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Ion nanocalorimetry is used to investigate the internal energy deposited into M2+(H2O)n, M ) Mg (n )
3-11) and Ca (n ) 3-33), upon 100 keV collisions with a Cs or Ne atom target gas. Dissociation occurs by
loss of water molecules from the precursor (charge retention) or by capture of an electron to form a reduced
precursor (charge reduction) that can dissociate either by loss of a H atom accompanied by water molecule
loss or by exclusively loss of water molecules. Formation of bare CaOH+ and Ca+ by these two respective
dissociation pathways occurs for clusters with n up to 33 and 17, respectively. From the threshold dissociation
energies for the loss of water molecules from the reduced clusters, obtained from binding energies calculated
using a discrete implementation of the Thomson liquid drop model and from quantum chemistry, estimates
of the internal energy deposition can be obtained. These values can be used to establish a lower limit to the
maximum and average energy deposition. Not taking into account effects of a kinetic shift, over 16 eV can
be deposited into Ca2+(H2O)33, the minimum energy necessary to form bare CaOH+ from the reduced precursor.
The electron capture efficiency is at least a factor of 40 greater for collisions of Ca2+(H2O)9 with Cs than
with Ne, reflecting the lower ionization energy of Cs (3.9 eV) compared to Ne (21.6 eV). The branching ratio
of the two electron capture dissociation pathways differs significantly for these two target gases, but the
distributions of water molecules lost from the reduced precursors are similar. These results suggest that the
ionization energy of the target gas has a large effect on the electron capture efficiency, but relatively little
effect on the internal energy deposited into the ion. However, the different branching ratios suggest that
different electronic excited states may be accessed in the reduced precursor upon collisions with these two
different target gases.

Introduction

Fast (multi-kiloelectronvolt) ion-atom collisions are used in
tandem mass spectrometry for characterizing ionic structures,1,2

studying the structures and stabilities of unusual neutral
species,1-14 and, more recently, investigating structures of
multiply charged peptides and proteins.15-18 Collisions between
ions and atoms can result in ion activation and also electron
transfer. The latter process has been extensively used in
neutralization reionization mass spectrometry experiments to
prepare unusual neutral species from corresponding ions, with
subsequent ionization of the neutral species accomplished by a
second collision.2-8 The second collision can produce either
positive or negative ions, making it possible to perform charge
reversal experiments.9,10,19 The latter experiments have been
recently used to investigate the stabilities of neutral radicals
formed by collisional electron capture of singly charged peptide
ions with Cs.19 In these experiments, anions formed from neutral
z fragments were observed, whereas the c anions were not
formed. This result was attributed to a carbanion formation of
a stable z anion vs a reactive radical for the c ion that has a
lifetime of less than a few microseconds.

An advantage of electron capture induced dissociation (ECID)
from an atomic or molecular target for ions with two or more
charges is that the product ions formed by capture of a single
electron can be detected directly.15-18,20 ECID experiments have
been used to investigate the structures of peptides and
proteins,15-18 and fragmentation similar to electron capture
dissociation (ECD) experiments,21-29 in which multiply charged
ions capture a free electron, is observed. The ECID experiments
have the advantage that reactions that occur on a short time
scale (a few microseconds) can be investigated. This method
was used to study the H atom loss from multiply charged peptide
ions and the role of hydrogen bonding and microsolvation on
the reduced precursor stability and fragmentation pathways.18

For example, the ratio of (M + H)+ to (M + 2H)•+ was found
to decrease when doubly protonated di- and tripeptides were
solvated with one or more methanol molecules upon electron
transfer from Na.18 The increased abundance of the latter ion
was attributed to a solvent “caging” effect. Recent experiments
with 15N-labeled peptides demonstrate that ammonia loss occurs
from the N-terminus,15 consistent with predictions from theory.30

Experimental results from high-energy (10 keV) collisions
between Cu2+(H2O)n and Xe gas were recently reported by Stace
and co-workers.31 The major fragmentation pathway is loss of
water molecules from the mass-selected precursor, but fragment
ions formed by ECID were also observed. In this latter process,
two fragmentation processes occur in which the reduced
precursor either lost exclusively water molecules or lost a H

* To whom correspondence should be addressed. E-mail: Hvelplun@
phys.au.dk (P.H.); sbn@phys.au.dk (S.B.N.); Williams@cchem.berkeley.
edu (E.R.W.).

† University of Aarhus.
‡ University of California.

J. Phys. Chem. A 2008, 112, 10721–10727 10721

10.1021/jp8019655 CCC: $40.75  2008 American Chemical Society
Published on Web 10/04/2008



atom and water molecules. Similar dissociation pathways have
been reported in ECD spectra of M2+(H2O)n, M ) Mg and Ca.32

An important parameter for characterizing any fragmentation
method is the internal energy that is deposited into an ion upon
activation. In ECID experiments, electron transfer from the target
gas to the ion can be endothermic or exothermic depending on
the relative ionization energies of the reduced ion and target
gas. In addition, a significant amount of energy can be
transferred in the collision process itself. For example, the
center-of-mass collision energy between a doubly charged cation
of mass 200 Da with 100 keV of kinetic energy and a Cs atom
is 39.9 keV. A measure of the internal energy deposition into
an ion can be obtained using “chemical thermometers”, which
are ions that have known dissociation energies and entropies.33-43

Metal carbonyl complexes that have known fragment appearance
energies have been used to investigate the internal energy
deposition from a variety of activation methods.33-36 For
example, Cooks and co-workers first characterized the energy
deposited into W(CO)6

2+ upon charge exchange with a series
of atomic and molecular targets (from toluene, IE ) 8.8 eV, to
He, IE ) 24.6 eV) at both high (15.6 keV33 and 7 keV34) and
low (0-50 eV35) collision energies. Charge exchange at high
collision energies resulted in broad energy distributions, the
average of which were weakly correlated with the ionization
energy of the target. W2+ was observed, indicating that up to
15 eV was deposited. These observations support a close
approach mechanism for high-energy charge exchange in which
significant collisional energy is deposited into the ion. A measure
of the energy deposited into W(CO)6

2+ upon electron transfer
in 10 keV collisions with Ar, K, and Cs has been recently
reported.37,38

An alternative approach to measure internal energy deposited
by electron capture, or any other activation method, uses
solvated ions as nanocalorimeters.32,44-48 This method has been
demonstrated with hydrated di- and trivalent ions and has been
used to measure the internal energy deposition in ECD experi-
ments as a function of the cluster size and metal ion identity.
In brief, activation of a hydrated ion results in evaporation of
water molecules from the cluster. The extent of activation can
be estimated from the sum of the threshold dissociation energies
for the maximum number of water molecules lost. This method
has the advantages that the binding energies of water molecules
to a highly hydrated ion are significantly less than the binding
energies of CO molecules to metal ions, and potentially many
water molecules can be lost from large clusters. Thus, hydrated
metal ions can provide significantly improved resolution,
accuracy, and range in determining the internal energy distribu-
tions. Threshold dissociation energies for the loss of water
molecules from large clusters can be obtained from calculations
of binding energies derived from the Thomson liquid drop model
(TLDM).49,50 For smaller clusters, dissociation energies from
experimental measurements or quantum chemical calculations
can be used.32 A more accurate method to obtain information
about energy deposition in nanocalorimetry can be obtained from
the average number of water molecules lost and estimates of
energy lost to the products in the form of translational,
vibrational, and rotational energy.44 This method has been used
to accurately measure recombination energies upon electron
capture by hydrated ions.44 Recombination energies of large
clusters can be related to relative reduction enthalpies measured
in aqueous solution.44,46 Measurements of a variety of redox-
active species in nanodrops have recently been used to obtain
a measure of the absolute potential of the standard hydrogen
electrode.44

Here, data from ECID experiments done with 100 keV
collisions between M2+(H2O)n, M ) Mg (for n ) 3-11) and
Ca (for n between 3 and 33), and Cs are used to obtain a measure
of the internal energy deposited upon collisional energy transfer.
The effects of ion size on energy deposition over a range of
masses relevant to previously investigated peptides are inves-
tigated. The results presented here demonstrate that the energy
deposition in ECID can be significantly broader and much higher
than that obtained by ECD, indicating that both the collision
process and the different time frames of these two experiments
result in significant differences in the observed fragmentation.

Experimental Section

The experimental apparatus at Aarhus is described in detail
elsewhere.51,52 Hydrated divalent metal ions were generated by
electrospray from aqueous solutions containing dissolved MCl2,
where M corresponds to Mg or Ca, using a syringe-pump system
to regulate solution flow to a rate of 1-2 µL/min. The resulting
ions are introduced into a sector mass spectrometer through an
electrospray interface, accelerated by a 50 kV potential (cor-
responding to 100 keV ion kinetic energies), m/z selected by a
magnet (∼1000 resolution), and passed through a heated cesium
vapor cell (Figure 1). The interaction between a reacting cluster
and the cesium or neon atoms occurs within a few femtoseconds,
during which time an electron from the 6s orbital of a cesium
atom can be transferred to the doubly charged cluster ion.
Because of the short interaction time, the transition should be
a vertical or nearly vertical process, but energy redistribution
and fragmentation can occur during the flight time prior to mass
analysis. Positive fragment ions resulting from these collisions
are analyzed using a hemispherical electrostatic analyzer (ESA).
The dissociation time scale corresponds to the ion flight time
from the collision cell to the ESA, which for clusters ranging
from 3 to 33 water molecules, is in the range of 3-6 µs. A
two-point linear calibration between analyzer voltage and ion
mass was performed by setting zero voltage to zero m/z and
setting the voltage difference between the two analyzer plates
(2 × 5.17 kV) to the m/z of the precursor ion. Peak areas were
divided by ion masses to correct for the spectrometer ef-
ficiency.53 Corrections for a mass-dependent detector efficiency
were not done, but they are believed to be small.

The uncertainty in the average number of water molecules
lost and the branching ratio is ∼1% for the smaller clusters (n
e 15) and ∼5% for the larger ones. The criteria for establishing
a detection limit were that there must be a signal in at least two
adjacent detection channels and the maximum signal must be 2
times greater than the average noise level determined over a
neighboring 10 Da range. The detection channel widths are
1024/(2 × precursor m/z), 2048/(2 × precursor m/z), and 4096/
(2 × precursor m/z) for n ) 3-13, n ) 15-19, and n ) 21-33,
respectively. Efficiencies for various dissociation processes were

Figure 1. Sector mass spectrometer at Aarhus used for electron capture
induced dissociation experiments. See the text for details.
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calculated from the sum of ion intensities for that process
divided by the overall ion signal.

Results and Discussion

Fragmentation Pathways. Collisions (100 keV) of
Ca2+(H2O)n with either Ne or Cs as a target gas result in
dissociation by three different pathways:

charge retention

Ca2+(H2O)n +CsfCa2+(H2O)n-k + kH2O+Cs

charge reduction

Ca2+(H2O)n +CsfCa+(H2O)n-x + xH2O+Cs+

(pathway I)

Ca2+(H2O)n +CsfCaOH+(H2O)n-y-1 + yH2O+H+Cs+

(pathway II)

The precursor can be activated by the collision, resulting in the
loss of one or more water molecules and remain doubly charged
(charge retention), or the precursor can be reduced by transfer
of an electron from the target gas. The latter ECID process can
result in either loss of water molecules exclusively (pathway I)
or ejection of a H atom and loss of water molecules, resulting
in formation of a hydrated metal hydroxide (pathway II). These
ECID pathways are the same as those previously observed in
ECID of Cu2+(H2O)n, n ) 4-16,31 and those observed by ECD
of Ca2+(H2O)n, n ) 4-47.32 Neither protonated water nor
protonated water clusters are observed. Thus, the charge
separation reaction, Ca2+(H2O)n f CaOH+(H2O)n-j-1 +
H+(H2O)j, that is observed for some hydrated divalent metal
ions upon activation does not occur under these conditions.54,55

This is consistent with the loss of neutral water molecules being
entropically favored over the charge separation reaction as is
the case for SO4

2-(H2O)n.56

Product ions formed by the three possible dissociation
pathways are shown in the ECID spectra of Ca2+(H2O)9 with
either Ne or Cs in Figure 2 (top and bottom, respectively).
Fragment ions originating from charge retention and charge
reduction via pathways I and II are denoted by k, x, and y,
respectively. For the charge retention pathway, the distribution
and intensities of the fragment ions for both target gases are
very similar. However, the charge reduction channel is 40 times
greater for Cs than for Ne, reflecting the lower ionization energy
of Cs (3.9 eV) vs Ne (21.6 eV). Collision with residual O2 gas
(IEO2 ) 13.6 eV) in the beam path can also result in electron

transfer, so the 40-fold greater electron transfer with Cs
compared to Ne is a lower limit. The distributions of product
ions formed upon collision with both target gases are similar
with respect to water loss, but differ significantly in the
branching ratio of the two charge reduction pathways. The ratio
of pathway I to pathway II is 1:9 with neon, whereas this ratio
for Cs is 1:3. The different branching ratios for pathways I and
II could be due to a different population of electronic excited
states that are accessed for each of the two target gases. These
results indicate that the ionization energy of the target gas plays
a major role in the electron capture dissociation efficiency, but
a relatively minor role in the average distribution of internal
energy deposition. Additional nanocalorimetry experiments with
different target gases should provide useful information about
the role of excited-state chemistry on these and other ECID
pathways.

Fragmentation Efficiency. The extent of fragmentation
resulting from these 100 keV collisions depends on a number
of experimental parameters, including the target gas identity
and pressure, ion kinetic energy, and cluster size. To investigate
the effects of the cluster size on the fragmentation efficiency,
experiments in which all other parameters remain constant were
performed. For the combined ECID pathways, the efficiency
of fragmentation is highest for the smaller clusters (>70%) and
decreases significantly with increasing cluster size to a value
of ∼13% for Ca2+(H2O)33 (Figure 3, solid squares). In contrast,
the efficiency for producing fragment ions by the charge
retention pathway is ∼4% at the smallest cluster size, increases
to ∼35% at n ) 21, and decreases with increasing cluster size
(Figure 3, open squares).

Figure 2. Mass spectra obtained upon collision between Ca2+(H2O)9 and Ne (top) or Cs (bottom), where k, x, and y correspond to the number of
water molecules lost by charge retention and charge reduction via pathways I and II, respectively.

Figure 3. Charge retention (open squares) and charge reduction (solid
squares) efficiencies upon collision between Ca2+(H2O)n and Cs.

Investigation of Energy Deposited in Collisions J. Phys. Chem. A, Vol. 112, No. 43, 2008 10723



The increasing charge retention efficiency with increasing
cluster size for n e 21 is indicative of an increasing geometrical
cross section (the larger the cluster, the bigger the impact
parameter). However, the number of degrees of freedom (DOF)
increases with increasing cluster size as well. For a given internal
energy deposition, the observed fragmentation will decrease with
increasing cluster size because this energy is distributed over
more internal modes so that less fragmentation will occur in
the limited time frame of these experiments.57 This DOF effect
is dominant for the larger clusters. For ECID, the monotonic
decrease in efficiency with increasing cluster size likely reflects
increased shielding or delocalization of the charge by the
additional water molecules. Increased shielding or delocalization
should decrease the Coulomb attraction with increasing cluster
size. The propensity for electron transfer to larger hydrated
anionic nucleotide clusters increases with increasing size (up
to n ) 16), and this phenomenon is likely due to charge
shielding and delocalization as well.58 In this case, the Coulomb
repulsion should decrease with size.

Reactivity as a Function of the Cluster Size. In addition to
the strong dependence of the ECID efficiency on cluster size,
there is also a strong dependence of the branching ratio for
pathways I and II on the cluster size. This effect is illustrated
in Figure 4, which shows the ECID spectra for Ca2+(H2O)n, n
) 5, 15, and 25, with the product ions formed by pathways I
and II indicated by x and y, respectively, in these spectra. The
distributions of product ions formed by both pathways are very
broad and result in cluster ions that range from the charge-
reduced precursor all the way down to bare CaOH+ and, for n
e 17, the completely desolvated Ca+. The breadth of the
distribution reflects the broad range of internal energies that
can be deposited in the collision process, and the formation of
bare Ca+ and CaOH+ indicates that the maximum energy
deposition is quite high.

The formation of Ca+ from the larger reduced clusters is
surprising because of the large internal energy deposition
necessary to evaporate all the water molecules from the cluster
and because the competitive formation of CaOH+ is energeti-
cally favored at small cluster sizes.32 The appearance of Ca+ in
these experiments indicates that loss of water molecules is
kinetically favored over loss of a H atom at the smaller cluster
sizes.

A rough estimate of the minimum energy necessary to form
the bare ions from the reduced precursor can be obtained
from the sum of threshold dissociation energies for all the

water molecules that evaporate from the reduced cluster.
Because threshold dissociation energies have not been
measured for the larger clusters investigated in this study,
binding energies calculated using a discrete TLDM were
used.49 It has recently been demonstrated that a discrete
implementation of this model can accurately reproduce both
experimental and quantum chemical values for smaller mono-
and divalent hydrated ions.49 Values obtained from quantum
chemical calculations were used for the smaller clusters (n
e 6).32

Formation of the bare calcium ion via pathway I is observed
from reduced precursors with up to 17 water molecules. The
sum of the threshold dissociation energies for loss of 17 water
molecules from Ca(H2O)17

+ is ∼9.6 eV (221 kcal/mol). Forma-
tion of CaOH+ from pathway II is observed for clusters with
up to 33 water molecules. Evaporation of water from
Ca(H2O)33

+ requires a minimum of 15.6 eV (360 kcal/mol),
not including any energy required to eject a H atom from the
reduced cluster. These internal energy deposition values are the
minimum necessary to form the smallest ions via these two
pathways. These values do not include effects of a kinetic shift
in which much more internal energy must be deposited to
produce this extent of fragmentation over the limited time scale
(3 - 6 µs) available for dissociation prior to fragment mass
analysis by the ESA.

For ECID of Cu2+(H2O)n, n ) 4-16, the distribution of
product ions is narrower with only four to five fragment ions
formed from the reduced precursor.31 In addition, the intact
charge-reduced precursor is rarely observed, and there is no
evidence of bare Cu+.31 The broader distribution observed here
may be due to the higher signal-to-noise ratio in our experiments,
which enables detection of much lower abundance ions and also
the higher collision energy (100 keV vs 10 keV), although
different target gases may also play a role.

The ECID results are in sharp contrast to those obtained by
ECD of Ca2+(H2O)n, where only a few product ions formed by
each dissociation pathway are observed, indicating that a very
narrow range of internal energy is deposited into the precursor
upon capture of a free electron.32,45 For example, capture of a
free electron by Ca2+(H2O)24 results in just one fragment ion
by pathway I (Ca+(H2O)14) and three product ions by pathway
II (CaOH+(H2O)n, n ) 12-14), although the lower signal-to-
noise ratio in the ECD experiments has a minor effect on this
comparison.32 In ECD, the time scale for dissociation is tens to
hundreds of milliseconds and can be readily extended to several

Figure 4. Mass spectra obtained upon collision between Ca2+(H2O)n, n ) 5 (top), n ) 15 (middle), or n ) 25 (bottom), and Cs. The charge-
reduced ions Ca+(H2O)5 (m/z 130) and Ca+(H2O)15 (m/z 310) as well as those that have lost a H atom (m/z 129 and 309) are clearly detected (cf.
the insets), whereas Ca+(H2O)25 (m/z 490) and the corresponding H-loss ion (m/z 489) are at the limit of detection. A 30-fold expansion of the lower
mass region of the top spectrum shows that Ca+ (m/z 40) and Ca+(OH) (m/z 58) are formed.

10724 J. Phys. Chem. A, Vol. 112, No. 43, 2008 Holm et al.



seconds so that kinetic shift effects are negligible. In addition,
capture of an electron is most efficient when the relative energy
between the ion and electron approaches zero so that the internal
energy deposition depends only on the recombination energy
(or adiabatic ionization energy of the reduced precursor) and
not on the electron kinetic energy under typical experimental
conditions where low-energy electrons are used.48

In ECID, transfer of the electron from the target requires an
energy corresponding to the ionization energy of the target gas
(IECs ) 3.9 eV, IEXe ) 12.0 eV, IENe ) 21.6 eV), making the
process less exothermic than capture of a free electron by this
corresponding value. However, energy from the collision itself
can be transferred into the ion. The comparison of results from
ECID and ECD for Ca2+(H2O)n indicates that this collisional
energy transfer is substantial and accounts for the much broader
distribution of product ions observed using ECID.

For clusters with up to 19 water molecules, all possible
fragments originating from pathway II are observed (y ) 0 to
n - 1). Surprisingly, the larger fragment ions corresponding to
loss of zero to five or six water molecules (y ) 0 to 4 or 5)
formed by pathway II are missing for clusters with 20 or more
water molecules. Data for the minimum number of water
molecules lost by pathway II are summarized as a function of
the cluster size in Figure 5. The absence of the largest of the
possible fragment ions for the larger clusters cannot be attributed
to fragment ion stability because these same ions are observed
for n e 19! The origin of this phenomenon is unclear, but it
may be due to effects of forming a third solvation shell.
Transition from pathway II to pathway I in the ECD data starts
at clusters with 21 water molecules, suggesting that both effects
may be related to the structure of the hydrated cluster.32

Interestingly, results for reduced Cu2+(H2O)n by Stace and
co-workers31 show an even progression in the minimum number
of water molecules lost by pathway II with increasing cluster
size, although this comparison is obfuscated by the difficulty
in clearly distinguishing these two pathways due to limited
product ion resolution. In contrast, fragment ions formed by
these two pathways are nearly baseline resolved, even for low-
abundance ions in our experiments (Figures 2 and 4).

The ratio between fragmentation by pathway I and that by
pathway II obtained from the sum of ion intensities for the
product ions formed by these two respective pathways is shown
in Figure 6 (solid triangles, pathway I; open triangles, pathway
II). Both pathways are observed for all cluster sizes, but pathway
II is dominant for smaller clusters (n < 15) where ∼90% of
the ECID fragments are from pathway II for reduced
Ca2+(H2O)5. For larger clusters (n g 15), the extents of
dissociation by the two pathways are comparable.

ECID data obtained for Cu2+(H2O)n show that both pathways
occur for n < 13 whereas only fragments formed by pathway
II are observed for n up to 16.31 This difference in reactivity
could be due to the different properties of the metal ions or
differences in the structures of the clusters. It may also be a
consequence of solvent-separated ion-electron pair formation
in large reduced clusters of Ca2+(H2O)n

32 vs direct metal ion
reduction in large clusters of Cu2+(H2O)n.44,47

In contrast, the ECD results show that pathway II occurs
exclusively for n e 22 and pathway I occurs exclusively for n
g 30. For 22 < n < 30, a sharp transition between these two
pathways occurs (Figure 6). Although the general trends in
ECID and ECD are similar, the much sharper transition between
the two reaction pathways observed for ECD can likely be
attributed to the much narrower internal energy deposited upon
capture of a free electron.

Average Number of Water Molecules Lost. One way to
characterize the extent of dissociation as a function of the cluster
size is by calculating the average number of water molecules
lost via both pathways for each cluster; these data are sum-
marized in Figure 7. The average number of water molecules
lost by both pathways is nearly constant for n e 9 but smoothly
increases with larger cluster sizes. By comparison, ECD data
show a nearly linear increase in the average number of water
molecules lost with increasing cluster size up to n ≈ 25, after
which these data plateau and subsequently decrease for even
larger cluster sizes.32 At small sizes, the binding energy of water

Figure 5. Minimum number of water molecules lost from pathway
II, y, upon ECID of Ca2+(H2O)n with a Cs target as a function of the
cluster size.

Figure 6. Normalized product ion intensities for dissociation by
pathways I (solid triangles) and II (open triangles) resulting from ECID
with a Cs target and pathways I (---) and II ( · · · ) resulting from ECD
by Ca2+(H2O)n, n ) 5-33,32 as a function of the precursor cluster size.

Figure 7. Average number of lost water molecules upon ECID of
Ca2+(H2O)n by pathways I (solid triangles) and II (open triangles) with
a Cs target as a function of the cluster size.
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increases with decreasing cluster size so that, for a given internal
energy deposition, fewer water molecules are lost. This effect
dominates over any increase in RE expected for smaller clusters.
The plateau in the ECD data and subsequent decrease in the
average number of water molecules lost with increasing cluster
size can be explained predominantly by increased ion solvation
resulting in a lower recombination energy, although other effects
may play a role as well.32

The trend in the beginning of the ECID data (Figure 7) can
be explained by the large amount of energy that is deposited
into these small clusters. Fragments corresponding to evapora-
tion of all water molecules (forming Ca+ and CaOH+ by
pathways I and II, respectively) are observed for these smaller
clusters. Energy in excess of that required to form the bare ions
can appear as translational, rotational, and vibrational excitation
of the products; e.g., CaOH+ can be highly excited.

The absence of a maximum in the ECID data over this range
in cluster size is interesting given that there is a plateau in the
ECD data for n ) 25-32 and a decrease for even larger
clusters.32 This phenomenon cannot be ascribed to a DOF effect
because longer dissociation time scales would result in an even
higher average water molecule loss. Both the center-of-mass
collision energy and the velocity of the ions decreases with
increasing cluster ion size, and both may have an effect on the
internal energy deposited by electron transfer. However, the
effect of the water binding energy as a function of the cluster
size has a greater effect on the ECID data because of the very
broad distribution of product ions formed.

Average Internal Energy Deposition. From the average
number of water molecules lost from the reduced precursor ions,
it is possible to obtain a rough estimate of how the average
internal energy deposition changes as a function of the cluster
size. The average number of water molecules lost is only a rough
measure of energy deposition due to the broad distribution of
product ions observed. Moreover, the appearance of product
ions depends both on the threshold energy necessary for ion
formation and on the excess energy above this value necessary
to observe dissociation on the time scale of these experiments.
This latter effect, i.e., a kinetic shift, becomes increasingly
important with increasing cluster size because of the DOF effect.

Using the sequential water binding energies for Ca+(H2O)n

calculated using a discrete implementation of the TLDM49 and
quantum chemical values for the smaller clusters (n e 6),32 and
a weighted average number of water molecules lost by combined
pathways I and II, information about the average energy
deposition as a function of the cluster size can be obtained. This
analysis does not include the effects of a kinetic shift, it does
not account for any endothermicity associated with formation
of a hydrogen atom by pathway II, and it does not include the
effects of the distribution width. A comparison of results from
these ECID experiments with those from previously reported
ECD experiments32 is shown in Figure 8, in which differences
between the apparent internal energy deposited by ECID and
the average energy deposited by ECD as a function of the cluster
ion size are compared.

For small clusters (n e 21), the apparent internal energy
deposition in ECID is lower than the average energy deposited
in ECD by up to 1.9 eV. The observed relative internal energy
depositions are comparable for cluster sizes between n ) 21
and n ) 25, but higher internal energy deposition occurs for
ECID at larger cluster sizes. This trend in relative energy
deposition is opposite that expected from a kinetic shift effect
and indicates that more internal energy is deposited for larger
clusters in ECID. This effect is directly attributable to collisional

energy transfer, which does not occur for ECD in which a free
electron is captured.

Effects of Ion Identity. To determine the effect of the metal
ion identity upon energy transfer in ECID, analogous experi-
ments were performed using hydrated divalent magnesium
clusters for n ) 3-11. For clusters in this size range, the
maximum water loss, the minimum water loss, the average
number of water molecules lost, and the branching ratio between
the two pathways are essentially the same as those for Ca. ECD
spectra for clusters containing either of these two alkaline-earth-
metal dications are also very similar. These data suggest that
an ion-electron pair is formed in the reduced clusters that do
not lose a hydrogen atom.32,47

Conclusion

Ion nanocalorimetry is used to investigate the energy deposi-
tion that occurs in femtosecond collisions between charged
nanodrops containing divalent Ca and Mg with either Cs or Ne
atoms. Fragment ions formed by loss of water molecules from
the doubly charged precursor as well as fragment ions formed
by electron transfer from Cs are observed. The latter ECID
process results in fragmentation from the reduced precursor by
two competitive pathways corresponding to either exclusive loss
of water molecules or loss of a H atom accompanied by water
molecule loss. The internal energy deposition upon ECID is
very broad and can be very high; ions with threshold formation
energies above 16 eV are observed. Because of the significant
kinetic shift for the larger clusters in these experiments, the
actual energy deposition required to form these fragment ions
on the microsecond time scale of these experiments can be
substantially higher.

A sudden change in reactivity with cluster size occurs at n
≈ 20, where the minimum number of water molecules lost by
the hydrogen atom loss pathway jumps from zero for n ) 19
to five for n ) 20. Although the effects of formation of a third
solvation shell may play a role in these results, a more thorough
theoretical examination of the dynamics of the electron capture
process for clusters in this size range may provide a better
understanding of this phenomenon.

The differences between the ECID and ECD data for these
nanodrops can be attributed to differences in energetics associ-
ated with capture of a free electron vs a bound electron from a
neutral atom. The latter should result in less internal energy

Figure 8. Energy difference, EECD - EECID, between the average
numbers of water molecules lost from both pathways I and II combined
in ECD32 vs ECID of Ca2+(H2O)n with a Cs target using water binding
energies calculated from a discrete implementation of the Thomson
liquid drop model and quantum chemical values (see the text). The
dashed line is the first ionization energy of cesium.
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deposition owing to the energy required to ionize the target gas,
but this effect is counteracted by the additional energy that can
be transferred in the collision event. Unlike ECD, the spread in
internal energy deposition caused by the collision in the ECID
process results in a very broad range of product ions that can
have vastly different appearance energies. Finally, the time
scales of the ECD and ECID experiments are significantly
different, which results in a large kinetic shift for ECID unlike
ECD experiments, which have time frames that are many orders
of magnitude longer.

It is remarkable that, despite the significant differences
between the internal energy deposited in ECID and ECD, spectra
of small peptide ions obtained by these two methods are so
similar.15-18 From further comparisons of ECID and ECD
spectra of different ion species, it may be possible to obtain
information about the role of different electronic excited states
in electron capture fragmentation pathways.
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