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A new tandem mass spectrometer, containing a temperature-variable 22-pole ion trap, has been constructed.
It is applied, as a first application, to kinetic and spectroscopic investigation of charged water clusters produced
from a supersonic expansion. Using low-pressure He or H2 as buffer gas for collisional thermalization,
refrigeration of the ion trap allows a good control of the cluster temperature over the range 77-350 K. It
provides an accurate means of determining the dissociation energies of both protonated and deprotonated
water cluster ions [H+(H2O)n and OH-(H2O)m] by measuring the dissociation rates at various temperatures
along with their internal energies calculated from vibrational frequencies provided by density functional theory
calculations. In this report, results of the thermochemical measurements for H+(H2O)4-10 and OH-(H2O)3-7

at well-defined cluster temperatures are presented. The feasibility of using this ion trap to acquire temperature-
dependent infrared spectra of charged water clusters is also demonstrated with H+(H2O)6.

Introduction

An important parameter to measure and to control in the study
of ion chemistry1 and spectroscopy2 is the ion temperature.
Conventional thermometers, thermocouples for example, provide
accurate measurements of the temperature of solid and liquid
samples over a wide range. For the temperature determination
of high-pressure gas, one can measure the temperature of their
sample vessel because collisional motions will fully thermalize
the gas with its surroundings. The temperature of gas-phase ions
in a high vacuum system is more difficult to measure (and to
control) because the ions are intentionally isolated from the
vacuum chambers to avoid charge transfer. As a result, the
temperature of gas-phase ions is often far above 300 K owing
to the heating effect during ionization, which can create
unwanted reactions as well as spectral complications. Several
techniques have thus been developed for the reason of temper-
ature control, mainly to lower the temperature of the intention-
ally isolated ions, such as adiabatic expansion,3 evaporative
cooling,4 sympathetic cooling,5 laser cooling,6 and cooling by
collisions with cold buffer gas.7

The collisional cooling method, as to be discussed in this
report, is one of the most universal ways for the temperature
control (particularly for the internal degrees of freedom) of gas-
phase ions. In a storage cell, the buffer gas fills more or less
the entire region at a well defined temperature and pressure,
producing a thermal “bath”. Ions in the storage cell are confined

translationally by a time-varying electric field and thermalize
both internally and kinetically with the bath by collisions.
Temperature control of the storage cell can therefore be
performed to change the ion temperature. In the 1980s, Gerlich
and co-workers8-10 developed multipole radio frequency (RF)
ion traps, which serve as ion storage cells and can easily be
combined with lasers.8 Integration of the trap to a refrigeration
system enables active temperature control of the storage cell,
thereby allowing studies of the temperature dependence of ion-
molecule interactions9 as well as the thermodynamic and kinetic
properties of gas-phase ions and cluster ions.10

In this paper, a temperature-variable 22-pole ion trap inte-
grated into a tandem mass spectrometer is used for investigation
of charged water clusters, in both protonated [H+(H2O)n] and
deprotonated [OH-(H2O)m] forms, produced from a supersonic
expansion. These cluster ions are chosen because water is not
only of general interest in physical chemistry but also plays
important roles in interstellar space11 and in the atmosphere.12

The importance of the latter surely stems from the high
abundance of water on earth and the ease of charge separation
of the water molecule within clusters,13 as H2O has a high proton
affinity of 165 kcal mol-1 and basicity of 157 kcal mol-1 in
the gas phase.14

Experiments with the water cluster ions [H+(H2O)n] go back
to the 1970s when the Kebarle group15 first investigated these
ions in a pulsed high-pressure mass spectrometer and deduced
the cluster bond energies and other thermochemical quantities
from the temperature dependence of equilibrium constants. After* To whom correspondence should be addressed.
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emergence of the corona discharge source3 for production of
internally cold clusters, detailed spectroscopic investigations
followed,16-18 revealing important structural information for
cluster ions of a size up ton ) 8. Productions as well as spectral
assignments of larger clusters become much more difficult
because of the complex manifold of structural isomers. Of
special interest in the measurements of Kebarle15 and other
groups19-22 is the deviation of the cluster bond energy from a
smooth sequence, an indication for the existence of stable
structures involving shell closures. The first shell closure was
found to occur atn ) 4 for H+(H2O)n,15,19 and the special
stability of this cluster ion has since been observed in a number
of experiments, including the vibrational predissociation spec-
troscopic measurements of Yeh et al.16

In addition to the aforementioned bond energy measurements,
the temperature-variable 22-pole ion trap also opens new
possibilities to obtain temperature-dependent infrared spectra,
from which the population of various isomers as a function of
temperature can be inferred. For the cluster ions of interest in
this work, there exist many structurally as well as energetically
similar isomers, and these isomers are separated by barriers with
heights comparable to the strength (a few kcal mol-1) of the
hydrogen bonds that link the water molecules together. There-
fore, up to a certain temperature, structural isomerization can
occur. Accompanied with this isomerization, the intracluster
proton may migrate (through tunneling) and it can either localize
at a site close to one water molecule, forming an H3O+ (or OH-)
ion core, or delocalize between two water molecules, forming
an H5O2

+ (or H3O2
-) ion core.18,23,24 By monitoring the

evolution of the spectral changes with temperature, one may
investigate the intracluster proton-transfer process closely.

Theoretical analysis for the structural transformation of
H+(H2O)n (refs 25 and 26) and OH-(H2O)m (refs 27 and 28)
has been carried out at various levels of computation. Singer et
al.,26 for example, employed basin-hopping Monte Carlo
simulations, examined the topology of H+(H2O)8 as a function
of temperature, and concluded that the tree-like topology with
chains of H2O molecules emanating from a H3O+ core is favored
by Gibbs free energies at room temperature. The conclusion is
in accord with the spectroscopic observations of Jiang et al.18

for H+(H2O)5-8 produced in a molecular beam. However, in
the beam experiment, the workable cluster temperature range
is very limited, only about 140-200 K, disallowing a test of
the simulations. The temperature-variable 22-pole ion trap
clearly offers an excellent opportunity to study the isomeric
transitions under equilibrium conditions over a much wider

temperature range, potentially from 4 to 400 K. Furthermore,
the possibility of collision-induced isomerization can be ex-
plored.

In the kinetic and spectroscopic measurements of this work,
the reactant ions are first thermalized with buffer gas and then
analyzed as a function of both trapping time and laser frequency
as

where X is H+ or OH-. The third body M in eq 1 is nothing
but a medium for energy transfer, and it can be either He or H2

because they are light and chemically inert. The method of such
cluster bond energy measurements has recently been demon-
strated by Lovejoy and Bianco29 for small water cluster ions
H+(H2O)3,4 using a three-dimensional quadrupole ion trap (Paul
trap) at elevated temperatures, i.e., around 300-500 K. The
present study represents an extension of their work to larger
clusters at lower temperatures.

Experimental and Computational Sections

A. Experimental. The temperature-variable ion trap mass
spectrometer is composed of three differentially pumped vacuum
regions, denoted respectively by “Source”, “Lens & Selection”,
and “Reaction”. The heart of this spectrometer is the 22-pole
ion trap, as shown schematically in Figure 1. The trap consists
of 22 stainless steel rods with a diameter of 1 mm and a length
of 36 mm equally spaced on an inscribed radius of 5 mm. Pulsed
electrodes at the entrance and exit of the trap confine the ions
along the axial direction. The design of this trap is identical to
that described in detail in ref 9.

We produced the charged water cluster ions by a supersonic
expansion of corona-discharged H2/H2O (99/1) mixtures through
a room-temperature nozzle (∼100µm in orifice diameter) at a
backing pressure of∼100 Torr. The typical discharge voltage
used is 700 V and the resulting discharge current is about 30
µA. Downstream the nozzle, the ion beam is skimmed, focused,
and bent 90° toward the first quadrupole mass spectrometer for
mass selection. With this mass filter, we select clusters with a
specific solvation numbern (or m) out of the mixture H+(H2O)n

Figure 1. Experimental layout of the temperature-variable 22-pole ion trap mass spectrometer. Shown on the right is the pulsed infrared laser
system.

X(H2O)n
* + M f X(H2O)n + M* (1)

X(H2O)n 98
Ea

X(H2O)n-1 + H2O (2)

X(H2O)n + hν f X(H2O)n-1 + H2O (3)
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[or OH-(H2O)m] coming from the source. After passing through
the filter, the selected ions are injected with low kinetic energy
into the 22-pole RF ion trap, which contains buffer gas at a
fixed pressure and temperature. While being stored, the ions
are thermalized by collisions with the cold buffer gas for either
kinetic or spectroscopic measurements.

Low temperatures of the ion trap are achieved by using a
liquid-nitrogen-cooled coldfinger counter-heated by a heating
wire winded around the trap holder. The temperature is
measured by two thermocouples (typeE) attached directly to
the body of the 22-pole trap. The temperature range thus
obtainable is from 77 to 300 K, and above 300 K (using only
the heater without liquid nitrogen). The error in the absolute
temperature measurements is about(1 K, calibrated against
the liquid-nitrogen temperature.

Pressures of the buffer gas (either He or H2) inside the 22-
pole ion trap are measured using a conventional ion gauge
outside the storage cell. The ion gauge does not have the
accuracy of, for example, a spinning rotor gauge or a Baratron,
but in our application, we need only relative pressure readings
for determination of the bond energies (see below) and/or in
spectroscopic measurements. In assessing the molecular number
densities in the trap, we have to include the sensitivity factor
of the ion gauge for the used buffer gas [e.g.,fHe ) S(He)/
S(N2) ≈ 0.15 andfH2 ) S(H2)/S(N2) ≈ 0.4] and the correction
for the Knudsen effect30

wherent andTt are the number density and the temperature of
buffer gas in the trap,pg and Tg are the pressure and the
temperature of buffer gas in the gauge, respectively, andkB

stands for the Boltzmann factor. The typical value ofnt used in
this experiment is 2× 1013 cm-3, which suggests a collision
frequency of∼104 s-1 between the trapped ions and the buffer
gas atoms (or molecules).

A RF amplitude (zero-to-peak) ofV0 ) 50 V from a home-
built power source31 is applied to the 22 rods of the ion trap at
the fixed frequencyΩ/2π ) 10 MHz. Short dc pulses applied
to the retarding electrodes control the entrance and exit of the
ions to be investigated. Operating under these conditions, the
ion trap allows storage of ions over a wide mass range; it keeps
the fragment as well as the parent ions of the reactions described
by eqs 2 and 3 for subsequent analysis. In the kinetic

measurements, the second quadrupole mass filter located just
behind the trap (cf. Figure 1) is set to theparention, from which
we monitored its decay in a time range up to 200 ms. The typical
repetition rate of the ion pulses, generated by the trap entrance
gating, in this cluster bond energy measurement is 5 Hz. In the
spectroscopic measurements, infrared laser pulses are introduced
into the ion trap to pump the collisionally cooled cluster ions
to the first vibrationally excited state at a repetition rate of 20
Hz. The laser beam with an energy of∼2 mJ/pulse is generated
by difference frequency mixing of the Nd:YAG fundamental
photon (1064 nm) and the∼760 nm output of a tunable dye
laser using a LiNbO3 crystal. After vibrational excitation, the
product ions are extracted from the ion trap and selected by
the second mass filter to obtain the infrared action spectra. The
typical storage time of the ions in the trap before the laser
excitation is 10 ms. The ion signals in both experiments are
detected by either a Daly detector (for positive ions) or an
electron multiplier (for negative ions) operated in an ion
counting mode.

We emphasize that, compared to the Paul trap, our 22-pole
storage cell has a wide field-free region, which effectively avoids
RF excitation and collisional defocusing of the trapped ions.
The feature is critically important for experiments conducted
at lower temperatures for larger and/or less strongly bound
clusters.10 Lovejoy and Bianco29 have examined the effect of
the applied trap driving voltage on the measured decomposition
rate constants for H+(H2O)4 and other cluster ion systems. Their
results show that the RF heating effect is nonnegligible at the
parameterqz > 0.3 when using the quadrupole ion trap as a
storage cell. For the multipole ion trap, Gerlich7 has defined an
adiabaticity parameter

which reduces toqz at 2n ) 4. AdoptingV0 ) 50 V, Ω/2π )
10 MHz, the center-to-pole distance ofr0 ) 5 mm, the pole
number of 2n ) 22, and the maximum turning radius ofr̂ )
r/r0 ) 0.8 for the 22-pole trap used in this experiment, we have
η ≈ 0.02 atm/e ) 70. Becauseη is inversely proportional to
m, the values of this parameter for other ions (m/e > 70) listed
in Table 1 are all less than 0.02, which is well below the safe
operation limit (η < 0.3) of the multipole RF ion trap.7

B. Computational. Theoretically calculated vibrational fre-
quencies and molecular structures are used in assessment of
cluster internal energies as well as for spectral assignment. The

TABLE 1: Determination of the Dissociation Energies (kcal mol-1) of H+(H2O)4-10 and OH-(H2O)3-7 from Their Components
at the Mean Trap Temperature Tm (K) and Comparison with Literature Values

this work literature valuesc

clusters Tm Ea 〈Evib〉a akBTm
b Ediss Ediss

H+(H2O)4 325 10.2( 0.4 6.0( 0.4 0.97( 0.24 17.2( 0.7 17.3, 17.4
H+(H2O)5 227 6.8( 0.1 4.6( 0.4 0.68( 0.17 12.1( 0.5 12.3, 11.1
H+(H2O)6 203 4.9( 0.1 5.0( 0.5 0.61( 0.15 10.5( 0.6 11.2, 10.7
H+(H2O)7 181 4.0( 0.1 4.9( 0.8 0.54( 0.13 9.4( 0.9 10.2, -
H+(H2O)8 164 4.0( 0.1 5.0( 0.4 0.49( 0.12 9.5( 0.5 -, -
H+(H2O)9 155 4.2( 0.1 u.d. 0.46( 0.11 -, -
H+(H2O)10 150 4.0( 0.1 u.d. 0.45( 0.11 -, -
OH-(H2O)3 323 10.3( 0.1 4.9( 0.4 0.96( 0.24 16.2( 0.5 -, 15.5
OH-(H2O)4 254 6.9( 0.1 4.3( 0.5 0.76( 0.19 12.0( 0.6 -, 11.2
OH-(H2O)5 216 6.0( 0.1 4.3( 0.6 0.64( 0.16 10.9( 0.7 -, 10.7
OH-(H2O)6 203 6.3( 0.1 4.6( 0.4 0.61( 0.15 11.5( 0.5 -, 10.4
OH-(H2O)7 192 6.9( 0.1 u.d. 0.57( 0.14 -, 9.6

a Internal energies of H+(H2O)9, H+(H2O)10, and OH-(H2O)7 are undetermined (u.d.).b Adoptinga ) 3/2 and assuming an error of 25%.c Values
adapted from thermochemical measurements (refs 15 and 19), following the procedures described in ref 29.

nt )
pg

kBxTtTg

(4)

η ) 2n(n - 1)
eV0

mr0
2Ω2

r̂n-2 (5)
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calculations, based on the density functional theory (DFT), are
performed using the commercial Gaussian 98 package.32 Utiliz-
ing a standard analytical gradient method, geometries of the
cluster ions were optimized without imposing any symmetry
constraints at the B3LYP level of computation with the
6-31+G* basis set (denoted as B3LYP/6-31+G*).

A large number of H+(H2O)4-10 and OH-(H2O)3-7 potential
minima are located in the course of the computation. They
correspond to isomers of chainlike, four-membered ring, five-
membered ring, double ring, and cage-like structures. The
structures and energetics of these isomers have been previously
reported.18,23We depict in Figure 2 only the isomeric structures
of H+(H2O)4-8 that have been identified in a corona-discharged
supersonic expansion at an estimated cluster temperature of 170
K.16-18 For clusters ofn e 6, they are predominantly the
chainlike structures (namely,HW4I , HW5I , HW6I , and
HW6II ), whereas atn g 7, ring structures (HW7III , HW7IV ,
HW7VI , HW7VIII , HW7X , and HW8II ) exist. Such a
preference of five-membered ring formation in H3O+(H2O)n
stands as an interesting contrast to its structural analogue
NH4

+(H2O)n,33 of which the formation of symmetric four-
membered rings is strongly favored.

Results and Discussions

A. Kinetic Measurements.For bond energy measurements
temperature-dependent decays of the cluster ions, in He buffer
gas were recorded, as described by eq 2. At higher buffer gas
temperatures (>120 K), we observed a simple exponential decay
of the stored parent ions as the internal energy of some of them
comes close to the dissociation limit, and the collisions with
the buffer gas atoms help to overcome this barrier. At lower
temperatures (77-120 K), a part of the cluster ions are seen to
fragment due to collisions with the buffer gas atoms when they
enter the trap. The fragmentation, however, slows down after
20 ms of the storage (with a buffer gas pressure ofpg ) 8 ×
10-5 Torr) and the number of the detected parent ions gradually
stabilizes. In the first 20 ms, the ions undergo about 200
collisions. It is therefore safe to assume that the ions are in ther-
mal equilibrium with the buffer gas at this time. It also suggests
that the time scale for the cluster ions to be completely equili-
brated in internal (rotational and vibrational) modes is∼20 ms.

As an example of the measurements done, we show in Figure
3a the exponential decay of H+(H2O)5 (mass 91) in He buffer
gas at 8 different trapping temperatures (Tt) in the range 190-
240 K. The single exponential decays are indications that the

Figure 2. Low-energy isomers of (a) H+(H2O)4, (b) H+(H2O)5, (c) H+(H2O)6, (d) H+(H2O)7, and (e) H+(H2O)8. The O and H atoms are represented
by large open and small open circles, respectively, and the ion cores (either H3O+ or H5O2

+) are shaded for clarity. Shown here are only isomers
that have been previously identified in a supersonic expansion (ref 18).
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ensemble is in thermal equilibrium to a precision of about 1 K
because otherwise the decays would be curved corresponding
to a thermalization happening on the time scale of 200 ms. We
began the trapping with around 100 cluster ions per filling,
which may vary between 70 and 110, depending on the trapping
conditions used (for example, different buffer gas temperatures
and ion energies). Each data point in the figure consists of an
average of 200 ion trap fillings. The multiple data points given
for each temperature and storage time come from several
iterations to check for the primary beam stability. Exponential
fits to these curves give the pseudo-first-order rate constants
ranging fromk′ ) 0.31 s-1 for Tt ) 192 K tok′ ) 7.21 s-1 for
Tt ) 238 K. The statistical errors obtained from the fits, as
shown in Figure 3b, are around 1% for the faster decays but
become much larger (approximately 20%, not shown) for the
slower decays at lower temperatures (Tt < 200 K). Such
obtained temperature-dependent rate constants follow the well-
known Arrhenius relation,k′ ) A exp(-Ea/kBT), where

is given as the linear slope in Figures 3b and 4a.
In making these plots, we have taken into account the change

of the buffer gas number densitynt with trap temperature as
explained in eq 4. To limit the temperature range for later
analysis, we considered only the∼5 highest temperature points
and made a fit weighted by experimental errors. Another reason
to consider only these points is that the residual reactive loss
of the water cluster ions (with a rate constant of∼0.1 s-1) due
to contaminants in the vacuum chamber influences less the

measurements involving faster decays (or a largerk′). From the
fit in Figure 3b, we obtain a slope of-(3407( 50) in units of
Kelvin, which corresponds to an activation energy ofEa ) 6.8
( 0.1 kcal mol-1 for the H+(H2O)5 cluster ion.

From eq 6, we see that it is not important for the determi-
nation ofEa to know the exact pressure of He in the 22-pole
trap. Rather, it is the temperature dependence ofk′ that matters,
because the absolute number densitynt finally cancels out when
taking the logarithm and the derivative ofk′ in relation 6. In
this experiment, we were working in (or very near to) the low-
pressure limit, where the pseudo-first-order rate constantk′ is
proportional to the He number densitynt. Tests for the linearity
k′ ) k′′nt, wherek′′ is the second-order rate constant, have been
made independently by varying the pressures. With twice the
pressure, for example, a factor of 2 increase ink′ was indeed
observed. This gives us the magnitude of thek′′ to be around
1 × 10-12 cm3 s-1 (cf. Figure 4), but we should allow for
an uncertainty factor of 2 for the result because of the
limited accuracy of the ion gauge in the He pressure measure-
ments.

To obtain the cluster bond energy, or the cluster dissociation
energyEdiss, from the kinetics measurements as described above,
we use the relation29,34

which applies to the special case of weak collisions and low
pressures; that is, the change of internal energy by one collision
is small compared to the total mean internal energy〈Evib〉, and
if one collision lifts the ionic cluster over the dissociation
thresholdEdiss, it decays faster than the next collision can take
place. The correction termakBTm in this relation accounts for

Figure 3. (a) Dissociation of H+(H2O)5 in the temperature-variable
22-pole ion trap at various temperatures. (b) Dissociation rate constants
of H+(H2O)5 as a function of ion trap temperature. The linear line
represents the best fit of the experimental data to the Arrhenius equation.

Ea ) -kB

∂ ln(k′)
∂(1/T)

(6)

Figure 4. Dependence of the dissociation rate constants of (a)
H+(H2O)n, n ) 4-10, and (b) OH-(H2O)m, m ) 3-7, on the ion trap
temperature. The linear lines represent the best fits of the experimental
data to the Arrhenius equation.

Ediss) Ea + 〈Evib〉 + akBTm (7)
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the average energy transferred from the He bath to those clusters
sitting just below their dissociation limit and irreversibly lifted
over the dissociation barrier by collisions with the He atoms.
The temperature dependence of the factors such as the rate
coefficient for collision with buffer gas and the collision
efficiency are included in this term.34 Lovejoy and Bianco29

have carefully examined this term for a variety of (small) cluster
ions and found the value of the parametera may vary from-1
to +3, depending on the ionic species, cluster size and
experimental conditions.

Theoretical evaluation of〈Evib〉 is based on the vibrational
frequencies provided by the B3LYP/6-31+G* level of computa-
tion. We calculate the internal energies〈Evib〉 at the median
temperature (Tm) of the temperature range of the ion decay
measurements. Continuing with H+(H2O)5 as the example, this
would beTm ) 227 K and the calculated vibrational energy is
〈Evib〉 ) 4.6 kcal mol-1 for the isomerHW5I , which is the only
species identified in our previous spectroscopic experiments (cf.
Table 1). For the correction termakBTm, Lovejoy and Bianco29

have suggested two average values,a ) 1.2 and 1.8, obtained
respectively from the harmonic and free rotor treatments for
the torsional motions of the clusters. These two numbers give
an average difference of∼1 kcal mol-1 between the pre-
dicted and the literature values ofEdiss in the temperature range
300-500 K. As in our case, except that of H+(H2O)4 and
OH-(H2O)3, the ion trap is typically maintained at a temperature
less than 250 K, and the contribution from this correction term
to Ediss is significantly smaller. We therefore adopta ) 1.5
(assuming an error of 25%), namely, only taking into account
the three external degrees of freedom of the free neutral water
molecule as the first-order approximation in the present treat-
ment.

With the values given above, we obtain a dissociation energy
Ediss ) 12.1 kcal mol-1 for H+(H2O)5. The standard deviation
deduced from the activation energy fit in Figure 3b is∼0.1
kcal mol-1, but we have some uncertainties in the determination
of Tm, which in turn has a significant influence on the calculation
of 〈Evib〉. In addition to that, we have some uncertainties in the
DFT computation of the vibrational frequencies (especially the
lower-frequency modes, which are crucial in the temperature
range considered here) and also the uncertainties for the
coexistence of more than one isomer in the cluster production.
A combination of all these factors makes precise determination
of 〈Evib〉 very difficult. So, we would rather assume our total
error in the bond energy assessment to be of the order of 0.5
kcal mol-1 for this particular cluster ion, H+(H2O)5.

For H+(H2O)n of n ) 6-8, rather than to consider only the
lowest energy isomer as in the cases ofn ) 4 and 5, we choose
to take into account all isomers that have been identified in our
previous experiments for the calculation ofEdiss. The structures
of these isomers for each cluster size are depicted in Figure
2c-e. There are seven possible isomers for H+(H2O)7, for
example, and we have taken the average value of〈Evib〉 for all
of them in the calculation. As for the clusters withn ) 9 and
10, identification of the structural isomers in a supersonic
expansion has not yet been accomplished. A reasonable as-
sumption to make is that their structures closely resemble those
of n ) 7 and 8, namely they contain only one or two five-
membered rings rather than compact cages. It is clear that the
calculation for the vibrational energies〈Evib〉 of larger clusters
would become much less accurate because of the exponentially
increasing manifold of possible isomers. We expect the total
error in our bond energy assessment to be∼1 kcal mol-1 for
these high-mass clusters.

We summarize in Table 1 and Figure 5 the measured and
the DFT-calculated components ofEdiss for H+(H2O)n of n )
4-10. Figure 5a shows the dissociation energyEdiss as a sum
of the activation energyEa, the vibrational energy at the median
temperature〈Evib〉, and the small correction termakBTm. Going
from the large to the small solvation numbern, the dissociation
energy for H+(H2O)n increases steadily, beginning in the regime
of bulk water with an evaporation enthalpy of∼10 kcal mol-1.35

At n ) 4, the otherwise smooth sequence of the bond energies
makes a noticeable jump. Such a jump is expected if we examine
the structure of the most stable isomer for H+(H2O)4, i.e.,HW4I ,
which is symmetric and consists of a H3O+ core with three water
molecules surrounding it. For this cluster isomer, the first
solvation shell of H3O+ has been just filled, and all of the water
molecules are predominantly bound to the central ion by strong
charge-dipole interactions rather than hydrogen bonding as is
the case for water molecules in the outer solvation shells. Hence,
not surprisingly, it would take relatively more energy (17.2(
0.8 kcal mol-1) to detach a water molecule from H+(H2O)4.
This shell filling effect has been observed in the earliest
experiment of Kebarle and co-workers.15

In Table 1, we also include the results of OH-(H2O)3-7 for
comparison with literature values. The listed internal energies
of OH-(H2O)3-6 are averages of the〈Evib〉 of DFT-predicted
low-energy isomers. We may give an uncertainty of around(1
kcal mol-1 for these values because of the lack of the knowledge
of isomers that make contribution to our measurements.23

Analogous to the case of H+(H2O)n, the cluster bond energy of
OH-(H2O)m shows a steady decrease from 16.2 kcal mol-1 of
m ) 3 to 11.5 kcal mol-1 of m ) 6. However, unlike the cation
counterparts, no distinct shell effect is detected for the hydroxide

Figure 5. (a) Variations of the measured dissociation energies and
their components with the solvation number of H+(H2O)n. (b) Com-
parison of the dissociation energiesEdiss obtained in this work with
literature values for H+(H2O)n at variousn.
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ion, where filling of the first solvation shell is expected to
complete atm ) 3 for OH-(H2O)m, according to Meot-Ner and
Speller.19

A comparison of our results with other literature val-
ues15,19,20,21,29is shown in Figure 5b. However, to compare our
measured bond energiesEdiss with the bond enthalpies∆
Hn-1,n

0 (T) as given in most publications from thermochemical
measurements, we have to calculate the difference in total
energies (i.e., translational, rotational, and vibrational energies)
of the products and reactants for the dissociation [eq 2] at the
given temperatureT. Such a conversion based on theoretical
heat capacities has been performed (see refs 36 and 37 for details
of the calculation), although it is found that the difference
between the bond enthalpy and the bond energy is small,
typically less than 0.5 kcal mol-1. As shown in Figure 5b, the
agreement inEdiss among different measurements is very good
(within 1 kcal mol-1) except that of ref 20, where the reported
bond energies are systematically too low, whereas the bond
energies atn ) 6 and 7 from ref 21 seem to be too high in
comparison to ours and other measured values.

B. Spectroscopic Measurements.To obtain the infrared
spectra of gas-phase cluster ions, one always requires an intense
and stable precursor beam during the entire data-recording
period (typically 4 h). For H+(H2O)n, as determined by the
expansion conditions of our ion source, the size distribution of
the precursors in this experiment is often peaking atn ) 6 and
7. We therefore started the spectroscopic measurement with the
protonated water hexamer for the fundamental free-OH stretches
over the frequency range 3620-3760 cm-1. Because one
quantum of the free-OH vibration corresponds to an energy of
EIR ≈ 10.6 kcal mol-1, which is typically less than the
dissociation energy ofEdiss ≈ 12 kcal mol-1 for most of the
cluster ions shown in Table 1, some internal energy must be
required for the dehydration of cluster ions under low-temper-
ature conditions when only single photons are absorbed by the
individual ions during each trapping cycle. Figure 6 illustrates
the correlations of the total vibrational energy〈Evib〉 and the
ion temperature and the dissociation threshold of H+(H2O)n
using the cluster isomerHW6II (Figure 2c) as an example.

We employ H2, rather than He, as the buffer gas in the
spectroscopic measurement. This is because the hydrogen
molecule contains one internal degree of freedom, which makes
it easier to accept the vibrational energies of the trapped ions
than the helium atom in a cold environment. Moreover,
hydrogen is lighter than helium and so collisional excitation of

the trapped species can be minimized. In this experiment, the
cluster ions are typically confined in the ion trap for 10 ms
before the laser excitation. With the buffer gas density of the
order ofnt ≈ 1013 cm-3 as described earlier for He, more than
100 collisions occur between the trapped ion and the H2

molecules. These stored cluster ions are therefore expected to
thermalize with their surroundings before the spectroscopic
measurements.

Figure 7 displays the infrared spectra of H+(H2O)6 at 77-
180 K in the free-OH stretching region. They are compared in
parallel to the first spectrum (the topmost) acquired at room
temperature without the buffer gas. The temperature of the
cluster ions trapped under such collision-free conditions is
roughly 200 K, as estimated from the measured metastable
dissociation rates fitted to an evaporative ensemble model.38,39

Notably, all of the spectra show 3 distinct features centered at
ν0 ) 3740, 3715, and 3650 cm-1, corresponding respectively
to the asymmetric, the 2-coordinated, and the symmetric free-
OH stretches of the water molecules in either the first solvation
shell or the second solvation shell of the H3O+ or H5O2

+ ion
core.18 The full widths at half-maximum (fwhm) of these three
absorption bands are all larger than 15 cm-1, but they decrease
significantly when H2 is introduced into the storage cell. An
average reduction factor of 1.7 is found for the spectrum
acquired at 200 K compared to that at 77 K. Table 2 lists the
spectral assignment, vibrational frequencies, and bandwidths of
the individual peaks observed at three different bath temperatures
in comparison to those obtained at room temperature without
H2 buffer gas.

Figure 6. Energy diagram of isomerHW6II of the H+(H2O)6 cluster.
TheEvib area represents the DFT-calculated internal energies at different
temperatures,EIR is the average photon energy used in this work (∼10.6
kcal mol-1), andEdiss is the measured dissociation energy. The infrared
action spectra are recorded at temperatures above 77 K.

Figure 7. Temperature-dependent vibrational predissociation spectra
of H+(H2O)6 acquired at 77, 120, and 180 K in the free-OH stretch
region. They are compared to the spectrum acquired without buffer
gas in the trap held at room temperature. Shown at the bottom are the
calculated stick spectra of two lowest-energy isomers,HW6I and
HW6II (cf. Figure 2c).
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Shown at the bottom of Figure 7 are the DFT-calculated stick
diagrams of two isomers (HW6I andHW6II ) for comparison
with the experimental spectra. These two isomers are the lowest
in energy among all stable structures of H+(H2O)6 and are
centered by the H3O+ and the H5O2

+ entity, respectively (cf.
Figure 2). Identification of them has been successful in a corona-
discharged supersonic expansion in our previous experiment.18

Because the source condition used by this new spectrometer is
similar to that of the room-temperature 8-pole ion trap apparatus
used in ref 18, we expect that these two chainlike isomers exist
in the present 22-pole ion trap mass spectrometer as well.

We note that in Figure 7 the shifts of the spectral band centers
with temperature are not significant enough (<1 cm-1) to lead
to any conclusive remarks. In comparison, the cooling effect
can be seen more readily in the change of the widths of the
absorption bands. As listed in Table 2, the fwhm of the
absorptions decreases roughly by factors of 1.2 and 1.1,
respectively, as the bath temperature is lowered consecutively
from 180 to 120 K and from 120 to 77 K. Overall, the fwhm
decreases by a factor of roughly 1.3 across a temperature change
range of∆T ) -113 K. Such a bandwidth reduction is smaller
than we expected because an fwhm of less than 10 cm-1 has
already been observed for these bands at an estimated cluster
temperature of∼140 K under collision-free conditions.18 We
attribute this unsatisfactory result to inefficient cooling of the
internal rotations of the solvent water molecules attached to the
H3O+ or H5O2

+ ion core.
The internal rotation within an ionic cluster was first observed

by Price et al.40 for H+(NH3)n generated by a supersonic
expansion and stored in an empty octopole ion trap. From the
rotation-vibration transitions resulting from a rotation of the
NH3 subgroups about its localC3 axis, they estimated aJ
rotational temperature of∼20 K and aK rotational temperature
of ∼45 K for these jet-cooled cluster ions. We have previously
also observed the subbands of the asymmetric free-OH stretch
transitions due to the nearly free internal rotation of H2O
attached to the NH4+ core in NH4

+(H2O)n.41 These subbands
have a characteristic spacing of 55 cm-1, roughly twice theA
rotational constant of H2O along itsC2 axis, suggesting aK
rotational temperature of∼50 K. Such free internal rotations
clearly would play a significant role in band broadening when
the cluster temperature is not sufficiently low. In this experiment,
with the use of buffer gas, the rotational and vibrational
temperatures are both thermalized to the bath temperature owing
to the collisions. In a 77 K bath for example, the vibrational
temperature of the cluster ions produced from the supersonic
expansion is effectively lowered from∼200 to 77 K, but
unfortunately, their rotational temperature is raised from∼50
to 77 K. In this aspect, it thus comes of little surprise that the
bandwidths of these OH stretch transitions could be broadened
to more than 10 cm-1 due to coupling of the high-frequency

vibrations with the thermally excited internal rotations, as
observed experimentally.

Conclusions

We have shown that collisional cooling of protonated water
clusters [H+(H2O)n] and deprotonated water clusters [OH-(H2O)m]
can be achieved with chemically inert buffer gas (either He or
H2) in a temperature-variable 22-pole ion trap. Using this device
has enabled us to conduct infrared spectroscopy as well as
dehydration energy measurements under well defined conditions
in the temperature range between 77 and 350 K for both
positively and negatively charged cluster ions. In this work, we
have determined the first dehydration energies of the water
cluster ions from the dissociation activation energies measured
in experiments and the internal energies provided by theoretical
calculations. The results are in good agreement with literature
values. For H+(H2O)n, the cluster bond energy is determined
to decrease smoothly from∼17 kcal mol-1 of n ) 4 to ∼9
kcal mol-1 of n ) 8, and no distinct shell effects have been
detected for the second solvation shell formation. In the
spectroscopic measurements, we obtain vibrational predisso-
ciation spectra of H+(H2O)6 in the free-OH stretch region at an
equilibrium cluster temperature of 77 K. Significant reduction
in the absorption bandwidths (up to a factor of 2) is observed
when cooling the cluster ion from 200 to 77 K. It corroborates
the suggestion that the combination of a temperature-variable
22-pole ion trap with infrared lasers is a promising approach
for the study of structural transformation (induced either by laser
excitation or by temperature change) of cluster ions.

The present work, together with previous experiments
conducted for laser-induced reactions of molecular ions42 in the
Chemnitz group, demonstrates the versatility and utility of this
unique trapping device. Future work of this collaboration
includes in situ growth and fragmentation43 as well as collision-
induced isomerization and deuteration44 of water cluster ions
in the temperature-variable ion trap in a precisely controlled
manner.
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