ) /
after the'peak maxignmn for the reactlon._ RRERNEE R ;L ;m" -
. . . . : St Lo ’:‘/v e T
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FIGURE 21 :Eime Dependent Output for the Reaction:
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+ + ‘
K+ H)0 2 K (H,0) . 2,14

B

.

The clu»tering of a water molecule on potassium is a .

relatlrel Slow reaction (80) and thus equlllbrlum is not
achleved rapidly at low pressures. A non:pulsed study of
Figure 22 would give an equilibrium constant much lower than
the true one. Thus by using a pulsed system, a w1der pressure
range can be used since it is not requlred that the ions
reach equilibrium 1mmed1ately.

’

B Pulsed Versus Non-pul sed Equilibrium Constants,

Figures 23 and 24 show the time dependent output sianal.'
for the reaction 2.14 at pressures of '1.66 and 3.0 torr.
Both yield equilibrium constants of 0.85 torr™' at 250° .
The equllibrlum constant for the non-— pulsed case for reactlon
2. l4 wasﬁo 76 whlch is within experimental error.

The aggeement between pulsed and non;pulsed experiments
was even better for reaction 2.13 as is shown in Table 3.
From thlS table it can also be seen that the equilibrium

constant is decreasing with pressure in both the pulsed and

non-pulsed cases. Flgure 21 shows the time dependent output

for reaction 2.13 at 0.56 torr and 246° wg.

3

C Disadvantages to Pulsing o )
The major disadvantage to using a pulsing te@hnique for

all experiments is the low intensity of signal. Since the

. maximum pulse used was 140 microseconds and the repetition
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TABLE 3

\

. A Comparisdn of Pulsed and Non-Pulsed Equilibrium Constants
. - ¢ ] . R
"for the Reaction:

xt(cn

_ + a
3CN) + CHLCN 3 K (CH4CN)

At Various Pressyres of Acetonitrile

[ \w
H A}
'
' i

i

“ . . Ot . \\;‘
R ) '

W |

PR o
Ki;z Non-pulsed

_ Press (torr) X, , Pulsed

]

1.16 B o 2.32 ‘ 2.29
1.18 | - 2.10 2.29 B
0.56 . 3,17 - 3.15
s s w . ,
0.56%0.64 Ar.: . _ 2.55 2.78
o

Sk

O = 246° ¢

. v

,_bSS = 1 torr
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L
4

*time was normally 20 times that, the signal was cut down by

_at least a factor of 20. Also, this signal was distributed

»
over.many channels of the multicpannel scaler which also

.

,)1owered the intensity. Since the signal intensity was not

large in the non-pulsed case, it was often‘negligibie in the

pulsed setup. : ) ) R |
At .the high temperatures needed fcr the potassium ion-

acetonitrile KO;l study, the pulse system broke down due to

shorting in the icn source, Because the go 1 was'the only

e

case in which equilibrium wasn't immediately reached at low

pressdres (0.2 torr), the pu181ng technique was not necessary

i o,
-

- in the acetonitrile study.

=

In general, pulsed experiments were only undertaken

if the achievement of equilibrium was in doubt.

Ty

'2.11 The Drift Tube in Equilibrium Studies .

. ¢ R /
PR
<

Fup

-

A Introduction

o
One manner of increa51ng 51gnal intens1ty is to remove
%,
the field free region”‘r the 1dh‘source,'thus lowering the

free diffu51on of ions; (as pointed out earlier, the loss of

Signal ‘in the field free region is approx1mately a factor of
— & ;
10° at one torr Water pressure). The ion source then acts
15 s,

';um studies have recently been

3

as a drift tupe. Equil“

.8
carried out in drift tube mass spectrometers with success
<

(81, 49) B , . ¥ L
& s oL -

In the'present sysgé%,_tﬁe lid of the reaction chamber

- : " . ' °

"i‘._r“
!

{\\5
Sk
£
<
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!
a
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{Figure 4) was removed and the second electrode was extended

as £hown in Figure 25. This arrangement leads to a fairly
uniform'dr{ft fleld, ‘The first electrode was used a® a gate
whfch.preQented ions from enteringuthe drift space after an
;initial pulse. The second electrode. was placed half-way

(1.25 cm) between the first electrode and‘the ion exit slit.
‘The voltage dlfference between the exit slit and the flrst
electrode could be varied, thus leadlng to different field
strengths. The second electrode. was maintained at a voltage
of one-half the total drift voltage in order to keep the

field uniform. | |

The baslc pulse system is shown in Figure 26. In the

;off" position, the ion burst is created and reaches the

flrst electrode Wthh is kept at the same voltage as the
filament. The second electrode is at a more p051t1ve potential
and the ions will not likely penetrate the drift space.*

However, the "location® of the'ion burst at this time (l.er
during the nofEn pulse) isnlt known, and in this'respect the
gate is inadequate. «xi )

" In the "on" position the first electrode is raised.to L
a hlgher potentlal than the second electrode and the exit
slit, creating a unlform drift field. The ions will then
drift towards the exit slit. No other ions will ‘pass the
gate 51ncé it is now at a much hlgher potentlal than the
filament. Durlng drift tube experlments, no stray ions

 were observed - in this respect the gate was adequate.

After mass analysis the ion signal was detected,

a



GAS IN .

NI |
\ .
Xy FILAMENT § N (EXT'ENDED 'SECOND
\ ELECTRODE
\ AN AN \

SOOOSTUNEREESNSYYT
A

: // ey | s _\\\\\\\\;\\

/

<
-

ﬂ |
f

Ll LETTTY I

l I 1.25cm 125cm

) = ' l 'EXIT suT
L 7 4
ANNANRARRRAARRRNNNY !
L — N\
\\X\\K\\\ AN ' AMAARININNR RN &

S

\

777777

’ 7/ Ll

7/

G%TE El.ECTRODE—J

FIGURE 25 Cross-sectional View of the Drift Tube.



.
—filament , 2000 v | filament, 2000v
1~ first electrode, - | B —first electrode,
2000 v . (2000 +X)v
—
=--Second electrode - _ __|——second electrode
(2000 v +1/2X) | (2000v +1/2X)
———=exit slit, 2000v ————exit siit, 2000v
’"Off“ ‘ - L1} onll .
, ,
(a) \\_w ., et

filament  tirst second  exit | #.5 filament first ' second exit
elec. elec. shit elec. elec. st
\ - () | |
- PR —
7/ ] -
X volts S -
| , ==up to O\ miliseconds—
..-..H__.;--ZOOOV "oh"
17 usec : ~ | : ’
‘no,;fL'su - o (C) . : T .

FIGURE 26 Pulsing Scheme for Drift Tube Studies.

(a) voltages on the various electrodes in "off" and
"on" positions

(v) electrlc field at various electrodes in "off" and
. "on" peiltlons ‘ :

(c) Pulse/bn flrst electrode in "off" pos1t10n
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~ ampliii d andvged%into a Nuclear Data multichannel scaler,
e
) where the tlm ,9 @hdent signar'could be monitored The
“-V"fﬂf“,r
<peak.coq "fv t grated by also feeding the signal into

v,rJ' '
’S inw51ngi§$§ﬁannel scaler apd the total ion intensity could be

”.;iﬁgesured \Qt can be calculated that the time of flight of
.. o \I \.‘)

N the ions in the low pressure mass analysis section corres-

L
%

~ponds to some 10 - 20‘microseconds or less. Since the
time the ions spend in the drift tube is'much longer in'
most cases (milliseconds), the time that the ions spent in ' ;if
the ion source could be accurately assessed. For ions . &
which spend less than 100 microsecond§ in ‘the drift tuybe,
there would be some error due to this time of flight through

the mass analy31s section. : -t

The drift velocity, vqe of the ions can be determined(
by dividing the time spent in the drift tube, by the distance
the ions travel in the ion source, 2. 50 cm. When 1n a drlft»
.tube, ions are accelerated by the field‘and thus gain kinetic
'energy. ‘The electric force on an ion of charge e, is‘eE,
where E is the electric field 1nten51ty. ‘If;it is assumed
an ion 1oses all the energy acquired from the field in a-"

Jd
collision with a neutral molecule, the veloc1tyv1t obtains

’

between collisions w1lL be eET/h, where T is the mean freé

"

,time (82) Since ¢ is 1nverse1y prOportional to pressure,
the veloc1ty of ‘an ion in the drift space'is‘then propor-
{tional to E/b. The resultant energy gained by the ion due
to the field is referred to as the’ "field energy"'of the ion.

When the field energy of the ion is small compared to thermal



quaT/p. To . st ‘dardi‘ermeb;lltyNdata, a reduced . moblllty,
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energy, the drift velocity of the ion in the field direction

is proportibnal to the field intensity. The field energym

.is said to be low (82) when . . ¥

| {;\r__n eE A«<kT J - . . 2.15
m M] "

where M and m are the molecular and ionic/masses and eEX is

the, energy gained by the ion moving a distance ) in the field

.direction.« For an 1on-neutral colllsion cross sectlon of

2

about .50 A%, the field energy is negllglble compared to

/ -

thermal energy if E/p is less than 2 volts/cm-torr (82).

At low fiePd then: ’
: /

va = ug . - - 2.16

qa . . . .

where thé proportlonallty constant, M, is referred to as the
l

moblllty of the ion. u varies inversely w1th the gas density

and thus is a function of- pressure and temperature, i. e.N

‘uo, is determlned by reducing the experlmentally obtalned///

moblllty to the standard condltlons of O ~C and one atmé@phere

‘pressure. Thus

Mo =ux P x 273 L 2.17
__.:‘ ° 760 T . ‘- B ) X . K

/

»where the pressure is in torr and the temperatnre 1n degrees

Kelv1n. If the drlft veloc1ty is measured in cm/SECond and | '1“
the field strength is volts/cm,»the mobility has unlts of

cm /volt sec.
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’

A

. . _ - A
B Qalibration of the Drift Tube

Lol

The mbbilities of dlkali ions in various gases are well

| known and-in order to check that the drift tube was’ reliable,-
- the moblllty of pota551um ions in argon was determined Thls

was done ky puls1ng the K' beam in the manner described abovef
and collectlng the output on’ the multlchannel scaler .(MCS).

The average tlme an ion spent in the 1on source was taken

as the time of peak max1mum minus the "off" pulse width

o~
(in most cases 18 microns). . This was necessary since the MCS

was triggered at the beginning of the "Gff" pulse, yet the
drift tube was not. operational until the "offt pulse was™ " |
' over, i.e. wheh the first electrode became mere p081t1ve 3
than the sec0nd electrode. Flgure 27 shows typ1ca1 output &
s1gnals for K 1n argon. .

To determlne the reduced moblllty, the field strength
E, and the pressure, P, were varled. Since the drift veloc1ty
is proport10nal to only E/p At low E/p (82), at a constant

temperature,kthe reduced moblllty should remain constant.l
<

[

A plot of u, for K" in argon versus E/p is shoWn ln Figure 28

‘The reduced mObllltY d1d 1ndeed remaln constant dVer the

: range of E/p covered. The average value of Ho was 2. 90

L'.'cm /vblt sec. compared to a value of 2 73 obtained recently‘“‘
by Keller (83) and 2.81 obtalpe'd by Tyndall (84). The o
slightly hlgher moblllty is likely due to the lack of know- |

ledge of the "locatlon" of the ion burst\for to slight

3

‘verrors in the measurement of the drlft tube length ( 1 or .2

‘mm would account for the dlfference). '
‘ E \
i "‘e .

¥, ¢
7

e : .

L
L
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oL
<



. # '
|

o

—

Ho (P /v-sec)
T~

/ L . L N

2 C 6 g 10

L E/p (wcm-torr)

FIGURE 28 Reduced Mobility versus E/p for the Potassi‘umgon
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C /Equilibrium

TheLequilibrium constants for three reactions were

determined by using the drift tube:

\ K"+ B0 » k' (H.0) ' | 2.18

‘. L.\‘ 2 < 2 i _ . .

’ - Wy s mmmeeemmenenemmieeie -

e :
CN z K (CH3CN)2 2.19

'K*(CH3CN) + CH,

o\,

+ - +
K (CH3eN)2 + CH,CN ¥ K (CH

' " IS
o ' . . /

) «
- If two ibéns are in®equilibrium, it is expected that

3CN)3 | ‘ 2.20

their arrival times will*be the same, even .though they have,l

" . different fiobilities. This was found to be the case as is
shown -in Figure.29 for reaction 2.20. However, the measured
. . ; // - . .
equilibrium constant is not necessarily the "“true" constant

A P70 ey
For the extreme.case, when the energy s

3

for the reaction since energy is also sypplied from the field.
zpplied_by'the field

is much larger than thermal energy, Wannier (85) developed
a formhla"for the’total\energy of a drifting ion: .

w2 M 2 |
=Ws + ™9 4 3xr

. i‘-\ E
E 2 2 . 2. P

t
1

'"where m and M are the ionic and molecular.masses, va the

l

drift veloc1ty and 3kT/2 the thermal energy. The first term

—

associated with the/drlft motlon of the ion, whereas the

on the rlght hand "side of the formula is the field energy

second term is the random part of the fleld energy.‘ ThlS
: . e - .
P _
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FIGURE 22 Typlcal Drift Tube Output Show1ng Ions 1n Equlllbrlum
for the Reaction:

K (CHsCN)2 + CHaCN = X' (CHaCN)s

Field Strength in both cases = 1k v/cm
Temperature in both cases = 175° ¢
a) Pressure = 0.58 torr
Koy 3 = 0.715 o
b)’ Pressure = 0.84 torr _
2,3 = 0.645 .
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* 4

random or "invisible" ﬁart is described (82) as the energy'

. the ion stores in the

1 at this temberature, 130-\\< ‘;WV; the/equilibrlum
constants meaSured in Figure 30, an effective temperaturef
Ty, may be calcdlated from the Van't ‘Hoff plot obtained in""
the field free mode. This effective' temperature can then
be equal to the temperature of the gas, g' plus the
theoretical temperature created by the field referred. to as

the "ion temperature"”, L (86), i. e..m

For the various equilibrium constants in Figure 30, the |

e

values of T and T are . presented in Table 4. If-the Wannier

7

formula is valid for these values of E/p, then the first two

o

!terms may be set equal to a term incorporating the "ion .

v,temperature"-

Am + M)vd =“3kTi w L - 2.22
) a‘2 ‘ 2 . - . . : . } /'/(‘

Enmlthe measured drift velocities for'the data in Figure 30
/.

the "ion temperature" as calculated from the Wannier formula

i‘ . . ! . "'_ ‘h-k‘ - ) N ./



-t

K'(CHsCN)2 + CHaON = K+(CH:3CN)3

‘at CHaCN pressures below O. 5 torr
indicates the véigi\jbtained in a field free reaction

-chamber

The - s01id line

o>

1 1 ‘ N L] l
SR .
— “ . ® | £i —
‘F< |
23 —
| ®
2_' —
o)
T=130-C «
I A 1 |
20 - | 40
E/p (></cm— torr)
IG E 20 Varlatlon of Equ111br1um Constants with E/b for the
Reactlon
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&

¢an be determined These are compared with the values
»obtained from the Van t Hoff plot }n Table 4. This demonstrates
that the Wannier formula cannot be used to determine "ion -
.temperature" _ So even though the energy supplied by the field
is not negllglble, it appears that 1s is pot high enough to
make the Wanhier eéquation valid. |

Varney (86) has statedq that the "ion temperature“ will
be propdrtional to E/p, (1n the Wannier formula it was pro-
portional tof(E/p) ). If the data from Figure 30 is taken
and the "ion temperature" is plotted againSt E/p, the result
should be a stralghﬂ"llne. Thls is done in Figure 31 It is

difflcult to say from thls flgure whether or not the slope

r will be a constant due to the hlgh scatter of the .data. '

’ Experlmentally then, the only way to determlne the

Figure 32, Below an E/p of 2 volts/cm—torr the equilibrium
constants are extremely close to the ones determlned 1n(5he
field free mode. .

Lowerlng E/p requ1res that either the fleld strength be
lowered or the pressure 1ncreased ' If the field strength is
lowered,: .the- 51gnal 1nten51ty decreases, as shown 1n Table 5.
If the pressure is ralsed colllslons outside the ion source
occur and the measured 1ntens1t1es will be in error. ThlS

w111 be dlscussed 1n more detall in- the next subusectlon.
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TABLE 5

400,

Sensitivity Dependence on Field Strength and on Pressure

/

Field Strength {V/cm)

42
31
21
11

3

i

|Pfessure H20c

(torr)

- 2.8

4,5
5.6

7.3
8.3

3.7

-

B. Pressure

A, Field Strengtha.

(o]

3

Relative

Intensity

b

100
'59

29

10

v 1.1

ity
AT
.

Relative IntenéitQP

31

46
62

93

100"

91

Bpressure constant -. 3.0 torr'H20

b"I‘otal ion 1nten51t1es normallzed to max1mum 1nten51ty

Fleld stréngth constant - 19.6 V/bm

P

100
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D Equilibrium and Pressure - L,

Figure 33 shows the effect pressure has on the equilibrium
constant of reaction 2.19.- This is thought to be due to |
collisions outside the ion exit slit in which the larger
xt (CH CN)2 ion dissociates 1nto the smaller k' (CH3CN) .don.
One method of getting around this problem would be to work
at lower pressures. However, the signal intensities decrease
w1th a decrease in pressure to a point where they becohe
unreliable (Table 5). The field enérgy would also have tQ
be. lowered to keep a relatively low E/p, which again would
result in a smaller signal. - - ’

For~ the potaSSium ion—water reaction, the "stripping"
effect was. less pronounced as shown in Figure 34,

E Mobilities

‘Due to the inhomogeneous field and inadequatefgate,~mkl;

measured mobilities of ions would be only approximate. When

< o

two ions are in equiiibrium, the average drift uelocity can
be expressed as: : L S "
v =Vih * von, | - 2.23

ave - -
n +n,

where v, is the drift,Velocity of:ion (1), v, the drift

v,

velocity of ion (2), and n, and hz represent fhe relative

intensities of each ioch. Since the. drift velocity lS‘ 3 e
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¢ i “ K ' . Ehe B ! ld“-

] 7‘ v
reduced mobilities may be substituted 'into equation 2.24: .
: : . _,,}[. K L . .
gt + u
‘ " e i N . 2.24
. » a |
" Cave ny +.nj
. |
° B . . N
whrch"rearranges EZ: . N : ' \ '
. L ’/ ‘ [ N
v !
H B ) ) . ’ ” ‘ .
- oa_ve(nl +'n,) _ T S 2.25
. — - o 0, == . -
-y ‘ nj.
« )
. ) . A SR '
and a\plot of poave‘ni + n.) versus 22 will glye a slope,
. . ' n ‘ ‘
. et . ny N 1‘ ) e
‘;“o , and intercep€\qL An example is*shown in Figure 35
- 2 l
’ for the ions K (cu CN) and Kt (cH CN) Thelr reduced
moblllties turn out to be 0. 30 and 0.34 cm /volt—seclreSPec—
' ’ \\ ‘ —— )
ot tively. o ' : . -

P Conclusion

A .

Drrft tubes can be used for the study of - Juilibrium.
'Howeveér, the 1ncrease in 1nten51ty that was hoped tor was >
never . reallzed in the acetonltrlle case, 31nce runs had to
be done at low pressure and low field strength, conditions
i2tens1t1es./ In the water—

! .

potass1um 1on case, however, hlgher pressures could be used

v “‘

° which gave the lowest p0551ble

/ and-the intensities were falrry hlgh The equlllbrlum
constants femalned constant over a large pressure range and .
they agreed falrly well w1th the results from the fleld

) . . N \
free source. / - ' a

~

2 Another disadvantage to the present drift setup isvthat

.
.
.
,
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_ o Measurement Io represen%s the 1ntensity of the ion :
‘ "K (%CN}S an(LI;_LepmseMe_intensitat—e{;the-len—— e
oK (CHaCN)2. - The slope yields a mobility of 0.30 for
K (CHaCN) )a, whereas the tntercept yields a mobility of -
0.3k fpr the ion K (CHGCN)g
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P /

there is a temperature gradient alqng the drift tube due to_
the heating from the fllament | This could not be measured
accurately and could lead to somewhat:erroneous‘results.

If the'mobilities of the ions?were important‘to study,
- @ much more sophlstlcated drlft arrangement would be necessary,

complete w1th guard rlngs and a much better gate.

-~




CHAPTER 3

- RESULTS AND DISCUSSION OF THET§OLVATION

OF ALKALI METAL IONS BY ACETONITRILE

3.1 Introduction
| /As discussed in Chapter 1, hlgh pressure mass spectro-.

metry provides an eff1c1ent method for- determlning the gas

rhase thermodynamic constants for thé“sotvatron~ofnions. e

When alkall ions colllde w1th a neutral such as acetonitrile

in a field free reglon,xa complex is formed:l
Mt + cucn 2 u*(cu CN) | 3.1
3 « 0 T3 _ . . *

' Uponwfurther collisions, this complex can*continue to grow,

‘resulting in larger clusters: -

+ . . v . . + . . . .
M (Cﬂacmn—l * CH3CN 2 M (CH,CN) - 3.2

o

By varylng the temperature of the reaction chamber in the
mass spectrometer and measurlng the equlllbrlum constants
for the reactlon 3 2 at various values of n, thermodynamlc

values for the step-by—step clusterlng reactlons are
T~

P

©

obtalned.

In thlS chapter, the experlmental results _Obtained: by

-

this method are presented for the alkali metal 1ons-' Na ,'

K, ’ Rb and cs” . The gas phase solvation of alkali. metal
’ &

blons in acetonltrlle can then be compared w1th the gas phase

/

107.
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solvation of alkali ions in water, halide ions in acetoni-

trile, in order to provide information.regarding,theQdifferr

ences in the solvation of ions'by protic or aprotic solvents. .

3.2 PreSentatiOn of Results f

The equilibrium constants for the solvation of sodium,

potassium, rubidium and ceSium ions by acetonitrile are

// *

shown as a function of. pressure in Figures 36 55, At a

‘given temperature over the pressure range covered the

equilibrium constants remain relatively" constant indicating

that the reaction being studied indeed has/ﬁeached equili—

/

.brium.'

) These‘equilibrium constants are pl*}ted as a function .
o

of 1/T in a Van't Hoff type plot in order to determine the
'enthalpy and entropy of the reactions from the slope and .

_intercept respectively. ‘These plots are shown in Figures

™
56—59. - The equilibrium constants presented in. these Figures

are K0 1 to K4 5 for pota551um, rubidium and cesium, and .

Ki 5 to. K.4 5 for' sodium. The Ko l values for sodium could

" not be measured directly 51nce the ion source was not

‘expected that the 1nteraction w1th this ion would be even

capable of operating at. temperatures above 700 K, and at

thlS temperature no unclustered Na ‘was observed.n.For"

Similar reasons, lithium was not studied 51nce lt was -

v [ 4

stronger, and that the K0 1 and Ki 5 cotld probably'not be

determined. The higher equilibrium constants~were also

:difficult~to measure since the_Li source in generel’led
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to low intensities. Thus no,Li+ data are presented. {:&

ST oy . ) o

The AGOn‘l n values/at'/2980 K were determined by
ety S LR -

extrapolation of the Van't Hoff picts to room temperature;
The val es obtained for the enthalpy, entropy and free

ener at room temperature for the reactions studled are”.
pre’ented in Tables 6 to 9. The values are ohtalned,by a
least square treatment of the data. The“standard‘deviation,

determined as well from the least»square treatment, is also
_ : ! o ;

\

' given for the various reactlons. L

L3N —

The enthalples for the varlous n-1,n clustering reactions
are plotted as a functlon of n, the number of llgands, in’
‘Flgure 60.{i L1keW1se, the free enerqgy change%at 298° | |
is;plotted versus n in Figure 61. The values of.AH ovl'
05nd ;Goo,l for the sodium~ibn'are obtalned,by extrapolatlen;"

. I Lo - A : ——
- 343 General Discussion e , ,_ /

"For gas phase solvatlon studles, it has been found (3)
that the values of -AH 'l)- and - ac° "at 298° K decrease
n-41,n 8 n—lln -

with the value of n. ThlS is to be expected from the

—

1ncrease in dlpole dipo _1nteractlons between llgand

[

molecules as the numbe of llgands is 1ncreased from

Tables—6 9 and from Flgures 60 and 61 this can be seen '.
o be the case w1th the solvatlon of alka11 ions in
acetOn%trlle.> leerse, it -has been‘found (3)~that the
values of —AG.»and -aH® decrease for a.glven value of n as é

the radius “of- the alkall fon increases. That is, sodium

is expegted to have a Iar&gc -aH® and ~AG than ce51um due'
K -s ‘ . .

e 1oy



TABLE 6 | o

Experimental Thermodynamic Values
\

for the Gas Phase Reactions:
: : ‘ .

/ ! ) / .
+ . T ‘ L :
Na (CH;CN) 4 + CH,CN 2'Na .(¢H3CN)n (-1, n)
nd B
.
Re‘ct"*c'ﬁ; oL w % . @ AS: a
acti v - " 'n-l,n - R n-1,n “"%n-1,n
(n-1,n) (kcal/mole) ' (kcal/mole) » (e.u.)
1,2 . S 24,4 #¥073— 17.6 % 0.4 22.7 £0.5
2,3 20.6 0.5 - 12.3 * 0.5 27.5 +0.9
3,4 - . 14.9 (6.2 . 6.61 £ 0,3 - 27.9 0.6
4,5 -« '12.7 *0.2 ° 0.39 + 0.3 41.2 0.7
. _ §
,ﬂv , Y

‘asﬁandafd state 1 = 1nd'2980K

The errors quoted in this and subsequent tables are /
indeterminent errors obtalned from least square flttlng.



TABLE 7

Experimental Thermodynamic‘Values

for the Gas Phase Reactions: °

. i .+ . + . '
e - K(CHCN), )+ CHYON 2 K (CH4ON) (n-1,n)
/ ;
Reaction ~0g° -aG° a. _ag® a -
, n-1,n ; n-1,n - n-l,n
n-1,n (kcal/mole) * (kcal/mole) (e.u.) .
0,1 24.4%0.4 18,0 0.5 _  2l.. ;0.7
1,2 2006 £ 0.5 - 13.4 1 0.5 . 24.2 £ 0.5,
2,3  18.2 0.3 9.8 £ 0.3 28.3 £ 0.6
3,4 13.6 + 0.4 5.44 & 0.5 27.5 £1.2
4,5 °  11.5.% 0.1 - S 1.43 + 0.1 33.7 +0.3
l 0 - .
4 )
%Standard state\l'atm‘and~298?;r _ .
. : . : x',’;) e e, O [ ]
i . /‘. o /
. 'J.jf ; ’ ”ﬁ /
e



Experimental ThermodynaTic Functions

for the Gas Phasé'Reactions:

+ ' + ey —
Rb' (CH,CN) . + CH,CN ? Rb, (CHLCN) (n-l,p)
' 'Reaction \ —4g°® . -aG° "’ a —~AS -
R : n-1,n - n-1l,n . ,h=l,n _
- #i=-1,n \rcal/hole) (kcal/mole) i (g.u.)
0,0 20.7 + 0.3 15.3 & 0.3 - 18,1 £0.5
1,2 17.7 % 0.2 11.4 =+ 0.3 20.9 £0.5 T
2,3 15.7 £ 0.2 . 8.30 z 0.3 24.8 +0gf
3,4 . 12,5 0.2 4.80 : 0.3 25.7 fc&.’s»
4,5 o 11.1 0.6 1.42 0.8 .  32.5°%2.1
| | | . f
, aStan_dard state’l atm and 298" K T
s 2 )
iy
/
| . I & ‘x‘
/ ;
- -



RATRP

TARLE 9 / - -

>

Experimental Thérmodvnamic Functions

for the Gas Phase Reactlons-

137,

aStar;dard state 1 atm and 2980 K

cs’ (CH3CN)n_l + CH.CN +cS (’CH 3CN) (n—;,n)
- . : o ' o a . o) a
Reactlon -4H n-1,n | .—AG n-1,n -AS n-l,n
. n-1,n v (kcal/hole), ) (kcal/mole) ({e.u.)
. / * ’ .
0,1 19 2+ 0.1 13.7 + o.1 18.6 . 0.2
1,2 16.7 + o. 3 10.2 % 0.3 21.6 + 0.6
2,3 1431:01 7.2 % 0.2 240io4‘
3,4 12.1 + 0.1 ©4.01% 0.2 27.0 0.4
’ . . ' ) . — -
4,5 10.9 % 0,3 1.06+ 0,5 32.9 % 1,2
’ )
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to themgreater charge densxty of the sodium ion. With

acetonltrlle as the ‘solvent, thlS is the case for clusters

w1th up to four acetonltrlle llgands, but the value of

;AG°4,5 for sodium 1s lower than the correspondlng values
- for potassium, rubldlum, and even ce51um. The --AH4 5 value

: ’
for sodlum is’ Stlll slightly greater than the correspondlng

Y .

+
enthalples for K Rb ' and CS’ - the dlfference belng

attrlbuted to the abnormally unfavourable entropy of the

!

Na —CH CN, 4 5 reactu@n.

3
'i To ensure that thls phenomenon was not due to some

instrumental defect, a filament contalnlng both - sodlum -

and ‘potassium ion'was constructed and the equlllbrlum

o v - .
constants of the reactions: .

¢ .

‘:vqy - Na+(CH3CN) + - CH3CN Na (CH CN) "3.3l
Sl y : . '

HK.(033CN)4 + CH;CN =K (CH3CN)5 , L 3.4
: , ) _
g . / ~ . .
were studled at the same temperatures and.pressureSz These

equlllbrlum constants are in- good agreement w1th those

'obtalned ‘when u31ng a fllament contalnlng only one ‘ion

(Flgures 39 45, 56 and 57) " In all cases, the pota$31um

1on—aceton1tr11e reactlon was more favourablemthan the
sodlum-acetonltrlle reactlon, (that 1s, the equlllbrlum

; T
constant for react10n¢3 4 was greater ‘than the correspondlng . f:D

_constant for reactlon 3. 3) . Wheh n is less than 5, the = . -

sodlum equlllbrlum constant is always greater than the L A

.

Y

/ ’ . ’. N ’ L ' ~




1.

potasslum equlllbrlum constant at a given temperature, as -

shown in Table 10 The temperatures used in thls Table are

taken from the centre of the ‘experimental range for ‘the

f

sodium clusterlng reactlon.v Rubldlum and ce51um are
included in this Table as well. »

In previous solvatron studies (40, 4l:f45),'it“was
el

found that the van't Hoff- plots tend to become closer to

each other as the size of the cluster 1ncreases. In. the case

\
1

of acetonltrlle W1th ‘alkali metal 1ons thlS occurs untll |

the 4,5 plot The spacing between the 4,5 and 3,4 plots
(as can be seen from Flgures 56 59) is greater than that
between the 3,4 and 2,3 plots, with the greatest abnormallty

in the Na' case.  From the values of -AH and ~AS (Tables
. ‘ MY
6-9) thls would appear to be due to the high entropy ‘term,
-w_ ‘"(
rather than the enthalpy term Wthh 1s decreasmng rather

~~~~~ '
54

steadily.” . . .~ : .i o L ~;

It was found in‘the alka11 1on—water studles (3) that

.the - A4S 1ncreased steadlly as/the number of Ilgands

n-1,n
&
1ncreased and there were no distinct changes as is the

o

case w1th acetonltrlle. This abrupt change in the entropy
!

upon the addition of the flfth acetonltrlle molecule can be
attrlbuted to the restrlctlon of mot!Bn w1th the 1ncreased
‘r:owdrng of the acetonltrlle llgands 1n the flrst solvatlon:n
shell. In the NH H, O), NH4 (NH ),Iand hallde 1on—& |
‘ acetonltrlle studles done in this laboratory (45 2 41) 1t

lwas found ‘that the .fASV l n of the larger clusters took

an abruptmdecrease._ This was attrlbuted_to the formation.

v
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TAHLE 10 |
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Ratio of Equilibrium Cdpstants,at Specific Temperaturesa'

for ghe Reactions:

Y N o o - .
Na "(CH,CN) ., + q§3cn 7 Na (CH3CN)n (n71,n) .

/ S - :
o ‘ " , I
‘ Compared to: . -~ ‘ T
+ b TN - .
| M (CH3CN), ;= + CH3CN 2 M (CH,CN) (n-1,n)
i ‘ )
/ ' : . , A /
T | T N e A
Reaction Temperature®’ Kh;l,p(Na o ¥n-1,n(na ) #Xi1,n(Na™)
(n-1,n) .  (°K) Kn-1,n(€") nel,n(RT) Kn-1,ntcs®)
c N ‘ o : 7
0,1 931 o 95 . .~ 275
. 1,2 e80 35 - sgi T am
2,3 506, . 16" 33 . . a9
3,4 - 383 5 o 31
- 4' 5 . ,. : B} 234 ’ - ‘0.. 3 - %;\‘ Oc4 ! : R o. 8 :
' ’ e L S
té . N . - ‘ v:i- . _ . _l .
Temperature at which Ko.1 (Na”) =1 torr
bM+ = K+l Rb+' and CS+ |

?EXtrépolated‘values of thermodynamic functions uééd fdr
- .\ - ;*- » . S ] .
K, (Ma?)

. .
N\, - \
. . .
“ .
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]

©of an outer solvation shell’(4l) Clearly from the present

Adata on alkall 1on solvation in acetonitrlle, no outer shell
1s readlly formed. ‘ |

\

The welghted average number of ligands per ion at .

298 K may be readily determlned at a glven acetonltrlle

\

pressure with a knowleddge of the varlous ‘values of Kh 1,n

- obtained from the Van't Hoff plots.. For example, the

Cwill be:

concentratlon of the spec1es Na (CH3CN) at a pressure, p;

~

.

' . ' . ' n . l. : - )
o ma+(cn3cN)n] =p" x ]I Ry 1 . ~ 3.5

;-

.

By setting the total concentratlons of all the 1onic spec1es

-4

to unlty ‘at various pressures (10 to 10 torr), a plot of

the relatlve concentratlons of the 10ns versus pressure may

be obtalned, as shown in Figure 62 In thls:flgure, ‘the
t

data obtalned for the hydratlon of sodxum are also 1ncluded
In the case. of the Na' (CH CN) system, only two ions of
31gnif1cantflnten81ty occur in thls large pressure range -

Na (CH CN) and Na (CH CN) » Between 0.2 and 10 torr, the

A
!

normal worklng range in h1gh pressure mass spectrometry,‘-

" ‘the Na' (CH. CN)4 species accounts for over 90A of the total

./7/

aonlzatlon. Wlth water, however, five separate ions exist

in this range and at- about 2 torr water pressure, thé four,

. v

'flve and 51x hydrated ions are of. 51m11ar 1nten81t1es.

R

;.case of H (H O) ) (40)‘,

This- same effect was noted tOveven a larger degree in the
l‘m. . ’ '. » . - -

)

-
!
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than between the hydrates.' A practical consequence of thlS

"such as Na (H 0) . R s

. P » . N - 'r- . ‘ ; ’, '11‘5.
‘ o . . T ‘.‘ ¢ ‘

\ Flgdre 62 demonstrates that stabillty differences o

1

between succe551ve acetonltrlle clusters are much larger
r

- is that the certalnty with which equlllbrlum constants may

be determlned 1s much lower ‘than 1n the case of a system
- : : ' s

xﬁ
) \
3 4 A Cbmparlson of the Gas Phase Solvatlon of Alkall T

o i o

Metal Ions in Water and Acetonltrlle ;4_ .

o ) . . B t

In the gas phase, where ‘ion- dlpole and 1on51nduced

’dlpole 1nteractlons play ~such an 1mportant part in solvatlon

.- energies, 1t is expecteduthat acetonitrlle w1th/1ts large'

Q

_alkall metaL 1on-water solvat;on studles (3 4)

:’s1de of the flgure than the water plots (dashed/;jnes) of
g _

jsolvatlon of acetonltrlle/at a glven temperat-n‘

dlpolqgmoment (3 97 D) and*hlgh polarlzabillty (4 3 A ) Wlll

solvate ions to a dlfferent*degree than water with 1ts much s
lower dlpole moment of l 85 D and lower polarlzablllty

(1.48 a ) The data cbllected in thlS study can eas1ly be
e .

’compared to the thermodynamlc functlons obtalned for the

e

The most dlrectemethod of comparlng the relatlve

‘solvatlng strengths of water and acetOnltrlle is to look at”

- s
. e

their Van't Hoff plots.. ThlS 1% done for sodium in Flgure ZM;

‘63Q’ The acetonltrlle plots (solld llnes) at low values of .

dn-l,n are further to the hlgh temperature (4. e. low l/T)//

a

comparable n-1,n. ?hls corresponds to more favoutra

( ’

,, .
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FIGURE 62‘ Van't Hoff ;cype Plots fo.-r the Gaes Phase sOl’vatlon of
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At (n—l;n) = 3,4 the plots are almost identical and thend
fbr'higher values of n, the trend reverses. The K4 5

4
values for Na _CH3CN are even lower at a correspondlng

l,, ”

temperature than the K5¢6 values for Na© and water.\ Thls

P}

»,.

implies that as the numbnr of ljgand 1ncreases,‘§he watﬂ;

clusters become relatlvely'ﬁﬁie stable thangﬁh

acetonltrlle clusters. - y ".;; ¢
: B A
< -

e / .

sodlum and ce81um clusterlng w1th both acetegﬁtrile\and

water are shown in Flgufés 64 and 65 respedtryely. JFrom -

botl. plots it is obv1ous that at low values of n, acetonltrile !

solvates the¢1ons much’ more readlly,‘ As the cluster/s1ze

/readhes n—5, the enthalples become almost equal but there

is a. crossover in “the’ free energy, 1nd1cat1ng that free

energy—w1se water forms th more stable cluster. (To
3 A,-.:{s‘ B DI

prevent clutterlng the: fl ;fés, solvatlon data involving

: the pota551um and rubldi .ions were not 1ncluded )

-

S *The dlfference 1h the —AG and —AH plots versus n- l n..
can be attrlbuted to the entropy values. For acetonltrile
R

w1th sodlum for‘exampled 4 5 = 41.2 e. u: compared to theef

Cog

- g
, much lower va;pe of 28, e.u. for ‘water. ° This indicates”a
much more restrlcted solvation of the ion by the flfth
GP'
acetonltrlle molecule compared with the flfth water molecule.

%he total free enefgy of solvatlon in the gas phase

; -‘V,AA_!I V o
kfrom O to n (AG0 n) is shown in Figure- 66 plotted agalnst

- u} B "'64
both water and acetonltrlle are shown. Frof the diagrmg 1t0

' X . ” » ¥
: P . :
. - B ) N

The enthalpy and standard free energy‘funhg&ﬁns of o

/‘

|

. 'n, the, numbey of: llgands_ AgaIn data from Na and cst with :”;/H
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FIGURE 6h A Comp ison of the Enthalples of the Gas Phase Solvatlon

of Na and Cs in Water and Acetonltrlle

i ¥ v N
» ¢ “b )
g ' o !
X
/ “u ‘
4 -
e 3



“AG® -y o (kcal/mole) .

1kg.

“20

»n
]

-5 | ~
|

. Cst-CHiCN

L I B |

01 L2000 2,3 3,4

n-n

FIGURE 65 A CQmpariéon of the Standard Free Energies of the Cus
' Phase Solvation of Naffagq Cs' in Water and Acetonitrile.
Standard state = 1 atm. and 298°_K .
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. : / . .
does” not appear that the total water cluster will become

more favourable than the acetonltrlle gluster, or even -
*,approach it at hlgh n. This is in direct onflict with
‘solution chemists (Sectlon 3.6) who‘have emonstrated that
water solvates both sodluml;hd ces1hm as well as, or'better‘
than, acetonltrlle does.’ Therefore, one can conclude that-”‘
- the difference between theé solvatlon energies of acetonltrlle .

l'“"?and water 'in solution are based on more than the close

electrostatic 1nteract10ns observed in the gas phase.

- . N . B .- ! U
P W ’
. . ’

3.5 A Comparlson between the Gas Phase Solvatlon of Alkali

 lewn

Metal Ions and' Hallde Ions in Acetonitrile

o

The strong preference for the solvat1On of catlons over
anion’s in acetonltrlle which occurs in the: llquld phase is

also demonstrated in the gas phase. In Flgure 67 the

0

AG . of the alkalLﬁand hallde 1ons versus n-l, n are )
n-1,n

compared and in Flgure 68-the enthalples age slmllarly
compared. To avoid confus1on only. Na . Cs+, and their
1soelectron1c counterparts F and I” are plotted. VThe other-
alkali and hallde ions follow 51mllar trends. ' The thermo-
dynamlc values for the gﬁllde ions: are taken from Yamdagnl-

and Kebarle (2). p ' 3 " : u-;‘ ' ' : .

At low values of n, the free energy of cation solvatlon:

N~ 1s much more favourable than the free energy of zhion

.‘.v F . ,
PURREEE solvatlon. 3 ‘
S f!i4§-'_As the number ©f ligands increases this préference

dlml 1shes and ln the case ‘of the 1soe1ectron1c a1r Na+ and *
E) P
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* FIGURE 67 A Comparlson of the Standard Free Energles of Gas

Phase Solvation of Alkali and Hallde Tons in

Acetonltrlle.
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. |

F~ the trend reverses, that is the reaction:
‘ : : .o . N

F (CH3CN), + CH,CN 2 F (CH,CN) | 3.§

-

e )
becomes more favourable than 1ts sodium counterpart. The ;

“AH plot is much more dlfflcult to’ 1nterpret For the

n-1,
+
Na ’ F pair, the two curves appear to be- approaahlng

until n=4, but at n—5 the enthalpy of the F’—acetonitrile

d

reactlon takes plunge ‘and’ the two curves dlverge. The .

'enthalples of the Cs , I pair are»slowly converging,

‘ . : + - .
- One explanation- of the Na » F7 situation can be

o
attributed to the geometry of the two complexes and the

-t

, p0551b111ty of shell formatlon. In the’ fluoride ion case,

\ !

the 1on—molecule bond probably occurs through the methyl

, hydrogens (87). This leaves the cyano group avallable for'i'_

assoc1atlon w1th aﬁother acetonltrlle molecule. In pure ‘”

lquldS 1t is well known that acetonltrlle self-assoc1ates.

iTwo models have been proposed for the dimer: -one, ‘an ,

| ) ) - . v

antlparallel dlpole palr (88) _ g
st s : M K R
Me-_—,—,C =N . : o - Co T -
oot I "
N =C - Me . '
:«v ) ) -1
and the second, afskewed‘configuration (89) S
" Me -C=1N ! '
N
"/ [ 4

i -, T . o - '.".':
W ‘ . S : ‘ﬁg%



)

1155.
If the antlparallel conflguratlon occurs, then 1t could be
respon51ble in part for shell formatlon in negative ions.

/
‘0
For p051t1ve ions 1t would geometrlcally Wimpossible,. '

Since the cyano group is orlented towards the catlon. The

‘,heat of dlSSOClathn of the acetonltrlle dimer has been

determlned between 3.8 (90 and 5.2 (88) kcal/mole. 'The‘
tendency towards the antiparallel dlmerlzatlop will lead to
an opp051ng dlpole 1nteractlon with the negatlve 1on, as well
as sterlc crowdlng so the low value of -AH4'5 for reaction iw

3.6 ( -5.2 kcal/mole) can be expected . - ;

The entropy_arso demonstrates the p0551b111ty of shell
i 3

formation w1th negatlve .ons. For the fluorlde 1on, the

. _4s changes from !lQ 6 for the 3;4 reaction to a much lower B

o

value of 7.4 e: u._for the 4,5 reaction.! This is 1nd1cat1ve _

of the greater freedom in the. outer shell:. The sodium ion,
5

as p01nted out earlier, has a substantlal 1ncrease in

,entropy between the 3,4 and 4, 5 reaction - 1nd1cat1ve of .

/
greater restrlctlon and thus&%hewlack of shell formatlon.

The dlfference between the solvatlon enthalples of

L]

halide and alkall ions at low n would be expectéd from the

Aelectronlc structure of - acetonltrlle. (For a detalled v1ew _

4 at the electronlc structure see Chapter 4. ) The positive

part of the acetonitrile dlpole is dlffusely spread out over

the . hydrogen atoms in the methyl group, whereas the nltrogen

atom contalns the maJor negat1Ve part of the dlpole, w1th

~ —

a well- d1rected~1one palr of electrons (87). From a purely

electrostatlc pOlnt of v1ew, it then seems reasonable that

Fl
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he ioanoleeu1e~bond between_the cation a the nitrogen

v

of the cyano group would be stronger than the bond between

the anion and the methyl hydrogens. ""/

:&"
3.6 A Comparlspn between the Gas Phase Solvatlon and

quuld Phase Solyatlon of Alkall Catlons in Acetonltrlle
N ] oL, ‘
. v r'*"’ ' A e

A Con81stency of Gas Ph?se Results \

N

The con51stency o vﬁhetﬁGo ﬁvalues for the dlfferent

alkall ions w1th avallable solutlon thermodynamlc data—ls/

./’
.

shown 1n Figure 69, which gives a plot of

AG n(Cs ) - AG (M ) versus n. “As- n 1ncreases, it wqpld
’ I .

"be expected that the above dlfference would approach the

dlfference between the free energy of soiutlon f

"d

AG (Cs ) - MG (M ). Case and Parsdn%;values obtained from

'Volta potentlal measurements (37) are used for, the llqu1d

o

'phase,fgee energies. Comparlng the dlfferences in free

»

energies between ions is advantageous, 51nce’1t-e11m1nates

' _ ‘ . b : S
to some extent interfctions with the bulk liquid. That is,

' after the primary so‘vation'sphere is complete, the charge.
) { . . V - .. ; ‘ Lo -
ecomes less important in ion-solvent

U
(R 3

density of the iop
interaotions. | R E o

?rom FigUre‘Gé,'it can‘be seen_that as n inereases the"
differenoe in ‘the free energy,.AGo;h,'of'anfion and cesium
approaches-the CaSe}and Parson vaiue. For potass1um‘the

agreement is eSpecially good.' However, for,rubldlum and

sodfum,'it is hnlikely further extrapolation of the.plot'

\g%‘

S
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\V . : /o .

will reach the Case and Parson free energy dlfference@ The’

iy

sodium—ce51um dlfference approaches a max1mum when n i?uals
-4 and then decreases. ThlS again is a result of the hlghly
S

SR "unfavourable entropy of the sodlum—acetonltrlle 4,5 reaction..
S / o ‘ ' . - ) *

s t

—\mhxj\‘\ B‘“Determlnatlon of Slngle Ion Free- Energles of Soldtlon in
Acetonltrlle from Gas Phase Data f‘f—fff“j“““"ra .

+ .
" For the alkall ions Na+, K, Rb and Cs ’ the gas phase

RN

& o .free energy .of clus1cr1ng of five acetonltrlle molecules has ST
- been obtained in this study' :

W ' .
. . . v ‘ ' : }

AG. . = 1 AG ‘ o ' ; 3.7 |
0.5 a B=lin T L %*’
-l° . o C * T, . R j

oy

From the prev1ous study on the solvatlon of the halide 1ons,

bt

Cl-, Br~ and I, and proper extrapolablon, a s1m11ar AGO 5
magéfefobtained Flgure 70 shows the’ extrapolated plots of

- s | , ‘ |
AGn 1 - versus n used to obtaln G4 5 tor Cl.!‘Br and I'!

- and AG3 4 for I e . s - o | ' /

v

The dlfferences AG (Cl ) (ﬁ*) areiplotted
'versus n ;n Flgure 71. For all the 1on palrs thlS dlfference
'reaches a max1mum at n equal to 4 and then falls off |

sllghtly at n equal to 5. Iﬁ 1t is assur ° that thrs.

dlfference w1ll not change 31gn1f1cant - ﬁégher,n,_these
values may ‘be used to obtaln 81ng1e io.. :nergies of
»solutlon in a£eton1tr11e. ‘That 1s, R B .
e . V 'g / - C . o . ' ) ' . . K 0" ' Lo
i} o : B 4 A
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'n-l,jn.g ('kc‘cl/mol.e)‘.

-AG
-
,o_ '.'
T

e

n-l,n | ‘
S FICURE 70 Extrapolatlon of - aGn -1,n versus n-1,n Plots for'tﬁe”»
3 = . ’
' o h Gas Phase Sof%atlon of Halide ions in- Acetonltrlle, En :
Order to Obtaln Slngle Ion Free Energles of Solvatlon
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o The total free energy of solvatioh'oﬁ alkali halide salts
- ‘Vf- vhave been glven in a rev1ew by Padova (23, . These*gre llsteq.'
‘ ' n~Table¢ll Thus, a séﬁ&e‘ 6f eghatlons results. ' " rwﬁ:'
: L ' L e ‘;" _ o Y i L
| .‘: | S ) . N . w . .~ vy N
v ‘ ! ‘, - ' i ETR + ‘f" - . ' . .
AG_ (X )+ AG_ (M) AG (M X ) ) Ehe:

° ) R o e S . R . . ‘ . P

’ ) - o - ’ A ) P r L E ’ \ L T
. I oo . Y
o .. - ok oLt . . o ’ e : "*

> v + ) ) )
A . - A =. ) B Gan -
\ G (X)) - AG_(M ) B . S - 3.9
\ : ." (:""" ' 1\5 o (}:,)
where B is the dlfference 1n free energles obtalned in the P
B X . . o £
. gas phase, tabulated in Table 11... These equatlons may be ¢ .
.~ . solyed -or ihe various 1on—pa}rs. order to obtiln AG (x ) o
- Y » T
e + o v B . .' .. ,J.'
o and AG }* ' These areshown i 12 o Jf¢
- e .. . ) .PJ .'. e ) 3 ~. ‘ ﬂi. ». '_} ‘4 .
SRR '»xﬂ From the : erage value for each “igh, dgas - \ v
oo :,51ngle‘1on’fre° nergy -of solutiqn in ace”
B S CE e : - ’ SRR

e e s ‘ ‘ TR
R P 4-obta1n6a. These are essentrally llmltlng values 51nce 1; is e

‘ llkely (from Figure 71) that the dlfference L Q'* ﬁ%h” :::aka;}?
T jfifla. (X() AGo, (v B*Wlll decrease at hlgherﬁn, )Thus for ‘lﬁv’\
'ajpilt_ ‘;: the alkalw 1ons, the calculated —AG (M ) w1ll have a "&??;_
: \ ', *max1mum ltmlt and -AG (X") a mlnlmum ;; o a; o \&7 .N;f4§
v T' . B The ‘ionic free energy of’ transfei' AG frOm.water‘ton

. acetonltrlle can’ then be obtalned u51nc acceptable values of BT

st ‘h'“; AGy (M ) or'AG (x~ ) in HéO “Phe water values used are those
. ’ . »K - \ .
of Randles (35) . The free energles of transfer are compare

' . w1th those’ obtalned u51ng other methods 1ﬁ-Table 13 ge' {
the s1ngle ion frée energles were obtalned in acetonltrlle?"t | .
. 0. f rather than by'transier technlques, the Randies valugs for. | A
i\f:‘-~®' ' HZO ‘were used to, obtaln the free energles of transfer. i >, ler
. ‘ \
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The free energies of transfer determlned from the gas

phase results, agree quite well w1th those obtained in

[ solutlon. Perhaps the most reliable'results»are those of

-

Case and Parsons (37) since the single ion separatlon is not
based dlrectly on the radlus of the ion (Born equatlon) or

~even 1nd1rectly on the ‘radius (l/n extrapolathnwand

g

refefence electrolyte), but rather on the assumption that

: the surface potentlal w1ll be similar for acetonltrlle and
“&_ o, 3 ' .i -
w:» water. . o a >

Unfortunately, the errors 1n the gas phase studles are
\ L3 .

additlve for the stepwise clusterlng reactlons.. Therefore

ﬂ” the viiues listed in Table 13 have a standard dev1atlon of

B

bt ’h at least 2 5 kcal/mole. Howev
‘Qﬁ 2 ‘a o

that water and acetonltrlg
eq . K _'—

_Ssame degree 1n solutlon and' hat anions aré much less solvated

“than catlons in acetonltrlle. ;”{)ﬂg’

L P

O

13

PR ~ by .
- o

QDC Calculatlon Sf . the. Free Energ?\of Transfer from Watér

- to Acetonltrlle . ,u‘ ’ . '”“wwvm . o
s Returnlng to the ion . solyatlon cycle presented in the

’

1ntroduct10n an? replac1ng the enthalpy w1th free energy we'

v B

. 3
' obtaln the total free energy of solv-”;

."‘,." ]

evap . i-s.o,n BC =« 7SB.

. T s :
ol S S ' . - ‘- . ’
e eﬁ:""‘fb’ . o ) ‘ ’ ) . . -,

- : . . . o)
Vo - . . . Lo < -

Where n represents the nu&&er of llgands in the flrst

soIvatlon shell AGevap is. the fr%e energy of evaporatlon at

\ " A

on,_ of an 1on, it as: ACEE

AG_(1) = n x 8G__ . + (8G, ) V446 % FAG. . 3._o
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.ot ! -

"2989 K,'(_AGJ'__S)o n/lS the experlmentally determlned free

energy of ion- solvept molecule 1nteract10ns obtalned in the

\

SB

“the 1nf1uence of the 1on on the hu‘k Solvént, aqﬂ XAG t -VL
represents the free e£§@%y change dﬁe to the breaklng of

the solvent structure upon addhpg ‘the ion...

o I _
For the- }rae energy of transﬁar from water to
acatonltrlle. . e ' . '. T S f%
- v%»;ﬁﬁ‘iw' S

L a6

gas: phase, AGBé is the Born- charglng free @%ergy represenbang

et zAG 1) ;G (1? we eyt Lo ¥ 5,
w TN 2 e 3L ’
S l VR Sl
J&;_c» . - m{ l : “‘“ \‘ ) . ke : M@g”
"~ R S E P . . "‘“
and by reRlac1ng the- total solvatlon energles from 9' i
- o Ty Ky =~
‘:3 lO the f;ee energy of transng may be represeﬁted by~ ﬂ* B :
» o . . . e '
: \ - A, ) - n AG .
| AG (1) hanuGgyap(an) - n, b evap(w)
. - N :{fw;‘f‘ﬁf\)ﬂf‘
. , - I T e & e : - AG, . - i o
. =y . ) ) ) + (A(‘;i_an'i‘o'na ( | J;—w)ﬁol. nw | E 5 R .
A ' he, (an) - 4, () - SameraEpy WYY
=y o o+ 8Gpelan) - 8GR (w : o
'ﬁ S ' -+ zA XAG . 3.12
_ | .ot GSB(an) - ( ) . . 3.12.
ok - Lo o . .o , Y '
. * . ‘ va. Ty . ' T ‘, : - e : ¢ '
», ’ - . \'
The" free energles of evaporatlon and the free energles : b
qﬁﬁﬂf gas phase 1on-solvent 1nteract10ns are kndwn from !
experlmental data, - but the other terms in Equatlon 3. 12 are [
more speculatlve and-based on assumptlons. prever, thlS. .
7 S EER TR . I
oL s , e B . e »
Y R ’ TN A S8
© .‘“_";" - ‘4\*\\:-5-7 I ‘____ "‘j.,.r;,. <t e



actions are respon31ble for the'l;quld phase i erlmenbal

déta which demonstrates that‘water<is as good, ox- better }{

- solvator of alkali ions‘as‘adetonitrile. C o
w_“_"_"’ : L'.“’. - . .o . c

: ﬁﬁg»y Thé@first-assumption that must ‘be made is With'respect'

& - to the number of solvent molecules in the’ solvatlon shell

”One is tempted.to set the coordlnatlon number of an alka

i . ¢ .
o .
L o ‘metaf éat;On equal for’ all solvents, but from the gas phase

W . '3
vt 3 b

FeE solvatlon stndles ofuwater an!'acetonltrlle, it is not

'b: ob#&ousqthat thﬁs is: the case. There is no 1ndication in

4; the alkall 1onAWater stud1es{§hat a secqnd SHell 1s or is kN

s a v .o _L«

not formed and thus these. lons could be°able to allow Si¥

1;1:;4 f? water molecules in’ the first’ solvatlon shel&, ’tn the, case
“;fem‘of acetonltrlle, the flfth llgand attaches w1th dlfflculty s
'quA'Vi lmifrom the free}energy)wand there was no 1nd1catlon that a N
C i;31xthimolecule would ﬁe allowed 1nto the“solvat;on shell vﬂF"'

- due to the h1gh entropy factors 1nvolved . Thus‘the.flrst
i *

"assumptlon is that the number of water molecules in the S e

i -

lflrst solvation shell is between four and 51x, the\number
- of aceton‘brlle molecules in the shell is elther four o;
flve and that nw;?né; From this assumptlon var;ous values c.l
‘ 1of the first two terms in Equatlon 3.12 as a functlon of nW' {f:f
| gand na are determlned for each ion and p;ESente@ in Table 14
The Born chard—?g contributlon 1s glven by (15)

P ) s e ' . R f[ ] ,p‘- 4 - V‘J.—“"-v,_
. . - ‘ et o / ) . RN SN , .o K

TR



l&"{

] # B
is not 1n the least spherlcal but rather cyllnﬂrlcal a -0
ot L . %y e
. more compllcated procedﬁ“ 8 necessary to determlne r§‘~@ﬂw -

den51ty and molecular weight (96). Thls leads to a value of

; " d "Q I _ 16%5
- .
| v_g. 2"‘§ O . . '
86, =% _ 2z (1 - 1/p)) S 3.3
» \ 2(ri + 2rs) s ’ .

e ~
L)
BRI ; .

where 2e is the ionic charge, ri is the 1onlc radlus, rS is-

the iaiyent radlus {thus rl + zr is the radlus of the ion

and its first solvatlon shell), and_Ds is the dielectric... . . .o ™’

- constant of the solvent. For water which is a somewhat

lltspherlcal molecule, the generallx}accepted radlus of 1.38 A °
T %

(16) may ‘be used . The ionlc crystal ‘radius may be used for

o~

r; since it has been postulated that 1n solutlon ions have

. n‘h’ -

' thelr crystal radll (92). HoWever, for” acetonltrlle whiah

-_II S

4.,. i ._6,
Slnce acetonltrlle 1s not con51dered a structured llquid g

v & LR
. . PR
¢

693), 1t is possible to use the molecular volume. as an R

estlmate of 1ts volume.[ From the%van der Waal's radlus of
.

acetonitrile (94 95)‘ one can assume that the length of

"

r“'the ‘molecule w1ll ‘be 3 4 times.its W1dth. ‘The lehgth (ﬁ

w1ll be. éhual to - (2xr ) s1nce the molecule 1s orlented

‘...'

Where V -1s the volume ofeone molecule determlned from- the

. ¢
6 40 forul for 3 20 A for ra. Althoughgthls value is

determlned in an awkward manner, it seems to he reasonable

~slnce one- would expect from the bond lengths (see Chapter 4)

aed



e

:'that acetonitrile would be "3 times longer than a water

the Born-charging differences for acewgh

. : ] j .J'.v“" )
a? shiéwn in Table 14. ° - NI
. - v - N ¥ A

__structure upon adding a cation (16) Eley &nduixans (15)_

<~quant1tatlve determination of AG

‘energy of transfer  for sodium is always more positive, .i.e.

D . 169.

molecule. The dielectric constants ‘used are 78 0 for- water

i

and 36.1 for acetonitrile (97). The reSulting values of

e N N\
ea T :

The structure breaking term in Equd¥Bn 3.9 is the

i3

most uncertaln term 1n theféftlre~equation._ Since actetoni-

'trile is not a‘structured
. . * : w .
_energy lost'due to adding an ion will be negligible (i.e) in

iquid, one gssumes that the

the bulk llquld) and AGg (an) ;b However, water is a

‘very'structured llquld and there will be some loss'of

\1"

\determined tHét 1n a tetrahedral case, that 1s four. molecdﬁes

~in the s&iva§*sn—sheti——that AGgplw) = 8 kcal(molei IE we o T

assumé.bhat this value is proportional to'the'number‘Oﬁ,

molecules in the first shell AGgp willlbe equal to 10 for
J

n, = 5 and w1ll be equal to 12 kcal/mole for nw.=‘6l

M.The resulting AG 's are shown in Table 15' Again-it

t

"'“mUSt be empha51zed th=-. thlS procédure 1hVolves too many

, @- o
unknowns and too many assumpfions to be an acceptable '

- [

t°

~-of alkali ions. have never been agreed upbn experlméhtally

(98), t he Born charglng equation 1nvolves%10nic and molecular

\

. - “ N

'ﬁradli which are always suspect, and. the structure breaking

v

terms are essentially just guesses;'.
Ny C. . N - ; N ‘ . " o- ] -

o

- The coordnnation numbers -

.

'_ﬁ'fhe AG, 's " so determined are consistent in that the free .

t
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AT . H SR \N ' \
favourlng water,|than the other ions. This is also’ ‘ \
wi o conslstent with- experlmental data. Due to the tremendous
T \

dlSCrepancy in experlmental data, no conclu31onsﬂpan be made

i
e . Ve

‘from our model w1th respect to how Justlflable éﬁiﬁassumptions :
4 .
~are, However, when con51dering the d;ffere&be é%tween 1ons,-

/
" the 4-water 4-aceton1tr1le_model is most con51stent w1th

“

‘the maJorlty of the experlmental determlnatlons,‘1nclud1ng g T,

o ’“ _those 1n the. present study. _ wf-i /V ‘ e ‘ -
LN

~

ThlS procedure has demonstrated that u31ng only gas v

ph&se results is dangerous in predlctlng the relathe sdavatlon

»

":'73' N strengt\hs \of varlous solvents, 1n that rea%ons of t}a‘é ;.on _ W
el with the bulk a‘qud (Born—charglng and the breaklng of f “W‘,

-

7.

f«solvedt structure) areq;gnored . However, they are of o
R i T #

k‘fundamental 1mportance,51nce they glve 1ntr1n51c Values for '°rb ,
ﬁthe clqse electrostatlc 1nteractlons between an 1on and ‘ e
-u$€ﬁ~the solvent molecules in” the flrst solvation shell i L .
e g A B o S U X
t’t 1‘ . A *TJ \M FEETEEE e - ?,[ C e RN . o
- - ) . .< . | | . Yo o u"‘ ‘ ’ | . -‘ . . \’ > .
,a)» rlum constants at Varlous temperatumes o' the '?
[ . r" .
~ clusterlng of . acetdﬁltrlle w1th alkall ions have b en B
N o L P 3 ,,;; R
m( | : | determlned<by hlgh pressure massespectrometry. om {fiixﬂi
> - i : i N - */ "v
. <a,these constants, the correspoddlng thermodynamlc ~; (I
' . funptlons AG AH and AS have been calculate"_“‘Aft’ j_.
Mb)“f Frdm the unfavourable entrOpy values of}the 4 : reactlon, %
the formatloh of a second shell of acetonltr'Ae molecules .
RIS u. ) , ﬁ : ‘ B ’_, 5 ' : ° °
g about the alkall iS?‘ls not lndacatedu';;'; L
P ,' . 3' . o . T »7 T T -4 f .
s ' '-:'/ ’ i )
v " “‘ bt ‘“/;ﬁ' ' i’l.““ .'k' » i : ;\ . 1 v o ' (‘ -'.' ?
. : . o P o |
o . , v
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The gas ' .sk interactions between an alkali ion and '

acetonit .le are initially greater than between the

ioh and water, but the trend reverses as thelinumber

. of llgands increases.

The 1nteract10ns between an alkali ion and acetonitrile’

are much greater than- between~arhallde 1Qn‘end‘

acetonitrlle., ;

From the total alkali halide free energles of solvation
and from the differences in alkali and halide,
AGo,n's' the’single ion free energies of solvation in
acetonitrile were determlned Using acceptable single
ion free enérgles of hydra§1on, the free energies of
transfer for the-alkali and halide ions from water to
aqetonitrilevwere obtained. »

When effectsiof'an alkali ion‘with_bulk solvent dre
taken into account, -the trehdein the free/energy 6f

"transfer of 'an_ion from water to acetonitrile can be

'qualitatively predicted. .The free energies so

determined are con51stent w1th experlmentally deter— ;

mlned values of the free energles of transfer.



CHAPTER 4
/, TON-SOLVENT ELECTROSTATIC CALCULATIONS

-

4.1 Introduction

In recent years, the oalculation‘of»the,interaotion
energies of ion hydration and solvation has increased

greatly. “These include both classical electrostatic 1nter—

fJact;ons (for example 3, 99 - 102) - and quantum mechanlcal

calculatlons\779\\~ 3 - 108). The reasons for this growth
.1n‘quantum mechanical calcu "ions are probably'twofold.“

©ne the one hand, M. 0. methods using various approximations

A

‘have developed to the point where they can give useful

&
results for compllcated systems such as ion hydratlon. On

the other hand experimental-data on the gas phase hydratlon
of 1ons now ex1sts and thus can be compared with theoretlcal

-

resultsr g o .
In electrostatlc calculatlons, the total energy is

expreSsed as a sum of 1on dlpole (and in some cases ion

quadrople) energles, ion- 1nduced dlpOle eénergies, ion-molecule _

. dlsper51on forces and repulslon potentials. Although all the

terms may be calculated accordlng to dlfferent models, the

” Varlous sets of calculatlons essentially fall into three'

groups, based on the methods used to obtain the repul sion

rd

potential. These groups may- be classified as: 1) a hard

sphere model in which the sum-of the radius of the solvent

molecule and the radius of the 1on are- used to obtaln

: electronlc repu131or energies (100, 102); 2) a semi- ‘-

»

P . : 7s. 0
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ﬁsempirical model in Wthh the repulsion energy term is adjusted

i ‘until the total energy agrees w1th experimental gas phase

enthalpies (3 99) and 3) a model in which the repulsion
term is calculated from rare gas-atom repu151on potentlals

(3, 101). "he presert calculatlons are of the third type,

&
since it was felt that the most unblased results would thus

be obtained. )

In this chapter, an electrostatic model is'presented
which is quite general and cbuld also be used for othe;
protic and aprotlc solvents. ‘The model, is beligved especially
~ useful - for molecules in whlch .one or both poles of the dipole

are dlstrlbuted over. several atoms and for molecules w1th -
-y
anlSOtr0p1C polarrgablllty. '

¥

4. 2 The Electronlc and th31cal Structure of Acetonltrlle

In order to understand the gas phase solvation of .
alkali metal 1ons 1n acetonltrlle, it is flrst necessary to
have an' idea of the electronlc structure, of acetonltrlle.- The

~ gas phase dlpole moment of acetonltrlle 1s 3.97 D (109).

The carbon and nltrogen atoms in the cyano group are sp-

hybrldlzed and the bonding con51sts of one central <3—bond‘

and two m-bonds, giving a llnear arrangement The nitrogen
lone pair 1s in a second sp—hybrldlzed orbital and is colinear
w,lth the C -=-vN axis. The lone pair lS malnr Y responsible

“; for ghe complexing of acetonltrlle w1th electrophlllc agents

(for example, the proton, alkall metal 1ons, Lew1s ac1d§y

v

etc ). However, weak complexes 1nv01v1ng theC: N 7"-electrons

.8
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with Cuf2 and Ag are also thought to exist (87)

t

By u51ng LCAO - SCF. {(linear comblnatlon of atomic_

Sena oy

rbitals - self consistent field) calculations fitted with'
- gaussian type orbitals, Pople has" determined the Mulliken ';{
» gross electron population’ of the varlous atoms in acetonltrlle
\\\‘(llO). The net electron populatlons are shown in Table 16.

However, the CNDO.calculations are highly apprOXimate and/
g " involve a certain amount of'subjective parameterization,

'so the ganssian type orbital. method appears more reliable

(110). | » o

1

’ , A third set?ef theoretical'electron'density calculations

were performed by Clementi (112) uSLng a Hartree—Fock otbltal

f\\\\\\\\;\igﬁfif;:athH- These are compared with Pople's values in
' ©  Table . According to. Clementl, the hydrogen atoms act as
o and 1rdonors to the methyl carbon, the’ methyl carbon acts

as a o.and acceptor as well as a<charge carrler, the cyano

T

carbon acts as a carrler as.well as a o and 1rdonof\to the

- nitrogen atom, which in turn is both a o and L5 acceptor.

The bond lengths and angles in acetonltrlle have been
k4
determlned experlmentally from mlcrowave spectra (113)‘ TheA

) -
2 -

resultlng paraFeters are:

gy, = 1.112a g =1Mssa
doy = 1.157 A /HCH = 109.3

“CN .-

LHCC = 109.7

L
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W
TARLE 16

.
-

Net\Mul}iken Eiecﬁron Popuiations ;p'AcetonitriIé

Al

H - .C—

3 167 CEN

L Co O N o Referenq¢'

0.034
. 0.032
0.247

. 0.021  ,0.062° . -0.185 Pople (110) LCAO-GO -
=0.024 _ 0.087°  -0.159 Pople (111) CNDO/2
'-0.657 - 0.085 ~ -0.174 ' Clementi (112)

o S o o'
, ° ’ ' Hartree—FockAmwé_ )
© 0% - _o.s8 - _0.02 -0.10 Liskow et al (114)
-~ . . Q . . N - . . - ~ °
‘ - g Hartree-Fock
- / - :
L
c {
/
1 o g 4
e .



" 4.3 Interaction'Energies . ... ... ..o ... . . IR

. CoL 179.

Thevfesulting structure of\acetonitrile i's pictured in

4

Fxgure 72 S ' ”". o / | . ‘

)

’The'total‘interaction energy, Et,’between a single

solvent molecule and an ion is:coﬁposedvof ion-dipole and

ion-induced dipole attraction,'ion—molecule dispersion, and

ion-ligand repulsive forces._'It &an be expressed as:

I
nu,

=" E. +." g E l.r' '. . »
Be = Paip ¥ Fina * Pais * Frep - Rt

where Ed ip represents the dipole attraction energy between

a solvent molecule and the central ion; E ind’ the inducedw

/

dipole attractlon energy, Edis the dispersion energy, and

Erep' the repu131ve energy To determlne the total energy

it is best to sum the 1nd1v1dua1 energles treatlng ion—llgand
dlstances as'a varlable parameter.\ The mlnlmum Value of E

is then taken as the true value of Et ThlS value can then .
be compared w1th the enthalpy of the reactlon 4. 2.

"

Y

A IOn—Permanent Dlpole Interactzons (Edlp) o

o

Although acetonltrlle has a muéh farger dlpole moment

"than water (3.97 D compared ‘to 1.85 D), the 1nd1v1dual p01nt ‘\\

charge on’ the negatlve centre of - the molecule is greater on

the.oxygen of water thanvon the acetonltrlle nltrogen.'

T e
. oo .

Vo -

‘
. . RN R T .
L - . o .
NI .. , N . .

Yy



FIGURE T2 Bond Dlstanceé‘ Anglé@, and@Pomt Charge Distribution
for Water and Acetoditnle‘ o ) N
- - ’ R )
3 ‘>
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"too low. _For example, .if Pople‘s elecp;qhhdlstributlon

181.. -

/
/

If .the. net Mulliken electron population is used as the

atomic point charge, the calculated dlpole moment is much
values {(110) fqr water are taﬁen (see Tébfe~16$7'tHE“fesﬁiting
ciassidal dipole moment will be.l 14 D. However, if the net
Mudliken electron populatlon is multiplied by 1.63, the

true experlmental moment of l 85 results. This ad justment
factor, 1.63, was found to elso give the correct aipole
moments for the methYl amine$ (Chapter 5). For acetonitrile,
a higher adjustment factor of 1.91 was used to correlate

the net electron populations with the experimenggi dipole
moment. By hsing Pople's values for elecfron density (110N
and adjustihg them to give the correct dipole moment bj
means of the above factore, the poi charges on the various
atoms in.both acetonitrile and water necessary for the |

)

electrostatic calculations may then be determined. These
ot * : A :

~are shown together with bond angles' and distances in

‘ ®
Figure 72. . -3

The ion-dipole attraction energy can be expressed as:-
- ) * ¥

) ' = L R. : 4. 7
Edip 334 : Qi/ i ' 4.3

where Q is the point charge on the 1th atom of the solvent

molecule, Ri i the distance between the ioﬂ’end the:ith

atom and 334 is a numerlcal value adJusted to glve Edlp in

kcal/mole for values of R, in Angstroms and Q 'in atomic

i

- ’ .

units. B - - o

;o
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B Ion-Induced Dipole Interactions

The‘tptal polapizability of ‘a molecule can be brokén
down ‘into individual bond polarizabilities or even into
ihd#Qidual atom ;olarizabilities, For acetonitrile'anﬁ.iﬁs
higély poiarizalﬂe C=Nbond, it is best to use the bond ’
polarizability‘approach. Each bond has a lateral an8

J
{ -

transverse polarizability tensor (115):
= 1/3 (a; + 2ay) 4.4

)

where~ab is the bond polarizability, ul the lateral polar- -

)

ingility or polarizability parallel.to the bond and «a .is

the transverse polarlzablllty perpendicular to the bond

For an alkali metal 1on the ion-induced dipole attrattlon

4

energy can be expressed as (104): g \

.2 2 |
= -167 Zég{cos o+ a_tsin ] )/Rijél 4

Eind

"

where ij represents the bond between atoms i and j, ©.is

the angle: o¥ this bond w1th respect to the ion (see F1gure4

/

73), and Rij is the dlstance between the ion and the .
. Y
polarizability centroid of the bond, and 167 is a"numerical

factor adjusted to give E,

i
ind in kcal/mole for values of’R

s ij
in angstroms and a's in- angstroms3.

The polarizability centroid of the bond is not eaéily
obtainable. One method (104) is to take the mean atom

polarizabilities of the two atoms in the bond (a; and aj) :
. ) - 24
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e o
a,J=,a1Usm 9”\+ q,lﬁgos 6y

L

-

) _ _ | . ,
FIGURE T . Representation of Bond Polarizabilities.



"

A

whére‘ic~and JC are the atom—centr01d distances. This leads

N

ic = 13 % _ : ' ' _ . 4.6,
a 4+ a ' e '
i’y | P
where 13 is the bond length.. Thus fhe’location of the

centroid may be obtained. In the case of acetoritrile,

4

. howéver, this is not sufficient; The electrons in the C=N

bqnd lle closer to the nltrogen than the carbon (112), and

' therefore the polarlzablllty centr01d should as well

However, the mean atomic polarlzabllxtles predict that the

centroid will 11e slightly closer to the carbon,{ The same is

——a

'~.true in the C--C bond The electrons will lie chser to

&

- the sp cyano carbon since 1t is more electronegatlve than

the sp methyl carbon (116) The mean atomlc polarlzablllties

~would predlct the centroid to be dlrectly in the mldg;e of

-

the bond. =~ =~ i I - ‘ .
-The method used in this work 1s to take Pople s electron
! N
populatlons of the various atoms and to determlne the relatlve,'

number of bondlng electrons attrlbuted to eachgatom. For

example in the(: N bond, the total number of electrons in
“ .
the nitrogen is 7.185. Of_these,,two are inner shell, two"

SN
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are lone paif directed away from the C=N bond and the ‘ ‘

others are involved in bonding with the carbori. From th%f-

we can say that the carbon end of the bond is deficient by

\\
L)

185 electrons. The centroid can then be set equal to '

'>

y’
p—
o)
wn
]

. 4.7

N
@
W
&8I

7

-

where Cc and Nc are the distances of the centﬁoid from the.

carbon and nitrogen atoms. This method can then be used on

the other bonds. The position of the polarizability- .. o

centroids of the varipus bonds are shown ;n‘Table 17.
Thevvalues fongthe/lateral and‘t;ansverse‘bond poiargdg

iZabilitieS'are iisted in'Table lB\for acetonitg;;e.‘ The

c--C  bond polarizability had to be adjusted since literature

Valnes are for sp3-sp3\bonds., This was done bynvectoria%yﬂf
sumﬁing.the hond poiarigabiiitieS'for>tﬁe C--H and CésN ’

' bonds and subtracting them from the total iatefal'and trans--
verse components ?ll?).

1

hately the same,

’The lateral value remains approxi-

\

‘ N : \
however, the transverse increases from'the

ordlnary *C--C bond. Thls is not too- surp;;slng since thef.

;‘C——C bond in acetonltrlle 1s said to have some double‘eknd

/
character (116)£ 'In the pqesent‘calculatlons due to the

»~  linearity of the molecuie, only the}lateral'tensor is of

importance. . G .

The polarizability'tensors’of hater haVe ng%’been
determlned experlmentally but have been estlmated by Harrlson
(118).

From his theoret1ca1 results, it can be assumed that

- e
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dAssumlng near 1sotrop1c polarlzablllty tensors,

/
'hefereﬁce 119

. - .
v " \“6!“ 187'
" MR e
TABLE 18 , . | .
. . ‘ S . .
k/*_ ' : Bond and MOleLular Polarizabilities®
; ; P : . )
g
o / . .
1 ’ e . R .t b
. A. Bond Polarizabilities ,
) ' _ » - B ©° .,
- Bond S Ze
oy a ' ' .
~ o H - o§79 0.58
v \ .
— sy C__C(sp3-sp?) AR H 88 , 2 0.2,
_ [ Y] v P - ’
C. —C(sp—sp3) x% .88 | k - 0.76
cC=N "‘31 F. . 1.4
- a S, R ‘
0--H . 0.72 V0,72
i " “B.  Molgcular Bolarizabilities /
. L —- 1. ) i >
Molecule .9 ¢
' e a . o ol o
'j?%C§3CN. ‘ ;AS.SG | 3.67 -
1,09 1.44 1.44
‘.‘( - <
%nits of 10724 cnd |
ﬁ"( i .a‘ M ]
1:’Reference 115, except where noted
/ ' : )
CDerivea from molecular polariZability )

Reference 118
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. the polarizability of éach of the O»;'H‘bonds\is approximately
K .

y B
isotroplc and not angle dependent. That is, 4t can be
assumed that the lateral and transverse polarlzablllty
tensors are equal.' The.derlved values are included _in Table

18, R’

o !
Y s
o

C Dispersion Energv

' The 1nteraction energy due to the dlsper51gh forces

between an ion and a solvent molecule can be approx1mated by

¢

the modlfled London equation (119):

a o I
Egig = -3/2 1 sx 1lg 4.8
is ,
R 6 I_ + IS .
Rrs - 1
where o and“as are the polarizabilities of the ion and
solvent molecule? II and %S are'the ioniZation’potentiaIsr

:for the.ion and the solvent molecule and R o is the distanee

between the centre of the ion. and the geometrlc centre of

the solvent molecule. Values for polarlzabilltles'and"

ionization potentlals for alkali ions are shown 1h Table. 19.

-It has been observed by Pirtzer (120)'that the LOndon

\f//;quatlon con51stent1y glves results whlch are too low.

Instead of using experlmental 1onlzatlon potentlals, he

suggested the use of "effectlve ‘1onlzat10n potentrals, Wthh
.l are determlned by multlplylng the true botentlals by a sultable

coeff1c1ent, J. The J value of water and acetonitrile was

taken as 2.5 (101) and'thos of the alkali metals were assumedfq

L ' . ¢ . -

similar to the corresponding noble-gas atoms and given the
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TABLE ‘19

onization Potentials ahd_Polarizabilities of Alkali ionsa

A , | . N

| ' Ionization Polarizability
Ion ' Potential (ev) ’ (a%3)
NaT 47.1 ) : 0.24
kK 31,7« . 0.89
. Rb+« | f I 27.4 . 1.81
cst 23.4 279
op

aRéférence ll9_

e
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. . . J'. . }
value 2.25 (Pitzer's value for sp closed shells). :

The London equation is isotropic. Since”both acetonitrile
and water are anisotropic, an angular term should be included.
Fﬁr water, this is not too serious (118), since the anisotropic
part of the polarizability tensor is small However, it is

"much larger- for a¢etonitrile and should be taken into account.
As'was.done in the case of ion;inducea dipole energies, bond
.polarizability tensors can be used;-'Thus-the‘London formula

becomes: -

» 3 ’ B T 2
Do o \

E. = -34. 56JIII x I Js x 1, %esinT oy, v, i{ 4.

L 'z s R.

where ij"xtf dljand Rij have the same definitions as in the
equation for E, . (Equation 4.5). 34.56 is a numerical
factor to give Edis in kcal/mole for values of I in eV,
y in 2% and R in A, o

D. Repulsion Energies

Various functional dependences of the repu151ve potential
have been used in electrostatic calculations. Of these, the

'AR -12 Lennard—Jones potential has been applied\most often. ///

. In the/present work, the exponential fdrm (Equation 4.10)

.was used. ' o ‘f ' Ly
. A - - y
» , o : - TS L AT - .
o Erep —_CIje }S:;J ; .. 4.10.
// . o . _'. /,. _\ _‘j ,_ . . K E ',’\\\.__
E CIj and an are constants characteristic of the potential of R4

.ftnerion, I,Vand an- atom, J, of the solvent molecule.

’
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"It has been found for rére gas potentials that the
exponential form is more relia le than the AR~ ~12 forT over

Q .
large 1on neutral distapce (121). The recent calculations

expenimental resulys. Both sets of ' culations use an

expon ntlal form of\the repulsive pot ntial ;owever, ‘

0 repu181on tent €rom

Spe rs obtaiﬁbd the .- H

2
experlmentar\enthalples, and then from a kall-hallde gas

e

phase reactlons and rare gas potentials obtained the valués

for the other alkali 1on—water potentlals. In the present/

>

case, it was felt- that iﬁ would be valuable to calculate

Y

energies without u51ng such experlmental calibration since,
LY

1t is 1nterest1ng to examlne whether electrostatlc calculatlons>

will predlct that acetonltrlle forms stronger compl exes !

with alkali ions than water and that acetonltrlle interacts. -

' \
~.

more strongly with positive than with negatlve 1ons. Qhus,

the ﬁrocedure of Elelzer and Krlndel was used. 3\4_

~ Various assumptlons must be made when using the repu151ve

. potentlal. The first assumptlon 1s that because-of the

strong radius dependence of the repu151veﬂpotent1al on the

ion—atomsdistancep onlyithe oxygden in water and the°nitrogen;

,in acetonitrile will have significant value. The second

assumption was made necessary by lack of direct'data on'the

’ 0-—1ong and, N--lon potenﬁxals. The repulsiOn potentlals of

Q==0_ (122)" and N--N (123) -are dvailable as well as the

noble-gas atom ﬁairs_(124f-128),‘,The repulsion potentials °

ll
v i . L4

R
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" of the alkali ion pai was assumed equal to the corresponding

isoelectronic noble. ga .

The constants ary d C 5 were then determined by tHb

following combination rules (126)

"

+a;0/2 ¢ 2

(CIICJJ

3ry-= (arp 1j

The final values for a and C are ‘summarized. in Table 20
i The assumption that the repulsive potential of the
alkali ion pair is approximately equal to the corresponding
isoelectronic rare gas hds been substantiated experlmentally
. by Amdur (lglm 127) Amdur's experiments involved elastic

scattering of potassium ion beams by the rare §ases (127)

-and other common'molecules like N,, 02; etc. (121) The _

1ntermolecular potentials obtained in this" manner re
1nd1st1nguishable within experimental uncertainty for . W
Vo Ar—molecule potentlals. ' _ >

. ya - , - ‘-'_
S o
‘" E Total Energies N
| The final cla531cal attractive and repu151ve energies
* are presented in Table 21 along w1th the experimental AH

' The total energies, E agree remarkably well with the

tl
enthalpies for all the alkali ions with’ either acetonltrlle

< B

OI; water.

The calculations predict that acetonitrile wxll react e
more strongly w1th an’ alkal ion than will water. ThlS can‘

be accounted for by ‘the more fquprable 1on dipole.and ion-
S~ , 50T . N LT

~.

r : B ) . .

SN
' \& .
. ‘ -
p
LT
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TABLE 20 LT "

Parameters for the Exponential F of the ?

Repulsion/Potential for Alka11 Ions

'o_-o°¥ T 3.565 I 1.87
N--N% S o 753 L 536
Hew®  0.0697
Ne--Nef o 4.78 - .. 7 28.9;
Ar—ac9 - 362 225
Jf‘_kr__xrg ' B 3.03 - 4.2
Xe--Xe9 - 2,92 0 116

Na"--0 T 4.7
Na'on : - 3.76

3.59
319 o7
.31 . 01,25

"RbT-_0 S im0 . 518
Rb'--N o 2.8 2,28
/ o S . : X

cst-—o S 324  5.74
ccsto_n o o _‘5 - 2.84 o  ,f ' -?.54

L
Y

qWnits of'angstfoﬁs 1. Reference 128
bUm.ts of kcal/mole x 104 . fReference 124 .
CReference 122 o L gReference 125 SR »:/

dRefer_ence 123 o o | ‘
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'induced dipgle attraction terms in the acetonitrile—alkali

ion interactiors. The calculations.also predict that the
interaction energies will become less favourable as the size

~
.

of the ion increases in agreement with the experimental

results,

‘4.4 Rotation of the Ion-Ligand Bond

P

In'the‘electrostatic calculations, j@ was assumed that

" the ion-ligand bond was directed along the dipole axis. To

test whether or not this is predicted by electrostatic
' ) o

o

‘calculations, it is possible to rotate the acetonitrile and

’

water molecules about the centre of the donor atom and find

‘

whlch configuration glves the most favourable energy of
1nteractlon. The rotation axes are pictured in Figure 74.
. Because the hydrogens in water and the cfano carbon in
acetonltrlle come closer to the ion upon rotation, a repu151ve
potentlal/mustvbe added to account for electron repulslon,
The H--H potential is known (Table 20) and thas byﬁusing the
combination rules the values of ay_ 105 and CH ion may be -

determined. Unfortunately the carbon potentlal is not

/known and it must be assumed that it will be similar to

4

that of nitrogen.

-

Due to the. linearity of the acetonltrlle molecule
(dlsregardlng the methyl hydrogens) rotatlon about elther

the x or z axis will give the same results. ‘With water,

- However, rotation'about the x axis brings one hydrogen atom

closer to the ion and moves one further away, i.e. the ion-
_ / ) , - -

- : “ -
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ROTATION ABOUT THEx AXIS '

<

'Y"%}HOK\(. . @
, | B '~_§

ROTATION ABOUT THE z AXIS

a

1
'

FIGURE 74 Rotation of the Iorn--Ligand Bond. - -
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ligand bond no longer‘lies on the plane of symmetry of the
water molecule. Rotation about the z axis maintains the
rlane of Symmetry and the atoms are kept equidistant from
the ion ‘
The increase in eénergy upon rotation by an angle 0 ig
presented in Table 22 for the potassium ion and the two
solvents. The energy of- the acetonitrile-ion interactions
decreases much less rapidly than that of water upon rotation.
This effectively means that the - "bond" is more flexible‘
than the water—ion bond. If this were the only feature
affecting the entropy of the=!aaction, one would then
expect that the entropy of the acetonitrile—potaSSium ion
reaction would be slightly more favourable than ‘the water-
potassium ion reaction. But ‘this is not the case; expéri-~
g&ntally'the water reaction has the more favourable entropy
& (-19.9 €.u. for water, compared to -21.5 e.u. for acetonitrile).
The directional character of the sp lone pair on the

nitrogen in acetonitr le is not taken into account in
1\

these calculations. It has been postulated that it is this

(37)7 With the present calculations, there is no method
,_,of incorporating the lone pair into the calculations. -'>_,
- For water, rotation about the ﬁ\axis results in a rapid
"increase in energy, .Whereas rotation about the z axis is /
'_much moreistahle. This agrees very well 'ith the results of

'Eleizer and Krindel (101)( who used a Similar treatment with

alkali and halide ions wit water. ' ‘ . o E}’lu
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TARLE 22
Effect of Rotation of the Solvent Molecule
on Electrostatic Potential Energies® ‘
Y o . "A : |
| ~ Increase: of Energy ¥rom Minimum .
) ' o o -
oy H20 (CH3CN
Angle , '
~ of Rotation X-axis - z-axis ..Xx or z axis
R ¢ 0 0 . o
10 . 0.26" . 0.13 - . - 0.08 '/ﬂ
20 .25 0,53 - . 0.33,
30 o 240 122 o.75
40 | ‘4.5 2.6 - .. 1.35
. o - I : c .
50 T 7.66 . 3.42 - 2.17
60 12003 499 - 3.23
70 o 18.26 . 6.90 -, 4.58
80 27.06 9.18 . . e.28
90 ~39.00 11.89 = 8.49
éEnergy in kcal/mole S L, ’
oy o - | |
Angle in degrees —
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:} will most likely be orientated towards the neﬁ yl‘hydrogens;‘v

199.

o 4.5 Electrostatic Calculations for Halide Ion-Acetonitrile
/

Reactions S _ : ' = -
Using  a model similar to ‘the one used for cal-
zﬁlating the classiéal electrostatic interaction potentials

’ betwfen alkali ‘ions and an acetonitrile molecule, it is
possible to calculate the inte ction potentials between a .

/-
'halide ion and an acetonitrile\molecule. The alide ion

“equidistant from each H atom. S ‘ ~ '
: The ion-dipole energy w111 be‘ )
< q//' L
o 4 o ' , , S e,
Bip = -33 % Q/R, B S

where Qi is the point charge oh an at:T 3 (Figure 72), and
Ri is the ion-atom di@tance. The numerical factor contains f
a minus 31gn, indicating the negative charge on the halide
,ion. ‘_ . ‘ . ”
"+ -The bond polarizability tensors will be identic
. with those used for the. pOSltive ion calculation (Table 18).
| For the G=N a )d C-~C bords only the lateral tenso?s are
g needed 51nce the h lide 1on will be on the C—-C N aX1s. The
_ 1on1induced dipole interaction energy can again be expressed :
‘b}iéquation 4.5, ,w&;ﬂﬂg...‘; S 'h; / o |

The modified London formula (Equation 4, 92 cahragéinlbew_

-

Bergy. . The

value of J to "correct" the ionization potentials of t_,'

~used to determine the 1on-molecule disper51on'"
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- -fnthalpies, '

- (4.5 kcé}‘différence)

: hélid¢ iQn-acet9Qit:ilé r

The electronic repulsive term includes t

atom repulsions,

e Ch-j ﬁ;ipn H—ion).+ gg-ionexp‘?aC-ioan-ion)
S C t : '

 The a andvéjvalues;&éed in thig *©
calculation ate shown'in.Table‘24,'{ %

he g

To obtain'the totallclassical électroéiatic potentféi% <
the distance betWeen'thé‘halidé‘ion:ahd the methyl carbon’
" ) ) . ,' . . ’ o

Cc1”, Br~ and 1~ in Table 25, along‘with theﬁéxperimentaiv

). For the bromide ang iodide ions, ‘the. calculateq E '

ee extremely:well:withfexpétiméntal'enthalpieSQ

Thé célqulations_éémonstrate“that.”v

€actions wilﬁ

be much more unfavour-.

i

S
B S
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. Ionizétion Potentiials and Polarizabilities

. ' a

" of Halide Ions" - ' e
- R - ! “

. ‘.Ionﬁzatiqn : : S Pglafizability .
_Potential (ev) - - (@9

“

™ 4.3 - . o 0.81
4.0 N . V2,08 .
°3.8 _ . . 4.24

3.4 e . 6.25

aRéference 119  1, L -

[ ! ) - . - . v

an®

3
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e Parameters for the Expaonential Form of thenRepulsion

) . . 1 . . ?,
4 Potential for Halide Tons and Acetonitrile

. ma o - ; v | 4
E_Pa}rA(A——BL _ aAB(A-~ B CAB/(kcal/mole X»lQ )
F..cP 3.76 / 3.20
» . . v
. F-—WH 3.90 1.40
b T ‘ .
. C17i-c 3.19 2.87
Cl —-H 3.31 1.25
. N 0.; / °
. Br --C 2.89 - 2,28
L & W .
Bro-H 3.02 0.995 -
I-c ' 2.84 2.54 ’
I"—-H .. ' 2.96 1.14
o s & i
/ ianrOm’combinéticn'fﬁleé; Equation 4.11 .
bCarboh répuléion potential parameters conSidéredAthe Same
. . ’ o : ) ' ‘
as those for nitrogen o y
/ ;
E
/

az
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Tables 21 and 25) This dlfference appears mainly to be
due to the more favourable ‘ion-dipole energies in the alkali
ion—acetonitrile_interaction; ‘

4, 6 Consistency of the Present Calculatlons w1th Other

Electrpstatlc and Quantum Mechanlcal Calculatlons

v

As stated in Sectlon 4.1, many authors have calculated
1nteract10n potentials for the hydratlon of an alkall ion.

Thls prov1des an ,opportunity to compare the present resultr
-

with those obtalned using dlfferent methods.

In Table 26, the various terms in Equatlon 4.1 obtalned

in the present work are compared with those of Spears (101) o

T - n
for the reactlon. .

L Na + Hy0 z'Na' (H 0 . 4.4

Although each and every term of the equatlon was determlned
/ .
in a dlfferent manner, the flnal results are qulte 51m11ar. >
In Table 27 the total calculated 1nteract1bnwenergles

T
for reaétlon 4.14 are compared w1th those’ calculated by - .

~
ha
4\.._,

'\n‘-‘ﬂw\“\"’

other authors.. All are qult% con51stent w1th the " experlmental

value and w1th the value calculated from the present model
/-

Also,‘fﬁ“‘total electroaatlc energy obtalned in this

study 1s compared w1th that of Green ~and Martln (102) in IR

- Table 27 for the chlorlde ion-aceton&trlle reaction:

- \

-. ‘(‘

c1” +'CHB-c‘n 2 C17(CH,CN) .- 4.5
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/
' TABLE 26 . L
13 , . . . . r . . - ;
Comparison of Electrostatic Potential Energies -
Obtained in this Study with.Those of Spears
’ | for the Reaction:
. s + . . ‘ + . !
- Na' + H,0 3 Na'(H,0) .
/. e /
' ' »
. /
| R, +P ~E.;  *  -E -E_ CE.. -E_
O0-Na dip “ind dis = Trep “tot
- ' : / >§_,./’
" This' work-” . S, | " .
2,17 24.7 . 6.4 1.4 8.5 24.0
Spears - (99) ; :
y ————2 N . . ‘ B . ,.‘ ‘\ . . .
N 2.25 . 24.8% 8.4 ° 1.5 io.1 S 2406
.\\ — :
: . A1l energies in kcal/mole ., . s T
o "b < . ' '
Units of angstroms ‘ 4
= _ S T ' L -
?Ipclpdes fon-dipole and ion gquadrupole interactions. X
2o - 7 / ‘i_‘». -
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Compar#son of'ba;ious Calculated Potential Energies

J

o
. A, ‘Na'--H,0
-~ _
~ ‘Caleulated  Experimental
" o ’ -By -y
Reference - (kcal/mole) {kcal/mole)
K. gﬁears (99) ° - | | | |
' Eiectroétaﬁic : . 24.6 24.0.3
Eleizer and Krindel (101) - |
'Electrostatic - 25.9-28.0
This work - /. 24;0 | Ai
‘Kispenmaqhefj ﬁépkie, - j
~ and Clementi (79) ' | o
li Harﬁteeonck app. ,25.21 :
.- Diercksen and Kraemer (164X  | / -
o scg-Mo;LéGo',  | 25.2, 5.
Burton and Daly (105) |
cNDo/2 20.6 y
’ ‘ ,B;u‘¢1‘74éH3CN, |
:Greenﬁand,Mértin.(iOZ)_' | | ’
;':;gléCfroﬁéétic - | ' 313.4. 13{4_ ‘
This work . "_“14i9 .'\'
, ]

/



‘.w111 be less solvated by acetonitrile than would cations.‘

] .‘ l‘ . ) o ° :. ‘ ‘w’r..‘
o : .

wit

In their model they used a "hard sphere" approach in which E

the ‘ion- acetonitrile radius was.- set equal to -the sum of the

LIS

atcmic van der. Waals' radii This allowed them to, ignore
the dispersion and repulsion terms in Equation 4 1.

. The present calculations thus seem quite consistent

with those of other authors, but 'they provide amore . . ...

i universal method of calculating electrostatic potentials 1

between an ion and a solvent molecule.\
ot /_ : P

4.7 General Remarks on Electrostaticggglgulations

o

mination of reaction energies between an ion and solvent
N

molecule is at best an approximate method. The dispersion

and repuISion energies,are very suspect/Since they involve
K .

many assumptions., With acetonitrile, the point charge

Jdistribution varies With the quantum mechanical method in

-

.wh1Ch it iS determlned ' 4 »' :

The present calculations cqrrectly predict that an"‘

acetonitrile molecule Will react w1th alkali ions more

. readily than a water molecule. They also predict that the

order of ion—solvent interactions decrease Wlth the Size of

.the ion° Na + > Rb > Cs ;, The ion-ligand bond is

g

'also shown to lie in the direction of the dipole. The

0

electrostatic calculations also predict that anions initially
it

, . o o o . . B

The use of electrostatic calculations‘for the deter—' '

‘e



functions between various bases.x However, the interactions

-:caﬁabilities of the present apparatus.- The pota531um ion

‘thermodynamic values:Gf Reaction 5 1 may be obtained in theI N\

CHAPTER . 5 v

LEWIS BASICITIES WITH THE POTASSIUM ION

. AS A REFERENCE ACID

5.1 'Introduction 1. ' 3

A relative scale of- baSic1ties can be set up using the'

potassium ion as a reference Lewis acid and determining the -

'thermodynamic functions of the’ reaction:

K +B=x's B 5.1

'where B represents any base. In the gas phase, intr1n51c'

absence of solvation effects and further clustering of the

base about the potaSSium ion.,’ : o P

y alkali 1on could be used as the reference ac1d-

' however, potassium proved to be the most useful. ' Aas was .

pOinted out in a comparison of water and acetonitrile, the
differences in base strength of various molecular bases‘
decrease as the size of the ion increases. ThlS means that

lithlum would prov1de the greatest difference in thermodynamic

i

R34

between 11tgium or sodium and many of the‘“strong" bases
. ' \
L studled are SO strong that they require very high temperatures

for the equilibrium determinations,which are beyond the'

‘o i

~ seems to be ideal in thlS respect, since the Ko 1's could be

;

208,
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measured accurately and there were significant differences.
"in the interaction.between bases and the ion, from which a

- basicity scale could be obtained.

5.2 Some Special Problems Encountered in i’:egvis' Bas'icities

Determinations-

Slow Clustering Reactions and Thermal Decomposition of

,
i

* i

* the Base S “
The study of Reaction 5;1 proved to'hevdif%icult for
many of the bases. The difficulties arose from cluster
dlssociation 1n the vacuum chamber and thermal decompos1tion

of the gaseous base in the ion source due to the high
PR .. 7
temperatures of the potassium emitting filament (around

600 C) - For some-bases, ice.- trimethylamine, high pressures
of gas were required to brlng the Reaction 5.1 to equilibrium,

i.e., for some reason the clusterihg rate constants are 1ow.

e ar

with}pressure and is part1cularly~ser1qus for bulky molecules
like trimethylamine._ Thérefore, an alternative method of

'determining the equilibrium constant for Reaction 5.1 was

’

applied. The switching Reaetlon,5.2 1s_fast. Selecting a

reference base B, which forms K':'Bl rapidly, one finds that

- Y R . K+B v

p * B

2-—KBZ+B1‘ S

b . - - - -_ . . '
the 1ons K B1 and K B, reach equilibrium at much lower - '

4

-

pressure than that required for the clustering equilibrium
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involving only B The switching equilibrium constant, st\

~can be readily determined\ . ' o &~
+ P .
~ ';.'.? KS = K Bz‘,x B]_ = _If_z_ 5.3
R k'B, Pp. K
N 1 2 . .

r*-As was pointed out in Chapter 1, K2 will. be equal to the

| peruct of the switching e.juilibrium and K By uSing a
we11~studied and easy to handle base, Bl' such as H20, the
equilibrium constant K2 can be obtained.

Probreﬁ%‘caused by thermal decomposition of the Bases
were also encquntered Thus, in’ the study of the complexing
of K Wlth primary aliphatic amines, the maJor ions found -

‘_were not the Kt ~amines, but ions of two or four mass units
lower. As shown below, these ions were due to the thermal
decompOSition of the amine in the ion source by the: high
temperature filament and the clustering of -the product withA;
the potassium ion. Without knowing the degree of decompo- |
sition’ of the amine,,it would be lmpOSSlble to/correctly
determine the’ equrlibrium constant for the K -amine reaction.

The folloWing mechanism for the perIYSlS of a primary

~ amine has been proposed (132 133) . . - o
- - 1) the primary breakdown of, the aﬁine withithe‘
formation of an aldimide ) |

13

: R—-CHzl\lH2 - RCH=NH + HZ . 5.4

... where R represents H, CHs, CH3CH2, etc.

W LT .
[P . R ' o ) - P’
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2), the formation of a nitrile from the aldimide

/ RCH=NH ~ RC=N + H, 5.5

SR .
w7 PR L

it
AN

This mechanism is<consisge;t with the_produCts observed in
the clustering reaction; For example,‘;ith methylamine,. -
the products of pyrolysis‘aremCH2=NH~and HC=N.' When"

these products cluster wi;h potassium, they yield 1ons ¥

which are lower by two and four mass units than the

xt (CH NH') ion. similarly, ethylamine yields CH3CH=NH

and CHBCN, ang n—pr?pylamlne yields CH3CHZCH—NH and '

-

CH3CH2CN. \\mé / ) ‘ ‘/
' " The reactio chanisms for the thermal decomggfition“
of dlmethyl and trlmethylamine are slightly dlffer t (130’.

/‘
\The pyrolysis of the tertlary amine may be represented as:

N(CH,) , ~ CH,. + N(CHa)z.f o 5.6

'~ CH

N(CH;) ,.CH,. - can. f_CH3N=CIJ‘_2' 5.8
The maln products belng methane and methylmethylenelmlne

’(CH N—CH ). ~The pyroly51s of the secondary amine is.a- more
compllcated free rad1ca1 process (130) and no mechanlsm nés»
been: proposed which fltS'the experlmental products, which
‘are methane, methylmethylenelmlne and methylamlne. '

./
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To determine the degree'of'dissociation of the amines
'two methods were‘used Since acetonitrile is’ the major

| product in the decomposition of ethylamine, and 'since the

0 1 fop acetonitrile-potassium clustering had been deter-

mineéd, the amount of acetonitrile present could be determined

-

'from: !

_ =~K+(CH3éﬁ). . | A . 5 9
B
_// . 0,1 ' o g
pBecause it appeared. that acetonitrile was present in
relatively small amounts, a time dependentostudy of the
reaction was done at 297 c. A plot of the percentage total
ionization of K and K (CH CN) is shown in Figure 75. The
equllibrium constant for the 0,1 reaction of the potassium
»ion with acetonitrile at 297 determined from the Van't Hoff
‘plot in F1gure-57is 58. 5.* From Figure 75, the ratio of the
',1on inten51t1es at equilibrium, (K (CH CN)/K ). is 0 8L, \\

e Lo

lead&ng to an ace nltrile pressure of 0. 0138 torr.. _The ;ﬁ

~o

total pressure w S

orr, meaning that approximately 6%
' - o // ;
-~ of the ethylamlne had decomposed . /

A second method, used to determine the degree of

decomposition of propylamine, was analytical mass spectrometry.“'
\; A liquid N2 cooled ﬂrap was attached to the ion source to |
collect the condensable gases after paSSing thr ugh the ion
source at 300° ¢, The mass. sPectrum of this Sample was."l\
obtained and compared to the mass spectra of pure n-prOpyl-
,amine and propionitrile.a A3 uL sample of propylamlne t: 11}-“
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';',not be affected K

- lead to an error of approximately -O 1 e. u. in the entropy

S
| . R
b . . R PN o - 21,"'-

d ~

‘ylelded a m/e =-59 peak of 125.3 mm and a m/e = 54 peak-of

6.9 mm, A similar 3w sample of propionitrile yielded no

'vt'm/e = 59 peak and a m/e = 54 peak of 454 mm. Threeué.of the

collected sample yielded a 120 5 mm m/e = 59 peak and a

29.6 mm, m/e = 54 peak Of this mass 54 peak- Co
B R -

o™

'120.5% _6.9 =6.7m O RN
S /123,5 / . T e

can be attributed to the n—propylamine?,leaving (29 6 6. 7) 22.9

| mm due,to the proplonitrile. Thus.

oo !

-~ _ | ‘ N ] (

f~; 'Volume n-proplyamine = 120.5/125.3 = 0.962°
: - Volume .propionitrile 22.9/454 - 0.0504 -
‘ . K . v.' : y ' . . .- »; , .
ro SN L = : : _
* / ” . . . o 6.4

lfwhich leads to 95% of propylamine and 5% propionitrile by

volume in the sample collected from the ion SQurce., No'

"peaks were observed 1n the spectrum of the mixture which

/.

could ‘not be accounted for. by n-propylamine or propiOnitrile.l

',From thlS method, it appeared that only 5% of the amine

: decomposed at 300 G._v . uAf ISR 'ff‘ 5 oot ; f\

Thus, the equilibrium constants for thb aliphatic aminesg

(-

appear to berin error by 5 - 6% Sihce pyrolysis only - ~,

becomes serious;at temperatures above 450 c (129, 130 ,“ ﬂ,

the 10n sounce temperature will not lead to decompOSition

o

: ¢
~of the amines and thus the enthalpies of the reactions Wlll

“ | \:5-

A 5 - 6% error in the equilibrium constants w1ll only

_..\

-



.. 'g' ] ‘ ‘ . 3 . . N .
which compared to the error -in least square fitting (usually
" arcund 1 e.u.) is nob ser;ous. ThereforE,"the effects of

~ the pyrolysxs were neglected 1n the evaluatlon of the
equllibrlum constants. ' | e
i o . ’ . ' .
/ / h . \ B . u . .—\u / . b
, 5 .

-

5.3 Presentation of Results - Amines

The equlllbrlum constants of Reactlon 5 l were deter—'

u

mlned at various temperatures for B ammonla, dlmethylamlne,
n—pn%pylamlne, anlllne, pyrldlne, and ethylenedlamlne,o
(the data on ethylenedlamine is presented in- Chapter 6)

In Flgures 76 to 80, the resulting equlllbrlum constants,

4

O 1, are plotted as ‘a function of the pressure of the base.

The resultlng plots remain constant over the pressure ranges

Yo

studle&, indicating that equ;llbrium_has been ach}eved In . -

Figure 81’the'sWitEhing equilibrium constant for the'

r

 reaction: - AN S %@ / o ﬁg.

<

+. : L
2 =K (CH3NH,)) + H,0 . 5.10

7\LK+152°) + CH,NH 2

€

v

. : oy _

is plotted as a functlon of the ratlo of the two bases (1 e.s
o/P Only representatlve temperatures are shown in | S

H CH 2

the plot since. all the K I's lie inssomewhat the’ same range.

Although there is cons1derable scatter, the sw1tching ‘v : .

equlllbrlum doés not seem to vary as a functlon of ‘the: |

‘pressure ratlo of the bases. In Flgure 82 the swltchlng'”

equlllbrlum constant for the: reacb:on.' : _ S,
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- FIGURE 81 Sw1tching Equllibrium Constants versus Pressure Ratio
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K(HEO) + cr(gmze =

R .
i Too. - -1:..;" *
AN . & i N N
. -
s - e LA —_—
b




o2 o e - 1o

S H2'O, (CH3)3N .
.. FIGURE 82 Switching
“at Representative Témperatureéffor the Reaction:

‘ ;f'(‘HEO) + (CHa)aM =  K'((CHa)sN) + Ho0 .o~

: . o /f, , .
Equilibrium Constants versus Pressure Ratio



o o A - 203,

x*(H.z’o) + (ca3)3N éK*'[I(CH;)aN 1+ H,0 | \ | 5.11
/’ .

is similarly plotted at representatlve temperature values
-1 over the range of temperatures studied.

| ‘The switchlng equlllbrium constants can then be p otted
., as a. functlon of 1/T to determlne the thermodynamic val es
‘Aﬁoé, AG < and AS from a Van't Hoff type plot’ (Figure 83)

dy u51ng the thermodynamlc functions for the reactlon.'

‘ ' ' . h - . \\,
+ o I |
a K '+ H,0 =K (H,0) N o 5.12
o/ ‘ { . . . L “

-, the thermodynamlc values for Reactlon 5. l for monomethyl— and

‘ trlmethylamlne are thus\determlned_byqslmple addltlon:
0 : - . 5,13

_ . ,
where AE represents any thermodynamlc functlon. AG P AH or.

AS.° The values for the water-pot§551um ion reaction are _

. j
-

?H = -16 ‘9 kcal/mole, AS =_19,. g/e u. and AG »ep-ll.O..
kcal/mole. . ) , ~ J . : ‘;;*,'5}

& .
. 4

The Van t' Hoff type plots for Reaction 5, l for amﬁonla,
Jnoromethylamlne, n—propylamlne, anlllne and pyeriqp are
Shown in Figure 84 and 31mllar plots for ammonla and the -
ﬂwmhylamlnes are shown' in Flgure 85 " The thermodynamlc
Finctions derlved from the plots are. tabulated in Table 28,

- To demonstrate that the Van't Hoff plots obtalned by

the- sw1tch1ng reactlon are reasonable, threebpo;nts [open
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FIGm 83 Van't Hoff Type Plots of Switchlng Equil:.brlum
for the Reactions: L -

L f(i0) + B = KB + HO .
- ‘B = CloNHp and (CHa)N -



22‘5;

e mFeEwoL ony iz Bursosay ssupmy w.sovas 203 39072 2ty 550 oy & T |
0z gl 9ol Lyl zi .
I - ] : _ | T 100

¥

SUTWeTPSUSTAYIE O |

ourprand A
. SUTTIUY v

ENPHOMNMD @

ZENEHO W
- e

oL

..oop o

Al



3 I ] ‘
10 |

i
—

o

R .
. ~
. . .
. e B
. P B -
B . . . . A
»
O.‘ )

- 0.05

. o,
7 o S 2
/T x10% (° K) L
IG § Van't Hoff Type Plots for the Methyl Amines Reacting dos
with the’ Potasslum Ton. - Co kT
S A ‘CHéNHa B
 ®(CHo)NH ‘m (CH)aN B

OMethylamine from normal clustering reactions.




Ky i -
, - L Leer)
b .Q . : . 5 A '
" TABLE '28,_.-54’*‘
’, . ) R .5
o .
. 14 Thermodynamlc Funct:.pns fcfr the Reactlons.
‘ /
. K. + Amine K (Am:Lne) N
\/"‘4\"‘«'\——“‘ / " : a . o . .a
A AC )T LAg® _AgQ T SAR0 T
. N ,Am:me AH AS N AG 298 AG 600
;‘m.‘ ~~~~~~~~~~~~~~~ - .<.~v"'(( ; _.‘:’, ) v : - . :
-  Amfonia o 17.8 20.0 11.8 - 5.79
) Methylamine ~~ - . 19.1 21.8 12.7 . .. 6.16
o S ' 4
- Dimethylamine 119.5 21.4 13.1 6.65 i
- ' . N / K
Trimethylamine 26 0 -23.4 13&,0‘ 5.96
S g R SRS : I:V(
n-Propylamine .  21.8. 25,5250 514 z 6.47 -
_ Aniline . v22.8 23. 7 15.8 8.60
. .Pyridine . .. 20.7 8. 6 15.2 '[é‘ 9.56
Ethxlend1am1ne 25,70 22 3 m 04, 412031
. f = - P
/ ¢ : B o
SS = '1 aj:m ! o | " .
.z?' . }, ) ’ _.Jf_, ) . "7‘ p
" . . o )
p . VAN
-‘y‘t\ v ' .
N .
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circles) determined for the reaction:

// vl

o

-

are included in Figure 85 Although these’ﬁ01nts are

"suspect since they were detennined under the adverse .cori—

~%-

'ditions described in. Section 5. 2, they fall close enough to .

,t“
the Van'tﬁﬂoff plot obtained by the sw1tching reaction to

. -4

' rule out any serious errors which might occur by u51ng the'

Y

‘;ligand interchange or- switching method. a”"r' .

. » o ’ K) o . o :4' o .
5.4 BaSicitx §cales - o ‘; I B
" When comparing the results of gas phase amine basicity

‘with’the potaSSium ion as a reference acid to, thevbaSic1ty

when the protcn or trimethylbord@)are the LeWis acids, it is

_best to usL both the enthalpy data and the standard free'

.y

1‘energy at 298 K The free energy comparison takes into‘

L

account the entropy, which in the case of the proton is~i

similar ﬁor all the amines, but W1th K .br B(CH3)3 there,

'are con51derable entr0py differences between the amines.' :

In Table 29 the experlmentally determined\&H s andn"'
AG's for the reactions. L lﬂ_» o ~,n1_».'
,., .' . - . ‘._ ' .. y v.'_» : -‘ | | . (_\ :‘

A+ :B=AB s e isas o

:where A represents the reference ac;d, are presented. .The;h.'

‘data’ for the proton reactions are from Yamdagni and Kebarle B

/ Y

. , o - S Y B - LT .
. . 3 . et . . . T
e U . S . PR . L .
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' data are from Brown (67 - 71)

- R ;o o - 23%0.
;,;I,' '

(57) or Aue, Webb and Bowers (65) and the.trimethyl boron . |

~

In the following sectrons reference will often be made

to this Table in order to explain dlfferences in the ba51city

orders with' the varlous reference Lewis ac1ds.

Cw

<

5.5 Discussion_of‘GasdPhase,AmineiBasicity Order with

P -~}

Potassium Ion as a Reference Acid

From Table 28x,1t can be seen - that the relative ordeﬁ
of free energles of the various 'amlnes dlffersat 298 K

and in the middle of ‘the experlmental range, 600 K. -

“Simllarly,.the enthalpy order dlffers from the free energy
* order. The questlon then arises, wh1ch lS the be ghermor"

_dynamlc value to use as an order of ba51c1ty. With the

A28
proton as a'reference acid, this problem does not’ arlse,

51nce the entropy of proton transﬁer is very low or negliglble.’

However, W1th potas51um thlS is’ not the case, . and there are
}
dlStlnCt dlfferences 1n the entropy of the various reactions.
/. .

Wlthout a doubt the most accurate thermodynamlc value
1s the_ ree energy of the reactlon in the experlmental }-7“u

range, 51nce no extrapolatlon is necessary. Thus at 600 K,

_ tHe order of ba31c1ty of the amlnes studled iss .

1 . . -

LI

,IfH <(vc_H3)31\1<c1J.f3 2<CH3 <LCH3) NH o

<C6H5N§Z<C5H5N<NH2CH CH2NH2 - : T ,:

. "
' ' - S .. L. . ) . . .
s s ! . - ~ . L .
. / - " ] . : .
~ . e ’ . . - .
: : <+ ; N T - R . 2
. / ' v ; . . ) . .
. . . Lo P v .
; . .
/
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-~ methyl- substitut;on:
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It would be advantageous to break this discussion down to
; the various groups: methyl amines, primary aliphatic amines,

aromatic-amines, and bidentate amings

:Av-Methxl Amines = e ?

The free energy Of reaction 5 1 at 600 K _1ncreases in ‘ |

N

_an anomolous order w1th methyl substitution-

' Tt .

NH3<(CH3)3§<CH3NH3<(CH3)2NH | |
.  %» St
Thlgyls in agreement Wlth the order dete 1ned by Brown (67)°
u51ng the bulky B(CH )3 as a reference Lew1s acid, The o

_enthalpies of the reaction, howexer,,increase steadily with ’

Pl

NH3<CH3NH2<(CH3 ) ZNH <(CH,) ;N

;o S

o i

which rs in agreement with the gas phase proton affinlties

o

of methyl amines. The maJor dirﬁerence in the two orders

rable entropy of the reaction.*
r

must be attributed to the unfavo

A - ' .
’ ‘ . . . L]

+ K ren v -
K +:(CH3)3N =K [}Ln3)3N]4 | f

electron populatlons of the various atoms in ammonia and the
umethyl amines (110) These are shown in Figure 86 Unlike

other bases, the gas pﬂase Bronsted ba51c1ty increases w1th
. 'v }‘\ ) T L 3 ’
».,-’ ‘ . \ . - / X .
_ ) . oo

!



IGURE 86

-\

Net Electron Populatlons on the Varlous Atoms in the—
. Methyl Am.mes from Pople (reference 110)

232,.
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et [
. /

a decrease in the electron p0pulation of the ‘donor atom -
(i e. n;trogen). With oxygen as the donor, methyl substltu-
tlon increases the electron populatlon of the oxygen atom

e (110), as well as the basiC1ty.‘ '

| "Using a simple electrostatic model as was done in

'Chapter 4. and/“normalizing" the electron populations to f1t.
‘dlpole moments, it.is possible to predlct a clas51ca1 order
of 1nteractlon energy whlch should correspond to the enthalpy
order.

Due to the lack of knowledge of C--N bond polarlz— o ;' o
.ab111t1e8,4a sxmpllfled atom polarlzabllity approach is‘ B
necessary to determlne the ion—induced dlpole energies. The‘
mean atom polarlzabllltles can be determlned from the total

molecular pOlarlzabllltleS of’ the methyl amlnes, i.e.:

S0

\ R e
| T %amine T 1% R 5.6

1

where “i represenzg thmﬂmean atom polarlzabllltles. The

molecular ‘and result1ng atom polarlzabllltles are. 1lsted in h;

° i

Table 30. S : A L o

For the dispersion energy equatlon, i. e., the ‘London

!

formula, the radlus 0 was taken as the dlstance between
f . the geometrlc centre. of the amine and the- centre of the ion.,

The total repu151on energy must 1nclude hydrogen atom—j o
, . .
1on terms as well as carbon atoquon terms. As was done in

Jv_ ff‘ Chapter 4 the carbon potent1a1 was-assﬁmed 51m11ar to the f_ l‘;:/

R nltrogen -atom potentxal ‘ LT D
. . & .
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TABLE_BO AN

Atomic’ and Molecular Polarlzabllltleb and Ionlzatlon

Potentlals of the Methyl Amlnes

’ . o ',Ionlzatlon a v,agnl_i.w_,m__ L '}j‘b
"~ ‘Amine S Potentials (ev) T Polarizability (a©”)

"10.15" _ : 2 34
&agmg S s - 1418

(cmg),N 0 - 7.82 . 192 T

Mean Atomic‘Polarizab'ilitiesc.(Ao ) o Lo

N 0.

- 1.00
‘" o oug

aRe'ferei‘ice_l.?l-
“Reference 132 i ..

c._ L Timahi 1 e o -
from molecular polarizabilities ’




e 5.

: ‘Thektctal energy, Et,.is'then: e ;

/1
. E. =g YE 4B +E__ - 5,17
‘ t dip ind’ ais * .rep . ' =
) L M ’ .
e \ . . - . . \
. \ T
where - . ‘ IS E o
B, - 1 sgoet 519
v Bipg = -167 =@ i : S o519
Bgis = -34.56_TaTkt . %%+ S 5.20
dis ] I. + *IT = 6. v i o B .
| . AT KRy - T
" TEogembag im0
Eep “ § cK/ _ieXPp &-'aK*-lRl)_”‘ S 5 2'11

;"' where Q, is the charge on the atom,:Ri is the atom-ion dis-
_jnuxgagi(ﬁs”/ie“molecular polarizablllty of - the amlne,_v734
gt is the potassium ion polarlzablllty, Ei is the méan i
polarlzabllity of the atom,/IA and I + are the 1on;zation'f
r'potentlals of the amlne ,angd- the pota551um 1on reSpectlvely,_ -

»CK% ; and aK+;i are the atom-pota551nm ion repu181on potentlal

~>parameters descrlbed 1n Chapter 4. As was done 1n the"_'{5.u'»e

prev1ous chapter for the electrostatlc calculatlons,-the

o/
vlon12at10n potentlals of the~am1nes and the potassr_ 1on
ImZ 25

! .
were "corrected" by multlglylng I by 2 5 and I ~+ b

-
|

|
(lOl) / The new values of the ionlzatlon potentlals were' then
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determined from the bond lengths and angles (l33 5). These
are listed in Table 31 for trf‘ethylamine and ammonia.pi'
Monomethylamine and dimethylamine coordinates were detere'
mined by replacement of the hydrogens of ammonia by methyl.

“ groups.. From these coordinates the ign-atom distances,» i'-.
could ea51ly be obtained. | o |
From ‘the resulting 1nteract10n potential energies-

(Table 32), it can be seen that the 10n-d1pole term is’
substantially largervfor ammonia than for the other amines.

R

’“However, the 1on—1nduced dlpole and disperSion terms 1ncrease
/w

w1th methyl substitution, which results in- trimethylamine

4be1ng the most stable of the methyl amines 1n its 1nteract10n-*

- & w '
-with the reference acid, . .

The electrostatic calculations correctly predict the
»order of the 1nteraction of the amine with the reference
‘acid, but the relative differences betWeen amines are quite
| ’different from the experimental enthalpies of the reactlonL

l'I‘hese calculations demonstrate that in addition to the
electron den51ty on - the donor atom, polarizability/and

"{dispers1on forces are important in determining the ba51city

order of am1nes..¢ S S P

L L . B .
w - - . - IS

"B Primary Allphatic Amlnes
Only two primary allphatic amines were studied.,
‘monomethylamine and n-propylamine. Ethylamine was attempted

»

but due to thermal decomp051tion and the high eff1c1ency of ;

the reaction.

o
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-Coordinates

/

. TABLE 31

237.

2 for the Atoms in Trimethylamine and Ammonia_ l

v

B ;o Ttiﬁéthylaﬁine?'
| Atom - X y , é
N 0. ! o 0
., ] - ' ‘)
oy ) 1.36 0.52
'Iﬁ(trahs) o . | 1.15 1.58
H, - 0.88 1.97. 0.42
CH, - -0.88° 1.97 0.42 -
c, ' 1.18 . ~0.68 0.52 -
Hj (trans) . 0.995" ~5.75 "1.58
. / ) b
© Hy, 2.15 ~0.13 0.42
_.-c3 P V51.184 -o’ps_ .52,
B, (trans) =04995 £5.75 1.58
) . e ) s B
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. TABLE 31 (Continued)

238. .

a9 / ’
’ / ! ~
_vAmmoniac
RS Atom X 'y z
N / . ’ .
N o. S ] 0
Hy o . 0.94 0.385 -
S . . ~ o0.81 g =0.47 0.385
Hy . -0.81 - -0.47 0.385
- /
"in angstroms ,
| b ¢ e
“Reference 135
‘CRgfefence 133 . o
- ‘ ‘ .‘
[ g e c L
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+ CN = w+ - :

K (CH3CH2NH2)§+,CH3CN = K}f¢H3qqi;;/éH3CH2NH2 5.22
the intensitytof'the K+-ethylamine ion was too small to
'measure accurately. .

From the two primary amlnes studled it appears

t,free energles at 600 agree with thls flndlng. At hlgher

-i\temperatures though 1t is poss1ble that the more unfavour-

‘abgt entropy of the propylamlne complex w1ll make 1t less |

‘'stable. I o "

W1th~tr1methy1 boron as a reference ac1d the same

result occurs-‘that 1s, the enthalpy of the complex1ng of
‘.B(CH3)3 “with propylamlne is more favourable than w1th

v monomethylamlne (6@) The proton afflnlty of’ prlmary

amines is also known to 1ncrease w1th an 1ncrease 1n

| alkyl chain length (65) 1?f_ o .;'

1 L

C ;;hvlenedlamlne-bldentate ‘Ligands - -

‘ ThlS subject 1s.tovered exmenSJvely 1n the next

ochapter. It is obv1ous that the tWo nltrogen electron
donors make the ethylened1amlne-pota551um 1on complex much

more stable than nnmo&mﬁate am1ne~pota851um ion complexes.

' : A AN » T R

D 'Aromatic Amines

- p. e reference Lew1s ac1ds, ‘the proton and tr1methy1 o
: . C

of - the pota551um 1on-am1ne complex.- Both the enthalples and



) ) ' ' ' '
. . . - ) . . o

boron, emerge. . S S
‘ * ] K | : . - . ¥
(i) Pyridine |

The unshared electron pair on the nltrogen 1n Pyridine/

‘_ is present in an' sp2 orbltal in the plane of the aromatlc '
’rlng. Because of this orlentatlon, these ;iectrons cannot
'“be deiocallzed by 1nteractlog with the aromatlc n electrons._h
‘The © electron den81ty islgreater at the nltrogen than at
' -the carbon atoms.” Therefore, it is’ reasonabLe to exékbt
that the total electron denslty (nq-c ) at the- nltrogen
should make pyrldlne at least as strong.avbase as the
»methylamlnes (136) | ;v' ‘ o h_;jfjw;f
 In solutlon this is not the case (Kb(gyridinefa=
1. 71 x 10” Kb(methylamlne) 4.38 x 10™ ) (96).' Wheland :
(137) has suggested that this- 1s due to the 1ncreased _;
electronegat1v1ty of the! dltrogen/ln pyrldlne. An 1ncrease
“in electronegat1v1ty would mean that the electrons'on'dj
'the nltrogen would be less avallable for donablon to the
electrophlllc ac1d Thls 1ncrease is brought‘about because |
.atoms 301ned in multlple llnkages supposedly have greater o
.felectronegat1V1ty. Another way of looklng at it 1s that a jﬁ
;nltrogen in an sp2 conflguratlon w111 have a hlgher electro—
";negat1v1ty than one in an sp3 conflguratlon. The sanwa
‘argument was used 1n the dlscu351on of the dlpole moment “f
/o

of the C-»C bond in acetonltrlle (page176). fw,;

n"a.' P

\)"".

In the gas phase, pyrldlne has approxamatelygthe same. 5'

‘\lproqéi afflnlty as dlmethylamlne.i Howeverq 1f compared f

- b
P [N Sy - . X . - .
s | el : Vo . S o

[N
~
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to a. secondary amlne of approximately the same polarlz-

' ab111ty such as plperldlne, pyrldlng is considerably less

ba81c (by 5 kcal) . Thus 1t appears w1th respect to the

Y

proton as a reference acld that in. solutlon the low

ba51c1ty is a comblnatlon of solutlon effetts as well as .

the high nltrogen electronegat1v1ty, ‘“

S

The present study demonstrates that pyrldrne 1s a

K}

stronger base than all the methylamlnes. The,reasbn for p"

b 'thls dlfferenqe from the, gas phase proton afflnltles is

-

¢

\glnot obv1ous.' Thé -AS of the pota531um aonvpyrldlne Q‘

';uclusterlng reactlonmls qulte low (Table 28). 1nd1cat1ng'a

AY

smaller loss of freedom 1n the formatron of’the cluster
than is normal Whether thls is due’ to ‘a greater freedom

for rotatlon agout the K -N bond 31nce pyrldlne is planar,‘
D b

or whether thls ‘is due to some statlstlcal factor based

/ L
on 1nteractlon wrth the electrons 1n the aromatlc ring 1s R

4

dlfflcult -to say from thls work However, 1t has been o

suggested (136) that the 1on-molecu1e bonad most llksly
occurs through the nltrogen lone palr.p Further study on.
pyrldlne ‘and 1ts derlvatlves (such as 2 6-d1a1ky1 pyrldlnes)
would help prov1de 1nformat10n on bondlng s1tes. If the

. . )
lone palr 1s 1nvolved in the 1on molecule bond then therV

addatlon of bulky alkyl groups should sterlcally affect_:a»s

the clusterlng reactlon..rs‘

(e

/
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. (ii) Aniline | e
"In solution anlllne is a much poorer base than mono- .
/.

/'methyl amine. Paullng (95) has suggested that this is due

/
to the delocallzatlon of the‘Pnshared electron palr on the

nltrogen through the varlous resonance structures:

-as well as the stablllty of the unlonlgpd molecule over the
/- .
phenylammosgum ‘ion whlch has no 51m11ar resonance structures.;

'In the gas phase the proton afflnlty of anlllne 1s«,~2 kcal/

"1

mole lower than methylamlne, which would be expected from
. f’ ,/ .

,

vthe above hypothe51s.

. from the nltrogeh to gge ring as well asO'-charge w1thdrawal

The pot3551um 1on reactlons would at flrsg be expected .

! ¢ .
to show the' same result However, the enthalpy and free

‘o

' energles.of the K" —anlllne reactlon .are cons1derably greater -
-.than thelcorrespondlng K- -methylamlne reactlon. ‘The fbllow- Eﬁf
‘1ng theorx&could explaln this dlfference. )f .-d;/3' -" .

In quantum mechanlcal calculatlons (138), Pople has <o
5 22
shown that the N--C bond in an111ne has some double bond;

" . ! K]
o

character.. Furthermore, the Mulllken electron densxty ﬁ“
an) . o
calcu}atlons demonstrate thﬁf*there is ﬂ-charge donatmon

PRY ."; .

from the r1ng to the’ nltroggnaatoﬁ The result;ng drpolee?L o 0

"' B =1

moment may- be represented as-

’ ! o
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where the angle ) has*the valu3 43 experlmentally (1393
| .

N8
.

The potassium ion will most llkely lie on the P
I at
the. resulting dlpole vector. agd thus be orlented towa

v "y

Y S

the ring. 1In arene-511ver coord;natlon compounds A;AO)L,:Ku’
* .

| the major type of bondlng is a|grtype bond 1nVOIV1ng the

on-electrons of the carbons and'?he empty 5s orbltal of thei-,

silver ion (141) | AR .

‘ w1th the donor atom, nrtro'en. Not only 1s the@hlgher

o L

X &+4c6 SNH *’K (cs 5 2) : : e 5.23‘

't.v

over the correépondlng methylamlne reactlon predlcted but
.\ i “, ’

N also the more unfavourable entropy:due to: the greater

W

. P
; .
. n".- ) ‘
-~ . ’ -
AT E
oo q v
. H P

or 67° when determlned theorei;cally (132). o 4L.
s > H‘P& ,!&

b



{

T e EpEp 4 cAch ) AHV. | o .. 5.24

'.vector YA.

a5,

/ . . N
'restriction of the potassium ion. Due to the small size of

the proton, such art 1nteract10n w1th éﬁe ring would probably
not qccur. and there would be no stablllzatlon of the
‘complex.

5}
: !

‘,5 6 Correlatlon of Gas Phase Lew1s Acid-Amine Reactlons

It wo?d be advantageous ‘to be able to correlate the

gas phase LerS ac1d-base 1nteractlons. Drago (142 143)

.

has suggested the use of a four paramater equatlon (Equatlon

5 24) to predlct the enthalpy of such 1nteract10ns-

.

: FeYs .

j \

T
A and EB were orlglnally 1ntgrpreted as the suscsptlblllty

of the~ac1d and base, respectlvelx to undergo electrostatlc.

o

=1nteract;ons, and C

2, and’ C as the susceptlblllty of the , ”."

B acid and base to form covalent bonds. The equatlon may -

' alsd’be rewrltten in matrix notatlon by a551gn1ng the ac1d

N

parameters to a vector XA and the base parameters to a

AT R o : N
A b o SR
X, = <‘A - and ¥ é - o o

A' C B c 'u‘ : “~
’ A ! ' B ., ‘-’ o o "nd\_\
» ‘ - -

—The‘enthalpy'w1l then be a scalar functlon of the vector-




Equatlons 5.24 and 5.25 have an 1nf1n1te number of solutlons

a6,

for each of the parameters.

Drago has taken enthalpy datp for 280 Lewis ac1d-base

L]

i
reactlons'and obtalned a "bes{" t" solutlon for the

%

43 bases ‘and 31 ac1dS'

A

: § K
'(143) . Iﬁ order to do thrs '’ e values. E, =1.0 and

parameterSWEB QA, B’ and

CA =1. 0 were arbltrarlly a551gned to 1od1ne, .and the :
' -0 P

parameters Ep = b % u angd C =ax RD { ére “tpothe | -

@

ground state dlpole moment RD ‘is the tétal-d storti

_,__~polaresab111ty of the:amlne, and a and b are’proportlonallty
‘constants) for‘the series or ammonrg and the.methyl amines,
Then by studylng the 1od1ne—aﬂ!ne enthidples, ‘the propor-ﬂ;‘
tlonallty terms a and b were detegyln ?nd 1n1t1a1 values
.of Eg and C were then obtained. ﬂThese alues could then
. be used . to determlne parameters of another ac1d and SO on.-
The best fit solution was then . .obtained by a least square
method thgdigh the varlatlon .of the varlous E and C :ll;
parameters, aIWays mgﬁntalnlng 1od1ne s E i 0
ThlS is aﬁgery emplrlcal approach but it does have
Jpredlctlve power. However, most of phe enthagples used by

-

Drago were determlned 1n’weakly'solvat1ng medla (cyclohexane
vor carbon tetrachlorlde{ and not in the gas phase. Arhland
(144) has p01nted out that solutlon effects are 1mportant .L,i ;
. even in weakly solvatlng 11qu1ds.' This is further shown " 4
’,by Drago s values for boron trlfluorlde.f In the gas phase{

7comp1etely dlfferent values are obtalned for EA and C than\ L

in solutlon. As predlcted by Arhland the E/C ratio is

\'_‘ 5 » ) } ‘. . L ‘) .
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‘ Cg. ) ;3 ; > ,qk*i h' S - ..r ;‘. o o

,;?A and SB,,are 1nc1uded-

J .
:~then poss1ble, u51ng.a similar method to Dragoﬁgmto determmne

-

S

higher in the gas phase than in solutlon. In solutlon

;acetonltrlle has much 1ower parameters than ammonia. But
gas phase reactlons 1nvolv1ng‘the potassium ion show
’acétonitrile/to react more strongly than ammonla.' Thus ;
gas phase 1pteractlons cannot be readlly predlcted w1th the
use of solutlon enthalples. Perhaps it would be- better to -

use. a 51x-parameter equatlon ‘in whlch solutlon effects,

- PO

With the avafiable gqs phﬁkggaprd&bas
EM-I ok

e .

values for the Lew1s ac1d-base parameters- EA’ EB' CA and

Method I ' '
thg*pota551um 1on is chosen as a reference gas phase

acid Con51der1ng Pearson s softness parameter (145) of
[a

dﬁ;potass1um (0 238) as sqmewhat equlvalent tq t&e ratlo C/E

(144), the parameters EA and C can be set %ual to 4 O

v
S

and 1.0 respectlvely. In the same manner as used by

Drago, the eleytrostatlc portlon of the methyl amlnes can

be set pgopoxélonal to their dlpole moment and the covalent S

.portlon can be set proportlonal to the total dlstortlon

AW S -
polarlzatlon of the amlne. Thus : : '




el

o the values of EBvand CB for the methyl amlnesa

proton and for trlmethylboron 1n a least squares best flt
-"’-a‘n:/ » S

‘ - ai8,
1 P ! - ) . .
| E+Eg+ C ,Cp = ~AH(K fanlne) ,
: _ K ® K e : ,
or . B R ~ g
e \v‘"'y:.‘mt.\ ) ."'_ . . N Y " ;‘id‘ . . . ' . . !
L - . ‘ X RECIN & ¢ N k\: &‘ . )
4blanine '+ ARy = -0H(K'-amine) . 5,27

amine
! ‘:l:‘

The dlpole moments, - total polarlzatlon and exper1mehtal

halgges for the pota531um 1on-methyl amine reactlons

1are 11sted in Table 33 The follow1ng equatlons result-

Foo .

L

(4 x b x 1.28) + (a~x.lo.58)f= 19.1

Ad 4 . “

(4 % b x 1.02) +(ax 14.96) = 19.5
& . ' 'Q ] -

(4 x b x 0.64) + (ax 20.01) = 20,0

. -

“These equatlons are then mutually solved for a and b in a

1east squares manner. The best values of a and b are thus

‘'obtained: a =.0. 672 and b ._2 {ﬁs The dbserved and

cald%iated enthalples are compared in Table 34 along w1th

°

1

vszhe B and c. parameters are then determlned for the
w

manner, u51ng the amlﬁe parameters and the experlmental

1

o

| proton affln;tles of the amlnes and AH Values for the bor&n '
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TABLE 33
SR &

[

. a9,
N ]
s
gy
R

Dipole Moments .and ‘Total Polarization of ,Methyl Amines

and Experimental Enthalpies for the Reaction:

B

S~ K' +:8 =x"B
i
' | !
= o . Total ki
: : ‘Dipolea‘ Distortion -AH for Potasalum
Moment Polarization Ion-Amine ,Reaction®
Amine (Debyes) (cc/mole) (kcal)'mole)
N . / * -
| NHy ©1.45 5.90 © to17.8
CHBNHz 7 1.28 .10.58 - 19.1
P . . 3
,(CHB) BNW 0.64" 2Q.01 20.0
K T < . o : . \
- qReference 109  ° N
bReference 132 L
Thls work - %
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I R : '
Calculated and Experimental Enthalpies for -

Potéssium‘Adducﬁs'with.Methyl Amines

\ |

' ’ » ! . . N'. - . ,.”, R
Amine Eg ... Cp ° =-pHCale.® | W Exp.2

NH; , % 3.44 3. 17,7 . 17.8
CH;NH, . ®.i04 - 7.11  19.3 S 1

e (CHYsNE 2.42%  10.05  19.7 . 19.5

Ok

(CH3) 3N -« ¥a- 1.52 ° 13.45 . 19.5 20.0 .

) i R
1--
_‘ ! - j", . |
, g
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,,softness or/hardness of an”acid or base by Klopman (146)

Method IT

251.

*amine‘complexes,l'The only other base whosegenthalpy'of

T,COmplex formation has been studied with the three reference

acids is pyridine. Its parameters'are then determined from

the acid E and C parameters. >

S

lA All the parameters are then put in alcomputer program
and redeterminedluntil a "best-fit! solution is obtained,

at all timeS'keeping the potassium ion's Ep'= 4.0 and Cp =

‘1'0- The final E and C values fox thé ac1ds and bases are

f’
listed in Table 35. {?he only major change from the 1n1t1al

N

values in Table 34 is in trlmethylamlne. Thls.anomaly is

[

”llkely due to sterlc effects (142) which are in some manner
1ncorporated into the E and C parameters. The enthalples

'calculated from Equatlon 5.1 are compared with experlmental

\

-values-ln Table 36 - In all cases; the\calculated enthalples

\

o

' are w1th1n 2.5% of the experlmental values. o

- wd ! ‘ )
R - .
. e N . . . .
.t . Lo : !
- - . . N " rd N
R

’ o L4 4
The values of Ep and Cy for the‘amines are'originally

'-taken as those determlned by Dragé (Table 37). \From thege

'ﬁ”«”‘w

‘1n a best flt manner, EA ahd C values are obtalned fon the

A
acids: aK-, ut, and B(CH )3;" The basevparameters are then

i d

altered as 1n<Method I untll a best'fit'solution is deter- -

“mlned The resultlng flnal parameters and calculated

r”

’~entha1p1es are shown 1n Table 37 and Table 38 respectlvely.

: s o R A
. The ratio C/E has been used-to depict‘the'relative

Lk : .
. . 3 I
t ) - X . L it
I
. }‘-,.3..:,.\'.),--.._-.._,.,,_.,.-. .
i T T
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Best Fit Gas Phase E and C Paramg

T

Acids

46,73 0.0F 10.77

2.21° 0.01 1.56t 0.0l -

0.04 .,

Lewis Acid E, Cp Cp/Ep
.+ S ) - )
K * 7 4.0 . 1.0 0.25

NHj3 -

‘CH,NH

3772

~-

(CH3? jN

Pyridine

. - 3la1

3.53
- 3.03
- 2.86

3.57

- 1.08"

2.34

2089. N ‘
1.89
"1466




' TABLE 36

Calculatéd and Expefimental-Enthalpies for

Various Gas Phase Lewis Acid-Base keactions

253.

- (kcal/mole)

- =AH Expt;'

(kcal/mole)

v

\QjC£3)3

CH3NH,
(CH3)2NH
CAP

Pyridine

I
(CH3) ;N

~ Pyridine

CH3NH,

QY(CH3)éN§.

(CH3)3N

Pyridine

17.9 .
19.1°

1907

20.1

729924‘

-

- 205.8°

217.3
22‘3.0

'229.2

230.4

17.6
19.2

" 17.6

17.1

17.8

L 191

. /,*19.5/ ..

/ .

. /20.0

‘ v

/
) 2007

207.0
217.8
. 225.3

230.3°

225.6

13.7.

) 17.6

17,6

1 19.3

)':17§0 . )

) ;

g,

&

clom

+
A
»
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TABLE 37 | ‘

zm.'"'

" |

/

U31ng Draqp S Amlne Parameters

E and C Parameters for Various Lew1s Acids and
[ .

Bases

Bases =

:From Dragoa

. Ep

- NHg
CHBNHZ
(CH3)2NH

(cHy) 3N

Pyridine

1.36 .
b 307'

~1.09

- .808 -
‘-f1017_

P

5.88
8.73
o lls
C o 6.40

a

it

>: Corrected to Best Flt

T &

CHBNHZ'*

(CH ) ,NH -

372
(CH3)3

Py:;dlne

%l;43’

1.00

. o.8a7.
1,217
. 1.315

. 8.42

7,11

10.63

2
% Y
R 1S

1.87
| 8.41

12.55

'5.84 -
4.66 -

Acidsl‘

'E

A

.;fc/sf

; K.+v

"‘;ﬁ+'

o
|

I .
§4

k]

] & .\‘ B (CH3°)“3

u"i

v

10.55

123.56 .

6‘4
o,

7.31

102
. 11 06

1. 223

0 0967
40395

0.1673

P

;aReference*l43"J

ar

m“'.r

s
S



TABLE 38

B5.

Calculated and Exper1menta1 Enthalples for Varlous Lew1s

"Acid-

Base Reactlons U81ng Drago' a Base Parameters

. Acid

. Base

- AH Calc.(kcel/mole)

Drago's.- r>Cor:ected -

-AH Exp. '
- (kcal/mole) - %

,
g
(¢f13) 5

Pyridihe

| NHj -
\cn'ﬁh

',(CH3)2NH.
f‘CH )N,

'Pyrldlne

NH3
“CH,NH

32

- (CHg) N
AcH;) 3N

'?:Pyrld;ne

17.9

19.8

20.5
20.4

'18.9

.225.7
*a

. 231.2

227.5

215.3

14 2
"16 7

18-6'z

20.0

16.3

+206.3

217.8 .

19,1

19.8
' 2Q.1 b

-20.1

s

- 206.5

216.8

222.2

229.0 .
230.3

"13.7‘
| v17ié7
| '17 sf-"‘
17. 1L

°
‘. .

19.1
19.5

20.

. 17.8

- 20.7"

'207 0

217 8

: 225 3
'230.3

13.7

225.6

17.6

¥7.6

‘19.3

7.0

aRefefenee[;43“
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A large C/E means a. "soft" acid or base.‘ From both methodS‘

[ \v

used 1n thlS study the ratlos C/E vary in the same manner

(although since the reference in, one case was K and in . the

other 1odine, the ratios arf not numerlcally the same)

‘ Frpm Table 37 the‘"corrected best f1t" ordervof“hardness_,:

vof the ac1ds w1ll be H > K/ > B(CH3)3 - The order.of

hardneSS of the bases will ‘be NH, > pyrldlne :»(CH )3p’>

(CH )NH >(CH3)2NH These orders are similar to the

'qualltatlve nlass1flcatlon by Pearson (54). That is, the -

- by Pearson as’ hard.

'ac1d ‘the hlgh ¢ terms means that it w1ll 1nteract w1th

ot -

proton and pota851um are hard ac1ds, trlmethyl.boron is
borderllne, ammbnla ;s a hard base, pyrldlne. dlmethyl-

and trlmethylamlne are borderllne or soft.‘ Only mono-
methylamlne seems out of~p1ace,f51nce11t hasrbeen classified
Drago has pointed out (143) that the propedures used

by Pearson to determlne hardness and softness do nnf give
b e

the same results as the C/E ratlo because the magwﬂ‘qdes_.‘ <

of the C and E numbers are lost 1n the ratlo.f Thls can

best be demonstrated by comparlng/the values for the proton
w1th those of pota551um. The ratios of C/E are very s;mllar

( 23 for the proton, .25 for the potas51um 1oh), however '

. * ° K]
‘the magnltude of the values are lO t1mes~greater for\the

§

”-proton.j Thus, even though the proton is the "hardest"" N

"soft"‘bases to a- larger degree than K or even the much

""softer" trlmethylboron.! Tﬂerefore, the magnltude of the *

‘rt

. e
- 4%,

3. » v .
SO : - . . E -

‘ C ‘and E parameters are more 1mportant 1n determlnlng the fé

»

fi E v ‘_'5-~' - l . ?5é,v”

/T
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“

'_results predlct very w11d Values of Ep and CB (1 e. for

7proportlonal to 1ts dlpole moment and the CB parameterwls

When - solv1ng this equatlon for two aC1d—base reactlons,
4o '
(1n Wthh the base remalns"the same), all accuracy'w1ll be,"&

lost if the ratlés E /C are s1mrlar.( ‘As. a result, th1§

TN

- correlatlon falls drastlcally when§06351der1ng”base§>such

[
f

‘as. water or acetonltrlle, for ln order to. determlne the

o

. \ -7
B.and'CB;parameters,, t is flrSJ'necessary to use only the

acid'parameters of the.proton-an lthe potassium ion, s;nce'

no other data ex1sts in the ‘gas- phase. Due to the‘g -

KN

51m11ar1ty in the ratlos EA/CA' thls 1s dangerdus and the

‘

‘aceton1tr11e° EB = —lé 7. CB ”~99 2 and for water-A
o | ! . ‘,A'. é;’,
EB = -3 68 and CB = 31 5)4.1 P ‘ o o

v/ If it is assumed that thé EB water parameter is
-7

- .“".' ‘ié* T s "' . & \ ~ .

= CLs D ‘ a4

\ BRI
‘ . - . st
. e ' i SN \. = -
~enthalpy of an acid-base rsaction-than is their ratio.- .oal
5.7 «leltatlons of the Drago Four Parameter quatlon R 2
When using the four parameter equatlon to obtaln thq: A
| R T
E ‘and Caparameters fer a base,rt ratlo E /C should be
qulte dlfferent in- order to ob’ accugﬁte parameters (143y+
, If reactlon enthalpy data 1s ava “from only two ac1ds, \w“
K W i -._" - L8
it 15 1mperat1ve that the E“/C ratidgbe substantlaliy e
i drfferent‘ Equg%ﬁon 5. 24 may be rewrltten in e fohiow1ng @
L . _ . ) " ‘1 - . './ . T . " ”’4‘.&1 L’p%’ﬂ’yu( u%:
“ e v'+‘ '= ..A"' ' o Loe Ya .
(Ep/Cp)Ep * Cqy= -AH/Cy m g /5.28
/i’ ,v . ) ' .0‘ N ] ) - ‘1
;; ) : o . _.; : . i .\ i ‘ - U .’ - . .r'
-



.

'v,_ , . ‘proportlonal to gﬁe total dlStOIthh polarlzatﬁpn, the

ne _1 7tﬁ.resu1tlng parameters (EB‘“ 4.3, CB = 2 4; M thod I) lead %o

M

B

. a AH —19 6 for the pota551um 1on-water reactlon, and.a au
‘ protqn afﬁ&nlty of 226 both oquhlch arfmponsiderably S
hlgher thah™ exper1menta1 values éga%le 29) '

Thus, thls method of gas phase LeW1s acld—base T : ;

. ‘. f . A‘j"-‘, .
: © e _correlatlon seems ﬁmxteﬂ to systems which a\re allke ‘in't T

o | thelr ac1d—base in eractlons. That is, it would only work

if an ac1d 1nteracts w1th each of the ‘bases in the same p

A

- E manner. For . exﬁmple, with anlllne.the—potass1um 1on may

o uanteract w1th the aromatic r1ng as’ well as with the

l/nltrogen, yet tae protqn would not "Thi ould not be
Qpredlcted from “he rresent‘correlatlon¢
¢« R

w
b

.", . S ; ‘ -’42; __WA ': . o PR il i- .. v v 3 | . ’ S .< ) B . Ty .

. M ' '. N : . y ’ E - o v \ }' v .
‘5.8 Gas PhasevLéw1s- Tcmty of Ethers*wlth K 8 a e

. S B ) : ‘.-”.j PP . J' v i R ;‘ e 4 S . Y ‘
CEPEE ifw'Referencg Ac1d U ";,~rva&f‘ﬂ‘~?, - _“g }' . .

E;r;;kV s'“:Due to,the unsha&ed palrs of electrons on the oxygen* ;@;3“
D . _‘ - . . -

ethers undergo complex;ng reactlons w;th Lew1sﬁor

8 A e \

,;f_i? , Bronsted aczds.f Thls complexlng ablllty ef ceﬁtral to
much of the chemfstry of ethers (147). The solvatﬁpn of i

catlons in ethers plays -an 1mportant role 1n .pny organlc

y

4react10ns, (for example, the Grlgnaxd reactlon) ' Thus 1t

: “was felt that the study of the 1nteractlon between thes -

fpbta551um ion and varlous ethers would prOV1de useful

~.
~

\thermodynamlc results.

{\ - 'Vf ' In ‘the present study, equlllbrrum cOnstants were
) determlned as a functlon of temperature for the two*reactlons-.;
c _ , N : s e . S
T B e B - A S
. - '.,‘ ,. . ’ . C o ‘ . e . ‘ o A ‘ .‘ 7. .

N
oo
i
I
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R The equilib

. reference ac1ds is glven 1n "Table 40.
A

/ - ﬁ‘- ‘:y? ' e
/ o 259,
o i v . :
N ) v Do f"':y""‘;‘;(ﬂ
+ : I . SRR -

K '+ ‘”'CH3‘OCH3 = K ’(CH3OCH3) .‘ i 5. 2;9

. “ ' . i o : s o ;'s.'i

. - .o q ) | . ‘l .‘:‘

K’_ + .C2H50C2H5 .—“ K (CZHSOCZHS) | ' ,. . 5_.30 .

- , . ' : . -

oyt /
L um constants remalned constant as a functlon
Wy

of pressure as is dem nstrated in Fagures 87 anqk88 ‘The'
thermodynamlc fuhet bns --AHo AG 298' - AG® Goovand.Adl'ﬁor
e obtained from Van't¥Hoff plats

+

the abqve reactlons "

\

{Elgure 89) .Thesgvther dynam@c\values.a§é lzgtedjiﬂ;. -

e

'u" ' e s e ‘ -' 3 . . ,

N . #'
4) vtrJ , Q»
‘“!*'t gﬁofﬁ' plots and” Tab‘fle 39‘1t can *be

- ' e i
that dlmethyl th&% i@»less ba51c than dlethyl ether W enff

een .,

LY
. oo Y
»‘/;' 4\

i A
: ‘Kdli?ﬂ&krefegenceé;eW1s acid. Thls is in aggeement w1th

" .
R:r‘ k W ‘13“‘3,'}»“1

proton afflnlty measdtéﬂents {148)" but in confllct w1tH the(

ga@ phaselbasfc1ty when the bulky Lew1s ac1d BF3 is used asi

5 29 and 5 30 usrhg K+ H+, ‘and BF3 as the '

o g

A

.‘/‘ -«

, ! N . R . . w‘
In solution it %)as beén commonly supposéd that water_ . _ ‘

is more ba51c than the ethers. ThlS antl-lnductlve orfer

R
o Q‘

" has be~en attrlbuteCVtcﬁsterJ.c stralns._ HoweVer, the Rresent

A .

data and proton afflnlty measurements demonstrate that 'both
dlmethyl ether and dlethyl‘ether are much more basxc than
\ 4

water. Thus, as w?s the case'in the methyl amlne Bas1d1t1es,

’

.‘f;v»

thls anomolou:c?rdgf 1s llkely due to a solvatlon effect‘
S “-The Van'

fggplot of the reactlon between the

potas51um ion ‘and dlmethylaM1ne is 1ncluded in. Flgure 89

¢ e -

e R . . o . . .
e weT ' @

u' .. s . . -
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and the thermodynamlc values%ﬂ%e compared with the ether

v

values 1n Taple 39.. From the Van't Hoff plots and the

standard free energy at 600o K,

the centre of the experl-

mental.range, 1t can be seen that dlmethylamlne is more

5

basic tharf&methyl ether. ,Thi
protonnafflnlty measurements (

PA((CH NH) = 225), The -AH

3)2

'

:1«,"

s Reaction 5. 29 However, as was
- chapter, the order of ba51c1ty
accurate -AG 600 value. ’
‘ Thus,'lt would ap ear that
y\;’than dlmethyl ether, th.ch 1

when K+>1s the referende ac1d

amlne 1s ‘'slightly more b351c th

vurn 1s more basac thantwater

5 is in agreement with
PA(CH3 ,CH3) ~186-

value for the Kt (CH ) ,NH

¥

::é reactlon is lower than the corresponding %AH value for

mentloned earller in this

1s best glven(by the more

S ’Js 4
', hyl e hervls more bas C
r

J

) Also,-at seems that dlmethylaa

an dlmethyl ether. Both of

these results ace in agreement swith gas phase Bronsted

basicity results. Further rese

'f«”-]

gas phase solvatlon of catlons
A}

underwi%‘ln thls laboratory.

v

‘5‘,9 - Othér Bases

‘A Water

Water 1s less ba51c 1n the

—t

K or . H is the reference=Lew1s
-1on reactlon w1th elther base,

carrre& out in Chapter 4 for wa

1

o J . M . ‘:

arch on ether ba51c1ty and

in ethers is currently

~

.

gas phase than ammonia wheén -

ac1d For the pota551um s

the elec;rostatlc calculatlons

3
ter and 1n this chapter for_
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o

ammonia prediet this due to the higher'polarizability of

_ammonla,',From the Pearson hard and soft ac1d—base theory,

K could then be sald that water is a "harder"'baséxﬂhan

‘L. a

ammonla T
L 3 \0' <. '
AR Ve o
B. Acetonitrile

ﬂicetonitrile’is meretbasie than‘ammqhia_when the |
_potass1um ion is 'the referenceaLe‘§% acid, yet'less:basic
when the proton is the reference acid. If it is assumed T
-~ ' that the protqn is, a "harder"vac1d than the pota551um ion,

th n it seems reasonable that acetonltrlle w1ll be a o

‘ "éofter" base than ammonla - e ’
M : i ‘ . d ,
B kN -
A summary of ﬁge gas phaSe LeW1s ba51cr$1es of the .
bases used 1n thls study 1s glven in Table 41 ' R
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o o

Standard

for the Reactions:

Free Energies at 600° K and Enthalpies

e

+.
K (Base)

4.

7

red

o o

1

+ ‘ .
K; + Base_

8

o
AG 600

a - . .
(kcal/mole)

T

5.79

.7 17.8 C L«

| 630 16 o V.,r' : ig“- 1y
( 6.65 . L 19.5

‘ ’ e .

.. . 5296 . 20.0

LN 6.47 . _ 2158?

N % 8,60 b 22,8

; C Tl , 7

hrﬁg’ 9.56' ¢&% . . ..20,7 .

: L 12,3 4 0 ,25.7
T moen, - b L ws
CI'I3OCH3 v B . - . L - .

. GQHgOCHL . 7.51 ' ?g 22.3 -,
. ’ : : e N - - ‘4 )
. ) CH30c2H¢o;HS;.k,4&g§ ‘~:1f.72 s - '39,8.
. . o X - S < L """‘E‘\. . 1“ .
. }H20 # . | @ 4.96 "ﬁf'\.‘ 160:_90 Ei.@, &
ﬁ. L ) b ' o . - . . ’ ,‘ - " o ) ‘r‘\-.” ‘- °©
@' .  CH,CN - < N 11.50 = . 24.4 .
. % e 3 . . . - IO . P o
X 2 A &%
- ) " ) L, e R ‘e o F' - .: B I-:‘(; - . % '
.47 ®standard state =1 atm. L e '
5 K ’ S : h o 7 ‘ N
S g . v

gt'ﬂ’.
=3 .
(.,f
] )

Pt

-

-

»
\

pH® (kcal/mole) . . -
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5'weak complexes compared to transitlon metals (1n mostd

.orlglnated w1th th%ﬁf

ethers) whlch ar@Lcatlon selectlve and act as reasonable' L

'p(150? are 1nterested in alkall 1on coordlnAtlon because of

SR i s
. _ . Y
o .‘”. . 1
S BN
CHAPTER 6 | ® '
> R . ’ . : . o ‘
* V" MULTIDENTATE LIGANDS
, . A
. i . {.I ' o
6.1 Introduction. f oo , -/ |

Very few complexes of alkall metals have been reported -

]

and‘those that have are mainly formed from multldentat

ligands contalnlng the nhard" dongr atoms nltrogen andﬁg

. . , 4
- \0 i).‘ :

Be51des the fact. that alkall ions form-
4\

oxygen (150)

I

the complexes are. referred to as- solvates for alkall,

: -tv“'ﬁ- ’ T

v _~@. -

The ‘recent 1hterest in the coordlnatlon chemlstry of

-0

alka11 1ons,'and 1n partlcular sodlum and potass1um,.v{

e81s of cyclic polyethers (crown

AN

e

4 N
“Qmodels for the transport of sodlum and potas51um 1ons across \';\“

- ? R
T

"membranes (for example, 151 ~ L55) Other research groups

their 1mportan¢e to the metabollsm of plants. .Although

e
i

solvatlon effectSuplay an- 1mportant‘r91e 1n such complexes,<

a-(e

.,,A

1ntr1nslc the

1nteractlons hetween the pota551 10n,$niEvar10us polyethgrs

3 ;

and polyamlnes could prov1de 1mpor ant: bahkground 1nfofmatlonf

By beglnnlng w1th the s1mp1est\polyethers ang. amlnes -
" : “\' : . S :L . ‘

T e e

‘f{.

odynamlc data from the gasifhase study of B

\

A

-7
%
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“90" -, 92 re$pect1ve1y. The Van t Hoff type plots of the ; t(
rea&tlons are— hgwn 1n Elgure 93 and the thermodynamlc :
‘ . | ". ) \‘l C '.
J ‘ 1 ) s . ’ o

269.

1, 2-d1methoxyethane and ethylenedlamlne - certaln trends in . .

the complex1ng of X+ w1th thqbe polydentate ligands should

become eV1dent Experlmental results 1nvolv1ng such systems

iw111 be presented and dlscussed in the present chaptef.

; v Lo . -
» . 4-’5‘ ; ‘ P /
LS ?”' . n o . L - - e ’ \“:\;_ \
,,,\' o 5"’

6. 2 Presentatlon of Results - Ethylenedl

Ethylenedlamlne (abbrev1ated en,~and represented by -
.structure I) lS a very common blaentate lrgand in the i
"complex1ng of tran51t10n metals. The lone palrs éh 'the two‘
nltrogen atoms are readlly doaated to’ the electrophlllc' : S

g T P S B

A . A
R T T LT " mls:[ﬁﬁ
v M‘ . @ '3"' B ' ‘t}, TS SV ' ' :
In the present studY, t}e\equllqprlum constahts of the oo T
follow1ng reactlons were determlned-‘ . -;y,‘ '
T'f N i -
e
. R R T +, . . : L
' K +eh =K (en) .
L e - IEERERL S e ( ',.;,"-) N ST
9 N > - . - < .
L AT - B
- #‘v"‘_ i o +; . S pd c‘w‘
Y., & Kelen) i+ en= K'(en)y~ o7
SR I RN v ;
;,‘,"ﬁ_'_' A ’ ‘\: L L . ST . ’
CKenly wen = Kien)y o 0 63
“The eqnlllbrlum constants forLthe thr%e reactlons are plotted

"'as a functlon of pressure at varlous temperatures in Frﬁures_ .

A . ¥ H N H CHV N . . - et ..“,\'J - -

ey ot o 2 2 .o < . . o
N A .ﬁ&_ AT f “ e Cad - e, ‘
e, R zﬁf CUEND gy S
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values obtained from the plots are listed in Table 42.

For Reactions 6.2 and 6.3, the "strlpplng" phenomenon
descrlbed in Chapter 2 became very serious and it was
difficult to:measure the equllibrium'constantSjaccurately'
since the maximum pressure was approximately 0.3 torr‘before
the constants began to drop wlth pressurer In order to
expand the pressure range,-a third body, n}tnogen, was
added to the‘system, and the pressnre~or Ethylenediamine
was lowered to 10-100 microns. The method in which this
was done is given in Seétionpz.s;

The same merthod could not‘be used-when stndying the
Kd’l. equilibrium (Reactlon 6.1), since ‘much higher pressures
Gf ethylenedlamine are required to achieve equilibrium. .
ThlS is demonstrated in Figure 94 Therefore,:the standar@

' method using pure-ethylenediamine and measuring thé.

4

pressure dlrectly on the manometer, was employed for obtalnlng
. ~ , ,
the equlllbrlum constants -for Reactlon 6 1.

-

'6(3 ‘General.Discussion - Ethjkmediamine

From the VanLt Hoff plots for the gas phase complexlng :
of ethylenedlamlne by potassium (Figure 93) and the thermo-
dynamlc values determlned from them (Table\42), several
observatlons may be made. There is a slight decrease in
AH from the 0, 1-reactlon to the 1 2-reaction of 3. > kcal/mole,
however the decrease between the 1,2 and 2, 3-reactlons is
9.3 kcal/mole, much more substantlal than 1n any prev1ous

clusterlng reactlon W1th alka11 metals. The entropy becomes-

/e s . . /
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TABLE 42
e . ' © S -
N Thermodynamic Functions for the Reactions: °
. o x o :
s K (en)n_l + en =K (t_—:n)n
. Yy
3 = » ‘ a
. -AH® -4G° a
Reaction ‘\Bq:_:glﬁaole) (keal/mole) 05 (e.u.)
, 0,1 25.7 £ 0.5 19.0 £ 0.5 22.3 = 0.8
‘ 1,2 22.2 % 0.5 12.7 £ 0.6 ° 32,0 £ 1.17
2,3 T 12409 % 0.3 5.1% 0.4 26.3 0,9
4 P o )

v ’ L4 .
. . Loy,
»&% .
. L]
, .

= 1 atm; 298° K-

®standard State

R
M
d

Y
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much less favourable for the 1, 2—reactionrcompared to the

t

0,1, Thls is expected due to much‘more hlndered rotatlon
and the moére geometrlcally specific orlentatlon of two .
bidentate molecules -compared to one. One would‘theréfore‘

ekpect (from the-eame argument) that the third’ethy1enediamine"

d be greater than between the 1,2 and 0,3

reaction4§ Ho

"_ ver, this is not-the case. The entropy. -
becomes morewfaGourable (less neg lxpf upon'theraddition ﬂ_

of the third bidentate ligand. ' b

There are many p0551b111t1es for’ thlS occurrence, all

of which are quite plausible. The first is that the third

'ethylenedlamlne molecule "attaches" 1tse1f to the pota551um

ion in such a -way that only one nrtrogen is orlented
towards the 1on. The value of AH2 3 should then be similar
to AH4 5 for the clusterlng of methylamlne.‘ Although AH4 5"
for‘methylamlne has oot béen determlned it would appear
from the acetonitrile and water studles ‘that the -AH4 5
would likely be. lower than -AH2 3(en). Another p0551b111ty
is that the addltlon of the thlrd llgand forces one of the'w

previously doubly attachedyllgands to become monodentate

1Y

"due to dlpole-dlpolefrepp151on§. Theg more favourable

»-entropy would then be expected ‘A‘third'possibility'is .

;r; 3\
that ‘the third molecule attaches in bldentate fashlon,'%ut

'the dlpole-dlpole repuls1ons force the llgands much farther

from the molecule andgthus gre more loosely bound., A final‘
&

pOSSlblllty is that the“third ligand becomes hydrogen

&

£



~towards th

\ : o o : . Z78.

bonded to one of the previously attached ligands- - thus

forming a secohd shell. The more favqurable entropy supports

‘.thls 1dea,~bﬁt agaln the eathalpy valye appears‘too high,
¢

unl‘!r the\ second, non-hydrogeh bondéd nitrogen is oriented
\\i n, or is itself hydrogen bonded. It iéh
difficult to predlct ;h;ph of these models, if any, will
result upon the addition of a third ethylenediamine .
mpfecule. The iﬁportant finding is that the third en
leculé is much more weakly held than'the first two. Thus

Q .
N Y

tetracoordination is indicated.

-

. The Van't Hoff plot for the clustering of n-propylamine

 ‘with potassium can be compared with thdt for Reaction 6.1 as

~

a qualitative proof of chelation. This is done in Figure
. ‘ % . : / ' ) . ' b

95. If only one end of the thylenediamine molecule werxe

/

interacting with the éotassi ion, it would be expected

that theaenthalpy of the’ reactlon would be 1n the same range
as the allphatlc amlnes, and esPec1ally that of n-propyl—
amine. Fé%m the'¥an't Hoff plOtS,’lt can be seen that,

there is a tremendous dl{fereace betweeh ethylenediamine

and propylamifie, indicative of the chelation of the botaseiﬁm
ion by the biéentate ligand.. . ‘ »

»n. One would expect that chelatlon would cause a greater
restrlctlon on the freedom of motlon of a molecule and the
entropy of a chelatlon reactlon would be much more unfavour—
able than the entropy of a monodentate elusterlng reaction. ¢
However, from Tables 28 and 42, it can be seen that the

ASo 14for the clustering of-'a bidentate ligand is in the
’ * :

/ . ¢

-2
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. same range as the ASO 1for the ciustering of a monodentate
N s ’ .

ligand to the potessium ion. ’ This would seem ‘to indicate

the loss Q£ freedom due to -the chelation of ethylenediamine

- o

is small. When 'a monodentate ligand, such as‘n—éropylamihe,
interacts Qith the potassium ion, the methylene and methyl -
groups tend to be dlrected away from the ion due to ion-
d1pole repulsions. Thus both the monodentate and bidentate
ligands will have a preferred orientation when Ihey form a
complex with the pota551um ion and both ligands will ‘have
restricted rotational freedom. Tﬂerefore, the entroples N

of sihgle molecule clustering reactions péed noq be too

different. . ’ [' -
I : .

-
N\ -

l ‘ :
6.4 Stability Constants - the Chelation Effect
!#

The equilibrium constants, Kh 1, ﬁ, for Reactlons 6.1

s\h: .3 may also be referred to as stepw1se stablllty
tants. The overall stability constant, g ne Will then
be the equilibrium constert for Ehe reaction:

PAERY
’ '| T

-

K" +n(en) = x*en, -+ . 6.4
R N , o
and o -
/ v n
Bp = I]: Kl;l i
- i=1 ' 6.5

s
‘o

Thus from the gas phase interactions, intrinsic stability.
constants can be readily,aetermined. In Table 43 the

[

~
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a a
n log Knoi,n log B
1. 13.9 13.9
2 9.3 - 23.2
. ' .
3 3.7 26.9
%s -1 atm; 298° K .
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stepwise stability constahts and overall stability constant
(for n up to 3) for the reactlon between ethylened1m‘1ne
and the pota551um ion are shown (standard state one |
atmosphere, 298° K). i‘ ' " A

In solution, the stepwise stablllty constant, 0 l'
for a :IAEntate llgand is always greater than the product
- of thp stablllty constants?.Ko;lKl'z, for tWo]monodentate
ligandsvwhich are similar to the bidentate ligand. For

example in' the. complex1ng of nickel (II) by ammonia and '

' ethylenedlamlne (156) :

,+2 ‘ +2 - 5 . . . " ..
‘yi + 2NH3 [Nl(NH3)2] B= 10 : 6.6

+2 - . C+2 g
Ni +en = [Ni(en)] —10 L T 6.7

/ L

This overall stability of the complex contaiﬁing’a chelate'.
' r1ng over one whlch does not is referred to as ‘the’ "chelate_

effect" The chelate effect is sald to be due to the
\

favourable entropy of the chelatlon reactlon in; solutlon
(156) ThlS may be 1nterpreted in a qualltatlve way.//When

- atoms of the'llgand enter the coordlnatlon sphere d@ an ion, °
Jwater moleculés are necessarlly displaced. 1In a nonchelate 

) system, each water- molecule is dlsplaced by one ligand

molecule and the total number of molecules in the system

-8

remains constant. However, in a chelatlon reactlon, one
b

llgand molecule dlsplaces two or more water molecules and

: the net number of free_molecules 1ncreases. As a result,

©
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the dlsorder or entroﬁy of the system increases. Another -
way to look at the problem 1s to 1maglne a b;dentate llgand
with one end attached to an 1on. This means that the,

second end cannot be too far away and the probablllty of
A

it 1nteract1ng w1th the metal ' 1on 1s much greater than

L4 \‘)

that of an 1ndependent llgand somewhere in the bulk

solutlon.'< . h N .

: s
In, the gas phase a somewhat similar entropy effect erl

be notlced since the order of the systemnw1ll increase with’

. the addition of two llgands compared to only addlng one

’

bldentate llgand The translatlonal entropy term is very
/. important in the gas phase., W1th two monodentate llgands
'th1s translatlonal entropy term will be ounted - only on¢e,

Thus, the bidentate llgand should be relatlvely more stable
. . I

. /
from an entropy -point of v1ew-_. _ o

;

It can be assumed from. prev1ous studies on alkall ion.

”\ o
e

_ ‘ solvatlon that the free energy of Reactlon 6 8 w1ll be ?

(' about L. N R
L N v _ L .

«f / B ) - . e
~10 kcal/méi £omb1n1ng/th1s with the AGO 1 for. the

L reactloﬁ between the potass1um ion and methylamlne (Table 28

<
Chapter 5) gives a totdl AGO é of’ -22 7. kcal/mole or a ﬁ

) . ’ e
of 1016-6 for Reacthn 6. 9 The standard free energy of .

Reactlon 6 lO TN



+ + 'vr .‘ . \’ "
K™ + 2CH)NH, =K (CHymmy), - 6
q‘
K+‘+<en 2 K+(en) . T G,lO
. RN . ) |
. R ol3-
1s ~19.0 kcal/mole ( B.= ), which means that the -

pota551um 1on complex with two methylamlne llgands is more

st ble than the ethylened&amlne complex. Thls is in

.dlrect confllct w1th the chelate effect Wthh would 'p e
predrct the opposrte, thatjls,‘ Lat thf'e ylenedlamlne-
' pota881um ion complex would be more stable.

This dlfference ln stabllltles can be attributed to

4 A

the enthalples ofcthe reactlons. Assumlng the enthalpy of

' Reactlon 6 8 to be - apout =16 kcal/mole, the total enthalpy
of Reaction 6. 9,M111 then be about ~35 kcal/mole: For the
ethylenediamlne reactlon, ‘the énthalpy is -25 7 kcal/mole, .
whlchwnsans from an enthalpy polnt of view it is much'less
stable. ThlS large dlfference in enthalples can be’ looked .
“at 1n two ways. The two methylamine molecuIes can- approach
the pota551um ion’ from opp051te 51des. Thls means that the

dlpole-dlpole repuls1ons will be mlnlmlzed However, the

©

e

two negatrve poles on the- ethylenedlamlne molecule W1ll
'be relatlwely close together and there w1ll be a lowerlng S
oéLthe 1nteractlon energy due to a dlpole-dlpole repu151on |
In addltlon, when one end of the ethylenedlamlne molecule
atﬂaches to t potass1um ion, a sllght p051t1ve charge

Wlll be 1nduced on the\nltrogen atom.. Due to the field %3_ ;

'effect (%7), some of thls 1nduced charge w1ll be transferred//~<

' ' . ) ] R ] o -

N
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. . N

to .the second nitroden, lowerlng 1ta negatlve point charge.

i.e. its’ ﬂa51c1ty w1ll be lowered. Thus, from an electro-"

’i statlc v1ewpo1nt two monodentate llgands should interact

more strongly w1tﬁ)the potassium ion than one bidentate

-

ligand. - ‘ .
N !

From the free energlesr61ven above for the two reac-
tions, it is obvious that the favourable entropy of  the
bidentate }1gand reactlbn is overridden by the more ¢
favourable enthalpy of the monodentate reaction. In f~ } 4
solution thlS 1s not the case and theientropy dlfferences )

become more lmportant in determlnlng the stabllltles of ¢

the conid, exes. One possible explanatlon is8 that in solution

 the fleld effect does not play as 1mportant a role as it

4
does in the gas phase. This 1s due to the fleld effect

being 1nversely proportlonal to the dielectric constant of

“the solvent (157). Thus, in solutlon the ba81city of the

second donor atom'in a bidentate llgand wnll not be lowered

" and’ the overall enthalpy of the bldentate llgand-lonn

reactlon will be  relatively more stable than it would be

in the gas phase.

[a]

6.5 1: 1 Complex of Pota551um and . Dlmethoxyethane

Dlmethoxyethane (1I) is the methyl ether of ethylene_

glycol L _,'." .

CH&\U/FH CHZ\U/C 3 _ o o
BES L . 8

3

-

S\
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and is often simply referred to as "glyme" . -(glycol methyl
ether). It has two donor oxygen atoms and thus it would
be expected to form a chelate type complex with the o
potassium ion. 1In organlc reactlons, it 1s often used as
a solvent for reactions 1nvolv1ng alkali metals due to the
high solublllty of the alkali metal in it

The equilibrium cqnstant for the reaction
K+‘+ glyme :QKT(glyme) ' ,.6'11'
was studied,as.aufunction of‘temperature. The plot of
O 1 versus pressure at varlous temperatures is shown in
Flgure 96 The Van't Hoff plot is 1ncluded in Flgure95 Oj
.along w1th ethylenedlamlne. The thermodynamlc values
obtained from the plot are compared with those of ethylene-
diamine in . Table 44, Chelatlon is demonstrated by comparing
the monodentate ethgrs, dimethyl and dlethyl ether, and
notlng the large dlfferences between the Van t Hoff plots
(Flgure 95). I |

The 1nteractlon between dlmethoxyethane and-the1
potassium ion is much stronger than that between ethylene-
dlamlne and K v Potas51um has been found\to'complex more
h readlly to oxygen than to/nltrogen in the study of cycllc
crown conplexes (158), and the gas phase results agree with
this for bldentate llgands. ‘A more suitable comparlson
.would be between dlmethoxyethane and N, N ’ dlmethylede-
dlamlne (CH3-NH-C§2CH2-NH-CH3J; however, the latter compound

- »
. U
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For N

TABLE 44

\ .
. The Thermodynamiq}hblationEhips for thé Reaction:
R . — : .

+ glyme = K*&giyme)'

Cgmpared with the Rpaction:

Kf'-+en 2 K+(®ﬁ . .

e MR » \ ,

- ’ .‘ et . - . ‘ ’ ". _I-".',z.,\ ‘ v \ . _ k;a‘
:géhpoung‘ (kcal/molef -Asa(e;u.) {kcal/mole)
- T e .g_. ’r , . ' T S

.

Dlmethéxyqthane: L;Q:n . D - , : ﬁ.
-y (glyde) .0 730.8 % 1.1 zi.e £ 1.6 22.8 % 1.2

’ Yo ‘ )
Ethylenedlamlne IR ‘ 5 ‘ -
(en) - 25.7 £ 0.5 22,3 £ 0.7~ 19.0 % 0.5
\! . “' y‘\*‘:;\\\\
Ve -~
P ~
. : \\\‘
3ss # 1 atm; 298° K’
~ \
?. .v
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hae not yet been studied It would be expected from the s
monoamlnes that N, N dlmethylenedlamlne would interact

more strongly than ethylenedlamlne but probably by no more

" than one or two kcal/mole (comparlng monomethyl. and

udlmethylamlne).

6.6 Summary

| ' Thls study gives prellminary data on the 1nteract10n
.between the potassium ion—and multldentate llgands." The
overall and stepwxse gas phase stability constant of the
reactions: .’

. - oy

+ : n o wt

+ K'(eh), . +en =K' (en)
were obtained up to n.equalsv3 as well as the thermodynamlc
functlons for the above reactlons and the reactlonj
. . . W

« Kty glyme =K+T(gly'me) . N -

Thezfollowingrconclusions ean'be*stated-
.1); TCheIatidn occurs.between the pota531um 1on and the
/ hldentate ligands ethylenedlamlne and dlmethoxyethane.
'2L The 1nteractlons between dlethers ‘and the potass1um
‘ ‘ 1on.are stronger_theh.between slgilar aminesvend_the
Potassium ion. h.j' - - o

‘”3)' Although 1nteract10ns between the bldentate llgands
. Ve .

are much stronger than‘monodentate ligands, no

. /
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would probably be the most efficient method.

¥

the gaSsphage.

@

' "chelatien‘effect" is noted i

o} 290.

VI

- For higher pdlyethers and amines, a’different experi-

43

mental technique Wlll be necessary.

was: at its maximum temperature for the study of the

"

Since the ion source

bldentate llgands, anad since the tridentate llgands will

interact more strongly, the’ equillbrluh

‘o
)
/ r

+~ + (CHV‘*zCHVHZCHVBz) = complex

g

dlglyme

will re&uiredmuchvhigher temperatures in order that the

equilibrium constants be accurately determined. A"

switching equilibrium experiment of the t
X' (glyme) + diglyme = K*(diglyme) + glyme

'

-
-

[

& .
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' CHAPTER7. : | o SR
| SUGGESTIONS FOR FURTHER RESEARCH s
/e ten

‘ .
» . >
.: 3 }

o N

7.1 Complexes Involving the Silver Ion

- The study of'the~complexing of the monovalent silver

ion with various conjugated systems would prove 1nterest1ng.'

From the potassium ion complexes w1th an111ne and acetonrtrlle,
the p0581b111ty that the  © electrons of the bas® 1nteract f
with the empty 4s orbltal of the ;on ex;sts.. With s;lver "
this is even.more'liiely, due to back donation of eIectrons
“from the d-orbitals i aTT-type bond For example, for

arene-31lver reactlons the follow1ng two types of bonds
N

would exist (141):

a + . .
Ag ——

Ag ——=p

The c-type bond is expected to be stronger than the

n=bond’ (140) : oL iy
DL With this idea-in mlnd - the. complexlng of various

conjugated compounds w1th the s;lver 1on can be studied in

-~ . .
-~

/7
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a systematic manner: alkenes, alkyhep, cYcloalkenes,'

benzene, substituted benzenes, and heterocyclic aromatic

compounds.
Silver (I) .4in most cases forms 2:1 complexes with

various ligands. When higher complexes are fofmed the

. 4

stability constants, K3 apd Kélare relaFively small'compared;
tg Kl and Ké;wahué, in the stép—by—step clustering of a-
ligand on the silver ion, it is likely that tﬁefe would be ..
a severe bredk in the enthalpy and free- energy upon the \

addition of the third ligand. As.a guessg;one would expect

that the first two ligands would join at enthalpy much

‘greater than with the potassium ion and the next -few ligands

a

would have thermodynamic'properties Jéry close to the

clustering of the ligagﬁs wifh‘potassiumA(since potassiuﬁ'
"and'silver a£e about the same size). ’a /ﬂﬁhk\\‘

Experimentai&¥¢~it does not appear fhat the éilver }on
would be that hard "to producé, The ionization potential of
silyer is'reléﬁively low‘(7.5_ev)'and a;therﬁionic‘ion
source such as.ygfiused with the alkali iéﬁs Qouid likély
work. oo o / ' .

Gas phase silver .ion complexes and their thermodynamic
~-functions would be of_greag interest to the field of -
Srgénometallié and codrdination»chemistry'és wel1 as tb R
electrocﬁemistfy where the silVe£§si1Ver ion electrode is

often used.

/
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7.2 Alkali Ion Complexes with Crown Ethers

As was pointed -out in the last'Chapter,_the'study of
cyclic polyethers has developed remarkably in the last few
years. In 1967, C. J.;Pedersen\(152) presented‘a paper
describing the synthesis and ion selectivity of over thirty
such “crown" compounds. Since then, the thermodynamics of
ion~-crown ether comolexing reactions in various solvents
have been studled exten51ve1y by calorimetric (154), NMR .
(159), ultraviolet (160) and potentlcmetrlc (161) techniques.’

This 1nterest developed because cyclic polyethers can be

‘used as a model for bioloqical activity as related to ion

transport, photosynthesis and oxidative phosphorylation
(154). B

Crown ethers -are cycllc'polyethers which have a
lipophilic exterior and hydrophilic centre cavity ringed
w1th/electron donor atoms (oxygens).” In the presence of a

metal 1on,_the ether assumes a hlghly specific conformatlon.

A Courtald model of one of the most common crown ethers,

'dlbenzo-18-crown—6’1s shown in Figure 97. The crown ethers

are usually descrlbed in an abbrev1ated manner.- The first
number in the name describes the total-number of atoms-in

the ring and the second number represents the number of

oxygen atoms in the rlng. The substltuents (1f there are
- more than ‘one) are: usually, although not always, placed

”synmatrlcally. The structures of a few common crown ethers

are shown in Figure 98.
-3

The question'then arises: why would hi pressure.

LY . ) ~
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'

COURTALD MODEL

~e.

STRUCTURAL FORMULA - '

FIGURE Courtald? and Structural Models of Dibenzo-lB—crown-G
o ; _— a.) taken from reﬁrence 152 o ’
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FIGURE 98 Some Common Cyclic Polyethers., |
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mass spectrometry be useful .in studying such complexes?

'In the determlnatlon of the thermoa?namlc propertles of the

reaction 7.1

~
-

. M+ er =mer L | 7.

-~

\

-

-

Tin solutlon, it is dlfflcult/to obtaln the s1ngle ion

A thérmodynamlcs s1nce the metal ion must b 1ntroduced as a

.

salt/(usually a chloride, 1od1de or most ften a throcynate)
In the gas phase, thls problem is’ e11m1nated The solution
studies have shown that the/lon select1v1ty of these |
compounds is hlghly solvent dependent (159 160, 1629.
W;th the high pressure mass spectrometer, there are-no'
'solvént‘effects andfintrinsic thermodynamic values ‘for
~ Reaction 7.1 may be'obtained
v- Crown etherJ are Known to form COmplexes of more than
~a l: l ratio w1th a catlon (y§3). Th15‘13~dep dent on the .
's1ze of the rlng/cav1ty compared to the dlameter of the 1on.'
If an ion 1s small enough to\flt 1nto the‘cav1ty, it w1ll
_form very stable 1:1 complexes.' But»lf 1t & much smaller
than thé/hole, n0'stable complex w111 form and the |
. feature of 1oh select1v1ty enters. If the ion is much
larger than the cav1ty, then it will tend to form 2:1 or
3:2 complexes whlch are referred to 4153) as "sandwxch"vor
club-sandW1é§$ complexes respectlvely (Fi gure 99).' The
2 hole dlametersof some complexes are compared with the

alka11 ameters 1n Table 45 and the resultlng e??plexes
. i / S,
} . S - . '
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) “SANDWICH"” COMPLEX
» . \
‘ -
/. -1
hY ,
L f\.—f_.‘ .
. «.’ )

-

“CLUB SANDWICH" COMPLEX

E 22 ‘Rough Approximation of AJkaJ.i Ion--Crown Ether Complexes

From Reference. 153.




" TABLE 45
Stable. Complexes between Alkali Ions and
1 3

Some Crown-Ethgrs ' _ ‘
] @ \
, _ 0M+ b
(Ionic Diameter, a°)
v » ’ Lo ~ = .
Crown -Ether ofa it Na*t Coxt Rb* cs”
**{Hole Cavity, a°) (1.56) (1.96) (2.66) (2.98) (3.30)
X . . a ° }
P - )
v+ Dibenap-l4~-crown-4, . = . . /
SR (1.2 - 1.5) ©1:1 -
Benzo=15-crown—5 o c :
(1.7 - 2.2) _ o 1:1 2:1 - 2:1 2:1
Dibegzo-ls—crown-s : A . g .
(2.6 ~ 3.2) , : S £ 1:1 2:1
. - . : i 2:1 3:2
L] / ' .
®Reference 153 o 5f‘;
b B
Goldschmidt ionic diametegs Ty
€2 moles crown ether to 1 mole K N
. ./ - . SN
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are‘listed. By using a mass spectrometer, the study of
such complex1ng is ea51ly achleved since the masses of.the

complexes are readily determined - a difficult feature in
. Y

_thE;trystal study of crown ether complexes at this time

3). Thus, the study of alka11 1on-crqwn ether complex1ng

-~

(1
1n "the gas phase would provide valuable 1nformat10n to the
present research on the ion selectlvity of crown ethers.

Slnce most of the crown ethers are solids at room
hemperature, a more sophisticated gas handllng plant must
be useé. However, w1th the present system, trown ethers
,with low melting p01nts (1 e. below lOO C) could be studied
if care were taken to malntaln the system at hlgh temper- .
atures to prevent condensatlon of the ether vapours. The
meltlng p01nts of some common cycllc polyetﬁers which would
be of 1nterest to study are llsted in Table 46, Vapour
pressure data is not yet avallable for these compounds;

The complexlng of the crown ethers with alka11 ions
may be dlfflcult to. measure directly’ since the reactlon is
expected to_be very exothermlc from the preseht study of
potassium and dlmethoxyethane.‘ The addltlon of electron
w;thdraw1ng substltuents such as the nltro group to the
aromatic rlng (1f ‘there is one) of a crown ether w1ll
decrease tﬂe ba5101ty of the{adjacent oxygens (159). By
us1ngvthls idea and-the use of sthchlng reactlon such ag
7.2 } . Q

i
N

v

3 + s . . . + . :“ . ) U . ‘
MCry + cr, =MiCry + Cry T -
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;
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fTABLE_46

a »

Melting Points of Some Crown Ethers

Crown Ether

; Melting point (°c)

Benzo-9Lcran-3
Benéo—l2—¢rown—4
Cyclohex?l-lz—crown=4
-Benéoelsegrown-sv‘
A'»;Cyclohexyl-lsecrown-s
ylé;érbwn—ﬁ
'Béﬁzo-lS—cfown-G
Cyclohexyi—lé-cr&wn-G.

Dicyg}ohéxyl-lBécrOE#;Q

DicycLohexy1—214cr6wﬁ-7\

67 - 69
44 - 45.5
be;éw‘ée
79 - 79.5
below 26
39 - 40

43 - 44
below 26 -

i . . o : .
‘ between 36 and 56 (isomers)(

"below 26
o

-

~

Q4

' @prom references 152 and

V]

.‘A( . ) h- . ’ . ‘ *- .
P

153
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“to blologlcal systems
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or similar reactions, the relative stablllties of the
complexes could then be determined. To obtain the thermo-

dynamlc propertles of Reaction 7.1 would require the use

of available data. The best system Wbuld llkely be k* -glyme*

.K?hglyme + cr = K'er + glyme o -7.3
" N ‘ “

The gas phase study of the complexing et crown ethers:

)

with alkali ions thus seems possible. The fesults.of such

a study would prov1de lnterestlng and valuable 1nformatlon
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