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Abstract

A selected-ion flow tube (SIFT) apparatus has been adapted for collision-induced dissociation experiments. Ions
selected from an ion source upstream in a flow tube, or generated by chemical reaction midstream, and then thermalized
to 294 £+ 3 K by collisions with He or Ar buffer gas atoms at 0.35 & 0.01 Torr are subjected to multi-collision-induced
dissociation (CID) with He or Ar atoms just before sampling. CID is achieved by raising the potential of the sampling
nose cone from 0 to —80 V. This simple and inexpensive, yet novel, CID operation has been tested on a wide range of
molecular ions ranging in complexity from simple diatomic and polyatomic ions to multiligated and solvated ions and
even to doubly charged derivatized Cq, cations. The bond energies of the dissociated ions were as large as approx.
100 kcal mol™'. The CID technique was found to be useful for the determination of bond connectivities in reactant and
product ions, for distinguishing between isomeric ions and for the elucidation of dissociation and reaction mechanisms
involving doubly charged derivatized fullerene ions. Although an attempt was made to correlate measured CID thres-
holds with known bond energies, the CID technique was found to have only limited application in the determination of
absolute or relative bond energies, given our current understanding of its theory of operation.
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1. Introduction and product ions using collision-induced dis-

sociation (CID). For example, in 1992, Squires

Since its inception in 1976 by Adams and
Smith [1], the selected-ion flow tube (SIFT)
has provided a powerful and marvellously ver-
satile mass spectrometric technique for the
investigation of the kinetics and energetics of
reactions of ions with molecules. The versati-
lity of this technique has been advanced
further by various modifications designed to
probe the structure and stability of reactant

* Corresponding author.

[2] added a triple-quadrupole mass spectro-
meter after the sampling nose cone for CID
studies of sampled ions. More recently Lindin-
ger and his colleagues [3] have operated a
conventional selected-ion flow drift tube
(SIFTDT) for the determination of rate coeffi-
cients for collisional dissociation. Here we pro-
pose a new and inexpensive mode of operation
of a conventional SIFT apparatus [4,5] for
multi-collision CID studies of ion structures
and energetics. It involves simply biasing the
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downstream sampling nose cone to promote
CID, but taking care not to introduce mass
discrimination of the sampled ions. We shall
demonstrate that this mode of operation can
be used routinely to great effect for the
elucidation of the structures of both reactant
and product ions, for distinguishing between
isomeric ions and for the elucidation of
dissociation and reaction mechanisms.

2. Experimental

The SIFT apparatus was used to generate
ions in the usual manner as described pre-
viously [4,5]. The only modification made for
the CID measurements reported here was
the connection of a power supply to bias the
sampling nose cone (NC) up to —80 V. The
NC is the interface between the relatively
high pressure in the flow tube (0.35 Torr)
and the low pressure (10~® Torr) in the analyz-
ing quadrupole chamber (see Fig. 1). The cone
shape and the small (1 mm) nozzle in the tip of
the NC were designed for sampling the reac-
tion mixture with minimal flow distortion. In
the conventional operation of the SIFT appa-
ratus, a small NC voltage (from —0.5 to —1.0
V) is used for focusing ions into the analysis
quadrupole.

In the experiments reported here the
sampled ions are deliberately dissociated by
increasing the voltage on the NC. The extent
of collisional dissociation of the sampled ions
is controlled by the magnitude of the NC
voltage (U,.) which can be varied from 0 to
—80 V. We shall designate the volume in the
flow tube in front of the NC where collisional
dissociation is significant as the CID region.
Upon entering the detection region of the
apparatus, ions experience sequentially a
front-lens voltage (U = 0 to —500 V), a quad-
rupole field (r.f./d.c.), an exit-lens voltage
(Ug = 0 to —500 V) and a channeltron voltage
(—5000 V). U,, Ug and U, were varied using a

computer-controlled multichannel power
supply (Model TD9500, Spectrum Solutions
Inc.). U, was used as the reference voltage.

Two modes of operation were explored for
the CID experiments. In one mode, Uy and U,
were varied to ensure a constant ion signal as a
function of U,.. However, using an Art/Fe®
mixture for calibration, it was found that a
constant jon signal for Ar" could be main-
tained only up to U, = —15V and the relative
Ar*/Fe' ion signal was not constant in this
range. In the second mode, chosen for the
experiments reported here, Up and U, were
varied to ensure constant ion signal ratios,
L, /I5, where I are the observed ion intensities
and Is, is the sum of all the detected ions. Ar*/
Fet and Fe'/C{,/(Cs)Fe' mixtures were
used for calibration and adjustment (no frag-
mentation was observed for Cg, and (Cgg)Fe™
in helium buffer/collision gas). Ion-signal
ratios could be kept constant within 1-3%
over a range of NC voltages from 1 to
—80 V. The voltage adjustments which were
required to maintain constant ion-signal ratios
were determined manually, parameterized,
and incorporated into the control program of
the power supply.

In our SIFT/CID apparatus thermalization,
reaction and CID all occur in one flow tube
but are separated in time and space. The ther-
malization region is separated from the reac-
tion region by the reactant-gas inlet. The flow
tube has two fixed reactant-gas inlets so that
the length of the thermalization region can be
chosen to be 45.1 or 19.9 cm according to the
choice of the inlet. The total length of the reac-
tion and CID regions together is then equal to
40.9 or 66.1 cm respectively.

sIMION V4.0 [6] was utilized to determine the
extent of, and the field configuration within,
the CID region. Model calculations were per-
formed for an ion with m/z 100 and an initial
speed of 5 x 107> m ms ™' (the mean bulk gas
velocity in our flow tube) approaching the NC
along the axis of the tube with U, = —-50 V
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Fig. 1. A schematic presentation of the SIFT—CID apparatus. The vicinity of the sampling nose cone (NC) has been enlarged in order to
show the contours of the calculated potential (relative values are indicated). The model is assumed to have cylindrical symmetry (a
surface of revolution about the apparatus axial line). The set of equipotential contours is drawn for 1%, 10% and for each additional
10% up to 90% of the NC voltage. Along with the contour lines, the trajectories of ions with m /z 100 and an initial energy of 0.01 eV are
shown in the presence of —50 V on the NC. For simplicity, no collisions were assumed. All calculations were conducted with the

electrostatic lens analysis and design program smMioN V4.0 [6].

and in the absence of a buffer gas. The influ-
ence of discontinuous deceleration of the ions
due to collisions with the buffer gas atoms and
the thermal velocity distribution of the ions are
not included in these calculations. The results
of these calculations are shown in Figs. 1 and 2.
It can be seen from Fig. 1 that the field strength
has dropped, nearly exponentially, to 1% in a
distance of about 10 cm from the sampling
orifice. Thus, the ratio of the length of the
reaction region to the length of the CID region
is about 3:1 and 5.5:1, respectively. Also, it
should be noted that the ratio of the electric
field strength to the gas number density, E/N,
drops similarly from values at the NC of 3 Td
and 300 Td (1 Townsend = 1077 V ecm ™) to

values 10 cm from the NC of <0.1 Td and
<7 Td at NC voltages of —1 V and —80 V,
respectively.

How long does it take for the ions to travel
through the CID region? Fig. 2 shows that the
acceleration and speed increase nearly expo-
nentially in the CID region in the absence of
collisions and that the time spent in the CID
region in the presence of the field is less by a
factor of 10 than in the absence of the field.
Thus, in the absence of buffer gas, ions spend
less time in the CID region than in the reaction
region, by a factor of approximately 12 or 22,
respectively.

The importance of the influence of the
field on the rates of production and loss of a
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Fig. 2. Elapsed time (2), speed (s) and acceleration (@) of a model
ion with m/z 100 and an initial speed of 5 x 1072 m ms™" in the
—50 V potential field vs. the axial distance from the sampling
NC. The model ion was initially placed on the apparatus axial
line. The influence of the discontinuous deceleration due to
impacts with the buffer gas atoms and the thermal velocities
are not included in the calculations. All calculations were con-
ducted with the electrostatic lens analysis and design program
SIMION V4.0 [6].

particular ion undergoing collisional dissocia-
tion in the CID region needs to be considered.
The CID of an ion injected from the ion source
upstream which reaches the CID region with-
out undergoing reaction will depend only on
the sampling NC voltage. On the other hand,
the CID of ions produced in the reaction
region by bimolecular or termolecular reac-
tions may be influenced by changes in reaction
efficiency resulting from the presence of the
NC field. This effect will depend on the energy
dependence of the rate of a reaction, the
number of collisions with the collision gas in
the case of termolecular reactions, and the
magnitude of the dissociation threshold. The
shape of the CID profile, the appearance of
new product ions, the occurrence of reverse
reactions, and the dependence of the measured

rate coefficient on the NC voltage all pro-
vide an experimental assessment of the influ-
ence of the NC voltage on the ion/molecule
reactions.

3. Results and discussion

We have investigated the collisional disso-
ciation of various types of molecular ions
with a range in complexity from simple
ions in which only one bond can dissociate to
multiligated ions and even derivatized Cg,
cations. The energies of the chemical
bonds dissociated were as large as nearly
100 kcal mol™!. The molecular ions chosen
for study were taken from various aspects of
ion chemistry currently of interest in our
laboratory.

The dissociation threshold of a particular
ion was determined from the intercept of the
baseline with the slope of the fastest growing
portion of the appearance curve for the pro-
duct ion or, when the product ion dissociated
further, of the disappearance curve for the par-
ent ion. Also, we have introduced an unscaled
centre-of-mass energy frame U, by multiply-
ing Uy, by my./(M + my.), where my, is
the mass of the collision/buffer gas and M is
the mass of the parent ion. DT is defined as the
dissociation threshold in this centre-of-mass
energy frame. The energy scale is unscaled
because the theory of multi-collision CID
under our operating conditions is not yet
understood sufficiently to establish the effec-
tive centre-of-mass collision energy in the dis-
sociation process. The electric field strength
E/N is not uniform in the CID region and
the velocity distributions for the ions are not
known.

All CID measurements were performed with
helium as the collision gas except those with
derivatized CZ] ions for which argon was used
to increase the centre-of-mass collision energy
and so to increase energy transfer.
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3.1. Diatomic ions

We illustrate the collisional dissociation of
diatomic ions with FeO™. Two distinctly dif-
ferent methods were used to generate FeO" in
the flow tube. In one method FeO™ was pro-
duced in a high pressure electron-impact ion
source containing a 1% mixture of Fe(CO)s in
N,O, selected with the upstream quadrupole,
injected into the flow tube, and allowed to
thermalize by collisions with the He buffer
gas atoms prior to entering the CID region.
FeO™ was also produced by the chemical reac-
tion of Fe' in the reaction region of the flow
tube with N,O added through the reactant gas
inlet. We have previously reported the kinetics
of this reaction under SIFT conditions and the
observation that FeO" reacts with nitrous
oxide sequentially to form the ligated FeO™
cations FeO(N,0),; with n =1, 2 and 3 [7].
The N,O flow was selected to be 1.5 x 10™®
molecules s~', which provides a predominant
FeO™ ion signal and a low proportion (<10%)
of FeO(N,0O); adduct ions. FeO" has a
reported bond dissociation energy, D,, of
81.4 + 1.4 kcal mol™' [8,9].

The measured CID profiles for the dissocia-
tion reaction (1)

FeO' + He — Fet + O + He (1)

are shown in Fig. 3 for both modes of
generation of FeO'. The two profiles are
identical in shape and the onset for dissocia-
tion, DT is 2.9 V. These observations are
reinforced by the first-derivative curves in
the unscaled centre-of-mass frame shown
in Fig. 4. The observed distributions are
both close to Gaussian, with a full width at
half-maximum (FWHM) of 0.70 eV in both
cases.

Also, in separate experiments, in a brief
attempt to assess the influence of U,. on a
rate coefficient measurement, we have found
that the measured rate coefficient for the reac-
tion of Fe* with N,O (3.1 £0.9) x 107!! ¢cm?

-Up /Volts

Fig. 3. Multi-collision CID results for FeO* on the laboratory
energy scale. The measurements were performed at 294+ 3 K
and at a helium buffer/collision gas total pressure of 0.35 £ 0.01
Torr. (a) FeO™ was produced in a high pressure ion source
containing a 1% mixture of Fe(CO)s in N,O. (b) The FeO"
cation was obtained from the reaction of Fe™ with nitrous
oxide, N,O. The elevated baseline for Fe* is due to the incom-
plete conversion of Fe™ to FeOt.

molecule™ s7! [7], was independent of the
NC up to the fragmentation threshold of
FeO™.

3.2. Polyatomic ions

In a recent study in our laboratory of the
catalyzed isomerization of CH3;NO3 to
CH;0ONO", we found the SIFT-CID techni-
que to be extremely useful for distinguishing
between these two isomeric ions [10]. The two
ions were generated upstream of the flow tube
by ““soft” electron transfer from nitromethane
(IE =11.02 £ 0.04 eV [11]) and methylnitrite
(IE=10.38+£0.03 eV [11]) to C,H;F",
derived from vinyl fluoride (IE = 10.363 £
0.015 eV [11]), according to reactions (2)
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Differential Ion Signal
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Fig. 4. The first derivative of the CID profiles for the parent
FeO™ cation in the unscaled centre-of-mass frame for the data
given in Fig. 3. The FWHM is equal to 0.70 V for both (a) and
(b). The solid lines present fits of the experimental data using
Gaussian functions.

and (3):

(C,H3F*)* + CH3NO, — CH3NOZ + C,H,5F
)

C,H;F" + CH;0NO — CH;0NO" 4+ C,H;F
(3)

In the production of CH;NO; it was necessary
to introduce nitromethane just after the ion
injector and to use higher electron energies
(40 eV) in order to introduce sufficient excita-
tion of the C,H;F™ ion to drive the slightly
endothermic electron-transfer reaction (2).
The CH3NO; and CH;ONO™ ions were
then allowed to thermalize before being sub-
jected to CID at the sampling orifice. Fig. 5
shows that NO* is the predominant product
ion for both isomers, but that the measured

(o) wwvuo+ouuu —poeseen 1.0
1/1; |CH;NO, s
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Fig. 5. Multi-collision CID results for CH3;NOJ and
CH;ONO" on the laboratory energy scale. The measurements
were performed at 294 + 3 K and at a helium buffer/collision gas
total pressure of 0.3540.1 Torr, CH;NOJ and CH;0NO*
were produced by electron transfer from CH;3;NO, and
CH;0NO, respectively, to C;H3F™ close to the ion-injection
inlet.

onsets for the two dissociation reactions (4)
and (5)

CH3NOj + He —» NO™ + CH;0 +He  (4)
CH;0NO" + He — NO* + CH;0 + He (5)

are distinctly different. This result is consistent
with the results of a threshold photoelectron—
photoion coincident (TPEPICO) mass spec-
trometric study of the isomerization and frag-
mentation of CH3;NO; and CH;0NO™ [12].
The TPEPICO study indicated that, at onset,
fragmentation of the nitromethane ion pro-
duces NO* and is preceded by isomerization
to the methylnitrite ion. Our measured ratio of
onset voltages, 51 V/29 V = 1.8, is comparable
to the ratio of the energies for the dissociation
of these two ions into NO* measured with the
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Differential Ion Signal
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Fig. 6. The first derivative of the CID profiles for the CH;NO3
and CH;ONO™" parent cations in the unscaled centre-of-mass
frame for the data given in Fig. 5. The FWHM is equal to 0.80 V
for CH3;NOJ and 1.03 V for CH;ONO™. The solid lines present
fits of the experimental data using Gaussian functions.

TPEPICO technique, 14.8 kcal mol~'/10.4
kcal mol™' =14 [12]. The first-derivative
curves for the onset of dissociation in the
unscaled centre-of-mass frame are shown in
Fig. 6. The observed distributions are both
close to Gaussian but there is a slight differ-
ence in spread; the FWHM is 0.80 V for
CH;NOj and 1.0 V for CH;ONO™. Presum-
ably this difference is associated with differ-
ences in the vibrational modes effective in the
dissociation. Apparently, the FWHM is smal-
ler when more vibrational modes are involved;
the dissociation reaction (4) involves consider-
ably more bond redisposition than the disso-
ciation reaction (5) in which only one bond
breaks.

As a second example of CID of a poly-
atomic ion, we have chosen the CID of the
covalently bonded ions Si(CH;); (n = 1-3).

1.0
0.8
0.6

0.4

Si(CH,),*

1/1,
Si(CH,)*

Si(CH,)* ¢

0z | Si(CH,),"
0'0 jresunes Ax\¥\xxm1‘ S e n\\\

20

40
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Fig. 7. Multi-collision CID results for Si(CHs), with n =1
(top), n =2 (middie) and » =3 (bottom) on the laboratory
energy scale. The measurements were performed at 294 +£3 K
and at a helium buffer/collision gas total pressure of 0.35 £+ 0.01
Torr. All ions were produced by electron impact at 40 eV in a
low pressure ion source containing a 10% mixture of Si(CHj)y4
in He. Some dissociation of Si(CH3); to SiCHZ and of SiCH7
to Sit was observed in the injection process.

These ions were generated in the ion source
containing a 10% mixture of tetramethyl-
silane in helium by electron impact at about
40 eV and then injected into the flow tube.
Si(CH;)f was difficult to extract from the
ion source because of the extremely low
(CH3);Sit —(CH3) bond energy which has a
reported value of only 17 kcal mol™' [13].
The CID spectra for the three cations
Si(CH;); (n = 1-3) are shown in Fig. 7. Loss
of methyl was observed for SiCHj and
Si(CH;); according to the dissociation
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Fig. 8. The first derivative of the CID profiles for the data
shown in Fig. 7 in the unscaled centre-of-mass frame. The
FWHM is equal to 1.24 V, 0.66 V and 0.61 V for Si(CH;)",
Si(CH3)7 and Si(CH,)7, respectively. The solid lines present
fits of the experimental data using Gaussian functions.

reactions (6) and (7)
SiCHY + He — Si* + CH; + He (6)
Si(CH,); + He — SiCH + CH; +He  (7)

with onsets of 61 V(DT =52 V)and 99V
(DT = 3.8 V), respectively. The ratio of DTs,
5/2 V/3.8 V = 1.4, is approximately equal to
the ratio of bond dissociation energies, 95.9
kcal mol™'/58.5 kcal mol™' = 1.6. The bond
dissociation energy for Si*—CH;, and that
for (CH;)Sit—CHj, is based on a recent theo-
retical value for the standard enthalpy of for-
mation of SiCH7 [14] and tabulated enthalpies
of formation for Si™ and CH; [11]. The disso-
ciation of Si(CH;)7 according to reaction (8)

Si(CH;); + He — SiCHJ + (2CHj3) + He
(8)
which has an onset of 54 V (DT =2.2 V) is

unique in that two methyl groups are lost
and SiCH3 appears as a product ion. Forma-
tion of C,Hg, which is endothermic by 101 kcal
mol~!, is the lowest energy dissociation for
reaction (8). The “higher order” dissociations
of SiCHY produced in reactions (7) and (8)
into Sit and CHj are also noteworthy. The
earlier onset for Si* in the Si(CH;); spectrum
suggests that SiCHY is produced in a higher
energy state in the dissociation reaction (8).
The first-derivative curves for the onset of dis-
sociation in the unscaled centre-of-mass frame
are shown in Fig. 8. The observed distributions
are close to Gaussian and there is a difference
in spread; the FWHM is 1.24, 0.66 and 0.61 V
for reactions (6), (7) and (8), respectively.
Again we see a smaller width when more vibra-
tional modes are expected to be involved in the
energy transfer which causes the dissociation.

3.3. Weakly ligated ions

We were able to generate a number of
ligated ions of the type (c-CsHs)FeX™ with
X = H,, CH4, N, and N,0, as examples of
weakly bonded species. These ions were pro-
duced in the flow tube by association reactions
of (c-CsHs)Fe' with X leading to the addition
of only one molecule of X. Bond energies are
not known for the ligated species but they are
expected to be small since they involve a-bond
electron-pair donation (H,, CH,4) and weak
lone-pair electron donation (N,, N,O).

The measured CID profiles for the four
ligated (c-CsHs)FeX™ ions are shown in Fig. 9.
They all involve the activation and dissociation
of the weakest bond, (c-CsHs)Fe—X", in the
ligated ion according to reaction (9)

(c-CsHs)FeX* + He — (c-CsHs)Fe*
+ X+ He (9)

with X = H,, CHy4, N, and N,O. The onset for
dissociation, DT, was observed to be relatively
low at 0.13, 0.43, 0.52 and 0.73 V for X = H,,
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Fig. 9. Multi-collision CID results for (c-CsHs)FeX* with
X = H,, CHy, N; and N,O on the laboratory energy scale.
The measurements were performed at 294 + 3 K and at a helium
buffer/collision gas total pressure of 0.35+0.01 Torr. The
(c-CsHs)Fe™ ion was generated directly from pure (c-
CsH;s),Fe vapour, or a (c-CsHs)Fe vapour/Ar mixture, in a
low pressure ionization source by 50 eV electron-impact disso-
ciative ionization and then allowed to react with H,, CH,, N,
and N,O, respectively, prior to entering the CID region.

CH,4, N, and N, O, respectively. This order is
consistent with the expected weaker interac-
tion of Fet with X for o-bond electron-pair
donation than for weak lone-pair electron
bond donation. Fig. 10 compares the differen-
tial of the appearance curve for the four dis-
sociations in the centre-of-mass frame. It can
be seen that the FWHM is essentially the same
for all four systems. The actual values are (.48,
0.51,0.49 and 0.43 V for X = H,, CHy4, N, and
N,O, respectively. This is perhaps to be
expected since only one weak vibrational
mode, not strongly coupled to other internal

— (c-CHy)FeH,"
~~ (c-C4HyFe(CH,)"
...... (c-C4Hy)FeN,"

~ (CHFe(N,0)'}

Differential Ion Signal

2 ; ; 1‘
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Fig. 10. The first derivative of the CID profiles for the data
shown in Fig. 9 in the unscaled centre-of-mass frame. The
FWHM is equal to 0.48 V, 0.51 V, 0.49 V and 0.43 V for
X = H;, CHy, N, and N, O, respectively. The solid lines present
fits of the experimental data using Gaussian functions. The data
points are not shown to avoid crowding.

vibrational modes, is dissociated in all four
cases.

3.4. Multiply ligated ions

Fig. 11 shows the measured CID spectra for
iron carbonyl cations Fe(CO), with n = 1-3.
These ions were produced directly by electron
impact (40 eV) at low pressures from a mixture
of 3-5% Fe(CO)s in He and then admitted
into the flow tube and allowed to thermalize
before entering the CID region. The type of
dissociation reactions which was observed is
given by reaction (10):

Fe(CO);" + He — Fe(CO),_, + CO + He
(10)

Fig. 11 also shows higher-order sequential dis-
sociations of Fe(CO); and Fe(CO}; leading to
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Fig. 11. Multi-collisional CID results for Fe(CO); with n =1
(top), n =2 (middle) and »n =3 (bottom) on the laboratory
energy scale. The measurements were performed at 294 + 3 K
and at a helium buffer/collision gas total pressure of 0.35 + 0.01
Torr. All ions were produced by electron impact at 40 eV in a low
pressure ion source containing a 3—-5% mixture of Fe(CO)s in He.

the sequential loss of CO. It is interesting to
note that this dissociation pattern for Fe(CO)7
excludes the presence of Fe,CO' (which has
the same mass) as an interfering ion.

The dissociation of iron carbonyl cations
has been investigated both experimentally by
single-collision CID [15] and theoretically [16].
CID values of 36.6+1.8, 36.1+1.2 and
15.9 + 1.4 kcal mol™' have been reported for
the bond dissociation energies of Fe™—CO,
(CO)Fe*—CO and (CO),Fe*—CO, respec-
tively, at 0 K [15]. The dissociation of
Fe"—CO is believed to proceed diabatically
to the excited *F state of Fe*. The DTs of
the iron carbonyl cations measured with our
SIFT-CID technique have values of 1.5, 1.4
and 1.2 V (U, = 33, 40 and 42) for Fe"—CO,

o Fe(CO)'
° Fe(CO)z+

Differential Ion Signal

Fig. 12. The first derivative of the CID profiles for the data shown
in Fig. 11 in the unscaled centre-of-mass frame (top) and on the
Uqn/BE scale (bottom). The FWHM is equal to 0.49 V,0.32 V and
0.13 V (top) and 0.31 V, 0.20 V and 0.18 V (bottom) for Fe(CO)*,
Fe(CO); and Fe(CO)7, respectively. The solid lines present fits of
the experimental data using Gaussian functions.

(CO)Fe*—CO and (CO),Fe"—CO, respec-
tively. Their ratios (1.0:0.93:0.80) compare
only moderately well with the ratios of the
respective  bond  dissociation  energies
(1.0:0.99:0.43) determined using single-
colliston CID [15]. We note a large difference
for the dissociation of (CO),Fe™—CO.

Fig. 12 compares the differential of the
appearance curve for the three dissociations
in the centre-of-mass frame. It can be seen
that the FWHM is distinctly different for
each ion; the actual values are 0.49, 0.32 and
0.13 V for n = 1, 2 and 3, respectively. Again,
there appears to be a trend toward a smaller
FWHM as the number of internal vibra-
tional modes expected to participate in the
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Fig. 13. Multi-collisional CID results for (C,H,);Fe* on the
laboratory energy scale. The measurements were performed at
294 + 3 K and at a helium buffer/collision gas total pressure of
0.35+0.01 Torr. Fe* was generated from pure (c-CsHs),Fe
vapour, or a (c-CsHs),Fe vapour/Ar mixture, in a low pressure
ionization source by 70 eV electron-impact dissociative ioniza-
tion, selected, injected into the flow tube, and then allowed to
react with C,H, upstream of the CID region.

dissociation increases (Fig. 12, top). This
trend can be seen even when the
influence of the bond energy on the shape of
the onset is factored out, to a zeroth approxi-
mation, by dividing U, by BE (Fig. 12,
bottom).

Results of CID measurements for the
ligated Fe® cations (C,H,;);Fet and
FeO(N,0)7 are presented in Figs. 13 and
14. The ligated ions were generated
upstream in the flow tube by sequential
addition reactions of ethylene and nitrous
oxide, respectively, with Fe* [7,17]. An
obvious feature of the CID profiles is the
sequential fragmentation pattern which
can be described by reactions (11) and (12),

1.0

FeON,0),"  FeO(N,0)"

-Uy /Volts

Fig. 14. Muiti-collisional CID resuits for FeO(N,O)7 on the
laboratory energy scale. The measurements were performed at
294 + 3 K and at a helium buffer/collision gas total pressure of
0.354+0.01 Torr. Fe* was generated from pure (c-CsHs),Fe
vapour in a low pressure ionization source by 70 eV electron-
impact dissociative ionization, selected, injected into the flow
tube, and allowed to react with N,O upstream of the CID
region.

respectively, with n = 1-3:

(CoH,),Fe* + He — (C,H,),_ Fe*

+ C2H4 + He (1 1)
FeO(N,0);” + He — FeO(N,0);\_,
+N,0 + He (12)

The fragmentation patterns demonstrate the
fragmentation mechanisms and clearly expose
the bond connectivities in the respective
ligated parent ions. It should be noted that,
although the DT of the parent ion reflects
the bond dissociation energy of the first ligand
which is removed from the parent ion, this is
not strictly the case for the DTs of the various
daughter ions which are produced within the
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CID region with unknown amounts of internal
excitation. Thus, in this case, neither the order
of the measured DTs of the various daughter
ions nor the order of the differences in DTs
necessarily reflects the correct order of bond
dissociation energies. A measurement of the
latter would require independent CID mea-
surements for each ligated species produced
upstream.

It is interesting to compare the collisional
dissociation of (C,H,);Fe® which leads to
the sequential elimination of ethylene mono-
mers with that of the analogous derivatized ion
(C,H,);Fe™ which, as we shall see, leads to the
elimination of an oligomer. Formation of
(C,H,);Fe’ from Fe(CO)7 by three sequen-
tial C,H,/CO switching reactions has been
shown to lead to the Fe'-mediated cyclotri-
merization of acetylene to benzene according
to reaction (13) [18]:

(CoH,)3Fe™ — (C¢Hg)Fe™ (13)

Under SIFT conditions, (C,H,);Fe* can be
produced directly by three sequential acetylene
addition reactions to Fe* [19]. Fig. 15 (top)
shows the multi-collision CID spectrum with
formation of (C,H,);Fe* optimized upstream
in the flow tube. The onset of the dissociation
reaction (14)

(C2H2)3Fe+ + He — Fe' + (C2H2)3 + He
(14)

for a mixture of (C,H,);Fe* produced directly
by sequential addition and, to a lesser degree,
by the CID of (C,H,)4Fe” and perhaps
(C,H,)sFe*, is seen to be identical to that
for the dissociation reaction (15)

(CGHG)F€+ +He — Fe* + C5H6 + He (15)

of (C¢Hg)Fet produced by the addition of
benzene to Fe' under identical SIFT condi-
tions. We take this identity as evidence for
the occurrence of reaction (13). Photodissocia-
tion Fourier transform mass spectrometry
experiments have provided a bond energy of

1/1

1.0
0.8 )
\
0.6 - 5 /
0.4 - F/é\
; R
A
02 T j/ Q
00 1 I : &@‘Seé
0 20 40 60 80

-U,. /Volts

Fig. 15. Multi-collisional CID results for (C,H,);Fe’ and
(C¢Hg)Fe™ on the laboratory energy scale. The measurements
werer performed at 294 + 3 K and at a helium buffer/collision
gas total pressure of 0.35 £ 0.01 Torr. Fe' was generated from
pure (c-CsHjs), Fe vapour, or a (c-CsHs),Fe vapour/Ar mixture,
in a low pressure ionization source by 60—70 eV electron-impact
dissociative ionization, selected, injected into the flow tube, and
allowed to react with C,H, (6 x 10'® molecules s™') and C4H,
(1x 10" molecules s™') upstream of the CID region.

55+ 5 kcal mol™! for (C¢Hg)—Fe™ [20] while
theory has predicted values of 57+5 and
51 + 5 kcal mol™! for diabatic dissociation to
(*F)Fe" and adiabatic dissociation to the
(*D)Fe* ground state, respectively [21].

3.5. Solvated ions

Hydrated hydronium ions were chosen as
examples of solvated cations. A recent study
of single-collision CID thresholds for the
hydrated hydronium ions, H;O*(H,0),, has
provided values of 31.1 + 1.4 and 19.8 14
kcal mol™' for the bond dissociation energies
of H;0'—(H,0) and (H,0)H;0"—(H,0),
respectively, in good agreement with other
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Fig. 16. Multi-collisional CID results for H;0"(H,0), and
H;07" (H,0). The measurements were performed at 294 + 3 K
and at a helium buffer/collision gas total pressure of 0.35 + 0.01
Torr. The hydrated hydronium ions were generated by ion/
molecule reactions of H;O1 with H,O.

established values [22] and theory [23]. H;0™
was produced in our experiments in a low pres-
sure electron-impact ion source from a 2.5%
mixture of water vapour in helium at electron
energies in the range from 35 to 40 eV. Sol-
vated H;0"(H,0),, ions were synthesized in
the reaction region of the flow tube by sequen-
tial addition reactions with a 4% mixture of
water vapour in helium. The multi-collision
CID results are presented in Fig. 16 and cor-
respond to the decomposition reactions (16)
with n = 1 and 2:

0" (H,0), + He — H;01(H,0),_,
+ [H,0] + He (16)

The first adduct, H;O" (H,0), displayed a
higher DT (1.5 V) in our multi-collision CID
experiments than the second one (0.61 V). This

is consistent with the order of known bond
energies, but the ratio of DTs, 2.4, exceeds
that of the corresponding bond energies, 1.6,
determined using single-collision CID [22].

3.6. Multiply charged ions

We have also observed collisional dissocia-
tion of multiply charged cations, specifically of
derivatized CZ; cations. For these dications
the SIFT-CID measurements have provided
useful insight into both structure and charge
distribution. Consider, for example, Céb* deri-
vatized with 1-butene. This derivatization pro-
ceeds cleanly under SIFT conditions in the
absence of obfuscating reactions and we have
observed the sequential addition of up to six
molecules of 1-butene to C3§ in He buffer gas
[24].

The fullerene dication was produced in a
low pressure ion source by 60 eV electron-
impact ionization of fullerene vapour, which
was injected into the flow tube and allowed
to thermalize by collisions with buffer gas
atoms before entering the reaction region.
Argon was used as buffer gas since no colli-
sional dissociation was observed in helium up
to —80 V. Fig. 17 shows the CID spectrum for
Ceo(C4Hg)2™ with n = 2 and 3. Both deriva-
tized fullerene cations were observed to dis-
sociate into two singly charged ions
according to reactions (17) and (18):

Cm(C4H8) + Ar — C + (C4H8) + Ar

(17)
+Ar — Cfy + (C4Hg)3 + Ar
(18)

Interestingly, the onset for reaction (17) at
Uy, =45 V is higher than the onset for
reaction (18) at U, =22 V. This difference
in onset is also reflected in the growth curve
for C¢, which shows a change in slope at
approximately 45 V. The (C4Hg); and

Ceo(C4Hg)3"
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Fig. 17. Multi-collisional CID results for Cgo(1-butene)?™ with
n =1, 2and 3 on the laboratory energy scale. The measurements
were performed at 294 + 3 K and at an argon buffer/collision
gas total pressure of 0.35 + 0.01 Torr. C% dications were pro-
duced in a low pressure ion source by 80 eV electron-impact
ionization of Cgy vapour from a heated fullerene powder. The
flow of 1-butene was selected to maximize the third adduct
signal.

(C4Hyg)7 product ions were dissociated further
by loss of C4Hg to produce ultimately the
(C4Hg)™ ion which itself dissociated further
at higher NC voltages. The observed products
of the latter dissociation are not shown in Fig.
17. It is important to note that Ceo(C,Hg)3"
and Cg(C4Hg)3™ were observed not to elimi-
nate C4Hg or (C,Hg)" directly as is evident
from the absence of any growth in the
C60(C4H8)2+, ng and C(,Q(C4H8)+ ion Signals
with increasing U,.. We have taken the results
of these multi-collision CID experiments to
provide evidence for the occurrence of charge
separation  in  the Cg(C4Hg)3™- and
Cgo(C4Hg)3"-derivatized dications and to sup-
port a ‘ball-and-chain” mechanism for their
formation [25].

0.8 \
‘—o— ZCGO(CH2=C=CH2)n2+’
n=2,4,6,8-16 4
0.6
N
0.2 -—-,:.:_’f’;. dasco
00 f¥atale)

-Up /Volts

Fig. 18. Multi-collisional CID results for ng(allene)ﬁ*' with
n=2,4,6, 8-16 on the laboratory energy scale. The measure-
ments were performed at 294 + 3 K in 10% argon/helium buffer/
collision gas at a total pressure of 0.30 4 0.01 Torr. The flow of
allene is 4.5 x 10" molecules s™'. CZf dications were produced
in a low pressure ion source by 80 eV electron-impact ionization
of Cgy vapour from a heated fullerene powder.

We have observed allene to add consecu-
tively 16 molecules to C2¢ under SIFT condi-
tions in helium buffer gas according to
reaction (19) for n = 0—15 [26]:

Cg(CH,=C=CH,)>" + CH,=C=CH,
+ He — Cg(CH,=C=CH,)2; + He
(19)

The kinetics of this reaction show a remark-
able periodicity in that even-numbered
adducts react about ten times faster than
odd-numbered adducts [26].

Multi-collision CID spectra for the single
and multiple adducts of allene to CZj are
shown in Fig. 18. These spectra were taken
with a 10% argon/helium buffer/collision gas
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and indicate two types of dissociative
behaviour. The first adduct dissociates at the
fullerene surface according to reaction (20)

Ceo(CH;=C=CH,)*" + Ar — Cgf

+ C3Hy + Ar (20)
to produce CZj, while the multiple adducts
(n = 2-16) dissociate at the fullerene surface

into two singly charged cations according to
reaction (21):

Cgo(CH,=C=CH,)?" + Ar — CJ,
+ (CsHy)f + Ar (21)

The observation of total removal of the adduct
molecules as an oligomeric ion and the failure
to observe the removal of single molecules in
the dissociation of the multiple-adduct ions
favour a “ball-and-chain™ structure for the
observed Cgo(CH,=C=CH,)>" adduct ions.
We view the two kinds of dissociation as
heterolytic dissociation, reaction (20), and
homolytic dissociation, reaction (21). Given
the relative magnitudes of IE(C{) and
IE(allene), we expect homolytic cleavage to
be less endothermic although it involves a
barrier due to Coulombic repulsion between
the two product ions which may lie above the
dissociation limit of the heterolytic cleavage.
However, the difference in endothermicity
will increase with the addition of an allene
molecule since C;HJ is stabilized more than
C;H,. Apparently the addition of one mole-
cule of allene is already sufficient to drop the
barrier for homolytic dissociation below the
dissociation limit for heterolytic cleavage so
that homolytic dissociation becomes the pre-
ferred reaction channel. Finally, we note in
Fig. 18 a dependence of the onset of dissocia-
tion on the number of molecules added to the
Cgo(CH,=C=CH,)2" cation even though the
same bond (at the surface of Cg) is broken.
The onset of dissociation moves to lower
voltages with an increase in the number of

allene molecules added. We attribute this
trend to differences in energy transfer due to
differences in mass, size and number of vibra-
tional modes effective in intramolecular energy
transfer. With regard to the latter, the prob-
ability of bond dissociation is expected to
increase with the number of effective degrees
of freedom because of an accompanying
increase in total energy.

3.7. Correlation with known bond energies

Can the SIFT-CID experiments reported
here provide quantitative information about
the energetics of the unimolecular fragmenta-
tion of ions as is the case with single-collision
CID? Not readily. The mechanisms for disso-
ciation by single- and multi-collision CID are
distinctly different. In single-collision experi-
ments the total energy required for fragmenta-
tion is transferred to the ion of interest (by
translational—vibrational (¢v) energy transfer)
1n a single collision. In contrast, multi-collision
CID involves stepwise activation and thus can
be expected to lead only to the “soft” fragmen-
tation of an ion in the gas phase. “Soft” frag-
mentation occurs if the sum of the energies
transferred, “step by step” exceeds the lowest
ion dissociation threshold dictated by the rele-
vant potential energy surface. In comparison,
single-collision CID allows access to higher
dissociation thresholds.

A full interpretation of the multi-collision
CID thresholds obtained under our SIFT con-
ditions would be very complicated. Knowledge
would be required of the kinetic energy distri-
bution of the collisions, the efficiency of #v
intermolecular energy transfer between the
ions and the buffer gas atoms which deter-
mines the internal temperature of the ions in
the CID region, as well as the efficiency of
intramolecular energy transfer to the bond
being broken. While knowledge of the effective
kinetic temperature is available for ions in a
uniform electric field [27], it is not readily
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Fig. 19. A correlation between known bond dissociation ener-
gies and measured dissociation thresholds (DTs). Experimental
points are represented by filled circles with centred vertical error
bars (obtained from the literature) and shifted horizontal error
bars. The horizontal error bars are taken to be equal to twice the
FWHM of the first derivative of the multi-collision CID thresh-
old and are shifted to allow for maximum error.

available for the non-uniform electric field
present in our current design. Intramolecular
energy transfer is governed by the participat-
ing vibrational and rotational modes and by
state densities. Such details, together with the
relevant potential energy surfaces, are not yet
available for most of the systems investigated
in this study.

In spite of these shortcomings, we thought it
worthwhile to explore briefly a correlation
between known bond dissociation energies
and our measured DTs. Such a correlation is
presented in Fig. 19 using the data collected in
Table 1. Experimental bond energies were used
in the plot, when available, and diabatic dis-
sociation energies were preferred over adia-
batic dissociation energies for Fe—(CO)* and

(C¢Hg)—Fe™. The larger value was taken for
the bond dissociation energy of CH;0—NO™.
It is quite apparent from Fig. 19 that the
assumption that the measured DTs in the
SIFT-CID experiments are equal to the rele-
vant bond dissociation energies, or that there
is a linear correlation, is very much an over-
simplification. A much more sophisticated
analysis is required to account for the very
“rough” correlation which is observed.

We have noted that the FWHM of the first
derivative of the CID profiles depends on the
number of degrees of freedom which are effec-
tive in the observed dissociation, increasing as
the number of degrees of freedom decreases.
This is particularly evident in the dissociation
of the covalently bonded Si(CH,); (n = 1-3)
cations and the multiply ligated Fe (CO),
(n = 1-3) cations. For the dissociation of deri-
vatized CZ; dications in which the same bond
is always broken, we note an interesting
inverse dependence of the onset for dissocia-
tion on the number of molecules added. We
have attributed this behaviour to differences
in the probability of intermolecular and intra-
molecular energy transfer.

4. Conclusions

We have demonstrated in this study that
multi-collision CID operation of the sampling
NC provides a useful complement to the
normal operation of a SIFT apparatus. This
operation is simple and inexpensive. Sur-
prisingly, it has not been employed pre-
viously, perhaps in part because of the
need to avoid CID, and so to maintain the
integrity of the sampled ions, during the con-
ventional operation of a SIFT apparatus. The
combined SIFT-CID technique permits the
routine examination of the structures of
reactant and product ions of ion/molecule
reactions along with routine rate coefficient
and equilibrium constant measurements.
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Table 1

Experimental and calculated bond energies (kcal mol™") and measured dissociation thresholds (DTs) in (V) in the centre-of-mass frame

Parent ion Product ion D° (0K) (exp.) D, (calc.) DT*
Fe—O* Fet 81.4+1.4[8] 81.0 [9] 2.9
CH;0-NO* NO* 16+ 1°[11] 1.0
104 [12]
(CH;)-Sit Si™ 95.9 [14,11] 52
(CH3)Si*—(CH,) (CH3)Si* 58.5+2° [11] 3.8
Fe—(CO)* Fe* 36.6 + 1.8° [15] 38.5° [16] 1.5
31.3+ 1.8 [15]
(CO)Fe™ —(CO) Fe(CO)* 36.1+ 1.2 [15] 39.0 [16] 1.4
(CO),Fet —(CO) Fe(CO)F 159+ 1.4 [15] 19.0 [16] 1.2
(C4Hg)~Fe* Fe* 55+ 5[20) 57+ 5°[21] 1.7
51+ 59 [21]
H;0"—(H,0) H,0" 31.1+1.41(22) 34.42 [23] 1.5
(H,0)H,0" —(H,0) (H,0)H,;0" 19.8 + 1.4 [22] 0.61

# Measured dissociation threshold in the centre-of-mass frame (V).

b Do
298-
¢ Diabatic dissociation to (*F)Fe™*.
4 Adiabatic dissociation to the (*D)Fe™ ground state.

Some of the notable features of this technique
include the following.

(1) Thermalization, reaction and CID all
occur in one tube but are well separated in
space and in time. Rate coefficients and CID
spectra can be measured separately.

(2) Multiple collisions with buffer gas atoms
ensure that the kinetic and internal energy dis-
tributions of the ions are well defined at a
known temperature prior to CID.

(3) The many collisions ensure that the frag-
mentation of an ion proceeds by “soft” step-
wise activation.

(4) The parent ions and their fragments are
entrained in the buffer gas flow which main-
tains signal intensity; scattering and dissocia-
tion-induced defocusing present in single-
collision experiments are absent.

In this study CID spectra have been
obtained for a wide range of chemical inter-
actions and bond energies for singly and
doubly charged cations using both He and
Ar as collision gases.

Further improvement of the SIFT-CID
operation can be envisaged, particularly if

the DTs are to provide quantitative informa-
tion about bond energies. This would include
the design of a more uniform CID field in front
of the sampling NC similar to that employed
with the SIFTDT technique (3]. Such a mod-
ification could simplify the theoretical inter-
pretation of measured thresholds.
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