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Gas phase ion mobility measurements can resolve structural isomers for polyatomic ions and
provide information about their geometries. A new experimental apparatus for performing
high-resolution ion mobility measurements is described. The apparatus consists of a pulsed laser
vaporization/desorption source coupled through an ion gate to a 63-cm-long drift tube. The ion gate
is a critical component that prevents the diffusion of neutral species from the source into the drift
tube. Ions travel along the drift tube under the influence of a uniform electric field. At the end of the
drift tube some of the ions exit through a small aperture. They are focused into a quadrupole mass
spectrometer, where they are mass analyzed, and then detected by an off-axis collision dynode and
by dual microchannel plates. The apparatus is operated with a drift voltage of up to 14 000 V and
a helium buffer gas pressure of around 500 Torr. The resolving power for ion mobility
measurements is over an order of magnitude higher than has been achieved using conventional
injected-ion drift tube techniques. Examples of the application of the new apparatus in resolving
isomers of laser desorbed metallofullerenes, in studying silicon clusters generated by laser
vaporization, and in following the isomerization of small nanocrystalline~NaCl!nCl

2 clusters as a
function of temperature, are presented. ©1997 American Institute of Physics.
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I. INTRODUCTION

The mobility of a gas phase ion is a measure of h
rapidly it moves through a buffer gas under the influence
an electric field. The mobility of a polyatomic ion depen
on its average collision cross section, which in turn depe
on its geometry. Thus mobility measurements can be use
separate ions with different geometries. For example, Hag1

showed in 1979 that structural isomers of polycyclic a
matic hydrocarbons could be separated on the basis of
different mobilities. For atomic ions the mobility depends
the electronic state, as was shown by Roweet al. in 1980.2

Ion mobility measurements form the basis of a sensitive
selective analytical technique, ion mobility spectrometry3,4

developed by Cohen and Karasek in 1970. Ion mobility sp
trometry has been used to detect drugs, chemical war
agents, explosives, and environmental pollutants.5 Neural
network computer models have been developed to pre
mobilities from structural information.6 Several groups have
used mobility measurements to characterize the size distr
tion of aerosol particles and small metal particles.7 Ion mo-
bilities also provide important fundamental informatio
about the interaction between ions and molecules.8 This pro-
vided the motivation for early studies of ion mobilities usin
drift tube techniques. In addition to information about io
mobilities, drift tube studies can provide information abo
ion–molecule reaction kinetics and equilibria.9 The injected-
ion drift tube, developed by Kaneto, Megill, and Hasted
1966,10 has been widely used in these studies. In this te
nique, mass-selected ions are injected into a drift tube c
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France.
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taining a buffer gas, the ions travel across the drift tube un
the influence of an electric field, and some exit through
small aperture. The exiting ions are then mass analyzed
detected. This technique has recently been used to stud
chemistry of atomic clusters; for example, silicon cluste
have been extensively studied using this approach.11

In the last few years there has been renewed interes
using ion mobility measurements to deduce structural inf
mation about polyatomic ions. Ion mobility measureme
can resolve structural isomers and provide an accurate m
sure of their average collision cross sections. Informat
about the geometries can then be deduced from the c
sections by calculating orientationally averaged cross s
tions for assumed geometries for comparison with the m
sured cross sections. Ion mobility measurements have b
used to examine carbon,12,13 silicon,14 germanium,15 and
metal-containing carbon clusters.16 The results for carbon
clusters, first studied by Bowers and collaborators, are p
ticularly noteworthy because so many different structu
isomers have been resolved. Ion mobility measurements
gether with a collisional annealing technique17 have provided
insight into the mechanism of fullerene formation.18

While covalent clusters have isomers with very differe
shapes, and hence very different mobilities, for metal clus
and ionic clusters only compact structures with similar c
lision cross sections are expected. The application of
mobility measurements to noncovalent clusters has thus b
hindered by the low resolution available in injected-ion dr
tube experiments. Furthermore, ion mobility measureme
have recently been used to examine the conformations
peptides19 and proteins20 in the gas phase, and these stud
have also been hindered by the low resolution. To overco
this problem we have constructed a new high-resolution
mobility apparatus. The resolving power achieved with t
new apparatus described here is over an order of magni
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better than has been obtained using conventional injected
drift tube techniques.

Mobilities are measured by injecting a short pulse
ions into the drift tube and recording the arrival time dist
bution at the detector. Assuming that the pulse of ions
sufficiently short, the resolution in ion mobility measur
ments is limited by diffusion of the ion packet as it trave
across the drift tube. The resolving power is given by21

tDT
t1/2

5
1

4 S ze

kB ln 2
D 1/2SVTD 1/2, ~1!

where tDT is the drift time, t1/2 is the width of the peak a
half-height,ze is the charge on the ion,V is the voltage drop
across the drift tube, andT is the temperature. It is appare
from Eq.~1! that in order to increase the resolving power it
necessary to increase the voltage across the drift tube. H
ever, the buffer gas number density,N, is also an important
parameter because it is desirable to keep the drifting ion
the low field limit, lowE/N, where the mobility is indepen
dent of the drift field,E.8 At high fields the mobility depends
on the drift voltage and alignment of the drifting ions m
occur. It is then considerably more difficult to relate the m
bility to the geometry. So to substantially increase the vo
age across the drift tube it is necessary to increase the b
gas pressure. As the ions are injected into the drift tube, t
undergo collisions with the buffer gas flowing out of the dr
tube. If the buffer gas pressure is increased, then the injec
energy must be increased to get the ions into the drift tube
fraction of the ion’s injection energy is converted into inte
nal energy as they undergo collisions with the buffer gas
the drift tube entrance, and at high injection energies the i
fragment.22 Thus, if the buffer gas pressure is raised subst
tially, it will not be possible to inject intact polyatomic ion
into the drift tube. Our solution to this problem is to atta
the source onto the beginning of the drift tube and to tran
ions directly from the source to the drift tube. A conce
with this configuration is that neutral species should not
allowed to diffuse from the source into the drift tube becau
charge transfer may then occur in the drift tube and t
could distort the measured drift time distributions. Our so
tion to this problem is to transfer the ions through an ion g
with a counterflowing buffer gas that prevents neutral s
cies from entering the drift tube.

The design and construction of the apparatus are
scribed in detail in Sec. II, and then several examples
illustrate the value of the increased resolving power are p
sented in Sec. III.

II. EXPERIMENTAL APPARATUS

Figure 1 shows a schematic diagram of the apparatu
consists of four main regions:~1! the source, where the clus
ters are produced;~2! the ion gate, which connects the sour
to the drift tube and prevents neutral species from ente
the drift tube;~3! the drift tube; and~4! the mass spectrom
eter and the ion detector. The apparatus is built aroun
80360345 cm 304 stainless steel vacuum chamber pum
by two 2000l s21 diffusion pumps~Edwards High Vacuum,
Diffstak 250/2000M!. The source and drift tube are mounte
Rev. Sci. Instrum., Vol. 68, No. 2, February 1997
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on one of the walls of the vacuum chamber and electrica
isolated by a 7.5-cm-long G10 Garolite cylindrical spac
During operation there is a potential difference of up
14 000 V across the drift tube. The exit of the drift tube is
ground, and the source, the ion gate, and the entrance to
drift tube are at high voltage. The source and drift tube
operated with helium buffer gas~99.9999%! at around 500
Torr. Ions that exit the drift tube are focused through a 0
cm-diam aperture into a differentially pumped chamb
housing a quadrupole mass spectrometer and an ion dete
This chamber is an 8-in.-diam. 304 stainless steel tee.
pumped by a 700l s21 diffusion pump ~Edwards High
Vacuum, Diffstak 160/700M!. The pressure during opera
tion, as indicated by an uncalibrated ion gauge, is;431025

Torr in the main chamber, and;131026 Torr in the differ-
entially pumped mass spectrometer region. The individ
components of the apparatus are discussed in more d
below.

A. The source

The source is a novel laser vaporization/desorpt
source with a near static buffer gas. The buffer gas pres
in the source is around 500 Torr. An excimer laser~Lambda
Physik 103 MSC! operating at 308 nm and focused with a 5
cm focal length lens was employed. Clusters are produce
laser vaporization of a 1/2-in.-diam target of the material
be studied. Silicon, NaCl, and a variety of metal cluste
have been generated. Fullerenes and metallofullerenes
laser desorbed from a thin film deposited on a copper rod
avoid boring a hole into it, the target is rotated and transla
in a screw motion by a stepping motor located outside
vacuum chamber. The motor is connected to the target b
insulating fiberglass rod that enters the vacuum chamber
a differentially pumped feedthrough. Photomicrosensors
used to sense the position of the rod, and a microproce
reverses its direction of travel when predetermined limits
reached. In a conventional laser-vaporization cluster sou
the vaporized material is entrained by a flowing buffer g
that ultimately ejects the clusters from the source. With t
new source, there is no buffer gas flow to entrain the clus
and guide them out of the source. Instead, cluster ions
guided from the target rod toward the entrance of the
gate by a shaped electric field. Figure 2 shows the equ
tential lines in the source as determined usingSIMION.23 In

FIG. 1. Schematic diagram of the high-resolution ion mobility apparatu
1123Ion mobility
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the simulation, the potentials of the rod and the two ba
plates are equal. The potential of the rod is defined by
contacts with the plate immediately behind it. The poten
difference between the rod and the entrance of the ion ga
typically around 600 V. The arrow shows the point where
laser strikes the target rod. Because of the high buffer
pressure, the ions follow trajectories that are perpendicula
the equipotential lines. The rod was positioned so that
trajectories from the point where the laser strikes the ta
enter the ion gate. The signal can be optimized by adjus
the potential between the two back plates. By adjusting
voltage on the rod, one can adjust the residence time of
clusters in the source and vary the cluster size distribut
Only ionic species are extracted from the source. By rev
ing the voltages it is possible to extract either anions or c
ions.

B. The ion gate

The function of the ion gate is to allow ions to pass fro
the source into the drift tube while preventing neutral spec
from entering the drift tube. This is accomplished by a u
form electric field to carry the ions through the ion gate a
a counterflow of buffer gas to prevent neutral species fr
passing through. The ion gate is a 2.4-cm-long cylindri
channel with an inside diameter of 0.5 cm. It consists of
304 stainless steel disks separated by Teflon sheets. The
age difference between the entrance and the exit of the
gate is typically 450 V. The metal disks are connected b
MV resistors~KDI Electronics, PVV60! in order to generate
a uniform electric field along the length of the ion gate~see
Fig. 2!. The power supplies for the ion gate and the sou
float at the potential at the entrance of the drift tube so t
the electric field in the drift tube can be easily changed w
out changing the voltages across the source or the ion g

FIG. 2. Equipotential lines in the source, the ion gate, and the beginnin
the drift tube as determined usingSIMION. The equipotential lines are sepa
rated by 75 V. Only four out of the ten ion gate plates are shown. The ar
shows where the laser beam strikes the target rod.
1124 Rev. Sci. Instrum., Vol. 68, No. 2, February 1997
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Helium enters the drift tube through the grounded e
plate, and the source is pumped by a liquid-nitrogen-trap
mechanical pump so that there is a small gas flow along
drift tube axis and a larger gas flow along the axis of the
gate. The buffer gas flow into the drift tube and out of t
source is regulated by two leak valves. The small press
difference between the drift tube and the source, a fractio
a mTorr, is monitored by a differential capacitance mano
eter ~MKS, baratron 223B!. A series of simulations were
performed to determine the dimensions of the ion gate an
establish the buffer gas flow and electric field required
allow ions to pass through the ion gate while prevent
neutral species from entering the drift tube. The total buf
gas flow, around 1300 sccm, is monitored by a flow me
~MKS, 258C!. Approximately 90% of the buffer gas flow
passes through the ion gate while the balance leaves thro
the aperture in the drift tube exit plate. Under these con
tions we see no evidence for neutral species entering the
tube.

C. The drift tube

The drift tube is housed in a 6-in.-diam 304 stainle
steel tube with two ceramic breaks~Ceramaseal! along the
length. The total length of the drift tube is 63 cm. A unifor
electric field is generated along the axis of the drift tube
43 0.010-in.-thick copper beryllium drift guard rings sep
rated by ceramic spacers. A voltage divider consisting o
chain of 5 MV resistors~KDI Electronics, PVV60! provides
the potentials to the drift guard rings. At the end of the dr
tube the ions are carried by the buffer gas through a 0.0
in.-diam hole into the vacuum chamber. The first section
the outer wall of the drift tube is connected to the high vo
age at the drift tube entrance, the middle section to
middle drift guard ring, and the last section to the exit pla
This design minimizes the potential difference between a
drift guard ring and the walls of the tube, and reduces
possibility of a discharge inside the drift tube. The maximu
voltage that can be used across the drift tube depends o
pressure. The breakdown voltage decreases as the he
pressure increases; it has a minimum at around 4 cm T
and then increases.24 With 500 Torr in the drift tube, a drift
voltage of up to 14 000 V can be used. Each stainless s
section of the drift tube is surrounded by a jacket for heat
or cooling. The drift tube guard rings were designed to ha
a small heat capacity to minimize the time required to br
the system to thermal equilibrium. We have employed
temperature-regulated recirculator~Neslab, RT-40! with a
nonconducting fluorocarbon fluid~3M, FC40! to control the
temperature. Using this arrangement we have perform
measurements in the temperature range from225 to
1100 °C. A temperature range from240 to1400 °C should
be accessible with suitable heat-transfer fluids.

D. Mass analysis and detection

After exiting the drift tube, the ions are accelerated a
focused by a set of electrostatic lenses. The ions are dire
through a 0.5-cm-diam aperture into a differentially pump
chamber that houses a quadrupole mass spectrometer a
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ion detector. The quadrupole mass spectrometer~Extrel! has
3/8-in.-diam rods and is operated at 880 kHz to provid
upper mass limit of 4000 amu. At the end of the quadrupo
ions are detected by an off-axis collision dynode and d
microchannel plates. The collision dynode is biased
110 000 V for anions and210 000 V for cations. Signals
from the microchannel plates are processed with a fast
amplifier ~EG&G Ortec, VT120A! and a fast amplifier/
discriminator~EG&G Ortec, 9307!. The signals are then re
corded with a 66 MHz 486 computer~Gateway!. To record
mass spectra, a 16 bit digital/analog~D/A! converter~Analog
Devices, DAC1136! is used to drive the quadrupole ma
spectrometer and a counter board~Computer Boards, CIO-
CTR05! is used to record the signal at a particular ma
Drift time distributions are recorded by measuring the arri
time distribution at the detector using a multichannel sca
board ~Tennelec/Nucleus, MCS II!, with a start pulse pro-
vided by the vaporization laser.

III. RESULTS

A. Mass spectra

Figure 3~a! shows a mass spectrum obtained by la
desorption~;200mJ/pulse! of a fullerene film containing a
mixture of fullerenes. The two main peaks correspond to60

1

and C70
1 . The mass resolved signals were around 10

counts/s at a laser pulse frequency of 100 Hz. Figure 3~b!
shows the mass spectrum recorded for silicon cluster an
generated by pulsed laser vaporization~;10 mJ/pulse! of a
silicon rod. Sin

2 clusters in the size rangen54–45 are
present in Fig. 3~b!. The high mass peaks are broadened
the presence of the silicon’s three isotopes~28 amu, 92.2%;

FIG. 3. Mass spectra measured for~a! laser desorbed fullerene film and~b!
silicon cluster anions generated by laser vaporization. The small peak
tween the silicon peaks correspond to SinO

2 clusters.
Rev. Sci. Instrum., Vol. 68, No. 2, February 1997
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29 amu, 4.7%; and 30 amu, 3.1%!. A mass resolved signal o
several hundred counts/s is observed with a laser pulse
quency of 100 Hz. The cluster size distribution is sensitive
the laser power, the focusing of the laser, and the voltage
the source. These parameters can be adjusted to optimiz
signal for small clusters or to produce clusters with mo
than 100 silicon atoms.

B. Drift time distributions

Figure 4 shows an arrival time distribution recorded f
C60

1 . This distribution was measured at room temperatu
with a pressure of 506 Torr in the drift tube, and a dr
voltage of 10 000 V. A single sharp peak is observed. T
arrival time,t, of the fullerene is 58.16 ms. The zero time
determined by the laser pulse. The arrival time correspo
to the total time from the desorption of the fullerenes by t
laser to their detection; it can be resolved into four comp
nents:

t5tS1t IG1tDT1tV , ~2!

wheretS is the time spent in the source,t IG is the time spent
in the ion gate,tDT is the time spent in the drift tube, andtv
is the time spent from the exit of the drift tube to the dete
tor. The time spent in the drift tube is inversely proportion
to the electric field in this region,EDT :

tDT5
lDT
KEDT

, ~3!

wherelDT is the length of the drift tube andK is the mobility
of the ion. Figure 5 shows a plot of the arrival times me
sured for C60

1 as a function of the inverse of the drift voltag
A straight line is observed. This shows that the mobility
independent of the drift field, and indicates that the con
tions employed are in the low field limit. The slope of th
line is proportional to the inverse mobility of the cluste
Mobilities are usually reported as a reduced mobility giv
by8

K05K
p

760

273.16

T
, ~4!

e-

FIG. 4. Arrival time distribution measured for C60
1 with a drift voltage of

10 000 V. The inset shows a comparison of the measured peak~solid line!
and the peak shape calculated for the diffusion of an ion packet as it tra
through the drift tube~dashed line; see the text, Sec. III C!.
1125Ion mobility
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where T and p are, respectively, the temperature and
pressure in the drift tube. The reduced mobility determin
from the data in Fig. 5 isK054.32160.040 cm2 V21 s21.
This can be compared with the value obtained for the mo
ity of C60

1 using the injected-ion drift tube apparatus in o
laboratory, 4.31 cm2 V21 s21. We estimate that the absolu
uncertainty of reduced mobilities determined with this n
apparatus is61%. Independent measurements are reprod
ible within less than 0.2%.

The intercept in Fig. 5 corresponds to the time that
ions do not spend in the drift tube. This time is 2.6 ms.
consists of the time spent in the source, the ion gate, and
time spent traveling to the detector after exiting the d
tube. These three times can be calculated. The times spe
the source and in the ion gate depend on the mobility of
ion, and they can be calculated with expressions simila
Eq. ~3!. The time spent traveling from the drift tube exit pla
to the detector,tv , can be calculated from the mass of t
ion, the charge of the ion, and the voltages applied to
quadrupole and the lenses. Thus the total time can be wr
as

t5
1

K S l SES
1

l IG
EIG

1
lDT
EDT

D1tV , ~5!

wherel S and l IG are the distances traveled in the source a
in the ion gate, respectively, andES andEIG correspond to
the electric fields in these regions.l S andES were estimated
using the equipotentials plotted in Fig. 2. The times spen
the source, ion gate, drift tube, and traveling to the detec
with the conditions used to record the drift time distributi
that is shown in Fig. 4, are given in Table I. Note that,

FIG. 5. Arrival time of C60
1 plotted as a function of the inverse of the dri

voltage for drift voltages in the range of 3000–13 000 V. The line is a lin
least-squares fit to the data. The slope of the line is 558 ms kV and
intercept is 2.6 ms.

TABLE I. Times spent by the C60
1 fullerene in the different parts of the

apparatus. These times correspond to the conditions used to record th
tribution shown in Fig. 4.

Source
Ion
gate

Drift
tube Vacuum Total

Time ~ms! 0.52 1.80 55.50 0.34 58.16
1126 Rev. Sci. Instrum., Vol. 68, No. 2, February 1997
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using Eq.~5!, the mobility can be obtained directly from
single drift time distribution.

C. Resolution

The time distribution of the packet of ions at the exit
the drift tube depends on the spatial and temporal distri
tion of ions generated in the source and the spatial disper
that occurs as the ions travel through the drift tube. The
packet spreads out as the ions travel through the drift t
because of diffusion. If one assumes that all the ions
produced in the source at the same time, the shape of
drift time distribution can be calculated using the followin
relation:8

F~ t !5
F0

A4pDt
~12e2r0

2/4Dt!e2~ lDT2nDTt !
2/4Dt, ~6!

whereD is the diffusion constant which under low field con
ditions is given byeK/kBT, vDT is the drift velocity in the
drift tube, andr 0 is the radius of the source of ions. We ha
used the radius of the ion gate and the radius of the laser
for r 0. Both radii give essentially the same result. The c
culated distribution for C60

1 is plotted as the dashed line in th
inset of Fig. 4. The measured peak is slightly broader th
the calculated one. This is probably due to the initial spa
distribution of the ions. While the ions are generated by
laser pulse at the same time, they are not produced at ex
the same position. Ions generated at slightly different po
tions are subjected to slightly different electric fields in t
source, and so they enter the drift tube at slightly differe
times. When a small laser spot is employed, as in Fig. 4,
effect is negligible. However, a significant broadening of t
peak is observed if a large laser spot is used and if the
ference in voltage between the rod and the ion gate is sm
~;100 V instead of;600 V!. The width at half-height of the
peak shown in Fig. 4 ist1/250.34 ms. The resolving power
tDT/t1/2, is 172. Isomers with mobilities that differ by mor
than 0.5% are easily separated in this apparatus.

Figure 6 shows drift time distributions recorded for las
desorbed Sc2C82

1 on a conventional injected-ion drift tub
apparatus and on the new high-resolution drift tube app
tus. The dashed line corresponds to the distribution meas
with the conventional apparatus whereas the solid line sh
that recorded with the high-resolution apparatus. The res
of ion mobility measurements for Sc at Cn

1, Sc2 at Cn
1, and

Sc3 at Cn
1 metallofullerenes will be reported elsewhere. T

drift tube in the injected-ion drift tube apparatus is 7.6 c
long, the drift voltage is 100 V, and the helium buffer g
pressure is 5 Torr. The resolving power of this drift tube
17. The resolving power with the high-resolution apparat
with a drift voltage of 10 000 V, is an order of magnitud
higher. While only one broad peak is observed with the c
ventional apparatus, the inset shows that two peaks are
solved with the new apparatus. The difference in the d
times of these two peaks is 1.3%. The two peaks corresp
to two different isomers with very similar shapes. The r
duced mobilities of these isomers are 3.571 and 3.
cm2 V21 s21. For comparison the reduced mobility of C82

1 is
3.530 cm2 V21 s21.
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Figure 7 shows a drift time distribution measured f
Si30

2 . For this cluster five different isomers are resolved, a
some of the peaks appear to consist of more than one c
ponent. In previous experiments with the injected-ion d
tube apparatus only two isomers were resolved.14 Combined
reactivity/ion mobility measurements suggested that m
than two isomers exist for certain cluster sizes.11 With the
high-resolution apparatus new isomers were observed fo
silicon clusters with 20–70 atoms; up to seven isomers
resolved for some cluster sizes.25 This is the first evidence to
indicate that such a large number of isomers can exist
these clusters, and demonstrates the need for high-resol
ion mobility measurements.

D. Study of structural interconversion in the drift
tube

Multiple isomers were observed for many of the clust
that we have studied. Metastable geometries can be for

FIG. 6. Drift time distribution measured for laser desorbed Sc2C82
1 using the

high-resolution ion mobility apparatus with a drift voltage of 10 000
~solid line!. The distribution recorded with a conventional injected-ion dr
tube apparatus with a drift voltage of 100 V is shown for comparis
~dashed line!. The time scale for the distribution measured with the hig
resolution apparatus is at the bottom, and the time scale for the distribu
recorded with the injected-ion-drift tube apparatus is shown at the top o
plot. The distribution measured with the high-resolution apparatus is
larged in the inset and shows two clearly resolved peaks.

FIG. 7. Drift time distribution measured for Si30
2 with a drift voltage of

10 000 V. Five isomers are resolved.
Rev. Sci. Instrum., Vol. 68, No. 2, February 1997
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during cluster growth and they may not relax to the m
stable structure. While the identification of the different is
mers is important, it is perhaps more important to determ
the most stable structure. In an injected-ion drift tube ap
ratus the clusters may be annealed by raising the injec
energy so that the ions become collisionally heated as t
enter the drift tube.17 This approach has been used to exa
ine the isomerization processes of silicon clusters14 and car-
bon clusters.18 For carbon, important information about th
mechanism of fullerene formation was deduced from th
annealing studies. In the high-resolution ion mobility app
ratus, the ions are not injected into the drift tube, and so i
not possible to raise the injection energy. However, the c
ters can be annealed using a laser26 or annealed by raising
the temperature of the drift tube.27 We have previously em-
ployed these methods with the injected-ion drift tube ap
ratus, and both of them can be implemented with the hi
resolution ion mobility apparatus. Laser anneali
experiments can be performed with the laser beam perp
dicular to the axis of the drift tube, to irradiate a particul
isomer, or with the laser beam along the axis of the d
tube. Below we briefly describe some annealing experime
performed by changing the temperature of the drift tube.

With the high buffer gas pressure employed in the hig
resolution drift tube apparatus, ions undergo 108–1010

collisions/s, and they spend around 1021 s in the drift tube
with a drift voltage of 10 000 V. If the temperature of th
drift tube is raised, then isomerization can occur by a th
mally activated unimolecular reaction. By monitoring th
isomerization processes as a function of the drift voltage,
fixed drift tube temperature, it is possible to determine r
constants for the isomerization processes. If the rate c
stants are measured as a function of the temperature, the
activation energy can be deduced from an Arrhenius plot.
lowering the drift voltage, isomerization processes can
studied over a time period as long as 1 s. Figure 8 sho
drift time distributions recorded for~NaCl!23Na

1 with drift
voltages of 7000 and 10 000 V. Both distributions were
corded with a drift tube temperature of214 °C. Two poorly
resolved peaks, corresponding to two different isomers,
observed in each distribution. The peaks are poorly resol

on
e
n-

FIG. 8. Drift time distributions measured for~NaCl!23Na
1 clusters with drift

voltages of~a! 10 000 and~b! 7000 V. The drift tube temperature wa
214 °C.
1127Ion mobility
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because the isomers are interconverting as they tr
through the drift tube. At room temperature, where the r
of isomerization is higher, only one peak is observed. I
obvious from Fig. 8 that the ratio of the two peaks chang
as the drift voltage is changed. The relative abundance
isomer II is lower in the distribution recorded with a dri
voltage of 7000 V because with this lower drift voltage mo
time is available for conversion of isomer II into isomer
With an even lower drift voltage, most of isomer II isome
izes before the exit of the drift tube. These results indic
that isomer I is the more stable isomer.

Figure 9 shows drift time distributions of~NaCl!35Cl
2

measured for three different drift tube temperatures. Whil
7 °C three different isomers are observed; only one isome
observed at 67 °C. At 7 °C, activation barriers preve
isomerization. As the temperature increases, the isome
tion rate increases. At 67 °C, only the most stable isom
remains. The isomerization rate constants can be determ
as a function of temperature, by simulating the drift tim
distributions.28 The observed~NaCl!nCl

2 clusters have
cuboid geometries, and the isomers observed correspon
cuboids with differentjxkxl dimensions. The isomerizatio
processes thus correspond to interconversion between cu
geometries with differentjxkxl dimensions. It is remarkable
that these structural transformations occur at such low t
peratures.

IV. DISCUSSION

We have described a new apparatus for performing h
resolution ion mobility measurements for gas phase io

FIG. 9. Drift time distributions measured for~NaCl!35Cl
2 clusters with drift

tube temperatures of 7, 25, and 67 °C and a drift voltage of 7000 V.
time scale corresponds to that for the distribution measured at 25 °C.
drift times depend on the temperature, and the time scales for the othe
distributions were scaled so that the peaks are aligned. Three isomer
observed at 7 °C, while only one isomer is observed at 67 °C.
1128 Rev. Sci. Instrum., Vol. 68, No. 2, February 1997
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The apparatus operates with a drift voltage of up to 14 00
at a buffer gas pressure of 500 Torr. Since it is not poss
to inject intact ions into such a high buffer gas pressure
novel laser desorption/vaporization source is coupled
rectly to the drift tube through an ion gate. The ion ga
prevents neutral species from entering the drift tube from
source region. A resolving power of 172 is obtained with
drift voltage of 10 000 V. This is very close to the diffusio
limit. Mobilities can be measured with an absolute accura
of 61% and values are reproducible within 0.2%. The d
tube temperature can be changed to study thermally activ
isomerization processes as a function of temperature. R
constants for the isomerization processes can be obta
from the drift time distributions, and activation energies c
be determined from an Arrhenius plot. At low drift field
isomerization processes can be monitored over a 1 s time
scale. Results obtained for metallofullerenes, silicon clust
and~NaCl!nCl

2 and~NaCl!nNa
1 clusters illustrate the value

of high-resolution ion mobility measurements in resolvi
structural isomers. In the future we intend to attach an e
trospray ion source to the apparatus so that high-resolu
ion mobility measurements can be used to examine the st
ture and folding of gas phase proteins. In addition, with
cluster signals available from this apparatus it will be po
sible to attach a magnetic-bottle photoelectron spectrom
in back of the mass spectrometer, so that anion photoelec
spectra can be recorded for the isomers resolved in the
mobility measurements.
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