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the internal energy distribution of electrosprayed ions
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Abstract

The internal energy distributions in a heated capillary nano-electrospray source have been determined using the “survival yield” method. At
low capillary temperatures, the internal energy distribution is characterized by a low-energy tail, which can be attributed to a fraction of ions not
fully desolvated in the heated capillary. This low-energy tais is shown to disappear when the source pressure is increased. This explains why in-
creased source pressure is favorable in the case of highly hydrophilic compounds or non-covalent complexes in order to achieve sufficient desol-
vation without fragmentation. It is also shown that “high temperature-low voltage” are not equivalent to “low temperature-high voltage” source
conditions. These observations are important for fundamental issues as well as for source-CID mass spectral library searching applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In mass spectrometry, the extent of fragmentation depends
on the amount of internal energy received in the source
[1]. In electron impact (EI), the content of internal energy
is high, leading to electronic and vibrational excitation of
the ions. Moreover, as the kinetic energy of the ionizing
electrons is precisely fixed (usually 70 eV), and as the source
is working at low pressure, the internal energy distribution
of the ions is quite reproducible, whatever the instrument
used. The EI spectra can therefore be compiled in databases.
The application of EI is however restricted to compounds
with a sufficient vapor pressure.

Other ionization methods have been developed to allow
for the production of gas phase ions from fragile com-
pounds, among which electrospray ionization (ESI)[2,3]
and matrix-assisted laser desorption/ionization (MALDI)
[4,5] are the most popular. These methods are called “soft”
because, when proper experimental conditions are used,
intact molecular ions can be produced with minimal frag-
mentation. Alternatively, fragmentation can be induced
on purpose, by changing the instrumental settings of the
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source. In electrospray, fragmentation is obtained usually by
increasing the acceleration voltages in a medium pressure
region after the droplet formation. This process is known
as in-source collision-induced dissociation, or “source-
CID”.

The energetic characteristics of ion production and ac-
tivation by electrospray ionization are much less well
defined as compared to electron impact. Nevertheless, dif-
ferent strategies for library generation and library search-
ing of electrospray source-CID mass spectra have been
developed[6–12]. In order to perform compound iden-
tification by library searching, the experimental and the
library spectra must be as similar as possible. It is there-
fore crucial that “equivalent” source conditions are used
for constructing the library and for recording the experi-
mental spectra. “Equivalent” means that both the internal
energy distributions and the time scale of the experiment
should be as close as possible. In electrospray ionization,
spectra strongly differ upon experimental conditions (pres-
sure, acceleration voltage, nature of the solution and of
the gas phase). This makes ESI-MS spectra difficult to
compare and to reproduce, especially between different in-
struments. The characterization of the ion internal energy
distributions helps to rationalize the differences that may be
observed.
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Fig. 1. Structure and fragmentation scheme of the benzylpyridinium
cations.

Both Voyksner and Pack[13] and Collette and De Pauw
[14] have shown that, upon increasing the orifice-skimmer
voltage, the internal energy distributions become wider and
are shifted towards higher energies. The nature of the colli-
sion gas, for given source settings, can also shift the internal
energy distribution of the ions. However, this effect depends
greatly on the source design[14–18]. The gas pressure is
also a very important parameter, as shown by Schmidt et al.
[15], who introduced a gas directly in the capillary-skimmer
region of a modified heated capillary source. Increased pres-
sure was found particularly useful in the case of sugars or
of non-covalent complexes, in order to facilitate desolvation
though preventing unwanted fragmentation. In addition, in
their evaluation of the reproducibility of source-CID mass
spectral libraries, Bristow et al.[10] noticed that, on some
sources, high infusion flow rates resulted in lower fragmen-
tation extent, and attributed this to an increase of the partial
pressure in the source.

In the present paper, we investigate the influence of heated
capillary temperature and of the source pressure on the
shape of the internal energy distributions. These were de-
termined using the previously described “survival yield”
method[14,19,20], consisting of measuring the fraction of
intact parent ion for a series of benzylpyridinium cations
having different threshold fragmentation energies. Those
compounds were chosen for their very simple fragmentation
mechanism, consisting in the loss of neutral pyridine to give
the benzyl cation as the only fragment (Fig. 1). Our results
show that the internal energy distributions have a low-energy
tail at low capillary temperatures, suggesting that a fraction
of the ion population may still be incompletely desolvated
at the capillary exit. Upon increasing the source pressure,
this low-energy tail disappears, while the high-energy tail
of the distribution remains unchanged. The internal energy
distribution is therefore narrower, supporting the hypothesis
made previously[15].

Table 1
Thermometer molecules used in this study

R mparent (Da) mfragment (Da) DOFa E0 (eV)b Dilution factor

p-OCH3 200 121 81 1.508 2
p-CH3 184 105 78 1.767 6
p-F 188 109 69 1.867 5
p-Cl 204 (35Cl)/206 (37Cl) 125 (35Cl)/127 (37Cl) 69 1.899 10
p-CN 195 116 72 2.097 1
p-NO2 215 136 75 2.352 5
p-tBu 226 147 105 1.738 200

a Number of degrees of freedom of the parent ion.
b Calculated with AM1 using Hyperchem (Hypercube Inc.).

2. Experimental section

2.1. Instrumentation

We used a Mariner o-TOF instrument (Applied Biosys-
tems, Franmingham, MA) with the electrospray source mod-
ified as described previously[15]. Briefly, the nozzle has
been replaced by a heated capillary, and an additional nee-
dle valve allows some extra gas to be introduced in the
region between the capillary and the skimmer. The instru-
ment is equipped with a nano-electrospray source (Protana,
now Proxeon Biosystems, Odense, Denmark). For all exper-
iments, the skimmer and the octapole dc voltages were kept
constant, at 9.3 and 8.5 V, respectively. This ensures a good
ion transfer though minimizing collision-induced dissocia-
tion beyond the skimmer. The acceleration in the source is
modulated by changing the capillary voltage.

Nano-ESI needles were pulled from borosilicate glass
capillaries (Clark Electromedical Instruments, Pangbourne,
UK, 1.2-mm o.d., 0.65-mm i.d.) with a micropipet puller
(model P-97, Sutter Instrument Co., Novato, CA) to a fine
tip with a final inner diameter of approximately 10�m (open
tips) and were coated with gold by means of a sputter coater
(model K 550, Emitech, Ashford, UK). Broken capillaries
were avoided for reproducibility reasons (seeSection 3).
Each series of experiments was made with a single capillary,
with the needle-capillary voltage difference kept at thresh-
old. This represents an up to 4-h long spray with a single
capillary.

2.2. Thermometer molecules

Here we used a slightly different set of molecules than de-
scribed previously[14,21,22]. A set of all-para substituted
molecules, listed inTable 1, was used. The advantage is that,
as all parent and fragment ions have different masses, all
seven molecules can be injected in the same solution. This
avoids capillary-to-capillary reproducibility problems (fur-
ther details below) when comparing the survival yields in
order to calculate the internal energy distribution in given
instrumental conditions. The first six probe molecules have
approximately the same size and number of degrees of free-
dom, and it will be assumed that they are therefore char-
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acterized by the same internal energy distribution. The en-
ergy barriersE0 (assumed to be equal to the difference be-
tween the�Hf of the products and the reactant) have been
re-calculated by AM1 using Hyperchem 7.0 for Windows
(Hypercube, Inc.). Thep-CN benzylpyridinium cation is a
new thermometer molecule which was added to the series
to fill the gap betweenp-Cl andp-NO2. The internal energy
distributions will be determined with the barriers given in
Table 1, with no correction for the kinetic shift. This level of
approximation is suitable to investigate thechanges in the
shapeof the internal energy distributions, but not for mak-
ing quantitative determinations of the mean internal energy.
It must be noted that the absolute shape ofP(E) cannot be
determined as the appearance energies (Eapp = E0+kinetic
shift) does not vary linearly with the threshold energies
(E0). Thep-tBu benzylpyridinium cation, which has a higher
amount of degrees of freedom, is added to the series to probe
the magnitude of the kinetic shift.

All thermometer molecules have a different ionization ef-
ficiency in the nano-electrospray conditions used here, de-
pending mainly on the hydrophobicity of the substituent.
The ion response increases as follows:p-CN < p-OCH3 <

p-NO2 ≈ p-F < p-CH3 < p-Cl � p-tBu. In order to have
approximately the same parent ion intensities for all ther-
mometer molecules, we had to adapt the dilution factors as
shown inTable 1. The solvent used is water/methanol 50/50
(v:v).

3. Results and discussion

3.1. Determination of the shape of internal energy
distributions

The “survival yield method” is based on two assumptions.
First, all molecules having the same structure and the same
number of degrees of freedom have the same internal en-
ergy distribution. The first six ions inTable 1are used for
the determination ofP(E). The second assumption is that
all ions having an internal energy below the dissociation

Fig. 2. Typical spectrum of the mixture of thermometer molecules. Nanospray on the Mariner o-TOF instrument, capillary temperature: 60◦C, source
pressure: 2.2 mbar, capillary voltage: 200 V. The asterisks indicate peaks due to solvent impurities.

thresholdE0 do not dissociate (are observed as intact par-
ent ion), while all ions having an internal energy above the
dissociation threshold do dissociate (are observed as frag-
ments)[14]. The survival yield (SY) of the parent ion (Eq.
(1)) is therefore equal to the fraction of the ions that have
an internal energy below the threshold, i.e., to the integral
below the internal energy distributionP(E) from E = 0 to
E = E0. If the function SY(E) is the integral of the func-
tion P(E), thenP(E) (whereE is the internal energy) can be
found by derivation of SY(E) (whereE is the dissociation
threshold of the thermometer molecule):

SY = I(parent)

I(parent) + I(fragment)
(1)

A typical ESI-MS spectrum of the mixture of thermometer
molecules is shown inFig. 2. For each molecule, the survival
yield is calculated usingEq. (1), and plotted as a function
of the fragmentation barrierE0, as shown inFig. 3a. One
more point is added manually, expressing that no parent
ion would survive if the fragmentation barrier was equal to
zero.

In order not to bias the outcome of the derivation, the rig-
orous procedure would be to calculate manually the derivate
of these few experimental points, i.e., the coordinates of
P(E) are given byEqs. (2) and (3):

Ordinate= SY(N + 1) − SY(N)

E0(N + 1) − E0(N)
(2)

Abscissa= E0(N) + E0(N + 1)

2
(3)

Fig. 3shows a very favorable case for which (i) the survival
yields rank correctly with the thresholds (otherwise some of
the derivates would be negative) and (ii) the points are well
spread between SY= 0 and 1, and therefore the internal
energy distribution is well-characterized. However, in most
cases, it is more suitable to fit the SY(E) data, and then
to derivate the fitting curve to inferP(E), as was done in
previous work[14,21]. It must nevertheless be emphasized
that the detailed shape of the resultingP(E), especially at the
edges, is influenced by the choice of the equation for fitting
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Fig. 3. Influence of the fitting of the survival yields on the shape of the
internal energy distribution. Fitting of the datapoints extracted from the
spectrum inFig. 2 by a single sigmoid (dashed line) or by two different
sigmoids for the low-energy and the high-energy datapoints (solid line).

the survival yields curve, which is an arbitrary choice. We
therefore paid particular attention to this aspect.

Fig. 3 illustrates the procedure we used throughout this
study. First the SY(E) data were fitted with a single, sym-
metrical sigmoid (Eq. (4)):

y = A

1 + exp(−(x − x0)/B)
(4)

This is shown by a dashed line inFig. 3a, and the derivate
gives a symmetrical bell-shaped distribution shown inFig.
3b. However, one can see inFig. 3athat the single sigmoid
does not reflect the actual variation of SY withE. Ther2 of
the fitting is only 0.982. When ther2 for the single sigmoid
fit was inferior to 0.995, the fitting was refined by using two
sigmoids: one for the first four points, and one for the last
four (one point is therefore common to both sigmoids). The
two resulting sigmoids were linked at their crossing point,
and the resulting curve was smoothed in order to avoid stairs
in the derivate. This two sigmoid fitting allows to account
for the asymmetry of the internal energy distribution. The
result of this procedure is shown by the solid lines inFig. 3.

3.2. Influence of the capillary temperature

Our first experiments were performed at heated capillary
temperatures between 100 and 250◦C, by analogy with the
temperatures used previously for sugars and non-covalent
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Fig. 4. Survival yields of the thermometer molecules as a function of the
capillary voltage at three different capillary temperatures: (a) 50◦C, (b)
55◦C and (c) 60◦C. All data were acquired using the same nanospray
capillary. The source pressure was maintained constant at 2.2 mbar.

complexes[15]. The energy distributions obtained with
various voltage, capillary temperature and source pressure
combinations were all found perfectly symmetrical (fit-
ting with one sigmoid was always satisfactory—data not
shown). However, significant departure from a symmetrical
distribution could be observed at lower heated capillary
temperatures. The fragmentation curves (survival yields as
a function of the capillary voltage) atTcap = 50, 55 and
60◦C are shown inFig. 4.

When the capillary temperature is increased, a lower ac-
celeration voltage is needed in order to achieve a given frag-
mentation extent. Ions keep a memory of the energy they
received in the heated capillary. At higher temperatures, the
p-OCH3 ion is almost completely fragmented at the voltages
where thep-CN andp-NO2 ions start to fragment.Fig. 4
shows that, at low capillary temperatures, it is almost im-
possible to fragment the ions completely, even at the highest
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Fig. 5. Comparison between internal energy distributions, in differ-
ent source conditions giving a survival yield of 0.63 ± 0.01 for the
p-fluoro-benzylpyridinium cation. The source pressure was maintained
constant at 2.2 mbar. From 50 to 65◦C, the SY(E) functions had to be
fitted using two sigmoids. The curve at 75◦C was satisfactorily fitted
using a single sigmoid.

possible capillary-skimmer voltage. As discussed above, the
range of experimental conditions where the internal energy
distribution can be characterized with confidence is quite
narrow. The survival yields have to be well distributed be-
tween 0 and 1. Therefore, instead of reporting the internal
energy distributions as a function of the increase of the cap-
illary temperature or of the acceleration voltage, we rather
compare the internal energy distributions of different sets
of source conditions which give the same fragmentation ra-
tio for one of the thermometer molecules. This is shown in
Fig. 5. In terms of internal energy distributions, incomplete
fragmentation of the most fragile ion (p-OCH3) translates
into a low-energy tail (a fraction of the population has not
enough energy to fragment) when low capillary tempera-
tures are used. This low-energy tail disappears at capillary
temperatures≥75◦C.

In previous work, it was assumed that collisional activa-
tion in an electrospray source was virtually equivalent to
thermal heating[21–23]. If this were to be true, increas-
ing the acceleration voltages in the source should produce
exactly the same effect, in terms of internal energy distri-
bution, as thermally heating the ions in the source, for ex-
ample in a heated capillary. The present results show that
this is not the case in the present instrumental configuration
at low capillary temperature. Two effects can account for
the fact that “low temperature—high acceleration voltage”
conditions are not equivalent to “high temperature—low ac-
celeration voltage” conditions. (i) It has been shown by ion
trajectory simulations that the few energetic collisions near
the skimmer are those mainly responsible for the internal
energy built-up in source-CID[17]. High acceleration volt-
ages could therefore cause a few highly energetic collisions
to occur. This would lead however to the appearance of
a high-energy tail in theP(E) in “low temperature—high
acceleration” conditions. This is not observed here. (ii) At
low capillary temperatures, the ions may not be fully des-
olvated when entering the capillary-skimmer region of the

source. For the fraction of ions which are still solvated
(without presuming of the ion formation mechanism), colli-
sional energy is used for the evaporation of the last solvent
molecules. Pure collisional activation of the analyte is sup-
posed to occur only when the analyte is yet fully desolvated.
This population of partially solvated ions can account for the
low-energy tail in theP(E) observed in “low-temperature—
high acceleration” conditions. It must be pointed out that the
P(E) determined here do not necessarily represent theP(E)
of the whole population of ions present in the electrospray
droplets, but only of those detected, i.e., those that reached
the analyzer as desolvated ions. It must be noted that, de-
spite our efforts, no partially solvated benzylpyridinium ions
could ever be detected. At very low capillary temperatures
(35–40◦C), only Na(H2O)n+ clusters are observed.

The relative position of the fragmentation curve of the
p-tBu cation allows one to probe the magnitude of the ki-
netic shift. If the fragmentation time scale was infinitely
long, the fragmentation voltage would depend onE0 only,
and the fragmentation curve ofp-tBu would be between that
of p-OCH3 and that ofp-CH3. The shorter the fragmenta-
tion time scale, the larger the kinetic shift, and the more
the fragmentation curve ofp-tBu will be shifted to higher
voltages as compared to the other molecules. It can be seen
in Fig. 4 that the kinetic shift is slightly increasing as the
capillary temperature increases. We checked by RRKM
calculations that the kinetic shift effect alone is unable to
account for the different shapes of the fragmentation curves
in Fig. 4. However, as the kinetic shift is changing with the
source conditions, the exact position of the energy distribu-
tion on the energy scale cannot be described quantitatively.
Only changes in the shapeof the P(E) can be inferred
confidently.

The experiments were repeated with several nanospray
capillaries. Although the trend shown inFigs. 4 and 5is
reproduced, the fragmentation curves and internal energy
distributions shift considerably from one capillary to the
other. This is thought to be due to differences in the size
of the nano-droplets emitted from the tip of the capillary
[24]. This is again consistent with insufficient desolvation
as being the origin of the low-energy tail observed in the
distributions. Small differences in the initial droplet size
would dramatically influence the desolvation extent at the
moment of entering the capillary-skimmer region, espe-
cially at low capillary temperatures where desolvation is
incomplete in the capillary. At high capillary temperatures,
the results are much more reproducible from capillary to
capillary.

3.3. Influence of the source pressure

Fig. 6shows the effect of the source pressure on the frag-
mentation curves of the thermometer molecules at a capil-
lary temperature of 50◦C. The capillary was not the same
as the one used for the experiments described inFig. 4, ex-
plaining the different voltage range. As in the case of an in-
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Fig. 6. Survival yields of the thermometer molecules as a function of the
capillary voltage at two different pressures: (a) 2.2 mbar and (b) 2.9 mbar.
All data were acquired using the same nanospray capillary. The heated
capillary temperature was 50◦C.

crease of the source temperature, an increase of the source
pressure allows the fragmentation to go to completion for the
lowest-stability compound (p-OCH3) at voltages where the
fragmentation ofp-CN andp-NO2 begins. In terms of inter-
nal energy distributions (Fig. 7), it means that the low-energy
tail of the distribution is suppressed, while the high-energy
part remains virtually unchanged. It can also be seen inFig. 6
that the kinetic shift increases when the source pressure in-
creases, indicating a shorter fragmentation time scale. For
this reason, the apparent shift of the mean internal energy
when the pressure is increased is actually meaningless, as
the internal energy distributions are not corrected for the ki-
netic shift.
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Fig. 7. Influence of the source pressure on the internal energy distributions.
Nanospray experiments on the Mariner o-TOF, capillary temperature:
50◦C, capillary voltage: 200 V.

4. Conclusions

The low-energy tail of the internal energy distributions
can be attributed to a fraction of the ion population which is
not fully desolvated when entering the collision region be-
tween the capillary and the skimmer. For ions embedded in
a solvent shell or in a droplet, a collision will cause solvent
evaporation instead of ion activation. In these conditions, in-
creasing the source pressure increases the number of colli-
sions encountered. There are enough collisions to complete
the desolvation step and to further activate the ions. Still, as
the mean free path is reduced, the amount of internal en-
ergy imparted in the collisions remains small. As a conse-
quence, the internal energy distributions become narrower,
as can be seen inFig. 7. This supports the previous hypoth-
esis that increased source pressure increases the desolvation
efficiency while preventing extensive ion activation, which
is found useful in the case of sugars (hydrophilic compounds
which are therefore hard to desolvate) and non-covalent
complexes (which fragment easily upon collisional activa-
tion) [15]. Another effect revealed in this study is the in-
crease of the kinetic shift (decrease of the fragmentation
time scale) upon increasing the source pressure. In addition
purely internal energy effects, this kinetic effect may also
contribute to the lower fragmentation observed at increased
pressures.
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