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bstract

Quadrupole ion traps have been used successfully as ion storage devices for infrared multiphoton dissociation (IRMPD) experiments. Recently
here has been interest in doing low temperature action spectroscopy experiments using ion traps as detectors for IRMPD spectroscopy. Cooling
he trapping electrodes has the effect of cooling the trapped ions to the same internal temperature, because quadrupole ion traps operate at He
ath gas pressures high enough to produce equilibrium ion internal energy distributions. It has previously been shown that collisions of the ions
ith the bath gas cool the ions’ internal vibrational modes at a rate that competes with IRMPD excitation at ambient temperatures. To investigate

he implications of doing IRMPD in a quadrupole ion trap at lower trapping temperatures, the present study measures the collisional cooling rate

onstants at sub-ambient temperatures down to 25 K. The change in collisional cooling rate constant with trap temperature is correlated to the
ncreased energy needed to dissociate the ions at these lower trap temperatures. It is found that both the energy needed to effect dissociation and
he collisional cooling rate increase exponentially as trap temperature drops.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the development of the quadrupole ion trap as a com-
ercial instrument, helium gas (He) has been introduced into

he trapping volume at a relatively high pressure (∼1 mTorr) to
amp the ions’ kinetic energy [1]. The high pressure of neutral
as in a quadrupole ion trap makes it unique among mass ana-
yzers in that the ion/neutral collision frequency is quite high; it
as been estimated at 20 collisions per millisecond during nor-
al storage conditions [2]. The initial goals of kinetic energy

amping on ion trap performance were increased mass resolv-
ng power and increased sensitivity. The addition of external ion
ources to ion traps allowed for the analysis of high molecular
eight ions produced by electrospray ionization (ESI) [3] and
atrix assisted laser induced desorption ionization (MALDI)

4–6]. However, to trap the injected ions, collisional damping,
nd thus the helium bath gas, is necessary.
While the objective of adding the bath gas is to reduce
he kinetic energy of an ion, the internal energy of the ion is
lso affected such that during normal storage periods it may

∗ Corresponding author. Tel.: +1 919 962 2303
E-mail address: glish@unc.edu (G.L. Glish).
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e described by a Boltzmann distribution at the temperature
f the bath gas [7–11]. Whenever an ion is activated, such as
uring collision induced dissociation (CID) [12–14] or infrared
ultiphoton dissociation (IRMPD) [15–18], the collisions with

he bath gas act to cool the ion back down to thermal internal
nergy. It has been proposed that the average internal tempera-
ure decrease per collision increases as the ion is activated above
he temperature of the bath gas [19]. The collisional cooling rate
onstant has been measured previously for the peptide leucine
nkephalin at a series of trapping pressures and temperatures, at
r above ambient temperature [20]. The pseudo first-order rate
onstant for ambient temperature and 1 mTorr He was 400 s−1.
his cooling process has been shown to effectively compete with
ctivation by IRMPD; thus, many larger ions such as peptides are
ifficult to dissociate under normal operating conditions [15].

Recently there has been increased interest in infrared (IR)
ction spectroscopy techniques, such as IRMPD spectroscopy,
hat couple tunable lasers with mass spectrometers [21–31].
nstead of trying to make a direct absorbance measurement,
hese experiments monitor a chemical process dependent on the

bsorbance cross section at a particular wavelength, typically
hotodissociation of the ion. The fragment ion abundance is
lotted versus laser wavelength to give an IR spectrum. Several
f these studies have employed electrodynamic trapping devices

mailto:glish@unc.edu
dx.doi.org/10.1016/j.ijms.2007.02.004
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ith cooled electrodes [32–34]. Doing spectroscopy on ions at
ow temperatures simplifies spectra by reducing the number of
ot vibrational bands. Sensitivity at a particular laser wavelength
s also increased because the ions are concentrated into a smaller
umber of energy states.

A quadrupole ion trap instrument was recently built in our
ab for the purpose of doing IRMPD spectroscopy experiments
t low (<100 K) temperatures. One of the important questions
n the design of this instrument was to what extent collisional
ooling would limit the ability to perform experiments at these
ow temperatures. The fact that trapped ions equilibrate with the
e bath gas is simultaneously an advantage and a disadvantage:

ow ion internal temperatures can be reached, which is favorable
or spectroscopy, at the price of higher collisional cooling rates
nd thus a need for greater laser powers to effect dissociation.
he purpose of this work is to quantify the effect of collisional
ooling at sub-ambient temperatures. To this end, two exper-
ments were performed. The first experiment demonstrates the
elationship between the energy required for dissociation and ion
emperature. Naturally, as the temperature of the ion decreases,
he amount of input energy required to reach a given internal
nergy will increase. It is not immediately obvious, however,
f the input energy to temperature relationship should be lin-
ar, or follow some other dependence. Therefore, fragmentation
fficiency curves showing the extent of dissociation versus CID
oltage were obtained for various peptide ions at a series of
ow trap temperatures. The second experiment quantifies the
ollisional cooling rate constant for the ion n-butylbenzene at
series of low trap temperatures. The two experiments are

hen compared and the input energy required to reach a certain
nternal energy can be correlated with a collisional cooling rate
onstant.

. Methods

.1. Instrumentation

Experiments were performed on a home-built quadrupole
on trap mass spectrometer (QITMS) designed for laser spec-
roscopy applications. The details of this instrument will be
iscussed in a later publication. Briefly, this QITMS uses a
innigan ITD set of electrodes mounted on a Sumitomo RDK-
08S 10 K closed cycle helium refrigerator with the specific
oal of cooling down the electrodes to low temperatures for IR
pectroscopy experiments.

When the instrument is configured for nano-ESI, sample solu-
ions are introduced into a pulled glass capillary which contains

grounded wire. An ESI voltage of −1100 V is applied to a
etal cap on a 20.32 cm long, 0.60 cm diameter glass transfer

apillary with a ∼400 �m diameter hole through the center and
he atmospheric end flared inwards for ease of needle alignment
35]. The ions are transferred from the capillary to the ion trap via
n octapole ion guide. When analysis of ions produced by elec-

ron ionization (EI) is desired, the nano-ESI source and transfer
ptics are replaced with a TSQ 70 EI source. Base pressure in the
ource region is 8 × 10−8 Torr. Electron energy is set to 70 eV,
nd the EI source is floated at 20 V. Sample vapors are leaked

i
d
m
T
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nto the source at ∼2 × 10−6 Torr through a sidearm fitted with
metering valve.

.2. Samples

The protonated molecules of the peptides GHK, YGGFL
nd FLLVPLG were produced by nano-ESI. The molecular
on of n-butylbenzene was produced by EI. The nano-
SI samples’ concentrations were 100–200 �M in 75/20/5
ethanol/water/acetic acid. YGGFL, GHK, and n-butylbenzene
ere purchased from Sigma–Aldrich (St. Louis) and FLLVPLG
as custom synthesized by Bayer Corp. All samples were used
ithout any purification.

.3. CO2 laser

The CO2 laser used for IRMPD is a 10.6 �m, continuous out-
ut, 0–100 W, Synrad Firestar f100. The laser is triggered by a
TL signal from the instrument software at the appropriate time

n the experiment. The laser beam is delivered with 3 silicon
irrors and focused to the center of the ITMS with a 38.1 cm

ocal length ZeSe lens. Laser power is set by a manufacturer sup-
lied digital controller. Power was generally set at ∼10–30 W,
epending on pressure and temperature.

.4. Mass spectrometry

Ions were gated into the ion trap with a high voltage switch-
ng circuit for ∼10–50 ms for nano-ESI, and 1–5 ms for EI. The
ating circuit has no provision for automatic gain control [36],
o the gate time was chosen to give a moderately high ion sig-
al, but not so high that any space charge effects, indicated by
ass shifts, were apparent. To isolate the ions of interest, lower
ass ions were ejected from the trap by raising the rf level to the

ppropriate value, and any higher mass ions (mostly [M+Na]+)
ere ejected by applying a supplementary ac voltage to the end-

ap electrodes at the appropriate frequency and ramping down
he rf level. The isolated ions were then allowed to cool for 30 ms
t a qz value of 0.30 to ensure equilibrium kinetic and internal
nergy levels. This qz value was used for all IRMPD and CID
xperiments. Although a qz value of 0.30 is higher than is cus-
omarily used in many IRMPD experiments, we have observed
hat improved IRMPD efficiencies can be realized at higher qz

alues, a phenomenon which will be discussed in a future publi-
ation. A qz of 0.30 also optimized the efficiencies obtained for
ID.

Collisional cooling rates were measured for n-butylbenzene
y the two-pulse method described by Asamoto and Dunbar
37]. After equilibrating with the He bath gas, the ions are irra-
iated by two 3 ms pulses from the CO2 laser, separated by a
ariable delay time. The delay time between laser pulses was
ncreased sequentially from 0 ms to a time great enough for the

ons to finish cooling, generally a time between 4 and 50 ms,
epending on He pressure. The cooling time was varied auto-
atically from spectrum to spectrum under computer control.
he experimental timing diagram is shown in Fig. 1a. A mass
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ig. 1. (a) Experimental timing diagram for determination of collisional cooling
ate constant; (b) theoretical cooling curve showing fragmentation efficiency
ecreasing as cooling time is increased.

pectrum is obtained at each of a series of cooling times, and
ragmentation efficiency is plotted as a function of cooling time
s in Fig. 1b. Fragmentation efficiency is defined in equation (1),
here

∑
F is the sum of the fragment ion intensities and P is

he parent ion intensity from the MS/MS spectrum.

E =
∑

F∑
F + P

(1)

The collisional cooling rate can be found by fitting the frag-
entation efficiency plot to an exponential decay, which will be

iscussed in more depth in the following theoretical Section 3.
he laser power is set such that when the variable cool time is
, fragmentation efficiency is ∼50%. Setting a constant initial
ragmentation efficiency ensures that ions are relaxing from a
onstant maximum internal energy level. Each recorded spectra
as the average of 25 scans. Each curve in the data reported
ere is the average of 15 separate experiments, and error bars
re calculated as 95% confidence intervals.

CID is performed by applying a supplementary ac excitation
oltage to the QITMS endcap electrodes at the same frequency
s the secular frequency of oscillation of the parent ion to be
issociated. The parent ion gains kinetic energy through appli-
ation of the excitation voltage, such that collisions with the
e bath gas are able to dissociate the ion. Plots of fragmentation

fficiency versus excitation voltage were obtained at various trap
emperatures, at an estimated He pressure of 3 mTorr. Because
he trapping volume is enclosed in a conductance limiting cop-
er box, the He pressure in the trapping volume is higher than
hat is measured by the pressure gauge. A relation between

he trapping volume pressure and main chamber pressure was
stablished by comparing collisional cooling rates at two exper-
mental conditions: the rates when the electrodes were enclosed
ere compared to those rates measured with the electrodes

ot enclosed (tops of boxes removed). The correction factor is
pproximately 14 times the pressure read on the pressure gauge.
he excitation voltage applied to the endcap electrodes was var-

ed under computer control such that spectra were recorded with
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ragmentation efficiencies from 0 to 100%. Each recorded spec-
rum was the average of 40 scans, and 6 separate experiments
ere averaged to produce each fragmentation efficiency curve.

. Theory

The possible mechanisms of energy transfer in the IR acti-
ation experiment have been described before [19,20] and are
utlined in the following equations, where M+ is the singly
harged parent ion, M+* is the activated parent ion, and He is
elium bath gas.

+ + He
kCA→M+∗ + He (2)

+ + hυ
kIR→M+∗ (3)

+∗ + He
kccool→ M+ + He (4)

+∗kradiative→ M+ + hυ (5)

+∗kdissociation→ products (6)

he total rate of change of M+* is the summation

d[M+∗]

dt
= kCA[M+][He] + kIR[M+][hυ] − kccool[M

+∗][He]

−kradiative[M+∗] − kdissociation[M+∗] (7)

here the rate constants, kCA, kIR, kccool, kradiative, and
dissociation, respectively, refer to the rates of collisional activa-
ion, infrared activation, collisional cooling, radiative emission,
nd unimolecular dissociation. Two energy transfer processes
ay be disregarded for the present experiments; the rate of

ollisional activation and the rate of radiative emission. The
ollisional activation rate is zero because no resonance exci-
ation is used and the ions are allowed to reach equilibrium
inetic/internal energy levels before being photoexcited. The
adiative emission rate constant for n-butylbenzene has been
easured previously as being 0.97 s−1 [38]. This rate constant

s 2–4 orders of magnitude smaller than the collisional cooling
ate constants obtained in the present study, and can thus be
gnored. During the two laser excitation pulses, the change in
M+*] is then given in Eq. (8)

d[M+∗]

dt
= kIR[M+][hυ]−kccool[M

+∗][He]−kdissociation[M+∗]

(8)

he two-pulse method uses the second laser pulse to gauge the
ate of cooling occurring between the laser pulses, where col-
isional cooling is the only significant energy transfer process
aking place. With no cooling time between the two pulses, the
on will reach a certain maximum internal energy and a cor-
esponding maximum level of dissociation. As the two pulses
re separated more in time, the M+* population is depleted

hrough collisional cooling, and the number of fragments formed
ecreases. Monitoring fragmentation efficiency is therefore a
ay of following the evolution in [M+*]. The collisional cooling

ate is subsequently given by Eq. (9), and the pseudo first-order
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ate constant is given by Eq. (10).

d[M+∗]

dt
= −kccool[M

+∗][He] (9)

′
ccool = kccool[He] (10)

q. (9) describes an exponential decay process of the form of
q. (11).

[M+∗]

[M+∗
0 ]

= e−kccool[He]t (11)

M+∗
0 ] is the initial population of activated ions and t is cooling

ime. Fragmentation efficiency is being taken as a measure of
M+*], therefore plots of FE/FE0 were fit to an exponential decay
quation and the rate constant was obtained from the curve of
est fit. FE0 is fragmentation efficiency at zero cooling time.

. Results and discussion
Plots of fragmentation efficiency versus CID excitation volt-
ge for protonated leucine enkephalin are shown in Fig. 2a.

hen the CID voltage required to reach 50% fragmentation
fficiency (a constant internal energy) is plotted versus ion trap

ig. 2. (a) Fragmentation efficiency curves for [YGGFL + H]+ at various trap
emperatures from 295 K (left side) to 25 K (right side). Error bars are included in
nly the 295 K data to show typical reproducibility. (b) CID voltage required to
each a constant fragmentation efficiency (a constant internal energy) at various
rap temperatures. Squares are for [GHK + H]+, circles for [YGGFL+]+, and
riangles for [FLLVPLG + H]+, and the black line is an exponential decay fit to
he data.

n
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GGFL 0.95 3.2 68.8 0.996
LLVPLG 1.12 3.92 62.6 0.998

emperature, the exponential shaped curves shown in Fig. 2b are
btained for the three peptides studied. The exponential decay
tting parameters for the data in Fig. 2b are given in Table 1.
hese curves follow a trend according to the size of the peptide

nvestigated; the smallest peptide, GHK, requires the least volt-
ge to dissociate at all temperatures, and has the smallest slope,
hile the biggest peptide, FLLVPLG, requires the most voltage

o dissociate, and has the largest slope. This trend makes sense
n the RRKM statistical dissociation model, where a larger ion
ill have more modes to distribute internal energy into, and thus

equire more energy input to dissociate. When these curves were
ormalized for degrees of freedom (data not shown), the curves
or the smaller peptides overlap quite closely, while the curve
or FLLVPLG is slightly lower than the other two. Naturally it is
xpected that as ion temperature is decreased the energy required
or dissociation increases. However, the fact that the curves in
ig. 2b are exponential at very low temperatures is not expected.
revious studies have shown a relatively linear relationship of
ID voltage to internal energy gain [39].

Internal energy considerations actually suggest that the slope
f the curves in Fig. 2b should get less steep at very low tem-
eratures. The latter point is demonstrated in Fig. 3, where the
verage internal energy for n-butylbenzene molecular ion is plot-
ed in squares as a function of ion internal temperature using
quation (12) for temperatures from 10 to 900 K.

E〉 = 1

Q

∫ ∞

0
ρ(E)E e−E/kT dE (12)
here Q is the vibrational partition coefficient, ρ(E) the density
f states at internal energy E, k Boltzmann’s constant, and T is the
nternal temperature of the ion. Density of states were calculated
y the established procedure [40] using vibrational frequencies

ig. 3. Relationship between internal energy and internal temperature for n-
utylbenzene molecular ion (squares). The circles are the energy needed to raise
he ion’s temperature to 860 K.
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alculated at the B3YLP/6-31G(d) level in Gaussian 03 [41]. At
ower internal temperatures, a small input of energy results in a
arger increase in internal temperature. This is because at lower
nternal temperatures there are fewer states throughout which
o distribute energy, and so the effective temperature of the ion
hanges faster. Density of states increases very quickly with ion
nternal temperature, so that at higher internal temperatures there
re more ways to distribute energy throughout the ion. The result
s a slower increase in effective temperature with energy input.
he curve with circles in Fig. 3 shows the shape that might be
xpected for CID voltage versus ion trap temperature, based on
he above argument. The circles assume 860 K as the critical
issociation temperature (the onset of parent ion fragmentation)
nd denote the internal energy that needs to be added to the ion
o reach the critical dissociation energy of 1.9 eV.

The fact that the relationship between CID voltage and inter-
al temperature in Fig. 2b is exponential suggests that another
rocess must be involved, and collisional cooling is an obvi-
us candidate. Fig. 4a shows an experimental cooling curve for
-butylbenzene, fit to an exponential decay equation. Fig. 4b

s a composite graph of pseudo first-order rate constants deter-

ined at a range of He pressures and trap temperatures. A linear
elationship between the collisional cooling rate constant and
ressure has been demonstrated before in an ion cyclotron res-

ig. 4. (a) Experimental cooling curve for n-butylbenzene at 5.8 × 10−4 Torr He,
95 K. The pseudo first-order rate constant was 334 s−1 for this curve. Squares
re experimental points with 95% confidence bands. The solid curve is an expo-
ential decay fit with R2 = 0.996. (b) Pseudo first-order collisional cooling rate
onstants vs. pressure at 36 K (squares), 70 K (circles), 100 K (up triangle), 150 K
down triangle), 200 K (diamond), and 296 K (45◦ triangle).
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ircles for [YGGFL+]+, up-triangles for [FLLVPLG + H]+, down-triangles for
ollisional cooling rate constants of n-butylbenzene, and the black curves are an
xponential decay fit to the data.

nance mass spectrometer; however, these data were obtained
t much lower pressures [42]. The curves in Fig. 4b appear to
ncrease exponentially with pressure, especially at lower trap
emperatures. The same exponential increase with pressure was
bserved in a previous study in a QITMS [20]. At the very lowest
ressures, a steady-state ion internal energy was reached within
0 ms. This time to reach equilibrium decreases rapidly with
ncreasing pressures, and at most normal operating pressures,
quilibrium is reached in less than 10 ms.

In Fig. 5, the pseudo first-order rate constants for collisional
ooling from Fig. 4b at a constant pressure of 7 × 10−4 Torr are
ormalized and plotted on the same trap temperature axis as the
ormalized CID data from Fig. 2b.

It is apparent in Fig. 5 that the voltage curves start to increase
apidly below ∼100 K, the same trap temperature where the
ollisional cooling rate constant increases most rapidly. It is nat-
ral to conclude based on these data that the collisional cooling
rocess is responsible for the exponentially increasing energy
equirement for dissociation at low trapping temperatures. A
ossible interpretation of the results comes from the same den-
ity of states argument discussed in relation to Fig. 3. If it is
ssumed that each collision with a He atom takes away a given
mount of energy, then at lower ion temperatures that same col-
ision will decrease the ion’s internal temperature more than
t higher ion temperatures. Again, this would be because at
ower ion temperatures there are fewer available energy states,
o that a given input/output of energy increases/decreases the
ons internal temperature to a greater extent.

. Conclusions

The CID voltage required to reach a constant internal energy
as been determined for a series of protonated peptides at inter-

al temperatures from 25 to 295 K in a QITMS. A greater than
inear increase in voltage is needed, especially at trapping tem-
eratures lower than 100 K. Collisional cooling rate constants
ave also been determined for a combination of pressures and
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rap temperatures for the molecular ion of n-butylbenzene. Col-
isional cooling rate constants increase exponentially as trap
emperature decreases, which correlates well with the increased
oltage needed for CID. Collisional cooling is an important
nergy transfer process in ion traps, especially at high He bath
as pressures and low trap temperatures. In low temperature
RMPD studies, such as action spectroscopy experiments where
n ion must be dissociated in the presence of thermalizing bath
as pressures, it is important to have enough laser power to over-
ome the collisional cooling effect. We have observed in other
xperiments, comparing IRMPD efficiencies at different trap
emperatures, that the increased laser power needed to dissoci-
te an ion at ambient versus low trapping temperature can be 3
old or greater. As interest shifts towards studying the structures
f larger biomolecules in the gas phase, laser power could be a
imiting factor, since generally speaking, larger ions have higher
ctivation energies due to the increased number of degrees of
reedom.
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