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Abstract

Flow-tube mass spectrometry as a technique to measure positive ion—-molecule reactions is tracked from its birth to th
beginning of the 21st century. Major achievements in the development and the application of this technique are surveyed. Tt
instrumental developments that are considered include advances in ion production and selection, neutral introductior
temperature and energy control in the flow reactor and the detection and probing of product ions and neutrals. Emphasis
given to the use of flow-tube mass spectrometry in measurements of the dependence of ion reactivity on temperature, kinet
energy and internal energy. Achievements in our understanding of basic reaction types are discussed, including electro
transfer, proton-transfer, metal, and organometallic ion reactions and electron—ion recombination. A review is included o
fullerene—ion chemistry that has been a focus in the laboratory of the author at York University over the last 10 years. Finally
the progress made in ionospheric and interstellar/circumstellar chemistry, historically the two main areas of application, an
the more recent application of flow-tube mass spectrometry in analytical/medical chemistry are highlighted. (Int J Mass
Spectrom 200 (2000) 97-136) © 2000 Elsevier Science B.V.

Keywords:Flow-tube mass spectrometry; Positive-ion chemistry

1. Foreword the years and | welcome this unique opportunity to
provide a personal perspective. | was given the
Of course | was delighted to be asked to contribute directive to review the field of flow-tube mass spec-
to this benchmark volume on the state of mass trometry from its beginning to the end of the 20th
spectrometry and ion chemistry at the turn of the 20th century, not exhaustively but rather by capturing the
century. The use of flow-tube mass spectrometry to essence of the major developments in this field and
study ion chemistry has provided me with many thrills the breadth of its achievements. | was asked to restrict
and much satisfaction in my research activities over myself to positive-ion chemistry and developments of
the technique itself and | was encouraged to give
emphasis to my own research. Chuck DePuy has been
* * E-mail: dkbohme@yorku.ca asked to survey negative-ion chemistry. So our two
Dedicated to Eldon Ferguson, a pioneer par excellence. contributions should be viewed in combination to
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appreciate the full impact of flow-tube mass spectro- Roots
metry on ion chemistry.
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Region Region

2. Birth Helium

Flow-tube mass spectrometry was born in the early Eleciron
1960s. As it happened, | was totally engrossed at the
time in my Ph.D. research with Professor John Good-
ings at McGill University in Montreal where we were P! oes
constructing a quadrupole mass spectrometer, the first
of its kind in Canada, to be used to sample ions from
a Lewis-Rayleigh nitrogen afterglow plasma [1]. We
had just visited John Paulson at the Air Force Cam-
bridge Research Laboratories near Boston in the dynamics then led these three, together with Harold
United States. John kindly provided us with a gold- Schiff who was visiting at the time, to the realization
plated (!) quadrupole mass filter for use in my of the possibility to do quantitative chemical kinetics.
research (my contribution was to design and construct So a powerful and versatile technique for the obser-
the necessary power supply). Rocket-borne quadru-vation and measurement of ion—molecule reactions
pole mass spectrometers already were being used bywas born. Eldon has recounted these early special
Rocco Narcissi and his colleagues at Air Force moments in his personal recollections of the birth of
Cambridge to explore naturally occurring ions in the what became known as the flowing-afterglow (FA)
earth’s ionosphere in response to a mission in radio technique [3]. The subsequent use of the FA tech-
propagation initiated by the US National Bureau of nique for measurements of ion—-molecule reactions
Standards (NBS) [2]. At about the same time, else- was thoroughly documented by Eldon, Fred, and Art
where in the US, Eldon Ferguson, together with Art in 1969 [4]. This benchmark article includes a de-
Schmeltekopf and Fred Fehsenfeld (two of Eldon’s tailed description of the basic apparatus (see Fig. 1),
graduate students at the University of Texas, Austin) an analysis of the gas flow including radial and axial
had been hired by NBS to create a laboratory aeron- diffusions, a discussion of inlet effects and an analysis
omy program at the Environmental Science Services of ion—molecule reaction kinetics.
Administration (now the National Oceanic and Atmo- The basic FA technique is conceptionally simple:
spheric Administration) in Boulder, CO. Art Schmelt- ions are introduced into a flowing bath gas at room
ekopf had just spent time with Herb Broida in temperature and a pressure in the range from 0.2 to
Washington performing optical spectroscopic mea- 1.0 Torr, allowed to thermalize by collisions with bath
surements on a “flowing afterglow” initiated by a gas atoms or molecules (or reacted first with an added
microwave discharge in a large glass tube exhaustedgas to chemically alter their identity), allowed to react
with a very large Roots Blower pump. A similar with added neutral atoms or molecules, and then
system was set up in Boulder, but it was connected to sampled and monitored along with product ions as a
a homebuilt quadrupole mass spectrometer. So onefunction of the added reactant. Time usually is re-
day, in the quiet (dry) town of Boulder, CO, air leaked placed by reactant concentration as the kinetic vari-
into discharged helium carrier gas and Kevealed able by adding the reactant in variable amounts at a
itself to the quadrupole mass spectrometer. Eldon, fixed position in the flow tube. However, the key
Art, and Fred quickly realized that this ion could only feature associated with the FA technique is the spatial
have come from the dissociative ionization reaction of separation of the ion production, ion thermalization,
N, with He*. A simple analysis of the gas-flow ion reaction, and ion detection regions. It is this

Diffusion
Pumps

Fig. 1. Pictorial presentation of the early flowing-afterglow mass
spectrometer [4].
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“modular” feature that is responsible for the excep-
tional versatility of the technique and accounts forits  +, Ty T
enormous success. To be sure, the early design of the L 5,
FA mass spectrometer has evolved with time to
further enhance the range of possible measurements
and to considerably expand the applications of flow-
tube mass spectrometry, but always without sacrific-
ing spatial separation.

Fig. 2. Schematic diagram of the selected-ion flow-tube (SIFT)
) apparatus [6].
3. Evolution

Numerous applications were inspired by the basic jntroduced into the flow tube in the absence of other
FA technique, reaching far beyond the study of jnterfering charged, metastable and neutral molecules
ionospheric chemistry for which it was originally (see Fig. 2). Now the extraordinary utility of the
conceived. Many technical advances in flow-tube fiow-tube technique for the measurement of the reac-
mass spectrometry accompanied these applicationsjyity of jons became limited only by the versatility of
Those reported up to 1988 have been thoroughly the jon source used to generate specific ions upstream
documented in the superb review article of Graul and of the selection quadrupole and Venturi inlet.

Squires [5]. This review is a most valuable resource  p large variety of ionization sources have been
and includes a detailed discussion of the design and coupled to the flow tube in either the FA or SIFT
evolution of ion sources, flow tubes and methods of configurations and these have for the most part been
ion detection that have been employed in the appli- thoroughly discussed by Graul and Squires [5]. They
cation of flow-tube mass spectrometry. Here | will jnclude low-pressure electron-impact ionization and
only briefly outline some of the key features of the high-pressure chemical-ionization sources that em-
technigue and report briefly on the technical advances ploy electron-emission filaments, microwave and dc

made since 1988. discharges, the use of a flowing afterglow itself as an
ion source, and the production of various atomic
3.1. lon production and selection metal-ions by electron impact on metallic vapours,

with thermionic emission filaments or by eximer laser
In the earliest version of the flow tube, ions were vaporization of metal targets. Dedicated sources have
generated directly from a chosen parent gas upstreamalso been developed for cluster ions. A high-pressure
within the flowing bath gas in an afterglow plasma FA source separated from the flow-tube region by a
energized with an electron filament that generated diaphragm containing a small orifice was used by
electrons, metastable atoms, as well as positive andViggiano and co-workers in 1988 to study reactions of
negative ions [4]. Extra versatility is provided by the hydronium ions hydrated with up to eleven water
ability to further manipulate the identity of the ions molecules [8]. The source design was based on the
produced in this way simply by allowing the ions to one originally used by Fahey and co-workers in the
react chemically with another added gas prior to study of chemistry of hydrated negative ions [9]. In
entering the reaction region. With the development of 1991 Castleman and co-workers employed such a
the selected-ion flow tube (SIFT), ions of interest source to produce hydrated-hydronium ions,
could be created in an ion source external to the flow H;O"(H,0), with n as large as 60 [10]! Much more
tube, mass selected, and injected into the carrier gasrecently Viggiano and co-workers have incorporated a
by means of a Venturi inlet [6,7]. This development supersonic expansion ion source for cluster-ion pro-
was a major breakthrough since ions now could be duction at low temperatures. Greater versatility is
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Interface 3.2. Neutral introduction
Rotary  Turbo Rotary Lobe
Pump  Pump Helium Reagent Pump
Inlet Inlets
Toreh Box_| | oL I rl The neutral reagents enter the flow tube from an
'Cﬁp T°'°hJ I é:m_@ | | @.g’ external source and so the nature of a neutral reagent
< Prefilter i /f‘\| CEM is limited only by the versatility of its mode of
 Jorch NSFT interface CID Region | produ.ctlon. ThIS Wgs demonstrat.ed early _|n a §tunn|ng
Torch Diftusion Difuston experiment involving the reaction of vibrationally
Fnaust excited N, with O" as a function of the vibrational
Fig. 3. Schematic diagram of the ICP/SIFT apparatus [15]. excitation [16]. Stable gases, vapours of liquids and

solids, and a large variety of unstable species have

been employed as reagents over the years of use of
achieved by entraining an additional gas in the expan- flow-tube mass spectrometric techniques. Graul and
sion and by allowing conversion to the cluster ion of Squires have reviewed in detail the various methods
choice [11]. employed for controlling reagent flows, enhancing

More recently Squires has combined the flow-tube transfer of low-volatility compounds, and producing

technique with in situ electrospray ionization [12]. unstable species including atomic and molecular rad-
lons can be electrosprayed from a high-voltage sy- icals, vibrationally hot reagents, and metastable elec-
ringe needle directly into the flow tube through a tronically excited species [5]. There has not been
foot-long heated capillary without the need for differ- significant further innovation since 1988 in this re-
ential pumping or ion focusing and without the gard. Graul and Squires also have drawn attention to
reclustering of the desolvated ions with the back- 2dvantages inherentin the flow technique with regard
ground solvent vapour. The electrospray source has [0 Maintaining the integrity of added neutrals, partic-

been used to good effect very recently in the study of ularly L:nst?blﬁinﬁutrals. lon atgrg cgemlstry, the f||r§t
ion—molecule reactions of protonated glycine [13] example of which was reported by Ferguson et al. in

including H/D exchange reactions [14]. I:;Si)?ra[tloz]' ';fC,\;I’”ﬁ;t'y'vtl’fl'_:”gaicgl"i:]yeplljf_u:i_'tn tgfe
At York University we have recently interfaced y urray w versity

our SIFT with an inductively coupled plasma (ICP) Christchurch [18].
originally developed for elemental and isotopic anal-
ysis [15]. The plasma operates at a temperature of
~6000 K and provides in essence a universal source
for atomic ions, although selected atomic oxide ions
and doubly charged atomic ions also can be produced.
The ICP requires only the injection of a dilute solution
of a compound containing the atom of interest, can be

3.3. lon flow reactor/temperature control/energy
control

Whether reactant ions are produced within the flow
tube or introduced from an external source, they are
subsequently thermalized by collisions with bath gas
atoms when they enter the flow tube. This ensures the
run continuously, even for months at a time, and gnergy definition of the reacting ions prior to reaction
allows rapid switching from one atomic ion to another gnq that the subsequent reaction proceeds at the
simply by changing the solution! However, as the temperature of the bath gas. The bath gas temperature
conventional ICP operates at atmospheric pressure, &gjs determined by the tube temperature, which is
differentially pumped interface is required to allow normally in thermal equilibrium with room tempera-
plasma-ion sampling. The ICP/SIFT configuration tyre.

(see Fig. 3) allows the routine measurement of fun-  Although most rate measurements with flow reac-
damental aspects of reactions of atomic and atomic tors have been made only at room temperature,
oxide ions with neutral molecules of essentially any temperature dependencies often have been of interest
atom on the periodic table. and instrumental modifications have been developed
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to allow measurements as a function of temperature.
This was already achieved during the 1960s in Boulder,
CO. Ferguson and his colleagues wanted to simulate
the temperatures found naturally in the earth’s iono-

SG / = h
sphere and so constructed a flow-tube mass spectrom- ﬂ‘[}*f“l’:’ﬂ' ﬁm/_‘? 5 ”p ﬂp 4 Ui

@ Etectron Impact

eter designed to operate over the temperature rang
from 80 to 600 K [19] which was then extended up to
900 K [20]. In order to further understand high
temperature plasmas and combustion, Viggiano and
colleagues constructed a high temperature flowing
afterglow (HTFA) for studying ion—-molecule reac-
tions at temperatures from 300 to 1800 K [21,22].
Variation in temperature has been combined with
SIFT operation in the construction of a variable-
temperature selected-ion flow-tube (VT-SIFT) appa-
ratus designed to operate between 80 and 550 K [23].

A flow-drift tube technique was introduced by
Ferguson and his colleagues in 1973 to allow ion
mobility and ion—-molecule reaction measurements as
a function of reactant ion/reactant neutral center-of-
mass kinetic energy [24]. Molecular ions drifting at
elevatedE/N (whereE is the electric field strength and
N the buffer gas density) were shown to become
vibrationally excited. It became possible to study (1)
the excitation and de-excitation of molecular ions in
collision with the buffer gas (including Ar, Ne, and
N,), (2) the quenching of vibrationally excited ions in
collision with various neutrals, and (3) the role of
ionic vibrational excitation in ion—molecule reactions
[25]. It did not take long for the flow-drift operation to
be combined with SIFT operation in the construction
of a SIFT-drift tube (SIFT-DT) apparatus and so to do
these measurements with selected ions [26].

The ultimate combination of the capabilities of the
variable-temperature flowing afterglow, the flow drift
tube and the SIFT was reported in 1979 by Smith and
Adams [27] and is shown in Fig. 4. The first results
with this technique on the isotopically labeled switch-
ing reaction of N* with N, was published 1n 1984
[28].

3.4. Product ion/neutral detection/probing

A quadrupole mass filter/electron multiplier con-
figuration was employed in the original FA apparatus
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Fig. 4. Schematic diagram of the variable-temperature, SIFT, flow
drift-tube mass spectrometer, or VT-SIFDT [27].

to mass select reactant and product ions and to
determine their relative concentrations. The ions were
sampled at a nose-cone voltage near 0 V. Direct in
situ measurements of ion and electron densities be-
came possible with the application of the Langmuir
probe technique by the group in Birmingham [29,30].
This flowing afterglow/Langmuir probe (FALP) tech-
nigue became invaluable for the measurement of
ion—electron and ion—ion recombination coefficients.
Direct information about excited ions became acces-
sible with a magnetic resonance technique developed
to measure the polarization of emissions from excited
ions produced from optically pumped metastable
helium atoms [31].

Information on the structures and energetics of the
ions themselves did not become available until
Squires and his colleagues attached a triple quadru-
pole instrument to a FA apparatus [32]. This combi-
nation allowed the characterization of ion structures
by tandem mass spectrometry (MS/MS) and ion
energetics by energy-resolved collision-induced dis-
sociation (CID). A few years later this instrument was
upgraded to a SIFT-triple quadrupole instrument [33]

Triple Quadrupole
ass Analyzer

Nose Cone and
Sampling Oritice

Venluri

Neutral Reagent
Injector Inlets

Roots  6in.

6in.
Inlet

DP

Quadrupole  Gate lon

Mass Filter Valve Source opP

Blower

Fig. 5. Schematic view of the SIFT triple guadrupole mass
spectrometer [32].
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1.0 connectivities and approximate bond energies and
0.9} WOM which often allows the discrimination between iso-
Sos} ° meric ions as illustrated in Fig. 7. Multicollision-
g 0.7 induced dissociation is achieved by raising the poten-
2 0.8 tial of the sampling nose cone while retaining constant
S os| i mass discrimination [34].
o 0.4 2 Detection of neutral and ionic products by optical
Z0a 4 spectroscopy and laser-induced fluorescence usually
7; 0.2 '&' limited to diatomic and triatomic molecules has been
0.1 M reviewed by Graul and Squires [5], as has cryogenic
0.0 xt trapping of neutral products that have been employed

“0.0 1.0 2.0 3.0 4.0 5.0

collision energy (eV, CM) in a few selected instances.

Fig. 6. Relative cross sections for CID of as a function of

translational energy in the center-of-mass frame measured with the

SIFT triple quadrupole mass spectrometer. The solid line is a 4, Achievements
theoretical fit over the range of the solid circled data points [33].

After the early flow-tube studies at ESSA in
shown schematically in Fig. 5. Fig. 6 shows a CID Boulder, CO directed to ionospheric chemistry, the
threshold measurement that provided a value for the scope of flow-tube measurements grew quickly also to
chloromethyl cation affinity of methyl chloride [33] embrace fundamentals of gas-phase ion kinetics and

At York University we have recently developed an thermochemistry, physical-organic chemistry, atmo-
inexpensive, somewhat crude, but nevertheless effec-spheric chemistry, interstellar/circumstellar chemis-
tive, multicollision CID technique that has proven to try, plasma chemistry, fullerene chemistry, analytical
be remarkably useful for the determination of bond chemistry and ultimately even medical chemistry.

1.0
UL | ¥ (CHy)Fe' coveen
iz "1,,.-' Y Fe+>0'8
- \
.
..... ® (C,H,)Fe | oe
° (C2H2)2Fe+
> (C2H2)4Fe+ - 0.4
° (CH,)Fe’,’ 02
1.0 ¢ S 0.0
084 (C.H)Fe' X&,
6 6) Fe+
0.6 -
0.4 -
02 |
0.0 Tuu — ‘
0 20 40 60 80
-U,c /Volts -Upc /Volts

Fig. 7. (Left) Multicollision CID results for the isomeric ions GNO," and CHONO™. (Right) Multicollision CID results for (GH,),Fe*
and (benzene)Feions providing the identification of (E1,);Fe" as (benzene)Fe[34].
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This burst in applications is already very evident in Basic measurements: the basic data acquired in a
the 1987 Festschrift issue [35] of the International flow-tube experiment involves the measurement of
Journal of Mass Spectrometry and lon Processesreactant and product ion profiles as a function of
dedicated to Eldon Ferguson, and also in the 1988 reactant flow at a fixed reaction time (or time at a
review of Graul and Squires [5]. fixed reactant flow). The application of conventional

I have chosen to organize the achievements in the pseudo-first-order kinetics to the semilogarithmic de-
following manner. Fundamental aspects of the kinet- cay of the primary reactant ion (in the absence of
ics of ion—molecule reactions are considered first, significant reverse reaction) allows the determination
including flow-tube mass spectrometer measurementsof the rate coefficient kof the primary reaction, but
of the dependence of ion reactivity on temperature, account must be taken of losses due to radial and axial
kinetic energy and internal energy. Then studies of a giffusion and ambipolar diffusion if present. Fitting of
number of basic reaction types are discussed, includ- higher-order ion profiles with solutions of appropriate
ing electron-transfer, proton-transfer, metal, and or- inetic equations can provide values for higher-order
ganometallic ion reactions and electron—ion recombi- yate coefficients. Detailed kinetic analyses have been
nation. A separate section is included on fullerene—ion published including the determination of branching
chemistry that has been a focus in our laboratory at fractions for reactions with more than one product
York University over the last 10 years. Finally | have [4,36].
reviewed the progress made in ionospheric and inter- = 5 primary reaction (1) may be induced to reverse

stellar/circumstellar chemistry, historically the two i the deliberate addition of neutral backreactant D
main areas of application, and the more recent appli- (see Fig. 8) [37]

cation of flow-tube mass spectrometry in analytical

chemistry. AT+B=2C"+D (1)
7
10 T T T 1 T T
CH5 6 T T T T T
10 -
106 10 cm3 -1, gac!
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Fig. 8. (Left) Major ions present at various additions of methane into a flowing plasma in whigh'Ci® established as the dominant ion.
The flow of CQ,is 5.1 10*” molecules §* [37]. (Right) Variations in CQH™ upon addition of methane at various flows of £Solid lines
are fits with the values for the forward and reverse rate coefficients indicated [37].
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T T trometer techniques. Past measurements have been
CO, H"+CH, == CHs* +CO, directed toward their application in models of iono-
o €Oz FLOW =1.02 x10' molecule sec™' . spheric, interstellar, combustion, and plasma chemis-
try generally, but also toward fundamental kinetic and
mechanistic aspects of ion—molecule reactions. Many
of the current measurements of temperature depen-
dence are being conducted in the laboratory of Vig-
giano and his colleagues and these are driven greatly
by interests in combustion and plasma chemistry.
The prevailing features of the temperature depen-
dence of rate coefficients for positive ion—molecule
reactions were identified early and are illustrated in
Fig. 10 [39]. Reactions that are fast at room temper-
o 3 T — ature are essentially temperature independent; they
CH,4 FLOW / (molecule sec™! 1017) can be expected to follow the temperature dependence
. o . of the collision rate coefficient. For slower reactions
Fig. 9. Measured variation in the ratio of the reactant to the . .
product-ion signal with the flow of neutral reagent at four different the rate coefficient often decreases with temperature
temperatures. The straight lines yield equilibrium constants of 46.8, and this has been attributed to a decrease in the
27.9, 16.4, and 6.8 at 233, 283, 378, and 553 K, respectively [38]. lifetime of the reaction complex with increasing
temperature. At sufficiently high temperatures how-
ever, the rate coefficient often increases with temper-
ature and this is to be interpreted in terms of the
details of the potential-energy surfaces that describe
the reaction. The ultimate experimental achievement
so far is the measurement of the rate coefficient for

[cng] 7 [com?]

This can lead to achievement of equilibrium and the
determination of the reverse rate coefficignfrom a
fit of what becomes a curved semilogarithmic decay,
and thus the thermodynamic equilibrium constant
K = kdk,. Alternatively, the reverse reaction can be
investigated independently. Also the approach to, and 0* + N, — NO" + N (2)
achievement of, equilibrium can be monitored in a _ ] _
plot of [C*]/[A *] versus [B] when D is added in large from 80 up to 1800 K [40]! For this reaction the rise
excess ané can be determined from the achievement &t higher temperatures has been interpreted in terms of
of linearity (see Fig. 9) [38]. Thus, in principle, the influence of translational energy and the vibra-
measurements are possible forand k. or (k/k),.  tonal energy of nitrogen.
under nonequilibrium conditions as well ak/k,). Important combustion reactions for which rate
andK under equilibrium conditions. If Maxwell-Boltz- ~ coefficients and branching ratios have been measured
mann distributions hold for reactants and products recently using a VT-SIFT apparatus up to 500 K
(kfk)ne (k/k)o and K should be equal and this is include the reactions of air plasma ions with numer-
usually assured under typical flow-tube conditions as ous alkanes [41,42] and aromatics [43—-45]. The
a consequence of collisions with excess buffer-gas measurements have been extended to temperatures
atoms. greater than 1000 K for reactions with benzene [43]
and naphthalene [45] using the HTFA mass spectrom-
eter. Measurements of equilibrium constants as a
function of temperature have not been as extensive
Variations in rate coefficients, product distribu- and have been performed largely for the determina-
tions, and equilibrium constants all can be explored as tion of the relative proton affinities of molecules [37].
a function of temperature using flow-tube mass spec- Fig. 11 shows the van’t Hoff plot of equilibrium

5. Effects of temperature on chemical reactivity
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Fig. 10. (Top) Rate coefficients for several ionospheric reactions
measured from 80 to 900 K [39]. (Bottom) Rate coefficients for the
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reaction of O with N, measured from 80 to 1800 K [40].

constants measured for the transfer of a proton from
CO,H™ to CH,. Such plots of course are most useful

for the determination of the thermodynamics of ion—

molecule reactions.
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Fig. 11. A van't Hoff plot of equilibrium constants measured in the
temperature range 196-552 K. A least-square fit to the data yields
AH°® = —0.064= 0.004 eV from the slope aniS’ = +1.4+ 0.3

e.u. from the intercept [37].

6. Effects of kinetic energy and internal energy
(vibrations and rotations) on chemical reactivity

A variety of flow techniques have proven to be
highly suited to the separate measurement of the
effects of translational, rotational, and vibrational
energy on chemical reactivity as documented in a
recent review by Viggiano and Morris [46]. The
original FA mass spectrometer was used early in a
classic experiment that dramatically illustrated this
point by measuring the influence of the vibrational
energy of nitrogen (excited externally in a microwave
discharge) in reaction (2) [16]. The extraordinary
results of these measurements are shown in Fig. 12.
With the development of the flow-drift tube came
experiments that demonstrate the use of this technique
with different buffer gases for measurements of the
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Fig. 12. Measurements of the variation of the rate coefficient for the
reaction of O + N, — NO™ + N with the vibrational temperature
of N, [16].

influence of vibrational energy on selected endother-
mic and exothermic proton-transfer and electron-
transfer reactions [47]. A monitor-ion technique in-

volving the judicious choice of monitor gas sensitive

to the vibrational state of the ion was then developed
that provides insight into the internal state of the ion
chemically [48]. More detailed studies performed by
Leone, Bierbaum, and colleagues have involved ex-
citing the ion by varying the injection energy in a

SIFT and monitoring the excitation by laser tech-

nigques [49].

The Variable Temperature-Selected lon Flow Drift
Tube (VT-SIFDT) technique allows the separate
study of the effects of translational, rotational, and
vibrational energy on chemical reactivity. The first
such combined VT-SIFDT apparatus was used in
early studies by Adams et al. [50] to investigate
kinetic energy effects for the reactions of, Owith
CH, and CD,
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O; + CH, —>CH;0; + H 3)

and to compare these to temperature effects leading to
an empirical relationship, KE nkT, to relate these
two effects (see Fig. 13) [46]. This certainly is the
ion—molecule reaction most thoroughly investigated
with flow-tube mass spectrometry. In the most defin-
itive study of this reaction to date, a mechanism and
model has been developed to provide a fit to the
observed temperature dependence and the agreement
between theory and experiment is excellent [51].

More detailed and extensive studies were per-
formed with the VT-SIFDT apparatus that was con-
structed in the Geophysics Laboratory, Hanscomb
AFB [52]. Measurements with this apparatus focused
on the influence of rotational and vibrational temper-
ature on reactivity. In some instances the influence of
individual vibrational energy levels was also unrav-
eled [46]. Numerous reactions now have been inves-
tigated with this apparatus and a number of significant
findings can be summarized in the words of Viggiano
and Morris [46]: “Rotational and translational energy
was found to be equally efficient in driving endother-
mic reactions. For exothermic reactions, large rota-
tional effects are found only when one or both of the
reagents have a large rotational constant. This indi-
cates that changing from a low to moderdtgalue
can affect reactivity but that changing from moderate
to highJ has little influence on reactivity. Vibrational
effects are more varied. In some reactions vibrational
excitation in the anticipated reaction coordinate
strongly affects reactivity, while in other cases it does
not.”

7. Electron transfer

The investigation of electron-transfer reactions
(often termed charge transfer, although an electron
actually is transferred) with flow-tube mass spectrom-
eters also dates back to the early measurements
directed toward ionospheric chemistry in which such
reactions also participate. Particularly unique is

O"+H—-H"+0 (4)
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Fig. 13. Rate coefficients for the reaction of Qwith methane measured as a function of average energy with a VT-SIFDT mass spectrometer.
Also shown are data taken with DT and HTFA mass spectrometers [46].

the major source of H in the ionosphere, in which  electron-transfer products and rate coefficients were
electron transfer occurs by accidental near resonancedetermined for reactions between thermal” Aons
because of the near equality of IE(O) and IE(H). The and lower alkanes and alkenes, (© C;) and GH,
rate coefficients in the two directions of electron [55]. A comparison of the measured product distribu-
transfer have been found to be equal within a factor of tions  with photoelectron—photoion  coincidence
2at300Kk,=6.8x 10 *andk_, = 3.8x 10 *° (PEPICO) spectra indicated that 85%—-95% of the

Fms molecul_e‘l s *[53]. The main loss of Hein the recombination energy was deposited in the molecular
ionosphere is ion product. A SIFDT study in Lindinger’s laboratory
He* + N, —N* + N + He (5a) extended these measurements to other atomic and

molecular ions (Af, Kr™, Xe™, N,*, CO", Ar,",
— N3 + He (5b) Kr,*, and N,*) reacting with ethane, propane, and
butane [56] and similar conclusions were reached.
The observed increases in the fragment-ion yields
with increasing collision energy were attributed to
collision-induced excitation and dissociation of the
product hydrocarbon ions. The transition from non-
not [54]. dissociative to dissociative electron transfer has been
More recently, dissociative electron transfer per se, Scrutinized in a combined VT-SIFT and HTFA study
and the transition from nondissociative electron trans- Of reactions of several atomic and molecular cations
fer to dissociative electron transfer, have become of With benzene [43]. Attempts also were made to assign
interest for larger, organic molecules. The extent of product-ion structures. A schematic reaction-coordi-
dissociation can be managed by controlling the re- nate diagram was constructed for the primary disso-
combination energy of the reacting ion. ciation channels of gHg" and the reaction pathway
In a FA mass spectrometer study of Tsuji et al. for production of GH;" was discussed. Further, very

an example of (partial) dissociative electron transfer.
The coefficienks is large and independent of temper
ature between 300 and 900 K (see Fig. 10). The
branching ratioks/ks, (=0.7/0.3 at 300 K), increases
with the nitrogen vibrational temperature butdoes
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recent, SIFT studies probing the dynamics of electron tailed 300 K studies of the reactions of the ground-
transfer have been reported by Adams and co-workers state doubly-charged rare-gas ions>NeAr?*, Kr2*
[57]. Rate coefficients and product distributions were and X&* (°P), and their metastable ionsQ,, 'S
measured for dissociative electron-transfer reactions with rare-gas atoms [61,62] and several molecules
of CCl, and Sk with atomic and molecular ions [62-64].
having recombination energies between 6.4 and 24.5 Electron-transfer reactions with buckminster-
eV. Comparisons are made with photoelectron spec- fullerene have been extensively explored in our lab-
troscopy, TPEPICO and PEPICO data. oratory using the SIFT technique [65]. Experiments
The VT-SIFT technique can be used to probe have shown that an electron can be removed frgg C
internal and translational energy effects on the rate in the gas phase at room temperature by cations
coefficient for electron transfer [58]. Such measure- having a recombination energy greater than the first
ments have been completed for the reaction 0 CO  jonization energy of G, IE(Cys) = 7.64+ 0.02 eV,
with O,. At relatively low center-of-mass kinetic  and by metastable rare-gas atoms with an excitation
energies the rate coefficient is insensitive to temper- energy greater than IEQ in Penning or chemi-
ature so that rotation and bending-vibrational modes jonization reactions. Remarkably, Hand N&* were
do not determine reactivity. A temperature enhance- gpserved to remove two electrons frong,@t thermal
ment by as much as one order of magnitude has beengnergies in a novel electron-transfer electron-detach-

observed at higher center-of-mass kinetic energies gt process, illustrated for Fién reaction (8) [66].
that is attributed to excitation of the stretching-

vibrational modes. He" + Cgo—Cis + e+ He (8)

Electron transfer to atomic and molecular ions was
investigated in a comparative SIFT study at 300 K of
reactions of Ki", Kr,*, Xe™, and Xg with a large
variety of molecules including CO, HHCI, CO,,
N,O, H,S, COS, NH, CH,, C,Hg4, C3Hg, C,H,, and
C,H, [59]. Whereas only electron transfer was-ob
served in the reactions of the atomic ions"Kand
Xe*, both electron transfer and inert gas-atom/reac
tant-molecule switching was observed in the molecu-
lar-ion reactions producing ions such as KrCHand
XeCH,".

Thermal-energy electron-transfer rate coefficients
for reactions involving doubly charged ions were
measured with flow-tube mass spectrometer tech-
nigques as early as 1971 by the group in Boulder, CO
[60]. The charge separation reactions

This process also has been observed with naphthalene
[67].

Cg, cations have been observed to remove €lec
trons from neutral molecules with sufficiently low
ionization energies [65]. With & (n=1) the
threshold for electron transfer with molecules of
different ionization energies is determined simply by
its recombination energy (7.64 0.02 eV). When
n>1, the barrier arising from coulombic repulsion
between the two charged product ions shifts the
threshold to ionization energies lower than expected
from simple exothermicity considerations. Thus the
threshold for the occurrence of electron transfer to
C3y (RE=11.36* 0.05 eV) has been determined to
be at IE< 9.58 eV [68], while that for electron
transfer to §; (RE = 15.6 = 0.5) has been shown to
Ca&" + NO—Ca" + NO* (6) be at IE< 11.2 eV [69]. Fig. 14 shows a shift in the
threshold for electron transfer proceeding in compe-
tition with direct attachment. Triply chargedif
with X = Xe, NO, 0,, N,0O, CO, CQ, SO,, NO, and cations also have been observed to abstract two
NH, were characterized and interpreted in terms of electrons from corannulene and the PAHs anthracene,
the Landau-Zener curve-crossing model with difficul- pyrene, and benzo[rst]pentaphene (see Fig. 15) [70].
ties being noted. The Birmingham group continued These molecules have sufficiently low first and sec-
these measurements and reported the results of de-ond ionization energies to make double-electron

Mg?" + X - Mg" + X* (7)
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Fig. 14. Onset of electron transfer (dotted line) proceeding in
competition with adduct formation (solid line) observed for reac-
tions of G,,2* with ammonia and amines in SIFT experiments at
room temperature 294 2 K and a helium pressure of 0.350.01
Torr. The onset occurs at about 9.6 eV which is well below the
recombination energy of & (11.36+ 0.05 eV).

transfer thermodynamically and kinetically favour-
able.

8. Proton transfer

The ease of generating protonated molecules in
hydrogen carrier gas, particularly;H which has a
relatively low proton affinity and is thus an effective
proton donor in the flow tube, made the early FA
technique ideally suited to measurements of the ten-
dency for transfer of a proton between molecules.
Early measurements with this technique by Burt et al.

Ul
+ \$‘| 0.4 —\Zt
J —_ @,

Fig. 15. Competition between single- and two-electron transfer
observed between gt and corannulene [70].

109

at York University surveyed the ability of H to
donate its proton to a large variety of molecules in
reactions of type [71]

Hi + X >XHT +Y (9)

and the preferred direction of proton transfer between
molecules in reactions of type [72].

XH* +Y=2YH" + X (10)

Rate coefficientsk,;, for many of these reactions
were measured at room temperature and the judicious
choice of X and Y allowed the measurements also of
reverse rate coefficient&, ,, and equilibrium con
stants,K,,, and so the standard free energy change
AG® (10) [73]. Measurements as a function of tem-
perature or calculations of the standard entropy
changeAS’ (10) then allowed the evaluation of the
standard enthalpy changéH® (10) and so the differ-
ence in the proton affinity PA(X) PA(Y) [74]. The
latter measurements provided scales of absolute pro-
ton affinities when referenced to a known proton
affinity [75]. Proton affinities were reported for,©

H,, Kr, O, N,, Xe, CO,, CH,, N,O, and CO [75] as
well as HO, H,S, HCN, HCO, GH,, and GHg
[76,77]. It also became clear that proton transfer
between these small molecules occurs rapidly with
essentially unit probability when exoergic (see Fig.
16) [78].

The high (unit) efficiency of proton transfer al-
lowed rate-coefficient measurements to be used for
the systematic testing of classical ion—molecule col-
lision rate theories as they were being developed in
the seventies. Thus, survey measurements of rate
coefficients for proton transfer with NH79], H,O
[80], HCN and CHCN [81], CH;NO, [82], and
H,CO [83] provided tests for the Langevin, locked-
dipole, average-dipole orientation and angular mo-
mentum-conserved average dipole orientation theo-
ries and measurements withH, [84] provided a test
for the average quadrupole orientation theory (see
Fig. 17). Survey measurements have been reported for
reactions of HCO, of special interest in interstellar
and flame chemistry, andg®™, of very broad interest
in most areas of chemistry, with a variety of organic
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Fig. 16. Correlation between the efficiency of proton transfer,
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K [75]. The solid curve represents a model fit.
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Fig. 18. A comparison of measured rate coefficients for proton
transfer from HCO to polar molecules with capture rate coeffi
cients predicted by four different collision theories [85]. The solid
bars represent the estimated accuracy of the measurements.

protonated product ion. This chemical activation can
be controlled and its consequences monitored by
choosing a variety of proton donors. For example, the
following decomposition of nitromethane,

molecules. These also have been used to further test

collision-rate theories including the Barker-Ridge the-
ory [85,86] (see Fig 18).

Dissociative proton transfer may occur in suffi-
ciently exothermic proton-transfer reactions as a con-
sequence of the deposition of internal energy in the
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Fig. 17. A comparison of measured rate coefficients for proton
transfer to acetylene with capture rate coefficients predicted by the
Langevin and average quadrupole orientation theories [84]. The

solid bars represent the estimated accuracy of the measurements.

XH* + CHyNO, — [CH;NO, H']* + X (11a)
[CHsNO, H']* — NO* + CH,OH
— CH,NO™ + OH (11b)

has been monitored in FA and SIFT experiments as a
function of X over a difference in PA(X) of 80
kcal mol* [82]. Thus we have also reported system
atic studies of the dissociative proton transfer to
ethanol [85], formic and acetic acid [85-87], to
several formate and acetate esters [88] and to ethane
[89]. Such studies are of interest not only in chemical-
ionization mass spectrometry but also in acid-cata-
lyzed decompositions in solution.

Proton-transfer reactions of course are key to the
success of chemical ionization mass spectrometry and
therefore important in analytical chemistry. The prac-
tical application of flow-tube mass spectrometry to
trace-gas analysis (see section 14) has led to a
renewed interest in proton-transfer rate measurements
and growth in the data base for rate coefficients and
product-ion distributions involving a large variety of
gases and vapours including alcohols, aldehydes,
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ketones, carboxylic acids, esters, ethers, amines, or- 5 BH* + (Hp0)y

ganosulphur compounds, and hydrocarbons, and se- N .H,*WH."‘_XH BH*H30 +(Hp0)3

lected inorganic species of medical and environmental 7 HE : 0\ BH*(Hp0)2 +(Hp0)2

interest including NH, SO,, NO, and NQ [90]. H | H BH?. (Hp0)3+ Hp0
H

The occurrence of intramolecular proton transfer
within reaction intermediates has been addressed byFig. 19. Possible “proton-jump” mechanism for the gas-phase
Henchman and colleagues ina study of H/D isotope reaction of HO*.(H,0), with B. The base B can attack at any edge
h fi . t f the t MEY of the hydrated hydronium ion and discretely pick up a proton along
exchange reactions In systems o - e type, with one or more water molecules [78].
XD, (X=0, N, C) [91] and exemplified by

H,O" + D,0 —[H,0"...D,0=H,0...HDO" with n up to 3, wherem may in principle have any
value between 0 and with the neutral water being
2H,DO"...HDO]—-H,DO" + HDO (12) released as individual molecules, dimers, or even

Isotope exchange is the only possible consequence inpolymers [98]. A structural interpretation proposed

intramolecular proton motion when X is atomic. For Ior reac;tll;)nh(lfl) IS given in Ft'gd' f19.tr'll'w.oﬂextremef
molecular X species, say AB, proton motion can lead ypes ot behaviour were reported for the influénce o

. e N :
to a change in the heavy-atom site of protonation and hydration on the reactivity of §0° (see Fig. 20)a

. . slight or a precipitous decrease in reaction rate with
therefore can lead to catalyzed structural isomeriza- ; . .
. . increasing hydration [99,100]. These can be under-
tion as illustrated by

stood in terms of the preservation of exoergicity or a
ABH" + M = [ABH" ...M=2AB...HM" change in the sign of the reaction exoergicity. Hydra-

2BA...HM"2BAH"...M] > BAH" + M R
10"

(13) | T I |
T CHaon

where M is a catalyst. A number of such isomeriza- —
tions have been established experimentally using 10-9
flow-tube mass spectrometry [92] and later treated HpS
theoretically as well [93-95]. Reaction (13) has been Y/
termed “proton-transfer catalysis” [90] and has found
more general importance in the interpretation of ionic
reaction mechanisms [96]. We also have identified an
analogous mechanism for methyl cation transport
[97].

Hydration/solvation can be brought about in flow-
tube mass spectrometry either external to the flow
tube or within the flow tube upstream of the reaction
region and this allows the study of proton transfer as 1072
a function of hydration/solvation. We had reported in
1979 a systematic room-temperature FA study of the Hz 0% (Hy0) +8
rates of reactions of N§ H,S, and nine organic 3 -
molecules with hydrated hydronium ions of type e é J ; é n

—s NH3z

Ho504
10710] <

Jo-ll _CHC/3/

k /lcm motecute™! s! )

H30+ *(H0),+ B— BH - (H20)m Fig. 20. Room temperature variation of the rate coefficient for
reactions of hydrated hydronium ions with various molecules as a
+(n—m+ 1)H,0 (14) function of the number of hydrating water molecules.
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tion in the case of formaldehyde leads to an equaliza- peptides and proteins and indeed has been adopted in
tion in the basicity of water and formaldehyde. How- that field.
ever, because of the presence of water vapour in the Before concluding this section on proton transfer it
flow tube, the product ion distributions for reaction is worth also noting the remarkable observation in our
(14) could not be unraveled. These early measure- laboratory of a proton elimination reaction proceeding
ments have been superceded with improvements inat room temperature. We have found that the very
techniques for the generation and introduction of high enthalpy of formation of & can lead to the
hydrated and solvated ions into the flow tube that exothermic heterolytic dissociation of hydrogen ha-
minimize or eliminate the presence of water vapour in lide molecules in reactions with % Cl and Br [105]
the reaction region. A discussion of the results of of type
these improved techniques will be continued in the
section on atmospheric ion chemistry. Insight into the
mechanism of reaction (14) has been provided by
SIFT studies of H/D scrambling with B- NH3 [101].
The discrete transfer of a proton together with the 9. lon—ion and ion—electron recombination
minimum number of water molecules that is energet-
ically allowed is favoured over the formation of an ~ The development of the FALP technique has al-
intermediate complex that always decomposes by lowed the systematic study of a wide variety of
ejecting the maximum number of water molecules plasma reaction processes over the wide temperature
that is allowed. range from~80—-600 K [106]. These studies have
Recently we also have explored proton transfer been carried out by David Smith and Nigel Adams at
from multiply charged cations in our studies of the Birmingham and later by Adams in Georgia. Both
chemistry of derivatized fullerene dications [102] and POSitive ion—negative ion recombination and positive
trications [103] that indicated the occurrence of the ion—electron recombination have been investigated.

C3l + XH — CgoX?" + HY (17)

following reactions at room temperature: lon—ion recombination measurements are possible
when the FA plasma is converted entirely to an

Coo(XH)7" + XH — Cgo(XH) X + XH ion—ion plasma: the decay rates of the positive and
negative—ion densities can be measured and hence the

CooXH3* + XH — CooX 2" + XHZ (16) ion—ion recombination (mutual neutralization) rate

coefficients can be obtained. A large number of
We have shown that for such reactions the “fast when jon—jon recombination rate coefficients have been
exothermic” reactivity rule breaks down because of measured at thermal energies involving a variety of
the “reverse activation energy” introduced by the jons, including many “cluster” positive and negative
coulombic repulsion between product ions. We have jons such as KD*(H,0); and NQ, (HNO,). These
articulated this behaviour with the definition of an data are important in the calculation of de-ionization
“apparent gas-phase acidity” that determines the oc- rates in the terrestrial stratosphere and troposphere.
currence or nonoccurrence of proton transfer involv- Also, the neutral products of the NO+ NO, ™ reac
ing multiply charged ions. Also, we have shown how tion were determined using emission spectroscopy
taking into account coulombic repulsion can provide a studies which have recently been extended to include
guantitative determination of the gas-phase acidity the reactions of NO with CI~ and I".
GA (CgH?") from bracketing reactivity measure The greater versatility of the flowing afterglow
ments with GoH?" [104]. Our model for the energet  method, compared to the stationary afterglow/micro-
ics of proton transfer from multiply charged fullerene wave cavity method that previously had provided
ions applies generally to proton transfer involving basic data on dissociative recombination at thermal
multiply charged ions including multiply protonated energies, offered the opportunity to extend the mea-
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surements of dissociative recombination coefficients gy X 10°
to a much greater number of positive-ion species. Inset
Thus the dissociative recombination coefficients for
many ions, including the ionospherically important
species @ and NO" and the interstellar ions,
HCO", N,H", H,CN*, and HO", have been deter
mined, some over the temperature range from 80 to
600 K [107]. A major, important discovery has been
that H;" ions recombine only very slowly with
electrons, a result that has significant implications to
interstellar physics and chemistry but is still contro-
versial [108]. More recent developments have al-
lowed the determination of the dissociative recombi-
nation coefficients for some reactions at elevaigd o - —— Lt
. . 590 610 630 650 670 690 710 730 750 770 790

(up to ~3000 K) which has obvious relevance to the
thermospheric plasma. This has required the develop-
ment of the Langmuir probe technique to determine Fig. 21. Medium resolution spectra of ,N(B Il —A33,*)
electron energy distributions in these decaying plas- emissions resulting f_rom the dissociative elec_tro_n recombination of

. . and N.D* [112]. The inset shows the (2,0) emission band expanded
mas and the use of argon carrier gas to obtain mgh (solid line) along the abscissa with wavelength converted to'cm
(>Tg) in the afterglow. and overlaid by a synthetic spectrum for the (1,0) band generated

Also, using the FALP, the first-ever studies of for a rotational temperature of 400 K (dashed curve).
some of the neutral products of the dissociative
recombination of several interstellar species including [118], barium [118], and silicon [120] that are depos-
H;O", HCO,", CHs", O,H™*, N,H*, and NOH™, ited in the atmosphere by meteor ablation. Both singly
have been determined by applying laser-induced flu- charged atomic and atomic-oxide ions and doubly
orescence (LIF) and visible—ultraviolet spectroscopic charged atomic ions were produced either in situ in
diagnostic techniques to the recombining FALP plas- the FA configuration or prior to selection in the SIFT
mas [109-114]. The use of the flowing afterglow for configuration and their reactions were investigated
studies of rate coefficients and products of dissocia- with common atmospheric gases. These measure-
tive electron—ion recombination using Langmuir ments established some important fundamental fea-
probes and optical spectroscopy has been reviewed bytures for the chemical kinetics of metal ions. Termo-
Nigel Adams [115]. This technique has become quite lecular kinetics was established for the association
sophisticated. For example, the effects of deuteration reactions of Li with N,, CO,, SO,, halogenated
on vibrational excitation in the products of the elec- methanes, and halogenated ethylenes with measure-
tron recombination of HCO and NNH™ have been ~ ments over a pressure range from 0.3 to 1.0 Torr.
examined in a very recent application [112] (see Fig. Saturated termolecular association was observed with
21). the larger molecules 5, C,Cl,F,, and GFg. Bimo-
lecular oxide and hydroxide formation (followed by
hydration) was observed for several reactions with
Mg™, whereas NO was found to be an effective
O-atom donor for Ba and Cd. In contrast N&

The early flow-tube studies of metal-ion chemistry chemistry was dominated by association and switch-
by Fehsenfeld, Ferguson, and co-workers, the first of ing reactions with the molecules chosen for study.
their kind, were directed to metals such as lithium Association reactions were observed for the first
[116], magnesium [117,118], sodium [119], calcium time with the doubly charged ions Mg, C&", and

2,0)

He

Photon Counts / 4 sec

Wavelength / nm

10. Metal and organometallic ion chemistry
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Ba®* and multiple sequential ligation (up to six) was tant process in solution. Unligated and ligated ions
observed with Q N,, and CQ [118]. The rate may be produced within the ion source or upstream of
coefficients for ligation were found to be up to 500 the reaction region before allowing further ligation
times higher than for those of singly charged ions and downstream according to reactions of type
equilibrium measurements provided some of the
smaller ligation energies. The measured rate coeffi-
cients were correlated with the ionic radii of the The helium bath gas is sufficiently high in pressure to
doubly charged ions and the ligation energy. Charge- pring about collisional stabilization of the ligated
separation reactions were reported for the first time product ion. Measurements of rate coefficients for
for several reactions of Mg and the reaction of  sequential ligation reactions of type (19) provide
Ba®" with NO [121]. A curve-crossing model was insight into the intrinsic efficiency of ligation. They
applied to these electron-transfer reactions and also provide a kinetic measure of the intrinsic co-
Landau-Zener calculations were used to deduce elec-grdination number of the core ion since the rate
tron-transfer efficiencies at thermal energies. coefficient for ligation is sensitive to the bond ener-
Results of reactions of selected alkali-metal ion gies of the ligated ion, D(ML*-L). This is because
adducts with selected atmospheric molecules led Fer-gas-phase ligation at moderate pressures proceeds
guson and co-workers to first propose the notion of through the formation of a transient intermediate with
ion catalysis in the gas phase [122]. For example, the 3 lifetime against back dissociation that depends both
rate of the reaction of Qwith NO to produce N@  on the degrees of freedom effective in intramolecular
and Q was found to be enhanced by up to a factor of energy redisposition in the transient intermediate
10° when mediated by an atomic alkali cation as in (ML, ,")* and on its attractive well depth, D(ML -
L), viz. the ligation energy of M|,". When the ligand
is capable of hydrogen bonding as is the case with
for X = Li, Na, and K. Analogous results were water and ammonia, for example, two types of liga-
observed for the reaction of 5 with NO, the tion can occur: the ligand either can bond directly to
reaction of Q with CO and the reaction of SQwith the core ion (“inner-shell” ligation) or it may bond to
O3 with the first reagent attached to the alkali ion in an existing ligand by weak hydrogen bonding (“outer-
each case. The reaction exothermicity can be large shell” ligation). The difference in ligation energy
enough to release the product neutrals from the metal between inner-shell ligation and outer-shell ligation in
ion. Activation energies for neutral reactions of more principle can be detected with CID measurements and
than 28 kcal mol* apparently can be overcome in also can lead to a measurable difference in the rate
this way as reported in a follow-up study by Viggiano coefficient for ligation and so allow an identification
et al. [123] who observed rate enhancements of up to of the occurrence of a transition between inner-shell
30 orders of magnitude for the reaction of N®@ith and outer-shell ligation.
CO to produce C@and NO in the presence of Lior In our laboratory the ligation studies are aug-
Na'! In explanation, these authors have discussed amented by subjecting the ligated ions produced in
model for the potential-energy surface of ion-cata- reaction (19) to multicollision induced dissociation
lyzed reactions in which the electrostatic energy of and measuring their dissociation thresholds. Such
interaction between the alkali ion and the neutral measurements provide relative binding energies and
reactant has a rate-determining influence. insights into the occurrence of intramolecular ligand—
Flow-tube mass spectrometry also is ideally suited ligand interactions by revealing bond connectivities in
for the characterization of intrinsic features of the the ligated ions. Standard free energies of ligation
ligation of organometallic ions at room temperature become accessible when they are sufficiently small
and so to explore fundamental aspects of this impor- (<~10 kcalmol'* at room temperature) for the

ML) + L +He—ML,,, + He (19)

X* 05+ NO— X" + NO, + O, (18)



D.K. Bthme/International Journal of Mass Spectrometry 200 (2000) 97-136 115

ligation reaction to achieve equilibrium. Also relative
M™-L ligand-bond energies can be deduced from
kinetic measurements by establishing the preferred
directions of ligand-switching reactions of type

ML'* +L” —ML"* + L’ (20)

or by measuring the rate coefficient for ligation in
both directions. The use of kinetic measurements for
establishing relative FeL ligand-bond energies in
ligand-switching reactions of type (20) has been
illustrated in the laboratory of Chava Lifshitz [124].
Fe(CS)™ was produced from the reaction of FeCO
with CS, (either in the ion source or upstream of a
SIFT apparatus) and systematically reacted with a
variety of organic ligands and ammonia. The onset of
the switching reaction provided a measureDgFe’-

(c)

CSZ) from the known Iigation energies of Eewith Fig. 22. Proposed structures for (a)'@s,0),, (12 pentagons and
the li ds i tigated 2 hexagons), (b) CqH,0),, (12 pentagons and 3 hexagons), and
e ligands nvestigated. (c) Cs"(H,0),e (12 pentagons and 4 hexagons) [131]. The two

Ground-breaking measurements of metal—cation larger clusters contain the C8,0 ion.
ligation kinetics were reported by Castleman and
co-workers in the late 1980s. Termolecular associa-
tion kinetics was established for the ligation of Ag  of ligation with a small dependence on the size of the
and Cu" (produced by thermionic emission) with CO, core ion. Observations of magic numbered
CH,, CH5F, CH,CI, and CHBr [125]. More exten Cs'(H,0), clusters withn = 18, 20, 24, 27, and 29
sive measurements as a function of temperature werehas led to the proposal of the remarkable formation of
reported for the ligation of Nawith HCI, CO,, NH, ionic clathrates through intramolecular ligand interac-
ND,, SO,, and CHOH [126] and then room temper  tions mediated by Csand leading to its encagement
ature measurements of association reactions with [131]. Several proposed structures are shown in Fig.
H,O, NH;, CH;OH, CH,CN, CH,CHO, CHsCOOH, 22.
CH,COCH,, CH,COOCH,;, and CHOC,H,OCH, Weisshaar and co-workers, using an excimer laser
and bimolecular switching reactions of the first three for in situ laser ablation/ionization of rotating metal
members of this series with the remaining molecules disks in helium bath gas at 1 Torr, have tracked across
[127]. Also room-temperature ligation kinetics was the periodic table the intriguing reactivity patterns of

reported for Bi and PB with NH5, O, CHsCI, the transition metal ions S¢ Ti*, V™, Cr", Mn™
CHZOH, CH;SH, and CHNH,, [128]. Fe", Co", Ni", Cu', and zZn" with the small alkanes
Water and methanol were investigated as ligands methane, ethane, and propane [132]. The observed
in the solvation of Mg and the alkali metal ions L, chemistry was dominated by ligation although elimi-
Na*, K", Rb", and Cs, respectively [129,130].  nation channels were observed to compete in a num-
Dehydrogenation reactions of type ber of cases. The measured rate coefficients varied

widely and nonmonotonically across the transition
metal series and the variation is remarkably similar
for the three alkanes (see Fig. 23). A qualitative model
for n> 4, similar to those observed with protonated was presented that includes the interplay of metal-ion
methanol clusters, were observed at specific degreessize effects on long-range repulsive forces, of poten-

Mg*(H,0)y + H,0 —MgOH"(H,0),+ H
(21)
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tial-energy surface crossings, and of orbital symmetry
and electron-spin conservation.
Other ligation studies using still other sources for

metal ions have been reported. For example, the Mg* and €-CH

ligation of Co", Ni*, Cu", and Zn" with ethane was
investigated in a FA study using a sputtering-glow
discharge as a source of transition metal ions [133].
The availability of the newly constructed ICP/SIFT/
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source or upstream in the flow tube from the reaction
of Fe" with N,O) [134-136], Fé [134,137-139],
(c-CsHg)Fe", and €-CHs),Fe" cations (produced
from the electron-impact ionization of ferrocene)
[135,138,139] as well as Mg [138,140,141], ¢
CsHo)Mg™ and €-CcHs),Mg™ cations (produced
from magnesocene) [140,141]. Indications are that the
ions produced in this fashion are predominantly in
their ground electronic state. The survey of the intrin-
sic coordination kinetics of FeQ bare Fé and Mg",

and the influence of one and tveeCgH5 substituents

on the kinetics of the latter two, was relatively
straightforward and has been achieved with the inor-
ganic ligands H, HD, D,, NH3, H,O, N,, CO, NO,

O,, CO,, NO,, and NO and a variety of organic
ligands including saturated and unsaturated hydrocar-
bons. The kinetics of ligation also has been followed
as a function of the size and number of ligands and
coordination numbers to the core metal ions have
been assigned accordingly. Bond connectivities and
relative ligation energies were explored concomi-
tantly by multicollision induced dissociation. Some of
the important findings so far are the following.

Our results for the systematic studies of the single
ligation of Mg*, (c-CsH)Mg™* and €-CiHg),Mg™
with homologous alkanes are illustrative of the de-
pendence of the rate of ligation on the size (degrees of
freedom) of the ligand (see Fig. 24) and the role of
c-CsHs substituents on the efficiency of Mg ligation
(see Fig. 25) [141]. Correlations of measured thresh-
olds for multicollision induced dissociation of ligated
s)Mg™ with the polarizabilities of the
alkane ligands have provided insights into the elec-
trostatic nature of ligand bonding.

Sequential ligation reactions that lead to the for-
mation of multiply ligated ions have been observed

CID apparatus in our laboratory will increase the \yith many ligands. This, of course, is somewhat akin
scope of such atomic—ion ligation measurements to multiple solvation. When a ligand has the ability to
enormously as essentially any atomic ion on the hydrogen bond a transition may occur from inner-
periodic table can be injected into the flow tube, shell ligation in which the ligand bonds directly with
ligated by bimolecular or termolecular reaction up- the core ion to outer-shell ligation in which the ligand
stream of the reaction region and then exposed to attaches by hydrogen bonding to an existing inner-
further ligation reactions downstream. shell ligand.

Our pre-2000 studies of ion ligation were focused The approach is illustrated in Figs. 26 and 27 for
on the ligation of FeO (produced either within the  the ligation of F& and €-CsHs)Mg™ with ammonia
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Fig. 24. Composite of kinetic data obtained for reactions of Mg
produce Mgl,* with L = n-propane,n-butane, n-pentane, and
n-hexane [141]. The measurements were performed at294&K

and at a helium buffer-gas pressure of 0:39.01 Torr. The solid
lines represent a computer fit of the experimental data with the
solution of the appropriate differential equations.

[138]. The rapid ligation of Fé& with two molecules
of ammonia, followed by a much slower third addi-
tion, and the much lower onset energy for the multi-
collisional dissociation of the third ligand compared
with the first two, can be interpreted in terms of a
primary coordination number of two with a third
ammonia molecule weakly hydrogen bonding in an
outer shell. Fig. 27 shows the rapid ligation of three
molecules of ammonia ta{CsHs)Mg™ that is repre
sentative of a total coordination number of four for
this ion. The CID profiles are consistent with this
interpretation but it is interesting to note that the CID
profile of (c-CsHg)Mg(NH3);" shows two popula
tions that imply the occurrence of hydrogen bonding
of the third ammonia ligand in a fraction of the
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number of atoms) [141]. The measurements were performed at
(294 = 3) K and at a helium buffer-gas pressure of (0:39.01)
Torr. The dashed and dotted lines represent the variation of the
calculated collision rate coefficient.

(c-CsHo)Mg(NH,),™ ions. Fig. 28provides an over-
view of the coordination kinetics ofc{CsH5)Mg™
with inorganic ligands. Noteworthy is the apparent
high coordination number with water that has been
interpreted in terms of a primary coordination number
of 3 and hydrogen bonding in an outer ligation/
solvation shell.

With unsaturated hydrocarbon ligands we have
observed the Femediation of intramolecular ligand—
ligand interactions [137]. The CID results have pro-
vided evidence for the occurrence of intramolecular
interactions between ligands mediated by Fesult
ing in C-C bond formation in the ligated ions
Fe(1,3-CHe),", Fe(GH,);" and Fe(GHy)s",
Fe(CH,C,H)," and Fe(CHC,H)," and Fe(GH,),"
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Fig. 26. (Left) SIFT data recorded for the reaction of Feith ammonia in helium buffer gas at 294 3 K and 0.35+ 0.01 Torr [138]. The

Fe* ions were produced in a low-pressure ion source by electron impact dissociative ionization of ferrocene vapour at 35 eV. The solid line:
represent a fit to the experimental data with the solution to the differential equations appropriate for the sequential addition reactions. (Right
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Fig. 27. (Left) SIFT data recorded for the reaction 6iQgH-)Mg™ with ammonia in helium buffer gas at 2943 K and 0.35+ 0.01 Torr

[138]. The €-CsHg)Mg™ ions were produced in a low-pressure ion source by electron impact dissociative ionization of magnesocene vapour
at 50 eV. The solid lines represent a fit to the experimental data with the solution to the differential equations appropriate for the sequentic
addition reactions. (Right) Results of multicollision CID experiments. The flow of ammonia is 1@° molecules s
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and Fe(GH,),". The postulated interligand interac 108 _

tions are attributed to cyclization or oligomerization i,(c—C H)Mg(L) "+ L .

reactions leading to the formation of benzene (see Fig. _~ b >3 " (c-C.H)Mg(L) +
' 5775

7), dimethyl- and diethynyl-cyclobutadiene in _“ 109 | %“’%\ ntl
Fe(CH.);", Fe(CHC,H), " and Fe(GH,), ", respee L:) 2 g
tively, and the formation of a dimer of 1,3-butadiene g g\\\ ¢ 3 % % %
in Fe(1,3-GHy),*. ERULE \\ |

We have also extended our ligation studies to g g\\ \\\g ‘\
other, larger carbonaceous ligands, some large enough ) x \\\'\ \ L=HO
to mimic surfaces in the gas phase. This is possible + _10"" - %\?\ \\ ° L —N2H
with a flow-tube mass spectrometer because any ion = \\i\\\ \ hzf L;N03
may, in principle, be selectively ligated upstream in g’ \\\ ! o L-COZ
the flow tube by termolecular addition to the vapour 910'12 i \\ \ \ e L Nz(%
of a ligand before being further reacted or ligated | VT —— L=CO
downstream in the reaction region. We began our & | \ \\ -—— L=NO
studies of “gas-phase surface chemistry” by investi- < . 7 % 9 o L=N,
gating the chemistry of Si attached to benzene or LY —— L=0,
naphthalene with @ CO, Ny, O,, H,0, NHy, C,H,, | —— L=H,

o

and GH, [142,143]. New reaction paths were -ob

served with Si attached to these aromatic molecules ]

compared to free Siions. Trapping on polycyclic Number of Ligands, n

aromatic hydrocarpons 'S th(.)ught.to be a_ major loss Fig. 28. A semilogarithmic correlation of the rate coefficient for the

process for atomic metal ions in the interstellar sequential ligation of ¢C;HMg" by a variety of inorganic

medium because of their inefficient recombination ligands as a function of the number of ligandsadded in the gas

with electrons. More recently we have extended these %‘g;i %to(lz)gf 3)[1'10"3‘”‘1 at a helium buffer-gas pressure of

. .35+ 0. orr .

studies to F€ attached to coronene, corannulene and

Cso The reactions of Fé coordinated to ther-do- )

nating ligands GH,, c-CsHs, CeHe, and Gy with N,O also can be measured with flow-tube mass spectro-

4y 515 6! 16y 0 2 H

and CO were examined first in a comparative study me_try. For ixam_ple, reacr?ons ;)f pure rgetal(—jcl_uster

designed to probe the nature of the bonding jgFeé" cations (Cy o n= 1-14) have been produced in a

[144]. Fig. 29 shows the match in reactivity with® laser vapourization/FA apparatus and their association

found when F& is attached to gH, and Gy, and this rate coefficients have been measured with CO [145].

suggestsy? coordination of Fé tg Cs B(z)th react Termolecular kinetics was seen for low cluster sizes

according to o (n<8) but rate coefficients became pressure indepen-
dent for higher cluster sizes at buffer-gas pressures

XFe'* + N,O — XFeO" + N, (22a) >0.3 Torr.

— XFe(N,0)" (22b)
11. Fullerene—ion chemistry: chemistry as a

with similar overall rate coefficients but different ¢,nction of charge state

branching ratios. Now we are systematically investi-

gating reactions of Fe attached to various carbon At York University we have found the SIFT

networks with different curvature: corannulene, coro- apparatus to be ideally suited to the study of the

nene and g, and probing the influence of curvature chemistry of fullerene ions and of ions with neutral

on this gas-phase surface chemistry. fullerenes. Buckminsterfullerene, 46 is readily
Finally, the chemistry of pure metal-cluster ions vapourized and ionized to its first three charge states
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Fig. 29. Experimental data for the reactions ofKiQ)Fe* (left) and G Fe" with N,O [145]. The solid lines represent fits to the data with
the solutions of the systems of differential equations appropriate for the observed sequential reactions.

using conventional electron-impact techniques. Selec-
tion of the appropriate charge state then allowed the
systematic SIFT investigation of fullerene cation

chemistry as a function of charge state. Our measure-
ments of the rates and products of chemical reactions
of fullerene cations in the gas phase began in 1990,
immediately after G, samples became available for

the first time. These measurements showed that
fullerene carbocations are extensively reactive, dra-

matically so as the charge state increases, and that
new chemical pathways become accessible as the

charge state increases from 1 to 2 to 3 [146]. Both
bond-redisposition and charge-separation reactions
occur with these higher charge states. The following
reaction summarizes the various types of reactive
encounters that were identified with the more than 30
different molecules that have been surveyed:

ClY + XY — CgoXY™ (23a)

— CeoX™ + Y (23b)
— CeoXM VT + Y (23c)
— CI D 4 XY * (23d)
— CIUT + XT 4+ Y (23e)
— CI-2+ 4 Xy 2t (23f)

These types include attachment, (23a), dissociative
attachment, (23b), dissociative attachment with
charge separation, (23c), single-electron transfer,
(23d), dissociative single-electron transfer, (23e), and
two-electron transfer, (23f), respectively. The most
extreme behaviour observed with a particular reactant
molecule ranges from no observable reaction with
singly charged & (Cd), k<5x10*
cm® molecule *s71, to very rapid dissociative elec
tron transfer with triply charged & (C35), k> 107°
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Fig. 31. An overview of derivatization reactions of observed
with the York University SIFT apparatus at room temperature in
helium buffer gas at 0.35 Torr. The assigned structures are
speculative.
. . ergy of the fullerene cation, often being dissociative
Reaction Coordinate . a4
with Cgg .
Fig. 30. Summary of plausible potential-energy profiles for reac-  Cgo' has been observed to be quite unreactive

tions (22a)-(22f) as a function of charge state [148]. Bonding toward many molecules in helium buffer gas at 0.35

reactions are described in terms of attractive potential-energy Torr. The important exceptions [146] are shown in
profiles, which, for dissociative attachment leading to charge ’

) S "
separation, are intersected by repulsive curves. Nonbonding reac- Fig. 31 which indicates that &g has been seen to
tions involving electron transfer that lead to charge separation are bond to H atoms, to strong nucleophiles containing

also described in terms of repulsive potential-energy profiles. nitrogen such as ammonia, saturated amines, pyrroli-
dine [149] and pyridine [150], and to molecules
cm® molecule *s™*. Fig. 30 provides plausible po-  capable of Diels-Alder addition. The reaction of,C
tential-energy profiles computed for reactions (23a)— with iron pentacarbonyl is the only example of a
(23f) using standard—* andr~© attractive potentials  bimolecular derivatization reaction reported to date
andr~*2 andr~* (coulombic) repulsive potentials [151]. The difficulty in covalent bonding to &g has
[147,148]. These profiles allow a qualitative rational- been attributed to the distortion of thg{Zarbon cage
ization of the remarkable changes in reaction type and required at the C site of bond formation with the
rate observed for reactions involving the first three substituent so as to achiesg® hybridization. G3 has
charge states of & cations. Direct and, to a lesser been observed generally to be easier to derivatize than
extent, dissociative attachment leading to chemical- C4, This enhanced reactivity has been attributed to
bond formation with G, is a common feature of the the stronger electrostatic interaction between mole-
reactions of the first three charge states gf laut, as cules and & that may serve to overcome the
the charge state increases from 1 to 2 and 3, other,activation barrier associated with the change in hy-
bimolecular, reactions begin to compete. Perhaps notbridization required at the site of bonding. Fig. 32
surprisingly, electron transfer becomes increasingly indicates derivatization reactions observed wiflj C
important with increasing electron recombination en- With chlorinated ethylenes (not included in Fig. 32)
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Fig. 32. An overview of derivatization reactions of£" observed with the York University SIFT apparatus at room temperature in helium
buffer gas at 0.35 Torr [146]. The assigned structures are speculative.

[152], Gi¢ exhibited three different types of reaction ionization energies, can become the only reaction
channels: electron transfer, adduct formation and channel. However, electron transfer witl§/Coccurs
(CI), transfer. The latter channel was the only ehlo inthe presence of an activation barrier that arises from
rination channel observed and, curiously, occurred coulomb repulsion between the charged product ions
exclusively with the cis and trans isomers of 1,2- (see Fig. 14). Derivatization reactions also have been
dichloroethylene, but in competition with adduct for- observed with &, but electron transfer is even more
mation. The variation observed in the occurrence of competitive than with €. For example, although
these three channels with charge state is consistentammonia has been reported to add tg; Conly
with what is now known about the role of charge state electron transfer has been seen with amines. Fig. 33
in promoting bond formation with theGsurface and  provides a summary of addition reactions observed
the role of coulombic repulsion between product ions with C3. New, charge separation, channels appear
in preventing electron transfer [152]. for some of the reactions with 3. For example,
Electron transfer is an important competitive chan- dissociative electron transfer to produces;
nel for some of the observed derivatization reactions CH,NH," and G/CH; is the dominant reaction
with C25 and, for molecules with sufficiently low  channel with ethylamine. Also, dissociative addition
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Fig. 33. An overview of derivatization reactions of£" observed with the York University SIFT apparatus at room temperature in helium
buffer gas at 0.35 Torr [146]. The assigned structures are speculative.

reactions such as hydride and hydroxide transfer chain derivatization is shown in Fig. 35 for the
become more effective. This is the case with water, reaction of G, with allene [155]. The sequential
some alcohols and some alkanes. Halide transfer from addition of allene was characterized by an intriguing
HCI, HBr, and chlorinated methanes [153] also has
been noted. e

A generalized scheme for the observed higher- ! AB++M
order chemistry initiated by fullerene cations is sum- T
marized in Fig. 34. Chemical derivatization of the
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were used to differentiate between them. The former " AR R .
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occurs with H atoms and nitriles in sequential addition ™ (&%) A8 ' ABMMMM
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reactions while methoxy derivatization was observed
in sequential bimolecular methoxy-transfer reactions gy 34, overview of the higher-order chemistry af,@dduct ions
with methyl nitrite. A dramatic example of ball-and-  with molecules M.
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Fig. 35. (Left) Data for the sequential addition of allene tg*C observed at a room temperature of 292 K and a helium pressure of

0.35* 0.01 Torr. (Right) measured profiles for the multicollision-

induced dissociation gfalznef* at an allene flow of 4.5 10™°

moleculess * in 10% argon/helium at a total pressure of 0:8@.01 Torr [149].

periodicity in rate with the even-numbered adducts

somewhat delocalized charge on thg Gnchor” and

reacting about 10 times faster than the odd adducts.the more localized charge on the terminus of the
These results have been interpreted in terms of the growing chain. We first proposed this mechanism for

formation of the structure shown in Fig. 36. Appar-
ently the ball-and-chain polymerization is driven by
intramolecular coulombic repulsion between the

Cq.-(allene),**

Fig. 36. Semi-empirical PM3 (parametric method) structure com-
puted for Gy(allene)>* [149].

polymerization of the well-known 1,3-butadiene
monomer induced by &* [156]. Since then we have
identified similar behaviour for the polymerization of
ethylene oxide [157], 1l-butene [158], allene and
propyne [159], ethylene and acetylene [160], vinyl
fluoride [161], and chlorinated ethylenes [152] initi-
ated by G2, C,o°" or Cs5>*. Not yet published are
similar results of an investigation in our laboratory of
reactions of the conventional diene monomers 1,3-
butadiene, isoprene, cis- and trans-1,3 pentadiene, and
1,4-pentadiene, with the buckminsterfullerene cations
Ceo ™) Cooo ' and G,>*. These latter experiments
were directed toward a study of the influence of the
nature and position of the substituent on the monomer
and the effect of conjugation of the monomer on
reactivity. Also, we have observed no end to the
higher-order chemistry with methyl isocyanide as this
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Fig. 37. Data for the sequential addition of methyl isocyanide to

Ceo-" Observed at a room temperature of 282 K and a helium
pressure of 0.35 0.01 Torr.

monomer adds sequentially at least 15 times with no
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orbital calculations [163] that dimerization in reaction
(25) is accompanied by cyclization and that the
structure and stability of (HgN),™ is distinctly dif-
ferent from the structure of the dimer ion formed by
the direct solvation of HEN™ with HC3N in the
absence of §7*. We have proposed that this isomer
forms in a 2+ 2 cycloaddition of the second HN
molecule at the terminal carbon of the first fNC
molecule attached through a nucleophilic attack of
Ceoo " by its lone pair of electrons on the nitrogen
atom [163]. The reaction profiles measured for the
chemistry initiated by g,°" in HCsN are shown in
Fig. 38. The effective bimolecular rate coefficient, k,
for the primary  addition reaction is
7.3 (*2.4)x 10 %% cm®molecule *s™%. The see
ondary bimolecular reaction of GHC;N)?* with
HC;N results in charge separation, reaction (25), and
occurs extremely rapidly,k = 7.7 (+2.6) X 10~ °
cm® molecule * s™1, essentially at the collision rate.
Such a high rate is possible because of the large
polarizability (5.29 &) and dipole moment
(np = 3.72 Debye) of cyanoacetylene.

We also have investigated the influence of surface
strain on the chemical reactivity of fullerene cations
with a number of neutral reagents. Results for addi-

apparent decrease in rate (see Fig. 37). The chemistry;ion reactions of G, Cee’, and Gg* with NH, of

initiated by G¢2" in pyridine appears to lead to what
is, so far, the only known example of the conversion
of a ball-and-chain isomer to a “spindle” isomer
[150].

We have observed that chain formation may be
pre-empted if bimolecular formation of a dimer ion

addition reactions of G2*, Cg?", and Gy>* with
C,H, and CHCN, and of hydride transfer reactions of
Cseet, G2t and G2 with n-C,H,,, revealed a
strong dependence of reactivity on the size of the
fullerene cation [164]. The least-strained,C cat
ions were found to be the least reactive as predicted

becomes exothermic for the reaction with the second [165]. Systematic studies of addition reactions of

monomer. This is the case forg&" reacting with
cyanides RCN with R=CN, CH,; CiH; and

CH,CN [162] as illustrated in
Cso(NCR)*" + RCN — C2J + (RCN); (24)

and for G4 reacting with cyanoacetylene [162] as
illustrated in

Coo(HC3N)?" + HC3N — Cdy + (HC3N);  (25)

These reactions appear to be driven by the stability of

the product dimer cation. We have demonstrated with
the aid of CID experiments and ab initio molecular

Css'y Csg'y Cso'y Cyp', corannuleng, and core
nene” with cyclopentadiene and 1,3-cyclohexadiene
indicated that the efficiency of bond formation de-
pends strongly on the curvature of the carbonaceous
surface as illustrated in Fig. 39 for addition reactions
with cyclopentadiene [166].

12. lonosheric, stratospheric, and planetary ion
chemistry

As indicated earlier, the invention of flow-tube
mass spectrometry was driven by the need to under-
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Fig. 38. (Left) Data for the sequential reactions of cyanoacetylene wjgh" @bserved at a room temperature of 2848 K and a helium
pressure of 0.3% 0.01 Torr. (Right) measured profiles for the multicollision-induced dissociation ofXHC at a cyanoacetylene flow of

1.0 X 10" molecules s* in 26% argon/helium. The rise in HE,* corresponds to the loss of H from the dimer cation and the rise, GEN"
corresponds to loss of CN. The inserted structure corresponds to that calculated for the lowest-energy isomer on the potential-energy surfe
of (HC,;N),™ which lies 64.7 kcal mol* below the energy of HN* + HC,N [157].

stand the chemistry of the earth’s ionosphere as partecule reactions investigated in those early days [167],
of a mission in radio propagation initiated by the US including metal-ion chemistry [168], and their impact

National Bureau of Standards in the early 1960s. At on our understanding of the chemistry of the iono-
that time there were no rate coefficient data available sphere [169,170].

for the many ion—molecule reactions that contribute to Here, | should like to single out two accomplish-

the ion Chemistry OCCUrring in the ionosphere. All th|S ments in particu'ar: the measurements of ion_mo|_
changed dramatically with the invention and directed gcyle reactions important in controlling electron den-
use of the flow-tube mass spectrometer technique by gjties in the E region of the earth’s ionosphere and the

Ferguson and his colleagues. Results of experimentaljyantification of the ion—molecule reactions that ex-

measurements appeared, reaction by reaction, in SeVaineq the origin of proton hydrates in the D region.
eral atmospheric journals until eventually, in less than

: ’ : ) The early FA measurements provided the first accu-
about 10 years time, much of ionospheric chemistry

} rate rate coefficients for the reactions of @ith N,
was understood! And more than that, important fun- do
damental aspects of the physical chemistry of ion— '
molepule _reactions were id_entified and quantified for + N, —NO* + N )
the first time. Several reviews by Eldon Ferguson
provide detailed accounts of the individual ion-mol- O* + O, - 05 + O (26)
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Fig. 39. A correlation between reaction efficienky,Jk. with the
square of the POAV angle and the strain energy for addition
reactions with cyclopentadiene at room temperature and a helium
pressure of 0.35: 0.01 Torr [146]. k,,s iS the measured rate
coefficient and; is the collision rate coefficient which is estimated
to be 10°° cm® molecule * s,

that convert atomic to molecular ions whose recom-
bination rates with electrons are about®1fimes
greater than those for atomic ions. Dissociative re-
combination of the molecular ions produce electron-
ically excited O atoms that radiate the nightglow, and
electronically excited ND) that reacts with Q to
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could not. The following reaction illustrates the con-
version that occurs with NOwater clusters:

NO*(H,0); + H,0 — H;0" (H,0),+ HNO,
(27)

The complete positive ion—molecule reaction scheme
proposed by Ferguson and his colleagues for D-region
chemistry is shown in Fig. 40 [169,171]. Cosmic-ray
ionization of N, and G, initiates ion chemistry in the
stratosphere and troposphere and ultimately reactions
of hydrated hydronium ions dominate this chemistry
[169] (see Fig. 41).

Hydrated hydronium ions and their chemistry have
been scrutinized in several laboratories using flow
techniques. In 1989 Yang and Castleman observed
“magic numbers” for HO"(H,0), at 119 K for
n= 21, 24, 26, and 28 and these ions were assigned
clathrate-like structures [172]. Reactivity measure-
ments with CHCN indicated a switch from proton
transfer to simple association [172]. The temperature
and cluster-size dependence of reactions of
H;O0" (H,0), with CH,CN has received special atten
tion by a number of groups [8,173,174] for more than
15 years (we had first looked at this reactionrior 1
in 1976 [81]). Reactions of hydrated hydronium ions
with n up to 30 have also been reported by the
Castleman group with C}€OCH,; and CHCOOCH,
[175], N,Og [176], and DNQ [177]. The results with
N,Og are of stratospheric chemistry interest since the
following reaction is believed to occur heteroge-
neously on the surface of polar stratospheric cloud
particles:

H,O + N,Og — HNO, + HNO, (28)

The flow-tube mass spectrometer experiments of
Castleman and co-workers [176] provide evidence for
the occurrence of reaction (28) within hydrated hy-

produce atmospheric NO. Reactions (2) and (26) are dronium ions below 150 K according to the following

therefore important in the analysis of the airglow and
atmospheric photochemistry, as well as to that of the
electron density and ion composition of the iono-
sphere. The measurements showing that thé &hd

NO™ water clusters convert to proton hydrates with

reaction forn = 5:
H;0"(H,0),, + N,Og — H;0" (H,0),_;HNO;

+ HNO, (29)

increasing cluster size solved a long-standing problem The reactions with DN@also are interesting since it
in atmospheric chemistry that many other researchersis argued that BO™(D,0), reacts with DNQ by a
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Fig. 40. Schematic diagram of the positive-ion chemistry proposed for the D region [169].

switching mechanism fan = 5. As a consequence of large, complex molecules detected by radioastrono-
further interest in the chemistry of the polar strato- mers in dense interstellar clouds, and the direct
sphere, HCI uptake by (deuterated) hydrated hydro- observation of ions such as CHHCO', DCO",
nium ions has been investigated by the Castleman N,H*, and ND* in these environments, stimulated
group with a flow-tube mass spectrometer over a extensive measurements of reactions of these and
range of pressure (0.26-0.46 Torr) and temperature related ions using flow-tube mass spectrometry. The
(130-170 K) [178,179] Birmingham group was particularly active in this
regard and a major focus of their SIFT measurements
13. Interstellar/circumstellar ion chemistry was the systematic study of reactions of hydrogenated
ions, e.g. CH", C,H,*, NH,*, H,S", H,CO", etc.,
The proposal [180,181] that homogeneous ion— with numerous molecular species [182]. Many of
molecule reactions play a role in the formation of the these reactions were investigated over the wide tem-
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Fig. 41. Schematic diagram of the positive-ion chemistry proposed l
for the stratosphere and troposphere [169].
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perature range from 80 to 600 K. The investigations
have provided a large database (amounting to many
hundreds of reaction rate coefficients and product Flig.d42.lgzroposed positive-ion chemistry for dense interstellar
ions) for the modeling of molecular synthesis in clouds [182].
interstellar clouds. Fig. 42 presents an overview of the
ion chemistry relevant to dense interstellar clouds that  Further contributions by the Birmingham group to
has been unraveled by the Birmingham group [182]. interstellar physics and chemistry include detailed
Observations that many interstellar ions (e.g. studies of isotope exchange in ion—neutral reactions,
CH,™") rapidly associate with known interstellar mol  studies for which the SIFT is eminently suited, since
ecules at low temperatures accentuated the impor-the ion source gas and the reactant gas are not mixed.
tance of radiative association in the formation of From these studies and detailed kinetic models of the
interstellar molecules. Studies of ion association re- interstellar ionic reactions, it is now understood that
actions that are potential sources for large interstellar the observed enhancement of the rare isotopes (e.g. D,
molecules and of reactions between large hydrocar- °C) in some interstellar molecules is due to the
bon ions and atoms are continuing in the laboratory of process of isotope fractionation in ion-neutral reac-
Murray McEwan at the University of Canterbury tions [185]. Measurements of the rate coefficients for
[183,184]. the reactions of the dipolar molecules HCI and HCN
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at low temperatures provided the first experimental
support for the theoretical prediction that the rate FeC,H,, FeCO
coefficients would increase rapidly with decreasing
temperature, a most important result for interstellar A A
chemistry. i
The early emphasis on interstellar/circumstellar . C

ion chemistry in our own laboratory was on the Fe
synthesis of hydrocarbon-chain and organonitrogen t l
x* e

H
FeC,H," |- | [Fe.C,H,.COI*

sl

Fe(C,H,),* | ---&-» FeC,H,

m-°n

molecules [186,187], on ionic origins of carbenes
[188] and on the formation of organosilicon mole-
cules [189]. We have systematically explored the Fe
chemistry initiated by ground-state '$fP), both free

a”q attaCh_ed to benzene and naphthalene’ with a Iargq:ig. 43. Proposed reaction network for the formation of Fe-
variety of interstellar molecules [190,191]. It became containing neutrals in dense interstellar clouds [192].

clear from these studies that this chemistry provides
plausible pathways to the synthesis of a variety of these environments [194]. On the basis of our obser-

Si-bearing molecules including the Si€hain mole vation of two-electron-transfer reactions of Haith
cule that was subsequently detected in circumstellar naphthalene [67] and & [66], we have raised the
environments. possibility of the formation and production of large

More recently we have begun to explore system- molecular di-cations by chemical ionization and their
atically the chemistry of organometallic and metal reaction by charge separation in the chemical evolu-
ions (F€" and Mg") either free or attached toqg tion of cold interstellar clouds [195]. These charge
corannulene and several PAHs. Although there is as separation reactions have the capacity to form inter-
yet no convincing evidence for interstellar/circumstel- nally cold but kinetically excited ions that can drive
lar presence of &, we have proposed thatsCdoes  sypsequent ion-molecule reactions that are endother-
serve as a useful model for carbonaceous dust [192]. mic at the ambient temperatures, e.g. H-atom transfer
On the basis of measured association rates of frée Fe with H,. Also, we have shown that intramolecular
ions with hydrocarbons, we have argued for the charge separation preceded by bonding to a doubly
possible formation of the Fe-containing neutral mol- charged G, (and so by inference doubly charged
ecules FeCO, Fefi, and FeGH,, (n = 1,2) indense  paHs or C-containing grains) can lead to new syn-

interstellar clouds in the manner summarized in Fig. thetic pathways to cyclic cyanopolyenes [163].
43 [193]. Our measurements for the reaction of Mg

with ammonia have led to a proposal for the formation

of circumstellar MgNH [140]. As was the case with ~ 14. Applications in analytical/medical chemistry

Si", we are finding that the reactivity of Fecan be

significantly altered when coordinated to a carbon Arguably the first use of a flow-tube mass spec-

network. Trapping on polycyclic aromatic hydrocar- trometer as an analytical instrument for trace-gas

bons is thought to be a major loss process for atomic analysis was reported in 1979 in a study of the

metal ions in the interstellar medium because of their products of the reaction of é,) with N,O which

inefficient recombination with electrons [192]. were eluted from a radical reactor into the flow tube
We have surveyed the implications of our experi- [196]. Six years later a modified FA technique, known

mental results for ion—molecule reactions involving as active chemical-ionization mass spectrometry

fullerenes for interstellar and circumstellar chemistry (ACIMS), was reported for atmospheric trace-gas

[193] and have discussed the chemistry that possibly measurements in the free troposphere and lower

can lead to the chemical derivatization of fullerenes in stratosphere [197]. ACIMS relies on the chemical
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ionization of trace-gas molecules in reactions with reagents as they generally react with high efficiency
artificial, not ambient, ions (such as hydrated hydro- with desired trace constituents and do not react
nium ions) that are formed in an ion source operated rapidly with the common atmospheric bath gases N

in ambient atmospheric air and carried by an air O,, H,0, CO,, and Ar. PTR-MS and SIFT-MS
stream to a cryogenically pumped quadrupole mass instruments, both of which have now been made
spectrometer. The concentration of the reactant traceportable, provide on-line real-time analysis of trace
gas can be determined from the measured abundancegyas components with concentrations as low as a few
ratio of reactant and product ions if the rate coeffi- pptv. The time response of these instruments is about
cients for the ion/molecule reactions connecting the 10 2 s and several components can be measured
two are known. Proton-transfer reactions involving concomitantly by rapidly switching the downstream
hydrated hydronium ions were employed in the early mass spectrometer between the chosen precursor and
application of ACIMS. The strength of the ACIMS product ion masses. Spanel and Smith, using SIFT
method lies in its ability to provide real-time mea- techniques, also are in the process of establishing a
surements at high spatial resolution as a consequenceadatabase in support of these analytical applications.
of its extreme sensitivity and very short response time Detailed studies are well under way of reactions of
[198]. Various atmospheric trace gases have beenH,O", NO", and Q" with a series of organic
measured including acetonitrile, acetone and nitric compounds including alcohols, aldehydes, ketones,
acid by in situ aircraft-borne ACIMS measurements carboxylic acids, esters, ethers, amines, organosul-
[197-199]. A SIFT mass spectrometer has recently phur compounds and hydrocarbons, and selected in-
been fitted with a supersonic cluster source by Vig- organic species of medical and environmental interest
giano and his colleagues to measure rate coefficientsincluding NH;, SO,, NO, and NQ [90]. Breath

for reactions of hydrated hydronium ions of potential analysis that allows the monitoring of metabolic
use in the chemical ionization detection of trace processes in the human body has found medical
constituents in the atmosphere. They have found, for application in clinical diagnosis and therapeutic mon-

example, that CEBCH; reacts efficiently with hy
drated hydronium ions with up to 5, with the higher
of these hydrates switching one ,® for the
CH;SCH; [200]. Reactions with formaldehyde and

itoring. Measurements of volatile organic compound
(VOC) emissions from fruit, coffee, and meat are of
use in food research. VOC emissions from decaying
biomatter have also been investigated as well as

acetaldehyde were investigated for their relevance to diurnal VOC variations in ambient air and these

the chemistry of jet exhausts [201].

But the major breakthrough in the application of
flow-tube mass spectrometry as a routine analytical
instrument using positive-ion chemistry came about in
the middle 1990s. An early version known as proton-
transfer-reaction mass spectrometry (PTR-MS) devel-
oped by Hansel and Lindinger and their colleagues
[202,203] made use of proton-transfer reactions pro-
ceeding in the flow-drift tube configuration. The SIFT
configuration was employed by Spanel and Smith
[204,205] in their SIFT-MS instrument that also
makes use of electron-transfer, hydride transfer, hy-
droxide transfer and association reactions in addition
to proton-transfer reactions for the chemical ioniza-
tion of analytes. HO", O," and NO" have been
found to be most suitable as chemical ionization

represent useful environmental applications.

Finally, last year, in our own laboratory, we began
systematic measurements of reactions of isobaric ions
with the aim of identifying reagent gases that may be
employed to avoid isobaric interferences in the appli-
cation of ICP/MS mass spectrometry to elemental
analysis [15]. A commercial ICP torch (ELAN Series,
Perkin Elmer-Sciex) has been attached to our SIFT for
that purpose as described earlier. Recently we have
reported reaction rate coefficients and product-ion
distributions for the isobaric pairs ArG@Fe", Ar,"/

Se', and CIO"/V™ reacting with a range of neutral
modifiers [206]. Results obtained for the isobaric pair
ArO*/Fe" reacting with CO are shown in Fig. 44
The results of these measurements provide a database
that permits the formulation of strategies for the use of
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Fig. 44. ICP/SIFT results obtained for the isobaric pair AfEe"
reacting with CO [206].

ion—molecule reactions to move/remove isobaric in-

terferences by adding reagent gases to an ICP/MS

reaction cell (this procedure is known as chemical
resolution) and so to improve quantitative detection
limits.
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