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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. lons 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 nanocrystalidaCl),Cl~ clusters as a
function of temperature, are presented. 1897 American Institute of Physics.
[S0034-67487)01202-1

I. INTRODUCTION taining a buffer gas, the ions travel across the drift tube under
. o the influence of an electric field, and some exit through a
‘The mobility of a gas phase ion is a measure of howsmall aperture. The exiting ions are then mass analyzed and
rapidly it moves through a buffer gas under the influence ofjetected. This technique has recently been used to study the
an electric field. The mobility of a polyatomic ion depends chemistry of atomic clusters; for example, silicon clusters
on its average collision cross section, which in turn dependgaye been extensively studied using this apprdach.
on its geometry. Thus mobility measurements can be used to | the ast few years there has been renewed interest in
separate ions with different geometries. For example, Hagen,sing jon mobility measurements to deduce structural infor-
showed in 1979 that structural isomers of polycyclic aro-mation about polyatomic ions. lon mobility measurements
matic hydrocarbons could be separated on the basis of thel, resolve structural isomers and provide an accurate mea-
different mobilities. For atomic ions the mob|I|ty_dependzs ONsure of their average collision cross sections. Information
the electronic state, as was shown by Rat@l.in 19807 4p4,t the geometries can then be deduced from the cross
lon mobility measurements form the basis of a sensitive andgctions by calculating orientationally averaged cross sec-
selective analytical technique, ion mobility spectrométty, {ions for assumed geometries for comparison with the mea-

developed by Cohen and Karasek in 1970. lon mobility Specg;req cross sections. lon mobility measurements have been
trometry has been used to detect drugs, chemical warfargsaq to examine carbdA®® silicon 4 germaniumt® and

agents, explosives, and environmental pollutdnkéeural metal-containing carbon clusteéf$ The results for carbon

network computer models have been developed to predigly siers, first studied by Bowers and collaborators, are par-
mobilities from structural informatioh Several groups have ticularly noteworthy because so many different structural

used mobility measurements to characterize the size distribys o 'c have been resolved. lon mobility measurements to-
t',o_n, of aerosol parucle; and small metal partde}en mo- gether with a collisional annealing technid(ieave provided
bilities also provide important fundamental information insight into the mechanism of fullerene formatith

a_bout the mte_ract_lon between lons and r_nolecﬁl'ﬁb_n_s pro-. While covalent clusters have isomers with very different
vu_jed the mOt'VE.it'On for early .S.tUd'eS .Of lon m.Ob'“t'eS using shapes, and hence very different mobilities, for metal clusters
drift _t_u_be tec_hnlques. In _add|t|0n to |_hfor_matmn Z_ibOUt 10N and ionic clusters only compact structures with similar col-
mobilities, drift tube studies can provide information abOUtIision cross sections are expected. The application of ion

!on—dmglttacgle :jeact:on kéngt'cli am: eth;l'l'bi'lahe(;m:m?dé ._mobility measurements to noncovalent clusters has thus been
lon drift tube, developed by raneto, Megill, and Hasted Ny 4004 by the low resolution available in injected-ion drift

lo . . . . .
1.966’ has been Wlde.ly used n .these ;tudles. I.n this teChtube experiments. Furthermore, ion mobility measurements
nigue, mass-selected ions are injected into a drift tube co

Trave recently been used to examine the conformations of
peptided® and protein® in the gas phase, and these studies
dpermanent address: Laboratoire de Spectrometrie lonique et Moleculaifgave also been hindered by the low resolution. To overcome
(UMR No. 5579, CNRS et Universite Lyon |, 69622 Villeurbanne Cedex, this problem we have constructed a new high-resolution ion

France. " . . .
bpresent address: Department of Chemistry, University of Indiana, BloomIMODIlity apparatus. T_he resoIV|_ng power achieved with _the

ington, IN 47405, new apparatus described here is over an order of magnitude
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Mobilities are measured by injecting a short pulse of | Bl { Tube I Denode
ions into the drift tube and recording the arrival time distri- } — -
bution at the detector. Assuming that the pulse of ions is s v ”‘
sufficiently short, the resolution in ion mobility measure- | e M
ments is limited by diffusion of the ion packet as it travels ) \
across the drift tube. The resolving power is gived'by !

12/ \/\ 12 ; :
tD_T: 1 (i) (!) , (1) < Hicrochannel
t1/2 4 kB In 2 T \éCl Plates

wheretpy is the drift time,t,,, is the width of the peak at 408 1m
half-height,zeis the charge on the ioV, is the voltage drop

across the drift tube, and is the temperature. It is apparent
from Eq.(1) that in order to increase the resolving power it is

necessary to increase the voltage across the drift tube. HOW, one of the walls of the vacuum chamber and electrically
ever, the buffer gas number densily, is also an important  sq|ateq by a 7.5-cm-long G10 Garolite cylindrical spacer.
parameter because it is desirable to keep the drifting ions 'ﬁ)uring operation there is a potential difference of up to

the low field limit, low E/N’ where the mobility is indepen- 14 oo v across the drift tube. The exit of the drift tube is at
gﬁntth‘;f :jr:ﬁtd\;gftgeg,iﬁdA;I?Igr]wrrlnféerwltd?);rt]ﬁem(;)r?fltlilrt'ly digﬁgnriz ground, and the source, the ion gate, and the entrance to the
9 9 9 Y drift tube are at high voltage. The source and drift tube are

occur. It is then considerably more difficult to relate the mo'operated with helium buffer ga©9.9999% at around 500
bility to the geometry. So to substantially increase the VOIt"'I'orr. lons that exit the drift tube are focused through a 0.5-

age across the drift tube it is necessary to increase the buffef, o aperture into a differentially pumped chamber
gas pressure. As the ions are injected into the drift tube, theMousing a quadrupole mass spectrometer and an ion detector.
undergo collisions with the buffer gas flowing out of the drift This chamber is an 8-in.-diam. 304 stainless steel tee. It is
tube. If the buffer gas pressure is increased, then the injectio mped by a 7007 s * diffusion pump (Edwards High
energy must be increased to get the ions into the drift tube. acuum, Diffstak 160/700M The pressure during opera-
fraction of the ion’s injection energy is converted into inter- tion, as indicated by an uncalibrated ion gauge;#x 10 °

nal energy as they undergo collisions with the buffer gas & orr in the main chamber, ang1x10°8 Torr in the differ-

the drift tube entrance, and at high injection energies the ionéntially pumped mass spectrometer region. The individual

f_ragm_entz._ Thus, if the b_uffer gas pressure Is raised fsu_bStanéomponents of the apparatus are discussed in more detail
tially, it will not be possible to inject intact polyatomic ions below

into the drift tube. Our solution to this problem is to attach
the source onto the beginning of the drift tube and to transfef. The source
ions directly from the source to the drift tube. A concern The source is a novel laser vaporization/desorption
with this configuration is that neutral species should not be,qrce with a near static buffer gas. The buffer gas pressure
allowed to diffuse from the source into the drift tube becausg, the source is around 500 Torr. An excimer ladeambda
charge transfer may then occur in the drift tube and thisPhysik 103 MSGoperating at 308 nm and focused with a 50
could distort the measured drift time distributions. Our solu-cy focal length lens was employed. Clusters are produced by
tion to this problem is to transfer the ions through an ion gatgaser vaporization of a 1/2-in.-diam target of the material to
with a counterflowing buffer gas that prevents neutral spepe studied. Silicon, NaCl, and a variety of metal clusters
cies from entering the drift tube. have been generated. Fullerenes and metallofullerenes were
‘The design and construction of the apparatus are d§aser desorbed from a thin film deposited on a copper rod. To
scribed in detail in Sec. II, and then several examples thag, id horing a hole into it, the target is rotated and translated
iIIustratg the value of the increased resolving power are prey, g screw motion by a stepping motor located outside the
sented in Sec. Ill. vacuum chamber. The motor is connected to the target by an
insulating fiberglass rod that enters the vacuum chamber via
a differentially pumped feedthrough. Photomicrosensors are
used to sense the position of the rod, and a microprocessor
Figure 1 shows a schematic diagram of the apparatus. heverses its direction of travel when predetermined limits are
consists of four main regiongl) the source, where the clus- reached. In a conventional laser-vaporization cluster source,
ters are produced?) the ion gate, which connects the sourcethe vaporized material is entrained by a flowing buffer gas
to the drift tube and prevents neutral species from enteringhat ultimately ejects the clusters from the source. With this
the drift tube;(3) the drift tube; and4) the mass spectrom- new source, there is no buffer gas flow to entrain the clusters
eter and the ion detector. The apparatus is built around and guide them out of the source. Instead, cluster ions are
80x60x45 cm 304 stainless steel vacuum chamber pumpeduided from the target rod toward the entrance of the ion
by two 2000/ s™* diffusion pumpgEdwards High Vacuum, gate by a shaped electric field. Figure 2 shows the equipo-
Diffstak 250/2000M. The source and drift tube are mounted tential lines in the source as determined usimgioN.? In

better than has been obtained using conventional injected-ion |
H i [ — S [
drift tube techniques. o odp Quadrupole  Collision
v Drif

vz

Lenses —

FIG. 1. Schematic diagram of the high-resolution ion mobility apparatus.

Il. EXPERIMENTAL APPARATUS
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Helium enters the drift tube through the grounded end
plate, and the source is pumped by a liquid-nitrogen-trapped
mechanical pump so that there is a small gas flow along the
drift tube axis and a larger gas flow along the axis of the ion
AERRRN gate. The buffer gas flow into the drift tube and out of the
source is regulated by two leak valves. The small pressure
difference between the drift tube and the source, a fraction of
a mTorr, is monitored by a differential capacitance manom-
eter (MKS, baratron 223B A series of simulations were
performed to determine the dimensions of the ion gate and to
: establish the buffer gas flow and electric field required to
Laser allow ions to pass through the ion gate while preventing

i neutral species from entering the drift tube. The total buffer
AEREE: gas flow, around 1300 sccm, is monitored by a flow meter
(MKS, 258Q. Approximately 90% of the buffer gas flow
i passes through the ion gate while the balance leaves through
‘ | ’ the aperture in the drift tube exit plate. Under these condi-
tions we see no evidence for neutral species entering the drift
tube.

FIG. 2. Equipotential lines in the source, the ion gate, and the beginning of
the drift tube as determined usirsguion. The equipotential lines are sepa- .
rated by 75 V. Only four out of the ten ion gate plates are shown. The arrowC' The drift tube

shows where the laser beam strikes the target rod. The drift tube is housed in a 6-in.-diam 304 stainless
steel tube with two ceramic break€eramasealalong the
the simulation, the potentials of the rod and the two backength. The total length of the drift tube is 63 cm. A uniform
plates are equal. The potential of the rod is defined by twelectric field is generated along the axis of the drift tube by
contacts with the plate immediately behind it. The potentiai#3 0.010-in.-thick copper beryllium drift guard rings sepa-
difference between the rod and the entrance of the ion gate [§ted by ceramic spacers. A voltage divider consisting of a
typically around 600 V. The arrow shows the point where thechain of 5 M1 resistors(KDI Electronics, PVV60 provides
laser strikes the target rod. Because of the high buffer gafie potentials to the drift guard rings. At the end of the drift
pressure, the ions follow trajectories that are perpendicular t8/be the ions are carried by the buffer gas through a 0.005-
the equipotential lines. The rod was positioned so that thén.-diam hole into the vacuum chamber. The first section of
trajectories from the point where the laser strikes the targethe outer wall of the drift tube is connected to the high volt-
enter the ion gate. The signal can be optimized by adjustingge at the drift tube entrance, the middle section to the
the potential between the two back plates. By adjusting thé&niddle drift guard ring, and the last section to the exit plate.
voltage on the rod, one can adjust the residence time of th&his design minimizes the potential difference between any
clusters in the source and vary the cluster size distributiondrift guard ring and the walls of the tube, and reduces the
Only ionic species are extracted from the source. By reversPossibility of a discharge inside the drift tube. The maximum
ing the voltages it is possible to extract either anions or catvoltage that can be used across the drift tube depends on the
ions. pressure. The breakdown voltage decreases as the helium
pressure increases; it has a minimum at around 4 cm Torr,
and then increasé8.With 500 Torr in the drift tube, a drift
B. The ion gate voltage of up to 14 000 V can be used. Each stainless steel
. . . i section of the drift tube is surrounded by a jacket for heating
The function of the ion gate is to allow ions to pass from g, ¢ooling. The drift tube guard rings were designed to have
the source_lnto the d_rlft tube Wh_lle_preventlng_ neutral specieg, small heat capacity to minimize the time required to bring
from enterl_ng _the drift tube. Thls is accompllsh_ed by a uni-yne system to thermal equilibrium. We have employed a
form electric field to carry the ions through the ion g_ate a”dtemperature—regulated recirculat@eslab, RT-4D with a
a counterflow of buffer gas to prevent neutral species fro”honconducting fluorocarbon flui®M, FC40 to control the

passing through. The ion gate is a 2.4-cm-long cylindricake mperature. Using this arrangement we have performed
channel with an inside diameter of 0.5 cm. It consists of tefeasurements in the temperature range frer@5 to

304 stainless steel disks separated by Teflon sheets. The volf-1 g °c. A temperature range from40 to +400 °C should
age difference between the entrance and the exit of the 0§ 5ccessible with suitable heat-transfer fluids.

gate is typically 450 V. The metal disks are connected by 5

MQ resistorgKDI Electronics, PVV60 in order to generate
a uniform electric field along the length of the ion gésee
Fig. 2). The power supplies for the ion gate and the source After exiting the drift tube, the ions are accelerated and
float at the potential at the entrance of the drift tube so thafocused by a set of electrostatic lenses. The ions are directed
the electric field in the drift tube can be easily changed with-through a 0.5-cm-diam aperture into a differentially pumped
out changing the voltages across the source or the ion gatehamber that houses a quadrupole mass spectrometer and an

Ion Gate ’Dr‘ift Tube]

™

Back
Plates

D. Mass analysis and detection
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Lo 10 000 V. The inset shows a comparison of the measured (el line)
Sigo and the peak shape calculated for the diffusion of an ion packet as it travels
through the drift tubeédashed line; see the text, Sec. I).C

l “ 29 amu, 4.7%; and 30 amu, 3.19A mass resolved signal of
PARMENVLLVLL LY LTS Py several hundred counts/s is observed with a laser pulse fre-
200 400 600 800 1000 1200 ) T "
quency of 100 Hz. The cluster size distribution is sensitive to
Mass/Charge .
the laser power, the focusing of the laser, and the voltages on
the source. These parameters can be adjusted to optimize the

FIG. 3. Mass spectra measured {ay laser desorbed fullerene film al) signal for small clusters or to produce clusters with more
silicon cluster anions generated by laser vaporization. The small peaks b?han 100 silicon atoms

tween the silicon peaks correspond tQGi clusters.

ion detector. The quadrupole mass spectrom@etrel) has B Drift time distributions

3/8-in.-diam rods and is operated at 880 kHz to provide a  Fjgyure 4 shows an arrival time distribution recorded for
upper mass limit of 4000 amu. At the end of the quadrupolec ~This distribution was measured at room temperature,
ions are detected by an off-axis collision dynode and duajyith a pressure of 506 Torr in the drift tube, and a drift
microchannel plates. The collision dynode is biased aloltage of 10 000 V. A single sharp peak is observed. The
+10 000 V. for anions and-10 000 V for cation's. Signals  4rrival time,t, of the fullerene is 58.16 ms. The zero time is
from the microchannel plates are processed with a fast prejetermined by the laser pulse. The arrival time corresponds
amplifier (EG&G Ortec, VT120A and a fast amplifier/ g the total time from the desorption of the fullerenes by the

discriminator(EG&G Ortec, 930}. The signals are then re- |5ser to their detection; it can be resolved into four compo-
corded with a 66 MHz 486 comput¢Gateway. To record  pents:

mass spectra, a 16 bit digital/anald@yA) converterfAnalog
Devices, DAC113pis used to drive the quadrupole mass  !=tstletiortty, )

spectrometer and a counter bod@bmputer Boards, CIO- wheretg is the time spent in the sourdg, is the time spent
CTRO3 is used to record the signal at a particular massin the ion gatetpy is the time spent in the drift tube, ang
Drift time distributions are recorded by meaSUring the arrivalis the time Spent from the exit of the drift tube to the detec-
time distribution at the detector using a multichannel SC&'efor_ The time spent in the drift tube is inverse|y proportiona|
board (Tennelec/Nucleus, MCS )ll with a start pulse pro- to the electric field in this regiorE
vided by the vaporization laser.
tpr=5—, 3
Ill. RESULTS " KEpr ©
A. Mass spectra wherel o7 is the length of the drift tube and is the mobility
_ ) of the ion. Figure 5 shows a plot of the arrival times mea-

Figure 3a) shows a mass spectrum obtained by lasered for G, as a function of the inverse of the drift voltage.
desorption(~200 wJ/pulse of a fullerene film containing & A graight line is observed. This shows that the mobility is
mixture of fullerenes. The two main peaks corresponddp C independent of the drift field, and indicates that the condi-
and Go. The mass resolved signals were around 100Qions employed are in the low field limit. The slope of the
counts/s at a laser pulse frequency of 100 Hz. Figu® 3 |ine is proportional to the inverse mobility of the cluster.

shows the mass spectrum recorded for silicon cluster aniongpijities are usually reported as a reduced mobility given
generated by pulsed laser vaporizatienl0 mJ/pulsgof a

silicon rod. Sj clusters in the size ranga=4-45 are

present in Fig. @). The high mass peaks are broadened by v P 273.16 (4
the presence of the silicon’s three isotop28 amu, 92.2%; 0 760 T
Rev. Sci. Instrum., Vol. 68, No. 2, February 1997 lon mobility 1125
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300 using Eq.(5), the mobility can be obtained directly from a
[ single drift time distribution.
250 |
200k C. Resolution
i The time distribution of the packet of ions at the exit of
the drift tube depends on the spatial and temporal distribu-
tion of ions generated in the source and the spatial dispersion
that occurs as the ions travel through the drift tube. The ion
packet spreads out as the ions travel through the drift tube
because of diffusion. If one assumes that all the ions are
B T— '012' — 'ofs' e produced in the source at the same time, the shape of the
: 1V (W) drift time distribution can be calculated using the following
relation®

150 |

100 |

Time (milliseconds)

[$2]
o

FIG. 5. Arrival time of G, plotted as a function of the inverse of the drift O
voltage for drift voltages in the range of 3000—13 000 V. The line is a linear (t)= 0 (1—e” r§/4Dt)ef(I bT— vprt) /4Dt (6)
least-squares fit to the data. The slope of the line is 558 ms kV and the 47Dt ’

intercept is 2.6 ms.
whereD is the diffusion constant which under low field con-
) ditions is given byeK/kgT, vpt is the drift velocity in the
whereT and p are, respectively, the temperature and eyt tyhe, andr, is the radius of the source of ions. We have

pressure in the drift tube. The reduied mobilriTt%y determinedse the radius of the ion gate and the radius of the laser spot
fro_m the data in Fig. 5 _'«0_4'321—0'049 cmV s _for ry. Both radii give essentially the same result. The cal-
This can be compared with the value obtained for the mobily,5teq distribution for ¢ is plotted as the dashed line in the

ity of Cgo using the irljfcf‘eld'ion drift tube apparatus in Ouri et of Fig. 4. The measured peak is slightly broader than
laboratory, 4.31 ¢V ~*'s™%. We estimate that the absolute 0 calculated one. This is probably due to the initial spatial

uncertainty of reduced mobilities determined with this NeWjistribution of the ions. While the ions are generated by the

apparatus is-1%. Indepg:ndent measurements are reproducser puise at the same time, they are not produced at exactly
ible W'th'_n less thgn Oj2/°' ) the same position. lons generated at slightly different posi-
_ The intercept in Fig. 5 corresponds to the time that the; s are subjected to slightly different electric fields in the
ions do not spend in the drift tube. This time is 2.6 ms. ltg, 10 and so they enter the drift tube at slightly different
consists of the time spent in the source, the ion gate, and thg,oq \When a small laser spot is employed, as in Fig. 4, this
time spent traveling to the detector after exiting the drift oot g negligible. However, a significant broadening of the
tube. These thrge tlme_s can be calculated. The tlm_e_s spentﬁéak is observed if a large laser spot is used and if the dif-
the source and in the ion gate depend on the mobility of thgo e ce in voltage between the rod and the ion gate is small
ion, and they can be calculated with expressions similar t?~100 V instead of~600 V). The width at half-height of the
Eq. (3). The time spent traveling from the drift tube exit plate peak shown in Fig. 4 is,,=0.34 ms. The resolving power,

FO the detectort,, can l?e calculated from the mass of thetDT/tl,z, is 172. Isomers with mobilities that differ by more
ion, the charge of the ion, and the voltag_es applied to _th?han 0.5% are easily separated in this apparatus.
guadrupole and the lenses. Thus the total time can be written Figure 6 shows drift time distributions recorded for laser

as desorbed S€;, on a conventional injected-ion drift tube

1(ls lg lpr apparatus and on the new high-resolution drift tube appara-
— | =+ —=+ —) +ty, (5)  tus. The dashed line corresponds to the distribution measured
K1Es Ee Eor with the conventional apparatus whereas the solid line shows

wherelg and|  are the distances traveled in the source andhat recorded with the high-resolution apparatus. The results
in the ion gate, respectively, arfk and E, correspond to  Of ion mobility measurements for Sc ahCSg at G;, and

the electric fields in these regiorls.andEs were estimated SG at G metallofullerenes will be reported elsewhere. The
using the equipotentials plotted in Fig. 2. The times spent iflift tube in the injected-ion drift tube apparatus is 7.6 cm
the source, ion gate, drift tube, and traveling to the detectoloNd, the drift voltage is 100 V, and the helium buffer gas
with the conditions used to record the drift time distribution Pressure is 5 Torr. The resolving power of this drift tube is

that is shown in Fig. 4, are given in Table I. Note that, by17- The resolving power with the high-resolution apparatus,
with a drift voltage of 10 000 V, is an order of magnitude
higher. While only one broad peak is observed with the con-
TABLE I. Times spent by the § fullerene in the different parts of the ventional apparatus, the inset shows that two peaks are re-
apparatus. These times correspond to the conditions used to record the dis- . . . .
tribution shown in Fig. 4. solved with the new apparatus. The difference in the drift

times of these two peaks is 1.3%. The two peaks correspond

lon Drift to two different isomers with very similar shapes. The re-
Source  gate tube Vacuum Total duced mobilities of these isomers are 3.571 and 3.524
Time (M9 0.52 180 5550 034 ss1s M’V 1s™l For comparison the reduced mobility ofQs

3530 cmiV ts L
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o R . FIG. 8. Drift time distributions measured fNaCl),jNa" clusters with drift
F]G. 6. Drlft_tlmt_e d|str|bu_t|_on measured fo_r laser d_esorbegtggusmg the voltages of(2) 10000 and(b) 7000 V. The drift tube temperature was
high-resolution ion mobility apparatus with a drift voltage of 10 000 V _14°C.

(solid line). The distribution recorded with a conventional injected-ion drift
tube apparatus with a drift voltage of 100 V is shown for comparison
(dashed ling The time scale for the distribution measured with the high- during cluster growth and they may not relax to the most

resolution apparatus is at the bottom, and the time scale for the distributiogtable structure. While the identification of the different iso-
recorded with the injected-ion-drift tube apparatus is shown at the top of the ’

plot. The distribution measured with the high-resolution apparatus is enN€rs is important, it is perhaps more imp_ortant_ to determine
larged in the inset and shows two clearly resolved peaks. the most stable structure. In an injected-ion drift tube appa-

ratus the clusters may be annealed by raising the injection

Figure 7 shows a drift time distribution measured for energy so that the ions become collisionally heated as they
Siz. For this cluster five different isomers are resolved, ancenter the drift tubé’ This approach has been used to exam-
some of the peaks appear to consist of more than one conine the isomerization processes of silicon clusteasd car-
ponent. In previous experiments with the injected-ion driftbon clusters® For carbon, important information about the
tube apparatus only two isomers were resote@ombined mechanism of fullerene formation was deduced from these
reactivity/ion mobility measurements suggested that mor@nnealing studies. In the high-resolution ion mobility appa-
than two isomers exist for certain cluster sizksvith the  ratus, the ions are not injected into the drift tube, and so it is
high-resolution apparatus new isomers were observed for aflot possible to raise the injection energy. However, the clus-
silicon clusters with 20—70 atoms; up to seven isomers aréers can be annealed using a 188@r annealed by raising
resolved for some cluster siz&sThis is the first evidence to the temperature of the drift tusé We have previously em-
indicate that such a large number of isomers can exist foployed these methods with the injected-ion drift tube appa-
these clusters, and demonstrates the need for high-resolutiéatus, and both of them can be implemented with the high-

ion mobility measurements. resolution ion mobility apparatus. Laser annealing
experiments can be performed with the laser beam perpen-

D. Study of structural interconversion in the drift dicular to the axis of the drift tube, to irradiate a particular

tube isomer, or with the laser beam along the axis of the drift

Multiple isomers were observed for many of the clusterstUbe' Below we brief_ly describe some annealing e_xperiments
that we have studied. Metastable geometries can be form rformed by F:hangmg the temperature of the d_rn‘t tube..
With the high buffer gas pressure employed in the high-
resolution drift tube apparatus, ions undergo®210°
collisions/s, and they spend around 1@ in the drift tube
o a with a drift voltage of 10 000 V. If the temperature of the
Sizg v drift tube is raised, then isomerization can occur by a ther-
mally activated unimolecular reaction. By monitoring the
isomerization processes as a function of the drift voltage, at a
fixed drift tube temperature, it is possible to determine rate
constants for the isomerization processes. If the rate con-
stants are measured as a function of the temperature, then the
activation energy can be deduced from an Arrhenius plot. By
lowering the drift voltage, isomerization processes can be
studied over a time period as long as 1 s. Figure 8 shows
 E— R T E— drift time distributions recorded fofNaCl),;Na" with drift
Time (milliseconds) voltages of 7000 and 10 000 V. Both distributions were re-
corded with a drift tube temperature efl4 °C. Two poorly
FIG. 7. Drift time distribution measured for Jiwith a drift voltage of ~ r€Solved peaks, corresponding to two different isomers, are
10 000 V. Five isomers are resolved. observed in each distribution. The peaks are poorly resolved
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The apparatus operates with a drift voltage of up to 14 000 V
at a buffer gas pressure of 500 Torr. Since it is not possible
to inject intact ions into such a high buffer gas pressure, a
novel laser desorption/vaporization source is coupled di-
rectly to the drift tube through an ion gate. The ion gate
prevents neutral species from entering the drift tube from the
source region. A resolving power of 172 is obtained with a
drift voltage of 10 000 V. This is very close to the diffusion
b 25 °C limit. Mobilities can be measured with an absolute accuracy
of =1% and values are reproducible within 0.2%. The drift
tube temperature can be changed to study thermally activated
isomerization processes as a function of temperature. Rate
constants for the isomerization processes can be obtained
from the drift time distributions, and activation energies can
be determined from an Arrhenius plot. At low drift fields,
c 67 °C isomerization processes can be monitoredravel stime
scale. Results obtained for metallofullerenes, silicon clusters,
and(NaCl),,CI~ and(NaCl),Na" clusters illustrate the value
of high-resolution ion mobility measurements in resolving
structural isomers. In the future we intend to attach an elec-
s ittt | ¢ e trospray ion source to the apparatus so that high-resolution
160 180 200 ion mobility measurements can be used to examine the struc-
Time (milliseconds) ture and folding of gas phase proteins. In addition, with the
cluster signals available from this apparatus it will be pos-
FIG. 9. Drift time distributions measured deaCI)3:r,CI’ clusters with drift sible to attach a magnetic-bott|e photoe|ectr0n Spectrometer
tube temperatures of 7, 25, and 67 °C and a drift voltage of 7000 V. The, 5k of the mass spectrometer, so that anion photoelectron
time scale corresponds to that for the distribution measured at 25 °C. The ! . .
drift times depend on the temperature, and the time scales for the other twP€Ctra can be recorded for the isomers resolved in the ion

distributions were scaled so that the peaks are aligned. Three isomers amobility measurements.
observed at 7 °C, while only one isomer is observed at 67 °C.

a 7 °C

Intensity (arbitrary units)
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