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' " ABSTRACT N

The extent of proton transfer from H;0* (HzO)h to compounds B was studied

' Ty,
: w1th a pulsed electron hlgh pressure mass spectrometer. The sensmvrty of analytes B

in an atmospheric pressure 1omzat10n mass spectrometer is porporuonal to the extent

'ﬂof proton transfer reaction H,O" (HzO);l +\ B= BH*(Hzo)b + (h-b+1)H50. The

‘analytes can be d1v1ded into three groups: 1) bases with gas- phase basmmes (GB)
greater than 200 kcal/mol mostly mtrogen bases, have: h1gh and relatrvely tniform

~ ‘sensitivities and the sensitivity is dependant on the kmetlc; of the proton transfer
reaction. 2) bases with GB less than 200 kcal/mol most]y oxygen bases, have |
sensitivities'that i 1ncrease w1th mcreasmg GB. These bases were found to reach
proton transfer eqmllbna with the water hydrates and thexr sensitivity was dependant

._ on the- equrhbnum constant. 3) The third group consists mostly of carbon, bases

'

‘which show a very low sensmvtty with respect to therr GB. This is due mainly to the

~

- low stablhty of the BH*(HzO)b hydrates

Symmetnc hydrogen bond strengths were measured for HCI HBr, MeCl and
ﬂMe“Br and are compared to hydrogen bond strengths of other heteroatoms. The trend
of 1ncreas1ng hydrogen bond strength with electroneganwty was observed With poly
functlonal COmpounds there 1S the possrblhty of internal hydrogen bondmg The
e thermodynamrcs of i 1nter» as wéll as the 1ntra5mo]ecu1ar hydrogen bonding in a,m-

. dialcohols were studled The AH° and 'AS° for the formation of the proton bound .
: dimer of the a m—dlacohols 1nd1cated the formatxon of a second ring.

Methyl cation afﬁmues (MCA) were measured for several bases B. The

relanve values were anchored to the va.ue for the  MCA(N,). The MCA(B) follow i in

general the proton affinites. The rate constants for the methyl cation transfer were

iv



\"

. . - L
- . S : PRI
. S G 7 : ’ !

'. 'measured and were found to be equa] to the ADO c0111s1on rates constants-at large

exothenmcxty and decreased‘ow colllslon rates atlow exotherrrucxty

The electron afﬁmty (EA) of C6F5 was determined to be 14.8 + 2. 5 kcal/rgol

The reacnon between CsFe and O, was also studied. The rate constant was found- to

be 8.7 x10™" mol‘ec cm’ s at 70C. At temﬁeratures gmatepthan 150C electron
detachment from C6F(, occurred "From the temperature dependance of the rate of

electron detachment an EA of 15.6 +2. 6 kcal/mol was estunated
LY
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CHAPTER 1

Introduction to Ion-Molecule Reactions -

—

Much important chemtsuy takes Place in solution and involves ions and j 1omc
reaction intermediates. Although water is the most common solvent many orgamc
reactions require the use of other solvents while blocherrucal systems are often
dominated by the presence of llpldS or protems When one works w1th a many
solvent environment it becomes necessary to dxsungmsh between the intrinsic
(molecular) properties of the ion and the properties resultlng from ion-solvent

tnteractlon Of the i 1mportant propertles at'the molecular level, structure and energy -

+ are the two major features. By studylng reactions in the. gas phase, it is p0551ble to

determine the molecular propertles w1thout the 1nterference of the solvent. R
The principal sources of gas phase ion thermochermstry are electron xmpact
and photoxomzanon measurements of i 1omzauon and appearancepotentlals as well as

electron detachment thresholds. Early work of this type has been summarized by

oo ]

Franklin and Field 1) and more recent developments can be found in Rosenstoclg )
| and others (3- lO) Whlle these measurements are indispensable to gas phase ion
thermochemlsuy, ambxguxty as 10 the energy level of the reactants and the products
in\;olved in these measurements made' for slow progress particular where ions like
NH,*, H;O", and CH;COO’ were concemggl. - . |
Abundant gas phase ‘ion thennochentlstry wa's genemted with the introduction
-'of ion- mel%xle}thbnum measurements (11-16). Practlcally all the 1on- molecule :

equxlxbna studlcd in the gas phase parallel 1mportant classes of ionic reactions in

solunon Thus the ion- molecule equxhbna prov1des the energy changes for ionic




reactions in solution. Comparison of the energetics with and with

out the presence of
the solvent leads to knowledge of the energetics of the ion-solvent interaction.

1.2 Types of jon-molecule reactions ~
The types of ion-molecule reactions that have lead to abundant
thermochemical data are shown in reactions 1.1 to 1.8.

K

Proton Transfer

B,H' + B =B, + BH* : [1.1]
ri - B

Ar+AH = AH+A [1.2]

Iélectron Transfer

M]E‘FM -=

M) +M | - [1.3]
Mt 4M = M+ MY o (1.4
" Hydride or Halide Transfer

R"+RX =R;X + R’

(151 -

- Alkyl Transfer -
RB," +B = B, + RB’ 1.6)
.Ligand Exchzinge L _ : . { B
 MLi+L=ML+L, .. " [1.7]
Ton-Ligand Association : I
. M'Lpy+L=M1L, o [1.8]



Reactions 1.1 to 1.7 mvolvc transfer (1 e. exchange) of a given group. and qan be

.'{4..4&;

rcpresentcd by the general reaction 1 9.

‘ _ A*}B=-C*+_D ’ _ o | (1.9] .
Ko =[CIDVAYB] o %
. ‘ ‘ i .' ‘(" e
The percentage of the neutrals species that are converted to ions is neghglbly small.
Therefore, the concentrations of the ncutrals spcc1es B and D are constant
‘ lhroughout the experiment and their conccntrauons are known from the known
- c.'lposmon of the. reacnon mixture. The relative concentrations of the 10ns are
deterrruncd with the mass spectrometer. The equilibrium 1.8 is an assoc1at10n
(clusterin g) process of the form reprcscmcd by reaction 1. lO Agam the: ethbnum .
constant, K;o,"is determined aftcr the lons, A* and 'AB”, are ‘mass spoctromctncally
obscrvcd to rcach equilibrium. Herc we must kecp in mind that the units for the
concentration of the neutral specws must be in'and be cOnsxstem wuh the

Lhen'nodynamm standard state.

»

A*+B = AB* - ’ o T [1.10]
Kio = [AB*}J/[A*][B] |

th both reactions 1.9 and 1. 10 detemunanon of the cquxhbnum constam
‘leads to the free cncrgy of thc reaction (cquatlon 1:11), and the tempcraturc
dcpendcncc of the equlhbnum constants lead to the cnthalpy (AH ) and cntropy (AS° )

via van tHoff plots (cquanon 1. 12) oo



g
AG°=-RTIK . | g
- InK = -AHY/RT +4S°/R e [112)
S
- In some cases AS® can be estimated from statrsuca] thcrmodynarmcs whlch allows
AH° to be calculated from equauon 1.13 and provides a method for deterrmmng the

AH® without the necessity of extensive measurements at drfferent temperatures.

N\

AH® = 4G° + TaS® - | L3

B3
©

Two major requirements for 1on-molecule equlllbnum measurements must be :

P
_met: a) the 1ohs must be in thermal equ111bnum with the bath gas b) sufﬁcxent time

o has to be grven to the ion to reach cherruca} equﬂxbnum At the low pressures ( 10°°

torr) generally used in conve)nonal ana]yt1cal mass spectrometers, the ions reach the

‘walls of the ion source in mrlhseconds and drscharge Thxs 1S not enough time for the | ;

ions to reach chemical equilibrium. At pressures in the 3-5torr range used in the

pulsed electron beam hlgh pressure miass spectrometer (PHPMS) the ions expenence

many thousands of colhslons with the bath gas before rcachmg the walls of the ion.
source. Thus the ions are trapped because they have to diffuse through the bath gas.
and this provides time for the reaction to reach equ1hbnum Also the colhsrons with
the bath gas bring the ions to thenna.] equrhbnum Ce

Ion- molecule equrhbna of reaction 1.9 can be also measured with ion
| cyclotron resonance rnass speclrometers (ICR) (13, 14) In this method the ions are
trapped w1th the use of magnetlc and electric ﬁelds This type of trappmg is very
efficient but works only at low pressures (10*'3 torr). Assocranon reacnons ‘
generalized by equxhbnum 1.10, requue third body stablllzauon and gcncrally have

too slow a rate at these pressures to be measured with ICR. . .

h} .
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Reaction 1.1 mvolves the proton transfer from a protonated base toa neutral

‘base. The proton transfer equilibria provxde the relative gas phase bas‘icmes (GB) (or - ‘

proton afﬁmnes PA) of the neﬁtral bases. In these and other exchangc equilibria

‘ :(reacnons 1.1to0 1.7) the data generally are grouped by combining 1nd1vxdual
equxllbna measurements mto a ladder of equtllbna (See Fxgure 6.7). In this fashton
basxc1ty dxfferences between bases. w1th widely differing basicities can be obtained

: through stepw1se equtlrbnum measurements. Another advantage of this approach is

the ablllty to establish the consxstency of the results through thermodynarruc cycles.

The proton afﬁnlty (PA) of a base is deﬁned as the enthalpy of neactlon 1.14.

Slnce the proton afﬁmty of ordinary bases are in the

BH' =B + H* o 7 [1.14]

‘.

| ‘order of lOO 250 kcal/mol and the bond dtssocmuon energies are in the order of lOO
kcal/mol it lS 1mp0551ble 10 observe thermal equilibrium of reaction l 14 d1rectly
Instead the. proton transfer (reaction 1. l) betWeen two bases must be used to measure
the relatwe proton affinity. The relative proton affinity can be converted to the |

abéolute proton affinity by i 1ncorporatmg an external standard 1nto the equﬂlbnum

ladder. There are compounds whose basxcmes can be deterrmned by clectron 1mpact ,

or photoxomzatton via thcrmodynamtc cycles (1-10). Protonatlon of neutral pi bases |

leads to the energetlcs of carbocatlons For example the protonatxon of ethylene .

E C.Hy", and SO on, Early work establtshed a ladder from water to nltrogen bases
mcludmg ammoma ( l7 19). The extemal standard choscn ‘was ls()butcnc (1. c.

' -AH°f(t CsHyY)), Wthh proved to be unrelxable Extension of the ladder to lower
| basxcmes and parucular to ethylene by McMahon (20) has allowed thc use of the

« &
: lcads to the ethyl cation, C,Hs*, protonatxon of 1sobutene leads to the t-butyl cation, t-

. more rehable standard C,H,* (2 7, 21) This new standard was mcorporatcd into the * -



available proton transfer data by Lias (22) Most reccnt]y the laddcr has been
extended downwards to methane (23). The proton affinity ladder contains over 300 .
bascs from weak bases like methane to very stmng bases such as 1,8-
bls(d1methy1armno)naphthlene |
Reaction 1.2 mvolves the proton transfer to anions and leads to the relative
: ac1d1ty, of the acids AH. Like the proton affinities, the relative acidities can be. .
- convened to absolute ac1d1t1es by the i mcorporanon of an external standard into the
equilibrium laddcr Usmg the wcll known (10) enthalpy and frec energy for reaction
1.15, the acxdrty ladder can be connected to three excellent external standards.
HXg=H'g+Xq X=CLBrI .. [L15]
~ The ac1d1ty laddcr contains some 500 compounds whxch are pnnc1pal]y oxygen 3
: carbon and nitrogen acids. . ' |
Reactions 1.3 and 1.4 are electron transfer equilibria. Reaction 1.3 involves-
~ the electron transfer from a negative ion to a neutral molecule. Most commonly the
measurements mvolve singlef statc neutral molcculcs wnh low lymg vacant orbitals
such that the M ion is a doublet radlcal anion. Thus, equlhbnum 1.3 prov1dcs
) -thennochermca] data for this very 1mportant class of compounds. McIver (24) first
measured these equﬂlbna and measurements by Caldwell and Kebarle (25) have
successfully connected the ladder to several external standards )
- The electron transfer reaction 1.4 mvolves posmve ions and provides relanve
ionization potentials. Since photmomzanon and photoelectron spectroscopy provxde
‘_good 1omzanon potenna]s these equthbna 1 4 have not been cxtcnsxvely used
Important and mteresttng results have been obtained by Meot-Ner (26) forthe

. .polynuclear aromatic hydrocarbons.. These charge transfer measurcments are

|

<



pafticular useful whcn thc adJabatIc lomzanon potcnua] mvolvcs a largc geometric
change and cannot bc rcachcd by spcctroscoplc means. k
Reaction 1.5 rcprescms hydndc and halide transfcr equilibrium. These
reactions provide a useful roiite to the energetics of carbocatwns Hydride transfer .
ethbna were ﬁrst measured by Field (27, 28). A number of chlogde transfer ‘
_ icthbna have bcen measured reccmly by Shanna etal (29). .

The Lhcrmochermstry of qua{cmary ammonium ions like MC4N or tertiary

\oxomum xons like Me;O and halonium 10ns Me, X+ has bccomc acCess:ble through
the measurement of alkyl canon transfer and specifically mcthyl cation transfcr
equilibria. (See chaptcr 6.) ‘ ,

The ethbna 1.7 and 1.8 involve reactions betwecn ions and hgand | _ .l
molccu’les The ions may beé i 1Inorganic species, such as alkali or halide i lons, or
organic ar?lons and canons “These cqulhbna provide the thcrmochcrmstry of ion-
ligand coordmanon and the sequentla] so]vanon of an ion by solvent moleculcs

‘ Rcvxcw’s of this work are avmlable (16, ,32 33). '
Gas phase ion- moleculc cthbna mcasurcmcnts may be used to provide
, abundant thermochemical data for j ions in solution. Born cycles involving parallel
rcacuons in the gas phase and solunon lca‘ds to rclat]vc solvation cncrglcs for the
ions, 'I'hc mterprctatlon of Lhcse results is a}dcd by ion- solvcnt molecule (clustermg)
' StUdlCS in the gas phase like those of rcactlons 17 and 1.8 where L and L1 are

»so]vcms molcculcs such as H,0, CH;;OH or CH;CN



.. L3 Ton-Molecule Collision Theory

¥

In studymg the kinetics of ion- molecule reactions, it is necessary to be able to

compare the expenmental rate constams to collision rates. In thxs section some b

’ models for the.calenlanon of ion-molecule colhsmns rates are examined.

A vanety of theories and models has been developed to describe gas phase

ion- molecule reacnons These have been extenswe]y revxewed (34, 35). A series of

electrostanc models, based upon the classical electrostauc polanzanon model of R

Langevm (36), has been developed Wthh are relatively 51mple but have been hxghly

successful m predlcnng the rate constants of numerous ion- mo]ecule reacnons

- Because the ion is treated as a point charge, these models can be apphed to reactions

involving positive 1ons, negative ions or electrons. I_t is importarit to note that the

models deal only with the physical situation of a “capture collision"and do not in any

- way account for the variety of chemical reactions.

From the pure polarization Lheory, the colhsxon cross section of an ion-

- mo]ecule pair with a given relanve velocity can be calculated Both the ion and the

neutral moleeule are assumed to be point pamcles wnh no intérnal energy Consider

an ion and’ mo]ecule approaehmg each other wnh a relative velocny v and i Impact,

‘ parameter b, as shown In Flgure 1. 1 The Nassical potenua] energy at an ion-

molecule separation r is gwen by -

T

V(1) = -(ag?)/(2r*) T [1.16]

where a is the polanzablllty of the neutral and q the charge on the ion. Hence forr <

. infinity, the relative encrgy of the system E isa sum of the instantaneous kmenc .
' w

» energy Eh,,(r) and the potential energy V(r)
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10
E =12 =Bu®+V® o
. .wherevu is the reduced mass. From Figure 1.1,'it‘is apparcnt-,thét there are two
'eornp'onents to the kinetic energyterm . P : o »
3, o |
Eyin(r) = Einns(r) + Era(r) . o ) S ‘[1.18].

where Eu.,,s(r) 18 the translatlonal encrgy a]ong the line of centers of the colhslon and -

m(r) 1s the energy of relauve rotation of the pamcles The rotational energy of the

RN
P

system is given by - *

B =120 = W2/ - o - ’_."':_‘-;__[1'.19]ﬂ

where L i is.the classrcal orbmng angular momentum of the two pamcles Jhis
‘ rotanonal energy is associated with an outwardly dmected cenmfuga] force. Thus the

effectrve potential energy of the ion- molecule system is the sum of the cenrraj

potential energy V(r) and the centrifugal potennal energy E o (F);
Ver() =-(og’/2t) + uv?b?p2ry - - - “[1.20]

The total relative energy of the syétem is then ) '
3 o . =
E, = Ean(r) + Verr(r) v ' i [1.21]

.
a

A plot of V(r) against r et constant E, for Seyerel values of the impact parameter is 7
given in Figure 1.2. Forb =0, there is no contribution from the ccntrifugal potential
and V(1) is attractive for all values of r. Hence the system passes through the

scattering center (i.e.,r =0). Whenb > 0, the centrifugal potential teyms in Vee(r)



The material on this page has been removed because of the unavax]abllny of
copynght penmssmn The dlagram of chf against r for the [N,]* /[Nz] system can be -
found in "Gas Phase Ion Chemistry"

vol 1, Bowers, M.T. Ed., Ac'ademlc.Press, New‘
York, (1979). -



creates a so- ca]lcd "ccnmfugal barrier" to a capturc colhslon For thc spccxal case in’
Wthh the centrifugal bamcr hmght cquals E (b= b m F}gure 1.2) Vgﬂ' at rc 1s equal
a toE,. Thus from cquanon 1:21, Einns(r) = 0, and the p@pcles wxll orblt thc scattcnng

center wuh a constant ion- moleculc scparauon r. (Figure l 3) For alli 1mpact

- paramctcrs b <ba capturc collision w1ll occur. A capture colhsxon is defined as one

in whxch the pamc]es havc appropnatc energy and i 1mpact paramctcrs to pass through
r=0. For b > b, the centrifugal barrier prevents capture and the pamcles are merely

scattered at large r, as shown for several tra_]ectones in Figure 1.3." All ions that pass

- through the circle, -in‘Figure 1.3, when ap‘prdaching the molecule will pass'thfough r

=0 (e, capturc collxsxon will occur). The area of the circle is called 1hc capturc

; r
-~ //_
collision cross, section, o, for a given relative vcloc:t,y vitooa,
o
~ S
N/

o(v) = 15.2(V) e | T nay

To evaluate the capture cross section at a given rclanvc velocity, one has to calculate
the critical impact paramctcr such that Lhc maximum value of V4 is equal to E, (See

F)gunc 1.2). Th:s condition occurs when dVe(r)/d(r) = 0 and E = Vgi(r) atr = T

dVerdn)/dr = 0 = -(uv2b2/(r) + (2ag?)/() O ey
Vdr) = B, = -(ag?/(2r") + (b33 x [1.24]
Equatjons 1.23 and 1.24 give P .
= @bIReE)™ . - [1.25]

b =(2q2a/E)”" T y B (1.26)



¢

Thc matcna] on thIS page ‘has bccn rcmoved bccausc of thc unavallablhty of
copynght pcrrmssmn The plot of the variation of the ion n‘aJectory as a function of

the i impact paramcter can be found in Gxoumoums G. and Stevenson, D.P. J. Chem.-

Phys., 1958 29, 294.



and
Cr=b/B IR 11.27]
: Finally, the captufe cross section and rate constant are given by

o(v) = 2ngv)(ahw)'? - | [1.28]
ke = vo(v)= 2mq(a/w)'? " '- . [1.29]

14

(
"The capture rate constant descnbed here, often referred to as the Langevm rate

'constant is predicted to be mdependent of the relative velocities of the pamcles and
the temperature of the system For simple systems 1nvolv1ng low-energy collisions
'between 1ons and non-polar molecules, thxs model has been found to agree quite well.
| with experimentally determined rate constants (34, 35) but undenesumates the rate
constants for most: ion- polar molecule CO“ISIOHS Although the Langevin m’odel A
assumes that the polanzanon of the moleculc 1S sphencally symmemc\lt may be
successfully applied to molec_ules whose polanization is amsotrop1c be'cause thermal
rotatlon of such moleculés " averages " the polanzablllty components to the mean~
polanzaballty (38)

For ion- molecule collisions mvolvmg molecules wl‘nch have a permanent
deole moment, up, the permanent deole w1ll actin con_]uncnon with the ion- lnduced
dipole to increase the ‘capture collision cross section and the rate constant (34, 39,
40). Equation 1.30 describes the ion- -dipole potential, Vp(r), where e 1s the angle the -
dipole makes with the line of the centers of the c)olli'si_on. Ina manner sinﬁlar to that
discussed in cénnection With the Langevin model, an effective potential may be

defined as shown in equation 1.31.

/

14

I



‘ |
Vp(r) = ;(qu/rz)cose _ o | - [1.30]
- ' . $ . . )
VerD) = -(aq’)/(2r*) - (qup/r)cose + (M7 [1.31]

In thc lockcd -dipole (LD) model for ion- molcculc rcacuons (39, 40), thc
effective potentxal defined in equation 1.31 js sxmphﬁcd by assurmng that the d]po]e
- aligns perfectly with the ion field so that 6= 0° and c%ge =1. Usmg an approach ‘

similar’to the Langevin model, results In a rate constant for thcrmal velocities gwen ;

'by

Kio(therm) = 2nq/u'®)[a'? + up(2fnkT)'?) | '[1.32]
where k is the Boltzmann constant and T is the absolute tcmpcraturc Expcnmcntal |
dcterrmnanons of the rate constants for ion-molecule reagtions involving dipolar .
molecules have shown that the LD model overestimates the mﬂucnce of the d]pole of
the molecule on the reaction rate (34, 41). Thermal rotanon of the molcculc acts to
disrupt the alignment of the 1on and the dipole so that full alignment is achieved for
oniy a fraction of the time. chcc kw(thcm may be v1ewcd as the upper limit for
. the capture c011131on rate constant. ¥ "’

Bow%s and Laudenslagcr (_42) tnadc the first attempt to estimate

cxperimcntally the degree of locking“of the dipole. They measured therma] energy

charge transfer rate constants from various. rare gas ions to three geometric isomers of

difluoroethylene. All three i isomers have essentially Ihc same average polanzablllty
and ionization potential; but thcy have consxdcrably d1ffcrcnt dlpolc moments: trans,
OOD cis, 2. 32D; and 1,1, 1.38D. Thus, an mcremcntal increase in the rate constant

W1th mcrcasmg polarity of the molecule prcsumably reﬂccts the degree of lockmg of

15
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‘the dipole. If a pammctcr ¢ with values bctwccn 0 and 1 represents the cffcctwencss
of the locking of the dipole (or the avcragc value of cose) the rate constant can be .

cxpresscd as

iy e

kapo(therm) = (2nq/'®)[a'® + cup@/ekTy'?] . 133

This model is referred to as the Average Dipole Oﬁentati(:)n‘(ADO) theory. ’
Paramctcnzanon of the ADO model has shown that at constant temperature, C is
) 51gn1ﬁcantly less than one and is a function of up/a'”? only (43 44), as shown in
Figure 1.4. In practxcc appropnate vaJues for ¢ may be- readily selected from plots,
such as Figure 1. 4 in order to predict the rate constant for capture collisions for a
ngen 10n molecule pair. Expcnmcmally, the ADO model has bf,cn shown to be
| ’r,,e]anvly accurate, frcquently prcdlctmg Tate constants to w1th1n 20% of thelr
measured values (34). s 4 o
The level of accuracy «;; thc ADO modcl has becn found to bc adequate for a
.variety of purposes, such as"dlsungmshmg-bct\\(een efficient and'inefﬁciem ion,— 4
molecule reactions. However, many m'orc. elaborate ion-holcculc collision models
Whai_'c been developed in order to improve the accuracy ef)to dcs.cribc'specializcd
situations. The ADO model has been improved to yield the AADO model which
includes conservanon of angular momentum throughout the ion-molecule i interaction
‘ (45) This is a conmdcranon which bccomes mcreasmgly 1mportant as thc dipole of -
the molecule increases. A model describing ion- moleculc collisions, where the
molccule cxhlbns a permancnt quadrupole has been developed along the same lines
- as the ADO model, and is callcd the Avcragc Quadrupolc Oncntauon (AQO) model
(46) A molecular quadrupole ‘generally has less 1nﬂucncc on the xon-mglcculc

colhsxon Lhan the does molecular dipole and may often be neglected. 'Each of the

r
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copynght perm1531on The plot of the locQI(mg COrLs‘tant agamst uD/a”z for *‘.‘h,"
temperatures between 150 and 650K cag, "'“fa
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models descnbcd in this section treats the ion as a non-polanzable pomt charge real
ions are polarizable so that induced- deole/mduced dlpole mteracnons may also

affect the ion- molecule collision rate g47). T,

1.4 The Present Study

ES

In the present work we are lookmg at several different types of ion- molecule. .
reactions. The different studies arose out of interesting resﬁts and side reactions in
other studies wnhrn the research group. Chapter 3 involves proton’ transfer reacnons
from partally solvated protons to bases thh gas- phase basicities greater than water.
These proton transfer reactions glve important 1nformauon about the relauve o,
sensitivities of bases 1n atmospheric pressure chemlca"l lonization mass spectrometry

_as well as a number of other areas of chemistry such as: solvauon and atmosphenc
chemrstry In chapters 4 and 5 we look at hydrogen bonding'in the gas phase. In
ohapter 4 we look at the proton bound dJmer of HCl MeCl, HBr, and MeBr while in

' chapter 5 we studied the inter- and intramolecular hydrogen bond i "dialcohols. In

“chapter 6 we studred the methyl cation afﬁnmes of several bases andfthe relanonshrp
between proton-and methyl canon affinities. Chapter 7 is a study of Lhe electron
affinity of C¢Fs and the reactions between the CsF¢™ anion and oxygen Appendlx A
is the manual for the MCA program developed in collaboration%with Norman Osborn_ '

for the IBM-PC.



CHAP’I‘ER 2
EXPERIMENTAL

2.1 General ‘ - : T

Measurements of equilibrium constants and rate constants of gas phase ion
molecule neacttons were camed out with a pulsed electron beam high pressure mass ‘
spectrometer (PHPMS). The pressur%n the PHPMS ion source was maintained
between 2 and 5torr. A high Capacity pumping system was required in order to keep
the pressure outsxde the ion source low (<10 torr), even when the ion source is at
several torr pressure.” The low pressure outside the i 10n source was required in order
to avoid the -occurence of ion- molecule coll%ns in the regton between the ion
source and the detector. At pressures less than 10 torr the mean free path of an ion
-(m/e- 16) is longer than the dtstance from the ion source to the detector Since the
ion detectron 1s done outside the ion source 1t is 1mportant that the ratio of intensities
sampled Is a true repr?sentatlon of the i 1on concentrations ratto In the 1on source. At
the htgh pressures used in the ion source, high energy electrons (2000 eV) were
needed to penetrate the ion source and 10nize the gaseous sample e

The PHPMS can be divided into three parts: the electron gun where the high
energy electrons are produced; the ion source which Serves as‘a reaction chamber;
and the detection system wlth whlch mass analysis of all the ions is obtained and the
ion intensitles are detennined ' _ ‘

The mvestigations described in this thesrs were conducted on two dlfferent
- mass spectrometers The matn difference between the two instruments j I the mass |
analyzer the ﬁrst has a magneue sector for massﬁanalysrs while the seco.nd has a

quadrupole ; mass analyzer Also, the electron guns were of somewhat differf

desrgns The magnettc sector mass spectrometer Wwas constructed in this laboratory

19



‘ by Payzam (48), while the quadrupole mass spectrometcr was constructed by Durden

) (49) and modlﬁed by Lau (50). A bnef deSCnpnon of the mstrumems will be ngen ‘

.,

here. - ‘ o

2.2 Overall Descr%tion o'f the Apparatus -

- A block dxagram of the PHPMS is shown in Flgure 2.1 The electron gun, ion
source and the mass detectxon system are housed in the vacuum chamber which is
pumped by high capacity diffusion pumps. When there was no sample‘in the ion

source, the pressure in the vacuum chamber was normally 107 to 108 torr. Witha .

.pressure of 3 tQrr in t_he ion source, the pressure in t~he vacuum chamber was between *

.10 torr and 107 torr, _ThlS pressure decreased along the vacuum chamber due to.the

differential pumplng between the ion source chamber and the mass analyzer

The pulsmg of the electron beam was/\%]trolled by the master pulse generator
and the pulse ampllfrer Ions which remalned in I\’xe 1on source after the observation
penod could be removed before the start of a new electron beam pulse by pulsmg the

voltage on the repeller electrode in the 1on source. This pulse was obtamed from a

pulse generator connected to a second pulse amplifier. Sample preparanon was

carried out in a gas handling pl#it ar% the reaction mixture was allowed flow to the
ion source. Ions diffusing out of the ion source, through the ion exit slits, were

accelerated and mass analyzed by a magnet or Quadrupole according to their mass to

‘charge (m/e) ratio and then detected by a secondary elecnon multiplier. The signal

from the detector was amplrﬁed and 1nd1v1dual pulses were counted by the Tate meter
and the multichannel scaler. The time dependence of the ion mtensmes was obtalned

by synchronizing the sweep of the multichannel scaler with the start of an electron

pulse.
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Ind:vxdual components of the mass spectrometer are descnbed In the

followmg secuons

2.3 Gasl—landling Plant

The gas handling plants on both mass spectrometers were essenually the
same A schematlc diagram of the gas handling plant is shown in Flgure 2.2. The 5l
bulb is- used as a reservoir for the reaction mixture. The maJor components of the
reaction mixture were introduced into the 5 lner bulb through valve 4or5. The
minor reactants were introduced into the bulb cllrectly by injecting them with a
syringe through a septum attached to the § lit%r:bulb The pressures of the major
gases were measured mth a valrdyne prcssufe gauge at valve 6. Tmsures of the

minor componems were calculated from Lhe n‘r of moles injected i into the, 5
bulb. After the mixture had time to equlhbnate it was allowed to flow through‘valve

7 and into the 10n source and then return from the ion source through valve 8.

. Impunues even at the-part per million level, can cause a great deal of dxfﬁculty

Incorporanon of all metal valves into the gas handling plant enabled the system to be .

~ baked at high temperatures to remove cornpounds that have absorbed onto the walls.

" The septu'm'in. the 5 1 bulb was also changed when inuoducing a new series of

~ compounds. | ’ ‘

' The main difference in the two gas handling plants was the :pdsition of the
pressure gauge for measuring the pressure in the jon source In the gas handlmg plam

with the magnetic sector instrument, the pressure was. mcasured in the glass line

* between the ion source and’ valve 8 and.the pressure was regulated by the small valve

7 between the ion source and the manifold of the gas handlmg plant. In the gas.
handhng plant with the quadrupole instrument the pressure was read in the manifold

(valve 6) of the gas handling plant which meant that the pressure was regulated by the

o
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Figure 2.2

-+ Schematic Diagram/xﬁ the Gas Handling System

~
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large vals'e' 1 at the five liter bulb In bowh cases the pressure in the ipn source could
-be kept constant to within 1 percent during an expenment wnhout a great deal of
dxfﬁculty A second difference was the absence of 1nlet valve 5 in the gas handling
plant w1th the magnetic sector rnstrument The temperature in the gas handlmg plant
‘was’ usually kept at approxxmately 150C: This ensured complete vaponzauon of mo'st
~ of the hqurds and solids mje}ted into the 51 bulb. '

The glass lipes leading from the gas handling plant 10.the ion source were R
wrapped with heanng tape and kept at about 100C so that the bases would not

condense out on the walls of the glass lines. On the inlet to the ion source a cold trap

could be used fo trap out xmpurmes such as water or low volanhty 1mpunt1es_ When

the cold trap was not being used it was ‘heated along w1th the rest of the inlet line.
" The gas handling plant was pumped with a rotary pump to a pressure ofless
than 1 torr and then an Edwards drffusmn pump with a llquxd nitrogen cold trap was

used to reduced the pressure to about 106

2.4 Electron Gu¥ R o ‘ -

2.4a Electron Gun for the Maér\tetic Sector Mass Spectrometer

A schematic diagram of the electron gun assembly used thh the magnetic
-Nsector mass spectrometer is shown in Figure 2.3. Electrons enutted from a heated
ﬁlament [1] were accelerated and fbcussed by various electrode plates and lenses [2-
6] alongthe 2z ax1s towards the ion source. Two pairs of deflection plates [7 8} were
used to deflect the electron bcam in the x and y axes in order to position the electron
beam on thc clectron cntrance sllt of thc ion source. In order to produce high energy

(2 kV) electrons for ionization of the gas sample in the ‘high pressure jon source, the

25
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FIGURE 2.3
Schematic Diagram PHPMS Apparatus with 90° Magnetic Sector*

Pulsed Electron Gun . v
T 1 filament :
L v
2 drawout
3 extractor
9
4,5,6 einzel lens » ,
7.8 ~ electron defléction plates in X'.and Y diréctions
'9 -~ .electric and mz;gnetic shield |
Ion Source
10 .ior_l source block with heatefs
1 wife'mesh eléctric shield
12 - ele'ct_ron.‘enn'énée sht flange C ]
13 | electron tra%&nd repeller
14 ip_n-cxit slit flange '
15 gas inlet and outlc?t tubés
" lon Acceleration Tower | ' |
11‘6-2'1 c;ylindrically’syrricn'icai c]cctrodé; for ion acceler: ion
22,222 Jcollimating and ion d_‘eﬂeétion lits :

Vacuum system

) 23 - -~ mass analyser tube ,
.24 . léad to 6" diffusion pump . o
T 25 lead to 4" diffusion pump

Adapted from reference (51)
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TABLE2.1

Typical voltages for the electron gun in the

- magnetic sector mass spectrometer.

Positive ions

| 0

i t 50

) 1950

5 350

i ;3+950

25

- 1925

8 X - o

* 1950

a) numbers refer to Figure 2.3

Voltage-(Volis)

“Negative ions
-2800

0

1S
@

-2600

. -1430

-2750, -

-1430
-1440
-1450
-i430

-1450
1200

b) fixed voltages. All other voltages are variable

28



29
ﬁlamcnt was kept at -2000 V rclauvc to the ion source. Typxcal voltagcs arc glvcn m )
Table 2.1. The long distance from the ion source 10 the filament meant that the
filament was not exposed to the high pressure gas near the ion source; and this
rcsultod in a longer life for the ﬁlamcm Also a the ion source tcmpcrature could be
controlled better in this manner since the hot filament would not heat the ion source,

’ and the temperature of the ion source could bc controlled :olely by the ion source
heaters.

. Focusing of the c]ectron beam was done wuh the system under vacuum. A
metal plate with a small hole in from ofthc elcctron entrance slit was mounted on the
ion source. The outer surface of this metal p]ate was coated with a phosphor (Type -
P-3] Sylvania) embedded in sodium silicate. The electron beam was first deflected
onto the plate by varying the voltages on the deflection plates [7,8] and then
focused to give a sharp spot. The focussed electron beam was then deflected onto the
e]ectron entrance slit. The final position was attained by adjusting the deflection
voltages unul a maximum current was read on the electron trap current
m1croammctcr. Some mmoxj adjustments were usually made once the gas was
admitted to the ion source in'o'rdcr to maximize the ion current.

All experiments were pcrfoﬁhod with a pulsed electron -gun. :A schematic
diagram of the pulsing sequence is shown in Figure 2.4. The pulsing was achieved by
varying the potential of the drawout-electrode at regular intervals. Electrons could
: . V"only pass the drawout c]cctrodc (2] when this electrode was at a positive potentlal
relative to the ﬁlamcm In the pulsmg modc the drawout clccrrodc was kcpt at -40
volts relative to the filament. Upon receiving a tnggermg pulse from the master pulse
generator, the ﬂoating pulse amplifier would alter the potcntiél on the drawout
_electrode to about 50 volts positive relative to tho filament for the desired length of

the elcctron pulse (6- 160 us). This allowed the eleclmns 1o pass through the drawout .



10 s | Voltage
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Plate in , ’ﬂ*
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on e | o 'I’*l | | | 2050 V

]— ~ 2000 V

l

|

I
Multichannel . I
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start () and .
stop () of I
sweeping
sequences o ¢

Figure 2.4 Pulsihg sequence with typicul voliages and durations.
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electrode for only the preset penod of time, after whtch the drawout electrode would
retyurn to its ongtnal potential of =40 volts to the filament until the next cycle was
initiated by the master ‘pulse generator The frequency of the cycles was controlled.
by the master pulse generator at about S ms/cycle. The duratron of the " % ttme for -
the electron beam was controlled by the pulse ampltfter which also controlled the
exact voltage of the drati’out electrode. |
The mggermg pulse from the master pulse generator served two other
purposes. It could be used 1o send a delayed pulse to the repeller In the i 10n source to
sweep all the ions to the wall before starting the next electron pulse ThlS was
achieved with a sekond floating pulse amplifier together with a delay pulse generator
exte ally ‘gﬁggerezkhe master pulse generator The repeller pulse was typically
of 50°us duration and at some 20-40 volts posmve (for posmve ions) relative 1o the
ion source Also, the master pulse generator triggered the sweep of the multichannel

scaler to allow a time dependance of the ion intensities to be ebserved after the
1omzmg pulse. M

2.4b Electron Qun/for quadrupole mass- spectrometer

xe

A schemauc dlagram of the electron gun used with the quadrupole mass

spectrometer is shown in thure 2.5. The pulsrng circuitry was 1denttcal for both

electron guns. The Ej'c?x‘*dtfferenee between the electron gun for the magnetic setror
" mass spectrometer and the present electrm gun 1s in the focussmg of the electron
beam The electron beam in the magnetic tnstrument was focussed by electrostatic
fields. whereas in the seconf electron gun, the electron beam was focussed by -
: electromagnetrc fields. Stronger focussing effects were achieved by maghetic ﬁelds

resulting in a higher i Intensity of the electron beam in the j 10n source.
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Adapted from reference (50)



<

N
During the operation of the second electron gun, the filament {1] and the -
filament support [2] were keptat -2 kV. Electrons.from the heated filament were

accelerated between the support plate [2] and the drawout electrode [3]. They were

' slightly focused by the extractor elecu'ode [4] before bemg accelerated towards the

grounded cone [5]. The e]ectron beam was focused by the solenoid coil [7] (lOOO
turns of 22AWG copper wire wnh 051015 amps generally required for focussing).

Honzontal and vertical posmomng of the electron b%am to the ion source was

,achleved by a television tube yoke [8]. The solenoid of the yoke was controlled bya

low voltage (7 volts) gas chromatograph dc supply modlﬁed to nge two independent

‘outputs in order to control the x and y axes. The solenoid coi [7] and the TV yoke

[8] were put outside thevacuum chambenoThe walls of the vacuum chamber within
the coil and TV yoke were made of brass to minimize the dlsturbance of the magnenc
flC]dS

Focussmg of the electron gun was done in the same manner as for the ’

magnenc sector electron gun. The typical operanhg voltages of the second elecrron

gun are shown in Table 2.2. " - : -

R .
N .
LY e 4

b

25 High Pressure Ton Source o "

A schemauc dlagram of the ion source 1s shown in Figure 2.3. The design of

.the ion source was very similar for both i 1nstrumcnts the only difference being the
presence of a low pressure ion source wnh the quadrupole i 1nstrument (See Figure -

2.6). The ion source was machined from a non- -magnetic stainless steel tube. One

end of the tube was attached to the base of the assembly There were two holes on the

other end of the tube perpendxcular to the main axis. These two holes were sea]ed by

ﬂanges Wthh carried the electron entrancc slit [12]) and the electron trap [ 13] whmh . SR

could also be used as arepeller. The top of the ion source was sealcd by a small ".h;af '

u;f-ﬁi.'
e

-




" TABLE 2.2

'I:)"pical voltages for the electron gun in the

-~

E\lectfode"_ | Voltage (volts) |

1° -2000

2° L 22000

;o

3 -1950

4 o -1700

5 :,;:"‘ . 0

6 : 0

’
7

a) refers to'numbers in Figure 2.5

quadrupole mass spectrometer.

£

5]

- 7 b) fixed voltage. All other are variable voltages

Amperage
. .-

52
1.0 A
5.3_ mA
10, m

34"
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Figure 2.6 Schematic dlagram of the low pressure ion scource for the quadrupole

e

mass spectrometer. Adapted from reference (50)
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shapcd"ﬂangc A.which carried thc ion exit slit [14] "O"-ﬁﬁgs ;ﬁ'édc of 0.25 - 0 50 mm
gold wire were uscd in sealin g the ﬂangcs to the 1on sourcé. The volume of the ion.
- souxcc was about 1.5cm?. h
| The ion exit slit and the electron entrance slit were made by spot wcldmg two
small pieces of stainless. steel razor blade across a 1 mm diameter hole on the

. Tespective demountable flanges. Typical dimensions of the ion exit slit and the
electron entrance slit were 20 Hmx I mmand 15 um x 1 mm respectively.

-~ The ion source was heated by inserting 6 canridge heaters (Hotwatt Inc.,
Danvers Mass.) into circular channels 1n therion Source block _[10]. The lemperature
of the gas in the ion source was degérmincd by measuring the temperature of th’le 10n
so,u'rce wall with an iron/consta'ni‘an thermocouple placed firmly in a small diameter
hole drilled into the ion séurée block. As the thenﬁocouple was held against the end

of the hole which terminated near the inner wall of the ion source cavity, it was

assumed that this arrangement led to correct reading of the ion source tcmperature

© 2.6a Ion Détection and Data Storage and Handling

I Thc 10ns were counted after detecnon with a secondary clectron mulnpller

: n 4219 EIC, Gallileo Electric Optics). The electron pulses from the

,'_' Vi

' clcctron multiplier were amplified and counted with conventional devices.
¢ Y

) ) c of the type of devices given here is for the quadrupole mass -

spectromcter A similar arrﬂhgement was used with the magnetic sector mstrumem
‘The electron pulses were amplified with a SSR Modcl 1120 ampllfler/mscnmlnator
(Princeton Research Corp) havmg arise time of 6 x 10 . seconds and a -minimum’ gain
of 2300. The hmpliﬁcr/discx ‘minator was dcsigncd_to permit resolution of electron
pulses separated by as little 2 10*s, with sufficient sensiti'\lfity to detect individual

secondary pulses representing less than 10° electron charges. The discrimator

e
&
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sc.nsitivity had a range of ZSmV to 250mV and alloweda gate level'to be set such that
only the signal pulses were transmitted while the low level noise pulses were re_]ected
’hre amplifier/discriminator could be used for pulse rates up to 10’ per second This
resoluuon was sufficient for this application as the normal pulse rate was 10° per

second. The output puﬁses from the amphﬁer/dlscnmmator were fed into the SSR ©

model 1127 NIM adapter (Princeton Research ~erp.) which converted the
drscnmmated pulses into uniform 5V, 10 #6 pulses. The uhiform pulses were

“collected wnh a mu]trscaler and dedicatdd computer. The computer interfaced ro the
quadrupo]e 1nstrumem was an IBM PC with the ORTEC-MCS 913 on an IBM PC |
plug in card. The typ1cal noise level observed was about lO_counts per second. On

the magnetic sector instrument, a LeCroy 3500 computer with a LeCroy multiscaler

interface MCS 3521A was used. | -

2.6b Mass Analysis

4 N’.,I

The mass analysis in PHPMS is similar to mass analurs on conventional mass
spec_uometers. Since very adequate descriptions can be found in the literature (51,
52) it will not be discribed here except for the discussion of mass discrimination.

The ion transmission of magnetic sector instruments using constant
acceleration vo]tage and magnenc scanning, changes (decreases) only very slightly.
.wnh (mcreasmg) mass and therefore no correction was made when the magnetic
sector instrument was used.

The i ion transmission of- quadrupo]e mass analyzers 1s strongly dependant on
the parameters used (resoluno*n et¢.) and mass scans at constant U/V lead 10 a rapid
fall off of transrmssron with i Increasing mass (51). In order to torrect for thxs change
in mass transmission, a mass calibration curve must be obtained. The most

[
convenient cahbranon was obtained with the use of the..::w pressure ion. source see .

-



Figure 2.6. A .standard cﬁlibrant suc’h»as pcrﬂuorotribhtlyamine was blcd via the f]igh
prcssunc ion source, with the high. pressure ﬁlamcnt turned off, into the low prcssure
: vacuum chamber, such that a constam pressure (106 torr) of the gas was obtained.
The electron i Impact mass spectrum of. the gas was recorded andi comparcd lo the
mass spectrum of thc same gas obtained from a magnetic sector instrument. Plots of
the ion intensity ratios of the normalized mass spectra obtained with the two
instruments resulted in curves which gave the mass dependant n'ansmjssion of the
quadrupole. Typxca] curves for the quadrupo]e are shown in Figure 2.7. The
quadrupole,xon intensities were correctcd by mulnp]ymg each mass with the mass
correction term, (1/transmission) obtained from the transmission curve. From Figure
2.7b we can see that the transmissidn falls off more rapidly as the re-solution.
increases. “ . | |

In order to reduce the loss of transmission at high mass, the ion source voltage
was linearly increased as the mass was increased. This'increase in lon source voltage
reduces 't};e'time the Reavier mass ions spend in the qaadrupole, ahd; increases the
transmission-of the ion, but at the same time reduces the resolution of the instrument

at high mass. v ‘ o ' . __jsj"

Xy

2.7 lon Sampling
. \

-

In these experiments we assumed that the population outside the ion source is
4 true representation of the population inside the ion source. In order for-this to be
true two conditions must be met. First, the diffusion coefficient ¢f the ions in the ion

source must be the same and sccond the gas flow through the ion exit slit must be
\

molecular NE )

4. - L%

The first condition is required to ensure that the population is uniform

throughout the ion source as only the flux of ions to a region near the ion exit sliks.is
. * ) v : "S‘,‘ &

.
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sampled The d1ffusxon coefﬁcrent of an ion is 1nuersely propomonal to the square

© rodt of the neduced mass of the ion and gas molecules With methane (M W = 16) as’
the bath gas the dlfferences in the reduced mass for tons with consrderably htgher '
‘masses will be msrgmﬁcant If we look at twa kons of mass 50 and 200 the square
'__root of the reduced mass is 3 ‘48 and 3. 36 nespecuvel},r Thxs isa drfference of less
than 4% In mo%t cases the dlfference w1ll be even smaller as the ions studled wrll

have masses that are closer together

The secpnd’condmon reqmres molecul&r ﬂow thr0ugh the ion exit slt’ts

v o

Under molecular flow the 1ons do not undergo collisions whtle effusmg through the

shts and therefore no serious dtsteirtlbn of the i ion population wrll oceur. Also,

e £

molecular flow is needed to avoid coolmg due to adtabauc expansion of the gas 1nto
vacuum, Molecular flow occurs when the mean frge path of the molecules 1s larger '
than the dmtensron of the onﬁce The mean free path 1, of tethane is given by

~ . o

equauon 2.1¢

a8
A

M

= 1/2nd’n) } . - 2
where d is the molecular di'a'm'eter of the gés and A is the number density of the:’;gasf '
The mean free path of methane ats3'torr and 300 K is'1.4 x 10?2 cm. The dimensions
of the ion exit slit are 2.0 x 107 ¢m x 0.1 cr;h This should result in the flow through
the ion exit slits being near moletular.

I ; ' ‘ . @
2.8 Experimental Procedure

The general procedure for the collectton of ion 1ntensrty proﬁles 1s glven here
The reaction mixture was allowed to mix in the 5 liter bulb for 15 20 mmutes After .

the mixture reached thermal equxllbnum in the bulbit was allowed to ﬂow through

o



the ion source at a pressure of about 3"t(‘)rr Once the pressure in the ion source had
stablllzcd the focus of the electron beam was fine” tu by ;ajustmg the focus of the
beam unnl thc maximum intensity of an ion was.o /alned The ion used in the
focusmg was usually the most intense ion. Once t © focusmg was complcu:d a mass
spcctrum was rccorded Ions of interest for which i mtensuy profiles would be
collccted were ldenuﬁed from the mass spéctrum. (

During the col]ccuon of an ion xntcnsxty profile, the pressure of the ion source
| was kept constant to within one percent. This could be readily achieved for the
duration ofa single run as long as the pressure had stabilized prior to the run. A
similar pressure was maintained as each subsequent ion profile was collected. For
example, if the first ion profile was collected at an ion source pressure of 3 torr, then
the subsequent profiles would be collected between the pressures of 2.97- 3.03 torr.
5000-20000 scans,i.e. electron pulses, were used to obtain the i intensity-time proﬁle
for a givenion. The larger number of scans was used for ions of low mtensny 51"
channels of the rﬁulnscaler were used for each 10n profile. ;th a dwell time for each
channel of 4 ps, this gave a wmdo;v of about 2 ms for the co]lecnon of the ion
mtensuy proﬁ]c This window could be lcngthcned or shortened by changing the
- dwell time for each channcl or by changing the number of channc]s that were used for

the collection of the ion intensity profile. Once the ion mtensity proﬁlc was collected

it was stored in the computer to be analyzed at-a later time.



. CHAPTER 3 E
Kinetics and Thermodynamics of the protonation reaction: |
H;0°(H:0)r + B = BH*(H;0)s + (h-b+1) H,0
where B are Nitrogen, Oxygen, and Crarbo'n Bases.!
)
. &
3.1 Infpdyction

Studing ion &f)lecule reactions in the gas phase leads to thermochemical

information that is free of solvent effects. By comparing the data from the gas phase
to that for the same reaction in solytion leads to infromation on the ion-solvent
i‘meraction (12,53). The of proton transfer reactions from partially solvated ions
p‘r_ovides an insight into the effects of solvation on the proton transfer reaction. In the
following study we look at the effects of solvation on the kinetics and
thermodynamics of the proton transfer reaction.

R The reason for this study arose out of an experimental study of the sensitivity *
O of various cdmpounds in a commercial atmospheric pressure chemical ionization
(APCDH ana]),;tical mass spectrometer (54, 55). In the APCI source trace organic
analyte compounds present in atmospheﬁc air, B, are protonated by the reagent ions
H;0*(H-0)) 1o ‘form BH"ions. Jonization of moist air initiates a sequence of
ion/molecule reactions that result, within mil]iseco'nds in the formation of hydronium

1on water clus"f‘érg, H;0"(H20)y. A simplified reaction scheme is given by equauons

3.1-3.5. The”h“%od’romum 1on-water clusters undergo successive clustering.

' Ng O: ’
e + Ny = sz = Ng° = O, [3.1]
i )
e +0; =0y = O 3.2]



"o, o +1;150=02‘(Hz@ g . B [3.3]
0,*(H:0) + HyQ = 0;*(H,0)," =H;0'0H) +0; - [3.4]
H;0*(OH) + H;0 = Hy0"(H,0) + OH [3.5]
Hy0'(H,0) +H;0 = HiO'(H:0) _ 136)

© HO'(H:00 + HiO = Hid! 30D, o [3.7]

R % JS %b

B
In this way an equilibdur:cluster distribution is attained At 25C and with S torr
partial pressure (Relative humidity, RH 21 %) the majority of the clusters contain
from 5 to 8 water molecules at thermal equilibrium (56). These hydromum 1on-water
cluster ions are the main reagent ions in positive ion APCI and protonate molecu]es

with gas- phase baswmes (GB) hlgher than that of water according to the gencral

Teaction 3.8.

H;O"(H:0) + B = BH*(H;0)y + (h-b+1)H,0 [3.8]
BH'(Hy0)h1 + H 0. BH'(H;0), e [3.9]

At the relatively high water pressure arising from thc ambient hurmdny of the

laboratory air (5 torr) and the:low analyte pressures (10° torr), the protonatxon

" reaction 3.8 is relatively slow compared to the hydration (clhstcring) reaction 3.7 of

H30" and reaction 3.9 for BH*. Thus the reagent ions, H3O (H20)p, are at their
ethbnum hydratc populations and the protonation of B i is followcd by the rapid
achievement of the BH*(H,0), equilibrium populauons.

The APCI method is very well sui;éd for the detection of trace compounds

such as pollutants in air. However, it suffers from the problem that the sensitivity of
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: diffcmﬁt classc‘s of éompbunds can be very different. In particular s.ome
cnvirc_mrhcnta]ly importaht compounds like mercaptans, thioethers, thiophenes and
halobenzenes are detected with very low sen's‘itx\;ity.

It was the p,urpogse of this study to determine the feasons for the different
scnsitivitic}:s exhibited by different classcs of compounds and to find better conditions
to correc; for these problcms While the study was done to undcrstand the factors 4
~ governing the' APCI scnsmvmes the findings are of more general i interest. The N
;chan ge in reactivity of ion clusters hke H;0* (HzO)r1 with the dcgre@ydrauon -or
general so]vadon are of fundamental sxgmﬁcance (57 %3) Also the stability of the
hydrates BH (HzO).b are important in dctermmmg the sensitivirics and this fact leads -
into the general area of gas phase ion solvation (16). '

| The efficiency.of .protonation by H;O"(H:0), of compounds B present as
traces in the atfﬁosphere is not only of interest in the analytical APCI téchniquc. The
H;0*(H.0), specxes are the major naturallymm'mg 10ns in the tropo- and
stratosphcrc as well as the D region of the ionosphere (64). The BH* (HzO)b ions
resulting from protonation of traces of B can be detecte? with air or rocket borne
mass spectromctcrs and can be used as probes for the presence of traces of B (64).
Examples of possible atmosphenc B are CH,0, CH;OH HNO;, and NHj. In order to
relate thc observed abundance of BH* (H20)y to the unknown concentration of B one
needs to understand the kinetics and thermodynamics of the protonation reactions. A
laboratory study of the protonation of B by H;O"(HZO)h undertaken with the purpose
- of identifying the possible core ions BH* and thus the precursors of the stratospheric
ions (64), was reported by Ferguson and co-workers (65). Their investigation dealt

only with B= CH;OH and CH,O and H;0"(H20), with h < 3, since these were
_ ‘ X p

3

©
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rcifc,Yam in thc stratosphenc The present work provndcs data for a largcr numbcr of

a S

mpounds and for hlghcr values of h. Thus, it extends the laboratory data towards

- conditions present in the lower stratosphcre and particularly the troposphere.

32 Exmx_':mcmal ’lgf | .

{ The cxpcnmcnts

B o
whxch uuhzedﬂk quadrupolc (described in chapxcr_- ) for mass.y

4
counnng and, mulnscalar system for rea] time rcsolunon ofahe‘ Of¥.signal.
f ) &
Thc cxpenmems were gencrally perfon'ncd at3 torr total pressure. Ultrahx gh
punty (99.99%) methane was used as thwagor gas The water used was from the .

dcpartmcnta] dlstllled water reservoir and then redistilled with potassium dichromate.

& Rcagcnt grade analytes were used without further puaﬁcanon with the exception of

furan and thxophene which were dlsullcd w1th the retention of the middle fraction.
Typical condmons in the PHPMS were Pcys = 2 torr, Pyao = 1 torr and Py =

10 torr. The total pressure in the ion source was usually kept at 3 torr and thc

) tcmpcrature at 32C. Approx:mately 4 x10” torr of CCly was added to all the reaction

. mixtures. Thc dissociative electron capturc e +CCls = ClI' + CCls, leads to

ambipolar positive ion-negative ion d1ffusxon which is slower than positive ion-
electron diffusion and improves the condition for the measurcments (66). For some

expenmcnts the pressures and tcmpcraturcs were varied in order to change the

- distrubtion of the reactants. These’ bondluons are dcscribcd in the results and

discussion section.
L
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*

.3 Results and Discu sion - | . m

. T o S

3.3.a Factors Responsible for the Different Proton Transfer Efficiencies from

[ 4
H,0*(H,0) to Compounds B '

The sensitivities of several bases relative to a high sensitivity compound : gﬁ
(pyridine = 1) measured in a commercial atmosphcnc pressure chcrmcal ionizdtion
(APCI) mass spectrometer (54) are ;;lotted against their gas phase baswlty in Figure
3.18%he bases in this figure can be divided into three groups. Compounﬁg\ilh gas
phase b(a&cny, GB, greater than 200 kcal/mol have high sensitvities which are

- rclauvc\by constant. This group is made up of mostly nmogen bases and will be called
the K group (kinetic control). The reason for the names will- bc dxscusscd later. The
-second group consists of bases whose sensitivities vary with the gas phase basicities
(GB < 200 kcal/mol). Thesc bases are mamly oxygen bases. ThlS group'is called: the
T group (thermodynamic coﬁ'tro]) The third group is all the basés tat have low
sensitivities comparcd to bases with similar GB. This group is cal]ed thc L group and
is made up of mainly carbon bases. > (

The sensitivities for some repn:scntati‘vc compounds are sﬁown in Table 3.1.
The sensitivities of these compounds is proportional to the extent of the proton

transfer from H;O*(H,0);, to B in reaction 3.8.
»”

HiO'(H0) + B = BH'(H,0), + (h-b+DH,0 - ~[3;8]
. .
The conditions in the APCI MS for which these bases were studied were P, =
700 torr, Pyao =7 torr (natural humidity) and Pg < 10 tor, ion reaction time
approxlmatcly 300 us and room temperature. Reacuon 3.8 was studied i in a PHPMS

for the bases i 1n Table 3.1. The conditions in the APCI could net be reproduced but at
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TABLE31 - o
~a)  forreaction 8 at 32C, 1 torr H;0, 2 torr CH, |
b) . - gas phase basicities at 27C from Lias et al (22)

c) total rate tonstants for protoh transfer from H3;0"(H20), to B. Since h

=4 and h =5 are dominant and of nearly equal concentrations k, corresponds
mainly to the proton transfer from these two hydrates.

d) Ry =  ZI{H;Q{(HOnl Ps_

’ EI{BH"(H20) Puzo . » ~
Observed at proton transfer equilibrium, for 32C and 1 torr water pressure and
variable B pressure. " . '
e) rate constant for proton transfer from H;0*(H.0); to B in (molecules’!
s! em*x10°. From Bohme (57) A

f) Sensitivities observed with APCI apparatus at same temperature but 7
torr H,O from Suriner (54). K, T, L stand for Kinetic, Thermodynamic control
Low sensitivity, respectively. ’

g) Rate constants could net be measured at this temperature and water
. pressure since equilibrium shifted toe far in favour of H;O*(H,0), -

h)’ Req could not be determined due to the presence of low conentration
high GB impurities in pyrrole. ‘ ’ o

i Free energy change for reaction: H;0"(H20)s+ B = BH*(H,0); +
H,O at 32C. _ :
. 4.

| J) thio = thiophene, pyr = pyrrole, py = pyridine, p.ipﬂ:: piperidine.

¢
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TABLE 3.1
Tbtal Rawe Constant k, and Equilibrium Ratio R, .
for Proton Transfer Rcactions' T N N 3
B GB(B)® R ' aG%e(PTY . K.(PT) Ks(PT)*  SENS'
. MeOH 174 340 -6 g o 1.7 3X10°T
CEOH 180 2730 7 7 3X10°T
MeCN 181 8500 8 30 . 6x1071 ~
furan 185 <4 27y e . -a <107L
tBuOH. 186 27500 17 i T
Me,CO 189 31000 -6 30 29 2X1°T
thio - 190~ <F +23) - g . <107 7
EL0 197 15000 ¢ 7y VI 10T
oyt h +8) - 0.053 - 10° L.
8108 - -6) ~ 1.6 - - 12 K
>107 a7 1 K

>107 (-16) 2.0 ] 09 K
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the conditions of Pwu, 2.5-4.5 torr, PHzo up< to 1 torr and Pg down to 10 torr were
found to- give valuable msrghts into the factors nesponsrble for the different
sensitivities of the different groups of bases. °

Arrion profile for a typical K group compound, pyridine is shown in Figure
3.2. The H30*(H,O)y ions, which are in rapid clusieﬁng equilibﬁur'rl (reaction 3.10)
and thus at constant ratio, are not shown individually. All the H3O* hydrates decrease
at the same rate due to proton transfer to pyrldme (reaction 3.8). The protonation

-products of reaction 3.9 are rapidly hydrated and regitr equilibrium via reaction 3.11.

-

H;O'(Hz20) +H;0 = HsO"(HO)ey  ~ (3.10]
BH'(H:0)s + H20 - BH'(H,0)p.1 + [3.11)°
CBH' + B = B,H' | | 3.12)

r

Reaction 3 %‘Q accounts for the formatlon of the proton bound dimer, BzH"
which is evident in Figure 3.2. It 1s also apparem that the H;0"(H,0), ions disappear

completely while the B,H* and BH*(H:O)b reach equilibrium at long times. With the

higher pressures of water, lower analyte pressures and a 300 ps residence time found

in the APCI source one expects the B,H* ion to be a minor product and the
BH"(H20)p will be the major product. .’ ~

Plots of InI vs time for the jon intensiEres from the normalized plots, as in
Figure 3.3, lead to the average pseudo first order rate genstant v, = ka[B], for the

>

proton transfer of reaction 3.8 from this value, the average rate constant k, for

-. reaction 3.8 can be evaluated singe the [B] is known. The rate constant for pyridine is

k, = 1.7x10"° molecules s'' em® for the conditions in Figure 3.1, this is close to the
orbiting collision limit, i. €. kapo, which can be evaluated with the average dipole ©

orientation theory (See Chapter 1).



51

100 T T - 1 - ¥ T T T T L T

H O*(H‘.O‘) . SN -
3O (H0), ., 5 | )
: (Py),H*
B ) N
50 —

% of Total Ions

PO, o

N | SPyHY i}
/S o

‘ 0 ' - \ > I A ) " N .

0 02 04 06 08 1.0 1.2 14 16 18 20

' Time (msec) - |

Figure 3.2 Typ;cal time dependence of kineticly controlled ions. Conditions: Tis
32C, PcHa = 2 torr, Puzoi_l.l torr and P& 10 (B = pyridine). The H30*(H20)h

ions maintain hydration equilibrium as they protonate B. ,
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At much lower [B] (Pg = 10 torr : [B] = 3xlO’° molecules cm3) and shorter

reactions times (t = 300us) found under APCI condmons the proton transfer, reacnon
3.8, will be very incomplete; i.e. only a small fraction of the H3O*(H20)., tons will

have had time to react. This fractlon can be calculatcd with equauon 3. 13

AN

&y ¢ AQOLON =kiB):

4 3.13]
H_30+(H20)n o ©

| | b L 4
Substitution of the numerical values leads to a value of 1.5x1072, indicating that less
than 2% of the H3O"(H~,O)n 1ons react under APCI condmons Because the [B] and
the reaction time is the sam; for all bases the only difference is the rate constant.
That is the extent of the proton transfer reafﬂon has a kinetically controlled upper
limit. The szensmvny for bases such as pyridine will depend upon the rate constant
| forreaction 3.8. The similar sensitivities for thcse compounds is due to the 51m1]ar?1ty
in the rate constant for reaction 3.8 (see Table 3.2) ‘expected for collision limited rates
(34).. For reactions that occur at every colhsfron exhibited by the K group
compounds there 1s a maxrmum rate constant kADO
' Fzgure 3 4 shows a typical ion profile for the T group with B = acetone
Proton transfer leads to rapid decrease in the H;O* (HzO)h lons and an increase in
BH*(H,0), followed by the formation of B,H* and B,H* (I-IzO)b ions. This is similar
to the situation with pyridine except that the H;0"(H;0), ions do not dlsappear but -
reach an equrhbnum with the BH'(H,0)y i rons after about 500 us. From the initial ] . /

decrease of the H;O*(H,0)y, i lons, an average rate constant k, = 3, 2x10" molecules’!

cm (Flgure 3.3) can be obtamed This is in agreement w1th the expected collision -

limited rate.



TABLE 3.2

. {
N ADO Rate Constants for the Reaction:
« HsO"H,0), + B = BH'(H;0)p + h-n+1 H,0
FY g .. . } /
© o, kapo= (RN + cup(2/(kT)'?)
\-'n .
B n(g) c upx10'®  a®  kapox10% kax10%¢
MeQH 242 00219 171 323 1.5 \
EtOH 3.5 AdS 173 550 1.6 .22
MeCN 291 % 0260 397 - 486 27 3.0.
Furan 40.5 "Qom 071 829 1.1
(BuOH 425 OEBK/] 67 100 17 1.7
Me,CO 367 0229/ 286 _ /7.0 2.0 3.2
Thiophene  45.7 ?3/ 051 113 13 -
Et,0 425 0148 130 897 - 1.3 . 14
' Pyrrole 40.1 ] 200 1.84 78 15 .0 0032
- DMSO 438 A0
Pyridine 44 \ % T
piperidine  45.9 o L1 e
a) Dipole moment in Debyé., ° i
b) Polan;ablxty in angstroms?. 4
c) for calculanon of pa value ofﬁ 45was irsed Thls conéspgnds-ta the
average value.of n at 32C and 1 torr 'water pr¢§surc ' ) '

“d) " in molecules cm3 s
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Figure 3 4 Typxca] tlmc dependencc of the thennodynamlcally controlled ions.
Condmons Tis = 32C Pcm 2 torr, P20 = 1.1 torr and PR=6 xlO torr (B =
acetowe). The H3O'(P%)h mamtam hydration cqux]xbnum as they proton transfcr to

B..The watcr hydratcs and thc acetone hydrates reach equilibrium at approxxmately

0.5 ms.
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g For the high wagef pressures a?d low analyte pressures in the APCI source,

the proton transfer equili‘bria will be shifted farther to the reactants than for the
conditions in Figure 3.4. Under the AIZ?CI conditions the equilibrium is attained faster
than in Figure 3.4 due to the large concentration of water; that is, the equilibrium will

be reached in less than 300us. This means that the extent of proton transfer for

reaction 3.8. Although the K and T group co

- reaction 3.8 for qompounds like acetone will be controiied by the thermodynamics of -

kapo, The extent of the proton transfer to the T group compounds is limited because
an equilibrium is reached where the back reaction occurs and lowers-the attainible
sensitivity. For the T.group, sensitivity is thus determined by the equilibrium

constant which is in turn determined by the reaction thermodynamics.

o

N " Theion profile for a low sensitivity compOUnd, B = furan, is shown in Figure
3.5. The proton ’transfer equilibrium for reaction 3.8 is reached rapidly and the
f BH"(H20)y ions at equilibrium are much less abundant than was the case for acetone
even fhough in the present case the Pgis 5 times larger and the water ﬁrcs'sur&is 10
times smaﬁer. The proton &ansfcr equilibrium is shifted much farther to the |
H;Q*(HgO)h side than for acetone even though the two compétmds haye essentially
the same GB (Table 3.1). Similar results were obtained with the PHPMS for other L
group compouhds which are ’characterizgtd by thermodynamic control but the
equilibrium is shifted far to the water side. At higher temperatures where the
hydration is much wcakfr we see the equilibrium shift in favour offuran (Figure 3.6).

.. A decisive clywj to the reason for the unfavorable equilibrium position for the
a

- 5

L group compounds was the observation that the hydrates BH*(H,O)p of these |

'compounds have vcry‘ low b, b =0 or 1, compared to the T group where b=3 and 4
for acetone. The conscqucnces%ﬁ the lower stability of the hydrates for the L group

are discussed later.

ounds are protonated at the same rate,

56
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Figure 3.5 Typxcal time depcndcncc of the relative intensity of Lhc 10ns for the low -b
sensitivity com%ounds Condmons Tis = 32C PcH4 = 3 torr, PHZO O 1 torr and
Pryran =3 x104 torr. The H3O*(H20)h mamtam hydration ethbnum as they proton .
transfer to ‘B. The protonatcd water and the furan hydrate jons reach an ethbnum ,

in approx1mately 0.1 ms. The reason for the unfavorable position of thc cqu1hbnum '

is the inefficient hydration of the protonated furan ions (see text).
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Fxgurc 3. 6 Ob\crvcd umc dcpcndcncc for B = furan at 198C. Conditions: Tis =
,‘.'A198C PCH4 =2 ton' P}-[zo = 1.1 torr and Pruran = 1. 3x10 torr. The H30*(H20)4
o mamtam hydranon cqu1llbnum as they proton transfcr to B. Proton transfer

,cquxhbnum 1s shlftcd in favour of furan due to the lower values of h in H30*(H20)p,.
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3b Thermodynan ics of nsfer T '

. JI'he extent of proton transfcr from H3O (Hzo),. toB occurnng in a limfted , = |

/

nme 1s dependcnt on the kmencs and the thermogynanucs of reaction 3.8. The
th@modynamlcs of the rcact}on will bc dlscusscd first as 1t is of mgmﬁcanccm t_he
kinetics also. - e

»H3O*(HzO)h +B = BH' 0N + (h bHDHO [3.8]

G = GB(H:0) - GB(B) + 4G%y o(H;0") A o(BH?) - S g
M'(H:00 =M+ n1HoO  4G%s= aG: MY s
M*(H:0),.; + H,0 = M*(HwO)n 5G° ,6_Aon,,,(M+) | ‘ (3.16]

Grao(M?) = 4G 1, (M) . +AG°1 odw B

“n- m(M )— "8G (M) S - [3.18]

T’he thermodynamic data requ1red for thc cvaluanon of the BH* (H20),
conc;:mranons relative to the H30"(H20)}I conccntranons at proton trinsfer
cqu111bnum reaction 3.8, are glvcn in equatlon 3 14 Comprehensive mformatlon on

/‘the GB(B) is available in: the llteratum (22,) The aG®% nfor H;O* and a number of
BH+ have also been detcrmmed prcv1ously and a recent compllatlon of'such data is
available (67) The thermodynamxc data used for some of the representatlve
compounds are glvcn in Tablc 3 3 _ @ , ; ‘

No hydratlon data wcre avallable for the BH+ 1ons of B pyrrolc f(uran and

»thlophene whlch are of specxal 1ntcrcst since they are typxcal of low sensmv1ty ‘

compounds (See Tablc 3 1), whose BH* hydrate very poorly ‘l,‘

“The hydratlon cqulhbna for these BH* were studied in scparatc expcnmcnts :

Equﬂxbnum constants K,, 1,1 were obtained at different tcmperatu’rcs. The resulting

4
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K
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TABLE 3.3

‘AGon-l,nb
B 1.2 2.3 3.4 4,5 56
HOH 12.8 9.2 54 3.8 27
MeOH 174 184 12,1 6.9 35 26
EtOH 180 16.1 10.7 6. 3.3: 2.5)°
MeCN 181  16.1 9.8 8.0 4.6 3.3 T 23
furan® 185 4.4° - - ’ . |
MeCO 189 126 65 60 42 31 @i
thiophene 190 39° : : | | ‘ _ "
. EnO 193\ 11.8 61 56 (39 oy (1.9)¢
pyrrole® 200 6.9 3.4 (1LO? (0.0 (-1.0)¢ (-1.5)¢
pyridine 213 72 3.6 23 a3 07 (0.0)°
a) From gas phase basicities compilation of Lias (22) in kcal per mole at 300K

b) .. Free energy of hydration of BH*, see €q.9, in kealjmol. Standard state 1 atm. =
300K. From compilation of Keesee (67). AH,.1, and AS°,, n» allowing evaluation of
"~ AG®,.1, at other temperatures than those available in Keesee (67).

- ¢) x Determinations from present work (see table 3.4)

o d) Rough estimate on the basis of available lower AG®.1, and fall off of AG®, g,
with increasing n observed for other similar compounds in Table 3.2
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van't Hoff plots are shown in Flgure 3.7 and the AH®, a and AS°,.1 » obtained from '
these plots are given in Table 3.4. (These values are in agreement with H1raoka and
co-workers (69) which were pubhshed later) As expected the hydration energies of
- these ions are much lower than bases of similar GB in the T group. For example the
AG®, at 300K for protonated furan is 4.4 kcal/mol while the correspondm g values for
protonated MeCN and MCzCO which are approx1mately the sa »are 16.1 and
126 kcal/mol respectlvely (See Table 3.3). The low hydrations energies for pyrrole,
furan and thiophene are expected since these compounds do not protonate on the
"lone"” pair of the basic heteroatom: N, O, S respectively but on the ring (69-71). oL
‘ @ The occurrence of ring protonation predominantly in the o position (See .
Figure 3.8) was demonstrated by Honriet, Schwarz, Schleyer and coworkers (70) on
the basis of experimental (ICR) studies of the protonation of these compounds and
theoretical calculations (MMDO and MNDO). These compounds are not n donors
but pi donors and thus carbon bases. As a consequence of the low electronegauvny
- of carbon and the charge delocalization, (see resonance structures of Figure 3.8),
there 1s only a small posmve charge on the hydrogen(s) and this leads to weak
hydrogen bonding in BH+ "OH,. Another example of such weak hydration due to
carbon protonation is that of substituted benzenes which were studled earlier in this
laboratory (72).

' Itis interesting to note that‘protonated pyrrole hydration energies are much

stronger than furan and thiophene (See Table 3.35: It has been shown for protonated
oxygen and nitrogen bases that the strength of the hydrogen bond with water
decreases as the gas phase basxclty of the base increases (See Flgure 3.9). With the
GB of pyrrole being greater than that of furan and thlophene one would expect the
hydration energy to be smaller, Hiraoka and coworkers (69) have explained tl'us by
' showing that the hydrogen bound to the nurogen has a greater positive charge than

/
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Figure 3.7 van tHoff plots for n-1,n equilibria of hydrauon BH'(H20)p.1 + H>0 =
BH*(H20),, for B = pyrrole, furan and thiophene. The resulting AH, ; nand AS®q.q g

values are given in Table 3.4
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TABLE 3.4

AH® and AS° for the reaction:

BH'(H;0)n + H:0 =-BH'(H:Oh.,

N

o Ao
B\n,n+1 o1 . 1,2
Pyrrole “140 104
Thiophene 104 -

Furan .  10.4

a kcal/movl‘.-‘ |

b cal/mol K. ‘Standard state 1 atm..

'_Asob
0,1 1,2
233 22.6
20.6

19.9

S
&
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Figure 3.8 a) The figure shows the protonation site for pyrrole, furan and thiophene to

be the o carbon and not the heteroatom. b) shows the different resoh'a_nce structures

for furan'H*. ‘ :

e



S L

mcrcascs PA(B) are taken frqm leaS et'al (22) hydrauon cribrgms are takcn from
‘,Kecscc (67) and Da%dson (68) Py pyridine. - ’
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the carbon atom hydrogens which is probably due to the greater electronegatxvrty of
nitrogen relative to that of carbon It is also possrble that for pyrrole. H" hydration
- promotes a proton migration to the nrtrogen. Evidence for H" migration was given in
earlier work for substituted anilines (72). |
J -
Reyg= 2l H3__*(H20)hl B_ _ - [3.19]
. . EI{BH (HzO)b} Pmo '

Given in Table 3.1 are also "equilibrium ratios" Rey. These are defined in

equation 3.19 and were measured expen'mentally with the.’PHPMS. The sum over the

~hydrates were obtained by summing over the correspondi.n-gén intensities at
equilibrium. It can be shown that if the water pressure 1s kept constantthe
equilibrium ratio, ch, will be constant. The Req shown in Table 3.1 are for 3OOK and
1 torr water pressure. The R, expresses the extent of proton transfer toBat - ~
equilibrium for variable B.pressures 'l'hey are proportlonal to the sensitivities for the
‘.’ T group and L compounds for.the APCI The reason for the drfference between the
» sensmvmes for the K group and the Req measured by the PHPMS is the lorg
resrdence time in the ion source of the PHPMS and this longer tlme causes-most of
the bases to be under thermodynamxc control. "

The R.q for the poorly_ hydratrng compounds of the low sensiti'vit‘y grou'p L are
_seen to be pamcularly low (See Table 3.1). -The dependance aof R4 on GB(B) is
shown in Flgure 3. 10 and follows the sar%e trends as the results obtamed wrth the
APCI appa}atus (54) whrch we‘r}e observed at a hi gher water pressure (Pmo 7 torr)
' and are m.very good agreement for the APCI results at Pyyo =1 torr (Frgure 3. 11)
Smce the hydration exothenmcny for the addmon of an other water molecule

" "to H3O+(H20),, exceeds the exotherrmcrty for the addmon of water to BH*(HzO)r,,

all n, (See Table 3. 2 for AG® n-ln values) 1t 1s obrv10us that the proton transfer '

. B
s . PO o
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equilibria will shift to be more in favour of the BH* hydrates when lower H;0O* _

‘ -hydrates are present as reactants. This can be achieved either by working at a higher

o temperature or by working at lower water pressures where only the lower H;0" |

- hydrates are stable. The effect of lowering the water pressure is not as large as the
effect of higher temperature In Table 3.5 the average number of hydrates is shown
for a wide range of water pressures and temperatures. It is quite apparent that in_
order to achieve higher sensmvmes it would be better to 1ncnease the temperature
rather than lowering the water pressure Table 3. 6 shows the ‘R4 for MeOH for 1
several different water pressures The R, values change by only a factor of 2 over an

order of magnltude change of water pressures. The Req value for thlophene changes

by factor of 1000 from 3OC to 3OOC even though the water pressure has been

«

i increased by a factor of 10. Dramatlc Increases in sensmvxty for the L group
compounds could be achieved in the APCI method by performmg the analysrs of
atmospheric air at elevated temperatures (55). The reason for the larger i Increase in
sensiti®ity with changes in temperature as opposed to a change In water pressure is
due to the sensitivity of hydratlon to temperature “The average value of h for 1 torr

La ‘? -+ water pressure is 4.5 while that at 50 mtorr is 3.4. The average value of hat ] torrand .

198Cis 2.1. This drastlc change in h is the causq for the large increase in sensmvxty‘)

3.3c Kinetics of the proton transfer to nitrogen, oxygen and carbon-bases -
As men"tion earlier, the proton transfer kinetics invdlved_ a hydration
equxhbnum assembly of H3O"(H20);l Plots of the ln[l-lgO*(I—Izé)h] vs. time for any h

gave ‘the same slope v., (See Flgure 3.12) due 1Q the fast equilibrium between the

t clusters ‘where v, tsghe average pseudo ﬁrst order rate constant VoS, k.[B] Rate ' o2

. ?' !
_ cohstants k. obtamed w1th .thls procedure are g1ven 1n Table 3.1 and the plots are
o J . LR
shown in Fxgure 3.3 for several bases » L» I v o '
o ,‘ \r L ¢ . o . : o ‘ . 1 B . ' , K

\-’" .
Yoo g
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“average n-

.y
"'-.';',.‘y'\z"i, Coe

. *BFPressure in mtorr.

e
o : TABLE 3.5

L

Relative Distrubition of n for H;0*(H20),

for different conditions®

32C /

50 10 2000 500 1000
02 0.1 - -
587 409 242 92 . 136
390 540 638 609. 472
17 49 116 - 277 429 |
e 01 13 21 60
== - - - '0.1 0.3 :

\ v '

340 36 38F 42 45
| ,198C
L 33
32 82.0
785 147

183 -
32 2.1

5

o zi) :Values calcylated from thérmodyriamic data-ir‘_l_ reference (67)

LT
~

70



F | .- TABLE36

®  Req= EIBH*%:O;E P20
ZIH, 20)n Pp

-

- Req for the reaction:

H;0*(H0h + B = BH*(H;0)p + (h-b+1)H,0
\ R

Req
3 Pu2o* 50 100 200
MeOH - 650 . 600 520
EtOH ' 7900 . 3100
MeCN 26000 ° 16000
tBuOH . 33000 36000
 Me,CO - 40000
‘Thiophene . 55 20
Et,O
3-Cl-pyridine
Pu2o® 100
" T 30C
Thiophene ™ 20
Ca” Pressure in mtorr. T

PR
4

emperature 30C

500 1000

s

400 340

2960 2730

. 9000 8500
37000 28750
300000 31000

30500 15000
8x10°

1000
1300C
22600

71
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Fxgure 3.12 Rate constant determination for the. reaction of mdmdual protonatcd
water. clusters wnh pyridine: a) H3O"(HzO)3, b). H3O*(HzO)4 c) H3O“(HzO)5
R Condmons T.s = 305K, PcHs = 2 tom, Pmo =-1.1 torr and PB’* 10"‘ torr B =

pyndlne All water clusters dccrcase at the same rate bccausc of the fast cquxhbnum

N bctween thcm
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The two major H30 (H;O);l ions zi’t 1 torrand 32C areh=4and5 each at
L about 45% of the total ion current thh no base added. For hydrate dlstnbunons
| under dlfferent condmons for pyrrole see Table 3.7. Bohme et al (57- 61) have

measured rate constants for proton transfer from H3O (H20)n to B at low H,0

2
oy

"-pressunes and hrgh B pressures where the hydratron equilibria were slow and the
proton transfer is fast. Thls allowed rate constant deter*i‘unauon for proton transfer

g from H3O*(H20)h with a gtven h and data for h= 010 3 were obtained. The rate
“OOH, CH;0H, CszOH, HCOOCH;,
CH;COOH (CH3)2O (CH3)2CO) were mea It was found that these were close. |

' constants. for several oxygen bases (CH;O

to the colhsxon rate, kapo, and decreased veryq;gl.e (20%) as h was increased (See
Table 2 in Bohme (57)). Bohme’s data for h = 3 are given in TabIe 3.1, wherever

Ny
‘,.-

compounds examined in both i mvestlgatlons occur. It can be:

>

xen that Bohme s and
. the present rate constants valies are close.' Smce the maja ants for the present
study are h=4and 5, the present results extend the obsery ¢ collision rates to

these hrgher ydrates.

Con 1der1ng the general reaction for the proton transfer 0 B, reacuon 38,a
ulnphcny f rate constants ks, bexrst dependmg on the reactant H3O0*(H,0), and the

produc H*(I-Izo)g Né‘!ther Bohme 3 work (57- 61) nor the present study allow for

* independent observatlon of effect of b. In the absence of such direct informatic)n
N , :

a mea\ningfuI‘ examination of the proton transfer rates can be obtained through a

consideration of th'e hydrate reactian 3.20 'where n=b. The forward and reverse rates

of thrs reaction can be cxpected to be able to maintain. the proton transfer ethbnum

and therefoxe o e can relate drrectly the kmeucs to the thermodynarmcs via equauon i

. 3210

P

O

-

[¢]
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TABLE 3.7 , -
_ 0
Rat§ constants k, for proton transfcr to pyrrole under dlffcrcnt condmons
Ty | 32C , T ‘L ?
Pio* 0.05 0.1 .05 11 24
k53 27 U120 03 &
: @ S . }‘
n %H;0*(H20).° » T AG %"
0 0 0 0 0 - .-
1 0 40 0 0 .- -
2 0.7 0.7 0.1 0.01. ~ -14.7
3 58.7 47.5 14.9 79, . -6.1
4 38.3 475 61.1 50.3 . -0.7
5 S22 43 © 227 37.) : +4.1
6 0 0 1.2 44 478
T; " 54C 105C 198C
Pio® 0.1 1.0 10 107
k,° 1.7 - 5.1 5.9 11.
n v Gon,nd o . N AC'on,nd A AGOn.nd
0] 0 0 413 0 -41.4 0 -414
1 0 0  -2428 0.1 -24.3 54 -24.1
2 23 . 03 -146 & 5.9 -15.1 81.8 -156
3 78.9 274 7.0 ° 80:3 -8.7 S12.8 7-11.0
4 183 . 60.2 -2.4~ 13.7 -5.7
5 04 11.8 +0.7 0.1 -3.1
a) Pressure in torr - - e
b) in (molecules™ cm®s™!) x 10*1° _ W
. . : B . - . e . 3':":‘\’"3
¢)  Measured abundances of H30%(H,0), at hydration equilibria C : -t ® 3
) . } . N \%:
d). Free energy for the proton transfer reaction with equal hydrates, see equation-. :
3. 12 in kcal/mol at 32C R SRR . B T om »
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| | ’5:2
H;O"(H,0) + B = BH'(H,0), + H,0 | o 13.20) *“
Ko=Kin=kiki 4G°%,(PT)=-RTinKn,  ° = 321

Bohme (57) found that the rate constant, k¢, for proton transfer to oxygen
bases remamed close to the collision rate constant k, = kADO rlght down to near zero

exothermicity, i.e. AG®, ,,(PT)<0 alnhough only a few cases were examined and n was

less th_an 3. The present results for EtOH, MeCN, Me,CO, Et;0 and nitrogen bases

are in accordance with this result. AG°6_6(PT) is given in Table 3.1 for the reactions.

The sixth hydrate is prebably the relevant one at 1 torr and 32C since. H30'(H,0)¢ s
( .

the largest hydrate of 31gn1ﬁcant concentration (See Table 3. 5) In all of the above

cases, -AG°% 6(PT) is negative and the k, are near k.. Unfortunately examples where

 -AG%¢(PT) was close to zero were. not obtained.

The carbon bases, furan and thiophene, have Iarge positive AG°6 6(PT) The

proton transfer equilibria were shlfted far to the left, i.e., in favour of the reactants
A\

(See small Reqin Table 3. 1), so that the rate constants k, could not be measured for |

 these carbon bases. A rate constant, k, = 3x10""! molecules™! s cm®, could be

obtained only for pyrrole, see Table 3.1.

-When k, becomes considerably less than k., proton transfer only from the
lower hydrates is indicated. That i 18, transfer from H,O! (HzO)n to the base B occurs
only for n’s which the préton transfer AG°,, n(PT) is still exothermic. © \

Kinetic measurements for the proton tmnsfer were also made at Iower water’

pressures where the value of h will be smaller. "The plots used to: detemnne rate

‘constams for pyrrole at dlfferent water pressumsﬁhown@ Flgure 3.13. The rate
l constants are. ngen in' Table 3.7 together with the 4G%, J,(PT) fof all the relevant
o H;O (HzO)h present under these condmons ke = kapo for pyrrole can be calculated"

" as: k,\Do =1 6x109molecules s'cm? (see Table 3.2). ~The measured k, increases by
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'Figure 3.13 Rate constant determinations for the reaction: H30"(H20)p, + Pyrrole =
Pyrrolé'H"(HgO)b + h-b+1 H2O. All runs at 32Cand Pwm =3 torrand 1.5x10™* t&rr
pyrrole. Variable water pre"ssures: a) 1.1; ) 0.5;¢) ()‘.lk;ud') 0.05 torr. Rcsul”iing ka
found in Table 3.7. '

s



31

\;.;." \ N I ¢ @ "
a factor of. IO as the water pressure is decreased by a factor of 10 but sn;l remains far

below the colhsron rate kc kapo=1.6x10" 9molecules s'cm?. The rate constant '
mcreases as we mcrease the temperature. This is due to the decrease in the value of h
in the water hydrates |

Exammmg the k, and the corresponding H;0*(H,0);, distributions one finds
that the data can be fitted if one assumes that proton transfer from H30 (H20)3 occurs
at 0.4 of the colhs}on rate and that all larger clusters do not react, i.e. the rate from h
=4 orlmger 1§9neglxg1ble also all smaller clusters with h=2 or less react at colhslon
rates. This is shown in Figure 3.14. MeASM%nt of k, at 1 torr water pressure and
198C where H30*(H;0), where h = 0-2 is 87% of the total hydrates led to k, =
1.4x10? molecules s cm » Which is near the colhsron rate and supports the

assumpUOn that proton transfer for h < 3 occur at colhslon rates.

"Proton transfer from theh=3 corresponds to a AG°3 3(PT) =-6.1 kcal/mol at

e

300K (See Table 3. 7) ThlS is a substantial exothermmty and it might appeai

surprizing.that the reactxon is slow even though thee h ity is substantial. The

' low rate 4s most likely due to the fact that a pyrrole is a carbon base Brauman @3)

has shown that the proton transfer reaction 3. 22 1nvolv1ng delocahzed negatlvely
charged bases B proceeds at rates slower than collision rates. EXpenments descnbed
in this next section Wlll examine whether exotherrmc proton transfer form AH't10B

(pyrrole) slows down as the CXO[hCI‘H]lClty 1s decreased.
' 0

AH+B = A +BH | o [3.22]

/.I‘ _ » ) ' '{'\

3.3d Kinetics of proton transfer, AH* B = BH" + A, to carbon bases B
It was estabhshed in the prevrous section that the proton transfer reaction from

H,0* (HzO)h to carbon base B (pyrrole) is slower than the colhslon hmrt at relatwglv |

\‘ E)
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Figure 3.14 Plot of experimentally determined rate constants for the reaction

H30"(H20)h + Pyrrole = Pyrrole H'(H20)p + (h-p+1) H20 again’si rate constants
calculaied assuming that for h < 3 k =kapo, forh >3k =Oand forh =3 k = 0.4
kaDpoO. | | | |

keal=k ADO[ A %H30" (H20)0,1 2) + 0.4 %H30"(H20)3]
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“high exot}termicities’ while proton transfer to. 0xygen bases"r’ema,ins near the coHiSiou :
rates even for exothemucmes that aré€ close to zero. In thts section we descrlbe ..
proton transfer measurements for reaction 3.23 where dxfferent protonated

“compounds A are mvolved in proton transfer to zpyrrole.
< S | \ o
~ AH' +B BH" +A ' L e o L [3.23)
AH' + A = A T - [3.24]

’E
. .

» Usmg A with dlffCIEﬁl gas phase basicities leads to prbton transfer reactxons wrth .
different exothermu:ltles The expenmentally rate constants are summanzed in Table
3.8. The measurements were preformed at near‘constant temperature (232 to 238C)
The elevated temperatures were requrred in order to suppress the formation of the

proton bound d1mer (See reac\lon 3.24). For some compounds si gmﬁcant

»concentratlons of A2H were present evé’n at these elevattd temperatures Since the

*_ concentrations of A were sufﬁc1ent1y hlgh AH+ and-A,H* remained in. equrhbnum :

whlle the slower proton transfer relction to B, via reaction 3.23, proceeded This was
the case for d1ethy1 ether and methanol. For dlethyl ether the protonanon of pyrrole
by the dimer is endothermrc ‘and therefore, the rate constant was determined by, |
assuming that only the.AH+ reacted while AzH* and AH"* remamed in equilibrium.
Lookin g ata reactlon where the.dimer is in ethbnum with the monomer and only
the monomer reacts w1th compound C (reaction 3.25). The rate law is descrlbed by

_.equation 3.26.

k[C] b | -
B,H' = BH*——) CH' [3:225]"

.d[BdH+ = -d[BzH*] k3[C][BH"] \ [3.26]
t.

2’



A TABLE3s "
o S

Rate constants® for the reaction:

L _ . | pyrroleH* + Be= BH* ¥ pyrrole -

o S | ’-k(xlO"‘_’). Kuaax10%)
. B | ' A(GB) - ,wolcc"s':); C ‘

- Diisopropylether 30 0.54 R P
acetophenone® R S I 048 . 137 ,
n-butylether | ) 5o 0.92 135 ‘
benzaldehyde® o 82 . 095 . 14da-
dicthylether .82 18 - s
(methanol), - . 87 185 L 194,

. ( - »

anisole”  * g1 0.046 . 140

" mexylene T 042 141 -
toluene 186, 00 s

' N \ .

a) Measﬁrements- at temperatures beﬁveen 232-238C.

b) Earlier work (72) cstabhshcd that acetophcnone and benzaldehyde are oxygen

. protonated while amsolé 1s ring protonatcd ,

.o
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;Bccausc the e,quilibn'um'betwccn the ’dir'ncr'and the m‘(jmomcr is fast, t.hc ratio of the
concentratioﬁs of dimer' to mombrr}er is constant (eiiuati(')n 3 27) and"thé rate of loss . |
of the dlmer wrli,bc equal to the rate of loss of the momomcr times thls constant
(equatron328) L o T | /
‘BHBH'=R = Y 3oy
RA[BH'] = d[B.H"] o Bag)
-Hdt . dt . N ' o
X 4 . :' , . . 7‘
Substituting equation 3.28 into equation 3.26 gives equation 3.29 o
dBH') = -Rd[BH']-kj[CJ[BH'] - ™. o [329]
° .
Rearranging and integrating gives equations 3.30 and 3.31 . e | - ~
(1+4R) d[BH'] = k3[C] [BH*] " . - [3.30]
. . . . . f"// »
din[BH'] = -k3[C][BH*]dt : _ o [-3.31]
This shows that a normal plot of Inl agamst time glves the pscudo ﬁrst order rate
constant equal to the s10pe umes (1+R) " '
o For mcthanol the dlmcr equilibrium reaction 3.24, was shifted almost
c0mpletely in favour of the A,H* side and the rate of protonatlon % cvaluated by /

assummg that it-occurred only from the dxmcr AH*. The proton transfer from AHY
is cxothcrmrc for A =methanol (See Table 3 8). Thc compounds for whlch -AG%;

was smalr led to the achrcvement of proton transfer ¢quilibrium. In these cases “
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(dnsopropyl ether acetophenone and di-n- butyl ether) thea'ate constants were

4 _——

obtamed from the ion concentrauon changes on approach to equ1hbnum Le. w1th the

inclumon of the reverse rate. When the reacuon approaches equlhbnuga it can be

‘shown that the rate of change‘of. concentrauon is proporuonal to. the sum of the
_ forward and reverse rates (reacuon 3,32). !

e
\ :
/

where vg and v, are the pseudo first order rate constants in the forward and reverse

directions respectlvely Wlth Vf =kf[Bland v, =k, [A] and the equxhbnum constant

! ce N . B v ‘
Keg=kik,= [BH'L[A] : . o 0 [3:33],
. w  [AHT[B] - - e :
‘we get
Ye=ve[AH']/[BH"], - N 3ag

substltutmg [AH’“]J[BH“]c R and equatlon 3.34 into equatlon 3.32 we get

C(I+R)vyt = ln([AH\”io-[AH*]e) - In([AH*]-[AH"].) . [3:35]
th_erefox_'e a plot of In([AH*]; - [AH ]e) agamst t1me w1ll have a slope equal to the
/‘ V(1 + R). An example of this treatment is given in Figure 3.15.

" Therate constants of Table 3. 8 are plotted in Figure 3.16 versus the free |
| energy change AG°23 of the pf:oton transfer reaction 3.23. The rate seems to fall into

two groups depending on if the bases AH?*, are oxygen or carbon protonated The

Oxygen protonated AH* lea_d to higher rates for the same exothermicity. In both

© (et vt = In{(AH lo-[AH'L)/GAR' ) {AH")) et
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A

Flgurc 3.15 Rate constant determination for the proton transfcr AH' + B =BH® + A,
where ‘A = acetophenone and B = pyrf'oic Since this reaction reaches equ1lxbnum
rate constants were derived from concentranon changcs assuming rcvcrsxblc reaction
Tsce tcxt) I(AH") = 100% att =0, I(AH") is intensity at cthbnum m % Runs 1-3
Ppyrrole = (0.59, 0.30, 0.15) mtorr. rate constants k = (0.48, 0.43, 0.50) x10°

“\

molecules’ em? s,
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groups the rate constants were found to decreasc/ as the exothermicity goes to w’o
r | These results can be rationalized-on the bas:s of tl‘ouble minimum reactron
c’oordmate model (74 76) shown in Flgure 3. 17 Smce the observed rates of reaction
were not exceedmgly slow EM is expected to be negattve .Therefore, the rate
.+ constants w1ll mcrgase as the absolute value of ﬁ fmci‘eases For the cases :avhere
AH is an oxygen acid, Eayy. is expected to be larger and the rate faster for two
reaSons The well depth E,, AE(AH* -B) will be deeper and the bamer AE should
- be smaller than is the case for carbon acids AH*. The expected pooﬁ‘:r bondrng of
carbon acrds AH+ towater due to the relative lack of posmve charge on the \
hydrogen(s) was dtscussed earlier and the same reasons will lead to weak bonding of
| AH't0B. In general the bamers AE for proton transfer are low when both A and B
are oxygen or mtrogen bases however large barriers are expected when either A or B
isa c:arbon base (73) and even larger when both A'and B are carbon bases
. The increase of k23 with exothern'ncny, ie. mcrease of -AE°,,;n for both oxygen
{  and carbon acids AH", is also expected. This is generally observed whenever i ton---
' molecule reactions proceed at rates considerably lower than the collision rate (77)
‘The decrease of AE" with i 1ncreas1ng exotherrrncxty is 1ncorporated into theorétical
treatmentssuch as the Marcus equatmn (80, 81). “

In hght of the results in Table 3.8 and Figure 3.16, the observed slow down of
proton transfer from H;0* (HzO)h to pyrrole and presumably other carbon bases with -
decreasm g exothemucrty is seen to be part of a general trend when oxygen acids AH*
engage in proton transfer to carbon bases. | )

\1\ . . y I
““The above results show that proton transfer from H;O*(H,0)y, to carbon bases

like pyrrole, furan and thiophene in inefficient on two counts. First, dug to the poor
-exothermicity of hydration of BH+(H20)b, the proton transfer equtltbna are shlfted in

'\ ¥,
favour of H30*(HzO)h Second the kmetxcs of proton transfer reaction 3. 20 slow



Figure 3.17 Double minimum reaction’ coordmate for proton transfer reaction 3. 23

v_Notanon used is that of Brauman (81)

J
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down as the cxotherrmcity dccrcases Under atmosphcnc (APCI) condmons only the
ﬁrst factor is of i 1mportancc Due to the unfavorable thcrmodynamlcs thc proton
transfer equ111br1a are shlftcd almost complet‘cly in favour of the H;O*(H;0),. Even
though the rate constant for the proton transfcr in the forward direction may be slow,
the proton transfer is thermodynarm‘cally controllcd. It should be romcr_nbcrcd thg_(,__,;‘
the relaxat_i()n time t for achievement of the couiiibrium dcponda on the. sum' of th‘e g
B .forward and reverse rates. Even’ though both k¢ and k are smaller than the case for:
“the. oxygcn bases thc reverse rate is vcry fast due to the relatlvely largc water

concentratlon and.the thermodynam1cs of the proton transfer cqu1hbr1a wﬂl be
important. '

1

Wre=kBlekEROL g

‘ .
*
! e
v d -\.
-

I would like to acknowledge the assistance of Dr. Jan Sunner who performed lhe
expenments on the Aunospheric Pressure Mass Spectrometer. .
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HydrogenBond Strength of HCI, HBrand MeCl, MeBr SR
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A]though there have been many mvestr gauons mto the hydrogen bend

L strengths in neutra] molecules there has been’ relatrve]y few mvestrgauons into the M

.hydrogen bond strength- in ionic specres of the fonn AH'B. The 10nic hydrogen b -

- bond strennths are much stronger than the hydrogen bonds in neutral drmers and are " - 3‘ )
referred to as "stronr7 hydronen bonds" (83, 84) The strenvth of. the 1on1c hydrogen'
bonds results fro:n a combmanon of electrostatlc polanzatron exchange repulszon
charge transfer and coupling components of Wthh the first two are the most e
31gmf1cant in hydrogen bonding (82-85). The physwal faCtors that contnbute 10 ionic’ - ,
hydrogen bondlng interactions have been 1nvest1gated quanmattvely by several - o
theorettca] methods (68, 72,82- 86) | ) Y

The strong 1ntermoleculaf hydrogen bond formed by the bmdmg of two n-
‘donor bases to a labile proton plays an rmportant role in a varxety of blmolecular '
-reactlons 1nc1ucm(7 acid and base 1nduced elimination reactions and nucleophilic
displacement reactions. The growmg body of ggs phase d'tta from both” experrmental

- (67) and abinitio methods (88) recently avallable for hydrogen bonded clusterions

| also provrdes 1nsrght into the nature of solvation of ions in both protic and aprotlc |
“ solvents To date most of the ‘i1 available is on the proton bound drmers of oxygen .
. and mtrogen n-donor bases From these data one can see 1nterestrng trends In.

: symmetrrc proton bound dimers the hydrogen bond strength 1ncreases in the order

(PH3)wH* (89) (H,S)H* (90) (NH;;)zH+ 91), (HzO)zH+ (56). From these trends it is

. )
‘evident that the hydrogen bond strength in symmetnc proton bound dimers increases



from Jeft to right across the perrodrc table and decreases from top to bottom along a-

L

.. column'in the penodrc table.” )

Prevrous studles of H;0, CH3OH and (CHg)zO (92,93) as well as NH3,

’ ,CH3NH2, (CH3)2NH and (CH3)3N (94) have shown little or.no effect on the hydrogen
bond strength in the syfnmetrrc proton bound drmer wrth methyl ‘substltutrons .

' Observattons by Yamdagm and Kebarle (95) and Meot- -ner and SlCCk (96) show that

| »the hydronen bond strzrgth for symmetrrc proton bound dimers ofthe nature -NH*--

N~ is constant at 23 + 2 kcal/mol for dimers that range from (NH_3)1H to dimers of
such large, and hindered, species as-((n¥C4H9~)3N) H". Similarly 'the hydr‘o'ﬂlen’ bond
strength of -OH" --O- dimers is constant at32+2 kcal/mol for dimers ranging from |

-

(HZO)aH 10 drmers or a large variety of alcohols ethers and ketones (92, 93, 97)

i

In this. study the hydronen bond strenﬂth of the symmetrtc proton bound dimer

- 0f RX, reaction 4.1, is examined.

'RXH' +RX = (RX);H" R = (H, CH}))\ (Cl, Br) SRR %)
CH3XH* +CH;X = CHsXH'CHs% | | R
CH,XH'CHsX = CH;XCHy* + HX -  [43]

The study of’htheosymmetric.proton bound dimer (reaction 4.2) for methyl halides
cannotbe studred dlrectly due to a rapid nucleophilic dtsplacement reaction 4 3 whrch
make the srmultaneous o&tservatron of CH3XH" and CH;XH"CH;X 1mposs1ble In
order to overcome this problem McMahon ‘and Kebarle (98) postulated that 1f the L
methyl hahde was a strong hydrogen bond acceptor, despite its low Bronsted basrcrty, |
then it should be possible to find aN;f)emes B, wrth a proton afﬁmty greater than the -
methyl halrde but with a poorer hydrogen bondrnv ability. Measurement of the
c.lustenng equrlrbnum leading to the proton bound dimer of such a specres and
R

o : _— !
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4.2 Experimental

R e e
determmatlon of the subsequent drspl@cement equrhbna by the methyl hahde from '
this’ proton bound dtmer would lead g the energetics of CH3XH*CH3X (See Scheme
l) McMahon and Kebarle (98) found SO, to be such a compound for the _
determmatton of the symfnetrlc proton bound dlmer of methyl ﬂuonde In this
chapter this method is extended to'the determination of the hydrogen bond strength
in the symmetnc proton bound dlmer of methyl chloride and methyl bromlde The

hydrogen bond strength in the symmetnc proton bound drmers of hydrogen chlonde

. and hydrogen bromide are also examlned

\ —

The expenments were performed on a Pulsed Electron Beam: ngh Pressure

“Mass Sper;trometer (PHPMS) with a: magnetic sector which is descnbed in Chapter 2.

The expenmental condmons were s:mrlar to those used 1n other work (66). The

\

reagents used were of the hrghest avarlable punty and were used wrthout further

R

punﬁcauon CH4 was used as the bath gas at approxrmately 3 torr with the pressures

-

- of the bases ranging from 0. 1-50 mtorr

~ water vapor but to be warm enough not to freeze out fhe ‘bases of interest. S

»

The £4as mixture entermg the ion source passed through a cold trap located on+’
‘the gas inlet line to the i 1on source. The temperature of the cold trap was kept at

-128C (n -pentane slush). The temperature of the trap was selected to freeze . out.

- In general, the concentrations of the bases were varied and the resulting -
eq,uilibriumtconstants -meaSUred to obtain an average ch Also, the equrhbrrum
constants were measured at several drfferent 10n source pressures to ensure the

L4

equ111br1um constant was not pressure dependent. This was repeated at every

temperature to determme the temperature dependence of the equrlrbnum constants
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) . SCHEME 1 e
- 'CHyFH' + CH ~+ 2X—~— : => (CH3F);H* +2X
{x;'
2 . . ‘ ‘o. . . ) . "
2CH;5F + XH® + X ' CHeFH'X + CHsF + X
> . : ) \ .
AN . : ‘ .
\A . - : - ;* 2CH,F + X,H”
l'. E .
Scheme 1. General reaction scheme proboscd by McMahon and Kcs‘eirlvc (1.6‘)'_.'
* [
SCHEME 2
V4
CH;XH' + CH3X + 250, > (CH;X)H' +250; ™
AH®, e AH‘°\7
S . 2CHsX +SOH' +S0; CH3XH*SO, + CH3X + SO;
: . . - A A
- L S.0H;X + (SO),H" '

-

Scheme 2. Reaction scheme for mcasurin.‘g'thc hydrogen bond strength of the proton
bound dimer of thc methyl hahdcs X =€l and Br. The values for the individual

L e rcactxons are given in Tablc 4. 1
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4.3 Results and discussion '.,. _ . B

Direct determination of reaction 4.2, leadmg to the proton bound dimer of N
CH3X where X=Cl, Br, was impossible because of the rapld nucleOphlhc
dlsplacement reaction 4.3, which made sxmu]taneOUS observation of CH;X and
(CH3X)H* 1mp0551ble In order to overconk this problem a reaction scheme WS
used 51mllar to that of McMahon and Kebarle for CH3F (98). As with methy!l
fluonde a base with a proton afflmty smular to that-of methyl chloride (and methyl
bromide) and a weaker hvdrogen bond acceptor was reqmred SO, was used even
.thouah 1ts proton affm,ny is less than that of either methyl hahde of interest. The
 reason it was tried was due to its success. in measuring the proton bound dlmer of ~
| methyl fluonde Al@o with the proton aff'nny being lower and the hydroven bond
| strenﬁtﬁxpected to be similar, the (CH3X)7H* dimer was expected to bé more stable
than the (§O,):H" dimer. Measurement ofthe equilibria outhned in Scheme 2 would
then lead to-the hydrogen bound strength of the methyl chlorlde and methyl bromlde
e proton bound dimers. ' o
B | In Flgures 4.1 and 4.2 are typxca] plots for the xeacnonslln Sche‘me 2. Inthese.
plots the exchanﬂe ethbna between the methyl hahde and the SO, proton bound
.dxmers 1s ev1dent An ethbnum between the CH;XH+ and (CH3X)vH where X =
Cl and Br is also observed. Because both the monomer and the dimer are present the
ethbnum constant can be measured directly as well as via the cycle in Scheme 2.
The equ111bnum constants ‘were determined at several different temperatures and the
van’t Hoff plots-are shown in Flgure 4.3 and 4.4 for CH;Cl and CH3Br respectlvely
withthe AH® and AS° for the reactions given in Table 4.1; The AH% and AS° » for the.

v~4"

symmetric proton bound dimer of the methy! halides are glven in Table 4.2. Table

43 1llustrates the type of consxstenCy obtaine.. or e equilibria with CH3Br where -

the concentrations of the bases were varied.
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1049 :
> _ (SO,),H°
% 103 - (CH,C1),H*
g A
% 107

10! 1 CH,CIH"

Figure 4.1 Tyrucal plot of the ion intensities as a function of time for Scheme 2 with
X =CL Conditions: CH4 = 3.5 tor, CH3C1> = 1.08 mtorr, SO; = 54.0 mtorr,

Temperature 426}(..
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Figure 4. 2 Typxcal plot of the ion intensities as-a funcnon of-time for Schcme 2 wuh

X =Br. Condmons CH, =3. 1 torr, CH3BF =(0.192 mtor, SOz =192 mtorr

Temperature 331K.
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Figure 4.3 Van't Hoff plots for thc reactions m Schcmc 2 that were mcasuncd

' dlrccdy for X = Cl The AHC and aS° are found in Tablc 4.1. The reactions are: 1)
CH;CIH’ + CH;Cl = (CH;Cl);H* 2) CHiCl + CH;CIH'0OSO = (CH;Cl)zH + S0, 3) .
CH;Cl + (SO21:H" = CH;CIH'0S0 + SO, A
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"'Fighre 44 van’t Hoff plots for the reactions in Scheme 2 that were mcasurcd directly. -

for X = Br. Thc AH® and aS° are found in Table 4. 1. Thc reactions are: 1) CH3BrH"

.+ CH3Br = (CH;Br)‘H 2) CH;3Br + CH;;BrH OSO = (CH;Br)zH' +S0; 3) CH;Br +-

(Soz)zH CHgBrH oso +80,; -



. TABLEA4.

AH°and AS° Values for Reactions in Scheme 2°

-

- ' X= ClI ~ Br
N AHSY 69 80
AHOs* -23.2 2232
AHY, 0.8 06
© o AHY 3.1 5.6
AHY, -20.2 214
AS°° 2 2
AS°5; -27.4 -27.4
A% 03 1.8
AS*, 36 66
AS“‘: 287 5,
) AH® in kcal/m;)l, AS° in cal/mol K. Measured AH® + 2 kcal/mél and ;S"iS
cal/mol K. | |

-

| J

P 4 3 )
*« b)  Proton affinity of CH;X from the methyl cation affinity of HX, where X = CI,
- Br, from data given in chapter 3 and McMahon/et*\él (30). PA of SO, = 155.3

kcal/mol from McMahon (23)

c) . Values frém McMahon (98)

d) -cglculatéd from S° values in Benson (75). For 'pfotonatcd species S°® values
estimated by S°(CH3XH*)-= S°(CH3;0H) and S°(SO.H") = 57 arbitrary estimate.

-
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TABLE 4.2
‘A.H° and AS° for the Reaction

RXH* + RX = (RX),H’

‘. R X AH® (kcai/mol) - AS® (cal/mal K)
CH, « ., 202743 297+ 5
S 2134+ 2 Qi?is .
'CH; Br 21443 -31@315" ;
| o 218M0 2884+ 5
“H 195042 S 26445
H  Bf 18442 -24.9"+5

caleulated from cycle represented in Scheme 2

measured directly S



".a) pressure in mtorr.

TABLE 4.3
.Equilibriufn constants for the reactions mcasured/in Scheme 2
‘. with X = Br at several different temperatures.
Temperature 425K 4
JPcnjma.. Ks 4\ | K- K. : ..
0.51 18.0 3.3 —~3.2x10%
11 210 34 3.9x10°
13 18.8° 4.3 - 3.7x10°
: Tf:’mperaluré 362}\'.
c 05T 110 6.5 1.2x107 . ~
- 0.53 926 63 8.1x10°
1.1 904 5.0 6.2x10"
2.2 112 . 66 7.3%10°
Tempefaturc 331K
0.19 141 5.9 5.9x107
049 143 5.2 5.8x10’ Lo
1.0 144 . 45 4.3x107 \
.
=

b) standard state 1 atm.



The aH° °4 (Scheme 2) can be calculated from the protorfafﬁnmes of SOa and
the methyl halides. PA(SOZ) 1553 kcal/mol (23) whrle PA(CH;X) 16" 2
kcal/mol and 163.3 kcal/mol, for X = Cland Br respectively, as determmed from the
methyl cation affinities of HX in Chapter 6 and McMahon et al (30). AH°bisthe
hydrOhen bond strength of SO, proton bound drmer was dezermmed to be -23.2
kca]/mol by McMahon and Kebarle (98). AH®% and AH° 7 were measured and the
values are grven in Table 4.1. From these values the hy dronen bond strength canbe
determmed to be 7() 2 kcal/mol for CH;Cl and 21%4 keal/mol for CH;3Br. These can
'jbe compared to the direct measurement of rg:actron 4.2 of 21.3 keal/mol and 215 for
CH;Cl and CH3Br reSpecnvely ‘ | |

_ When an amempt was made to study reaction 4.2 without srddmfy a second

base, an’ equrlrbnum belween the protonated methyl halrde and the proton bound.
drmer was not observed due to the rapid nuc]eophllrc dlsplacement reacnon 4 %The
thermodynamics of reaction 4.3 indicates that the nucleophlllc displacement is -
- actually enthhermrc AH%'=7.6,11.5,12.2 forX F, Cl, Br respectively (See Table
4.4). Despne the fact that reacnon 4.3 is endothermrc 1t causes the direct ,
determination of the equilibrium of reaction 4 2tobe impossib]e because the
exothermrcn) of reaction 4.2 is Lirge enough 10 mal\e the nucleophllrc drspldcemem
reaction 4. 3 proceed (see Tables 4.2 and 4. 4) At the low pressures uSed, the energy
i released on formanon of the proton bound drmer complex 1s not 1mmedratelv

removed by third body colllsrons and is thus avarlable for use in over(:ommt7 the
barrier to reaotron 43 (75 78, 99). | - .

By usmg SO, and forming the symmetnc proton bound dimer of the methyl
hahde through exchange equilibria, the methyl halide symmemc proton bound drmer

L
was formed with ]ess exothermicity than was requrred to proceed with the

nucleophohc drsplacemem reacuon 4.3 (See Table 4.1 and 4 4) These

-
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TABLE 4.4

HX + CH;* = CH3XH*
| CHaX + CHy* = CH3XCH;'
| o CH;XH*+ CH3X = CH3XH'CH3X
CH;XH CH:X = CH;XCHs* + HX

Calculation of AH®

.:‘*

v TN

AH®; = AH"(CH3XCHy") + A/H"f(HX )- AH‘}(CH;XH_‘CH;X) |

AH%(CH;XCH;*) = 4H% + AH%(CH;") + aH*(CH;X)

AH"(CHs;XH® CH:X) = aAH% + aAH%(CH3X) + AH"f(CHz)xH )

AH®(CH3XH") = AH% + AH® f(H}\) + AHof(CHj )
Substituting [2],[3] and {4 ] into [1] gives '
AHCs = AHC, - AH®, - AHY

X AH%" - AH

F -32 ‘ -34
Cl -21.8 -55.2
Br - =200 ‘ -58.9
©a) values from this work and reference (98).

b) values from Chapter 3.

PR

ob
- AH%

-58.4
-65.5
-66.8

AHO3
7.6

11.5
12.1

| _[4.2]'
[43]

101
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i exothenmcmes (3.1 kcal/mol for methyl chloride and 5.6 kcal/mol for methyl
o bromrde)' were well below the 11.5 kcal/mol and l" 2 kcal/mol needed for reaction
4.3 for CH3Cl and CH3Br respectwely to-procéed spontaneously

-

- HXH' +HX = (HX):H* X=Cl. Br (4.10]

In addition to the study of the methyl halides, the hydrogen bound strength for
the hydrogen halide proton bound dimer (reaction 4.10) was also studied in order to _
: examtne the effect of methyl substitution on the strength of the hydrogen ond.
.Frnures 4.5 and 4.6 are ty pical plots for HCI and HBr respectively. From lots such
.as these the equrltbnum constants for reaction 4.10 were calculated. The van’t Hoff

plots obtamed by measunnﬂ the C(]Ulllbl'ld at different temperatures are shown in
Figures 4.7 and 4.8. Figure 4. 9 shows that the equilibrium constants are invariant
with the partial pressure of the base and shows the reproducrbrhtv of the equrltbrtum
comgtants. The AaH®%, and aS°, values for these reacttons can be found in Table 4 2.
A number of fundamental trends in the properties are evident from the data in
Table 420 Iri is apparent that the hydrogen bond strength of the methyl hahde does
not vary srﬂmftcantly thh the methy! substitution. Also the average strength of the
' symmetrtc proton bound dimer decreases ‘upon gomg from X = Cl to Br as was
} 'expected Examtnatton of the symmemc proton bound dimer bond strenﬂths for .
: several dtfferent hetcroatoms P,S,N,O,F, Cl Br, (See Table 4. 5) shows the trend of .
| 1ncreasmg hydrogen bond strength from left to right and top to bottom alonry the
pertodtc table Also evident is an mcrease in the hydrogen bond strength with
"mcreasmg electronegauvrty of the heteroatom as suggested by Desmeales and Allen

(88) (See thure 4: lO)
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(HCIy,H*

Log lmcnsit).'*

Fxgurc 45 Typxca] plot of the 1on 1ntcnsmcs for the reaction: HCLH‘ + HCl =
(HCI);H Condlqons CH.=4. O torr, HCI 24.7 miorr, Tcm_p;:a\nc 394}(
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. Figure ‘-4.‘..6’-Ty‘pica] plot of the ion intensities for the reaction: HBrH* + HBr=
(HBr);H" . Conditions: CH. = 3.0 torr, HBr = 1.34 mtorr, Temperature 421K.
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Figure 4.7 Van't Hoff plot for the rtaétion: HCIH® + HCl = (HCI);H". Thc values

for AH® and AS® are given in Table 4.2,
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Figure 4. 8 ‘Van't Hoff plot for the rcacuon HBrH* + HBr = (HBr)zH‘ The values

for AH° and AS are gwcn in Tablc 42. ' ;
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TABLE 4.5
AﬁQerage hydrongen bond strength of symmetric proton bound dimefs for several

) -
“-

different heteroatoms

N .0 " F
. }:I-and strength® . 237 ' 32 ©32
. : . "4 -
Electrone gativity® 3.0 3.4 4.0 ¢
P S Cl .
- H-Bond Strength® - s 154 - 21
‘Electrone gativity 22 2.6 32
f Br
H-Bond Strength® : o 20 .-
' Electronegativity ' | Co 3.0
a) v'aflue_.s in kcal/mol. ;'a]ues for N and O from Meot-Ner (93), F from “ﬁ”,
McMahon and Kebarle (98), P from Long and Franklin (56), S from Hiraoka and e

Kebarle (90), Cl and Br from the present work. P, S and F are for one value only. P
~and S for the hydrogen bond strength of PHj; and H-S respectively while F is from the -
hydrogen bond strength of CH;F. ' o
N : - ‘ {'\.//
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- Figure 4.10 A plot of the average hydrogén"bond s‘tfcng'th"for symmetrical proton x
bound dirhcrs_ versus th? c}cctr_'o.r;wg%g?t’ivity of the heteroatom i‘n:'nolvcd. For Pand S

the value of only the proton bound diﬁaer of Phosphine (56) and Hydrogen sulfide

(91) were used. 'I:hc, valljﬁs fér O (and N were taken from Mcot—Ncr (94) for the -
average hydrogen bond strength. For F the value for CH5F (98) Wa§ used. él and Br

‘were the average of the values presented in this work.
R < “.
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. Chapter |
‘< 'H;'or_ogen Bonding in u,a}dialcohois
5.1 Introduction °
In the prcccdmg chapter, it was demonstrated that strong hydrogcn bondm gis
common in the gas phasc and that some hydrogcn bond strengths may. be as high as
32 kca]/mo] In moleculcs which havc more than one functlona] group, such as
HZN(CHz)nNHz, there is the possibility of a strong 1nterna] hydrogen bond formmg
after protonatron This uttramolccular hydrogen bond has the potcnttal to stabilize
the ion and i Increase the proton affinity of the molecule srgmﬁcantly
Protonatron of polyfunctrona] molecules is of interest due to the possrbthty of
such intramolecular solvauon The resulting cychzatlop is shown in reaction 5.1. A
larger enthalpy change was observcd for reaction 5.1 than for reactron 5.2 where no |

1ntramolecular solvation can occur (95) Furthermore reaction 5 2 should have a

small entropy change, typrcal for simple proton transfcr TEACTIoRS, ywhile reaction 5.1

should have a substantial cntropy loss duc to thc Toss of internal fre

cyclization. | L -
- ' .
) B : 7{;».;; 7”7 (CHZ)H \ :
H,N(CH2),NH; + BH* =B + i HaN NH, [5.1]
CH3(CH2).NH, + BH' = B + CH3(CH,),NH;" o [5.2]

’

Thrs typc of 1ntramolecu1ar solvation has been seen in diamines (19 95),
% polyarmncs (100, 101) amino a]cohols (101) haJogcnatcd amines (19)
“+.diamihonaphthalenes (102), polycthcrs (103, 104), crown cthcrs (103, 105) diketones

. (103), some cyclohexanediols (106) and amides and a'rmnoacid dcrivétivcs-(lO?). o
‘% . N S N
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‘These occurrences suggest that imramolccular solvation is. common' in gas phase ions
and that it should’be present in many molecu]es which have two or more functional -
groups. The muluple 1nteract10ns of a protonated 1on with pola: funcnons ofan
enzyme are seen as the major encrgy factor in blochemlcal proton transfer reactions
. (108). Despne the common occurrence, the entropy and enthalpy of the
mtramolecular solvation have been studied in only a fc.w molecules. Kebarle et al.
have cxarmned dxarrunes (95) and crown ethers (105), Meot-Ner has looked at some
polyamines and amino alcoh_ols (100), poly ethers, crown ethers and diketones (103)
and -amides and amjnoacid derivatives (107). In this study, protonation of a series of
dialcohols is exammed These mo]eculcs are of particular interest since the hydrogen |
" bond strength with oxygen bases is nearly 10 kcal/mol stronger than for nitrogen
bases (95, 96). This stronger banding should be ev1dem.m the'PA of.the djalcqhol_s

A

and possibly also in the entropy of cyclization.

5.2 Experimental ‘ vv _ | ’ , . ‘

The proton transfer and clustering equxhbna were deterrt)med ona pulsed
high pressure mass spectrometer with a quadrupole mass analyzer, whxch is described
in Chapter 2. The procedures were the samc as in earlier studies (66). The @)lld
dialcohols were disso]ved in reagent grade methanol and the solution was m_]ected

inte the 51 bulb. Toluene was also added to the :eaétion mixture, infa.l.'elatively large
' concentration,lin order to genera.te C6H5CH3'H“lehich was able to prdtonate the
dialcohols reiative]y gently. If the exothermieity of the protonation was yery large
Fhe dialcoho! would fragment with the loss of a water molecule'.

The temperature dependence of the equ1hbnum constants was determined by
ﬂowmg the same mixture through the ion source and varymg the tcmpcrature slowly

The time cependence of the ion mtensmes were measured at each temperature. The

|
i
|




»and n=4, 6, 8and]0

-

tcmpcrature of the ion sourg: did not vary by more than one degree durin g the

acqu1s1t10n of the ion proﬁlcs No attempt was madc to determine the rcproducxblhty

of the cquxhbnum at each ‘temperature. For most cases two dxffcrcnt base ratios were

used, one at low temperatures and one at high tcmpcra@rcs

2.3 Results and Discussion

5.3a Protonation of a.w-dialcohols.

Figure 5.1 shows a typical mass spectrum for the protonation of 1,8-
octanediol. The cbnditions were: CH, = 3 torr, bdisCH3 =

- mtorr, 1 8 octancd101 O 75 mtorr, T = 478K. Even with the toluene and anisole

(MH -H;0)]. Fxgure 5.2 shows the time dependance of the obscrved 1on intensities

for the mass spectrum shown in Figure 5.1. Equilibrium is reached only after 1 ms,

cvcn though the concentranon of the dialcohol is n:latlvcly high. This indicates a

slow peron transfer reaction.

.. M
Thc proton transfer equilibrium constant, K3, was determined for reaction 5.3

at different temperatures, whcrc B is a reference base wnh a known proton afﬁmty

>

HO(CHz).0H + BH' = B+HO(CH,,0H . [5.3)
' , 1 s HY L

Van’t Hoff plots for reaction 5. 3 for n=24;

. :
6, 8 are shown in Figures 5.3-.
5.6. The AH°3 and AS

3 values along with the derived proton afﬁmues of thc

'dancohols are given in Tab]c 5 1.

=38 mtorr Anisole = 3.75

addcd some loss of water from the protonated dJa]cohol was still obscrved [sec peak

112
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Figure 5.1 Mass spectrum of 1,8-octanediol. Conditions: CHy = 3 t:orr CeHsCH; =
3. 8 mtorr C6H50CHs =3. 75 mtorr, 1,8- octancdnof 0.75 mtorr. Temp 478K. T=
' tolucnc A =anisole, M = ] 8 octanediol. Even wnh thc telucnc added thcu: is snll

some loss of watcr from the protonated dialcohol.
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Log Intensity

2,

CH, = 3 torr, CHsCH; = 3.8 mion, CeHsOCH; = 395 miorr, 1,8-octanediol = 0.75
mtorr, Temp 478K. The mass spectrum is found in Figure 5.1. Ethbnum betwccn

protonatcd 1,8-octanediol and protonated amsolc is rcachcd a.ftcr appro)umatcly I ms.

¢
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" Figure 5.4 Temperature dependance of the equilibrium constant for the mctjon:’
BH" + HO(CH;).OH = HO(CH;),OHH" + B, where n = 6, B= anisole. The al® and

-4S° are found in Table 5.1.
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. Figure 5.5 Temperature dependance of the equilibrium constant for the mctio;a,:"- B

BH"® + HO(CH;),OH = HO(CH,),OHH*+ B, where n = 8, B = anisole. The aAH® and

AS®are found in Table 5.1.
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Figure 5.6 Temperature dependance of the cquilib’rium constant for the reaction:
HO(CH;).OHH‘ +B =;§H* + HO(CH;),OH , where n = 10, B = aniline. The aH°.

and AS° are found in Tablc 5.1,
Ve
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TABLE 5.1

in cal/mol K. Measured AS, j_S cal/mo! K

El

- 119

AH® and AS®, for the reaction:
BH" + diol =B + diol H" ) . .

diol B PA(BY  aH% S PA(diol)*
1,4-butanediol acetophenone 205.4 -8.9 :
1,6-hexanediol anisole 2903 -18.4

J:'..\;. .:v o
: acetophenone 205.4..  -11.2

1,8-octanediol anisole o 2(! -21.0
1,10-decanediol aniline 209.9 -18.6
a) in kcal/mol. Measured AH%; + 3 kcal/mol. PA(B) fromy Liqé (22). )

-5
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4 As can bc seen fmm Table 5.1, thcrc isa sxgmﬁcant entropy: changc ‘
assocxated wnh the proton transfer reaction 5. 3 As mentioned earlier, for most
proton transfcr reacnons there is little or no entropy changc The relatively large
. entropy change for the dialcohols must then be due to a substantial change in
structurc and decates thc | |
formation of a cyclic structurc One can assumc that thc protonanon takes place in
| two steps where the. mmal proton transfer step, reacnbn 5. 4 is followed by
cyclization, reaction 5. 5"4 .

‘ .

HO(CH:,OH + BH' = B + HO(CH2)OHH" [5.4]

HO(CH,),OHH' = HO(CH,),OH | [5.5)

The entropy change for reaction 5.4 should be ncarly zero; Lherefore we can assume

AS; =ASs, i.e. , the cntropy change in reaction 5 3 must be due pnman]y to the
‘*t

cyclxzanon process.

The enthalpy changg AH® can be csumated by companng the proton afﬁmty R

of the dialcohol HO(CHZ),,OH with that of a monoalcohol CHa(CHz),,OH (see

cquanon 5. 6)

«
AH; = aHg = PA(HO(CH;),OH) - PA(CH;(CH2),0H) [5.6]
As an upper limit to the exothermicity of the cyclization one can take AH,, the
a A : ‘ ’ i
enthalpy change for the formation of the proton Hotrd,dimer where k+1 = n/2.
»/ .“ .;*'v\ ) - '. .
o ‘ A * :
CH3(CH,)OH,* + CH3(CH,),OH = (CH3(CH,),OH),H* R SN

3}- -
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The dxffencncc bcrwccn AH; and AH, will indicate the extent of ring stram in the
cychzanon |
N - : | _ o .

AH ynin = AH - AH, | | [5.8]

- The strength of the - proton bound dlmcr for a large series of oxygcn bases (92, 93
. >109) has been shown to be 32 +2 kcal/mol Using AH% = -32 kcal/mol and equation
| 5.8, we can now calculate thc ring strain. ‘The values calculated along with the proton |
g afﬁnmcs-uscd 1n equation 5.6 are found in Table 5.2. ‘ .
| “5 wComparmg the AI—IWF for the dialcohols and the dJammcs which were
easured earlier insthis laboratory (95), (See Table s, 3) we sée as expected that the
e sAH 18 greater for the alcohols than the amines. This i is due to the fact that the
hydrogen bond strcngth of protonatcd dlmch of alcohols 1S hlghcr than that for '
amines (32 kcal/mol versus 23 kcallmol) (95, 96) Also we see that the nng strain is’
-grcater for thc alcohols than the amines. This i is probably duc to the grcater
f : comracnon of the ring caused by the strongcr and shoncr hydrogcn bond in thc
d1alcohols ’ f A o
thov{s 4S° as a function of chain length, The increase in the )
entropy change as the chain length increases is the same trend as is seen when
" comparing the S° values of n-alkanes énd cyc]oafkancs (See Table 5.4). With the
ncutral alkanes the entropy change 1ncreases by about 3 cal/mol K per CH, unit,
. ﬁWhllC the entropy change for the cyclization of the dlalcohol Increases by 5 cal/mo] K
,'pg:r CH; unit. .
From the results in Table 5.2 we can see that an intramolccular hydrogen bond |
can stabilize a protonated ion by up to 36 kcal/mol for large dlalcohols As was |

mentioried earlier, thc avera ge hydrogcn bond stmngth for oxygen bases is about 32



a)
b)
c)
- d)

e)

estimated by extrapolation f
monoalcohols are from Lias

b))

DY TABLE 5.2

Cyclization of a,w-dialcohols®

88> AHL S Smain®  PAdiol) -

cyc
l4-butanediol ~ 145 223 9.7 2143
1,6-hexanediol 283 267 43 2187
18-octanediol 342 293 27 2213

' 1,10-decanedio] 451 365 4.5 2285

‘in kcal/mol except AS,,. in cal/mol K o

“,AS‘C'yc = AS°; see text
AH,,. = PA(diol) - PA(mono)
Strain = 32 “aH_, ‘See text.

122

PA(m:ono‘)c
192

192

192

5

PA(mono) is the pro\l&(%) affinity of the monoalcohol. Thcse values have been
(

2).

m the PA of smaller chain alcohols. PA of

" The negative strain obtained for the 1’,10-dc<_:ancdi01:‘probably results from an
underestimate of PA(mono) and from the uncertainty in DH=XC

Expermential error in
AH° from van’t Hoff plots are in the range of + 3 kcal/mol
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by

C)

d)’

e..) ‘

TABLE 5.3
Compdrison of a,w-diamines with o,w-dialcohols®
B 8H,® 4SS Smain!

14-butanediol . 223 145 8.8
1,4-butanediamine®  18.7 174 43
1,6-hexanediol f"’ 267 283 6.4
1,6-hexanediamine® 187 200 = 4.3

in kcal/mol except AS_ in caf&&gl b

AH,,.. = PACX(CH2),X) - PA(CH3(CH2).X)

AS.,. = AS®; see text. ' i

Strain =  32- AH, for dialcohols. See text.

23 -aH, for diamiries. See text.
values from Kebarle 95
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T is thc same mcnd as seen for thc neutral alkanes (T ablc 5 4) ‘

e e . .
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Fxgurc 5.7 A plot of the entropy change for cyclization against the chain length. This
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| |
|
 TABLES4 |
Entropy of n- and c- alka:fmes‘
|
|
. c
Temp 300K ‘ S v
o +  n-alkane c-alkane ! S°.-S°% &
e, ﬁ:‘é . ‘ - |
propéhe T 646 56.8 7.8
butane 74.3 635 | 108
pentane .  83.6 o701 135
hexane . 2 9?.0 o - 714 | 20.6
heptane 1025 . 820 - 205
octane s 819, 239,
a) values in cal/mol K. Lo

b) S° values from Stull (112)
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kcal/mol. This would indicate that for large polyfunctional bases, where the ﬁng 4
foxmcd’by the intcm;ﬂ hydrogen bond is not strained, the intramolccular-hydrogcn
-bond can be as strong as when two smaller alcohols are bridgcd by the proton. - -
.. e
5.3b Proth Bound Dimer of Dialcohols

“In addition to the protonated dialcohol ions, the proton bound dimer of the

dxa]cohols (rcactlon 5 9) was also observed in these cxpcnmcnts Thc tcmpcrature

o depcndance of the cthbnum constant, Kg, 1s shown in Fxgure 5.8. The aH% and

AS® are found in Table 5.5.
HO(CH,),OHH"* + HO(CH;),0OH = (HO(CH,),OH),H* [5.9]

As was mentioned earlier, the hydrogen bond strength of the fproton bound
dimers of oxygen bases are 32 + 2 kcal/rﬁol. T}_xe values in Table 5.5 show that the
strengths of the proton bound dialcohols dimers fall within the éxﬁécge’d values for
oxygen bases. Because the mono'rhe‘r‘ of vthe protonated dialcohc.)']. has an
intramolecular hydrogen bond it may be expected that the strength of the proton

‘bound dimer will be weaker-than average if the protonatcd dialcohol monomer

" remains cyclic after thc clustcnn g. If the protonated monomer opened up durmg thc

clustcnng we would also expect to see a sma]lcr aH?%, as the opening of the n'ng isan -

endothermic reaction.

HzNCHzCH;CHzNH;;* + H,0 = HzNCHzCHzCHzNHf'HzO ‘ [5 ]0]
CH3CH2CH2NH3+'H20 + HzO = CH3CH2CH2NH3+'(-HzO)2 . [5.1 l]
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Figure 5.8 The temperature dependance of thc’.eqml'ibrium for the protbn bouhd
dimer of HO(CH,),OH where n =4, 6 and 8 (reaction [5.8]). The aH°® and AS‘ are
found in Table 5.5. N



TABLE 5.5

-AH"Q and aS% for the reaction:
BH" + B = B.H*

B | AH%? AS°"

1,4-bigpediol -30.0 313

, 1,6-hexanediol’ -32.6 -37.7

. 1,8-octanediol -33.3 -415

a) in kcal/mol aH% + 3 kcal/mol. .
b) . incal/mol K :standard state 1 atm. AS% + 5cal/mol K.

w'-?
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Meot-ner (100) rcpértcd that the AH®; for hydration of protonatcd 1,3-
propanediamine, reaction 5.10, was almost the same energy as AH° 12 for hydranon of
n- propylammc reaction 5.11. Therefore, we would expect AH% to bc similar td“tﬂe .
AHP for the clustering of a sccond ncutra] moleculc (about 20 kcal/mol) and not the
fust molecule (32 kcal/mol) _‘ _ ‘ , | I

If the dialcohol opens up during clustering rcaction 5.9, one would expect that
the entropy decrease of tﬁe overall process will be small. The opening of the ring
- would have a positive entropy effect, while the clustering ;jfself would have a negative
entropy effect. Most clustering reactions have a -AS = 25-30 cal/mol K. If we

assume that the entropy change due to th? clustering of the dialcohols with no change
in cyclization is -25 cal/mol K.,}thcn from the entropy change in the proton bound
dimer reaction (Table 5.1), we can concl.u—c/ie that the dialcohol does not open up upon
clustering. Also, with the large entropy cti;langcs for the clustering, especially for 1,8-
o'ctanedi_ol, it would seem that there is loss of entropy in addition to the loss of
‘trahslatioria'l c.ntropy of a simp]cﬁglustcring regction. ‘

From ti{‘c AH®g and AS% values (Table 5.5), the indiéation is that duﬁng the -
clustering reactio_n the protonated monomer dialcohol does not open-up. In addition,
it seemns that the second dialcohol also forms aring. This is indicated by the hlghcr'
dimerization enthalpy (AH°3) and. largcr cmropy (AS%) change than would be

expected if there was only a 31mple clustering taklng place. However, from the

Ny

~enwopy changes, it is probable that the second ring formation is not as tight as for thc

protonated dialcohoel. The cntropy changc for the cyclxzanon of the protonated l 6

.-

hexanediol is about 25 cal/mol K while the entropy for the proton bour}d dimer

reaction‘is 38 cal/mol K The entropy value of 38 cal/mol K for the dxmer reaction is o

€

too smal 1o account. for a cychzanon entropy smular to the protonated monomer as
4-/ . .
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well as the entropy loss due to the loss of translanon freedom. A possxblc structure

B A

for the proton bound dimer of the dialcohols is-

L4

' H o
'O'CH2 ‘
7~ CH, O/ . \ 3 :

CH T .,.H
2) 2 oy O'\ ./(Cﬂz)n
H“"g’CHz »
Structure 1

A
i
)

Morton and Beauchamp (104) saw the proton bound dimer of protonated
diethers, CH3O(CH2),,OCH3, for molcculcs havingn <5, Forn>5 there were no
proton bound dimers observed. The molecules w1th small n have a fairly large ring
strain and will op;n easily to form unbridged dimers. The molecules which havc large |
n have'small ring strain and fequire a large cncrgy\xo opcn the ring and with no ac1d1c
hydrogens for the neutral 1o bond with the proton bound dimer of the diether was not
obsewcd With the dialcohols, the ring does not have to opcn in order for thc proton
| ‘bound dimer to fon'n The oxygcn atoms on the neutral can hydrogen bond to the
. hydrogen atoms on the protonated specxcs niot involved in the mtramo]ecular
'hydrog‘en bond as in the Structure I proposed above.

s T'would like to acknowledge assistance of Dr Jan Sunner who measured the PA of - -
I 6 hcxanedxol with respect to acelophcnonc as well as his helpful discussion.




~ .. Chapter 6 |
Methyl Ca"fion_Af'finitiesl

. N

@

6.1 Introduction

In this chapter thérmochc"rhica] data is presented for the mcthyl cation Me")
‘afﬁnmes of bases B, MCA(B), which comspond to the enthalpy change AH® for the
gas phasc reaction 6.1. The AH° 1 values were obtamcd through determinations of the
methyl cation transfer cquxhbna 6.2 which affe cationic Sx2 reactions. ‘The resulting
free energy changcs, ,AG°, .'= -RTInK: were combined into a continuous scale. The
AG 2 changcs were mcasurcd to obtain aAH®, by csnmatcs of the small AS°, changcs SO
that a scale of mtcrconnected valucs of AH°2 changcs was obtained also. It was’ ' ¢

“)
possible to convert the relative mcthyl cauon affinities to absolute methy] cation
affinities by i 1ncorporat1ng a compound into the methyl'cation affinity ladder whose
MCA was avallable from the llteréture In this manner MCA(B) for some 25 bases

»were obtamed

S . N

BCH;' =B + CHy' - [6.1]

BH' =B +H [6.1a)

BCH;' +B’ = B +B'CH,' [6.2)

BH'+B’ = B+B'H" | [6.2a)
/)

The above mcthodology is analogous to that used for the determination of
protoo afﬁnitics'v via measurcmcnts of proton transfer equilibria 6. 2a. Proton transfer
cqu111bna measurements have led to proton affimt]cs of lﬂerally thousands of
compounds (22, 23, l 13, 114). On the other hand previous MCA determinations

- have been vcry limited,iyet mcihylanon reactions, like reaction 6.2, are of i 1mponancc

131 -
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in an extremely wide ran ge of chexmstry To mdlcate thxs scope, one may mention:
(a) Me™.B formation by the reverse of reacnon 6.1in mterstellar c]ouds where B may
be Ne, H,, O,, CO, CO; etc. and the transfer of Me* to other B via blmolecular L
reactiohs 6.2 and its presumed srgmﬁcance to interstellar moYecular synthesis (114,

115). (b) MeLhylanon and alkylanon 1n organic synthesis undertaken in solution with

. use ofdrazomum 1ons(]l6 119), MeN,* and RN; or ha]omum ions (120)N N "{’

©) Carcmogemcny of a.lkylatmg agents which z are believed to owe thelr activity to

conversion to hlghly reactive dlazomum cations which alkylate nucleophilic sites on

- DNA (121).

Although the present studies are in the gas phase, they can be of significance
also for understanding of Lhe processes occurring in selution Furthermore,
companson between the energy changes in the gas phase and solution can be
expected to prov:de 1mportant insights into solvent effects. Certam]y thls approach
has proven most fruitful i in'the studies of Bronsted acidities and bammes Also, the
gas phase thermochemistry data relate directly to energy changes obtained by
quantum chemical compuxanon which provide essential complementary information
on structure and energy (121-123).

The expenmental gas phase studies of MCA's were initiated by Beauchamp
(124). Significant development using both ICR and high pressure mass spectrometric -

techniques has occurred since and will be considered 'in the discussion.
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6.2 Experimental |
| Most of the cxaperimcnts were performed on the magnetic sector PHPMS
wﬁich is described in Chapter 2. The experimental condjtg;{ons are similar to those
used for other work (66). The chemicals used were of reagent grade and were used
wﬁﬁ;‘)ut further purification. N, was used as the bath gas at approximately 3 torr with
‘the pntssurés of the bases from 0.1-150 mtorr. Thé temperature in the ion source was

.kept at 400K. At this elevated temperature the formation of ion clusters such as
. \

= Me"B3 is much reduced and does not interfere with equilibria measurements.

P

1

The gas mixture entering the ion source was passéd thfough a cold trap

o located on the gas inlet line to the ion source. This trap was used to remove water
vapor from the gas mixture. The temperature of the cold trap was varied from -77C

" 10-160C depending on the volatility of the bases being used. The lérﬁperature Was

chosen to be high cnéugh té selectively remove water from the gas flow Wiihout

condensing the bases of interest.

. ﬁlv:“'- ’

+ The concentrations of the bases were changed and the fcsu]ting equilibria

R : N - :
j@@igas@& to obtain an average equilibrium constant. Also the pressuge in the ion .

as varied to ensure the equilibrdium was not pressure dependajy. The average

ca ¢ ,’Y\'y s I . . .
. L Ay . c g - ey
; 'cqurlfbrft;m constant also gave an indication of the reproducibility of the equilibrium
_ ; e
constants.

Y

Some of the measurements were performed with an ion cyclotrbn rcsgnaricc ’
(ICR) spectrometer which has been described in detail previously (125, 126). These
measurements were preforme-d by Dr. McMahon and J. Hovey at the Univcrsity of

-

Waterloo.

wf
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dlmcthylﬂuoronuxm ion, CH;;FCH:; , and using this i

the Me* transfer.

P

‘ilR_QMmd_D_im@

Many of the Me transfer equilibria were achieved by producmg first the

as the pnmary rcagcnt ion in

e ion mtcnsmes observed in a PHPMS experiment used to

elucidate the reaction scqucnce leading to CH3FCH3* are given in Figure 6.1. ‘The

' major gas in the’ react\on mixture is nm'ogcn which upon electron i Impact ionization

——__gives Ny* and N* (reaction 6. 3) In the abscncc of CH3F all the 1mt1a] N,*and N* is

convcrtéd to N4* and N3* (rcacnons 6.4, 6.5) respectively w1th1n 50 ps, such that a

distribution of N4* to N3* of 80:20 results (127). In the present case (See Figure

6.1), due to the low pressure of CH;F the same conversion occurs almost to

completion. Thercfore the ions reacting w1th CH;F are mainly N4 and N3* in a

i

80 20 ratio. Itis probablc that the dominant N4* produces mostly the fluoromcthyl

cation,CH,F", ions by dissociative charge transfer reaction 6.6 (Sec Figure 6.1).

C'+N2=N2++N+

sz + N2 = N4+

N*+ N, = Nj*
Ns* + CHsF = 2N; + CH,F* + H

"= 2N; + CHiF"
CH:sF + CHF* +M = CH;FCHF* + M
CH;F + CHsFCH,F' =3CH3FCH3* + CH;F,

CH3FCH3* +.N; = I\I_2C}'I3.'> + CH3F
CH:F' + CHF = CHsFH, + CHGF - o
CH3FH* + CH3F = CH3FCH3* + HF

[6.3]
[6.4]
[6.5]

(6.6]
| [6.6a]

[6.7]

(6.8]
[6.9]
[6.9a)

[6.7a]
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Fxgurc 6.1 Relative i ion mxcnsny time dependance after the c]cctrpn pulse. Gases in

2

the ion source: Nz = 3 5 torr, CH3F = 0.4 mtorr, T = 4OQK Reaction sequence

reactions 6.3 -6.9, see text, leads to the major products CH;FCH; and CH3N2 ‘\w‘
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The ﬂuoromcthyl cation is known (128) not to undcrgo bimolecular rcacnons wrth

' CH;F. In the present case, the dxsappcarancc of this cation should be due to the third

is followed by nucleophilic displacement reaction 6.7a which leads to the desrred
: dlmcthylﬂuoromum cation. In the presence of the large excess of N2 some
| cndothcrrmc Me" transfer occurs-via reaction 6.8, areaction that is reversible but has
not rcached equrlxbnurg in Figure 6. l When larger pressures of CH;F are uscd the
'1ons engagcd in the revcrsrble reaction 6.8 become dommam-qmte early and reach
ethbnum much faster (See Figure 6.2). Runs under such concemranon conditions
“ ‘were used to dctcrmrnc the equilibrium constam Ks. *
I _' Some CH;F’ is also produccd by charge transfcr from N4* (See reaction 6.6a).
-+ This ion could be observed when the CH5F pressures were lower than that used in
Frgunc 6.1f Thc CH;F" disappeared rapldly presumably by the sequence of
brmolecular reactions 6.9 and 6.9a whrch also lead to CH3FCH3*. These reactions
procced at near Langevm collision ratcs (Sce Beauchamp (129) and Harrision (130))
Thc Jion mtcnsmes shown i in Frgurc 6.3 illustrate the mcasurcmcnt of an
equilibriurh’ betwecn CH;3;FCH;* and a basc B = perfluoroacetone, whrch has an MCA
that is hlghcr than that of CH,F. Thcmge of the relatively high parual pressure for

‘CH3F lead to the rapid producnon of thc dimethylfluoronuim, CH3FCH3 . The

‘equrllbnum 1s reached only aftsr approx1matcly 1 ms (see Figure 6.3) even though the

pcrﬂuoroacetonc pressure ;Jelatrvcl) high.
SR A :
CH;FCH;+ ’+ (CF3)2CO CH:F + (CF;)ZCO*CHg ) [6.10]

;}3. é : . > i

©
. R

This rcsu'l't,j#ﬂ'fdioatcs,‘that the rate constant, k1o, for the forward direction is
Ve '

considcr‘a’bl} slower tharn the collis_ion rate limit (k;g = 2x10°!! molc:culcs’1 cm’ s'l). It f"'

!

* body dependent association reaction with CH3F shown in reaction 6.7. Thls reaction

136
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Figure 612 Ata CH5F pfcssur;' which is 10 times highér than that used in Figure 6.1,

CH;FCH;‘ and CH3N," reach an equilibrium rapidly.( Ny = 3.5 torr, CH;I?; = 5 mtorr. .

N
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Figure 6.3 Ion intensities observed with N, = 3.5 torr, CHsF = 33 mtorr, (CF;):C.? =
11 mtorr, T = 400K. The ethbnum CH;FCH;* + OC(CFs); = CHsF +
CH;OC(CF;): is reached rather slowly even though the pressure of (CH;),C0 is

relatively high. This is due to the low rate constant of the reaction.
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is shown in a later section that this is not an 1solatcd case; a good fraction of the
cxotherwc Me" transfer reacnons procéed at rates which are considerably below the |
collm&’n Yate. Slow Me* transfcr rates makcs the equilibria measurements more \_?
dlfﬁcult smcc othcr&ster competitive rcactxons such as proton transfer may mﬂucnce

 the concentration change of the ions engaged in the Me* transfer equikibrium. For

4 .
bases of the form HX, where X = OH, OCH3, NH, etc., the methyl cation affinities T

could not be measured due the relative rapid proton transfer from CH;XH" after the

initial Me" transfer (see reactions 6.11, 6.12).

CH;* + HX = CH,XH" (6.11]
CH,XH" + B = CH3X + BH" (6.12]

In the previous example CH5F is one of the bas_cs en gaged in the equilibrium.
Many of the Mc* transfer cQuilibﬁa were measured wﬁcrc CH3F was not oné of the
bases engaged in the equilibrium. In other experiments, mixtures containing CH,F
and two bases were used where CH;FCH;* served merely as the source of CHs*. In
these cases, the, §as mixture typically contamed Nz as the major gas and rclanvc]y
“high pressurz%'s‘?%f‘ CH,F (50-100 mtorr) whxle the two bases would be in the 1- S mtorr
range. Under these condmons, reactions 6.6-6.9 rapldly produce the CH;FCH,*
which then transferred the Me” to the two bases. An example of such a run is given
in Figure 6.4a wherc the two MeB* are CH;CICH;* and CH3SOCl;*.  Equilibrium

6.13 was not achieved for this particular set of conditions, but under adjusted

conditions the two bases could be brought to equilibrium as shown in Figure 6.4b.

[

t
“a

CH;CICH;" + SO,Cl, = CH3Cl + CH3SO,Cl* 1613

&
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Figure 6.4a Example of a run where CH;ECHg’. produced rapidly by reactions ]6.3])-

[6.9] see Figure 6.1 and text, is used to transfer Me* to two bases: CH;Cl and SO.Cl,
which then engage in Me” transfer equilibria. Nz = 3.5 torr, CH5F = 100 mtorr,

CH;Cl = 1 mtorr, SO,Cl; = 1.7 mtorr, T,= 400K. No equilibrium is reached in this

run.

b) An example of a run where an equilibrium is reached for the two bases CH3Cl and

SO;Clz. N; = 4.0 torr, CH3F = 122 mtorr, CH;Cl = 1.2 mtorr, $0;Cl; = 4.0 mitorr.
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In general, the }eliability of the equilibrium constants was checked by

measuring these constants for each reaction several times with different base

concentrations and ratios. For example, Table 6.1 illustrates the type of

K4

reproducibiljty obtained with the measured equilibﬁum constant of reaction 6.13.
| The measurement of the Me* transfer equilibria was conmderablyzmore |
d1fﬁc‘ult than PHPMS proton transfer measuremems For pro fer
expenments conditions could be achleved where the.two protonated species to be
measured represented better than 80% of the total 1on‘concentrauon Furthermore,
the proton transfer equilibria almost always proceeded at colllslon rates in the
exotherrmc du'ectlon In the MCA equilibria, in addition to the two MeB" ions of
interest, often there were ma-ny other ions uced by unidentified side-reactions.

A large nurﬁber of peakrs are obse @dm the mess spectrum when water is not
excluded from the reaction mixture. Figure 6.5 shows the time dependence for the
ion profiles for a mixture of Nz and MeF with no precautions taken against water.
The methyl cation transfer from the dimethyl flouronium ion to water produces

CH;H;0", which can react further with MeF to 'give (CH3),0" and eventually
(CH;);0" (reactions 6.14-6.16).

CH;FCH;* + H;0 = H;OCH;* HF ' (6.14] -
CH1OH," + CH3F = (CHy);0H" + HF | [6.15]
(CH3);OH* + CHF = (CH1);0" + HF [6.16]
. . O - .
Using the heats of formation from Lias (22) for AH°{CHsOH,*) = 135.5 kcal/mol,
AHC((CH3),0H") = 130.0 kcal/mol, AH’(MeF) = -56 kcal/inol and AH(HF) = -65 =

kcal/mol we find that reaction 6.15 is exothermic by approximately 14.5 kcal/mol. A
2]

_similar reaction scheme can be proposed starting with H3O0*H20 and replacing all the
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a) for reaction: CH5CICH;* + SOZCI; =VCH3502C12* + CH;Cl, at 400K.

" b) Ion source pressure in mtorr.
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Figure 6.5 The intensities of the water clusters formed when the cold trap is not used.

Conditions: N; = 3.5 torr, CH;3F = 15 mtorr, no water was added.
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the labile hydrogens W1th mcthyl groups cndmg with ((CH3)2O)2H* (rcacnons 6.17,
6. 18)
| H3;0'H0 + CH3F'V'=‘ CH30H,*'H,0 + HF ' [6.17]
. .
CH;0H>*H,0 + CH3F = - = ((CH3)0);H* + HF [6.18]

This problerr‘l with water clusters can generally be avofﬁed by adding a cold trap to
the g: inlef line to freeze out the water vapor. In Figure 6.6 the mass ;pchum for
the time dependance plots in Figure 6.4b is shown. fIn the mass spectrum the Me:B+
ions are the major peaks but a large number of smaller peaks are also present. Even
with a acetone slush (-98C) cold trap s'ome of the water clusters persist in the mass
spcﬂc_:trum'. For th@se reasons we have assigned somewhat larger uncertainties to the
MCA results. In the most unfa'voraﬁle cases, relative errors in .the-vA,yG°2
measurements of + 1 kcal/mol cannot be excluded. ‘.
The equilibﬁurr_l, coristants, Ky, for the general Me* transféf?éactidn 6..’5
determined by the measurements described above were used to obtain the
corrcspondlng AG"Z values. The resultmg ladder of interconnected AG 2 values i is
shown in Flgure 6. 7 Both the PHPMS results obtaJned at 400K and the ICR results
at 300K are 1ncludcd in this ladder. .Even though the rcsults are at different
tcmpera'tures, the AG®, can be compared directly because the AS®, are generally small
which means that the temperature effect on AG®; is small. In general thc;re 1s good
agreement bctween the PHPMS results and- the ICR results, the data fzy}‘ga are |
within O 6 kcal/mol; SOze is within 0.2 kcal/mol; and the HC] value Omes out to be

the same (See Figure 6.7).
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Figure 6.6 The mass spectrum for the run in Figure G&b. N2=40 )orr, CHsF =122

mtorr, CH;C] = 1.2 mtorr, SO.Cl; = é.O mtorT.
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Flgune 6.7 Free cnergy chan ges AG?";Jrom equilibrium constants K for reaction 6.2:
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B’CH;*+B =B’ + CH;B+ Sohd arrows PHPMS data at 400K, dashed arrows ICR

. data at 300K. AG®; values‘obtamed from Smnmauon of AG°2 corresponding to free -

energy changes for reaction 6 23 N,CH;* +B= Nz + CH3B".
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6.3a Rate ﬁgnstants for Me* transfer reactions from Me,F*'and Me,Cl* to bases B.

«

The rate constants for several Me" transfer reactions from CH;3FCH3" to
ciiffcrcnt bases were determined in a number of special expéﬂmcn’ts. In these
experiments the pfcssure of the CH;iz was relatively hi éh, such that the formation of
: CH3FC‘I-13+ by reactions 6.6-6.9 was rapid, while the pressure of B was relatively low,
. 5o that the kinetics of the Me'B production by Mé\{ansfcr_ from CH;FCHg* occurred
within the window of the PHPMS. The results from a typical run are shown in Figure
6.8, which gives the logarithmic plot of the absolute'intensities and a linear plot of the
relative ion concémrations. The logarithmic plot gives a good picture of low imcnsi;y
ions that are also present while the linear "normalized” plot prf)vides a picture of the

main events, i.e. the reactign 6.19,

8. .

r

CH3;FCH3" + CH5Cl = CH;CICH3" + CH;3F [6.19]
A plot of the natural logarithm of the normalized CH3FCH3' intehsity against time
gave a Straight line with slope, vy, equal to the pseudo first order rate constant. The
known concentration of B = CH;Cl was'then inserted into equation 6.20 to obtain ko,

the rate constant for the Me* transfer.

3

k=v/[B] . [6.20]

The respits of the kinetic determinations are summarized on-Table 6.2.
Included in the table are previously determined rate constants (78) involving Mea*
transfer frdm the dimethylchléronium ion ;o bases B (See cqu;cltion 6.21).

. ) |
CH,CICH;" + B = CH;Cl + CH;B" ‘ ‘. “16.21]

Lo
~
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Figure 6.8 Ion mtcnsuy time dcpcndancc in a run used to determine rate constant, k,

for the reacuon CH;FCH; + CH\Cl =

'

.logamhm of lhc mcasurcd ion mtcnsxty in counts per channel are shown The hnc..r

decrease. of the C};lgFCHg ion is due to the pseudo first order Me* !ransfcr reaction.

Time (ms)

\

-~ ?

CH;F + CHgClCHJ . In Figure 8a the

Figure 8b shoWs thc corrcspondmg relative intensities in a linear plot
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f) tempf rature 400K, from Sen Shatma(78)
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‘ 'a“.;“ | \} .:“.
, - : "': ] I
_ g
TABLE 6.2 R g :
Rate constants k for reactions: " - f 2
M32X+ + B= MeX + MeB* . .. lﬁ., N
L ) .‘ﬁ" . g
: b «'s
X B - kx10% -AG*
F*  CHiCl 1.4 \_v’" 7.1 ¢
v_‘{%\%’ . CSz ] 1.4. ‘/n’ 6.4 R ‘
$SOCl, 1.0 | 7.2
SO, 03 5.7
SO,CIF 0.3 57¢., -,
«(CF3)2CO 0.02 G 30 | Y
. _
cP (CH“);N 1.2 64
NH; 0.8 43
(CH3)0 1.1 (0.47) 31
C,HsOH 0.5 27
CH;CeHs 0.05 34
CeHe 0.002 33
. 7‘*“-’“ -
a) temperature 4001(: present work ;
b)’ temperature 315K frOm Sen Sharma (78)
c) . in molecules f'cr’h 5!
d) ; Free energy change of reaction in kcal/mol. For F from Flgure 6.4 and Table
6.3. ForCl from Sen Sharma (78).
e) estimate based on the assumption that AG® for SO;CIF should be between
SO,Cl; and SO,F; but closer to SO,Cl, (see Flgure 6. 4) ’ —
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For the reactions involving Me* transfer from Me,F", the rate constants are

" close to the ADO collision limit (See Chaptcr

, and gradyally decrease to consrderably below [ ’
@ exoerglcny decreases. Thus, for B = (CF3),CO é'nﬂexoergicity of 6.6 kcal/mol, the
~ observed rate is about 100 times slower than the collision limit. A similar trend is L

observed with the data for‘Me+ transfer from MexCl*, but in this case the rate
decrease occurs at much higher exoergicities. .
It_;s mostz likely that the Me* transfer reactions 6:21 and 6;22 proceed by an
Sx2 mechanism involving "backside attzc" and inve’rsion of the rnethyl group |
A double minimum potential well is expected (75, 78 131, 132) for the
reacnon coordmate in the gas phase as shown in Figure 6.9. Theoretical calculauons
e also have indicated that a double minima reaction coordmates occurs in the Uansfer
i ‘_of Me* from MeOH,* to HzO and MeOH (122). The height of the central barrier in
| Figure 6. 9is the dominant factor controllmg the rate of the Me* transfer reactions.
When the barrier i Is small so that the gap (-AE ¢) 18 large, the reaction proceeds at
collision rates. Por reactions with a large barrier where the gap is small, the rate is
g—slow and decreases as the temperature is increased (negative temperature
dependanee) (78), see for example the data for Me2Cl+ and B = Mezo (78). Where
the central Barrier is sufficiently nigh for AE, to be positive, the refiction will exhibit
an gctivati(_)n energy barrier leading to a very slow reaction with a positive
temperature dependance as was the case for benzene (78). .
} ' Neglecung entroplc factors, a direct relationship between the rate and thc gap
: width can be expected AE, is expected to increase monotomcally with an increase in
the reaction exoergicity and thus with the MCA(B) onIy when a series of related

bases B is involved (81, 133) For example the n-donor bases EtOH to Me;N (See

Me,CI" results in Table 6.2) rt;present a group. The carbon‘ bases, toluene and ;



BCH . B ~ [B---CH3*--B] | B+CH38

Figure 6.9 Gas bhasé reactiox; coofdir;z;;c“ffor cationic S\2 reaction 6.i involving Me”
transfer. The energy difference bct'wc*é.h the intermediaté B’CH3;B* and the reactants
. B,CH3+ and B céllled AEg, control§ the rate. A large -AE, leads to collisio\n rates, a.

small -AE, leads to negative temperature dependance and below collision rates.

}
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benzene, fall into another group which is far Iucssnuclcophilic. Substan_tial reaction |
~ exothermicity still occurs for tflc latter group due to resonance stat?ilization (charge
delocalization) pnes;n_t in the products but not in thg transition state (78).

The ol;scrvcd decrease of rates for the Me* transfer froar.n MeoF" to B with
- dccrcasing‘exocrgicity‘ of the reactions, decreasing MCA(B), is expccfcd Even |
though the nuclcophxhc centers on the bases are fairly dissimilar, Lhesc are systems in
“which SC]CC@R&%D&ICC stabilization of only the products does not occur to any
extent. 'Fﬁé Cx;u:x‘m;;émal observation that for Me,F* the rates remain close to
collision rates down to very low cxotherrmcmes while for Me;Cl* they bcgm%
decrease even at 30 kcal/mol exothermicities (B = MCzO) can not be atmbuted to
| different nucleophlhcltlcs of the bases used in the two groups as Meﬁs more |
nucleophilic than all the bases of the Me;F* group. Obviously the difference must be
‘due to differences \between ‘MezF’ and Me,CI". Reaction of Me,F* would lead to a

larger gap (-AEg) relative to fcactions with Me,Cl" when the same base i§ involved s

"'7'?-"‘

because Me,F" is the higher energy ion. Thc observed gréatcr reactivity of Me,F*
relanve to MezCF' isin l-mc W1th the lowcr MCA of MEeF relative to the. MCA of
MeCl (Sce Flgure 6 7 W Table 6 3). The generahzanon that for similar B the

s reactlvny of Mel?«+ iﬁ elt:ct:rophlhc Me* transfer reactions increases with decreasing
MCA(B) may be expcctcd tb hold. In summary, the present kinetic results for the
Me” transfer reaction 6.22 are consistent with the assumption that -AE, (See Figure
6.9) and thus the rates increase with increasing MCA of B and dccréa:?ing'MCA of
B’, when they are limited by the passage over the barrier. This rclaﬁf)nship.is
expected to hold well;when a series of related B and‘ ?’ are involved. Such a series of

related bases would be CH;X where X = F,Cl, Br, 1.

&



TABLE 6.3

a) Entrop;cs at 298K in cal mol! K Benson (75) except where
otherwise indicated, AG®,; at 300K, AH®,;, A(B) all in kcal/mol.

b) Estimated using group equivalents, Benson (753).

, , / o : . ®
c) Estimated entropy of CH;B* based on entropy for isoelectronic neutral
shown. Values for isoelectronic neutrals from Benson (75) except where
otherwise indicated.

d) from Stull et al. (112).

T e e) Assumed to be the same as AS®; for reaction 6.13 involving CH3Cl.

b)) Assumed to be the same as AS°23 for reaction 6.23 involving CHsF.
g) Assumed to be the sémc as AS°y; for HCI. |

h)  Arbitrary estimate.
k) External sténdard; Beauchamp etal. (129).

D }from Sen Sharma (23).

m) Estimates based.on bracketin g literature data leading to PA(CH,C)) =
_158 + 6 kcal/mol and PA(CH;Br) = 164.5 + 3 kcal/mol see text.
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 TABLE 63
I | . .::;:; R ' ) :\-.
S°(B)* ‘So('CH3+BSC R ;A:S% AG 7 ___‘{AH 3 _&AH{MC»B)& ‘g &’
] . 2.6' - 141 7143 668 RN
. - b 131 "‘137 65 6» z. ""'- w,‘ RE L
560 - 21" 130 136 1655(64) EERAS
568 . - 16 123 118 637, .
593 C 2h 116 ;_2.23%._64:»1 A
i _ Sl 113116 ess
) S 2" 107 117 '\63;.'6'
553 CHNCS 603' 16 93 g3  60 7  e
(CFC0 - : 28 95 101 60
HBr 75 - 44" 82 70 s8. 9(598+3)"’“-'ﬂ~
SOzF, 617 - 2" 63 69 588
CH,F 533 (CHsn0 637 20 59 65 584 |
HCl 446 CHSH® 610° 40 47 33 552(5146)"
N;0 525 CHNCO 65.1° 02 51 45 564
Xe 40.5 CH,1 60.7¢ 7.8 48 25 544
CF;Br 73.4> . 13 47 52 s1q
NF; 623  CHsCFs 68.7° -60 42 60 579
CE;Cl 690"  CFSCH; 803° 11 42 45 564
CO, 51.1 CH3;NCO 65.1° 1.6 15 1.0 52.'9
N, 458  CH:CN 5819 0. 0. 0 (519
Kr 392 CHBr  S88' 72 22 44 475



g ’v The reéhlting _vg.h:es for AG®; are given in Figure 6.7.

15%)

B'CH;* +B = B’-,C-B =B’ +CH;B* . [6.22]
» H 'H

It is notable that these simple relationships, which are easily spotted in the gas

phase where the complicating effects of the solvent are absent, can be experimentally

"demonstrated only when the gas phase ion-molecule reaction rates are lower than’ the
"eollision rates. In such cases the magnitude of the AE, can often be determined (73,
75, 78, 132). This value is essential for the evaluation via a Born cycle of the
‘“ ~ _solvation energy of the transition atate of the corresponding reaction in solution (1}4)
i and this amounts to establishing quantitative relationships between the reaction in the

: ..gagphase and solution (134).

' 6.3b, Thermochemical data on Me* ‘affinities

: Thef_AG°§ results for the Me* transfer equilibria 6.2, (See Figure 6.7) can be .

(-:ornbine'dt A'prO\".ide'a scale giving the AG®3 value for the transfer reaction 6.23.

N,CHs* + B = N, + CH;B"* | . [6.23]

3

: »Nz 1S the only base for whrch a good 11terature value for the MCA is available and

therefore thlS compound is used as the anchor pomt (pnmary standard) of the ladder.
at

. Beauchamp et al Q 35)}6% deduced on the basis of the photoromzanon appearance
. potcntlal of CH3N2 from CH3N2CH3, a heat of formauon AH°;(CH3N2 ) =209.4

o kcal/mol From this value and AH°;(CH; ) =261. 2 kcal/mol (136) one obtains the

Lo



MCA(N;) 51.9 kcal/mol (See equatxon 6. 24) Tlus MCA is used in Table 6. 3 o /o | |
construct an absolute MCA scale in combmanonwnh the results from Flgure 6. 7 ‘ )
@ B \ , , e o _ , ; -
NoCH3' =Ny + CHy* AH'24= MCAMN:) = 519 kealmol (135) = (6.24]
Unfortunately photoionization appearance };otentials do not ‘alwavs provide reliable
ionic heats of formation so that AH®, could be in error by a few kcal/mol/ g
Theoretical calculatlons (123 137) have estabhshed that CH;;Nz is linear.
- Unfortunately the MCA(NZ) prowded by thése ealculanons differ w,tdely depending
on the basis set used Ab initio calculatrons by Radom (123) have ylelded MCA(N,)
=51.6 kcal/mél at the STO 3G level in good agreement with Beauchamp (135), but
calculauons at the 4-31G level glve a value of 28 5 kcal/mol Simonetta et al (137)
used a ri;ore flexible basis set which mcluded polanzatlon functlons to obtain an
even lower value of 18.4 kcal/mol For MNDO data see Ford and Schlbner (121)

E Obv1ously, further extended ba51s set calculatxons 1ncludxng electron correlanon and

fcomplete optimization waould be very desirable

R

In order to combine AH®,, w1th the free energy scale AGézg of Figure 6.7, the

| AG®y; values of the Me* transfer must be converted to AH®; values. In pnnc1ple
AS®;3 and AH®, could be obtamed by measuring the tempe?ature dopendance of the
.Me transfer equlllbrla 6 2. and denvmg AH°2 and AS° from van t Hoff plots.
‘However since the equrllbna 6.2 were difficult to measure even at one smgle :
'temperature this method was not adopted and instead the AS 23 were estrmated The
.S°(B) for most B are avallable in the literature (112, 138). In a few cases the S°(B)
had to be estimated wlth the group equivalents method (138). All the S°(B) data used
are given in Table 6.3. The S°(CH3B‘")» were.assumed to be the same as those of the

isoelectronic neutral. For exa'mple, S°(CH3N;*) was assurned to be equal to

»
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for the reactions 6.25 were assumed to be identical.

N2CH3" + CH3X = N; + CH3XCH;* (X=F, ClI, Br) [6.25]

The AS°; evaluated in this manner were used to obtain TAS®; for T = 400 and these
combined withfhthHPMS AG®y led to a AH®%; scale. The AH®; scale was anchored

to the AH®(N2) = MCA(N2) = 51.9 keal/mol (135) to give a AH,(B) = MCA(B)

g, .

scale. <

~ The MCA(B) scale can be chegked with available literature data-at three
.pomts The MCA(CH;(Cl) = 64 kcal/mol re}ﬁortcd by Sen Sharma et al (139) and
McManus (140) is close to the present value of 65.4 kg@l/mol, Table 6.3. The Sen
Sharma and McManus result is based on MINf)O/?a calculations, The calculations by
themselves would not have becn coﬁvincing howe;/er Sen Sharma et al (139), on the
b':sm of determinations of the temperature dcpcndcncc of equilibria 6. 26 obtamcd via

van't Hoff plots AH®¢ and . <
«

~

R* + CHsCl = CH;CIR* (R = Et, i-Pr, t-Bu) | [6.26]

‘from these and thénndchemisny data dédu_ced the MCA(RCI) given in Table 6.4.
The relétively good agreement between the experimental MCA results (139) for RCl
= EtCl, i-PrCl, t-BuCl and the MINDO/3 predicted values (139, 140), suggests that
the MINDO/3 result for the MCA(CH;Cl) is reliable to within + 3 kcal/mol.



a)
b)
c)
d)

SOk

Me
Et
1-Pr
t-Bu

s

all values ip kcal/mol.

“ Theoretical calculations from references 27 and 28,

TABLE 6.4
MCA(RCI)*

experimental

65.4°
71.¢
77.¢
81.¢

< '
Experimental results from present work.

Experimental results from Sen Sharma (78).

e 158

v

MINDO/3P

72
79
85
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Relanonshlp 6 27 between the proton affinity of the methyl halide, CH,X, and |
the Me* afﬁmty of the correspondm g hydrogen halide, HX, follows from the
definition of the PA and MCA. The value of 104.5 kcal/mql for the difference
between AH,(H") and AH(CH;") is based on the AH,(H") = 365.7 and the AH(CH,")°
= 261.2 keal/mol (136). : |

N
4 .
" PA(CH;X) - MCA(HX) = AH(H") - AH(CH;") + AH(CH:X) - AH(HX)
¢ =104.5 + AH(CH;X) - AH,(HX) N 6.27)

} i
g~ —

The proton affinity of CH3Cl has been established by Beauchamp et al (129)
to be between PA(C,H,) and PA(C;H;). Using the PA values of 162.6 kcal/mol and )
153.3 kéal/mol respectively, Lias (22), estimated PA(CH;CI) to be 158 + 6 kcal/mol
and combined this value with ‘AH{(CH3Cl) = -19.3 kcal/mol and AH,(HCI) = -22.1
kcal/mol (141) to give, via 6.22, MCAHC!) = 51 + 6 kcal/mol. This value is in fair -
agréement with the present experimental result of 55.2 kcal/mol, Table 6.3.

The proton affinity of 'CH:;BI' has been bracketed (23) between PA(C;Hy) =
162 2 kcal/mol and PA(H,0) =166.4 kcal/mol (22) allowing an assignment of
PA(CH3Br) = 164.5 + 3 kcal/mol. This value combined with the AH(CH;3Br) = -8. 5.
kcal/mol and AH(HBr) = -8.7 kcal/mol (142) leads to MCA(HBr) =59.8 + 3
kcal/mol, which is in good agreement with the expenmental value of 58.9 kcal/mol.

The above three comparisons with approximate MCA data from the literature
are’in support of the MCA ladder Table 6.3 and suggests an uncertainty 1n the
absolute values of approximately + 2 kcal/mol. Since MCA(HCI)'and
MCA(HBr)values determined in this investigation can be considered more aceumte

than the bracketed PA(CH;Cl) and PA(CH;Br) values, one can use equation 6.22 to



i

determine the PA values from the MCA values. In this manner,vPA(CI:I3C1) =162.2
kcal/mol and PA(CHgBr) = 163.3 kcal/mol are obtained.(See also McMahon (143))
The present MCA scale, Table 6.3, extends to MCA =70 kcal/mol. This -
value is somewhat below but close to where the MCA’s for oxygen bases like ethers
begin. Thus, from the known heats of formation of protonated dimethyl eth.er
AI—I[-((CH:%)zOH"):= 130 kcal/mol (22), one can calculate MCA(CH;0H) to be 83.2
kcal/mol. Therefone the availability of the present scale holds the promise that future
Me’ uansfer equthbna measurements to bases with MCA in the 70-80 kcal/mol range
will extend to MCA scale to oxygen and nitrogen bases. @hus, a complete scale of

MCA based on equilibria covering a similar range to that for the PA’s (22, 23, 113,

114) is made mo_re likely by the availability of the present results. Also with higher

\ @

MCA compounds the Me* transfer from CH;FCH,* should be near c0111s1on rate \

making the reactions easier to study.

6.3c Relationships Between Proton and Methyl Catirehhz Affinities

An approximate relationship between PA(B) and MCA(B) can be expected )
Thus, assuming that the H" and the CH3* react with the same basic atom on B, the
reaction is formally very 51m11ar since it consists of an electron pair donatlon from B
to H* and CH;*. The PA(B) should be much larger than the MCA(B) on two counts,
First, the B-H bond formed will be stron ger than the B-CH; bond, and second]y, the
electrostatic energy decrease due to the positive charge expan51on from the small H*
’. to BH* will be very much larger than that from the 51zable CH;" to CH;B",

A plot of PA(B) from L1as (22) versus the MCA(B) detenmned in this work 18
shown in Figure 6.10. A fairly linearly relationship with a slope, p, equal to about 3

is observed. In order to examine the relatlonshlp over a wider range of data, MCA

values for bases of the type HX, where X now stands for a basic group like OH,

160
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Figure 6.10 Plot of proton affinity PA(B) against methyl cation affinity MCA(B) for
bases of Table 6.3. Slope = 3. A
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~ OCH,, etc were evaluated from thermochcrmcal data (22, 142) w:th the use of |
equatron 6. 22 Also added are the MCA of acetone and dimethyl ether determined by
Szulejko et al (144) of 92 kcal/mol an id 95 kcal/mol respecnvely The extended set is

' shown 1in the PA versus MCA plot in Figure 6.11. Frgune 6.11 shows that when data
covermg a wrder range of afﬁnmesr the plot may be dxv1ded into two distinct regions,

" ‘with the transition occurring in the v1c1n1ty of H;O. For bases-weaker than water, the

» plot of PA versus.MCA ylelds a slope of about 3. For bases stronger than water, a , 4\;{"
‘slope o:f‘ approxlmately 1.is found. s S . |
" Equation 6. 2€:han be derived from equatlog 6.27 as w1ll be shouﬁn The
. equation is exact orﬂy for bases HX, but a certain 1nterpretat1ve meaning will be
obtamed frorn the equanon which is useful also for the g‘eneral. group B.
: \ _ ) .x
PA(HX) MCA(CH3X) IE(H) IE,(CH;) + BE(H X) BE(CH3 X)
. APA(CHa) - _ L - [6.28]
Subsmtunon of the deﬁnﬁns for the 1omzat10n energles IE (See equatxon 6. 29)
bond dJssoc1at10n energxesk ‘BE (See equatlon 6 30), and equatlon 6.31 Wthh
expresses the methyl subsntunon effect on the proton affinity.of HX into equation
6.27 leads d1rect1y to $quat10n 6.28. - > . ‘ .
, ‘ . s DU By
| IE(H) = AH ) - APL(H) R oo 1629]-
C T BEMX)- AH(H) +A(X) AHED K [6ag)
| APA(CH3) PA(CH;X) PA(HX) e ;' e (6311 .-
W . e Lol

' Equanon 6.28 can be gwen the followmg mterprexatlon as the base is: -

o proronated a charge transfer occurs from H* to the base (rneasured by IE(H)) and a



Flgure 6 11 Plot of PA(B) agamst MCA(B) mcludmg bases from Flgure 69and ,
bases XH whose MCA(XH) can be eva]uated from PA(CHgX) see equatlon 6.37.

s Slope changes from 3 at lo

w MCA(B) 1Q 1at high MCA(B) O Bases from Table

"j.-

£

-

6.3, @ Bases XH, + Bases from reference (144)
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bond is formed measured by BE(H X). The analogous terms IE(CH;) and BE(CH3-
X) occur for the CH;" addition to qa base However, the charge transfer from H*
(respectively CH3") to the base 1s not complete and therefore IE(H) (respectively
IE(CH,)) are terms that are too large. This "overestimate" is "corrected for" by the
: methyl substitution effect on the protonation APA(CH,). This term measures the.
. relauve energy stabilization of the ion due to some posmve charge remamlng on the
“""Hand CH,. |

As the proton affinity of the bases increases, APA(CHS) decreases reaching a
small value of a few kcal/mol See the plot of APA(CH,) against PA(B) i in F]gure
6.12. Th1s is expected since strongly basic groups (i.e. in amines) carry nearly all the -
‘positive charge and thus the, relative charge remammg on the H or CHg is not )
srgmﬁcant The very small change of APA(CH3) at high PA values is respons1ble for .
the near linear reglon (slope = 1) of the PA versus MCA plot in Figure 6. ll since o
when APA(CH ) becomes constant, PA(HX) and MCA(HX) drffer onlyrby a constant
(See equatlon 6. 28) . ' ' ’ -

A-replot of the PA(B) and the MCA(B) data based on the functlonal
dependence of equanon 6.28 is shown in Frgure 6 13 The PA(B) 'MCA(B) versus
PA(B))plot ,\llustrates the asymptotrc approach of the dlfference to an approx1mate1y 3
_ constant value at hlgh PA(B) values This asymptonc region corresponds to the - '"3

llnem l'eglon w1th slope = 1in the PA(B) versus MCA(B) plot in Flgure 6.11.

l Smce the bond energy dlfference depends on the nature of the basrc atom o -
whrch the bond 1s made, eg F O, N, S, etc; somewhat drfferent asymptouc values
,arf expected for senes’ of bases wrth a. given basrc -atom. Thus two hrgh PA lrrruts o

. are observed in Fxgure 6. 13 the hlgher onc corresponds to the n1trogen bases and the -

lower one corresponds to the su“lfur bases. It will be intgresting to see'how the plot

»

L}
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| looks when MCA data becomes availalﬁe for gene/ral bases B in the high affinity

range.

‘-
\
N

"6.3d Unique features of individual methyl cation affinities.

| j (i). ) SOsz and SO, Both SO, and SOze have. frequently been used as solvents of

formed leavmg only the CH3*SbF6 com xes in SOqu solutlons This i is m

excellent agreement with the’present data which shows SOZ to bind Me™ more

strongly than SOze by about 5 kcal/mol. The comparable gas phase basicities of
3 E‘ !

SO;Fz and CHsF, towards N% further suggests that under favaraile condrtlons the .

¢ dxmethyl fluoromum ion, (CHg)zF’ might be observable by NMR The present

methyl catron afﬁmty seale also provrdes useful su ggestlons for other potenttal

-..-'

-7

: solvents for' rnagtc methyl" experlments
. “)\ﬂ% -

\ Ca

-~

@ -
L - o

(i) OCS and CS, The srmxlanty of the methyl catlon afﬁmty of OCS and CSz
and the larger dlfference between those of CO; and OCS suggests that OCS '

methylates at the sulfur The comparable methyl catton afﬁ\lmes of CSz and SOz also

. 1nd1c:ate that CSz mtght be usefully explorted as a solvent in Superamd systems where '

Citis des1rable to work at temperatures above the hqutd range of SC(/TO the best our -

-

r

knowledge no such attempts have been made:



-
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)

(iii) M}QQQ The mﬂuoromethyl group is known to s1gmﬁcantly ’

weaken the C=0 bond, as evidenced by the substantlally lower stretchmg frcquency

for these carbonyls’ compared to that in (CH3);CO. This leads to a reduced bas1c1ty of

CF,; subsututed compounds relative to their pure hydrogenic analogues This”
%ductron in basicity and the shghtly lower methyl cation affinity of CF,COCl
relative to CH;Cl give nse to the posStbrhty that CF3COC1 may in fact be a chlorme

rather than an oxygen base towards CH;*.

(iv) "CO_z Holmes et al (149) have carried out collisional activation and

metastable observation experiments of a variety of C;H30," iogs including

. CH;0CO". In addition, ab initio calculations and appearance energy measurements -

were used to determine AH°(CH30CO"). Based on the appearance energy of 11.24

eV for CH3OCO* from ClC02CH3, a value of AH°;(CH3OCO") of 126 kcal/mol was

O,
obtained cornespondmg toa methyl cation afﬁmty for CO, of 41 kcal/moh However

metastable peak observattons jndicated that- formatlon ‘of CH3OCO+ from C1C02CH3
mvolves a significant reverse actlvatlon energy estabhshmg 41 kcal/mol as a lower

‘e

limit to the methyl cation afﬁmty of CO; Ab,@}mtxo caIculatlons ylel.ded

AH°(CH30CO") as 120 kcal/mol and a methyl catron afﬁmty for COz of 47 kcal/molQ h

However, the ca]culattons did not involve a complete geometry optlrmzatton

' Therefore the value of 53 kca]/mol obtalned in the present work appears to be quite

4‘4,,. e

reasonable _ . ' \I

&

: (v) NF; Recent StUdlCS of, protonation of NF3 by both ICR and ab i mmo o

techmques Have demonstrated that the most favorable 51te of protonatlon of NF3 Is at

'~ the fluotine rather than the nrtrogeq (150) As aresult consrderatton must be gtven to.® -

) possrble methylatton of NF; at both of- these sites as well A colhsron induced

168
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decomposmon expenment in the CI source of areverse geometry double fOCUSSlng

mass spectrometer shbwed dormnant ioss of CH3F from NF;CHs* t6 y1e1d NFz and a .
1085 NFZH to yield CH;,F’” 'I'hese data are consistent with 1n1t1a1 attachment of CH3 ‘
to a ﬂuonne of NF3 (150).
B o |
’ ‘(.vr) ‘ EZQ NzO is 1soelectromc with CO; and has. a greater basicity toward both H+ |
and CH3 and agam the poss1b111ty of ambient character must be consxdered In a
hlgh resolutlon infra-red study of gaseous protonation of NzO Amano (151, 152)

KA

concluded that protonatlon takes place predommantly on oxygen C0111s1on induced

?

S A decomposmon studies reveal evidence of both possible protonated forms of N,O.

. : However CID of methylated N>O was more strongly suggestlve of methylation at
mtrogen smce the ma_]or f?agmentatlon under CID conditions led to NO* (150).

(i) Rare G:ses Methylated raﬁz gas%;tlons have previously been observed by

" Field et al (153) as ions of very low abundance in electron mmpact studies of CH4/rare
gas mrxtures at high pressUre ina conventlonal mass spectrometer. However, the ~
means of formatron of these spec1es was not 1dent1f1ed nor were any dajta obtained
reégarding their ¢ energetlcs React1ons of Kr* with CH4 at super-thermal krnetlcs

' energles in a'chemical accelerator study demonstrated the formation of CH3Kr* (154)

Based on ICR observatlons of methyl cation transfer equlllbna Hovey and - McMahon

o
7125 126) aSSLgned methyl catlon afﬁnmes of 55 +3 kcal/mol and *48 +3 kcal/mol
- -for Xe'and Kr nespectlvely Based on con'elat10n of methyl catton affinity with
prot afﬁmty, it was suggested that the’ methyl cation affinity of Ar'should be about v -

44 kcal/mol and mlght be observable by Me* transfer from CH3FH*

The ICR data in Figure 6.7 was perfonned atthe Umversuy of Waterloo by J. Hovey
and Dr. T.B. McMahon. ‘I would also like to acknowledge the assistance of D; T.

- Heinis for performing some the measurements presented in lhlS chapter whtle a post
doctoral fellow in this laboratory. .
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= The Electron Aff’ inity of Perfluorobenzene, CsF 6
and the Reactnon of C6F6 with O,!

1.1 Introduction
| The negatlve ion C6F6 has becn thed ject of considerable study both in the
gas phase and in solution (155 162). The stﬁcs have 1nvolved electron transmission

spectroscopy (155, 156), ESR studxcs of the C6F6 in an adamantane matrix (158), and

(@]

| constants. TFhis mé&iat can be readlly app°hcd to C6F6 and the prcsenr work rcports a
deterrmnanon of EA(C6F6) Q{nch differs substannally from that reported by LlfShltZ '
(164).

]

7.2 Experimental

The elcctron transfer cqnlhbna mcasuremcnts were performed w1th the pulsed
lb hlgh pressurc)mass spcctromcter thh a magnct sector whxch is descnbcd in Chaptcr O
2. The procedures used were the same as in earhcr studles of: electron transfer ’ .
. 'ethbna ( 166 168) Thc oompounds uscd were- commercm]ly obtamcd reagcnt S ‘
‘ gradc and were used w1thout further punﬁcanon )

In general, the concentratlons of the bases: were varied agd the resulnng

- equilibrium constants mcasured to obtain an average K. Also the cquxhbnum ¢
170
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constants were, measured at several dlfferent 10N source pressures to ensure the
[ 'e

equilibrium constant was not pressure depe.ndant

¥ : > e, ) -

7.3 Results and Diseussion

—‘d'» : | . .‘t

7.3a Electron affinity of CsFs ) .

The electron affinity of CsF¢ was determined by measuring' the equilibrium

oy

constants of reaction 7.1.

-

CsFe + B = CeFs + B’ , (7.1]

) ' o <

A representatlve time dependance of the ion 1ntensmes observed with a reactlon

* mixture containing methane as the bath gas (3 torr) CgFe (19.3 mtorr), and 4-
methoxymtrobenzene (4- MeONB) (0. 3 mtorr) is shown in Figure 7.1. The neutral
molecules capture near thermal secon\dary electrons, produced by the 10n12at10n of
methane by a short ( 20us) electron ptx_ise In Fiéure 7.1a the time dependance of tne
log of the intensities is given, while Figure 7.1b glves the intensity changes as'a

_ percentage of the total i 10mzat10n The higher concentration of C¢Fg leads 1mt1a11y to’

a higher C¢Fg¢’ formation by electron capture Electron transfer to 4- MeONB l.eads to

a

! R R
a rapid decrease in the relatlve C6F6 1ntensrty along Wxth a comespondmg rise in the ,{R

" MeON®" 1nten51ty A constant 1on 1ntensrty ratio is attamed after about 0.7 ms. It is

assumed to be due to the achlevement of electron transfer equlhbnum between (E(,F(,

‘ -and 4 MeONB o

Ki= [CFA] I )
" IATICE] ' S

6

L k . o . . .
AG® = -RTInK, , . S [7.3]
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: Flgure’l I''The time depcndancc of thc ion mtc}@fﬁ/cs obs%vcd after a short ( 20 ps)

‘ clcctron pulse. Ion source tcmpcraturc 150C, CH4 3 torr, 4-m8(hoxymtrobcnzznc 0.3
~ " mtorr, CgFg 19.3 mt(_)rr. Equilibrium (1): CéFs” + 4-MeONB = CeF¢ + 4—McONB' ‘

established after about 0.4 ms. K, = 855, AG® =-0.246 eV, which leads to EA(C6F6)

=, 55 eV. Figure 1a shows the log of the intensities. Flgurc 1b shows the i mtensmcs

- m % of total intensity.
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AG°) can be determined from the cqu111br1um constant K; (See cquanons 7.2 and }3)

AG®, for electron capture by various standard compounds B, were detenmned earlier -

(79, 165-167).

& B+e =B 14
a3y, : 5

S
;5 , N

_Ethbn%m constants K, and correspondmg aG°®; were determined for the electron

L

exchange cthbrla of €¢Fe with five dlfferent compounds for which AG®, had been

.

determmed prevaously Thc results are summanz%ﬂ in'Figure 7.2 which demonstrates

the consistency of the detcrmmatxons The five determmatlons lead to a AG°4(C6F6)

value of -13. 1 kcal/mol (at ISOC) In the déterrrunauon of AG°4(B) of the standards,

v h
R4

B, the stationary electron convention was used and the mult1p11c1ty of the spin of the

free electron was ncglected “This means that AS°4(B) = S°(B) - S°(B) Gencrally

" ASY% is small (less than 5 cal/mol) and AS", is also small; Thenefore it can be

assumed that AG®(CsFe) = AH 4(CgFe). Hencc the e]ectron capture enthalpy of C6F6

‘ and the electron affinity of C¢Fg are as shown in cquatlon 7.5.

AH®(CeFe) =131 + 2 keal/mol - ’ 7.5
EA(C6F6) 13.1 + 2 kcal/molor 0.57 + 0.1 eV
, p
The present value for EA(C6F5) is far smallcr than the EA(C6F6) >1.8eV.
value determined by Lifshitz (163). The consistency of the present data, Fxgure 7.2,

is very strong evidence for the reliability of the present result. Determinations of the

electron affinities of several substituted CsFsX compounds, by measuring the electron &,

el
N

transfer equilibria, have been performed by Kebarle et al (66). The electron affinities -

Wt
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-Figure 7.2 Summary of AG°, determinations with the five different reference
compounds B. All values are in kcal/mol. AG°(B) for reaction: B + ¢" = B-. All five
reference compounds lead to a consistent EA(CgFe) = 13.1 + 2 kcal/mol or 0.57 + 0.1
eV. . | | ‘\\ | '
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of all these compounds were generally below 1 eV and the individual values were

consistent with _the expected change due to the electron withdrawing power of the
substituent. For CgFs, a d/;ermination of the temperature dependance of the |
equilibrium constants was performed (66). This ga\ge, via van’'t Hoff plots,
AH°4(CeFs) = -11.6 kcal/mol, or EA(C6F6) =0.50 +0.1 eV, and a aS°% = 7.4
cal/mol'K in agreement with the &sults presented here. Furthermore in expenments
conducted w1th rmlhtorr quantities of Cg¢Fg in CH4, the decay rate of C¢Fs” was found
to be temper?ture dependant, and to increase dramatically above 150C. This was.

.

characteristic of ion loss due to thermal electron detachment from CgFg, the reverse -

. of reaction 7.4. Thermal detachment had been obse_rved earlier for the azulene
’ negative ion. (166). As thermal electron detachment is to be expected at 150C only
."__-_for the negatlve ions. formed from low electron affinity compounds, i.e. EA <1 eV,

‘ “this 1s additional, mdependent ev1dence for a low value of EA(CgF).

-

,leﬁcultxes and i 1nconsxstenc1es encountered in the C¢F determination by the

- tandem mass spectrometer endothermic electron transfer method were reported by

Lifshitz (164). Thus, the thresholds obtained with I’ prO_]CCtllCS did not agree with the
thresholds obtained with the S beam, on which the detenmnatlon was based.

Con51dermg that the same publtcatlon (164) reported an electron affinity of SF

wh1ch was too low by some 0.4 eV, one is force&o cowclude that the beam me)hod is

not suxtable for the detenmnatlon of electron afﬁnmes of perﬂuoro compounds

—
1.3b Reaction of C¢Fg* with O,

While studying the electron affinity of CgFg, it was observed that the CgFs’ ion ‘

was not the only peak i in the mass spectrum of CgFsin methane (Flgure 7.3). One of

2 the major peaks was at m/z 183, 3 mass units below C6F6 atm/z 186 This

corresponds to an ion with the formula of C¢FsO'.
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- Fxgurc 7.3 Mass' spectgim of the reactioh ‘nixture; CHy = 3 torr, CF¢ = 19 miomgo
O, was added, Tempcraturc 121C. Evcn without the addition of O, numereous ions

" are observed i 1_n addition to the C¢Fe ion.



" GF¢+0,5> CFO +Products - N (1

%
This 1mp11es that the CeFe is reactmg with oxygen (reaction 7. 6) Reactwn 7 6is

probably not a single step but a series of reacnons as w111 be shown later The .
oxygen had probably entered the gas handhn g plant through a leak in the'system A
leak search was undertaken and a leak was found in the gas handling: p]ant

In order to further clarify the situation and also study the nature of the
assumed reaction 7.6 and the origin Qf some other unexplamed peaks in the C6F6
mass spectrum, an investigation of the reactxons of CgFe ‘with dehberately added

oxygen was undertaken, reaction 7.1.

CeFs + O; —> Products N

The‘ absence of any pealt atm/z = 32 1nd1catmg the- absence of Oz in the ion source
was taken as ev1dence that reactrons between 02 and C6F6 could be. dlscounted
Reactlon 7.7 was studled for\everal drfferent concentrations of O, and C¢Fg
| as weIl as at several different temperatures For each set of condmons the t1me
dependance of the 16 most intense ions was determmed In many cases there were
, more than 16 peaks (See Fxgure 7. 3) in the mass spectrurn, but the 16 ions collected
.usually made up more than 80% and in most cases more than 90% of the total i ion
intensity. Of the 16 i 1ons, 5 ions (m/e- 186 183 152, 205, 310) usual]y made up
-more than 50% of the total ion intensity. '
Flgure 7 4 shows the time dependence of various ion intensities dunng a
typlcal experiment; the loganthrmc integsities shows all the ions but only the five

major ions are sufﬁc1ently 1ntense to be featured in the normaszed plot The rate of

-

1]
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- Figure 7.4 "The time dependance of the ion intensities observed for the conditions:

CH, =3 torr, C(,FG =19.3 mtorr, O, = 1.68 mitorr, Temp 70C. Py

Figure 4a shows the log of the _i_ntcnsiﬁ_cs. In some cases two ion proﬁlcs fa]l\on top
~ of one another, as is the case for CoFy~ CsFsO" and CeFsO,'. Figure 4b shows the

rcen! of the total intensity. Here we only see the five major ions as the other ion
perce ‘ y ) . _

profiles are crowded along the x-axis.
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. :_’dccay of the Cst ion was strongly dependant on the oxygen concentratlon as shown -
_ 1n Figure 7.5. Flgure 7 6 shows a plot bf’the pseudo-ﬁrst“or&er rate constant for the
~ decay of C6E6 agamst thc [O3 which det‘nonsu'ates that the ratebf loss of C6F6

‘-ihcrcascs lrnearly wrth oxygen concemrauon and conﬁrmed that a readtlon with O,

‘J

<"¥

‘was takmg place. Fnom the slope of thrs plot, thc rate constant fox: reactlon 77, k7,

=%

wasdetemuned to be 9.5 x 10 1, molecules am’ s !at 7OC The background oxygen'"

'pressure was found to be 0 1 mtorr v 3 ' U

) - T ' | ’ z
. } \

- CeFs’ + CeFs = Products | X

The dccay rate of C6F6 was found to 1ncrcase slowly with the increase in
_ neutral CeFs concentratron reaction 7.8 frgure 7 7. Figure 7.8 shoWs the plot of the
- pseudo fust order rate constant agamst the parual pressure of C6F6 Oxygen was
added to the mixture (0.9 mtorr) so that variations in the background oxygcn pressure
would not be 51gn1ﬁcant The rate constant for reaction 7.8 was found to be 1.8 x10° 13
molecules™ cm s at 70C. As this rate constant is so small re“latlve to k7, it was
possxble to neglect rcactlon 7.8 in most experiments espec1ally when the
concentrations of C5F6 and.Oz were approximately the same. 4
. “The effect of temoeratum on the C¢Fg decay rate was also exammed Kebarle

etal ( 166) saw, at tcmperatures greater than'150C, elecmon detachment reaction 7.9.

/é CeFs = CeFg+ e - [7.9],
_ f
- With electron detachment occurring, the usual procedure of normalizing the data to

climinate the effects of diffusion are not valid. Therefore, we used the loss of C¢Fs

from the logarithm plots (Figure 7.9) and subtracted the diffusional loss of the ionsto
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Figure 7.5 A plot of the log of the normalized i xmcnsmcs of C(,FP agamst time for
several different O, conccnlmuons a) no oxygen added, b)O; = 0.42 mtorr, ¢) O; =

1.86 mtorr, d) O, = 4.3 mtorr. The plot of vesrs- against [O3] is shown in Figurc 7.6.
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'Fxgurc 7.6 A plot of the pscudo first ordcr ratc constants for n:acuon 7.7 agamst the
pamal pressure of 02 The slope of the line nges /hvi-atc constant for reaction 7.7
as k7=9 5x10° n molcculcs cm’ s, Jon source temperature 70C. From the

mtcrccpt the background conccntrauon of O2 =0.1 mtorr in the ion source.
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Fxgun: 7.7 A plot of the log of the normahzcd mtensmcs of CeFe agamst time for -

scvcra] daffcrcnt CeFe conccntranons a) 18.1 mtorr, b) 44 mtorr c) 66 6 mtor, d)

"'\“‘ 181 mtorr.
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7.8 as k. =1.8x 10" molecules™! cm? s! Ion source tcmpcraturc 70C.
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Figure 7.9 A plot of the intensity of CeFg’ ag'ainst timé f.'c;r écvéral :diﬁcﬁnx

A tcmpcratun:s Condmons CH, = 3 tor, C6F6 = 19.3 mtorr, Oz 0.88 mtorr. The

, slopc of the stmght line portion of the proﬁle n Iatter time is taken as the pseudo first
order rate constant which includes the dxffusnonal rate loss loss dm\to electmn

dctachmcnt and loss QUc to reaction 7.7.
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S aes

obtain the pseudo ﬁrst order rate constant of reactxon

* ions, V4, Was calculated from the formula (166) - - REUI

s L, I R o N

where T 1s ‘the absolute temperature and Pi is the prcssure in torr. In Fxgure 7. 9 we see
that there are twd’ dlfferent areas of the graph a small slope at short time and a \ . )
steeper slope at longer nmes ‘In the regton where C6F6 decr;sesmore slowly, the . -
C6F6 recaptures the electrons whose concentratton is relatlvly high due to slow -
electron amblpolar diffusion ( 166) In the regton where the C6F6 1ntensny decreases '
rapxd]y we assumed that there was no elec(hbn recapture takmg pIace Figure 7. 10
shows a plot of the pseudo first-order rate constam agamst temperature From thlS
/A p]ot we, see that VC6F6' is, almost constant at lower temperatures (shght decrease with "~
lncreasmg temperature) and mcreases at hxgher temperatures (>150C) as expected If
we assume that the pseudo ﬁrstorder rate constant at low temperatures (<100C) is |
' due solely: to reaction 7.7 (and is constant) and the rate constants atjhlgher
| temperatures 1s due to both reactlon 7.7, and electron detachment by subtracting the -
| average VCsFo- ‘value for the three lowest temperatures from the high temperature
values,’a rate constant for thermal electron detachment from CgFg, Ved, can’“ be
estimated. Flgurc 7. 1} shows i, lot of In Ved against 1/T. The slope of thxs plot is
equal to the acnvatton energy of reaction 7.9 divided by the gas constant and gives an
actxvatlon energy.of ]5 6+ 2 2 kcal/moI with a/preexponentla] factor of 1.5 xlO”
Thls compares to the electron afﬁmty of 13 1+ 2 kcal/mol determmed by electron

transfer equilibrium. The curvature of the Arrhemes plotis probably due to the

. assumption made in estimating the electron detachment rates. The value of 15.6
[ ‘(\ . - . N

N
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Fxgun: 7. 1 1A plox of the ratc of clcctron detachment as a functmn of tcmpcraturc

The rate of clcctron dctachmcnt is dctcrmmcd by subtracnng the pseudo first order ™
rate-constant for reaction 7.7 at temperatures less than 120C from vom- at o |
fp:mpcramrcs higher than 120C. (See text) The slopc of thxs line should give the
activation encrgy for. rcacnon 7.9. Ea = 15 6+ 2, 2 kcal/mo] as Compared to the
electron affinity of CeFé of' 137‘1 2 kcal/mol détcxmmcd by equlhbnum

mcasurcmcnts Curvamre 1s due to assumptions made in csumatng v... (see text) e



!

M VRS

kcaJ/rh_o] can only be cpnsjdered a roughucstimatc buf it is further cvidcnég of the low

’

“electron afﬁnity of CeFs. - - T,

<

From the nme dcpcndancc of thc ion intensity in Figure 7.4, it is scen that a

complcx set of reactions is taking place The C¢F7" and CsF,O rclauvc mtcnsmes

e

increase mma]ly and then fall off at longcr time, 1nd1catmg that thcsc ions are
" intermediates in the rcacuon sequence. The C(,FsO ion rcac’hcs maxxmum mtcnsny
only aftcr a relative long time, 1ndlcatmg that C¢FsO" is not fonnedJrom reaction 7.6

[h g
directly- but from a secorldary reaction.

-

In hope of finding some clues to the mechanism of reaction 7.7, the reaction

of oxygen with C¢FsCN’ (reaction 7.10) was examined.

ae ) -

CsFsCN" + O —3 Products | ) ,- 1710}

Bl

A

'Figure 7.12 shows a mass spectrum obtained with the conditions: CH, = 3 forr,

C6F5CN = 1.6 mtorr, O; = 0. 97mtorr T= 150C' Figurg 7.13 shows the timck

dependance of thc obscrvcd ion mtcnsmes From the rate of Ioss of C6F5CN and-thc

concentration of O, a rate constant for reaction 7. 10 of approxlmatcly 7 x107

molecules! cm 57! 1s calculatcd In companng the mass spcctrum of CgFs (Figure

,._7 3) and C6F5CN (Flgurc 7. 12) it is notcwonhy that there is no M- 3 ion (C5F5CNO

formcd in thc C F5CN reaction while this was one of the major products (C5F50 ) in

‘the C¢F¢ ‘Teaction. A second point of interest is the very much reduced intensity of

the C¢FsCNF ion in Figufe 7.12 as corﬁiaarcd to-the intensity of CeF;™ in the. CoFe

‘mass spactrum As was noted earlier C¢F7 is an intermediate in the C6F6 + 02

_reaction 7 7 With CsFsCNF~ being of low mtcnsxty and no C6F5CNO ion bcmg

de‘tcctcd itis possxblc that the C6F7 ion is the precursor. to thc C(,FsO ion (rcacnon

7.11) in thc C(,Fs reaction schcme

188 -
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Figure 7 12 Mass spectrum of the reaction mxxtun: CH4 3 forr, C6F5CN =16
mtorr, O, = 0. 97 mtorr, T 150C. Here we see that thcrt is less ﬁngmentauon for the

CeFsCN than for CgF (anurc 7.3) even though there is O, added in the, C¢F reaction |

mixture.
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Figure 7.13 Time dependance of the observed ion intensities for reaction 7.10.
Conditions: CHy = 3 tom, CeFsCN = 1.6 mior, O; = 0.97 mtorr, Temp 150C. The
mass spcétnxm is seen in Figure 7.12. A ‘ o
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c61=\7-l+’02‘——>»c61=50-+01:2 | o ‘ [7.11)

However, reaction 7.11 'may be a series of reactions and not a smgle step.

The mass spectrum of C6F6 (Flgurc 7. 3) contains several pa1r of ions
scparatcd by 34 mass units. This 34 amu mass dxffcrcncc could result from the loss
ofa th unit in association with the i mcorporanon of an oxygcn atom into the ion.
The most prominent examplcs of this 34 mass loss are: C6F6 (m/e 186) --> CsF,O
(m/e 152); CeF7(m/e 205) --> CsFsO (m/e 171); CyoF10(m/e 310) --> CoFsO(m/e
276). Due to the complexity of thc problem, no further work was’ conductcd into the

reactions of C¢Fs™ with 0.

ST



Ag@"ndix A

- Description of the data analysis program developed for the IBM computer
" This chapter will describe the multichannel an'a]yser program (MCA) %
developed in collaboratton W1th Norman Osbom for the analysrs of the time profile

-data collected with an EG&G ORTEC MCS 913 board mounted on an IBM PC

?

personal computer

A.l MCA Prozram for Analvsrs of Data fromthe EG&G MCS 913 Multi Channel

: Scaler .

The MCA program 1s stored on the hard drsk in tHe dtrectory \DOS\MCA\/l/
| To call the program enter "MCA" and press return" key Thts will bring up the main
menu A (Flgure A.1) which is descnbed later } U

The MCA program can be used to p]ot the ion mtens:ty time proﬁles obtamed :
from the MCS program in loganthm (natural and base 10), lmear or normalized
(lmear and natura] log) fashlon The program also allows the recorded time proﬁle
" data to bé manipulated'in vanous ways For example calculauon of the best fit
straight line over a regton of the time proﬁle the 1ntensny ratio of two 1on profiles,
summatton of two proﬁles and other functrons can be performed.

Another function of the program is-to transfer the data to a file which can be
used in-a basrc program created by the user. A sample of thrs type of program is the
EXTANLYZ.EXE Wthh is used to determine the rate constant of a reaction as it
B approaches equxllbnum The program subtracts a constant (el\tered by the user) from.
a]l the data in the ﬁle such that a plot of the ln(I Ic) agamst ttme can be obtamed
‘ where L is the equ111br1um intensity. This and the other funcuons will be descnbed

in more c.etaxl later The: followin g is a brief comment on.each of the dtfferent

o 192



E:llplot profile .
F:2loverlay plot profile

“ F:3lplot ratio profiles

F:4ladd profiles to normalization
F:5lextract profiles from normalization
F:6lget profile information

F:7ISum 2 profiles

main menu a ——.—\

F:S!majn menu b
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functions that are avmlablc in thc MCA program These functions are accessed

through the two main menus, A and B.

e

“e

A.la Main Menu A . T~

‘When the MCA ;l;r\)gram is started Main Menu A (Figure A.1) is displayed on

the screen. The following is a brief description of the functions in Maifi Menu A and

Main Menu B. For most functions, a more elaborate description will be given later. *

"F:1 plot profile”--pldts and procc'sses one ptoﬁle at a time
--ESC will return you to the Main Menu A.

”F'2‘>0ve’rlay plot profile"--plots one or more proﬁlcs on the screen at onc .

time. Thc name of the profiles plotted ‘appear at the top of the screen. The color that

the profile is plotted in will match the color of the name of the profile; there is a
unique color for each proﬁle up to 14 profiles. The menu at the bottom of the screen
can be:s‘eer‘i in each of the colors of the proﬁlcé plotted. | The color of tha menu
ind-icattzs which profile the function will act upon. The co@of the métm or the
active proﬁlc can be changed by using the <-or -> arrow keys. This is ncccssary as
some of the funcnons actupon only one profile at a time; for example, linear  »

¥

regresswn s . .
~ The initial scale setting is chosen to encompass all the data in LIc proﬁlcs; that
are bcmg plotted. Pressing ESC wxll return the user to Main Menu A

"F:3 plot proﬁ]c ratios’ -~plots two pr‘oﬁlcs ona Iog scale, the user then.
chooscs a reglon (start and end channcls) over which thc average ratio betwccn the
two p'oﬁles is to be taken. Notc the rauo is found on the ongmal data rather than the
log data; the log data is dlsplaycd only to makc it easier to determine the region in

‘which the ratxos are constant. One problem thh this function is that itis neccssary to

recall it in nrdcr to determine the ion.ratio over a different area of thc proﬁlcs

‘ »
. g
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"F:4 add profile to norma]lzanon '--this function allows the user to choosc
which proﬁlcs from the set of profiles i 1In the memory, are th be nonnallzcd and to ‘,
add one or more profiles to the set of profilcs that have bcen normalized prcv:ously
Nonnalxzanon is prcfoxmcd by summing the intensities for each channcl for all the
profiles chosen. The intensity in each channel in each scparatc profile is then divided
”by the sum of the mtcnsmcs for that particular channcl ‘The normalization is plotted
with a maximum of 1, not 100. o ’ .
"F:5 extract profiles from normalization": mmoveo one or more profiles from
the set of profiles which were prcvioosly normadizcd |
| 'F 6 get proﬁlc information": gets profile(s) ongmally produccd by thc MCS
program and bnngs them into the memory of the MCA program This is described in .
more detail Jatter. S ' . o
"F:7 sum 2 proﬁlcs":'rproducés a new profile that is the sum of the two chosen
files. The computer will prompt the user for a file name; if one is not entered then the
defau]t name of the new proﬁle is dcnvod byj Jommg ‘thc names of the two original

t

proﬁles ’ L S N

"F:8 main menu b": switches to the main menu B (Flgurc fA 2). This level has

commands that are destructwc thcrefore Lhc funcuon keys are dxsabled

~ : . ) e

Thcsc functlons can be: ca]lcd by movmg the cursor wnh Lhe up and :
arrow kcys or by prcssmg the first letter of the first word of thc funcuon Ong
problcm with using the first letter is that more than one function may start with the
same letter and therefore only the first functxon will be called. Theohly time that

| using the first letter is uscful is for thc qun functmn The avallablc funcuons are as

' "foilows
n .



‘Figure A.2

Remove all profiles

Quit -
save workspace
‘Testore workspace

DOS ' -
display profiles comments
disk->profile(s)

external analysis

——Main menu b, ————————
| Remove profile - '

8087 present
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- necalculated

“entry will return the User to main menu A.

_be erased when the functron is called

" the time and date when the proﬁle was recorded and other comments (thure A. 3)
is se]ected the next set of comments can be seen by pressmg any key To exit from

interest or press "Esc®. ‘ -

-

e e 197
..fcmové»pmﬁle thrs funcuon wrll dtscardaproﬁle from thc mcmory ofthe - #

program. If the profile was a partof a normahzatron the contnbutron of the proﬁles

“will be removed from the nonnallzauon automatrcally and the normallzauon will be

&

"remove all proﬁles": remove all profiles from the memory and removes ﬂy

" hormalization.

QUIT stops program and returns the user to DOS (disk operattng system) -

“ To quit the program the computer prompts the USET 10 type a lower oase y: Any other

"save workspace This functron Creates a ﬁle with the extensron "DBA"

(filename DBA) in Wthh all the proﬁles normalrzatlons grid setnngs plot ‘point

. type ‘etc., are saved The user wil] be prompted for a ﬁlename S ¥

“restore workspace": thts restores the program to the state before it was saved
usmg the save workspace function. NOTE: Any profiles in the program memory wxll
"DOS": returns the user to DOS. Type EXIT to return from DOS to the o
MCA program. ‘_ R |
drsplay profile comments allows the user to see the 1nformat10n stored in

the header block on files produced by the MCS program The mformatlon 1ncludes

Thts functlon shows the comments of one profile at a time. If more than one profile

this funcuon press any key after seemg all the comments from all the proﬁlcs of

L4

d.ISk-> profile”: any profile on the disk that were created using the MCA
program (thts will be descnbed later) can be read mto the program memory usmg }hls

~
- Ll *
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—Conments for b:\7268b57-MCS
Time-Date = 14:59:5407-28-87
: Dctccjor description:

#No détector dcscnpuon was cntcrcd
Sample description: ‘

#No sapmle description was cmcrcd

........ Press any key to continue - - - ¢ |

4

Profile Comments ———

Figure A.3

7

File name (.prf):

[ZAPRF 2B.PRF 2CPRF

2D.PRF 3E.PRF 4E PRF
4F PRF SF.PRF

198

Return:Accept name Cursor keys:Select name  S-F10:Resize window Esé:A’_boh '

Figure A.4

C
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- command 'I'he ﬁle on the drsk must have the .extension ' "PRF". The computer will
R prompt lhe user for a ﬁlename Togeta hst of ﬁle names that are available to be read
into the program, press return and the computer will give a menu listing all the files ~

‘ avaxlable (Frgure A 4). ‘
“external analysis"; This allow the user to select a proflle and runs a program
called EYTANLYZ EXE usmg the data in the profile chosen. This is the same
funcuon as on the plot menu and will be descnbed later,
- 8087 preset--This will set t_he program to react to the 8087 chip on .e i‘t_iS'

| ‘obtained.

A2 Information on specific functions o

)
In thls section information for Lhe operation of specrﬁc funcnons wrll be

descnbed ‘These functions include: reading data i into the program plomng the '

graghs transfenn g the plots to a prmtcr as well as other functrons

:'A.2a F6 To get Proﬁle-In.fonnatlon

7 | To.get'the proﬁle lnfomratlon into the memory of the program, first go to C
Main Menu A and press F:6; , ) . | .

o The computer will look on disk A for any files ending in the extensxon MCS

. created by the MCS program The names are presemed ina box menu (see Fxgure

A. 5) from which the user is able to choosc profiles To select the names of the ﬁles - |

- desired use’ the cursor keys (arTow keys) to move the cursor to the name of the desired
file. Pressmg the return key wxll hxghhght the filename. Repeat thxs process until all

' the ﬁles that €. nceded are hlghllghted and then press F:10 to have the computer

read the ﬁles mto the memory. I afile is highlighted by rmstalce pressmg returna

second time: whlle the cursor 1s at the file name removes the highlighting’



Profile information

— Directory listing b:\ ‘—————" '

7268B17.MCS  7268B29.MCS  7268B43.MCS 7268B57.MCS| |
-1 7268C17.MCS  7268C29.MCS 7268C47.MCS ”7268C57.MCS K

Figue AS

L
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Once the proﬁles are accepted the computer wxll prompt the*‘dser for a name-
l'or each profile. If no name is entered then the computer will use thc/ﬁle name that
the data is stored under. The proﬁle name can be changed by typmg in a new name
\to be used with the program, or sections of the old name can be erased by using the
- delete key As an example, if the. ﬁlc is stored under "1234test" and you want the
_ hame to be just "test you would press the delete key 4 txmes to erase the 1234 then
press enter. Once all the proﬁles chosen have beén ngen names the computer returns
to Mam Menu A dlsplaytng the proﬁles‘whtch have been read into the memory
(Fl gure A. 6) | | o
Lf no files were chosen when F:10 was pressed or ESC was pressed the

computer looks at disk B: for any * MCS files. If no files are chosen or ESC is

pressed again the user is returned to the main menu A.

A.2b How to Plot Profiles

“There are two ways to plot the proﬁles on the screen dependin gon whether
the user wishes to plot one proﬁle or more than one. From main menu A choose
either "F: lxp‘lot proﬁle to plot only one -proﬁle or "F:2-overlay plot profiles" to plot - ‘
several proﬁles ' e |

— U'sinz"the' F:1-plot proﬁle 10 choose the profile to be plotted, press the F: #

key. where the # corresponds to the number beside the name of the profile of mterest >
(see Fxgure A.7) or by movxng the cursor up or down (wrth the arrow keys) untl’ the
| cursor is on the name of a profile that is desued and then press the return key Thls
will select the profile to plotted A second way to select the proﬁles is to 51mply
press the F:# key associated with the profile name This works only for numbers up
to 9 (F:1-F:9). Once this is done a menu box will appear called operauons" (Figure

A.8). From thts menuy the type of plot may be chosen (see type of plot below)
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==main menu a ' — Proffi¢ s e -
F:llplot profile -~ B17 1
F:2loverlay plot profile . . B29 - - o
F:3lplot ratioprofiles v - R B43 é
F:4ladd profiles to normalization - B57 B
F:5lextract profiles from normalization :
F:6iget profile information
F:71Sum 2 profiles
F:8Imain menu b
Figure A.6
2 [ Profiles
F:1iB17
F:2iB29
b F:31B43 .
o F:4IB57
Figure A7 -
S , — Profiles
S S B29
_ | B43
B ————=OPCTAlON ——— v ‘B57
F:liln ' ' . ‘ :
- F:2istd ,
" |-F:3inormalize o '
R F:4iln(nrmlzd) | : e
- | F:5llog10 ‘ - , . ~ ' _

Figure A.8 ~
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!gsmg the F; 2-gverlax plot prof le; use this funcuon to plota number of ‘

proﬁles at one time. To choose the proﬁles move the cursor up or down until the

‘ cursor 1s on the name of a proﬁle that is. desu’ed and then press the Teturn key. This

-

wxll hxghlr ght the profile name. A second way to hlghlrght the profile name 1s to use

the correspondrng F # key. Repeat thxs process until all t.he proﬁles that are desired

-.are hrghlrgh;ed and then press the F lO key To unselect a proﬁle srmply select it a

second time, this will remove the hlghllghted box from the'name. ‘- |
The profiles that are chosen w1ll be remembered for the next ume the user

uses the _overlay plot proﬁle funcnon |

Type of glot --there are 5 ways to plot the profile .

.‘ . o A F:1--In:-natural lo.ganthrn IR o
' F:2--std:-does not change.ﬂie values (linear‘)b B

- F: 3--normahzed -the ions arc normahzauon and plottcd lmearly :
»

F: 4--1n(nrmlzd) the ions are normalization and the natural log of the
Qalues are plotted. v _

F5--log10 log base 10 _ o ’ . . = \
The maximum valie (gor the x and y axes are chosen from the maxrmum value ofx

and'y in the profiles chosen. The scale for the xandy axes can be changed as will be
/ .
described later

AJc How to Normalxze Ion Proﬁles

To'normalize a number of profiles use the F:4 and-F'S keys. Start in main
menu IA and preSs F"4 key, this will change the screen to show 2 menu boxes both
named proﬁles" (Frgure A. 9a) The box on the right hand side will have F:# keys.,
assocrated with-thé proﬁle names It is from these names that the profiles are chosen
for the normahzanon proeess. To sellect the profiles of i mterest hlghhght the names

of the proﬁles by pressing the F # key assocrated with the proﬁle or by moving the

.
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B17

|{B29

Figure A.9a

" 'Figure A.9b

B43
B57 -

proﬁlc§

3 -

——— Profiles
- B17

B29

B43

B57

. ‘-——:Proﬂlc';

[F:11B17
F:2IB26 -
F:31B43

F:4i1B57

—  —Profiles ———

B4 | F:1IB17
BS_|_F:21B29

\
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enrsor to th‘e proﬁle‘narne and pnessing enter ‘k‘Once all the profiles tﬁet are required
for the nonnahzanon are hlghlxghted press F: 10 to accept them. Only the proﬁles
hxghli’ghted wrll be used in the normahzatxon procedure The profiles thgt are
normahzed will be remembered- for future operauons .

If some proﬁles have already. normalx;ed and F:4 is pressed the screen will-
dlsplay two menu boxes (Figure A 9b), but n thls case the right hand box will
comarn only the proﬁles that have not been non’nallzed already. In this example,
proﬁles B43and B57 have already been nonnallzed Now proﬁles can be added to
be included in the normahzatxon procedure by hxghlxghnng the"n as before.

To remove proﬁles from the normallzauon procedure go to Main Menu A
and press F 5. Tlis will again grve 2 menu boxes wrth the nght hand box contalmng
the profiles that are being used i in the normalization procedure ‘From these choose
' the proﬁles to be removed from the nonnahzatxon in the same manner as they were

: £
: chosen ie. usmg the arrow keys or the F: # keys

-

" A.2d How to get Profile Intensity Rano : ' e

The F:3 key is used to get ion intensity ratios for use in calculating
equilibrium constants.

To get 1ntensny ratios start in main menu A and press F:3. The computer will

show a menubox with the profile names and will prompt the user to choose the first -

profile for the ratio. To select the proﬁle hrghhght it by using the F:# keys or move
the cursor and press return. The computer will prompt for the second profile name in
the same manner. Once the two profile are entered the program will plot the proﬁles
(log l vs time). At the bottom of thé screen there will be a menu box w1th F:1

. 1ntegranon and F:2 cursor integration.

v

Using the F:1 key the computer will prompt the user for the start clie.nnel and

N
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end channcl for the area that you.want to rak;'c 4thc ratio is.to be taken over. The F:2
' key wrll dlsplay a cursor on the screen whxch can bc moved by usmg the (<-, ->)
arrow kcys Movc the cursor to one side of the rchon that thc mtcnsxty ratro is to be --
taker} over and prcss return. A second cursor will appcar move thlS one to the other
side of the mglon of i 1ntcrcst Even though the cursor can be movcd in both the x and
: y dxrecnons only thc X drrecuon has any cffcct on the region of interest.- At the
bottom of the screen the position of the cursor will be displayed as it is movcd

With both the start and the end channels entered, thc program cal;ulates the
ratio of the two proﬁles It does this by taking the ratio at cach channcl inside thc
region of interest and summing them This sum is then divided by Lhe number of |
channels over Wthh the summation took p]ace At the bottom of the screen two
values appcar, the integral which is the sum of the ratio over the region of intcrcst,
and the average in the integral divided by the number of channels.

N ) :. )

A.2e How to print ion profiles

One method is to use the prmt profile functlon found on the bar mcnus §a \the
bottom of the screen when the profiles are plottcd This functlon w111 be. dcscnbed
later. Thc best method to print a profile is to use the CAPTURE program. Thc
instructions for thls program are in thc manual called "MICROSOFT SHOW
PARTNER" CAPTURE allows the user to copy both graphlcs and text into a file.
This file can then be cdxtcd and labis can be added or deleted to create a plot that has
all the required mformauon T'fns program must. be startcd before callmg the MCA
program as itisa rcsxdcnt program you cannot leave the MCA by the DOS command
and call the CAPTURE program because there is not enough mcmory. Once thc
screens hag,f been captured they thcrl mdy be edited by the Graphics Editor Program
called GFDEXE - Instructions to this program can also be found in thc




; -MICROSOFI‘ SHOW PARTNER manual One problem thh CAPTURE is the fact

~

L)

.

that it is a resident program and takes up a large area of the computers memory.

Because of this only four or. less proﬁlcs may be plotted at one time usmg the MCA

program. Thts means a mass spectrum profile which has used all 4096 channels in

the MCS program cannot be "captured becausc of the | memory requtrement

4

A3 Functions avmlable for thc analvsxs of lon Droﬁles

Once the proﬁles are plotted there are a number of funcnons avmlable to the
user. These are found In bar menus at the bottom of the screen in groups of three

(Fxgure A 10). These function are called by pressing the F:# key correspondmg to the

ftﬁlctlon Of the three funcuons shown at one nme one is the. -prompt to show the

next series of functions._The up and down arrow keys also show the next sencs of

functlons in the forward and reverse dm:ctlons

Many of these functions can only be used on adngle profile (eg. linear

regression). In these cases, the functions will be. performcd on thenlot which has the
same color as that of the function. To changc the color of the functlons press the\<-,
-> arrow keys.
: - v

Functions:

"set scale- keyboard" this allows theguser to change the X and y axis scale and
prompts the user with the old values for each To change the scale, type in the new
values when the old valups appear at the bottom of the screen. To retain the old
values (i.e. no change) Press enter when these values appear.

"set scale- curvor" this allows the user to change the x and Yy axis scale by

mOVmg the cursor. The user selects the new x and y values for the new scale by

usmg the cursor, Two points must be selected that do not have the same x or y value

" The hypothencal box that can be drawn usmg the 2 selected pomts as diagonals

~
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becomcs the new scale. The new scale w111 be smaller than the old scale because the
* cursor must lie within the old scale. Pressmg "Control arrows" at thc same time
moves the cursor quxckly in the x direction whllc prcs&mg the "shxft" th the arrow

kcys causes the cursor to move: slowly in'either the x ory dlrccnon

"next menu : this shows the next set of commands for the plot This ean also ‘

be donc by prcssmg the up or down arrows: | |
"Best fit line": this funcuon performs a least- squares linear regrcssxon f't on
the plottcd proﬁle values The user is promptcd for the region that the bcst fit will be
applied to and thcn a lmc will be drawn bascd on the best fit results. The best fit
paramctcrs will also be shown. - ‘ )
"best fit-keyboard": the region for the analysis is ;nercd by the keyboard:
bcst ﬁt -cursor™: T& best fit region for the analysis is specified with moving
the. cursor by thc arrow keys; two points must be selected to specify aregion. Even
~. Lhough the cursor can move in both the x and y directions, only the x values are used

N

to Speh\fy the region of interest. { %
1ntcgrauon : integration is implemented as Lhc sum of the y. valués over a
spcmﬁcd rcg%n The region can be specified by either the keyboard or thc cursor-
keys as for the best fit line. The value for y dcpends on the type of plot. This
funcuon does not take the original value but the values after the funcnon that is
applied for the plotting. For cxample ifsthe proﬁlc is plottcd using the logarithm
function, the i Intergration uses the log valucs and not the orginal data.
gnd on/off™: togglcs the grid on and off. The state of the gnd 1s remembered
- between the return to mam menu and return to thc plot modc
"change plot point"; thc plot pomt can be changed to 4 d1ffcncm types; a pxxel

a cross, a solxd box, a hollow box with a dot in the center. Thc s1zc of the plottmg

' pomt can also be varied except for the pixel. If a symbol othcr than the pixel is

‘

-
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chosen and there are more than one proﬁle being plotted each proﬁle will be p]otted
usmg a dxfferent symbol (up to 4 profiles). |
"save profile”: the currently active profile (dependin g on the ecﬂor)’ o’rrthe
screen w1ll be stored in the memory. The values saved will be the processed data and
pjnot the ongmal data. The user will be prompted for a proﬁle name; a default name is

produced by combining the original name with the current operanon that was being

performed on the original profile. ThlS 1s useful in order to plot the log of the
normahzed intensity for the same ion for several different conditions on-the same
| plot. | B | | _
' "profile(s) to disk": all, the profiles that are being looked at on the plot will be
written on the disk in one' rﬁé /?fhe daga va]ues that are written out are not the
original values but the processed values of the profiles that are dJsplayed on the p]ot |
The user will be prompted for a name for the file to which the data is written.

~ ‘external analysm--thxs function automancally performs a "profile to disk"
creating a file called EXTANLSW PRF Then, an external user supplied program of
the name EXTANLYZ EXE is started after which a file called EXTANLSR PRF w111
be read and any profile in IhlS file will be located i in the proﬁle storage area. Note
that new profiles will not be seen without retummg to the main menu. The files
EXTRANLSR.PRF will be erased after the function is completed.

- "print plot": is a prelirnirrary priming routine that piots t‘he. screen display
directly on the printer without having to use CAPTURE (deseﬁbed earligr). .
Howbver, there are a number of bugS' if the printer is not preeent and online, the
program wxll hang, also, the prmtmg seems to go askew near the end of the plot. Thxs
routme 1s the only way to plot mass spectra that have been aquu'ed with all 4096

channels from thc MCS program
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' funcnohs To call thcse hclp menus press Ait F ] sxmultaneously Thc hclp ﬂﬁﬁ’
callod up will have informati6ﬁ on the fugcﬁép?‘tpfﬁ' ar.e~ayaxlablc at that po; %
program. That is at Main Menu A, the: hem%&@

Menu A only. If you are in n the plot mcnus the! ‘ ,n;enus w1ll on]y gvc you .

T
information on the menus vmb]c on the scrcen at the‘?me when thc hclp ‘menus are

" called. ‘ A ‘ » -

el

e

A.S Progmrn for calculations not availab]e in the MCA program

. J!r

For funcnons not avmlab]e for cxample normalizing a mass spectrum SO that
the most intense peak is plottcd as 100% a program called PRFPROC BAS can be
modified to pcrfonn the desired calc uIanon This program is dxvxdcd Into three
sections: the first section reads the data from the *.prf files created by the MCA
program The second section does the ca]culanons desired and the third section write.
the calculated data to a new *.prf ﬁlc which can be read i mto the MCA *program with
the disk- >proﬁ]e function in Main Mcnu B. The PRFPRO%BAS program can be

: .found in the directory C: \DOS\MCA\HELPMCA using the Quick Basic Program To

Create a program, modify the second secuon in the PRFPROC program and save xt
under a new name. In this way the program PRFPROC 1s not lost and can be used as
a guide repeatedly. When the new program is created it will be stored in thc )
CA\DOS\MCA\HELPMCA dJrcctory and shou]d be copied to the C: \DOS\MCA
d1rcctory to be used. ‘

In order to use the program created, plot the profile of interest and use the
function "profile->disk" to transform the proﬁle toa *PRFfile. Leave the MCA
program either by using the quit funcnon or the DOS comand Once in DOS call the

an



'.2‘12
~program that has bccn crcatcd for thc calculauon to be pcrformcd on. Thc program

| wxll ask for a file name. Make.sure that the cxtensmn .PRF is includéd when the”

name is 'cntcrcd. After the program has complctcd-thc calc?xlatioris it will ask for a

profile name. This name will be the one that will appear in the box in thc MCA ’S

program once the file has bccn read into thc MCA program $ mcmory 'I'hc program

created will then ask you for a file name. This name wxll be the one that the new, _ ~
proﬁle will be stored under. Be sure to include the cXtcnsmn .PRF in the filc name.

) This name will also be seen when the profile is read intd'the MCA memory usmg the

"dlSk ->profile” function in Main Menu b.
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