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An electrospray ionization (ESI) source developed for use with the guided ion beam tandem
mass spectrometer (GIBMS) is described. For accurate determination of thermochemistry
using threshold collision-induced dissociation (TCID), it is essential that any source produces
ions with four exacting characteristics: (1) high intensity, (2) stable signal, and well-defined
energies both (3) kinetic, and (4) internal. To accomplish these objectives, the ions generated by
the electrospray are collected using a radio frequency electrodynamic ion funnel and are then
transferred into a hexapole ion guide where they are thermalized and subsequently passed
into higher-vacuum regions for analysis. The resulting ion intensities using this source can
exceed 106 ions/s. Stable beams (�10% variation in signal) can be generated over multiple
hours. The kinetic energy distribution of ions emerging from this source has been shown to be
well described by a Gaussian distribution with a full width half maximum (FWHM) of about
0.1–0.2 eV in the laboratory frame of reference. Finally, TCID results for ions generated with
this source show excellent agreement with previously reported threshold values for ions
generated using a variety of sources and experimental methodologies. This confirms that
internal energies of the ions are well described by a Maxwell–Boltzmann distribution at room
temperature. (J Am Soc Mass Spectrom 2007, 18, 1124–1134) © 2007 American Society for
Mass Spectrometry

Since its introduction in the 1980s [1], electrospray
ionization (ESI) has become a widely used source
for mass spectrometry. The popularity of the ESI

can be credited to a number of factors. In addition to its
ability to gently transfer large biological molecules into
the gas phase in multiple charge states, ESI sources
benefit from being simple in design and robust in use.
However, despite its widespread acceptance, the ESI
source has been used in only a limited number of
experiments for quantitative determination of thermo-
chemical information [2–6]. This is unfortunate, given
the ability of the ESI to easily produce a large number of
interesting gas-phase biological ions [7–9], charged
transition metals [10–12], and alkali metal/ligand com-
plexes [12–14]. The scarcity of thermochemical data
originating from the ESI most likely lies in the difficulty
of producing an ion beam that is suitable for rigorous
thermochemical analysis. These prior ESI studies [2–6],
where simpler ESI sources have been used to generate
ions, have not thoroughly demonstrated whether such
conditions (outlined below) have been reached.
Threshold collision-induced dissociation (TCID) ex-

periments represent a well-established means of obtain-
ing accurate thermochemical data for a diverse range of

gas-phase ions [15–20]. Essentially, TCID consists of
systematically varying the kinetic energy of a mass
selected ion beam and then colliding the ions with a
stationary non-reactive gas such as xenon. With increas-
ing collision energy, the parent ion begins to fragment
into products that are then collected as a function of the
collision energy. The resulting data may be modeled to
determine the absolute minimum, or threshold, energy
necessary for each fragmentation pathway. Clearly, to
rigorously quantify the threshold energy required for
fragmentation, the kinetic and internal energy of the
ions—before collision with the stationary gas—must be
known.
One of the challenges in the development of a source

suitable for TCID experiments is that it must produce
ions with well-defined internal and kinetic energies in
addition to the more conventional requirements of any
source, good stability, and high intensity. Importantly,
once the ions are created, the ion beam must be char-
acterized to verify that the kinetic and internal energy
distributions are well defined. In the vast majority of
mass spectrometry applications using an ESI, one or
possibly two of these demands might be required of the
source, but rarely must an ESI source simultaneously
satisfy all of these considerations. Here we describe the
development of an ESI source suitable for quantitative
threshold determination using the GIBMS.
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Experimental

The GIBMS

The guided ion beam mass spectrometer (GIBMS) in-
strument, data collection, and subsequent data analysis
have been described in detail on a number of previous
occasions and will be only briefly described here [15, 16,
19, 21]. Ions produced in the source region are initially
mass selected in a magnetic momentum analyzer. The
mass selected ions are decelerated to a well-defined
kinetic energy and are focused into a radio frequency
(rf) octopole ion guide that traps the ions radially [22,
23]. For TCID experiments, the octopole passes through
a static gas cell containing xenon. After passing through
the collision cell, any product ions and the remaining
reactant ions drift to the end of the rf octopole where
they are mass analyzed using a quadrupole mass filter
and processed using standard counting techniques.
Ion intensities, measured as a function of collision

energy, are converted to absolute cross sections using
a Beer’s Law relationship [21]. The absolute zero of
energy for the ion beam is determined using a
retarding potential technique by systematically vary-
ing the DC voltage on the octopole. The derivative of
the onset energy is fit to a Gaussian distribution with
the center of the fit defining the zero of kinetic energy
(KE0) of the ion beam and the full width at half
maximum (FWHM) of the distribution describes the
kinetic energy spread. Ion kinetic energies in the
laboratory frame (Lab) are converted to energies in
the center-of-mass (CM) frame using ECM �
ELabm/(m � M), where M and m are the masses of the
ionic and neutral reactants, respectively.
Most data presented herein are compared to a DC

discharge/flow tube source (DC/FT) which has been
used for a large number of studies in this laboratory
[16–19, 24] and others [25–27]. The DC/FT source has
been well described and has produced thermochemis-
try for a vast array of systems that is consistent with
other experimental methodologies as well as ab initio
calculations. Thermalization of the ions’ internal modes
in the DC/FT is accomplished by roughly 105 collisions
between the ions and the helium bath gas as they pass
through a nearly 140-cm-long flow tube at room tem-
perature (�300 K). This results in the ions acquiring
internal energies (rotational and vibrational) that are
well described by a Maxwell–Boltzmann distribution at
300 K. One of the limitations of the DC/FT is that solid
samples (e.g., amino acids) must be introduced into the
gas phase by gentle heating. For many of these samples,
the temperatures required to generate sufficient vapor
pressure of the solid necessary to produce a high
intensity ion beam often result in decomposition of the
molecule being favored over vaporization. This effect
either limits the intensity of the resultant ion beam of
interest or can lead to non-thermalized ions or ions of
different structure than anticipated.

Thermochemical Analysis

Modeling of the threshold regions of the CID reaction
cross sections using the GIBMS have been described
previously [20, 21, 28]. In short, the cross sections are
modeled using the following equation:

�(E)� �0�
i

gi(E � Ei � E0)
n ⁄E (1)

where �0 is an energy-independent scaling factor, n is
an adjustable parameter that characterizes the efficiency
of collisional energy deposition [20], E is the relative
kinetic energy of the reactants in the center of mass
frame, and E0 is the threshold for CID of the ground
electronic and rovibrational state of the reactant ion.
The summation is over the rovibrational states of the
reactant ions i, where Ei is the excitation energy of each
state and gi is the fractional population of those states
(� gi � 1). Before comparison with experimental data,
eq 1 is convoluted to account for the kinetic energy of
the reactant ion and thermal broadening of the neutral
gas [29, 30].
Multiple reactant ion/neutral collisions can system-

atically obscure the interpretation of data resulting in
extracted threshold energies being inaccurately low. For
this reason, the pressure of xenon in the collision cell is
deliberately kept low (0.04–0.12 mTorr). In this range of
pressures, the probability of an ion undergoing a single
collision is roughly 4–10%. Therefore, the majority of
parent ions (�90%) pass through the collision cell
without any interaction with the neutral gas. All data
are collected at multiple collision pressures (usually
0.04, 0.08, and 0.12 mTorr) and the resulting cross
sections are extrapolated to 0 mTorr, giving rigorous
single collision conditions for analysis.
A further consequence of the requirement for low

collision cell pressures is that the intensities of product
channels with small reaction probabilities can be close
to or below the signal-to-noise ratio of the instrument.
Because these lesser reaction channels often provide the
most interesting information about a TCID reaction, it is
of great value to have a parent ion beam with the
greatest possible intensity. With a parent ion beam of
105 ions/s and collision gas pressure of 0.10 mTorr, a
cross section of 0.1 � 10�16 cm2 is produced from a
product ion intensity of 25 ions/s, close to the sensitiv-
ity level of the GIBMS. Therefore, a reactant ion beam
intensity of about 105 ions/s is sufficient for collecting
accurate information on the majority of product chan-
nels and intensities of 104 ions/s allow major products
to be scrutinized carefully.
For the ions that do undergo a collision, the energy

imparted is efficiently randomized into internal modes,
making dissociation increasingly inefficient for larger
molecules. As a result, post-collisional ions with inter-
nal energies above the threshold energy may not disso-
ciate during the timescale of the experiment, about
5� 10�4 s. This results in an observed threshold with an
onset delayed by a kinetic shift that increases as the size
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of the molecule becomes larger. Rice–Ramsperger–Kas-
sel–Marcus (RRKM) statistical theory is incorporated
into eq 1 to estimate these kinetic shifts [31]. For the
H3O

�(H2O)n clusters discussed below, these kinetic
shifts are small (0.01–0.06 eV). For the larger
Na�(proline) system, which contains more vibrational
modes and has a higher threshold, the shifts are slightly
larger (�0.15 eV).

Electrospray Ionization Source

A schematic overview of the electrospray ionization/
ion funnel/hexapole (ESI/IF/6P) source appears in
Figure 1.°Solutions°containing°the°ions°of°interest°are
prepared at concentrations of 10�4–10�5 M [e.g., 10�5 M
proline � 10�5 M NaCl for Na�(proline)]. Solutions are
introduced using a syringe pump (Model 55-1111; Har-
vard Apparatus, Holliston, MA, USA) at flow rates of
0.01–0.10 mL/h (170–1700 nL/min). Electrospray nee-
dles (ESN) are prepared from 35-gauge, regular-wall,
hypodermic stainless steel tubing (Small Parts, Miami
Lakes, FL, USA). The needles are biased at 1300–2100 V
relative to ground. The entire needle assembly is
mounted on an XYZ translation stage that allows for
fine-tuning of the location of the needle relative to the
vacuum entrance orifice.
Ions emanating from the spray are transferred into

the vacuum region by a short length (�4.0-in.) of
0.063-in. (1/16-in.) OD stainless steel capillary tubing.
Such tubing is readily available from a number of HPLC
suppliers and comes with standard ID values ranging
from 0.010- to 0.040-in. ID Tubing of 0.030 in. ID is used
in experiments described here. The 0.063-in./capillary
tubing is held within a capillary tubing holder (CTH).
The CTH is machined from 0.375-in.-OD/0.063-in.-ID
tubing (High Pressure Equipment Company, Erie, PA,
USA), which is reamed out to an ID of 0.067 in. to allow
for insertion of the 0.063-in.-OD stainless steel capillary

tubing. This design allows for different lengths and ID
values of capillary tubing to be used and for the tubing
to be changed without the need to vent the entire
instrument.
The CTH is centered and electrically isolated using

fittings made of PEEK thermoplastic. This permits the
entire capillary to be biased independently and heated
to �200 °C if necessary. The temperature of the CTH
assembly is controlled using heating tape and a tem-
perature controller (Model T16; Red Lion Controls,
York, PA, USA) and the temperature monitored using a
thermocouple. In normal operation, the temperature of
the capillary is 50–150 °C and the entire assembly is
generally biased at 25–50 V relative to ground.
The entrance to the 0.063-in.-OD capillary tubing is

further restricted using an entrance limiting orifice
(ELO) that is machined into a cap that slides over the
entrance end of the CTH (which is machined to an OD
of 0.250 in. to secure and center the cap). The ELO cap
is machined from 0.375-in.-OD stainless steel rod that is
reamed to an ID of 0.251 in. to a depth that leaves an
end wall thickness of about 0.040 in. A small-diameter
hole (0.006–0.015 in.) is drilled through the center such
that this hole is centered with respect to the 0.063-
in.-OD capillary tubing when the ELO is in place on the
CTH. For capillary tubing IDs from 0.020 to 0.040 in., we
have tested ELOs ranging in size from 0.006 to 0.020 in.
and have found that when the diameter of the entrance
hole is less than one half of the ID of the capillary
tubing, the signal stability is greatly improved. Even
with the smallest-diameter hole (0.006 in.) used to date,
we have observed this enhanced stability without any
loss of signal intensity. The ELO serves to throttle the
gas load into the vacuum such that the diameter of the
ELO is directly correlated to the pressure in the source
region. We believe that the ELO also functions to
hydrodynamically focus the gas into the center of the
capillary tubing.
The lens train within the source region (SRC) is

supported and centered using three 0.250-in. centerless
ground stainless steel rods on a 3.50-in. BC. The rods are
centered with respect to the vacuum chamber on both
ends. This allows all of the components on the lens train
to be centered radially within 0.004 in. with respect to
each other. These support rods have been removed
from°Figure°1°for°clarity.°The°SRC°region°of°the°instru-
ment is pumped by a 300 L/s roots blower (Model EH
1200; Edwards High Vacuum, Sussex, UK) backed by a
mechanical pump (Edwards model E2M175). The lens
train continues into a differentially pumped region
(DIFF). This region is pumped by an 1800 L/s diffusion
pump (Model VHS-6; Varian, Inc., Palo Alto, CA, USA)
backed by a mechanical pump (Varian model SD-451).

Ion Funnel

The ion funnel (IF) is based largely on the design of
Smith°et°al.°[32,°33].°Briefly,°the°ion°funnel°consists°of°a
stack of electrically isolated ring electrodes (or plates)

Figure 1. Schematic diagram of the electrospray ionization
source designed for the guided ion beam tandem mass spectrom-
eter (GIBMS). The electrospray needle (ESN), consisting of 35-
gauge stainless steel tubing. ESI ions are transferred into the first
vacuum region, SRC (�10�2 Torr), through 0.030-in.-ID capillary
tubing held in place by the capillary tubing holder (CTH). Ions are
collected by the ion funnel (IF) and transferred into a hexapole
(6P) by a tube lens (TL). The 6P passes through the ligand
exchange cell (LXC) before entering the first differentially pumped
region (DIFF;�10�4 Torr). Large vertical plates shown are used to
support the lens train on three rods (not shown).
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with decreasing inner diameters in the direction of the
exit. Each plate receives a signal consisting of a combi-
nation of rf and DC voltages. Equal and opposite phases
of the rf signal are applied to adjacent plates. This
oscillating field on the plates in conjunction with the
physically tapering lenses focuses the ions radially into
the center of the ion funnel. The out-of-phase rf signals
oscillate symmetrically about a DC potential applied to
each plate. From entrance to exit, the plates receive a
linearly decreasing DC voltage. This DC voltage gradi-
ent helps to “pull” positively charged ions through the
ion funnel. The combination of electric fields and phys-
ical geometry has been shown to give transmission
efficiencies°nearing°unity°at°pressures°up°to°10°Torr°[34].
This makes the ion funnel an ideal candidate for accept-
ing the rapidly diverging ions emanating from an ESI
capillary.
The plates for the ion funnel are machined from

0.020-in.-thick brass sheets into 1.625 � 1.625-in.
squares with small tabs (0.1 � 0.1-in.) centered on two
sides to allow for convenient electrical connections.
These tabs are similar in size to the Smith design,
although they are not used with their custom-made
zero-insertion-force (ZIF) sockets. Rather, each plate is
soldered to a 1-in. length of 28-gauge prestripped
wire-wrap wire. The wires are then individually con-
nected to the circuit board described below. This results
in a rather tedious initial setup, but produces robust
connections and allows for multiple configurations of
ion funnel to be quickly assembled and tested. Each
plate is electrically and physically separated from its
neighbors using 0.020-in.-thick Teflon® sheet cut into
1.625 � 1.625-in. squares with an ID of 1.125 in. For the
brass plates, the ID of the first 44 plates was held at 1.00
in. and the final 44 plates formed a linear taper from
1.00 in. to a final ID of 0.094 in. To align the plates
relative to the ion funnel central axis, all plates and
Teflon® spacers have four 0.252-in. holes on a 1.625-in.
radius. The stack of brass plates and Teflon® spacers are
then assembled onto four 0.250-in. ceramic tubes. For
mounting and compressing the IF, lengths of 4-40
threaded rod pass through the four ceramic tubes. The
threaded rods are fastened to a mounting plate that is
secured and centered using the main support rods.
In total, 88 lenses are used in the ion funnel, making

the overall length just under 4 in. Approximately 1 in.
from the ion funnel inlet is an electrically isolated
0.25-in.-diameter°metal°disc°or°jet°disrupter°(JD)°[35,°36].
This disc helps to prevent large solvent clusters from
depositing further downstream on the hexapole (6P)
and does not lead to a decrease in signal intensity for
the mass range of ions investigated to date. Such
deposits on the 6P can lead to electrostatic barriers
being formed, which result in ion trapping and ulti-
mately poorly defined kinetic energies and non-thermal
internal energy distributions.
As mentioned earlier, each plate requires a combined

rf and DC signal. We have designed our own custom
circuit board using an inexpensive internet vendor

(www.ExpressPCB.com).°A° single° circuit° board° con-
tains both rf and DC circuits, thus requiring only one
electrical connection per plate (1/2 that of the Smith
design). Surface-mount resistors (200 kOhm, 1/8 Watt,
Size 1206, Allied Electronics, Fort Worth, TX, USA) and
capacitors (0.01 �F, 100 V, Size 1206, Allied Electronics)
are used on the board. The linear voltage gradient
across the plates is defined by DC voltages on the
entrance (DC�) and exit (DC�) ends of the resistor
chain. General ion funnel conditions are DC� � 15 V
(ion funnel entrance or upstream voltage) and DC� � 5
V. The voltage on the jet disrupter is independently
adjusted and typically gives optimum signal when it is
close to that of DC�. Therefore its voltage must be
optimized each time the DC� or DC� values are ad-
justed. The rf voltage is about 25 V peak to peak (Vpp)
at a frequency of 1.2 MHz.
The rf signal is applied to the ion funnel using a

sine-wave output from a signal generator (Model
33120A; Hewlett–Packard, Palo Alto, CA, USA) and is
amplified with an rf amplifier (Model 2100L; ENI,
Rochester, NY, USA). The signal from the amplifier is
split into equal and opposite phases with a 50-ohm
trifilar-wound ferrite-core balun transformer. The balun
consists of two stacked FT-290 toroids (Amidon Asso-
ciates, Costa Mesa, CA, USA) wrapped with 14-gauge
magnet wire. We have found that the opposite phase
signals generated when the balun is wrapped as a
trifilar are more equally balanced relative to a bifilar
design. This circuit is capable of driving an 88-plate ion
funnel at roughly 50 Vpp at 1 MHz and 20 Vpp at 2
MHz.
A DC tube lens (TL) is placed at the interface

between the ion funnel and hexapole. The tube lens is
created from a modified IF plate having a central hole
with an ID of 0.14 in. onto which a tube having an OD
of 0.17 in. and a length of 0.15 in. is attached. It is
physically separated from the final ion funnel plate
using a single Teflon® spacer described earlier. The lens
is inserted 0.05–0.10 in. into the 6P and is biased
between the DC� voltage of the ion funnel and the 6P
bias (0 V). At the operating pressures in the ion funnel,
this lens has little focusing effect on the ions. However,
it probably helps to prevent ions that have entered the
6P from diffusing back upstream toward the IF.

rf Heating in the IF

Initial efforts involved a configuration where ions ex-
ited the ion funnel directly into the DIFF region without
the 6P present, ESI/IF. Although this arrangement
produces excellent intensities and reasonable kinetic
energy distributions, using the IF without subsequent
thermalization steps can result in ions picking up
internal energy in excess of thermal temperatures, i.e.,
the internal energies of the ions are no longer well
described by a Maxwell–Boltzmann distribution at
room temperature. The internal energies may still be
satisfactorily described using a higher temperature dis-
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tribution, but this temperature is now either unknown
or poorly defined and dependent on experimental con-
ditions.
Figure°2°shows°the°CID°cross°section°of°the°Na�°loss

from Na�(proline) produced by the ESI/IF source de-
scribed earlier at two different rf voltages applied to the
IF, Vpp. For reference, CID results for the same system
are shown with the ions generated using a DC/FT
source. Clearly, the onset energy of the Na� shifts to
lower energies as the IF Vpp increases. Such a shift in
the threshold energy is an unambiguous symptom that
the ions are being heated. In the case of the
Na�(proline), at a Vpp of 30 V, the system picks up
roughly 1 eV of internal energy. Analysis of the Vpp �
20 and 30 V results are consistent with ions having a
temperature of about 500 and 700 K, respectively. Given
the scarcity of information in the literature regarding
the temperature of ions produced by electrospray, it is
reasonable to question the source of the internal energy
increase. It is unknown whether the ions are heated
exclusively by the IF or whether the ESI source also
contributes.
Figure°3°shows°Na�(2-propanol)°CID°results°for°ions

produced using the DC/FT source and therefore ther-
malized, before being introduced into the IF. For all
cases, the IF was kept at a DC voltage drop of 4 V and
an rf frequency of 1.5 MHz. Changes in the rf frequency
over a range of 1–2 MHz or in the DC voltage drop
across the funnel over a range of 4–20 V while holding
the Vpp constant do not lead to changes in the internal
energy°of°the°ions.°Figure°3°shows°that°there°is°little
change in the threshold energy with Vpp values rang-
ing from 5 to 14 V and, furthermore, the results corre-
spond°to°thermalized°ions°[37].°However,°at°an°IF°Vpp

of 25 V, the ions clearly begin picking up internal
energy° (�0.1° eV).° The° results° in° Figures° 2° and° 3
demonstrate that the ions are picking up excess energy
in the ion funnel. Although the Na�(2-propanol) does
not pick up as much internal energy as the Na�(proline)
at similar Vpp values, this is most likely a function of
the number and magnitude of vibrational modes avail-
able in each system. It is possible that thermal ions
could be produced by systematically decreasing the IF
Vpp until the measured threshold ceases to exhibit
signs of heating. However, lowering Vpp greatly de-
creases the overall signal intensity, thus defeating the
purpose of the IF!
Figures°2°and°3°also°provide°a°gauge°of°the°sensitiv-

ity of the GIBMS for measuring and quantifying ion
heating. For product ions created in the GIBMS with
reasonable intensity (�103 ions/s), the absolute uncer-
tainty in extracted threshold energies usually ranges
from 	0.05 to 	0.10 eV. However, much of the uncer-
tainty in using eq 1 to model the data stems from
systematically scaling the vibrational frequencies used
for RRKM and internal energy calculations by 	10%.
Therefore, when comparing relative thresholds of iden-
tical systems, the uncertainty is more akin to 	0.02 to
	0.06 eV. For this reason, ions being heated by as little
as 0.05 eV can be clearly differentiated from thermal-
ized ions in the GIBMS.

Hexapole Ion Guide

The hexapole ion guide (6P) consists of six 0.125-in.
centerless ground stainless steel rods (Small Parts), 5.50
in. long, equally spaced on a 0.375-in. BC. Each rod has

Figure 2. Cross sections for collision-induced dissociation of
Na�(proline) with Xe as a function of kinetic energy in the
center-of-mass frame (lower x-axis) and the laboratory frame
(upper x-axis). The solid line shows thermalized ions produced
with a DC discharge/flow tube source. Open triangles (�) and
open squares (□) show data produced using an ESI source and ion
funnel°(ESI/IF)°without°the°hexapole°shown°in°Figure°1°with°an°IF
rf Vpp of 20 and 30 V, respectively.

Figure 3. Cross sections for collision-induced dissociation of
Na�(2-propanol) with Xe as a function of kinetic energy in the
center-of-mass frame (lower x-axis) and the laboratory frame
(upper x-axis). All data were produced using a DC discharge/flow
tube source and ion funnel (DC/FT/IF). Open triangles (�) show
results for the rf Vpp on the IF of 7 V. Open squares (□) and open
circles (Œ) show Vpp � 14 and 25 V, respectively. Results at the
lower°Vpp°values°match°the°literature°[36].
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0-80 tapped holes in two locations. The rods are held in
place and centered using 0-80 screws inserted through a
machined Torlon (a polyamide-imide thermoplastic)
disc with “cups” cut out that encircle roughly 1/3 of the
rod diameter. Electrical connections to the rods are also
made using the 0-80 screws. The Torlon pieces attach to
either end of the ligand exchange cell (LXC), which
aligns the 6P with respect to the IF. Gases can be added
to the LXC to react with ions produced by the ESI by
ligand exchange or condensation. This has proven to be
a useful feature for making ion complexes with ligands
other than the solvent used in the electrospray process
as well as creating larger ion/solvent clusters. The rf
signal is applied to the rods using a simple rf generator
described° by° Jones° et° al.° [38,° 39]° and° is° normally
operated at a frequency of 5.5 MHz with a peak to peak
voltage (Vpp) of 200–300 V. The DC voltage of the 6P is
maintained at 0 V, but can be adjusted.
One of the unique features of this 6P is that it spans

two vacuum regions with the rods serving as the
conductance limiting aperture. While running the ESI,
pressures in the SRC region are approximately 20–40
mTorr and about 8 � 10�5 Torr in the DIFF region. The
gas flow between the two regions is further limited by
placing a 0.5-in.-long piece of machined Torlon with
cups that encircle one half of each rod. The 6P rods
extend about 2.0 in. into the higher vacuum region. The
6P must be located in the higher pressure region of the
instrument to provide sufficient ion/neutral collisions
for thermalization. We have tried placing the hexapole
solely in the higher pressure source region of the
instrument with a small lens to extract the ions into the
differentially pumped region. This results in a moderate
loss of intensity and kinetic energy distributions that
are two- to fourfold broader relative to the configura-
tion where the hexapole spans both regions.
We have tested experimental configurations lacking

the IF by injecting ions directly from the heated capil-
lary into the 6P, ESI/6P. This does result in signal
intensities comparable to using the ion funnel, but the
hexapole°quickly°becomes° fouled°by°spray°deposits.
The most noticeable symptom of this residue is that
there is a noticeable increase in the ion kinetic energy.
With the ESI/6P, we have observed kinetic energies
rising by 1–3 eV in as short a time as 3–4 h, roughly the
timeframe to collect data at three to four different
collision cell pressures. Under such conditions, thermal-
ization of the ions is dubious and eventually the signal
intensity for higher m/z ions begins to significantly
attenuate. With the ion funnel and jet disrupter inserted
before the 6P, kinetic energy distributions are stable for
�10 days. From a practical perspective, this results in
venting and cleaning of the hexapole on a much less
frequent basis.
We have also tried placing a DC “extraction” lens on

the exit side of the 6P where the lens inserts into the
center of the 6P, similar in design to the TL at the IF/6P
interface. However, use of such a lens leads to kinetic
energy distributions broadened by a factor of about 3

and slightly lower ion intensities. Currently, the first
DC lens following the 6P is placed about 0.5 in. from the
end of the 6P and has an ID of 0.375 in. and therefore
minimally perturbs the ions exiting the 6P. The ion
beam emanating from the 6P is well collimated com-
pared to the more diffuse beam produced by our
DC/FT source. As a result, the beam intensity can be
greatly attenuated if the ESI/IF/6P is slightly mis-
aligned relative to the electrostatic lenses located farther
down the beam line. A set of DC deflectors placed about
1 in. from the exit of the 6P has proven to be of great
benefit for correcting any minor alignment issues.
As°with°Figure° 2,° Figure° 4° shows° the°CID°cross

section for Na� loss from Na�(proline). However, in
Figure 4 a 6P has been°added°to°the°ESI/IF°configura-
tion° used° in° Figure° 2° to° reproduce° the° ESI/IF/6P
experimental°arrangement°as°shown°in°Figure°1.°The
cross°sections°in°Figure°4°illustrate°that°with°the°addi-
tion of the 6P, the threshold energies are independent of
Vpp in the IF. The thresholds measured for these ions
are identical to those previously published for ions
generated using the DC/FT source.
As mentioned previously, the pressures in the source

region of the instrument generally range from 20 to 40
mTorr (when no gas is added to the LXC). At these
pressures, the mean free path of the ions is �10 mm.
Thus, regardless of the voltage drop between the IF and
6P, the ions quickly slow kinetically and begin to
diffuse along the axis of the 6P. This leads to a high
number of ion/neutral collisions in the 6P such that
conditions in the ion funnel may be optimized for ion
intensity without concern for conditions leading to
non-thermal internal energy distributions. Conditions
upstream from the IF, such as the temperature of the

Figure 4. Cross sections for collision-induced dissociation of
Na�(proline) with Xe as a function of kinetic energy in the
center-of-mass frame (lower x-axis) and the laboratory frame
(upper x-axis). Open circles (Œ) and open squares (□) show data
produced using the electrospray/ion funnel/hexapole (ESI/IF/
6P)°configuration°as°shown°in°Figure°1°using°an°rf°Vpp°on°the°IF
of 20 and 45 V, respectively.
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capillary tubing (tested over a range from 60 to 150 °C),
ESN voltage or syringe pump speed also have no
impact on the thermalization of the ions.
The° experimental° observations° in° Figure° 4° were

verified by simulations of the IF/6P configuration using
SIMION with a realistic ion/neutral collision model
[40].° These° simulations° clearly° show° that° the° 6P° is
indeed a very efficient radial trap for ions. At pressures
typically found in the source region, the ions are
quickly focused to the middle of the rods by collisional
cooling. Once the ions reach the center of the rods, they
enter a nearly field-free region, which allows them to
undergo thermalizing collisions with the neutral gas.
However, it is imperative to appreciate that the hexa-
pole provides no driving force for ions in the axial
direction. This is in direct contrast to the ion funnel
where the ions are pulled through by the DC voltage
gradient. Placing the IF and 6P in series provides the
opportunity to take advantage of each device while still
meeting the stringent conditions necessary for an ion
source used for TCID.

Results and Discussion

Ion Stabilities and Intensities

The intensity and stability of the ion beam is primarily
a function of the electrospray conditions. Small changes
in variables such as the solution concentration, selection
of solvent, and flow rate may necessitate adjustment to
the needle bias and its relative location to the entrance
orifice to find optimal spray conditions.
Although the needle assembly can also be used with

fused silica capillaries, 35-gauge stainless steel needles
provide excellent intensity and stability for the com-
plexes normally observed with the GIBMS. However,
care must be observed when using such thin wall
(0.0016-in.) tubing because small amounts of oxidation
can result in the formation of minute holes. These
openings can draw air into the electrospray solution
within the needle, resulting in the spray flickering. The
resulting instability in the ion intensity is unsuitable for
TCID data collection.
Figure°5°shows°a°representative°120-min°scan°of°the

Na�(proline) ion produced from a 10�4 M solution of
NaCl and proline using the ESI/IF/6P. The average
intensity over the duration of the scan is 6.0 � 105

ions/s with a standard deviation over this period of
�5%. Both the intensity and stability of this beam are
comparable to other sources used with the GIBMS.

Kinetic Energies

An example kinetic energy profile for the ESI/IF/6P
source° (Lab° and° CM)° is° shown° in° Figure° 6a° for
H3O

�(H2O)2°and°Figure°6b°for°Na
�(proline).°The°deriv-

ative of the kinetic energy onset and its fit to a Gaussian
distribution are also shown. For clarity, intensities have

been normalized to unity, but the absolute intensity of
both systems is approximately 1 � 106 ions/s.
Figure° 6° clearly° shows° that° the°derivative°of° the

kinetic energy onset is well described by a Gaussian fit.
For the Na�(proline) scan, the KE0 is �0.39 eV with a
FWHM of 0.16 eV. The H3O

�(H2O)2 scan shows very
similar results with a KE0 of �0.38 eV and a FWHM of
0.14 eV. The FWHM of the kinetic energy distribution is
typically 0.09–0.20 eV in the laboratory frame of refer-
ence using the ESI/IF/6P source. For comparison, the
FWHM of a one-dimensional Boltzmann velocity distri-
bution at 300 K is only 0.072 eV. Thus the distortions
resulting from focusing aberrations, space charge ef-
fects, and other instrumental parameters are minimized
for the ESI/IF/6P source.
The FWHM values for the ESI/IF/6P are also

considerably smaller than the values cited by other
groups using an ESI source for TCID. Andersen et al.
[2]°state°FWHM°values°of°0.6°eV°for°H5O2

� to 1.2 eV
for H9O4

� in the laboratory frame. In later work from
the°same°group°[4],° the°kinetic°energy°broadening
was reduced (although not quantified), at a cost of a
loss°of°ion°intensity.°Hinderling°et°al.°[5]°state°values
of 0.4 –0.6 eV in the laboratory frame using an ESI
source. Moreover, the kinetic energy distributions
produced by the ESI/IF/6P source are narrower than
those produced in the DC/FT, which has FWHM
values typically 0.25–0.50 eV in the lab frame. Likely
the narrow kinetic energy distributions in the ESI/
IF/6P source because the ions traverse most of the
length of the 6P by diffusion.
As mentioned previously, a number of experi-

ments were performed to confirm that conditions
within the ion funnel do not affect the resulting
kinetic energy distributions. The kinetic energy dis-
tributions produced by the ESI/IF/6P source show
no dependency on the ion mass over the range of m/z
� 30–170 Da, on the Vpp of the 6P from 150 to 400 V,

Figure 5. Stability profile of a parent ion beam produced by the
ESI/IF/6P source. Scan is of 10�4 M spray of Na�(proline) in a
solvent of 50:50 water:methanol. Average intensity for duration of
scan is 6.0 	 0.3 � 105 ions/s.
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or on the rf frequency of the 6P from 4 to 6 MHz. In
Figure°6,°the°voltage°drop°between°the°IF°and°6P°was
7 and 1 V for the Na�(proline) and H3O

�(H2O)2
systems, respectively; nevertheless the KE0 in both
cases remains at about 0.38 V. This reiterates that ions
injected into the 5.5-in.-long 6P quickly undergo
sufficient collisions to kinetically equilibrate. One
advantage of such equilibration is that it allows for
conditions in the IF to be adjusted to generate differ-
ent ion distributions for analysis without concern that
optimal conditions for production of the ions could
lead to non-thermal internal energy distributions for
analysis.

Thermalization

Figure°7a°and°b°show°example°pressure°extrapolated°cross
sections for H3O

�(H2O)2 and Na
�(proline), respectively,

produced using the ESI/IF/6P source. These figures also
include the corresponding convoluted and unconvoluted
fits to eq 1. The experimental cross sections are repro-
duced by eq 1 over a large range of collision energies (2–4
eV), over at least a factor of 100 in magnitude and within
an absolute cross section of about 0.1 � 10�16 cm2.
Table°1°shows°TCID°results°for°ions°produced°by°the

ESI/IF/6P source compared to a number of DC/FT stud-
ies°performed°by°this°lab°for°the°Na�(proline)°[17]°and
H3O

�(H2O)x (x �°1–3)°[15,°41]°systems.°All°of°the°TCID
results in the table include pressure extrapolations and
RRKM°corrections°as°described°earlier.°Table°1°also°in-

Figure 6. Kinetic energy profile for (a) H3O
�(H2O)2 and (b)

Na�(proline), shown in the laboratory frame (lower x-axis) and
center-of-mass frame (upper x-axis, assuming Xe collision gas).
Open triangles (�) show the normalized ion intensity versus DC
voltage on the octopole near the zero of energy. For both (a) and
(b), the maximum ion intensity was about 1 � 106 ions/s. Open
circles (Œ) are the first derivative of the ion intensity. Solid lines
show the best fit to a Gaussian distribution. For (a) E0 � �0.375
eV, FWHM � 0.143 eV (Lab); (b) E0 � �0.388 eV, FWHM � 0.157
eV (Lab).

Figure 7. Zero-pressure extrapolated cross sections for collision-
induced dissociation of (a) H3O

�(H2O)2 and (b) Na
�(proline) with

Xe in the threshold region as a function of kinetic energy in the
center-of-mass frame (lower x-axis) and the laboratory frame
(upper x-axis). Solid lines show the best fit to the data using the
model of eq 1 convoluted over the neutral and ion kinetic and
internal energy distributions. Dashed lines show the model cross
sections in the absence of experimental kinetic energy broadening
for reactions with an internal energy of 0 K.
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cludes threshold values produced using other sources and
experimental°methodologies°[2,°5,°41–47].°For°all°of°the
systems°shown°in°Table°1,°the°ESI/IF/6P°results°produced
using°the°configuration°shown°in°Figure°1°yield°threshold
energies well within stated experimental uncertainties of
the previous results. There is particularly excellent agree-
ment for the magnitude of the cross section (�0), shape of
the cross section (n), and the threshold value (E0) between
the TCID results produced in this lab using the DC/FT
and ESI/IF/6P sources. Threshold values produced by the
ESI/IF/6P source show such agreement over a �1-eV
range of threshold values (0.7–1.9 eV) and for systems
with m/z values ranging from 37 to 138 Da.
As with the kinetic energy distributions, the source is

surprisingly robust to changes in conditions. Adjustments
to the 6P parameters over ranges varying from 200 to 400
Vpp and 4 to 6 MHz do not produce any observable
changes to the extracted threshold energies. Similarly,
conditions in the IF or desolvation temperature of the
CTH have no impact on measured threshold values. It is
believed that this is primarily a consequence that the
pressure in the source chamber under operating condi-
tions is sufficiently high (20–40 mTorr) that the ions
undergo many collisions before they diffuse to the exit of
the 6P. A rough calculation of the average number of
collisions undergone by a Na�(proline) ion diffusing from
the entrance of the 6P to the next chamber is �104, more
than enough to ensure thermalization.

Conclusions

The electrospray source described here meets all four
requirements necessary for rigorous thermochemical
analysis: high signal intensity, signal stability, well-
defined kinetic energy distributions, and ions with
internal energies described by a Maxwell–Boltzmann
distribution at room temperature. The use of an ion
funnel with a jet disrupter and hexapole ion guide in
series takes advantage of the intrinsic properties of both
devices to collect, transfer, and thermalize ions emerg-
ing from the electrospray. Using either device alone can
lead to poorly defined ion characteristics. The source is
also extremely robust to changes in experimental pa-
rameters. The addition of the ESI source to the GIBMS
opens the door for thermochemical analysis of a wide
range of new and interesting systems for study. For
example, TCID results for the hydration energies of
multiply charged ions such as Ca(H2O)x

2� (x � 5–9)
show good agreement with previous literature values
and°with°theory°[48],°but°preliminary°results°show°that
the hydration energies of the inner solvent shell (x �
2–4)°can°also°be°obtained°[49].°The°binding°energies°of
alkali°cations°to°cysteine°[50],°the°acidic°amino°acids
(aspartic acid and glutamic acid), and their amide
derivatives°(asparagine°and°glutamine)°[51]°have°been
measured using this source and show good agreement
with theory. Extensions to metallized di- and tripep-

Table 1. Comparison of ESI TCID results with fitting parameters for eq 1

System Source �0 n E0 (eV)
E0,

literature

Na�(proline) ¡ Na� � proline ESI/IF/6Pa 15.9 (1.0) 1.5 (0.1) 1.94 (0.08) 2.01 (0.08)d

DC/FTb 15.4 (1.0) 1.4 (0.1) 1.93 (0.06) 1.80 (0.12)e

H5O2
� ¡ H3O� � H2O ESI/IF/6Pa 5.6 (0.4) 1.5 (0.2) 1.44 (0.06) 1.37 (0.04)f

1.65 (0.10)g

1.62 (0.08)h

DC/FTc 4.0 (0.2) 1.5 (0.1) 1.40 (0.04) 1.4 (0.1)i

1.24 (0.09)j

H7O3
� ¡ H5O2

� � H2O ESI/IF/6Pa 25.8 (1.4) 1.2 (0.1) 0.88 (0.05) 0.85 (0.04)f

0.90 (0.10)g

DC/FTc 18.6 (0.8) 1.5 (0.2) 0.89 (0.06) 0.96 (0.04)h

0.82 (0.04)k

H9O4
� ¡ H7O3

� � H2O ESI/IF/6Pa 37.9 (2.8) 1.0 (0.1) 0.72 (0.05) 0.72 (0.04)g

0.77 (0.05)h

DC/FTc 38.6 (2.0) 1.2 (0.3) 0.73 (0.06) 0.69 (0.04)k

0.78 (0.04)l

ESI, electrospray ionization source; TCID, threshold collision-induced dissociation; DC/FT, DC discharge/flow tube source; HPMS, high-pressure mass
spectrometry; KM, kinetic method; ICR EQ, ion cyclotron resonance equilibrium.
aThis work.
bTCID, DC/FT [17].
cTCID, DC/FT [15].
dKM [41].
eICR EQ [42].
fHPMS [43].
gTCID [44].
hTCID [45].
iESI, TCID [2].
jESI, TCID [5] (E0 converted from 298 K value using standard thermodynamic formulas).
kHPMS [46].
lHPMS [47].
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tides°have°also°been°achieved°with°good°results°[24,°29,
52].
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