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Abstract:

The field of gas phase ion chemistry has undergone rapid expansion during the last three decades. This
has resulted in an increased need for experiments designed to elucidate the mechanisms, kinetics and
thermochemistry of ion molecule reactions in the gas phase. Due to instrumental limitations, the vast
majority of experimental methods operate under buffer gas pressures of less than a few Torr. Analytical
methods operating at high pressures and support for theoretical models of ion-molecule reactivity are
two areas that would benefit from the results from experimental methods operating under very high
buffer gas pressure conditions. An Ion Mobility-Mass Spectrometer (IM-MS) has been constructed in
our laboratory and has previously been applied to the study of simple substitution and clustering
reactions. Modifications of the original IM-MS have increased the range of electric field strength and
buffer gas pressure and have allowed the investigation of chemical systems between 300 and 1100
Torr. Rate constants for the thermal electron detachment of azulene" and for the reaction of chloride
ion with methyl bromide have been measured over this pressure range. These investigations, and the
reaction of chloride ion with isopropylbromide at atmospheric pressure, are the subject of this thesis
work. Significant differences were observed in the behavior of these reactions when compared to
results from experimental methods operating at lower buffer gas pressures. It has been determined that
rate constants for the detachment of thermal electrons from azulene are inversely dependent on buffer
gas pressure due to interaction of the anion with buffer gas molecules. Rate constants for the reaction
of chloride ion with methylbromide were observed to increase with increased buffer gas pressure and
the lifetime of the reaction intermediate was found to be in the low picosecond range. Investigations of
the reaction of chloride ion with isopropylbromide revealed a change in mechanism on going from low
to high buffer gas pressures. Direct bimolecular nucleophilic substitution is operative at low pressures
while indirect unimolecular decomposition of the reaction intermediate was observed at high buffer gas
pressures. The kinetic parameters and thermodynamic properties of this reaction at one atmosphere
pressure were determined.
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ABSTRACT

The field of gas phase ion chemistry has undergone rapid expansion during the last three -
decades. This has resulted in an increased need for experiments designed to elucidate the

mechanisms, kinetics and thermochemistry of ion molecule reactions in the gas phase.

Due to instrumental limitations, the vast majority of experimental methods operate under

buffer gas pressures of less than a few Torr. Analytical methods operating at high

pressures and support for theoretical models of ion-molecule reactivity are two areas that

would benefit from the results from experimental methods operating under very high

buffer gas pressure conditions. An Ion Mobility-Mass Spectrometer (IM-MS) has been

constructed in-our laboratory and has previously been applied to the study of simple

substitution and clustering reactions. Modifications of the original IM-MS have increased

the range of electric field strength and buffer gas pressure and have allowed the

investigation of chemical systems between 300 and 1100 Torr. Rate constants for the

thermal electron detachment of azulene™ and for the reaction of chloride ion with methyl

bromide have been measured over this pressure range. These investigations, and the

reaction of chloride ion with isopropylbromide at atmospheric pressure, are the subject of
this thesis work. Significant differences were observed in the behavior of these reactions

when compared to results from experimental methods operating at lower buffer gas

pressures. It has been determined that rate constants for the detachment of-thermal

electrons from azulene™ are inversely dependent on buffer gas pressure due,to interaction

of the anion with buffer gas molecules. Rate constants for the reaction of chloride ion

with methylbromide were observed to increase with increased buffer gas pressure and the

lifetime of the reaction intermediate was found to be in the low picosecond range.

Investigations of the reaction of chloride ion with isopropylbromide revealed a change in

mechanism on going from low to high buffer gas pressures. Direct bimolecular

nucleophilic substitution is operative at low pressures while indirect unimolécular
decomposition of the reaction intermediate was observed at high buffer gas pressures.

The kinetic parameters and thermodynamic properties of this reaction at one atmosphere

pressure were determined.




INTRODUCTION

The field of Gas Phasé Ton Chémistry (GPIC) hés undergone a period of véry rapid |
growth in the past ,three decades (1-5). Tl_iis has been the result of the ongoing and
increasingly swift development of the electronic and vacﬁum technologies required for the
instrumentation used in this field. This evolution has resulted in an unprecedented increase in
the number of expeﬁments and analytical applications based on processes occurring in the gas
phase. Knowledge of the chemical and physical processes occurring in these gas phase
environments is often essential in these applications. Thus, theoretical and ‘experimental
investigations to determine fundamental kinetic and thermochemical parameters for processes
occurring in the gas phase are vital and have attended the rapid development of GPIC.

While literally thousands of papers have been published concerning ion-molecule (IM)
reactions at low (< 5 Torr) buffer gas pressures, less than 20 papers have been published in
which TM reactions have been investigated by instrumental methods that usé buffer gases in the
very high pressure (VHP) range (6 - 20). (For convenience, buffer gas pressure ranges will be
diﬁded into the low pressure (LP) range, between 107 and 10” Torr, the high pressure (HP)
range, between 0.1 and 5 Torr and the very high pressure (VHP) range, between 100 Torr ?.nd
10 atmospheres buffer gas pressure). This is not due tp a lack of interest in processes
occurring at higher pressures, but rather due to instrumental difficulties encountered at these
pressures. This lack of knowledée concerning IM reactions at VHP is an important motivation

for developing new, reliable methods for investigating IM reactions under conditions of VHP.
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In response to this need, a new instrumental method has been developed in our
laboratory which incoréorates the a(ivantages of Ton Mobility Spectrometry (IMS) and Mass
Spectrometry (MS) and which shéll be referreci to hereafter as Ion Mobility - Mass
Spectrometry (IM-MS). This instrument has previously beén Asuccessﬁ.lll}'r applied t.o the study
of simple bimolecular reactions (10) and cluster equilibria (11). Modifications to the original
IM-MS have since expanded its utility to include the investigation of IM reactions over the
pressure range of 300 to 1100 Torr. Rate constants for the thermal electron detachment of
azulene” (Az) and for the reaction of chloride ion with methyl bromide (Cl'/CHgBr) have both

been measured over this pressure range. These investigations, and the reaction of chloride ion

with isopropylbromide (Cl/i-P1Br), are the subject of this thesis work.

Motivations for Investigating Ton Molecule Reactions at Elevated Pressures

Importé,nt motivations fpr ‘the study r;)f GPIC at VHP are the.establishmerllf of a sound
experimental foundation for theori\es of IM reactivity at very high pressures and for models of
solvation and intn'nsic structure-stability and structure-reactivity relationships. Also, some of
the most sensitive analytical methods used in the environmental, foreﬁsic and biological
scignces rely on processes occurring in the gas phase under very high buffer ga‘s'pressures 21 -
23). Clearly, it is vital that the chemical and physical processes occurring in VHP buffer gases |

be understood.




Experimental Support for Theoretical Models of Ton-Molecule Reactivity

The development of instrumental methods and the expansion of computing capabilities
has helped catalyze the growth of theoretical models attemptin;g to more accurately desc_:n'Bé
IM reactivity. One of the most significant theoretical advances in GPIC and one that underlies
all gas-phase nucleophilic bimolecular substitution (Sy2) reactions is the ‘double well”
description of an IM reaction coordinate proposed by Brauman et al. t24)~ and shown in Figure
1. This reaction coordinate was invc;ked to explain the inefficiency of exothermic Sx2 reactions
having low or negative aétivatiop energies. A typical Sy2 reaction that exhibits this behavior is

the CI'/CH;Br reaction system given in detail below and also shown in Figure 1.

ke k .
CI™ + CH,Br=— CI-(CH3Br)* —2> (Cl. CH;Br)=—> Br—(CH3C))—> Br- + CH3Cl (1)

b
M]
N

C1~(CH3Br)

Even though the activation banjier‘for this reaction is ~ -2.0 kcal mol” below the energy of the
reactants, the reaction proceeds to products with only about 1% efficiency, i.e. only about 1
out of every 100 collisions results in the formation of products. The reason for this
inefficiency, aﬁd the motivation for studying reactions such as these at higher buffer gas
pressures, can be un;ierstood By, following the progress of this reaction along the reaction

coordinate in Figure 1.
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Figure 1. Reaction coordinate diagram for a typical gas phase Sn2 nucleophilic

displacement reaction. Curve A represents the energy distribution function for the reactants in
thermal equilibrium with the buffer gas. Curve B represents the distribution function for
entrance-channel complexes at low pressure, curve C for an incompletely thermalized ensemble
of complexes and curve D for the ion complexes at high pressure (completely thermalized).
Other major points are discussed in the text.



The reactants, with a total energy distribution represented by curve A in Figure 1,
come together with a collisional rate, k., described by conventional ADO theory (1), and
form entrance channel ion-complexes, CI(CH;Br). This interaction involves an energy barrier

due to the centrifiugal forces in the CI'(CH;Br) rotating-ion complex, represented in Figure 1 by

the first transition state, <. The inefficiency of the reaction is a result of competition between

passage over the transition state (¢ ) to products and dissociation back over the centrifugal

barrier to form reactants. The observed rate constant for reaction sequence 1 depends on the

magnitude of the rate constants for these two reaction pathways as shown in equation 2.

.k § | ‘
Kobserved =Ko (kb :kpj ‘ (2)

where k, and ks, also represent k; or ki in reaction sequence 1. The expression in parenthesis,
ky/(k» + k), describes the efficiency of reaction; i.e., any reaction where k; is large, (k, can be
. ignored) is limited by the collisional rate constant, k.. Conversely, any reaction where k; is
small is limited by the isomerization of entrance channel complexes over the transition state to
form exit channel ion-complexes. The magnitude of the unimolecular rate constants in reaction
sequence 1 is. a function of the energy .of the entrance channel ion-complexes. The ion
complexes are initially formed with an excess internal energy equal to the exotﬁermicity of the

association reaction, represented by the species Cl'(CHgBr)*.in Figure 1 (curve B), and are said

N

to be chemically activated. These chemically activated complexes can dissociate backwards to

reactants, ky, isomerize over the transition state to form exit channel ion-products, k;, or




6
collisions with the buffer gas can remove the excess internal energy to form the ion-
complex represented by the species CI'(CHsBr). These species, referred to as thermalized
ion-complexes (having thermal energy), can also form reactants or products with rates
characterized by the different rate constants, ky,’ and ky'.

Whether an Sy2 reaction proceeds through chemically activated or thermal-energy ion-
complexes depends on the average lifetime of the ion-complex and on the pressure of the
surrounding buffer gas. If the average lifetime of the ion-complex is much shorter than the
average time between collisions of buffer gas‘molecules (low buffer gas pressure), then the ion-
complexes will retain much of their chemical activation energy, characterized by rate constants
ki. A chemical system operating under these conditions is said to be in its low pressure limit
(LPL) of kinetic behavior. If the average ion-complex lifetime approaches that of the time
between collisions (intermediate buffer gas pressure), then a fraction of the ion-complexgs will
loée their excess energy by collisions with the buffer gas molecules. The total energy
distribution of the ion-complexes under these conditions might be expected to resemble curve
C in Figure 1. Finally, if the average ion-complex lifetime is very long relative to the time
bétween collisions with buffer gﬁs molecules (very high buffer gas pressure), all of their
chemical activation energy will be quenched by the buffer gas. The total energy distribution of
these thermal-energy ion-complexes will then be determined by the temperature of the buffer
gas, represented by the Boltzman distribution curve D in Figure 1. Under these conditions,
reaction sequence 1 will proceed through the thermél-energy ion-complexes characterized by

rate constants ky’ and k,’. A reaction is said to be operating in its high pressure limit (HPL) of




kinetic behavior if the pressure of the buffer gas is high enough (or the lifetime -of the ion-
complex is long enough) to effectively thermalize all the ion complexes.

There are two fundamental theories for determining rate constants (k) for the
chemically activated and thermal-energy entrance channel ion-complexes (25 - 27). The
theory treating the unimolecular dissociation of the chemically activated species is referred to as
RRKM (Rice, Ramsperger, Kassel and Marcus) and that for the thermal-energy species is the
Transition State Theory (TST). The general expression for the unimolecular rate constant of a

system in its LPL of kinetic behavior is given by equation 3
RRKM:  k(E)=G(E - Eo) / hN(E) 3)

where G(E - Ey) is the sum of the vibrational and internal rotational quantum states for the
transition state (forward o.r backward) in the energy range E - Eo and N(E) is the density of
states for the entrance channel ion-complex. At a specific energy level (Figure 1), the ratio of
the forward and backward rate constants is given by

k_P= G'(E—E,'— AErot)
kb G(E -E,)

RRKM: 4
where AE, is a correction for the internal energy of the forward transition state to allow for
conservation of aﬁgular momentum. The rate constants given here are micro-rate constants
characteristic of a specific energy level; equation 4 must be integrated over an appropriate
energy distribution function (i.e. ref. 25, p 240) to arrive at the overall ratio of rate constants

for chemically activated reaction 1. The inefficiency of reaction 1 (ky/ks <1) is due to the




greater number of states in the entropically favored (loose) reverse direction (dissociation) as
compared to.isomerization over the entropically less-favored (tight) forward transition state
(Figure 1).

When an IM reaction is brought to its HPL of kinetic beﬁavior, the unimolecular rate

constant for dissociation of the ion-complex can be determined by TST, shown in Equation 5.

%+
kT _
TST: k= fob_Q  komr

h QaQs ®)

Here, Q#, Qa, Qg are the partition functions (electronic, vibrational, translational and rotational)
of the activated complex and of reactants A and B, respectively, T is the temperature of the

buffer gas and f is the transmission coefficient. The transmission coefficient is introduced to

allow for the possibility of exit-channel complexes isomerizing back over the transition state and
re-forming entrance channel ion-complexes. It is essentially that fraction of species crossing the
transition state that go on to form products and is assumed to be unity under conditions of high

buffer gas pressure (26).

‘While statistical methods (RRKM) of interpret‘ing the kinetics of some reactions have

been very successful (28, 29), recent theoretical and experimental evidence have indicated non-

statistical (non-RRKM) behavior for some simple IM reactions. Theoretical calculations have

revealed such non-statistical behavior as vibrational mode-specific rate enhancements (30 - 31),
de-coupling of intra-molecular ion-complex vibrational modes (33), translational versus internal

reactant energy rate differences (34) and vibrational excitation of reaction products (35).
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These .theoretical results have also found support in recent experiments. Graul and Bowers
(36 - 37), using Mass Spectrometer based 'niethods (~ 0.1 Torr), measured the kinetic energy
distribution of the CI(CH;Br)* ion-complex _diséociation products and found vibrationally
excited products. Viggiano, g_t__a_l_. (38), using a selected ion flow tube (~ 0.5 Torr), found that
the rate constant for reaction sequence 1 did not depend on reactant internal energy, implying a
de-coupling of the vibrational modes in the ion-comﬁlex. These theoretical and experimental
resulté imply that statistical theories might not adequately describe some chemical systems.
These. uncertainties could be eliminated, and the kinetics of reaction could be reliably
interpreted, if such systems could be brought to theit HPL of kinetic behavior. Also; the
interpretation of IM reaction kinetic data is simplified if the reaction can be brought to its HPL
of kinetic behavior. In the HPL, theoretical analysis of the kinetic data requires only
knowledge of 1;he reactants and the forward, rate-determining transition state, no knowledge of
entrance channel complexes or of the reverse transition state is required.

Well-established instrumental methods for investigating IM reactions, sdch as Ion
Cyélotron Resonance and Mass Spectrometry, operate at low buffer gas pressures. Under |
these conditions, the ion-complexes are not expected to undergo collisions with the buffer gas
and so are in their LPL of kinetic behavior. Other instrumental methods operate at high buffer
gas pressures (Flowing, Afterglow and Selgcted Ton Flow Tube) where it is diﬁicult to predict
_ whether or not an IM reaction is in the LPL or HPL of kinetic behavior. The IM-MS was
developed in response to the need for instruments operating at very high buffer gas pressures

that could force a reaction to its HPL of kinetic behavior. Also, by comparison with reaction
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kinetics obtained using lower pressure methods, techniques at very high pressures could

indicate whether an IM reaction was at or approaching its HPL of kinetic behavior.

Determinations of Intn'risic Chemical Behavior: Support for Models of Solvation

Theorists and physical organic chemists are interested in experimental methods ‘ihat can
reproduce, in the gas phaise, reactions cif interest in solution, so that the effects of solvation and
ion-pairihg on the intrinsic propertieé of ihe species involved cian be detennined. Twoirevi.ews.
(if the use of GPIC as a tool for elucidating information aboilt reactions in solution can be
found written byd Speranza (395 and by Bartmess (40). For this ai)pﬁcaﬁon of GPIC
experimcnté to be valid, they muét study isolated ions that have the same distribution of internal
energy as in solution phase, i.e. a thermal distribution, which can‘ be guaranteed only with
complete thermalization of reacting species. While many experimental methods operating at
buffer gas pressures less than about 5 Torr, such as the selected-ion flow tube (SIFT), ion
cyclotron resonance (ICR) and the pulsed electron high pressure mass spectrometer (PHPMS)
provide valuable information aboui the structure and stability of ionic intermediates, they may
provide only phenomenologicél rate and mechanistic information rather than information
characteristic of thermal (as in éolution phase) species.

The effect of solvaticin on the reaction coordinate for a typical Sx2 reaction can be seen
in the three curves in Figure 2, reproduced fr(;m Speranza (39). Curve A in Figure 2 is siniilar
to that in Figure 1, discussed earlier, while curves B and C show the eifects of increased

solvation. The dramatic change in the rates of some IM reactions occurring in solution phase




u
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Figure 2. Reaction coordinate diagrams for the same reaction carried out in the gas phase
with an unsolvated (curve A) or monosolvated (curve B) ionic reactant, or carried out in
solution (curve C).
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compared to the same reaction in the gas phase can be tra;ced to the large change in the central
barriers shown in Figure 2. It should be noted that large differences in reaction rates in gas
phase compared to éolution phase have been found only in the case of io;lic (IM) reactions. For

' example, the rate constant for the biels-Alder dimerization of cy;:lopentadiene is essentially the
same in hexane or ethanol and is only three timgs larger tﬂan in the gas phase (41)', However, it
has been found that the sirhple Sw2 reaction, reaction 1, proceeds 15 orders of magnitude faster .
in the gas phase than in methanol (42). '

Experiments carried out in the gas phase have also supported theories of reaction
mechanisms determined from‘ solﬁtion phase experiments. For example, it was long believed -
that the higher reactivity of the iodide ion relative to other halide ions in nucleophilic Sx2 |
reactions in solution was a consequence of the increased ability of the more polarizéble iodide
ion to more readily supply electron density near the substrate (24). However, studies in
aproptic solvents and more recently in the gas phase have shown that the higher reactivity of
the iodide ion is due to its lower degree of solvation (lower central barrier), rather than to
effects caused by its higher polarizability.

The effects of solvation on the kinetics of IM reactions have been investigated by
Bohme et al. (43) in their study of the reaction of F~ with CHs;Br and CH3Cl and of CI' with
CH:Br. They found that the rate constant for the bare (unsolyated) anion (near collisional for
F~ and ~ 1% collisional for CI) was decreased by three ;)rders of magnitude with the ;(1dditi0n of

. just one solvent molecule to the anion and was too slow to measure with the addition of two or

more solvent molecules. In aqueous solution, the rate constant for these reactions is slower by
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another 15 to 16 orders of magnitude. It was alsé noted that the rate constant for the reaction
of CI" with CH3Br in the gas phase measured using their flowing afterglow apparatus (~ 5 Torr
buffer gas pressure) was approximately’ twice the rate constant of the same reaction also
measured in the gas phase, but using instead a pulsed ICR operating at much lower buffer gas
pressures (~ 1 x 10” Torr). Recent measurements by Giles and Grimsrud (10) using IM-MS
(640 Torr pressure) have resulted in a rate constant for this reaction which. is higher than that
obtained using the flowing afterglow method. Thus, it‘is' evident that the rate constants fqr ™M
reactions are not only different in solution and in gas phase, but are also dependent on the
buffer gas pressure.

Furthering our understanding of the theory of IM reactions and providing éupport for -
models of solvation are important uses of VHP instrumental methods. Perhaps é more
practical application of this technology, and an increasingly vital one, is the need to develop a
1t)‘etter understanding of IM processes underlying some of the most sensitive analytical methqu

in use today.

Support for Sensitive Analytical Methods

Analytical methods operating in the VHP range can be extremely sensitive and find
widespread use in the ‘detection of trace quantities of explosives, narco;cics, environmental
pollutants, and for characterizing biological samples. They include Ion Mobility Spectrometry
(IMS), Atmospheric Pressure Ionization Mass Spectrometry (APIMS) and Electron Capture
Detection (ECD) for use with Gas Chromatography (GC). As discussed in the preceding

sections, the rate constants obtained from investigations of IM reactions under low pressure
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conditions are not n@céssan'ly applicable when applied to ionic reactions operating at high
pressures. For example, work carried out by Knighton et al. (45) has shown that the APIMS
spectra of C;Fi4 were significantly altered by the addition of water or methanol at partial
pressures that may also be found in the buffer gases used in the detection methods mentioned
above. The APIMS spectra were altered by the formation of molecular anions clustered with
the added water or methanol. It is expected that. the formation of clustered species at higher
pressures, paﬂi@arly at low temperatures, wg;uld signiﬁcanﬁy effect the response in these
detection schemes to the analyte due to the change in stability of the clustered anion. In
addition, work by Mock et al. (46) in which the rate constant of thermal electron detachment of
the azulene molecular anion, Az", was measured using the Photo-Detachméﬁt Modulated-ECD
(PDM-ECD) at two atmospheres pressure yielded a rate _consfant three times lower than that -
measured by Kebarle et al. (47) using a PHPMS at 5 Torr pressure. Further measurements of
the rate constants of Az thermal electron detachxhent have béen carried out and reported
herein using IM-MS. The results of this work revealed that the rate constants of thermal
electron detachment at ~ (;ne atmosphere pressure are higher than that reported by‘ Mock but
lower than that measured by Kebarle. This implies that increased buffer gas pressures might
result in a larger equilibrium concentration of azulene adducts that are more stable than the
unclustered anion. The effects and implications of azuleng electron detachme'nt using IM-MS -
will be discussed in more detail I;J,ter. |

The fonnatioh of adducts and dimers at the very high buffer gas pressures in IMS has. -

been observed to significantly alter ion mobility spectra. Eiceman et al. (48) reported peak
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distortion and baseline perturbations in the ion mobility spectra of butyl acetate isomers.,
Fragmentation of the iso-, tert- and sec- butyl acetate isomers and declustering of the n-butyl
acetate isomer from the dimer to the monomer ions was observed at high (160 °C)
temperatures. Preston et al. (49) observed the change in reduced ion mobility as a function of
neutral reagent conqentration in the ion mobility spectra of DPM/acetone (DPM = 3-(3-
methoxypfopoxy)propanol (dipropylene glycol monomethyl ether), acetone/water and
pyridine/water. A decrease in the‘ reduced mobility (longer observed dljﬁ‘times) as the neutral
reagent (acetone or water) concentration was increased was é.tfﬁbuted to the establishment of a
clustering equilibrium in the drift tube. It was also possible to ;ietermine the thermodynamic
coﬁstants for these clustering reactions by measuring the change in. reduced‘ mobility as a
function of neutral reagent. ’fhermodynarnic constants for the dimerization of pyridine were
determined in this manner. Investigatioﬁs of this type reveal the uncértainties inherent in the
interpretations of ion mobility spectra. Cléarly, these complicating effects of VHP buffer gases

need to be investigated and understood.

Instrumental Methods for Investigating TM Reactions in the Gas Phase

The temperature and pressure ranges used in IM-MS and in other instrumental
methods in GPIC are illustrated in Figure 3 (39). It is evident from Figure 3 that most
techniques for investigating IM use low to high buﬁ’ér gas pressures where chemically
actiyated, rather than thermalized, ion-complexes are likely. A brief review of the instrumental
methods illustrated in Figure 3 will reveal some of the advantages and‘ disadvantages of

methods operating under low and high buffer gas pressures. '
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Figure 3. Illustration of the various methods available for investigation of gas phase ion-

molecule reactions. Limiting operating conditions of temperature and pressure are indicated.
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Instrumental Methods in the LP and HP Range

It is evident in Figure 3 that the major instrumental methods in use in the low pressure
regime are based on various configurations of Ion Cyclotron Resonance (ICR). A review of
ICR, Trapped ICR (‘TICR)‘ and Tandem ICR has been published by Bowers and Kemper (50)
and includes an historical perspective, instrumental overviews and discussions of ICR as a
method for studying IM reactions. A similar review by Freiser (51) covers these aspects of
ICR as applied in Fourier Transform ICR (FT-ICR). ICR-based techniques have been
responsible for measurements of a wide variety of IM reaction rate constants (52, 24).
However, the low pressures used limits its use in the study ef equilibrium processes. One of
the main advantages of ICR methoas is the ability to investigate (reaction) ldnetic energy
effects. Examples include the determination of IM reaction product distributions as a function
of reactant ion kinetic energy and measurements of released kinetic energy in dissociation
reactions (53 - 57). However, with the exception of some experiments using TICR and FT- |
ICR, this advantage comes at tile price of a non-thermal distribution of feacta.nt ion
translational energy. Inetrumental methods that operate in the high pressure (HP) range, such
as Flowing Afterglow (FA), Seleeted Ion Flow Tube (SIFT) and the Pulsed High Pressure
Mass Spectrometer (PHPMS), can be used to investigate IM reactions under conditions at
which the r'eactant’ ion kinetic energy is thermai. |

The Flowing Afterglow technique (58) works by ﬁret ionizieg a high velocity (10* cm
s) carrier gas (usually‘r He) either by a microwave discharge, electron impact or DC discharge
source, creating a gaseous plasma. A small fraction of suprathermal ions and electrons ﬂow

out of the source (an “afterglow”) and are collisionally thermalized by the carrier gas. Most of
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these ions are pumped out of the flow tube by a high capacity mechanical ‘pump while a small
fraction le?lks through a pinhole orifice into a differentially pumped mass spectrometer. Ion
molecule apd jon-ion recombination reactions can be studied by selectively introducing known
concentrations of ion source gas either upstream or downstream of the ion source. The
primary ions thus created react with neutral reagents intro.duced farther downstream in the flow
tube. The measured loss of primary ion as a function of reactant gas concentration leads to
detenninafions of IM reaction rate constants. Flowing afterglow instruments are usually
constructed of stainless steel and are able to operate over a wide te;,mperature range (80 - 900
K) and over a pressure range from about 0.1 to a few Torr (Figure 3). Some of the
disadvantages of the FA are the creation of many ionic species in addition to the primary ion
and the existence of energetic ionic species in the afterglow. In spite of these complicaﬁons,

FA has resulted in numerous rate constant determinations and a wealth of chemical information

and is still useful in many analytical applications.

The Selected Ion Flow Tube (58) is similar to the FA with the exception that of all the
ions generated in the source region, only the primary ions of interest are transmitted l,)y a
quaampole mass filter before being injected into the flow tube. This results in a much lower
ion density in the tube, but eliminates other ions, metastable species and photons that can be
problematic in the FA. The ability to create negative and positive ions in a source separate
from the flow tube over a Wide range of temperature (80 - 600 K) and over a pressure range of
0.1 to a few Torr has allowed the study of a wider range of reactions than in the FA. Again,

IM investigations using SIFT are too numerous to list here, but references cari be found in two
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review articles (59, 60). The SIFT instrument has been successfully a‘pplied to the
measurements of IM reaction rates as a function of reactant kinetic energy (61, 62). The
kinetic energy of the primary ions is made suprathermal by passage of the selected ions through
a drift tube inserted into the flow tube. An electric field is generated in the drift tube, imparting
excess energy to the ions prior to reaction with the neutral reagent molecules.

The final HP instrumental method to be briefly discussed is the Pulsed High Pressure
Mass Spectrometer (63). Inspection of Figure 3 shows thét this method operates within the
same general pressure and temperature range as the FA and SIFT me.thods. However, the
PHPMS is ‘considered to be a method pdmarjly for investigating IM equilibria, althdugh
observétions of the approach tb equilibrium can also proviae, much information regarding IM
'k,inetics. ‘The PHPMS consists of a pulseci electron be‘am‘gun, an ion source and a differentially
pumped masg spectrometer . Thé ion source typically contains about 0.5 to 5 Torr of buffer gas
(usually CH,) and a few millitorr of one or several reagent gases. A short burst (~10 pisec) Iof
electfons ionizes the buffer gas to form secondary electro‘ns which are éﬁ‘ecﬁveiy thermalized
by collisions with the buffer gas. Molecules of high electron affinity capture these thermal
secondary electrons and are subsequently thermalized by collisions with the buffer gas
molecules. Electron transfer between theée two species occur as the molecules diffuse through
the buffer gas to an exit aperture for sampling by an attached mass spectrometer.
Measurements of the 16garithmic decay of these ions over time allow for the determinati_on of

the forward rate constant and the equilibrium constant. Measurements such as these, reported
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in numerous publications (64 - 68), have allowed for determinations of the kinetics and the

thermochemical properties of a very wide range of reactions.

Instrumental Methods in the VHP Range

As mentioned previously, less than 20 papers have been published pertaining to the
study of gas-phase IM reactions in the VHP range. The instrumental methods used in these
investigations are the Time-Resolved Atmospheric Pressure Ionization Mass Spectrometer
(TRAPI), Optical Spectroscopy in a Pulsed Electrical Discharge (OSPED), the Ion
Mobility Spectrometer (IMS), the Photodetachment-Modulated Electron Capture Detector
(PDM-ECD) and the Ion Mobility - Mass Spectrometer (IM-MS).

The TRAPI method, developed by Matsuoka et al. (15 - 19), is similar in operation to
a PHPMS except that ions are produced by an X-ray pulse in an atmospheric pressure source,
rather than by a pulse of high energy electrons in an ion source with about 5 Torr pressure.
The products of selected IM reactions occurring within the TRAPI source Voluﬁle flow by
convection (rather than by diffusion as in PHPMS) and are leaked through an aperture to an
associated mass spectrometer; reaction rates are &termined by measuring the intensity of
selected ions over time. While the rate constants of about a dozen IM reactions have been
measured using this technique, there is some question as to their accuracy due to uncertainties
in the ion concentration uniforﬁﬁty in the source, collisional rate effects near the aperture and
possible cooling in the adiabatic expansion out of the aperture (69).

Uncertainties associated with the transport of ions to a detector are eliminated with the

use of the OSPED technique. Collins et al. (6-8) have measured IM reaction rates (charge
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transfer reactions) using OSPED over a pressure range from 0.4 to 2.0 atmospheres. The ion
source in this technique consists of a reaction cell with two quartz windows at either end with a
* 25 pm thick titanium window oﬁ one side. A high current electron beam is passed through this
titanium window, creating ions in the cell for subsequent IM reactions. The rate constants of
IM reactions are determined by recording the absorption spectrum of a selected excited species
as a function of time after the electron pulse. This method has to date been limited to charge
transfer reactions involving relatively small atomic and diatomic species.

Strode et al. (13) have measuréd the rate constants of about 20 IM reactions at two
atmospheres pressure utilizing the PDM-ECD. This method relies on the differential response
of a modified ECD (window installed on one side to allow light pulses to enter) between pulses
of light selectable between 250 and 1200 nm (to allow for the photodissociation of the product
anion of interest). This method was also utilized for the analysis of fast unimolecular reactions.
The rate constants for the thermal electron detachment of Az were measured using this
method and the results will be discué.sed in greater detail later.

Two other techniques for investigating IM reactions at VHP are the radiolytic and
nuclear decay methods. However, these are based on chemical, rather than instrumental,
methods and so are not reviewed here. Information about kinetic investigations utilizing these
methods can be found in publications by Cacace (70) and Speranza (71).

The final instrumental methods listed in Figure 3 are the closely related Ion Mobility
Spectrometry (IMS) and Ion Mobility - Mass Spectrometry (IM-MS). Ion Mobility—Mass

Spectrometry, its design and use in IM investigations, is the subject of this thesis work and will
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be discussed in detail later. Ion Mobility Speétrometfy has been utilized over the last three
decades mainly as an ultra-sensitive analytical device for detecting trace quantities of
explosives, illicit drugs, and atmospheric pollutants, while also finding applicatic;n in the
biological and forensic sciences (72 - 85). Although IMS is used pri‘rhan'ly as a combination
séparation and detection tool, it has also been used as a stand alone detector following other
separation methods such as GC, supercritical ﬂﬁid GC and liquid chromatography (86 - 92).
Briefly, IMS works by first ionizing an analyte in a ®Ni radioactive source followed by
separation based on size (mass and structure) in an atmospheric pressure drift tube under the
influence of an applied electric field with subsequent time-resolved detection at a Faraday plate.
Various modifications of this bésic technique have been developed, such as using
photoemissive and léser ionization sources and compact tube designs and detection schemes to
exploit its relatively simple mechanical design ‘(9.3 - 102). Exceﬂent review articles have been
published describing the use of IMS as an analytical technique (22, 103 - 107). While a
number of authors have investigated IM reactions using IMS, with the exception of two
mentioned previously, these studies have been limited to the chemistry occurring in the ion
source (mostly charge | transfer reactions) prior to injection into the drift tube region
(108 - 110). Tt is rather surprising that over the relatively long histofy. of IMS only two
publications have dealt wifh IM reactions occurring in the drift tube region.

The Ion Mobility - Mass Spectrometer (IM-MS) is based on the same operating
principles as IMS. These operating principles and the application of IM-MS to the study of IM

reactions is the subject of this thesis work. It is expected that much of the knowledge gained in
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these experiments should be directly beneficial to those working in the field of IMS. As
mentioned (briefly) previously, the IM-MS has already been used to successfully measure rate

constants for a series of sirnple Sx2 reactions (10) and to measure the equilibria and reactivity

.of the cluster ions CI'(CHCL),., with CH;Br and CHsI (11) at 640 Torr. Following a detailed

description of the design and operation of the IM-MS, a discussion of the study of three
additional chemical systems will be presented. These systems are the thermal electron
detachment of azulene (Az), the pressure dependence of the Sx2 reaction CI' + CH;Br — Br

+ CH;Cl and the complex Sy2 reaction of Cl” with 7-PrBr at atmospheric pressure.
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INSTRUMENTAL DESIGN AND PRINCIPLES OF OPERATION

A detailed description of the original IM-MS instrument and basic operating principles
has been published previously by Giles and Grimsrud (10). This design has since been
extensively modified to accommodate_ the need for improved control of and extended range of
temperature, pressure, gas flow and electric field strength. This warrants a somewhat detailed
review of the layout described by Giles: and Grimsrud. These modifications have increased fhe |
utility bf iM—MS as Ha means of investigating gas phase jon molecule reactions at very high

buffer gas pressures.

Instrumental Design

The IM-MS consists of three major components as shown in Figure 4: An Ion
Mobility Spectrometer (IMS), a Mass Spectrometer (MS). and a Gas Handling Plant (GHP).

An expanded view of the source and detector ends of the IMS is given in Figure 5.

Ton Mobility Spectrometer

The Ion Mobility Spectrometer (IMS) is composed of a source assembly and a Faraday
plate detector located inside of a 40 cm long by 9 cm diameter Pyrex tube with end\s'
terminating in glass-to-metal seals and stainless steel conflat flanges. Nineteen electrodes
(stainless steel hose clamps) are attached to the outside of the tube and are electrically

connected in series through@resistors. The electrode nearest the Faraday plate is

connected to a & 5000V power supply (Model 205B-05R Bertan Assdc, Inc., Hicksville, NY).
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Figure 4. Diagram ofthe IM-MS apparatus: (A) pressure transducer, (B) needle valve,
(C) rotameter, (D) source volume, (E) septum inlet, (F) insulated box, (G) Pyrex drift tube,
(H) BN grid, (1) ion source, (J) pressure release valve, (K) source and drift gas exhaust, (L)
mechanical vacuum pump, (M) N2GHP gas supply, (N) 3 inch diffusion pump, (O) fused silica
capillary, (P) 4 liter stainless steel volume, (Q) mass flow controller, (R) N2drift gas supply, (S)
first vacuum envelope, (T) second vacuum envelope, (U) 4 inch diffusion pump, (V)
electrostatic lens elements, (W) Faraday plate/MS aperture, (X) on/offvalve, (Y) channeltron
electron multiplier, (Z) 6 inch diffusion pump, (AA) quadrupole mass filter, (BB) universal
joint, (CC) drift gas inlet, (DD) N2 source gas supply, (EE) water cooled heat exchanger
(optional).
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Figure 5. Expanded view ofthe source and detector ends of the drift tube: (A) ceramic
insulators, (B) electrostatic lens elements, (C) ceramic support posts, (D) stainless steel spacer
post, (E) Viton O-ring, (F) drift gas entrance port, (G) Teflon washer, (H) Pyrex glass tube, (1)
screen grid, (J) macor washer, (K) Faraday plate, (L) annular drift gas deflector plate, (M) BN
grid, (N) drift field ring, (O) 15 mCi 6Ni foil, (P) stainless steel tube.
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Any electrodes located behind the source are “ﬂoating”‘at fhe same potential as that applied at
~ the source while those between the source and the Faraday plate (ground poténtial) are at
incrementally decreasing potentials due to the 1MC series resistors.
A buffer gas, also referred to as the drift gas, is introduced into the drift tube through
two ports located in the IMS-MS interface flange at a nominal flow re;te: of 350 ml min™. The
flow .rate of the drift gas was controlled by a mass flow controller (Type 1179A, MKS
Instruments, Inc., Andover, MA) and an associatéd single channel readout (Type 246B, MKS
Instruments, Inc., Andover, MA). A carrier was directed into the other end of the drift tube
through a metering valve, lrotameter and source volume and then into the source through a port
in the source flange at a nominal flow rate of 50 ml min™. Both the drift gas and the carrier gas

flow out of the drift tube through an exhaust port in the source flange.
. The drift and carrier gases were usually regular grade nitrogen although other gases
_ have been used depending on the nature of the investigation. The nitrogen drift gas was
bun'ﬁed by first passing it through a high capacity gas purifier (Model 2-3800, Supelco, Inc.,
Bellefonte, PA) and then through a second indicating gas purifier (Model OMI-1, 2-3900,
Supelco, Inc., Belle'fonte, PA). This purification scheme was used for all inert and noble gases,
however, methane gas was incompatible with the Supelco 2-3800 purifier mentioned above
and was purified with standard oxygen and water traps (Alltech Associates, Inc., Deerfield, Til)
followed by the second OMI-1 indicating purifier. The carrier gas, inert or methane, was

purified in the same manner as described for the methane drift gas, above.
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Because the drift gas flow is usually. much greater than the carrier gas flow, the carrier .
gas is swept with the drift gas out the exhaust port and is not expécted to penetrate very far
into the drift tube reginn. The éxhaust port leads to a ‘mani‘fl'bld consisting of 1) a mechnnical
pump for low tube pressure operation, 2) a simple toggle valve for ambient tube pressure‘
opération, 3) to a flow restrictor (three meters of 1/16” SS tubing) for high tube pressure
operation (later changed to a needle valve) and, 4) to a 10 psi pressure release _valve to protect
the tube from dangerous overpressure. The pressure in the drift tube was monitored using a
pressure transducer (Barocel, Edwards High Vacuum Int’l, Inc.) and associated readout
(Model 1505, Edwards High Vacuum Int’l.). The exhaust gas flow rate was measured using a
standard bubble flow meter. All electronic flow measurements were verified by manual
measurements using a bubble-type flow meter. i

The éntire MS assembly is located inside an insulated, thermostated aluminum box
which is temperature variable from below ambient to 200 _°C. The oven was heated by two
1550 watt finned strip heaters and ‘a temperature controller (Model CN9000A, Omega
Engineering, Inc., Stamford CT) and, when necessary, was cooled by passing tap water
through a heat exchanéer mounted on the inside wall of the oven (Figure 4). The‘dfiﬂ and
carrier gases were heated by heater tapes prior to their entry into the drift tube and are
monitored By type J thermocouples. Two additional Type J thermocouples are located inside
- the drift tube, one next to the source and the other next to the detector, for increaned control of

IMS tube temperature.
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The IMS Source and Detector

The source and detector ends of the IMS (Figure 5) are composed of a source for
_generating ions, a gating mechanism to periodically allow these ions into the drift region and a
Faraday plate to detect their arrival.

The ion source consists of a 15 mCi *Ni-on-Pt radioactive foil (New England Nuclear,
Boston, MA) that is mounted on the inside edge of a 1 cim® stainless steel cylindrical volume.
This volume is attached to, and electrically isolated from, 1/4” stainless steel carrier gas tubing
by two ceramic insulators and is held at the same electrical potential as the ring electrode
located immediately over the source on the 6utside of the tube. The other end of the source is
located. about 0.5 cm behind a Bradbury-Nielsen (BNj grid assembly (Figure 5).

The BN grid is the “gate” by which ions formed in the radioactive éource are
periodically released into the drift tube. It is composed of an interdigitated co-planar vértical
array of wires glued with non-conductive epoxy onto a stainless steel annular ring with a 3 cm
circular opening. The wires are 0.001 cm in diameter and are spaced approximately 100 uM
apart. The array is arrangéd such that every other wire is connected to one of two circu-its; one
circuit maintains half of the array at the potential appropriate for the position of the array in the
- external field, and the other circpit periodically applies a voltage in excess of this potentiél'
(typically 20 volts) to the other half of the array. The BN gate is “open” when no \'Iolt,age is
applied such that all wires are at the same potential and any ions can pass between the wires
under‘the‘ influence of the external electric field. The gate is “closed” when 20 volts are

applied to half the array; the resul'tiﬁg electric field between the wires causes any ions moving
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towards the gate to be collected on the wires biased opposite the charge on the ion, no ions can
thus gejc through tﬁe array. The entire BN gate assembly is held in position about 0.5 cm in
front of the source by ceramic support posts. Electrical power is brought to the wire arrays
"
and to the source by three 15 kV (de-rated from atmospheric to vacuum) coaxial feedthroughs
in the source conflat flange.

The detector is located at the end of the drift tube opposite the source and is composed
of a Faraday plate and a screen grid. The Faraday detector is a stainless steel plate
approximately 6 cm in diameter and is located 25 cm from the BN gate. The ion current at the
Faraday plate is amplified by an attached electrometer (Keithly Model 428) nominally set to a.
gain of 10° V/A and is then sent to a digital signal averager (Nicolet Model 370). If the BN
gate is set to pulsed mode and the digital signal averager is set to trigger on each pulse, an ion
arrival time spectrum (ion mobility spectrum) can be obtained. Resolution of the ion peaké is
enhanced by a 3 cm diameter, 0.025 um thick gold-plated stainless steel screen grid (Graseby
Electronics, Watford, UK) attached to the frqnt of the Faraday plate. This grid is electrically
isolated from the Faraday plate by a Teflon washer and is maintained at a slightly higher
potential appropriate for its position in the electric ﬁeld. The grid capacitivgly decouples the
Faraday plate from the approaching iop cloud, thereby reducing the magnitude of image
charges. The Faraday plate is mounted on the nose cone of an attached mass spectrometer and
is electrically isolated from it by a macor washer. There are two viton O-rings on either side of

this washer to provide a vacuum tight seal between the IMS tube and the high vacuum

environment of the attached mass spectrometer. A 50 um aperture plate (Optimation, Inc.,
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Salem, NH) is attached to the middle of the Faraday plate with conductive epoxy which allows
small amounts of the contents in the VHP drift tube to be leaked into the LP mass spectrometer

for mass analysis and identification of IMS analyte peaks.

The Mass Spectrometer

The Mass Spectrometer (MS) :is attached to th¢ detector end of the IMS by two thick
viton O-rings on either side of an. aluminum ﬂange WMCh provides a leak tight seal to prevent
contamination in the drift tube and which also reduces stress on the IMS Pyrex drift tube. The |
mass spectrometer has two vacuum chambers; the first chamber houses the quadmpolé lens
elements and is kept at a pressure of approximately 4 x 10™ Torr against the leak in the Faraday
plate aperture by a 6 inch diffusion pump. There are six quadrupole lens elements, the last of
which is attached to, but electrically isolated from, a nose cone which leads to a second
vacuum chamber. In this vacuum chamber, maintained in the 10° Torr range by a 3 inch
diffusion pump, ions are focused into a quadrupole masé filter and detected by a channeltron
electron multiplier (Model 4039, Galileo Electro Optics Corp., Sturbridge, MA) operated in
the pulse counting mode. These pulses are ampliﬁed using a Ipre-ampliﬁer (Model F-100T,
Modem Instrumentation Teqhndlogy, Inc, Boﬁlder, CO) and then sent to a rate meter (Model
TC 525, Tennelec/Nucleus, Inc., Oak Ridge, TN). The quadrupole has been adapted from a
used GC/MS system. (Model 3200, Finnigan, Inc.,) and is controlled by an MS data system
(Vector One, Teknivent, Maryland Heights, MO) and a computer (486DX2, Digital

Equipment Co.).
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The Gas Handling Plant
The final component of the IM-MS is a gas handling plant (GHP) which is used to

introduce neutral reagents into the drift tube. This consists of a 4.084 liter stainless steel
volume housed inside a thermostated and insulated aluminum box heated by two 1250 watt
finned strip heaters and a teﬁlperature controller (Model CN9000A,’Omega Engineeﬁng, Inc,,
Stamford CT). When in use, the GHP volume 1s pressurized to approximately 2500 Torr with -
purified nitrogen (using the same purifying methods discussed previously for the nitrogen
carrier gas) which is allowed to leak out into the drift gas stream through a 3 meter, 100 um
internal diameter fused silica capillary tubing. Accurately known concentrations of neutral
reagent, from a few parts-per-billion to tens of parts-per-million, can be created in the drift tube
region by injecting known volumes of neutral reagent (gas or liquid) through a septum and into
the pressurized GHP volume. The injected material is diluted with the nitrogen in the GHP and
undergoes a second dilution as it enters the drift gas stream and is carried into the dxiﬁ tube.
The flow rate through the capillary was determined by monitoring the pressure drop in the
GHP volume over time. .The pressure in the GHP volume was measured using a pressure
transducer (Barocel, Edwards, Inc.) and associated readout (Model 1505, Edwards High

Vacuum Int’1). An attached 3 inch diffusion pump and mechanical backing pump allow for

evacuation of the GHP volume after each series of experiments.
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Principles of Operation

s

The use of IM-MS for characterizing a simplé Sn2 reaction and also for investigating

complex cluster equilibria and reactivity has been demonstrated previously by Giles and

Grimsrud (10, 11). A review of the basic procedures underlying all applications of the IM-MS

will serve to integrate functions of the instrumental components detailed above and will provide

a groundwork to--appreciate the overall utility of the IM-MS method. All of the basic operating

-principles, data acquisition and analysis can be demonstrated by describing the experimental

procedures involved in investigating the Sx2 reaction given in reaction 6.

Cl- +i—PrBr —2 5 Br~ +i—PrCl

Typical operating conditions for this type of investigation are listed in Table 1.

Table 1.

Typical operating conditions used in IM-MS

©)

Parameter ) Setting
IMS tube temperature ‘ | 150°C
GHP temperature | ‘ 100°C
Source gas flow 50 ml min™
. Drift gas flow - ‘ 350 ml min™
Electric field strength 144 V cm™
BN gate pulse width 0.5 ms
Sweeps per IM spectrum 500
Sweeps per MAIM spectrum 5000 to 16,000
Tube pressure ‘ 300 - 1100 Torr

Room pressure 7 640 Torr
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To determine the kinetics of reaction 6 using IM-MS, it is required only to measure.the
amount of Br" produced as a function of neutral (¢-P1Br) and reagent anion (CI’) concentrations

under controlled conditions of reaction time and temperature.

Generation of Reagent Ions and Tonic Dynamics in the Drift Tube

Reagent ions, (chloride jons in this case) are generated in the ®Ni source by

dissociative électron capture to cga,rbon tetrachloride (CC14). The CCl, is carried into the
source by injecting CCly vapor (nominally 10 pl headspace vapor) into the source volume
where it is swept with the nitrogen carrier gas into the source. The radioactive *Ni produces
high energy~ B particles (average energy ~ 19 kev) which are rapidly thermalized by the
nitrogen carrier gas, produciﬁg approximately 500 thermal electron/positive ion pairs per
particle. - Carbon tetrachloride dissociatively captures these thermal electrons, resulting in a
steady-state concentration of CI ions in the source regioh. Due to the nature of radioactive
sources, other ions are also.created in the soufce such as various CI'(X) adduct ions, where X
can be H,O, HC, HBr or some other impmity. While these ions are undesirable; as long as
they are unreactive and remain at relatively low levels, they can safely be ignored. Because the
source and the ring electrode on the tube at the same location is at a high negative potential, -
nominally -3600 V, these anions tend to migrate down the electric field toward the BN gate
while the positive ions move away from the ggte.

Packets of CI' anions, as well as any other anions, are pen'oaically released out of the

source and into the drift region by pulsing the BN gate as described in the previous section.
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Once the packet is outside of the source, it will move under the influence of the electric field

toward the Faraday plate detector with a velocity given by
va=KE | )

where E is the electric field strength and K is the ion mobility given by:

3q(1 1)\¥2(2p\v2 1]
K=———+—| |=—=] — (8)
16N\m M/ \kT/ Qp

where q is the charge on the ion, N is the drift gas number density, m is the mass of the ion, M
is the mass of the drift gas molecule, T is the drift tube temperature; k;, is Boltzman’s constant
and Qp is the ion-buffer gas interaction cross section (:1 11).

The initial shape of the ion packet is determined by the characteristics of the BN gate;
how fast it opens and closes and how long it stays open (duration of the pulse width). The
-opening and closing rate is fast relative to the pulse width and so the ion packet 'is. expected to
be in the shape of a flat circular disk. However, as this packet moves down the drift tube, its -
“shape changes due to ion diﬁ'usion/ and to ion-ion coulombic repulsion if the ion density is high
enough. The diameter of the initial ion packet is ~ 0.4 cm and has been shown (111) to
increase isetropicaﬂy due to diffusion and ion-ion repulsion by about 75% ciun'ng transport
through the drift tube. A significant loss of ion signal can result if the electric field strerigth is
reduced. Dueto iﬁcreased ion drift times, radial diffusion can increase to the extent that the ion
packet extends past the outer diameter of the Faraday plate. While the attendant loss of ion

- signal can be detrimental (decreased s1gnal to noise ratio), it is 1mportant to note that th1s loss
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of signal is non-mass selective due to the fact that smaller ions with a high rate of diffusion are
also characterized by a high mobiﬁty and low drift time, t4, resuiting in the same rate of loss as -
heavier ions. | |

An important aspect of experiments carried out ﬁsing IM-MS ié that all of the ions in
the drift tube are thermalized. For example, the average kinetic energy is determined by the
temperature pf the drift tube and is equal to 3/2 kT. The kinetic eﬁergy imparted to the ions by
the electric field is given as 1/2 mvdzf and in randomiged motion, given as 1/2 Mvy’, where vy is
the drift velocity, m is the mass of the ion and M is the mass of the bl}ﬂ’er gas molecules. The

average total kinetic energy of the ion, Ej.,, is given by

3 1 5 1 2
E. =—kT+-—mv,"+—My 9)
5 STy MVe TV ©

won

-

E.valuation' of equation 9 (also known as the Wannier equation) using the mass of CTI, the mass
of nitrogen, the temperature of the drift tube (Table 1) and the drift velocity of a CI ion (1000
cm s’ under the conditions in Tablevl) gives a total energy of 50.3 meV. The last two terms
on the right hand side of equation 9 (drift field terms) account for only 0.3 meV of the total
which indicates that the energy of the ion is almost all thermal kinetic energy. It should be
noted that this result is true only under conditions of relatively low electric field strength.
Higher field strength increases v and could result. in ion energies substanﬁally greater than -
thermal which would complicate interpretatic;ns of reaction rates measured under these
;:onditions. It can be deduced from equations 8 and 9 that v4 depends only on qE/NQp, thus, if

Qp is a constant (hard spheres), Revercomb and Mason (111) have established a criterion for
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low field behavior which requires E/N to be <2 Td. (1 Td =1 Townsend = 1 x 10%7 V cm?).
All experiments reported in this thesis have been carried out under low field conditions as

defined by this criterion.

Ion-Molecule Reactions in the Drift Tube

The current due to the an*iyal of the packet of chloride ions is detected by the Faraday
plate, converted to a voltage (nominally 10° V/A) a.nd sent to a digital signal averager. A
complete ion arrival time spectrum is obtained by synchronizing the triggering of the digital
signal averager with the opening of the BN gate. Such a spectrum, referred to as an Ion‘
Mobilty Spectrpm (IMS), or as anion mobility waveform, is given in Figure 6 for the CI” ions
in reaction 6 under the conditions in Table 1 and where no i-PrBr has yet been added to the .
drift tube. The identity of the ions comprising the overall IMS can be determined by use of the .
attached mass spectrometer (MS). The MS can characterize the contents of the drift tube
leaking through the 50 um aperture in the Faraday plate by scanning over a range of m/z values
* (typically O to 400 amu) with the BN gate in the continuously open mode. The results of this
type of analysis carried oﬁt under the same experimental conditions as the CI" ion mobility
spectrum is also given in Figure 6. It can be seen that a simple mass spectrum is obtained Witﬁ
the 3 CI' and ¥ CTI isotopes being the only major ions detected. The mass spectrometer can
then be tuned to monitor a single jon and, with the MS rate meter output sent to the digital
signal averager and synchronized with the BN gate, the ion airival time spectrum of this single

ion can be obtained. Such a spectrum, called a Mass Selected Ion
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Time (msec)

Figure 6. A. lon Mobility Spectrum (IMS) and Mass Selected lon Mobility Spectrum
(MSIMS) obtained for reaction 6 with no /-PrBr yet added to the drift tube. MS tuned to
isotopes ICT and 37Cf in the MSIMS, showing that the Cl peak in the IMS is composed
of these isotopes. B Total mass spectrum of the contents in the drift tube obtained under
the same conditions in which the Cl ion mobilty spectrum was acquired.
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Mobility Spectrum (MS]MS) is shown in Figure 6. It is evident from the MSIMS data in
Figure 6 that the overall IMS is a sum of the ion arrival time spectra of the isotopes of CI".

Figure 7 shows the ion mobility spectra obtained with increasing concentrations of
I-P1Br in the drift tube. It can be seen how the original CI' peak is reduced and another,
broader peak, identiﬁgd as Br, is formed near the CI peak at‘ a somewhat longer drift time.
Also, it is evident that the ratio of the CI [;eak area to the second peak area decreases with
increasing concentrations of #-PrBr in the drift tuble. ; The coincidence of increasing area of the
second peak with increasiﬁg concentrations o‘f z'-PrEf implies that this second peak is formed by
a reaction involving i-PrBr with CI' in which ions are formed Wlth a slightly greater drift time
than CI ions. Knowledge of basic reaction mechanisms would lead to the further assumption
that the reagents involved in this reaction are likely to participate in an Sy2 reaction which.
would result in the formation of Br ions and i-PrCl. Investigation and verification of these
assumptions is possible by once again analyzing the contents of the drift tube and by obtaining a
MSIMS of each significant ion using the attached MS.

Figure 8A shows the results of the mass analyses carried out under the experimental
conditions in Table 1 and with 2 concentration of iiPr13;r in the- drift tube‘ of 4.38 x10" molec
cm” corresponding to ion mobility waveform C in Figure 7. It is evident that the major ions in
the drift tube é‘re thé isotopes of CI' and Br, The CI' and Br MSIMS in Figure 8B, positioned
under the IMS spectrum, shows that the second peék is composed of Br” ions with drift times
ranging from coincidental with the drift time of CI" to a peak at a drift time of ~ 35 ms. The

existence and shape of the Br MSIMS verifies the assumption of an Sy2 reaction occurring
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Figure 7. lon Mobility Spectra obtained over the course of reaction 6. Concentrations
of /-PrBr in the drift tube are: A =0.00, B=241, C=438, D =660 and E =
10.77 (xIOBBmolec. cm'3).
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Figure 8. A. Total mass spectrum obtained by analyzing the contents of the drift tube
under the conditions in which spectrum C in Figure 7 was obtained. Peaks at 78 and 80
amu due to the low resolution of the mass spectrometer. B. lon mobility spectrum C from
Figure 7 and associated MSEMS for the ions CI' and Br". It can be seen that the ion
mobility waveform is composed ofthe CI" and Br" ion as indicated.
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between CI' and i-PrBr. Bromide ions are préduced by reaction of the CI ion packet as it
moves through the drift tube which has a homogeneous concentration of 7-PrBr in atrﬁospheric
nitrogen all along its length. The wide range of Br™ drift times is due to this reéction occurring
at all points along the drift tube. Bromide ions produced just outside of the source must
traversg a longer distance than those pr\oduced by reaction at intermediate distances down the
tube or those produced just before the Faraday plate. The slo;;e of the Br" peak is due to the
decreasing concentration of CI” ions as the packet is ‘depleted by reaction in transit through the
| tube. Finally, it can be seen in Figure 9 how combining’g the two MSIMS Spectfa of CI' and Br
results in a waveform. virtually identical to the overall IMS waveform shown in Figure 8. |
These IMS waveforms, oBtained under conlditions of varying concentrations of i-PrBr, contain

sufficient information to allow elucidation of the second-order rate constant for reaction 6.

Determination of Reaction Rate Constants

Second order rate constants, ky, for bimolecular reactions can be obtained by analysis

of IMS waveforms over the course of a reaction as either the concentration of neutral reagent,
[-P1Br], or as the reaction time is varied. A review of the waveforms in Figure 7 shows the -
dynamic nature of an IMS waveform as in_creasihg the concentration of #-PrBr in the drift tube

increases the extent of reaction 6. The pseudo-first order reaction rate constant, o = ko[i-

PrBr], for this bimolecular reaction is given by

1 [A(Cl_” A(Br_)] = k, [i-PrBr] | (10)

a=—In
ty Al -
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where A(CI) and A(Br) are the areas under the peaks containing the CI' and Br ions,
respectively, and tq is the drift time (reaction time) of the CI reagent ions. The areas under the
CTI" and Br containing peaks can be obtained by analyzing the waveforms as shown in Figure 9
(IMS C in Figure 7 used for illustrai:ionj. Line 1 is the background ion intensity determined far
ﬁ(;m the analyte peaks (baseline). Lines 2 and 6 indicate the beginning of the arrival of CI
reactant jons and the end of the arrival of Br" product ions, respectively. The product ion
arrival time data between points 4 and 5 are fit to an exponential curve using least squares,
extrapolated ;co point 3 and then linearly extrapolated .to the intersection of lines 1 and 2. The
peak area above lines 2, 3 and 4 is due to ClI reactant ions and that below lines 2, 3, 4 and 5
and bounded by line 6 is due to Br product ions. A turbo-basic program has been written to
facilitate measurement of peak areas using :thjc boundary conditions outlined abéve.

Knowledge of these areas and of the reaction time, t4, is sufficient to obtain the pseudo-first

order reaction rate constant, o, for reaction 6. This procedure is repeated over a series of
injections of i-PrBr into the GHP (increasing the homOgéneouS concentration of i-PrBr in the
drift tube). A plot c;f the resulting pseudo-first order rate constants versus concentration of
i-PrBr in the drift tube‘ is shown in Figure 10. It can be seen how the points at higher
concentrations fall below the least squares line. This is due to the negative error associated
with fhe difﬁculty of measuring small reactant ion peak areas. Determinétion of the slope of

the least squares line obtained using points in the linear range results in a good estimate of the

second order rate constant, ky, for reaction 6.
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Figure 9. A. Reaction modified ion mobility waveform with 4.38 x 1013 /-PrBr
molec. cm'3in the drift tube. Numbered lines used for determining k2 are explained in the
text. B Mass selected ion mobility waveforms correlating the identity and shape of the
Cl and Br peak areas under the waveform in A.
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Figure 10. Plot of the pseudo-first order rate constant for reaction 6 versus
concentration of /-PrBr in the drift tube and associated least squares line.
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An altemative,A and ‘complementary, méthod for determining the rate consta;rlt of a
bimolecular reaction involves the analysis of waveforms obtained as the reaction time is
changed under conditions of constant neutral reagent (;-PrBr) concentration. This is
accomplished By varying the electric field and thus changing the arrival time of the Cl reagent
anions; higher field strengths resulting in a shorter tq and lower field strengths resulting in a
longer tg (rea&ion time). This can be seen graphically in Figure 11, which shows five ion
mobility spectra obtained upder conditions of constant i-PrBr concentration (4.38 x 107 rﬁolec.
cm®) in the drift tube and varying electric field strength. Tt can be seen how the reactant ion
peak area decreases and the product ion peak area incréases as the reaction time increases from
30 to 62 milliseconds. A plot of In [(Ac- + Ap-)/Acr-] vs tg (equation 10 rearranged) for
each of the waveforms ‘éf Figure 11 results in a straight ﬁné asr‘ shown in Figure; 12 with slope
equal to kz[z"—Pr‘Br], the pseudo-ﬁrst order rate const'arllt for reaction 6. The second order rate
 constant is thus obtained by dividing this slope by the congenﬁation of i-PrBr in the drift tqbe.
In addition to these fnethods, the attached mas.s spectrometer can be used to deteﬁnine
rate constants of bimolecular reactions. This does not rely on the interprété.tion of ion mobility
spectrums; instead, product and reactant ion int_ensities are monitored‘by the MS as a function

of [i-PrBr]. Applying pseudo first order kinetics, a plot of log CI intensity vs [i-PrBr] results

in a straight line with slope equal to k; t4/ 2.303. An alternative method can be applied which
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Figure 11. Reaction modified ion mobility waveforms as a function of electric field
strength. Spectrum A= 160, B =144, C= 128, D = 112 and E = 96 V cm"1
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Figure 12. Plot of In [(Aa- + A8r)/Aa-] vs td for each of the waveforms of Figure 11
with associated least squares line. Slope is equal to I21z-PrBr], the pseudo-first order rate
constant for reaction 6.
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does not require long-term stability of the mass spectrometer. This involves plotting log (CT
/(CI' + Br-)) vs [i-P1Br] aﬂd shouid result in a straight line with slope again equal to -kp
ta/2.303. While long term stability of the mass spectrometer is not a problem with this method,

mass bias affects must be taken into consideration.

The final result of each of these methods, the second order rate constant, k,, is obtained
only after the measurement of numerous physical quantities, each of which has a certain -
amount of error associated with it. In order to estimate the uncertainty of these rate constants,
and thus the accuracy lo‘f IM-MS as a method for. their determination, it is necessary to analyze

the cumulative effect of the uncertainties in each physical measurement.

1

Errors Analysis of Methods for Determining Rate Constants using IM-MS

“Table 2 shows the ’ph‘ysic‘al‘ measuremenfs‘ needed to détermine ™M _reaction rate
constants using IM-MS. In later discussions, _other properties of IM reactions, such as
clustering equilibrium constants and associated thermochemical p.rop;erties (Le. AH, AG, AS) as
well as thermal électron detachment raté constants and activation energies will be determined.
While each error analysis for these rﬁeasurements will not be shown explicitly, they are
performed for each property and are based on the same analy‘tical‘ methods and physical
uncertainties described in this section and listed in Table 2. The staﬁdard methods of error
analysis, taken from Bevington and Skoog and West (112, 113), will be applied here to the
determination of a rate constant for Reaction 6 under the conditions specified in Table 1 as an

example of the methods used in reporting other results.
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Table 2.

Physical Measurements, Calculated Results and Associated Uncertainties in IM-MS

Physical Measurement . Uncertainty
IMS tube temperature ‘ - - +x2°C
GHP temperature  +£2°C
Room Temperature £ 2°C
GHP Pressure + 20 Torr
Drift Tube Pressure + 20 Torr
Drift Gas Flow Rate 3%
Neutral Reagent Volume Injected into GHP + 10%
Room Pressure . + 5 Torr
Reactant or Product Peak Area + 10%
Capillary Flow Rate + 15%
Carrier Gas Flow Rate ’ +3%
Volume of GHP + 40 ml

Calculated Result Uncertainty

o, Pseudo First-Order Rate Constant - * 10%
Concentration of Neutral Reagent o + 15%
ko, Second-Order Rate Constant + 15%

The determination of a second order rate constant for reaction 6 requires the use of all
the physical parameters listed in Table 2. The asséciated,uncertainties' must be included in this
determination a_nd‘propagated throughout"all requisite calculations. The ﬁmdamental equation
used in the calculation of a second-order rate constant is shown in equation 10. The procedure
for determining the overall erfor associated with this expression is to ﬁrst determine the

uncertainty in the pseudo-first order rate constant, o, and in the concentration of neutral
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reagent, -PrBr in this case, and then to calculate the cumulative effect of these errors on the
second-order rate constant obtained through analysis of the slppe of linear equation 10.
The uncertainty in o is based on the uncertainties in measuring the areas under the CI

and Br" peaks and in the measurement of the reaction time, ts, for reaction 6 according to

equation 10. Repeated determinations of reactant or product ion peak areas have resulted in a

“worse case” uncertainty (low intensity, low signal-to-noise) in peék areas of =+ 1‘0% (Table
2). The uncertainty in estimating the reaction time, ty, is a ﬁmctioﬁ of the temporal resolution
of the Nicolet 370 Digital Signal Averager and is, at Wofse, + 100 us, or, in the case of reaction
6, 0.35%. These errors are propagated through the subsequ‘ent calculations to determine o and
leads to a relative uncertainty in o of & 10%.

The determination of the concentration of neutral reagent in the drift tube is given by
[i —PrBr] = (DFghp) (DFarift) (2.687x101%) (Ptube/760) (273/Twbe) ~ (11)

* where DF,; are the dilution factors for the gas handling plant (ghp) and the drift gas (drift) and

2.687 x 10" is the gas number density at STP. The relative uncertainty in the concentration of

neutral reagent, Sppy, is determined by the relative uncertainties, S;, associated with the -

parameters used in determining this quantity as shown in equation 12.

Sti-PrBr] = \/(SDF,ghp)2 +(SDF,drift)2 +(SP,ghp)2 +(ST,ghp)2 (12) -

These relative uncertainties are, in turn, determined in equations. 13 through 19. Calculation of

the gas handling plant dilution factor is given by |
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Ni-prBr
DFghp = — ——. (13)
2

Here, n is the number of moles of i-PrBr and N, where n;.pp; is determined by
Ni-prar = (Winj.) (P i-prer) (M. W. i—prBr) (14)
and ny; is determined by

Nn, = (Pghp) (Vehp) (%{) (%ghp) (%60) (15)

where R is the universal gas constant, p is the density and M.W. is the molecular weight of i-
PrBr. The relative uncertainties in equation 14 and 15 are obtained in the same manner as in

equation 11 using the operating conditions listed in Table 1 and the uncertainties listed in Table

2. The total relative uncertainty in the gas handling plant dilution factor, DFghp, is thus

Sorghp = \/ (Snfi-PrBr] P +(Snn, )’ = 105%. (16)
Calculation of the drift flow dilution factor is given by

1:“cap
i 17
== %)

DFarift =

-~

Here, Fap is the capillary flow rate and Fugin is the drift gas flow rate given by equations 18 and

19, respectively,
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Feap = (P00 (0 ) (% ) as)

and Fagig is given in Table 1 as 350 sccm, + 10 sccm.  The total relative uncertainty in the drift

gas dilution factor, DF g, is thus

SDFarift = \/(SF,cap)Z'*'(SF,drift)z = 150%. (19)

These relative uncertainties in‘ the' dilution factors, combined with the uncertainties in the
pressure and temperature of the gas handling plant (Tabie 2), allow the total uncertainty in tﬁe
concentration of -P1Br in the drift tube, [i-PrBr], to be estimated at ~+15.0%.

The relative uncertainty in the second-order ;ate constant, k,, can now be determined
by analysis of the propagation of the errors 1n o and [i-PrBr] and by considering the error
involved in calculating the average ko by analysis of fhe slope. of equation 10. These
calculations result in a relative uncertainty in the second-order ‘rate constant, k,, of just over
15% (the standard error in the linear regression is insignificant relative to the error 1n o, and [i-
PrBr]). The major uncertainties in these calculations are the amount of i—PrBr’inje_cted into the
GHP and the flow rate of the capillafy leading out of the GHP ar;d into the drift gas Hné. Care
was taken to ensure minimal loss of reagent during injection from the room pressﬁre syn'pge
(Hamilton, gas tight) into the pressurized GHP. The flow rate of the capillary was determined

by measuring the pressure drop in the GHP over time; care was taken here to epsure that all

possible leaks in the sysfem. were eliminated. The uncertainty in the capilléry flow rate listed in




54
Table 2 was ca.lculafed from the quantities measured in d'etermi;ﬁng the flow rate (equation 18).
Throughout the foHowdﬁg discu'ssion of the applications of IM-MS to the investi;gation of
various IM reactions, the associated uncertainties in the reported resuits determined in the same
manner as discussed here, will be given.

The fofegoing description of IM-MS; the instrumental layout, experimental methods
and associated uncertainties, provide a good foundation from which to present the results of
the three experimental investigations mentioned previously. The first investigation presented is
the measurement of the rate of thermal electrdn detachment from the azulene molecular aﬁon,
AZ, and the subsequent determination of the activation energy for this process over the

pressure range 300 to 1100 Torr,
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THERMAL ELECTRON DETACHMENT RATE CONSTANTS FOR AZULENE
AND THE ELECTRON AFFINITY OF AZULENE AT ELEVATED PRESSURES

The Electron Affinity (EA) of atoms and molecules and the related rate of electron
attachment and detachment are fundamental and important properties in condensed phase and
gas phase chemistry. Charge-transfer complexes and mechanisms, fundamental in organic,
biochemical and catalytic reacti;)ns, and gas-phase analytical processes such as electron capture
detection, negative ion MS, and gaseous electronics are three areas §vhere knowledge of this
information is essential. Measurements of atomic and molecular electron affinities and electron
capture rate constants have been a very active area of research over the past three decades as is
evident in numerous review articles (114 - 119). However, to date there ilave been only three
direct measurements of thermal electron detachment (TED) from polyatomic molecules.

The first direct measurements of TED rate constants were made by Pack and Phelps
(120) from the diatomic O anion using drift tube experiments. The first direct measurement
of the electron detachment rate constant of a complex organic molecule was maae by Grimsrud
et al. (47). In this experiment, the PHPMS was used to rﬁeasure the decay of Az as a function
of temperature. In the PHPMS, the measured rate of decrease in Az ion intensity, measured
with a mass spectrometer, depends not only to TED,. but also on competing rates of ionic
diffusion, electron re-attachment to azulene neutrals and electron transfer té C/F14 (added to
suppress re-attachment of thermal electrons td azulene). The possible complications associated
with electron transfer to C;F14 were avoided in subsequent measurements of Az'y TED rate

constants by Mock and Grimsrud (46) using a Photodetachment Modulated Electron Capture
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Detector (PDM-ECD). This method avoided many of the complications inherent in the
PHPMS method, and resulted in TED rate constants approximately three times lower than that
obtained with the PHPMS. This was attributed to possible uncertainties in the ion-ion
reéombination rate and in the photo-detachment cross section of Az The high buffer gas
pressure in the PDM-ECD (t§vo atmospheres), relative to that in the PHPMS (4 Tofr), was
also considered to be directly ;elated to the lower rate constanfs measured. These observations
indicate that the high buffer gas pressures 1n the PDM-ECD might result in Az’/buffer gas
interactions which could stabilize the Az ion towards TED. |
The need for reliable exberimental methods to measure TED processes and the
possibility to investigate the‘pressure dependence of Az’ TED led to the idea that IM-MS could
be an ideal method for the study of Az TED. The TED of Az should be amenable to study
using IM-MS becal\lse its EA (= 10-20 kcal mol'.l) is such that a measurable change in the rate
of TED should be ébservable within the temperature range aVailaBle in IM-MS. Also, the
fqrmation of a relatively long-lived negative jon should be possible through resonance electron
capture of thermal electron‘s 'By azulene introduced in'tor the ®Ni source (121). Themlal‘ g
detachment of electrons. from thése Az iéns in the drift region coﬁld be monitored since the
electron vand Az signals are expected to be distinéuishable. The resulting ion mobility
waveforms would then provide the infonna‘@n to determine first-order TED rate constants, for
AZ. Measurements of these rate constants as a function of temperature were expected to
provide an estimation of the activation energy (Ea) for the thermal detachment of electrons

from Az, which could be related to the electron affinity (EA) of azulene. These values of
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electron affinity and TED rate constants, obtained in buffer gas pressures from 300 to 1100

Torr, could then be compared with the values obtained using other experimental methods.

Experimental

The conﬁgurat1on of the IM-MS used in this mvestlgatxon was as shown in Figure 4

with the exceptlon that the gas handlmg plant and the heat exchanger were not needed. Also a

small (25 mm x 5 mm) glass vial was attached to a stainless—steel “Tee” in the source carrier
gas line and heated with heé.ter tape. Azulene crystals (Aldrich Chemical Co.) were placed in
. this cleaned and baked glass vial and heated to enhance the sublimation of azulene; the
subsequent azulene vapor was carried with the N, carrier gas into the source region where
resonant electron capture (reaction 20) occurs. The pressure of the drift tube was variable
from a low pressure of 300 Torr to .a high pressure of 1100 Torr by adjustable low and high
pressure needle valves as illustrated in Figu;re 4, The response of the Faraday plate to‘ the
arrival of thermally detached electrons was monitored by the attached electrometer, aﬁalog-to
digital converter and digital signal averager. Periodic analysis of the gas composition in the
drift tube and determinations of peak identities was accomplished with the attached mass
spectrometer. Buffer gases of different composition (methane, helium and argon) were
introduced to observe any possible effects on the appearance of the ion mobility waveforms

and on the rates of reaction determined from their analysis.
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Model of TED Waveforms and Waveform Analysis

The expec‘;ed shabe of the ion mobility waveforms obtajr‘xedius’ing IM-MS can be
predicted by modeling the first-order decay of an initial number of anions undergoing thermal
electron detachment. The results of this analysis, modeling ;I‘ED‘ from the pécket of Az ions m
the drift tube according to reaction 20, carried dut over low, medium and high temperatures,
are illustrated in Figure 13 .

Az % Az+e” 20)

a

These waveforms were modeled afier first-order kinetics with rate constants, ks, of 600, 75 and
35, characten'stic.of TED at relatively high, intermediate and low temperatures in waveforms
A, B and C, respectively. The arrival time of the- Az jon packet at the low and medium
temperatures was estimated based on published values of the reduced mobility of azulene. It is
important to note that the area underl each of these waveforms is equivalent and reflects
the fact that the same quantity of Az anions is released intothe drift tube region in each case.
At high kq, total der;letion of the Az ion packet by TED occurs in the ﬁét several
centimeters of the drift tube. The electron signal at the Faraday plate, i., under these
conditioqs is expected.to resemble waveform A in Figure 13 according to equation 21. This
first order equation can be rearranged to linear equation 22, which when In () is plotted
versus time, t, leads to a straight line with slope equal to the first order rate constant for the

thermal electron detachment, ki, of Az".
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A. Kd=600 s

Relative Response

C. lg—3s

Time (msec)

Figure 13. A series of ion mobility waveforms modeled after the first-order TED of
Az'. First order decay calculated with rate constants, kd, of 600, 75 and 3 s'lin spectra A,
B and C, respectively. Total areas under each waveform are equivalent.
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fe~ = e~kdt o . @D
In(io-)=—kqt | @

An illuétration of this procedure ‘,using waveform A in Figuré 13 is giveﬁ 'in Figure 14 and, in
tﬁs éxample, results in the value of k; chosen to model the initial waveform. This simple
method for‘detennining the rate constants of actuai first order processes is expected to apply ag
long as the slope of equation 22 is determinable. However, at lower temperatures, represented
by waveform C in Figure 13, the slope of the natural log plots will be too shallow to measure
reliably; in these cases an alternative method of kinetic analysis must beused. At lower values

of ks, the AZ ion packet is only partially depleted by TED occurring throughout the length of

the drift tube, represented by waveforms B and C in Figure 13. The amount of Az ions
present in the drift tube at time, t4, is related to the original amount in the ion packet according

to equation 23.

[Az" ]t = ;[Alz" ]0 e kdta : ‘ (23)

Rearranging this equation and assuming that the relative concentrations of Az ions, [Az];, are

proportional to the relative areas under the waveforms results in equation 24 which can be
used to determine the rate constant for thermal electron detachment at lower temperatures.
In [ (AAZ_ )0 /(AAZ— )t ]

kq = 24)
tq
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Figure 14. Modeled waveforms A and C from Figure 13 illustrating the methods used to
determine rate constants, kd, for first-order processes. Waveform A and resulting kinetic
analysis applied at high temperatures and waveform B at lower temperatures.
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Here, (Aaz-)o is the total area under the waveform from point A to ﬁoint C in Figure 14,
(Aaz-)t is the area under the azulene peak (area under the waveform between points B and C)
and tq is the arrival time (;f the packet of Az ions.
Thus, these methods of analysis, applied to ion mobility spectra obtained using the IM-
MS, are expected to result in TED rate constants for Az over a range of temperatures. Also,
determinations of kg by either measuring the slope or the relative areas‘ of an experimental ion
mobility waveform should be possible at intermediate ‘temper.atures, such as waveform B in
Figure 13. This could be a test for verifying the occurrence of first-order processes throughout
the lifetime of Az’ in the drift tube and would show that these methods afe self-consistent.
Three ion mobility waveforms obtained from the TED of azulene anions in the drift
tube at 94, 124 and 154 °C are éiven in Figure 15. A comparison of these waveforms with the
model waveforms in Figure 13 indicates good qualitative agreement with prediction but also
reveals additional peaks not ,accéunted for in the model. Additionally, kinetic analysis of higher
temperature waveforms initially resulted in marked deviations from ﬁrst-ordef behavior in
contrast to the model ilhllstratled in Figure 14. These additional peaks and deviations in kinetic '
‘behavior can be traced to modifications in the original waveforms due to chemical, physical
and instrumental effects occurring- in these IM-MS experiments.  Understanding an‘d
accounting for these eﬁ'écts is essential to analysis of TED process at high and ﬂlow :

temperatures.
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Figure 15. Three ion mobility waveforms obtained using the IM-MS at 94, 24 and 154 (C.
Pressure = 740 Torr, electric field strength = 200 V cm™*1



64

Instrumental Effects on TED Waveforms

The acquisition and analysis of waveforms using IM-MS was initially found to be
complicated by a number of instrumental parameters. These consisted of reduced electron
signal at high temperatures, w;aveform shapes dependent on drift and carrier gas flow rates,
’I‘ED rate constants, k4, measured at high temperatures remaining constant with increasing
temperature and k; being dependent on electric field strength. Determining the conditions
under which reliable waveforms could be obtained and resolving these apparent non-first-order
effects were ‘essential before acquisition of meaningful data for kinetic analysis.

The rapid decrease'of thermal electron signal at temperatures > 175 °C was assumed,
and later verified by calculation, to be due to the high first-order decay of the packet of ‘aiulene

“anions at high temperatures. At these high TED decay rates, the paéket of Az anions is
virtually deple.ted of anions in the few milliseconds it takes to trave'rse the ~ 1 cm distance from
the source to the BN gate. This observed loss of ion signal resulfed in a practical upper
temperature limit for this investigation of ~ 175 °C. While investigating this effect, it was
noticed that the ion and electron signals measured at the Faraday plate were much lower in
intensity than signal levels observed in previous st‘udies (SNZ investigations, for example) and
that not all electrons in the ®Ni ion'séurce were captﬁred to form. Az anions. In previous
applications of IM-MS, the reagent anions were usually CI', which was obtained by dissociative
electron capture of carbon tetrachloride (CCLy) in the ®Ni ion source. Prior to the introduction
of any electron capturing species into the ion source, the free source electrons could be

detected at the Faraday plate as an intense peak at very short drift times whenever the BN gate
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was opened. This signal was normally observed to drop to zero whenever strongly electron
capturing species, CCl, for example, were introduced into the source. | However, the
" introduction of azulene Vap‘or into the source caused only a very minor drop in this electron
signal. This indicated that the *Ni source was not saturatéd with Az ions, leaving a substantial

_concentration of free source electrons. In order to obtain higher levels of Az’ in the source, the

source carrier gas flow rate was increased, thereby bringing a greater amount of azulene vapor

into the source. While this ‘.did result in an increase in Az’ signal, it also resulted in a distortion
of the exponential peak shape at short drift times. This was attributed to the presence of a high
concentration of azulené neutrals in the drift tube near the source caused by penetration of the
carrier gas into the drift tube due t(; the increased carrier gas flow rate. The resulting peak
distortion while the ion packet was in this region of high neutral Az concentration was
attributed to an attenuation of the Az TED rate dﬁe ‘.cc') electron detachment and re—attachment‘
processes. The extent of carrier gas penetration, and peak distortion, was found to be reduced
by either increasing tﬁe countef—ﬂovs.dn’g drift gas flow rate or by‘ decreasing the source carrier
gas flow rate. The carrier gas and drift gas flow rates were adjusted to obtain the highest signal
intensity without distortion of the ion mobility waveforms and were set to 25 and 700 sccm,
respectively. The only other parameter tﬁat was anticipated to result in a higher concentration
of azulene in the source was the temperature of the vial containing the azulene crystals; this
was optimized at 80 °C. Rate constants were measured and observed to remain constant over
the range of these variable changes. A condition in which the ®Ni source was unsaturated (not

all source electrons converted to ions) was thus unavoidable in these experiments. While
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optimizing these parameters was important, it was also important to resolve the apparent non-
first-order be?havior at high temperatures (ks remaining constant) and with changing electric
field strength (ks did not remain constant) if IM-MS was to be useful in this investigation.

The cause of the unchanging rate constant with changes in temperature at higher
temperatures was discovered while considering the possible effects that an unsaturated source
might have on experimental results. Due to this condition of unsaturation, the exponential
decay observed at very short drift times is due not only to thermally detached electrons from
the Az packet, but also to excess source electrons released from the source while the BN gate
was open. The signal from these two sources of electrons, however, should a'ppear different
due to their origin. It was expected that the arrival time distribution of the highly mobile,
source-generated electrons would closely reflect the opening and closing of the BN gate while

the arrival of the electrons generated by TED would be delayed due to the finite rate of thermal
detachment from the Az ions. In attempting to differentiate these signals at very short drift

times, it was noticed that the signal due to source electrons persisted a few milliseconds after
the BN gate had closed. This signal would thus overwhelm any signal due to TED from Az at
high temperatures. This effect can be seen in Figure 16 which shows the response of the
Faraday plate to source electrons and also to electrons originating from TED reactions. The
slow respoﬁse of the Faraday plate to source electrons was found to be due to the electrometer
response rate (rise time). Once the rise time was set to 10 psec (fastest available), the signal
due to TED could be detected and rate constants at higher temperatures, up to the temperature

limit discussed previously, could be determined. It canbe seen in Figure 16 that the decay of
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Figure 16. A: IMS waveforms corresponding to TED of Az at 144 °C under various
settings of electrometer rise time. B: In (IMS waveform) corresponding to TED of Az at
165 OC, slope of these plots give first order decay of source and thermally detached
electrons. Signals due to source generated and thermally detached electrons are indicated.
Drift tube pressure = 640 Torr, electric field strength = 144 V cm'L
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source electrons as a function of electrometer rise time is exponential. Determining the first-
order rate constant for the fastest rise time (10 psec) in the same manner described previously
resulted in a k, (rise time rate constant) of ~‘10,000 s, This effectively defines the upper limit
for the study of fast unimolecular processes using IM-MS in its present configuration.

In first-order processes, the reaction time should have no effect on the measured rate
constant of the reaction. The regction time in IM-MS is determined by the residence time of
thé reagent ions in thé drift tube which, in turn, is esta_blished by the strength of the applied
electric field. If a true thermal, first-order process is occurring, there shquld be no éhange in
the measured rate constaint as a function of electric field. Initially it was found, however, that
rate constants changed substantially ‘\;vith electric field strength. This effect is evident in Figure
17 where the measured TED rate‘constant is plotted (open squares) as a function of electric
field at 158 °C. It can be seen that deviations from the true ky are most evident at low electric
field strengths where the signal is usually very wgak. This led to the reaiization that as the
expdnenﬁaﬂy decreasing signal reached the same level as the constant background noise,
deviations in linearity in the natural log plot (Figne 14) could be expected. Thus, all ion
mobility waveforms were “r;ois‘é reduced,” before kinetic analysis, by subtlracting the average
background noise from the | original signal. The results of this process‘ are indicated by the
filled black squares in Figufe 17. Also given in Figufe 17 are two natural log plots taken from
the same walveform; one noise réduced and one not noise reduced.

In this, as in all experiments using IM-MS, it has been assumed that the electric field is

not affecting the measured kinetics, even at the highest fields obtainable, due to the very high
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Figure 17. A: Plot of TED first-order rate constants as a function of applied electric field.
Open squares not noise reduced, filled squares noise reduced. B: lon mobility spectra of TED
of Az at 158 OC. Primary Y axis noise reduced, secondary Y axis not noise reduced. Pressure
= 640 Torr, electric field strength in bottom mobility spectra = 144 V cm"1
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buffer gas pressures involved. In their discussion on the mobility of ions in gases, Revercomb
and Mason (111) derived a criterion for low-field behavior of ions in an electric field. This was
obtained by determining those values of the drift velocity for which the effective temperature of
the ions was essentially equal to the temperature of the gas. The necessary criterion thus
established for low field behavior at room temperature was an E/N ratio of <1-3 Td (1 Td =1
Townsend = 1.0 x 107 V em?). In Figure 17, the electric field is varied from 64 to 144 V cm’
L at the temperature and pressure used, this corresponds to a variation in E/N of 0.13 - 0.29
Td, well below the established criterion for low field behavior. In the experiments discussed
here, both the electric field strength and the gas number density (N, in E/N, above) were varied.
Even at the lowest pressure and highest electric field strengths uséd, 300 Torr and 200 V cm™,
respectively, the E/N rafio, at 0.86, is still well below the low field criterion. It must be
mentioned that the derivation of this low field criterion was obtained in the analysis of the
mobility of monatomic ions in a buffer gas. It is recognized that partitioning of the electric field
energy into internal vibrational and rotational modes in complex molecules, such as azulene,
was not addressed. The assumption is made herein that the process responsible for
thermalization of the initially excited Az* species (due to the electron affinity of azulene) also
holds for any excitation processes occurring due to the external electric field. The test of this
assumption lies in measurements of the rate constant (for TED in this case) as a function of
applied electric field. As noted in Figure 17, the first order rate constant, kg, for TED is

invariant over the electric field strength shown. These studies of instrumental effects helped-
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establish experimental conditions which resulted in optimum signal intensity and in true first-

order behavior at high and low temperatures.

Chemical Effects on TED Waveforms
Inspecﬁon of the wa\}efonns in Figure 15 reveals a numbef of diﬂ'erencés from the
'predicted waveforms in 'Figure‘ 14. In the low te;mperature (94 °C) spectrum, the major Az
peak is evident at ~ 44 msec, l;ut minor peaks at ~ 27 and 62 msec and small shouldér peaks at
~ 48 and 49 msec are also noted. At 124 and 154 °C, the Az peaks are diminished while thé
minor péaks are increased in intensity. The losé of Az ion signal at higher temperatures is_
expected due to faster TED in the drift tube. The identity of thé other ions observed in Figure
15 can be determined-by inspection of f‘igures 18 and ‘19. Figure 18 gives the mobility
spectrum and the mass spectrum obtained at 87 °C and Figure 19 gives the same information,
as well as the mass selected ion mobility spectra, at 160 °C.

The longer drift times of Az (~ 62 msec) and of the minor peak (~ ?;9 msec) observed
in these spectra as compared to those in Figure. 15 are due to. the lower electric ﬁeld' strength
applied in these expen'men.ts. It is evident from the mass spectrum in Figure 18 that the minor -
peak is due to the chloride ion and the major peak is due to the azulene ion. These assignments
were based on the isotopic abundance of the **CI" and *’CI" ions and on the known molecular
weight of azulene (molecular weight of azulene = 128 amu). Inspection of the ion mobility
waveform in Figure 19 at 160 °C reveals three peaks at drift times of ~ 31, 53 and 71 msec.
This spectrum also shows the exponentially decreasing slope at short drift times characteristic

of high temperature TED processes. The mass spectrum indicates three major ions at 35, 158
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and 256 amu and a minor ion at 114 amu. The location of these ions in the ion 'mobility
spectrum was determined using the mass spectrometer in the single ion monitoring mode. It is
evident from the mass selected ion mobilty spectra (MSIMS) that the ions of mass 35, 156 and
256 are responsible for the peaks in the ion mobility sI.)ectrum at 31, 53 and 71 msec,
respectively. The peak at 31 msec is due to chloride ions and the peak at 53 msec was
attributed to an impurity or to the possible formation of the Az'(N;) adduct species. The fact
that this peak is evident at 160 °C and is less intense at 87 °C indicates that it is most likely not
due to formation of the AZ(N3) adduct and is. probably due to an 'impurity.' The peak at 71
msec is either an azulene addug:t, AZ(Az), or an azﬁlene dimer, Az, in the case of the ion at
256, by coincidénce of the molecular weight with these lﬁcely species. The lack of any ion of
mass 128 amu is épparent in the mass spectrum and indicates the loss c;f Az due to ’I'ED

processes at this high"temperature.

Physical and Chemical Effects of the Buffer Gas on TED Waveforms

The effect of buffer gas pressure on the appeafance of ion mobility waveforms can be
seen in Figure 20 and thé effect of buffer gas composition (CH; versus Ny) can be seen in
Figure 21; both at high and low temperatures. The waveforms in Figure 20 show the same
differences at high and low temperatures observed previoﬁsly (Figure 14), regardless of buffer
gas pressure. The increa.ised drift time of all ions due to higher buffer gas preésures is observed
and is in accordance_with the expression for ion mobility (equation 8). While the applied
electric field was the same at 740 and 1100 Torr (200 V cm™), the occurrence of electrical

breakdown (“arcing”) limited the field potential at 300 Torr to 160 V cm " This means that
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Figure 20. Series of IMS waveforms at 164 and 102 OC at 300, 640 and 1100 Torr drift
tube pressure (N2). Electric field strength = 200 V cm"lat 740 and 1100 Torr and 160 V cm1
at 300 Torr.
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Figure 21. lon mobility spectra of Az TED in CH4 and N? buffer gases at 82 and 144 (C.
All spectra obtained at 740 Torr pressure and 200 VV cm™lapplied electric field.
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the difference in drift times at 740 and 1106 Torr is due only to changes in ionic mobility while
the change at 300 Torr is due to the change in mobility and electric field strength. Also,
increases in buffer gas pressures were: observed to-result 1n improved signal ‘i'ntensity due to
increased concentration of Az’ in the soﬁrce region. |
The possibility that chemical, as well as physical, interactions betweén the buffer gas
| and AZ ions could be influencing the kinetics of TED was investigated by carrying out TED
rate constant measurements using CH,, instead of Nz; as a buffer gas. Inspection of Figure 21
shéws no 6b_servab1§ difference in spectra between these two buffer gases at low temperature
while the loss of the major ion at ~ 58 msec in CH,, as opposed to Ny, is very evident at higher |
terﬁperature. Also, the total waveform in CH, ét bofh high and low temperatures appears to
be more compressed than those obtained in N. Unfortunately, it was not possible to analyze
the contents of the drift tube using the mass spectrometer with CHy as the buffer gas due to
instability of the electron multiplier‘ and quadrupole analyzer at these relatively high CH, buffer
gas pressures. In béth the high and low temperature experiments, CH, was used both as the
drift gas and as the source carrier gas.
Helium and argon were also investigated with the assumption that the interactions of
* these gases with Az could be much different than with CH, or N5, which might be imagined to
behave similarly. However, these gases proved to be unsuitable for use with IM-MS in its
present configuration due to severe problems with electrical discharge in thé soﬁrce region or

toa coinplefe loss of electrons, in the case of helium, assumed to be due to elastic scattering.
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Results and Discussion

The preceding investigations have revealed the limitations for investigating the TED of
Az and have resulted in conditions within which reliable ion mobility waveforms can be
acquired. The experimental parameters under which rate constants for the TED of AZ over
the temperature range 82 to 174 °C and over the pressure range 300 to 1100 Torr were
o'btainéd are summarized in Table 3.

A series of ioh mobility waveforms repreéenting high and low temperature TED
processes under the conditions listed in Table 3 ‘are given in Figure 22. SQbsequent kinetic
an:alysis according to the methods outlined in Figure 14 allowe(i the determination of ky values

for the TED of Az:. The areas under the low temperature waveforms due to the CI” and

Table 3.

Experimental Conditions for the Measurements of the Thermal Electron Detachment Rate
Constant of Azulene'.

Parameter Setting

IMS Tube Temperature 82 -174°C

Az Vial Temperature 80 °C

Source Temperature "~ 80°C

Drift Tube Pressure 300 -1100 Torr
Drift Gas Flow Rate 700 sccm
Carrier Gas Flow Rate i | 25 sccm
Electrometer Rise Time : | 10 usec
Electrometer Gain ‘ 10°-10° V/A
Time per Channel‘(2000 Channels) 2 - 50 psec

Electric Field Strength 40 - 200 V/cm




79

012 T
0.10 -
< 0.08
S
g 0.06 --
3
c 0.04 --
o
0.02
Time (msec)
Q
(%))
c
o
o
(%))
[O)
v4
()
=
ke
D)
v4

Time (msec)

Figure 22. A series of IMS waveforms corresponding to TED of Az at high (166, 148 and
122 0C) and low (82, 102 and 113 °C) temperatures used in determining the rate constants for
the TED of Az The areas in the low temperature waveforms due to CI" and impurity peaks
were subtracted from the areas due to (Az)0and (Az)t in determining rate constants. The high
Az peak was truncated at equal levels to reveal low level details at 82 and 102 °C.
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impurity species were subtracted from the areas of interest, if necessary, in all measurements.
At the lowest temperatures, these “noise” areas were significant fractions of the Az ~ peak and
of the baseline area. ~ Table 4 shows the results of TED rate constant measurements over the
high, ambient and low pressure ranges at all terﬂperatures used as well as those measurements
determined b'y Grimsrud et al. using a PHPMS (47) and by Mock et al. using a PDM-ECD
(46). These results are also presented graphically in Figure 23. The data given by Kebarle et
al. was published in terms of the activatioﬁ energy and pr_e-exponential factor; the analytical
expression in Figure 23 is obtained when these parameters are expressed in standard Arrhenius

form over the temperature range indicated.

Table 4.

Thermal Electron Detachment Rate Constants of Azulene” Using IM-MS, PDM-ECD and
a
PHPMS .

Temp. IM-MS Pressure: (N;) IM-MS Pressure: (CH;) PDM-ECD  PHPMS

CC) 300 . 740 1100 300 740 1100 2 atm. 4 Torr
82 312 330 314 598 611 5.05 - 25
94 839 794 78 825 968 752 = - 51
102 134 136 133 188 208 208 - 81
113 282 259 253 - - - - 147
124 621 585 575 668 590 581 - 259
135 126 109 89 - - - 105 446
143 230 216 159 269 251 167 200 643
154 406 348 292 - - - 310 - 1048
164 803 693 614 - - - 460 1601 .
174 1247 1082 1013 - - - 710 2400

®Estimated uncertainty at high temperature (>124 °C) = £ 10%
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Figure 23. Az TED rate constants as a function of temperature, pressure and
experimental method. Analytical expression for PHPMS is derived from Arrhenius data and
given as a solid line. Open squares are PDM-ECD, filled triangles, squares and circles are IM-
MS at 1100, 740 and 300 Torr, respectively.



82
The IM-MS data inf Table 4 taken at 740 Torr are plotted in Figure 2% in the form of Arrhenius

plots according to equations 25 and 26.

In(kd) =InA— EA/RT (25)
and

In(kaT3/2)=InA — Ea/RT (26)

Equation 26 is derived from the expression for the thermal electron detachment-attachment

equilibrium constant expression given in equation 27.

Keq = — =

k;l [275 meij 372 '
kd '

7 exp(AS®/R +Ea/RT) @7
Equation 27 is obtained from transition state theory (equation 5) where the first term on the
right hand side is the partition function for an electron and the .ratio‘ of the partition functions
for Az and Az is given by Q,~/Q.; = exp. (AS°/R) (49, 120). The change in entrop;y, AS®, for
the TED of Az has been experimentally determined (115) as has the rate of thermal electron
attachment, k;, (120) and both are assumed to bé independent of temperature. Thus, a more
accurate detemﬁnétion of the activation enérgy for electron detachment of azulene should be
obtained with the use of equation 26 (temper:ature depeﬂdence of the pre-exponential A term
accounted for). The activation energy and the pre-exponential A terms determined from the
'slopes of the Arrhenius plots in Figure 24, and also from Kebarle e_fgL, are compiled in

Table 5. Dueto the large uncertainty in measuring the areas under .the waveforms at low
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Figure 24. Arrhenius plots of the M-MS data taken at 740 Torr in Table 4. An
explanation of the two methods of analysis is given in the text. Estimated error bars included
for log plot.
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temperature, it was decided not to include the rate constants determined at the five lowest
temperatures in the calculation of the activation energy from the Arrhenius plots. These data
points are included on the Arrhenius plots for completeness; estimated error bars indicate the
relative uncertainty. The uncertainty at low temperatures ranged from ~ 100% at 82 °C to ~
15% at 124 °C. ’i‘he estimated uncertainty of the rate constants measured at high temperatures

was less than + 10%.

Table 5.

Activation Energy (Ea) and A Terms for the Thermal Electron Detachment of Azulene'.

IM-MS log (ks T*%) log (ka)

Pressure (Torr) Ea (keal mol™)* log A Ea (kcal mol™)? log A
300 20.1 8.94 . 213 13.54
640 | 19.7 8.73 21.0 13.32
1100 21.4 952 22.7 14.12

PHPMS 14.5 6.39 16 11.05

*Estimated uncertainty =+ 2.0 kcal mol™

Inspection of the l‘data in Table 5 reveals that the activation energies obtained for the
TED reactions measured using IM-MS are substantially’ greater than those (assumed to be
equal to electron affinities, EA) obtained with the PHPMS and PDM-ECD. A slight increase
in activation energy is noted ffom low to high pressures in the IM-MS data, as expected, but is
within experimental error. Also, there does not seem to be a significant difference in kinetic
parameters obtained with or without consideration of a pre-exponential temperature

dependence. Inspection of Figure 23 and Table 4 reveals that the rate constants of TED
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obtained using IM-MS are intermediate between those obtained using PDM-ECD and PHPMS

and that a small pressure dependence is evident within the 300 to 1100 Torr pressure range.

Because these differences in rate constants and Arrhenius parameters may depend on chemical, .

rather than physical, effects, it is hﬁpoﬁant'to consider the origination of the chemical species
observed in IM-MS spectra in more detail.. |

If the TED rate constants for Az are dependent on pressure through increased
interactions with some chemical species, x, then these species, Az"(x) should"bé detected either
by the Faraday plate or by the attached mass spectromefer. It is recognized, however, that
absolute determinations of the presénce of chemical species in the drift tube using only the mass
spectrum is not unambiguous. Adiabatic cooling and collisionally induced dissociation (CID)
in the jet of the mass spectrometer can give rise to the formation of new chemical species or
dissociate species that were staBle in the drift tube. These limitations will be considered where
species created in the jet may be iikely. The mass spectrum and mass selected ion mobility
spectrum obtained previously at 160 °C (Figure 19) indicated the presence of three ions of
mass 35, 156 and 256 amu; these ions will be considered here in more detail.

The ion at nominal.ma.lss 35 has been identified previously as Cl" and results‘ from
chloﬁnated inllpurit'ies‘ present in the IM-MS. A number of m;1ss selected ion mobility spectra
(not given) have revealed that the ion at mass 156 appears at two slightly different drift times m

i(l)n mobility spectra. The arrival time of one of these ions was identical to that observed for
Az while the other was shifted té longer drift times by ~ 2 msec. Due to the limitations in

mass spectrometry mentioned -previously, it was not possible to unambiguously ‘attribute the
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equal ion arrival times of Az and Az(N;) to the formation of Az(N;) in the drift tube. Ions of
this mass are most likely formed in the jet region of the mass spectrometer, although it is
recognized that their existence in the drift tube under high N, buffer gas pressures is very likely.
The second ion of mass 156 arriving at slightly longer drift times is an impurity of unknown
origm. The ion of hi'gh intensity at a drift time of ~ 71 msec has a mass of 256 which
corresponds to a species consisting of two azulene molecules; which could be either an adduct
s_pecies, A7z (Az), or a dimer, Az, of azulene. The increased intensity of this ion with
temperature indicates that the major ion contributing to this signal is not an adduct. Further
support of the formation of an azulene dimer is given by Scott (122) in his proposed radical-
based mechanism for the thermal rearrangement of azulene to naphthalene. The mechanism he
proposed involved the formation of radical. dimers of azulene in the steps initiating
rearrangement and the production of the neutral azulene dimer as the step terminating the
reaction. The observed loss of the dimer in CHy (Figure 21) can also be explained by loss of
the. radical intermediates involved in dimer formation by interaction with the CH, buffer gas. It
is uncertain whether or not the dimeris formed in the source or in heated vial. The lack of the
dimer in the CH, experiment may indicate that the species is formed in the source where
radicals from the CH, buffer gas could interfere with the production of the dimer. While the
dimer is thus considered to be the predominant species, a’ slight connectivity observed in some
spectra between the Az,” species and the Az peak implies that some adduct forming reactions
with Az might be occurring in the tube to a very small extent. While a large concentration of

adduct would influence the kinetics of TED, the very small concentration observed is assumed
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to have no significant effect. ) In éddit‘ion,. the sharp form of the Az, peak iﬁdicates its
origination in the source and relative stability in the drift tube. |
It is suggested ;chat the dependence of the TED rate constants on buffer gas pressure is

due to the equilibrium formation of adduct species according to reaction 28.
Az- +M=— Az~ (M) (28)

Here, M is a buffer gas species such as N, or CH,, both of which were used in the IM-MS; N,
was used in the PDM-ECD and CH, was used 1n the PHPMS. Higher buffer gas pressures
wouid result in a higher concentration of adduct, Az(M), species due to the higher
concentration of buffer gas molecules, M. It is envisioned that the Az ion is stabilized towards
TED by the association energy of the adduct species and by the average fraction of its
occurrence (lifetime) as the Az (M) species. No literature values have been found for the Az’
Nz) or Az'(CHb species although 'tﬁe interaction is assumed. to be weak and, if present, their
rélative intensities would be altered in the sampling aperture of the mass spectrometer.

While these chemical interactions migh“c be responsible for the observed differences in
TED, it is impdrtant to also consider the physical processes mvolving the TED of Az. The
processes considered here are thermalization of the initially excited azulene species, Az*, and
the maintenance of a continﬁ;)us gausian (thermal) distribution of Az". Both of these procgssés

are described in reaction 29

ke [M] k .

Az- =——= Az * 5 Az+te (29)
kqM]
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where ki[M] is the rate of replenishment of the Az™* species, k[M] is the quenching rate of
Az™* and k,y, is the autodetachment rate constant. Due to the high and very high pressure
buffer gases involved, | it has been assumed in IM-MS, PDM;ECD and in PHPMS that
thermalization is complete and mainténance of a gausian distribution of Az ions is continuous.
Kebarle ﬁ 47) assuméd that the activation energy (Ea) for the detachment of thermal
' electréns was equivalent to the Telec’tron affinity (EA) of az{;lene based on corhplete ‘
thermalization of the Az™* species. These assumptian are supported by the fact that any
inefficiencies in these processes of thermalization and gausian maintenance would result in an
increase of the rate constant for TED, rather tilan the observed décrease in rate constant with
pressure. Thus, it is apparent that the observed decrease in TED rate constants for AZ in very

high pressure buffer gases is most likely due to the formation of stable Az(M) adduct species.

Conclusion

It has been demonstrated that the rate constants for the thermal electron detachment of
AZ show a negative dependence on buffer gas pressure in the IM-MS. The decrease in rate
constants with increasing pressure is not only indicated by comparisons between other
instrumental methods, but also by the change notea over the pressure range used in the IM-MS
experiments (300 - 1100 Torr). While these differences over the pressure range used in IM-
MS are not largé, they are significant in their relative persistence over the temperature raﬁge
used. The cause of this pressure effect is thoughf to be the formation of the adducts Az (Ny)

or Az(CH,) which would be more stable towards thermal electron detachment.
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RATE CONSTANTS FOR THE GAS PHASE REACTION OF CHLORIDE ION WITH
‘ METHYLBROMIDE OVER THE PRESSURE RANGE, 300 TO 1100 TORR

As ‘discussed previously, the gas-phase Sw2 reaction of chlpride ion with -
methylbromide has been extensively studied by a variety of experimental and theoretical
methods (10, 12, 24, 31, 36-38, 44, 123 - 130) and has become the prototype example of an
ion-molecule reaction that is strongly affected by non-statistica.l energy distributions within its
rate deteﬁnmiﬁg reaction intermediates (31, 36, 38, 44, 130). This reaction is thought to
proceed along a double-well potential energy surface (Figure 1) with a central barrier that
separates the entrance and exit channel complexes. Botﬁ of the entrance an(i exit chénngl ioﬁ-
dipole complexes have been shown to behave in distir;ctly non-statistical manners and,
therefore, are not well-described by conventional statistical theories of reaction rates, such as
RRKM theory (31, 44, 130). As a result, the rate constants observed for this Sx2 reaction
have been difficult to interpret in _terms of the potential energy surface (for this reaction).

In order to study this reaction under physical conditions in w‘hich the complexities
described above would be removed, the use of unusuallyi high buffer gas pressure has been
envisioned (10, 12, 69). If the _buﬂ'er gas pressure could be made sufficiently high, a point
should eventually ‘be.reached where all (rate-determining) reaction intermediates would be
maintained in a state of thermal equilibrium with the medlum during their lifetimes on the
reaction coordinates. This Would constitute the high pressure limit (HPL) of kinetic behavior,

discussed previously. Under this condition, the reaction complexes could be assumed to have
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Boltzman energy distributions and interpretation of the observed rate constants would be -
~ greatly facilitated. |
Recently, Giles and Grimsrud (12) investigated the reaction of CI ion with CH;Br by
IM-MS and reborted rate constants observed undef the relatively high pressure conditions of
640 Torr (nitrogen buffer gaé) over a temperature range from 35 to 150 °C. A significant
enhancement, (roughly, a doubling) of the observed rate constants was noted at 640 Torr at all
temperatures relative to the correspoﬁding rate constants determined by a PHPMS using buffer
gas pressures of 3 Toﬁ. At 640 Torr, the efficiency .(observed rate constant relative to the
calculated ADO collision rate constants) of this reaction ipcreased continuously with a decrease
in temperature, from about 1.5% at 150 °C to about 3.5% at 35 °C. In interpreting the
significance of these rate constants at near-atmospheric pressure, an unresolved question was
whether or not these measurements reflected the HPL of kinetic behavior for the CI/CHsBr -
reaction system.
Recent theoretical studies of the CI'(CHsBr) and Bri(CH;Cl) reaction complexes by
Wang et al. (31) have provided additional insight concerning the question raised above. They
predicted distinctly non-statistical behaviors and exceedingly short lifetimes for both the
entrance and exit-channel ion-complexes. From inspection of the set of ﬁlode-sbeciﬁc lifetimes
they provided, the average lifetimes of the collision-formed -complexes, CI'(CHsBr), might be
expected to be even less than the calculated RRKM lifetime of 3 picoseconds. Siﬁce the time
betweeq collisions of ‘fhis ion comf)lex with buffer gas molecules at near-atmospheric pre;,ssure

will be about 50 ps, the theoretical considerations of Wang et al. ‘su‘ggest that the HPL of
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kinetic behavior for this reaction could not have been reached in a buffer gas of 640 Torr
ﬁressure.

Recent expen'merital studies of the CI/CH;Br reaction by Seeley et al. (131) also
provide new insight into' this reaction. They found that when the entrance-channei reacﬁon
complex, CI'(CH;Br), was made by the endothermic ligand exchange fea&iom CI(H;0) +
CH:Br — Cl'(CH3Br) + H,0, in He buffer gas at a ﬁr.essure of 0.5 Torr, the complex
| (thermally) dissociated pﬁman'ly in the forward direction to form the Br ion and CH;Cl. Since
the reaction efficiencies observed by Grimsrud et al. in 640 Torr 1t;uﬁ‘er gas did not exceed
3.5%, the result of Seeley et al. suggests that the entrance channel complexes m this
investigation were not efficiently thermalized by collisions and that the HPL had not been
reached.

The modifications to the IM-MS (Figure i) have made it possible to determine rate
constants for the reaction of CI with CH;Br over the pressure range, 300 to 1100 Torr at 125

°C. Additional insight into the dynamics of this reaction has thereby been obtained.

Experimental

The IM-MS instrument and the methods used here are almost identical to those
described previously for a typical Sy2 reaction. In the .present study, the only experimental
change that has been made is that the buffer gas pressure within the IMS was varied from 300
to 1100 Torr. For successful operation at pressures below the ambient level; much greater
care was required to e]iminafe all micfdscopic leaks in all external connections of ’ghe IMS. Thé

major difficulty caused by such leaks was the introduction of trace levels of water, which tends
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to cluster to the chloride ion. In-order to ensure that this undesirable effect of trace water was

not of irnportance, a relatively high temperature, 125 °C, was always used in the present study.

At this temperature, the iatio of the intensity of the CI'(H,O) ion to that of the CT ion (as

determined by the associated mass spectrometer) was always less than 0.005.

Results and Discussion

‘Rate constant determinations made here for. the reaction of chloride ion with
methylbromide and with n-butylbromide are shown in Figure 25. Each point shown has been
determined by the standard IMS method illustrated earlier and was the result of four or more
independent IMS measurements using a range of alkylbromide concentrations. The uncertainty
of each of these measureinents is estimated to be less than +/- 15%,

The rate constants determined for the reaction of chloride ion with n-butylbromide are
shown within data set B in Figure 25 and bear no detectable dependence on buffer gas pressure
over the pressure range, 300 to 1100 Torr. Also, these rate constants were not signiﬁcantly
affected by a change from nitrogen to methane buffer gas. This result was expected based on
prior observations that a change in nitrogen buffer gas pressure from 3 Torr (PHPMS) to 640
Torr (IMS) caused no observable change in the rate constant of this reaction (see Figure 4 of
reference (12)). This laek of buffer gas pressure dependence for the Cl/n-butylbromide
reaction system is consistent with either of two potential explanations. One is that this reaction
system is operating within its HPL of kinetic behavior at all pressures of 3 Torr or greater. The
other is that the rate constants for this reaction system he,ppen to be the same in the high

pressure énd low‘ pressure limits. Since the present investigation will focus on the CI'/CH;Br
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Figure 25. Rate constants observed for the reaction of chloride ion with methyl bromide
(rectangle A) and with n-butylbromide (rectangle B) by ion mobility spectrometry at 125 OC as
a function of buffer gas pressure. Measurements were made using both nitrogen (open circles)
and methane (solid dots) as the buffer gas.
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reaction, the set of n-butylchloride measurements provided in Figure 25 serve primarily to
validate the experimental method deyelopéd here. By this method, no significant pressure
dependence was noted for a reaction system 1;hat was expected to have none. |
The rate constants for thé reactions of chloride ion with mej:hylbromide are shown
within data set A in Figure 25 and indicates a small, but significant positive pressure
dependence. An increase in the pressure of a given buffer zc,;as from about 300 to 1100 Torr
causes an increase of about 15% in the rate constant. Boi;h of these observations suggest that |
the HPL of kinetic behavior has not been reached for the CI/CH;sBr reaction system in the
| pressure range near one atmosphere.
It is instructive to consider whether the measurements shown in Figure 25 for the CI
/CH;Br reaction system are cgnsistent with the new information concerning this reaction
recently reported by Wang et al. (31) and by Seeley et al. (131). A slightly ﬁlodiﬁed version of
the CI/CHsBr reaction shown earlier (reactiqn 1) is presented here for purposes of discuséion.
o B+ CH;Cl

CI™ +CH;Br <== (CI” =CH3Bn)"

(30)
' kq[k Cl_(CH3Br) — Br +CH3Cl |

By this sequence, reaction products are envisioned to be formed by two simultaneously
operative mechanisms. In both mechanisms, a set of excited entrance channel complexes is
first formed at a rate determined by the collisional rate constant, k.. Since the efficiency of this
reaction under the present reaction conditions has been observed to be low, it can be assumed

that most of the complexes will backdissociate to reform the reactants, (k). A small fraction of
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the excited complexes will move forward to form products (k;). Another small fraction of the
excited complexes will undergo collisions with buffer gas molecules and w111 become
thermalized with a pseudo-first order rate constant for quenching, k,[M], where [M] is the
number density of the buffer gas. In accordance with the recent report of Seeley et al., the
prinéipal fate of the thermalized complex shown in reaction sequence 30 will be assumed to be
dissociation to the reaction products, Br' and CHsClL Sinqe the ion complex is not detected
under our experimental conditions, it can be assumed that this latter step occurs very quickly
on the time scale of the IM-MS-based experiment and does not affect the overall rate of th1s
pathway.

For the sake of this discussion, several oversimplifications of the detailed reaction

dynamics repr'esen‘tedby reaction sequence 30 will be made and the possible implications of -

these assﬁmptions should be pointed out. One of these is that the rate at which the initially-

formed set of entrance channel ion complexes undergo back-dissociation will be described here -

by a single rate constant, k.. It is acknowledged, however, that a more rigorous treatment ‘of
the backdissociation process would involve a sum of severallexponential‘ decay constants
representing all of the important mode-specific ‘s'pecie,s, initially formed in the ion-molecule
collision. In the present study, it is ‘p'ossible that only a subset of the entrance cﬁannel
complexes that have relatively long lifetimes (smaller k’s) are béing affected by increased

buffer gas pressure. Therefore, the simplified model developed here can be expected to

provide only a senﬁquantifative description of the actual events and has validity only to the .
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extent that thé relatively long-lived fraction of the collision-formed complexgs constitutes a
significantly large portion of the total population.
~ Another point of oversimplification in reaction sequence 30 is that the passage of CI
(CHsBr)* over the transition state barrier is shown to lead directly to products. Wang et al.
(31) have shown, however, that the eﬁt channel complex, Br(CHsCl)*, that is first formed
upon passage over the transition state is likely to recross the transition state barrier to réform
CI(CH:Br)*. In addition, Wang et al. predict that several such recrossings of the central
barrier will then occur prior fo the dissociation of one of the two complexes to either reactants
or to products. Therefore, the rate qonstant, k,, shown in reaction sequence 30 should be
‘viewed to represent the passage over the central barrier only of those entrance-channel
complexes that do not re-croés the barrier. In addition, it is recognized that our use here of a
single vdlue fo_f k, is also an ovérsimpliﬁcation of a much more complex reality in which a set of
mode-speciﬁc; rate constants would acfuall_y be required in a rigorous treatment of the forward
motion of the excited entrance—chanﬁel complexes along the reaction coordinate. |
Within the oversimplified view described above of reaf:tion sequence 30, ahd wﬁh the
reasonable assumption that k, >> (k; + kq[M]) under our experimental conditions, the observed

rate constant, ks, would be given by:

kobs = kckp / kr + kckq[M]/kr (31)

Since the rate constant observed for this reaction under buffer gas conditions of relatively low

pressure will be given by kip = keky/k:, equation 32 can be written.
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Kobs = kip + kekq[M]/ ky ‘ 32)

Also shown in Figure 25 are predictions of ks based on Equation 32 where the following
values of kyp, ke, kq, and k; were selected. From prior measurement (12) of this reaction by
PHPMS in 3 Torr buffer gas at 125 °C, kip, was determined to be equal to 2.2 x 10" cm® s™.
by ADO theory (1), k. is predicted to be equal to 1.42 x 10® cm® s at 125 °C. Accurate
predictions of k, are more difficult to oi)tain because the efficiency of collisional quenching of
the excited complexes by nitrogen and methane buffer gases are not known. If it is first
assumed that k, will be equal to the rate constant for collisions between the ion complex and
the buffer gas molecules, Langevin theory (1) predicts k, = 1.00 x 10° cm® s™ for methane
buffer gas and k, = 6.5 x 10™ cm? s for nitrogen buffer gas. The best fit to the experimental
data shown in Figure 25 was then obtained if the lifetime of the entrance-channel complex was
assuméd to be about 6.7 ps (e, k=15 X 107 5. These p?edictions are shom as the solid
(methane) line and dashed (nifrogén) lines in Figure 25:

If the efficiency for collisional quenchingyof the entrance-channel ion complex is'less
than unity, the value of k; = 1.5 x10” s would have been overestimated in. the above
treatment. For example, if the quenching efficiency of one of the buffer gases is only 10%, then
the best fit of k. to the data in Figure 25 would be about k; = 1.5 x 10"' s* (corresponding to a
complex lifetime of 7 psec). For this reaction system, it seems reasonable to speculate that the
efficiency of quenching by methane buffer gas would be at least .10% (132). Therefore, it

seems reasonable to conclude that the 1/k, lifetime suggested by the present set of
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measurements and the above simple model for the reaction dynamics operative in the
atmospheric-pressure range is somewhere in the low bicoSecongi range.

If all of the rate constants for the CI/CH;Br reaction system measured over thé entire
pressure range between 300 and 1100 Torr (Figure 25) are'considered, significant differences
bgﬁween the values measured in both buffer gases and the predictions of the simple model are
apparent. Both sets of experimental values form lines of lower slopes than those of the
predictions and extrapolate to low-pressure limits that lie sigrﬁﬂcanﬂy above the expeﬁmentaﬂy

determined value of kip = 2.2 x 10" cm® s,

While the cause of this discrepancy is hot
presently known, it could result from limitations of the simplified model described above. For
example, if the simplified model was altered only sligﬁ’dy in ‘a manner that allowed just one
percent of the initially-formed complexes in reaction sequence 30 to have distinctly longer
lifetimes (i.e. 1/k; > 50 ps) against backdissociation, an initial increase of about 1 x 10™" cm’ s™
in the rate constant would then be expected over the pressure range below 300 Torr. This"-
change would account for the observed extrapolations to higher-than-expected low-pressure
limits for the rate constants. Within this modified view, the slopes of the measurements shown
in Figure 25 over the pressure range from 300 to 1100 Torr wbuld then lead to deductions for
k, that are abou"c five times greater than those derived above from j:he simpliﬁed model (these
modified k; values would.apply only to the set of collision complexes that are Being affected by
the pressure change from 300 to 1100 Torr a;ld nc;t to the set that are affected by lowér

pressures). In order to more completely characterize the dynamics of this and other reaction

systems, experimental methods that are operative over all the pressure ranges of interest are
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clearly needed. For this purpose, an IMS-based apparafus that will operate over the pressure

range from about 10 to 300 Torr is presently being constructed in our laboratory.

Conclusions

The experiments performed here indicate A that the reaction of chloride ion with
methylbromide is not moved onto its high pressure hmlt of kinetic behavior by use of buffer gas
pressures near one atmospheré. The pressure dependence of the rate constants observed in this
pressure range is consistent with predictions by Wang et al. (31) of very short ﬁfeﬁmes for lthe
reaction complexes of this reaction and with the prediction by Seeley et al. (131) that this

reaction should proceed with high efficiency in its high pressure limit.
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THE REACTION OF CHLORIDE ION WITH ISOPROPYL BROMIDE AT
ATMOSPHERIC PRESSURE

‘The principle motivation for the preﬁoué inves%igation of the CI/CH;Br system was to:
gain some insight into the pressure conditions under which IM reactions can be observed
where all species alqng their reaction coordinate, including short-lived inteﬁnediates a; well as
reactants, are maintained in a state of thermaliequilibn'um with the medium. Kinetic behavior
under such .conditions is of fundaxﬁental interest to the field of gas i)hase ion chemigtry and can
greatly facilitate the interpretation of kipetic data in terms of the potential energy surfaces
(reaction coordinate) of the reactions (39, 69 - 71, 133). |

As mentioned previously and illustrated in the‘twc‘) previous applications, IM-MS has
been used for the stﬁdy of several relatively simple IM processes occurring in a buffer gas of
one atmosphere pressure (69, 10 - 1l2). Rate constants for various bimolecular reactions, in
addition to the CIN\CH;Br system, have been reliably Tdetennined in an atmospheric pressure
buffer gas. It has also been shown (11) that equilibrium constants for clustering reactions, such

as that shown in reactior; 33,
’ Keq '
Cl~(CHCI3) —; +CHCl3 == CI7(CHCl3)n (33)

where 7 =1 and 2, can be reliably measured at atmospheric pressure by IM-MS. The average
rate constant for the bimolecular reactions of various sets of equilibrated cluster ions, as shown

by reaction 34,
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Cl™(CHCl3), +CH3Br — Br™(CHCls) , + CH;Cl (34)

where n and m vary from O to 2, have also been measured by IMS (11).
In the present investigation, IMS was used to investigé.te the nucleophilic displacement

reaction of chloride ion with isopropylbromide (i-PrBr). As compared to bimolecular reaction

30, the reaction of CI" with i-PrBr is complicated by two factors. One is that the nucleophilic

attack of the chloride ion on this secondary alkylbromidé proceeds much more slowly due to
increased steric hindrance expected in its SN2‘ transition state. The other is that the enthalpy of

association between chloride and isopropylbromide will be significantly greater so that a

significant fraction of the total chloride ion population can be present in the single-clustered -

form, CI' (i-PrBr), and e_veﬁ the double-clustered form, CI'(i-PrBr),, under conditions of low-

to-moderate temperatures and relatively high i-PrBr concentrations. For these reasons, the

reaction of CI” with i-PrBr is more appropriately represent'ed by reaction sequence 35,

i-PrBr i-PrBr

CI” === CI"(-PrBr) <= O (-PrBryy (35)
ks Jj—PrBr ' mJ/
Br~ +RCl Br  +RCl°

where the clustering reactions are indicated on the top line with equilibrium constants K; and
K., along with two likely Sx2 reaction pathways. One pathway involves the direct bimolecular
reaction of CI ion with i-PrBr with second-order rate constant, k,, and ‘another involves the

unimolecular dissociation of the thermalized single-cluster ion, Cl’(i‘-PrBr), with first order rate
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constant, k;, to form the displacement products, Br and i-PrCl. It is recognized that an Sx2
displacement reaction could also occur within the second-order cluster ion, Cl'(i~PrBr),, shown
in reaction sequence 35. However, it will be assumed here that this third reaction pathway will
not be of importance under any conditions used here in which the bare Cl" ion or the single-
clustered ions, CI'(;-P1Br), have significant relative abundance. This assumption is supborted
by the fact that the attachment of neutral molecules to ;atomic anions such as ClI” has been
shown to greatly reduce the niicleophi]ic reactivify of the core anion (i 1, 43, 134 -136).

A characterization of the reaction of CI" with 7-PrBr in 4 Torr methane buffer gas has
been previously described by Caldwell, Magnera, and Kebarle. (124) using a bﬂsed electron-
beam high pressure mass spectrometer (PHPMS). In that study, rate constants were reported
only under relatively high temperature copdiﬁons, where the fraction of CI ions held in the i-
PrBr clustered foms was very small. In this way, their PHPMS measurements could be
treated as if the reaction always occurred by a simple bimc/)lecular process, even though
Caldwell et al. recoénized that the actual mecha:ﬁsm might have involved the prior formation
of a thermalized ion complex, as shown in‘ reaction sequence 35.

Under the conditions of the present study, it will be shown that equilibrium cdnstant§
for the clusteﬁng ‘reactiofls and rate ’cons’;;e'mts for the subétitutién reactions can bé
simultaneously determined from IMS measurements over a range of temperatures in a near
atmospheric pressure buffef gas. By comparison of the present Iresults obtained in 640 Torr
nitrogen buffer gas (ambient pressure‘in Bozeman, Montana) with those obtained by Caldwell,

et al. (124) in 4 Torr of methane buffer gas, the relative importance of the bimolecular Sy2
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mechanism (k;) and the unimolecular Sy2 mechaﬁism (k;) shown in reaction 4 under

atmospheric pressure conditions will be assessed.

Experimental

The instrumental configuration of the IM-MS used in this study is as shown in Figure 1
with the exhaust port of the IMS tube set to ambient pressure and with the heat exchanger
installed and utilized as neceésary for sub-ambient temperature conditions. Chloride or
bromide ions and neutral reagents wefe produced in the source and drift tube as descﬁbed
previously. The reagent grade i~PrBr (Aldrich) that was injected into the GHP w‘as first treated
in order to remove any traces of HBr that would have complicated the preseﬁt measurements
by its fast reaction with CI. This was accomplished by shaklng equal volufnes of i-PrBr and an
aqueous solution of saturated NaHCOj; in é separation funnel. After repeating this separation

six times, the final volume of -PrBr was dried with MgSO,.

Results and Discussion

Reaction Modified IMS Spectra -

The interaction of Cl' reagent ions and -PrBr neutrals in the drift tube results in a series
of waveforms as shown in Figure 26 for a range of i-PrBr concentrations at relatively high drift
tube temperatures. Under these conditions, the IMS spectrum is relatively simple and a

determination of a second-order rate constant for the apparent bimolecular reaction between

CI' and i-PrBr could be obtained, if desired, by analysis of the relative areas uhderlying the CI'
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[/-PrBr]

10.77

Time (msec)

Figure 26. Reaction-modified ion mobility spectra observed at relatively high temperature,
150 0C. The reactant ion, CI", is made in the ion source by electron capture to CCl4. The
product ion, Br", is produced at all points along the drift tube by the reaction of CI" with /-PrBr.
The concentration of/-PrBr added to the drift tube is indicated (in units of 1013 molecules/cm3.
The electric field within the drift tube is set to 144 VV cm"L Note that the drift times of the ions
are not significantly increased by the successive addition of /-PrBr to the drift gas at this

temperature.
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and Br portions of the reaction-modified total-ion spectrum as described previously. A more
comprehensive discussion of how rate constants were determined in this study will be deferred
until later, however, while attention is now drawn to the observed dnﬂ times of the ions. It is
noted in Figure 26 that the drift times of the CI" and Br ions are almost constant and are
 increased only slightly by the successive additions of i-PrBr to the drift gas at 150 ° C. This
indicates that almost all of the chloride and bromide ions are in the unclustered form at 150°C -
under all of the conditions shown in Figure 26. In addition, no clustered ions of the typeé, Cl'
(i-P1Br) or Br(i-PrBr), were dgtected by the mass spectrometer under these conditions.

When analogous experiments were performed at relatively lbw témperatures, MS
spectra such as that shown in Figure 27 at 35 ° C were obtained. These IMS spectra are
clearly much more complex than 1;hose in Figure 26 and require additional explanation. Again, -
1;he magpitude of the peak containing the CI" ion decreases continuously as greater amounts of
i-PrBr are added to the drift gas. In addition, a large shift of the CI'-containing peak to longer
drift times is caused by an increase in the concentration of i-PrBr. The Br-containing ions that
are generated that are generated in the drift tube are also shifted to longer drift times with
increasing amounts of i-PrBr, but to a lesser extent than those containing CI. These shifts in
drift time cause the CI'-containing peak to move through and then to the right of the position of
the Br-containing ions within the reaction—rﬂodiﬁed IMS waveform as successively greater
amounts of -PrBr are added to the drift gas.

The identities of the ions that contribute to the total IMS spectra observed at 35 °C are

indicated in Figure 28 where numerous mass-selected single-ion IMS measurements are shown
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[/-PrBr]

13.64

29.22

60.67

102.85

Time (msec)

Figure 27. Reaction-modified ion mobility spectra observed at relatively low temperature,
35 °C, as a function of the /-PrBr concentration (in units of 103 molecules/cm3) added to the
drift gas. The electric field is 144 V cm"1 At this temperature, the drift times of the CI"
reactant and Br" product ions are significantly increased with increased [/-PrBr] due to the
clustering of both halide ions with /-PrBr. At this temperature, additional ions are also noted at
drift times of about 55 and 64 msec. These two ions are formed unintentionally in the ion
source and are transported through the drift region without change. The identities of the
primary ions that contribute to these MS spectra are provided by associated mass
spectrometry measurements, as shown in Figure 28.
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- Cl (HCI) m/z =71

m/z = 195

Cl (Z-PrBr) m/z = 158
m/z = 35

Br (/-PrBr) m/z =201
m/z =79

Time (msec)

Figure 28. Several single-ion mass spectra for principal ions that contribute to the total ion
IMS spectrum observed for condition F in Figure 27. The ion identities indicated in this figure
were confirmed by parallel measurements in which the intensity of other expected ions within
the 3BCAZ3CI and/or MBrZ&Br isotopic cluster groups of each ion type were measured. The
origins ofall ions indicated here are explained in the text.
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under condition F of Figur.e 27. The identities of the ions that are thought to cause the signals |
at each m/z value are also indicated. These identity assignments were verified by parallel
measurements (not shown) in which the expected ions of the other abundant isotopes of
chlorine and bromine were monitored. The last four IMS spectra in Figure 28 indicate that the
shifts in the drift times of the CI' and Br" ions noted in Figure 27 are due to the clustering of
these ions with i~PrBr. The fact that the bare and clustered halide ions have the same IMS
peak shapes and drift times indicates that the clustering of 7-PrBr to CI' and Br’ iéns are very
fast processes under these conditions relative to the rates at which these ions are transported
through the drift tube. |

Additional ions not seen m the IMS spectra at high temperatures are also noted in the
IMS experiments performed at low temperatures in Figures 27 and 28. At ~ 55 ms, an ion
which has been identified as CI'(HCl) is consistently observed. in all IMS spectra at low
temperature. This ion appears to be formed only in the ion source by the association of some
of the CI ions with a trace quantity of HCI formed by radiaﬁon chemistry within the ®Ni ioﬁ
source. With CCl, continuously present in the ion source, the production of trace quantities of
HCI appears to be unavoidable. (The source of hydrogen atoms is thought to be water which,
in spite of considerable efforts for its removal, is always present at trace levels.) However, as
evidenced by the constancy of the intensities and drift times of the CI'(HC]) peaks in the IMS
spectra in Figure 27, the ion, CI'(HCI), appears to undergo no reactions in the drift regioh.
Therefore, this ion is thought to have no effect on the IMS reaction waveform of interest, and

its presence was ignored. With use of higher ion source and drift tube temperatures
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(Figure 26), the CI(HC) ion is not observed in either IMS or MS spectra. This is either
because less HCl is produced in the ion source at the higher temperatures or because the CI
(HCI) ion thermally decomposes at higher temperatures prior to its passage into the drift
region.

Another unexpected ion, CIBry, of drift time 64 ms is also noted in Figure 28 whenever
i-PrBr has been added to the drift gas. This ion is thought to be produced by a reaction of
some of the CI ions with ‘gracé quantities of Br in the~ion source. Apparently, a trace amount
of Erz is also produced by_ radiation chemistry within the ion source whene‘verv small aﬁlounts of
i-PrBr diffuse into the source region. The preseﬁce of this ion in subsequent IMS spectra can
also be ignored, however, because this ‘i‘on is stable and unreactive (as evidenced by its
persisten_ce in Figure 27F where a relatively large amount of i-PrBr has been added to the drift
gas).

It would be very difficult to determine accurate rate constants for the Sx2 displacement
rc.;,action of interest from measuremér_lts of the type shown in Figure 27, and therefore, a
different approach to such Vmeasurements will be described later. However, measurements of
the type shown in Figure 27 do provide an excellent means of determining clustc-ering'
equilibrium constants, X; and Kz, at any‘ températuré of ixiteresf; as will be described in the

following section.

Equilibrium Constants for Clustering

Numerous measurements, of the type shown in Figure 27, were made over the

temperature range 20-85 °C, where a significant shift in the observed drift time, tos, of the ion
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packet containing the Cl" and CI'(-P1Br) ions was caused by the successive addition of i-PrBr
t;) the drift gas. The tus values were then recorded as a function of the i-PrBr éoncentration
added to the drift gas at each temperature as illustrated in Figure 29 for a set of measurements
- rhade at 35 ‘SC. Since the bare and cllustered io;ls of CI' identified in Figure '128 were shown to
have the same drift times aﬁd peak shapes, it can be assumed that the equilibration time for
cluster ion formation is very short compared with ionic drift times. Therefore, the observed
drift time, tus, and ionic mobility, Ks, can be expeded to be related to the equilibrium
constants for the clustering reactions and the individual mobilities of the‘ bare and clustered CI’ |

ions by the following set of relationships. (49):

K gbs = to: E ¢6)

K gps = Koot + Koy +Kpaty ‘. | | @7

Oy =1/ (1+K,  [i-PrBr]+K, K, ,[i-PrBrl’) 69
&1 =K, [i-PrBil/D 69

a, =K, K, ,[i-PrB]’/D | . (40)

where L is the length (23.7 cm) from the BN gate to the Faraday plate, E is the electric field
strength (140 V cm™), K is the mobility expected for an individual CI' cluster ion containing

i-PrBr molecules, o, is the fraction of ions under a mobility peak containing i i-PrBr molecules,
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Figure 29. A typical measurement for the observed drift time, W for the CV-containing
ion packet versus the concentration of /-PrBr added to the drift gas at a relatively low
temperature, 35 0C. The dashed line indicates the U, values expected if only first-order
clustering with Keg! = 3.7 x 105atm™1were important, with Keq* assumed to be zero. The point
at which the U svalues begin to diverge from this dashed line indicates the onset of significant
second-order clustering. The solid line indicates the U 9values expected if both first- and
second-order clustering are assumed to be important, with Keg! = 3.7 x 105atm'land Kaj2 =
3.0 x 103atm™1 Excellent fit to all drift time measurements is then obtained
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Keq,,- is the clustering equilibrium constant leading to the cluster ion Cl'(i—Prﬁr),-, [-PrBr] is the
concentration of isopropyl bromide in the drift gas, and D is the denominator written in
equation 38. Over the range of /-PrBr concentrations used in the present study, it will be
shown that only cluster ions for which i =0, 1, or 2 have sigﬁiﬁcant relative abundance so that
contributions of higher—ordér terms can be ignored. Under cénditions of relatively small [i-
PrBr] and with the reasonable assumption that i(eq,l will be greater than Ko; for all i > 2, -

equations 37-40 can be combined to form equation 41.

Ky~ Ko) ' = Koy 0 K —PrB) ™ + &, -K)™ (4)
) q

In Figure 30, the mobility data for the Cl/i-PrBr systém at temperatures ‘o'f 20, 40, and 60 °C
have been plotted in the form (Koss - Ko)* vs [-PrBr]". In accordance with Equation 41, a
straight line is obtained over the range of measurements wilere [-PrBr] is relatively small
([i-PrBr]" is large). From the intercept of this line and from measurements of K, for CI (in the
absence of added #-PrBr), the single ion mobility, Ky, was obtained for the cluster ion, CI'(i-
PrBr),, at each temperature. Since the slopes of the lines shown in Figure 30 are expected
(Equation 41) to be equal to Keq1 (K - Ko)?, and the mobilities, Ko and Ky, have been
determined, K., is obtained at each temperature. The uncertainty of the Keq1 values thereby
obtained is estimated to be no greater than = 20%. By the treatment of 15 data sets at 15
different temperatures, 15 Kq; valﬁes for the CI7i-PrBr system were thereby determined and
have been plotted in Figure 31 in the form of a van’t Hoff plot. This log Keq1 vs 1/T plot

produces a straight line, as expected. By standard treatment (137) of the slopes and intercepts




113

-10

[/-PrBr]"1x KT5 (atm™l)

Figure 30. Changes inthe mobility of the CIVCV(Z-PrBr) ion packet as a function of /-PrBr
concentration in the drift region, plotted in the form of Equation 41. Equilibrium constants for
the association of CI" with /-PrBr are determined from the intercepts and the slopes of the least-

squares lines thereby formed, as explained in the text.
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Figure 31. Van't Holf plots of the equilibrium constants, Keg!, for the association of Cl
with z-PrBr over the temperature range 20 - 85 °C, and for the equilibrium constants, Keg2 for
the second-order clustering reaction, CV(Z-PrBr) + z-PrBr <CV(Z-PrBr)2, over the temperature
range 20 - 36 OC as determined by reaction-modified IMS measurements.
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of these lines (In Ke= -AB/RT + AS/R), the standard enthalpy, AH’;, and standard entropy,
AS®;, associated with the addition of one i-PrBr mole;cule to CI is found to be AH° 1=-13.4+
1.0 kcal mol™ and AS®; =-18 + 3 cal deg” mol™. These values, along with the corresponding,
value of AG; =-8.0 + 0.1 at 25 OC; are listed in Table 6. The only previous measurement of
this equilibrium reaction is that of Caldwell et al. (124) by high-pressure mass spectrometry,
who reported K1 = 3.9 x 10’ atm™ at a temperature of 304 K. From the AH’; and AS’; values
determined here by IM-MS, K1 is predicted to be | 47 x 10° atm™ at 304 K, in goo&

agreement with the single measurement by Caldwell et al.

Table 6.

Thermodynamic Properties Determined by IM-MS for the Association of Chloride and
Bromide Ions with Isopropyl Chloride and Isopropyl Bromide

Reaction AH°? ASe AG® s0i°
Cl +i-PBr 13.4 18 8.0
Cl + i-PrCl 13.0 19 7.4
Br + i-PrBr’ 13.0 20 6.9
Br +i-PrCl 117 18 6.3

2 Units are kcal mol™. Estimated uncertainty is + 1.0 kcal mol™.

® Units are cal mol" K. Estimated uncertainty is + 3.0 cal mol’ K.

® Units are keal mol . Estimated uncertainty is + 0.1 kcal mol™. _ ‘

4 Dougherty (146) previously reported -AH° = 12.2 keal mol”, -AS® = 20 cal mol* K7,
and -AG 93 = 6.3 keal mol” for this system.

The dashed curve shown in Figure 29 is a prediction of tq, obtained by Equations 36-
40 using the values of Ky, K; and K1 determined here and with the assumption that Ke2 =0.

It is clear that, with this assumption of no clustering beyond the single cluster ion, a good
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fit is observed only over a specific range of relatively lo\;v i-PtBr concentrations. With use of
higher i-PrBr concennaﬁons,' both the tus values in Figure 29 and accompanying mass
spectrometric measurements iﬁdicated that higher-order clustering; leadjng to the Cl'(i;PrBr)z
ion, is also important. In order to determine the equilibrium constant, Ke,», from these tos

measurements, Equation 42 can be used.

W=-K +K

eq,2K2 (42)

eq,ZKobs

where W = (Kps + KopsKeq,[-P1Br] - Ko - KlKeq,l[i-PfBr])'/ Keq,l[i-PrBr]é. Equation 42 has
also been derived from Equations 36 - 40 under C(:)nditions of relatively i)igh [z'-PrBr]’ whére ‘
second-order clﬁstering is significant and with the assumption i:hat Keg,i =0 for alli >3. (Note
that all terms contributing | to W are known). In Fiéure 32, the portion of the K
measurements at 35 °C (Figure 29) corresponding to t., exceeding 70 ms has been plotted in
the form W vs K. In accordance with equatioh 42, a linear relationship is observed for the
set of Koy measurements for tos in excess of about 80 ms where second-order clustering has
become dominant. Analysis of the slope of this line leads to Keqz = (3.0 £ 0.4) x 10° atm™ at 35
°C. The curve formed by the solid line in Figure 29 has been calculated from equatipns 36 -40
usihg values for Ko, Ki, Kz, Keg1 and Kego determined as described above from the graphical
.methods i]lusfrated in Figures 30-and 32 (with the assumption that K.,; = 0 for all i > 3) Itis
seen that this curve is in e;ccellent agreement wnh all of the dﬁft time measurements. |

Measurements of K., were made over a narrow range of tempefatures (20-36 °C),

and these results are also shown in Figure 31 in the form of a van’t Hoff plot. From the slope
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Figure 32.  Mobility measurements for Cf-containing ions observed in reaction-modified
IMS spectra under conditions of relatively high /-PrBr concentration at 35 °C, plotted in the
form of equation 42 where W = (Kds + KobKeg![z-PrBr] -K 0 - KiKegi[z-PrBr])/Keyi[z-PrBr]2
The slope of the straight line formed by Kds measurements in excess of 80 msec provides a
means of determining the equilibrium constant for second-order clustering, Keg2
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and intercept .of this plot, AH> =-9.9 + 2.2 kcal mol™ and AS®, = -16 + 6 cal mol” K are
deduced for the addition of a second /-PrBr molecule to CI'(.-PrBr). A free energy change of
AG% = -5.0 £ 0.1 keal mol ™ at 25 °C is also obtained. Also listed in Table 6 are IMS
equilibrium measurements made in the present study for the first-order clustering reactions,

CI' +i-PrCl «<— CI'(i-PtCl)1, Br + i-PtBr <—>Br'(i-P1Br), and Br' + i-PrCl HBr"(i—PrCl).

For those cases where Br is the core ion, Br was made in the source by electron capture to

CF;Br, and the drift time of the Br'-containing ion packet was then monitored as a function of _
the concentration of ejther i-PrCl or i-PrBr added to the dnﬂ gas. The determination of these
equilibrium constants from IMS spectra was relatively straightforward because a simultaneous
change in the core halide ion does not occur for these reaction systems either because an Sx2
displacement does_ not occur -or because the Sx2 reaction system is symmetrical. The resﬁlts
summarized in Table 6 provide additional support for the accuracy of the“Keq,l determinations
made here for the CI/i-PrBr system from reaction-modified IMS spectra. While the four
equilibrium systems have similar thermochemical parameters, a small but significant increase is
noted in the magnitu(ie of the free‘energy change upon a: change of the core anion from Br to
CI. A small increase is expected due to the smaller size of the Cl ion. Also, a small increase in
the free energy chaﬂgé is nofed upon chanéing the cluéteﬁng agent from #-PrCl to i-PrBr. This
result is,'consistent with the view ;that the greater polatizability'expected for i-PrBr has a 'greater
effect on the clustering interaction than the sﬁghtly greater ;cidity expected for the secondary

hydrogen atom in #-PrCl.
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Determination of Rate Constants

Rate constants for the Sx2 displacement reaction between CI' and i-PrBr were
determined by varying the electric field strength as described ‘previously and as illustrated in
Figure 33. By this procedure, the reaction time (defined to be equal to the drift time of the CI
/CI(i-PrBr); ion packet) is progréssively increased by decreasing thé electric field in the drift
region. As is noted in Figure 33, the fraction of the IMS 'V\;ave form that is due to thé Cr /CI(i-
PrBr); ion packét is decreased and the fraction of the IMS waveform that is due to the Br/Br
(i-P1Br); ion .packét is increased as the reaction time is increased. The relative con’éﬁbution of
the rea&ant ion packet, containiﬁg CI' and CI'(;-PrBr); ions, to the total aréa of the're.':’lctiony-
modified IMS waveform was deteﬁnined by graphical analysié of each waveform as described '
previously and the magrﬁmde of this quantity, called Acr/Awui, was determined as a function of
the reaction time. | | |

In the analysis of these measurements, the following mathematical description of
reaction sequence 35 has been appliéd. It is assumed that the sum of all Br-containing product
ions are formed by one or both of the two pathways shown in reaction 35. Therefore, the

general rate la\;v for the formation of product ions is given by
d(prod) / dt = k2[i —PrBr][Cl-]+ ki[Cl-(¢ — Pr Br)] 43)

Since the concentrations of the CI', CI'(-PrBr), and CI'(i-PrBr), ions are coupled by very fast

equilibrium reactions, the following three relationships will also apply at all times:

Ky, =[Cl-(i—PrBr)]/[i - PrBr][C"] a4y
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Figure 33. Typical reaction-modified EMS spectra from which rate constants were
determined at relatively low temperature. By this procedure, the drift times of all ions are
progressively increased by decreasing the electric field of the drift tube. The reaction time is
defined to be equal to the drift time ofthe Cf-containing ion packet. The relative contribution
ofthe Cf-containing ions to the IMS reaction-modified waveform is progressively increased as
the reaction time is increased. Temperature is 35 °C.
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Keq, )= [Cl" (¢ ~PrBr),1/[Cl (i~PrBr)][i - P? Br] (45)

d(pro&) _dc) N d[Cl (-PrBr) N d[Cl (i-PrBr),]

46
dt dt dt . dt (46)
The combination of these three equations leads to equation 47.
d(prod) d(Cl) - dia ) 5 d[Cl ]
- T == + Keq,l‘[z —PrBr] T + Keq,IKeq,z [ —PrBr] (47)

Finally, the combination of Equations 43 and 47 then provides the defining differential equation

which, after integration over the reaction time, takes the following form:

. -1
([ —‘Pr Br] "+ K1t K

eq,l

Keqali= PrBr])In([Cl ],/[Cl ],)= (k',% + leeq’l).t (48)

where [Cl ]y is the initial CI” ion concentration and [CI]; is the CI' ion concentration remaining

after reaction time, t. Since the ratio [CI ]/[Cl ], will be equal to the measured quantity A~
/Asotay described above, equation 49 can be written:

Y=ky't - 49) -

1

where Y = ([i—PrBr]'1 + Keg1 + Keg1Keq2[i-PrBr]) In(Awwu/Acg-) and ko' = ks + kiKeq;. (Note
that the equilibrium constants Ke,; and K., must be converted to units of cm’® molecule prior

to use in equation 49). By equation 49, 2 plot of the known quantities, Y, versus time is
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known from the equilibrium measurements described above. The sum of k; and k;Keq; will be
referred to here as the phenomenological secoﬁd-order rate constant, ky’. In Figure 34, plots of
Y versus t for a range of reaction temperatures are shown. As expected, straight lines are
observed in each casé from which values of k,’ were determined from the slopes.

In Figure 35, the k' values obtained at all temperatures are shown (dots) in the form
of an Arrhenius plot (log kg’ vs I/T). If viewed in the standard Arrhenius form k =‘A exp
(-Ea/RT), the least-squares line formed by these k;' measurements indicate a pre-exponential

factor of A= 1.6 x 10" em’ s and an activation energy of Ba = 2.4 +/- 0.3 kcal mol”. Also

shown in Figure 35 (squares) are the determinations of k" for this reaction previously reported
by Caldwell et al. (124) in 4 Torr of methane buffer gas and over a somewhat highef
temperature range. While these two data sets indicate a r'noderate level of agreement at the
common temperatures used, thg line formed by the Caldwell measurements leads to
significantly different Arrhenius parameters, A= 1.2 x 10% em® 57 'and Ea =5.6 +/- 0.5 kcal
mol™, than those determined by the present IM-MS method. These differences in Arrhenius
parameters suggest thai: different reaction mecthﬁs might be operative at the two buffer gas
pressures, 4 and 640 Toﬁ, used in these studies.

The possibility of a change tq an E2 elimiﬁation mechanism, as shown by reaction 50

under one of the two conditions of buffer gas pressures has been considered. .
Cl” +i-PrBr - HCl + CH3CH=CHj +Br (50)

The E2 mechanism does not seem likely for a direct bimolecular interaction between CI” and |
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Time (msec)

Figure 34. Extent of CV-containing reactant ion loss determined by IMS
measurements versus reaction time for several temperatures, plotted in the form of
Equation 49. The slopes of the lines thereby formed provide a phenomenological second-
order rate constant, k2’ = k2+ kiKegi, at each temperature. The concentrations of /'-PrBr
used at each temperature in order of increasing temperature are 7.3 x 1014 4.14 x 1014
5.89 x 1013 and 2.43 x 1013 molecules cm"3.
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Figure 35. Phenomenological second-order rate constants, k2’ = k2 + kiK”i, for the
reaction of chloride ion with isopropyl bromide determined here (dots) by IMS in
atmospheric pressure nitrogen buffer gas and those reported by Caldwell et al. (squares)
by PHPMS in 4 Torr of methane buffer gas, plotted in Arrhenius form log k = log A -
(E&/l2.3RT). The estimated uncertainty of individual k2 measurements in both studies is
about + 20%.



125
i-PrBr due to the fact that reactioﬁ 50 would be endothermic by about 10 kcal moyl'l (deduced
from known (138) heats of formation. If, on the other hand, reaction 50 proceeded thfough a
thermalized ion complex, CI'(;-PrBr), the reaction enthalpy of the first-order decomposition of
this ion by the E2 eﬁnﬁnation pathway would be even greater, about.23 keal mol™! (given by
the reaction enthalpy for reaction 41 less that of the Cl/i-PrBr association reaction, listed in
Table 6). Since the activation barrier for the observed decompositi.on of the CI'(#-PrBr) ion will
be shown later to be significantly less than 23 kcal mol'l, an E2 reaction within a thermalized

ion complex also does not appear to be possible.

It could be argued that the E2 reaction leads to the strongly hydrogen-bonded species,

Br (HC), instead of Br and HCI as shown in reaction 50. This would make the overall

reaction about 15 kcal mol™ more favorable and exothermic (141). However, if the ion Br
(HCI) was a product of an E2 reaction, it would be stable and observable under the relatively
low- temperature conditions of the IMS used here. This ion was not observed here under low-
temperature conditions (see Figure 28).

Having ruled out the possibility of a change to a distinctly different E2 mechanism,
consideration will now be given to the feasibility of more subtle expected effects of pressure

that could alter the detailed means by which an Sx2 displacement reaction proceeds at the two

pressureé represented in Figure 35.
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Associated Rate Measurements at Lower Pressures

In assessing the relative importance of the direct SN2 reaction (k;) and the indirect

mechanism (k;Keq,1) in determining the displacement mechanism, it is useful to consider more
closely the present results and those of Caldwell M (124) shown in Figure 35. In both
studies, a éecond—order rate constant is obtained that is expected to be equal to the
phenomenological second-order rate constant, ky' =k, + kK, under each of the two
reaction conditions. The fact that the Arrhenius parameters that define the two sets of rate
constants in Figure 35 are significantly different implies that the mechanisms are not exactly the
same under the two conditions of buffer gas pressure. Therefore, it might be suggested that
the direct displacement reaction .(kz) was more important and that the indirect mechaniém
(kiKeq,1) was less important in the .study of Caldwell et al. performed at relatively low pressures
than in the present study: |
In considering the relative importance of the direct and indire& displacement

mechanisms, it is necessary to view these processes in somewhat greater detail, as in reaction

51.

ke kg [M]

b

Cl” ( —PrBr) | 61

Cl +i—PrBr |

(C1™ i~ PrBr)’

J,k"

products

The production of Br'-containing products by the direct displacement mechanism will proceed

through a short-lived excited intermediate, ‘-(Cl'oz'-‘PrBr)*, whose rate of formation is
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determined by the collisional rate constant, k., and whose rate of destruction is determined by
the sum of three rate constants: k; for formation of the displacement product, ks, for back-

dissociation of the excited ion éomplex, and k,[M] for the collisional stabilization of the
intermediate by the buffer gas, B. The overall rate constant, ks, for the direct SN2 displacement -
reaction will be given by

ko = kckp(kp + kp +kg[MDT - 52)
P\™p

Since the reaction under consideration is very much slower than the collision rate under all
reaction conditions, it can be assumed that k, <<k + ks[M] under all conditions. Therefore,

equation 52 can be rewritten in the form.
ky = (kekp / kp)/ (1 +kp[M]/kp) . (53)

where the effect of buffer gas pressure change on k; will be provided by the unitless collective

“term, kg[M}/Ks.

With a pulsed high-pressure mass spectrometer (140, 141), we have bgen able to
measure the collective term, ks[M]/ks, for the closely related reaction system involving CI ion
and isopropy‘ll. chloride (i-PrCl) in methane buffér gas at a pressure of 0.5 Torr at room
temperature. The mechanism for the foreword association reaction of Cl apd i-PrCl is
analogous to that shown in reaction 51. However, since any displaéement reaction that might

occur causes no net change in the identity of the halide ion, this reaction system can be

expressed as follows:
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Cl~ +i—PrCl === (Cl-oi—PrCl)* XM CI-G-PrcCl) (4

ky

The rate constant, k.., for this reaction will be given by
kassoc = kcko[B]/ (kb + kB[M]) (55)

Which can be rearranged to form

¢

Kassoc / k¢ = (kb[B]/kb)/ (I1+ks[M]/kp) (56)

Our PHPMS measurements of this reaction system (with 1.0 mTorr of i-PrCl in 0.50 Torr of
methane buffer gas at 25 °C) indicate that a state of clustering equilibrium is reached after

about 500 ps. Analysis of the rate at which this equilibrium condition is reached, using the

standard equations for relaxation processes (142), indicated that Ky = (1.5 +/- 0.5) x 10™

cm® 57 under these conditions. A collision rate constant of k. = 1.8 x 10° cm® s is deduced
from ADO theory (1). By equation 56, ks[M]/k, = 0.008 is thereby deduced for this reaction
system at a pressure of 0.5 T'orr. Therefore, 1n a buffer gas of 4 Torr of methane, as was used
in the study of Caldwell et al. (124) for study of the reaction of CI” with i-PrBr, ks[M]/k, might
be expected to be equal to = 0.06, from which k; = O.95(kckykb) is predicted by equation 53.
In a nitrogen buffer gas of 640 Torr, as is used in the present IM-MS studies of the reaction of
CI" with i-PrBr, kg[MJ/ks = 10 would be expected (assuming the efficiency of collisional

quenching is the same for methane and nitrogen), from which k; = 0.10(kcky/ks) is predicted by

equation 53. From these considerations, one might expect that k, would decrease by about 1
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order of magnitude, with a pressure change from 4 to 640 Torr. This, of course, would greatly
increase the importance of the direct Sy2 mechanism under the lower pressure conditions used

'by Caldweﬂ et al. and would greatly decrease its. importance in the present study.

In addition, the discussioh of reaction 54 indicates that the use of lower buffer gas
pressures would decrease the rate of the forward clustering rga&ion that has been shéwn here
to lead to a condition of clustering equilibrium within the IM-MS at atmospheric pressure‘.
Therefore, under the lower pressure conditions of Caldwell et al. (124), it is much more likély
than in the present study that the rates of the férward clﬁsten'ng, reactions are not sufficiently
fast so as to maintain a cqndition of true equilibrium. In that case a steady-state condition of
clustering that is short of the true equilibriﬁm positioﬁ would be achieved. This would cause
the rate constant for thé indirect mechanism to be less than the‘ product term, kiKeq1, and.
would additionally increas;a the relative importance of the direct mechan‘ism at lower pressures.

In view of the above considerations, it is reasonable to suggest that the' dominant

mechanism for the Sn2 displacement reaction studied here under conditions of atmospheric

pressure is the indirect mechanism for which the observed rate constant, k', is equal to the

product of k; and Keq 1.

Enthalpy of Activation for Sy2 Displacement within the Ion Complex

In Figure 36, rate conétants, ki, determined here from the relationship k; = ky'/Keq1
have been plotted in the form, In(ky/T) vs 1/T (K). A plot of this form is expected to provide a

: straight. line for gas phase unimolecular procésses in which the reactant is maintained in a
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Figure 36. First-order rate constant, k/, for conversion of the thermal energy ion
complex, Cf(Z-PrBr), to Br-containing products determined from the present IM-MS
measurements at atmospheric pressure over the temperature range 20 - 175 QC.
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continuous state of thermal equilibrium with the medium (ky/T = (k/h) exp(ASf/R) exp(-'AH1=
/RT), where AS" and AH' are the entropy and enthalpy of activation ( 143). From the slope of
this line, AH™ =143 kcal mol™ and AS™ = -5.8 cal mol"! K™ are deduced for the ﬁnhnoiecular
decomposition of the thermal energy ion complex to form Br-containing product ions. The
combination of this AH | measurement with the measurements of the enthalpy of clusteﬁng‘l

equilibria reported in Table 6 allows the potential energy surface shown in Figure 37 to be

constructed. The energy of the products indicated in thié figure have been calculated from the

known electron affinities of the chiorine (83.4 kcal mol ! (144)) and bromine (77.6 kcal mol !
(144)) atoms and the known C-Cl and C-Br bond energies of 7-PrCl (81 keal mol” (145)) ax;d
i-PrBr (68 keal mol”" (145)) while assuming that all C-H and C-C bonds within i-PrCl and i-
PrBr are the same. From the present IMS measurements, it is therefore concluded that the
energy of the Sn2 transition state for the ‘reaction of chloride with isopropylbromide lies
about 2.4 kcal mol”! above that of the reactants. Corresponding IM-MS measurements made
previously in our laboratory for the reactions of chloride ion with methyl bromide, ethyl
bromide, and n-butyl bromide placed the SN2 transition states for those reactions at 2.2, 0.0,
and 1.3 kcal mol'l, respectively, below the energies of the reactants. The higher transition state

energy observed here for the reaction of chloride ion with isopropyl bromide can be attributed

to increased steric hindrance to backside attack for this secondary alkyl bromide.
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d +i-PrBr Clli-RrBr) Brli-PrCl ) Br'+ i-Prd

Reaction Coordinate

Figure 37. Principle energy changes along the CIVz-PrBr reaction coordinate. The first
three magnitudes indicated in the figure have been determined here by EM-MS measurements
of rate constants, ki, and equilibrium constants, Keg!. These measurements place the SN2
transition state for this reaction at 2.4 kcal mol"l above the energy of the reactants. The
enthalpy ofthe final products has been calculated from known thermochemical data.
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Conclusions

In this study, the relativély complex nucleophilic Sn2 displacement reaction of chion'dé
with isopropylbromide has bgen‘ studied in nitrogen Bﬁﬁ"er gas at 640 Torr bgtween 20 and 185
°C by ion mobility - mass spectrometry. Under the conditions existing w1th1n the IM-MS, a
prior4 clustering reaction between the two reactants occurs sufficiently rapidly that a state near
that of the true clustering equilibrium coﬁdition is continuously maintained. This allows the
‘energetics of this process to be accurately characterized 'whilel a slower Sy2 displacement
reaction is simultaneously occurring. As a result, both processes can b.e quantitatively

characterized from reaction-modified IM-MS spectra. Analysis of the present IMS results are

greatly facilitated by the fact that reaction intermediates, as well as reactants, tend to be .

maintained in a state of physical equilibrium with the buffer gas medium when unusually high

buffer gas pressures are used.
It has been shown that under these conditions the Sy2 nucleophilic displacement

reaction probably occurs by the following distinctly two-step mechanism

—_ . . Keq,l _. kl
Cl” +i—PrBr ——== Cl (i—PrBr)

Br +i—-PrCl (67

in which a thermalized ion complex, CI'(i-PrBr), is maintained in a state of chemical equilibrium -

with the reactants. An Sy2 displacement reaction then occurs within the cluster ion by its

unimolecular decomposition to Br-containing product ions. By measurements of the
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associated equilibﬁum constants, K.,1, and rate constants, ki, as a function of temperature, the
enthalpy changes associated with each of the two steps ﬁave been determined and place the
energy of the SN2 transition state for this reaction at 2.4 kcal mol ™ above that of the reactants.
The experimental method demonstrgted here‘for the study of gas phase ion-molecule
reactions is made additionally significant 'by_recént theoretical treatments of gas phase S'NZ‘

displécement reactions in which the association complexés resulting from the attaéhment of
chloride ion to methyl chloride (33) and to methyl bromide (31) were predicted to behave in
very complex and distinctly non-statistical manners. Such behavior would greatly complicate
all attempts to interpret rate constants for ion-molecule reactions of this type if the rate
constants were measured under conditions of relatively low pressure where the ,;clssociation
complexes are isolated during their lifetimes. Therefore, techniques such as desgribed here,
where very high buffer gas pressure causes all reaction intermediates to be brought into a state
of thermal equilibrium with the medium,‘. might provide the only means of obtaining
macroscopic rate constants that can be reliably interpreted in terms of the potential energy

surfaces for dynamically complex ion-molecule reactions of this type.
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SUMMARY

Despite the rapid instrumental and theoretical advances taking place within the gas
phase ion chemistry community in the past three decades, very little attention has been devoted
to the development of instrumental methods operating under conditions of very high buffer gas
pressure. This is understandable in terms of the instrumental difficulties encountered at these
pressures. However, this lack of resource is becoming more of a liability as theoretical and
analytical techniques progress and as the limitations of low pressure instrumental methods
become evident. In response to this need, a hyphenated aqalytical method, IM-MS, cémposed
of Ton Mobility Spectrometry (IMS) and Mass Spectrometry ‘(MS) has been developed that is
designed to operate between 300 and 1100 Torr buffer gas pressure. The expanded utility of
this instrument has been demonstrated by measuring the rate constants for thermal electron
detachment from azulene” and for the reaction of CI' with CH:;BI' as a function of pressure and
by characterizing the reaction coordinate for the reaction of CI' with /-PrBr.

The first of these investigations was iqtended not only to demonstrate the utility of IM-
MS in the area of unimolecular applications, but also to investigate recent obsefvations of an
apparent pressure dependence in the unimolecular thermal electron detachment (TED) reaction
of the azulene anion (Az). This reaction has been studiéd extensively over the past three
decades to obtain electron attachment rate constants and also to determine the electron affinity
(EA) of azulene, whereas only two measurements have been made of the TED rate constant of
Az. These experiments by Kebarle et al. (47) using a pulsed high pressure mass spectrometer

(PHPMS) and by Mock et al. (46) using a photo-detachment modulated electron capture




136 °

detector (PDM-ECD), resulted in the measurement of two very different TED rate constants.
The experiment utilizing PHPMS resulted in TED rate constants some three times greater than
those measured using the PDM-ECD. The most significant difference in these two methods,
and to which the difference in TED rate constants can likely be attributed, is the pressure range
within which they operate. The PHPMS operates between 2 and 5 Torr pressute (CI-‘I4) while
the PDM-ECD operates between 1 and 2 atmospheres pressure (Nz). This difference in rate
constants as a function of pressure motivated the use of IM-MS to investigate the thermal
electron detachment of Az Rate constants for the TED of Az were measured using IM-MS
over the pressure range 300 to 1100 Torr and over the temperature range 82 to 174 °C. These
rate constants were about midway between those measured using the PHPMS and the PDM-
ECD. It was suggested in the discussion of these results that the likely cause for the reduced
rates of thermal electron detachment at higher pressures was the formation of Az (x) adducts,
where x is a buﬂ'er gas species. lons attributed to the Az, dimer were detected in the study of
Az TED using IM-MS, but conclusive evidence of the Az'(N-) etdduct wes not ot)tained.
While these measurements provided additional evidence for the existence of a negative
pressure dependence for the TED reactions of Az, and that this might be due to adduct
formation, conclusive evidence to support this assumption has yet to be obtained.. Further
work using IM-MS involving extensive mass spectrometric investigations as a function of
pressure could help resolve this issue.

The second application of IM-MS was designed to utilize its VHP 'ot)erating

capabilities to investigate theoretical predictions and experimental observations regarding the
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rate of reaction of CI' with CH;Br as a function of pressure. Predictions by a number of ion- -
molecﬁle reaction rate theoreticians indicatéd that reactions of this typé, involving halide
substitutions with small aikyl halides, probably are not amenable to treatrﬁent using statistical
reaction rate theories. Wang et al. (31) has predicted very short lifetimes (less than 3 ps) of
these reaction intermediates due to barriers to energy randomization. Lifetimes of this duration
are less than one-tenth of the time between buffer gas collisions at atmdsphen'c pressure which
implies that thermalization of these intermediates is not likely even at this very high pressure.
Also, measurements by various workers usipg low pressure methods resulted in discrepancies
‘with statistical reaction rate predictions. Viggiano et al. (38) rheasured rates of reaction vs
reactant internal énergy and found non-statistical behavior while Graul and Bowers (36) foﬁﬁd
translationally cold products of reaction which also indicated non-statistical behavior. In order
for the kinetics of these types of Sy2 reactions to be unambiguously interpreted in terms of
their potential energy surfaces, thermalization of these reaction intermediates is necessary.
Methods operating at VHP, such as IM-MS, provide ’;he tools to investigate whether or not a
reaction is at, or nearing its, HPL of kinetic beha{vior. The investigation of the CI/CH;Br
system using IM-MS indicated that it is not yet in its HPL of kinetic behavior. However, the
observed changes in rate as a function of pressure imply that the reaction éyStem is moving
towards this HPL and that pressures in excess of 1100 Torr are needed to reach this limit.

The third application of IM-MS reported in this thesis work was ‘the investigation of
the slow Sy2 reaction 6f CI' with i-PrBr. Previous investigations using IM-MS revealed ion

mobility waveforms that were distinctly different in form than those recorded for faster
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reactions such a‘s‘Cl' with methyl, ethyl, or n-propyl halide;s. The difference in wa(zeforms was
due to the apparent dépendence of the ionic mobility (drift time) of the reactant and product
ions on the extent of reaction at low temperatures; these changes m mobility were not obsérved
in the other reactions mentioned. Mass spectrometric investigations, and consideration of
possible reaction mechanisms, led to the conclusion that the increase in drift time (decrease in
ion mobility) was due to the formation of a relativel& long-lived reaction intermediate,v CI(i-
PrBr), in equilibrium with the reactants. The fast forward and reverse reactions of this
intermediate with reactants at equilibrium, relative to transport through the drift tube, increased
the observed drift time of the CI' reactants in proportion to its occurrence as a reaction
intermediate. Relating the observed change in drift time (relative to the u,nclu’ste,red CI' ion) to
neutral 7-PrBr concentration made it possible to determine the equilibrium constant for this
clustering reaction. Repeating this procedure over a range of temperature led to the
determination of the enthalpy of association of CI" with i-PrBr and thus to the expen'merital
determination of the depth of the entrance channel in its reaction coordinate diagram. The
same procedure applied to the reaction of Br' with i-PrCl allowed the determination of the
depth of the exit channel in the reaction coordinate.

Further characterization of this reaction coordinate diagram was possible by
determination o‘f the height of the central barrier, i.e. the transition state, by measuring the rate
of reaction as a function of temperature. The usual methods of kinetic analysis using IM-MS
were not applicable here due to the existence of the relatively high concentration of reaction

intermediates. This meant that the reaction rate was controlled by the rate of unimolecular
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dissociation of the entrance channel ion-complex (intermediate), rather than by the usual direct
bi-molecular rate observed at higher temperatures and in low pressure instruments. Allowing
for the equilibrium concentration of entrance channel complexes and meaéuring the changé in
area under the IM waveforms (progress of reaction) as a function of reaction time, rather than
of neutral reagent (i-PrBr) concentration, allowed the kinetics of this reaction to be ’det>e‘1mined.
~ The resulting activation energy determined from Afrhenius plots placed the height -of the
central barrier 2.4 kcal mo'l'1 above the reactants. With the calculation of the energy of the
‘reactants and productg, this investigation resulted in the characterization of the major points of
the reaction coordinate for the reaction of CI' with i-P:Br. It was also revealed that the
mechanism which is operative at higher buffer gas pressures, and especially at lower
temperatures, is probably an indirect mechanism, proceeding through the dissociation of a
thermalized reaction infennediate, rather than via a direct mechanism as in most fast -
bim.olecular reactions.

’fhe application of IM-MS to these investigations of unimolecular and bimolecular
reactions has demonstrated the utility of IM-MS as a reliable method for investigatiné a wide

range of IM reactions in the gas phase under conditions of very high pressure.
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